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shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.

23 OCTOBER 2009 VOL 326 SCIENCE www.sciencemag.org558

REPORTS

 o
n 

Se
pt

em
be

r 1
7,

 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

We cannot exclude 7a,b being thermodynamic products,
however, in which case other carbenes currently considered
Arduengo type may in fact be bound at C-4(5). Whatever the
origin of the effect, care must clearly be taken in future not to
assume 2-substitution always takes place in carbenes derived
from imidazolium salts.

We gratefully acknowledge financial support from the
Deutsche Akademie der Naturforscher Leopoldina (BMBF-
LPD 9901/8-37; S.G.), Swiss National Foundation (M. A.), and
the US DOE and NSF (R. H. C., J. W. F.).

Notes and references
† Typical synthesis: a mixture of 6b (BF4 salt, 54 mg, 0.18 mmol) and
IrH5(PPh3)2 (129 mg, 0.18 mmol) in THF (8 ml) was refluxed in air for 2.3
h. After 20 min a clear solution is obtained. After the reaction mixture had
cooled to room temperature it was layered with 10 ml heptane. Over a period
of 12 h, crystals of 7b formed which were filtered off and dried in vacuo.
Yield: 124 mg (68%). The complex can be recrystallized from THF/
pentane.

Spectroscopic data for 6a: 1H NMR (CDCl3, 298 K): d 9.17 (s, 1H,
NCHN), 8.55 (d, 3JHH 4.6 Hz, 1H, py-H), 7.77 (dt, 3JHH 7.7, 4JHH 1.7 Hz,
1H, py-H), 7.66 (d, 3JHH 7.9 Hz, 1H, py-H), 7.59 (s, 1H, imid-H), 7.31 (dd,
3JHH 7.6 , 3JHH 5.0 Hz, 1H, py-H), 7.25 (s, 1H, imid-H), 5.51 (s, 4H, CH2),
4.65 (septet, 3JHH 6.8 Hz, 1H, CH), 1.61 (t, 3JHH 6.8 Hz, 6H, CH3). 13C{1H}
NMR (CDCl3, 298 K): d 152.38 (Cpy), 149.90 (Cpy), 137.85 (Cpy), 135.08
(NCN), 124.05 (Cpy), 123.84 (Cpy), 123.04 (Cimid), 119.83 (Cimid), 54.17
(CH2), 53.56 (CPri), 22.68 (CPri).

For 6b: 1H NMR (CDCl3, 298 K): d 9.09 (s, 1H, NCHN), 8.51 (d, 3JHH

4.6 Hz, 1H, py-H), 7.73 (dt, 3JHH 7.7, 4JHH 1.8 Hz , 1H, py-H), 7.58 (d, 3JHH

7.8 Hz, 1H, py-H), 7.53 (s, 1H, imid-H), 7.32 (s, 1H, imid-H), 7.27 (dd, 3JHH

7.7, 3JHH 4.8 Hz, 1H, py-H), 5.49 (s, 4H, CH2), 4.19 (t, 3JHH 7.5 Hz, 2H, Bu-
H), 1.89–1.81 (m, 2H, Bu-H), 1.39–1.30 (m, 2H, Bu-H), 0.93 (t, 3JHH 7.5
Hz, 3H, Bu-H). 13C{1H} NMR (CDCl3, 298 K): d 152.25 (Cpy), 149.77
(Cpy), 137.86 (Cpy), 136.37 (NCN), 124.06 (Cpy), 123.80 (Cpy), 122.93
(Cimid), 121.75 (Cimid), 54.00 (CH2), 49.93 (CBu), 31.81 (CBu), 19.34 (CBu),
13.30 (CBu).

For 7a: 1H NMR (CDCl3, 298 K): d 8.72 (s, 1H, NCHN), 8.23 (d, 1H,
3JHH 5.5 Hz, py-H), 7.37–7.14 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 6.3 Hz,
py-H), 5.17 (s, 1H, imid-H), 4.70 (s, 2H, CH2), 4.25 (septet, 1H, 3JHH 6.5
Hz, CH), 1.19 (d, 6H, 3JHH 6.5 Hz, CH3), 210.83 (dt, 2JPH 19.6, 3JHH 4.9
Hz, Ir-H), 221.49 (dt, 2JPH 18.6, 3JHH 4.9 Hz, Ir–H). 13C{1H} NMR
(CDCl3, 298 K): d 161.78 (Cpy), 153.10 (Cpy), 141.07 (t, JPC 7.1 Hz,
Ccarbene), 137.04 (Cpy), 134.93 (t, JPC = 26.3 Hz, CPh), 133.55 (t, JPC 6.0 Hz,
CPh), 132.40 (CPh), 129.55 (NCN), 127.84 (t, JPC 5.8, CPh), 125.87 (Cimid),
124.15 (Cimid), 123.56 (Cpy), 55.03 (CH2), 50.47 (CPri), 22.94 (CPri).
31P{1H} NMR (CDCl3, 298 K): d 21.36.

For 7b: 1H NMR (CDCl3, 298 K): d 8.71 (s, 1H, NCHN), 8.19 (d, 3JHH

5.1 Hz, 1H, py-H), 7.37–7.15 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 5.9 Hz,
1H, py-H), 5.03 (s, 1H, imid-H), 4.72 (s, 2H, CH2), 3.63 (t, 3JHH 6.9 Hz, 1H,
CH2), 1.47 (m, 2H, CH2), 1.17 (m, 2H, CH2), 0.90 (t, 3JHH 7.7 Hz, CH3),
210.89 (dt, 2JPH 19.6, 3JHH 5.1 Hz, Ir-H), 219.61 (dt, 2JPH 18.4, 3JHH 5.1
Hz, Ir-H). 13C{1H} NMR (CDCl3, 298 K): d 161.77 (Cpy), 153.07 (Cpy),
141.30 (t, JPC 6.9 Hz, Ccarbene), 137.09 (Cpy), 134.96 (t, JPC = 26.3, CPh),
133.79 (CPh), 133.61 (t, JPC 6.0, CPh), 129.59 (NCN), 127.86 (t, JPC 4.7,
CPh), 126.13 (Cimid), 125.90 (Cpy), 124.18 (Cpy), 55.08 (CH2), 47.89 (CBu),
31.96 (CBu), 19.36 (CBu), 13.37 (CBu). 31P{1H} NMR (CDCl3, 298 K): d
21.39.
‡ Crystal data for 7a: C48H47BF4IrN3P2, M = 1006.89, colorless crystal,
primitive monoclinic cell with dimensions: a = 9.4493(2), b = 20.6687(6),
c = 22.0865(6) Å, b = 90.160(2)° and V = 4313.6(2) Å3; Z = 4; m(Mo–
Ka) = 3.223 mm21; Dc = 1.550 g cm23. The systematic absences of: h0l:
l ≠ ± 2n and 0k0: k ≠ ± 2n uniquely determine the space group to be P21/c
(no. 14). 38573 reflections measured (KappaCCD diffractometer, T = 183
K). The structure was solved by direct methods and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were included at calculated positions (including the Ir hydrides),
but not refined. The final cycle of full-matrix least-squares refinement on F
was based on 4789 observed reflections [I > 3.00s(I)] and 532 variable
parameters and converged with unweighted and weighted agreement factors
of R = 0.033 and Rw = 0.035 (S = 0.905). CCDC reference number
171283. See http://www.rsc.org/suppdata/cc/b1/b107881j/ for crystallo-
graphic data in CIF or other electronic format.
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Fig. 1 Molecular structure of the cation of 7a showing 50% probability
thermal ellipsoids. Only the metal-bound hydrogens (calculated positions)
are shown. Selected distances (Å) and angles (°): Ir(1)–P(1) 2.287(2), Ir(1)–
P(2) 2.301(2), Ir(1)–N(3) 2.193(5), Ir(1)–C(7) 2.100(6), N(1)–C(6)
1.461(7), N(1)–C(7) 1.404(7), N(1)–C(9) 1.335(8), N(2)–C(8) 1.390(8),
N(2)–C(9) 1.327(8), N(2)–C(10) 1.459(8); N(3)–Ir(1)–C(7) 89.3(2), P(1)–
Ir(1)–P(2) 163.86(6).

Chem. Commun., 2001, 2274–2275 2275
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shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.
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products also depends upon the counterion of the used salt. This
surprising and interesting fact certainly needs additional studies
with other systems where abnormal binding also occurs to
establish how often it takes place.

The complex OsH6(PiPr3)2 is a d2 polyhydride which is
obtained in high yield from the known compound OsH2Cl2-
(PiPr3)2,7 via the trihydride tetrahydrideborate intermediate
OsH3(η2-H2BH2)(PiPr3)2.8 This hexahydride reacts with Lewis
bases to afford d4 polyhydride derivatives, where the hydride
ligands undergo thermally activated site exchange processes and
show quantum exchange coupling,9 and activates C-H bonds
of amines,10 ketones,11 and aldehydes12 to give species remi-
niscent of the intermediates proposed for Murai’s reactions.13

In spite of that, Os-NHC compounds are extremely rare,14

in particular those containing abnormal tautomers, and we
have now studied the reactions of the hexahydride
OsH6(PiPr3)2 with 1-(2-pyridylmethyl)-3-methylimidazolium
salts.

In this paper, we report the following: (i) the formation and
X-ray structure of an osmium complex containing an NHC
ligand with abnormal coordination, (ii) the influence of the
counterion of the used salt on the coordination mode of the

NHC ligand in the reaction products, and (iii) the preparation
and X-ray structure of a novel bis(normal NHC)Os compound.

Results and Discussion

1. Preparation and Characterization of an Abnormal
Os-NHC Complex. Treatment under reflux of tetrahydrofuran
solutions of OsH6(PiPr3)2 (1) with 1.1 equiv of 1-(2-pyridyl-
methyl)-3-methylimidazolium tetraphenylborate, over 6 h, pro-
duces the release of 2.0 equiv of molecular hydrogen and the
formation of an 84:16 mixture of the abnormal- and normal-
NHC complexes 2a and 3a, according to eq 1.

The major product, the abnormal complex 2a, was separated
from its normal isomer 3a as yellow crystals suitable for an
X-raydiffractionanalysis,bycrystallizationindichloromethane–di-
ethyl ether. Figure 1 shows a view of the cation of the salt. The
structure proves the abnormal coordination of the imidazolium
ring and suggests that this complex is a hydride-elongated
dihydrogen species.15

The geometry around the osmium atom can be rationalized
as a distorted pentagonal bipyramid with the phosphine ligands
occupying axial positions (P(1)-Os-P(2) ) 164.39(5)°). The
metal coordination sphere is completed by the pyridinic nitrogen
atom N(3) and the abnormal carbon atom C(1) of the chelate
group and the hydrogen atoms H(1A), H(1B), and H(1C) of

(7) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J.; López, J. A.; Meyer,
U.; Oro, L. A.; Werner, H. Inorg. Chem. 1991, 30, 288.

(8) (a) Esteruelas, M. A.; Jean, Y.; Lledós, A.; Oro, L. A.; Ruiz, N.;
Volatron, F. Inorg. Chem. 1994, 33, 3609. (b) Demachy, I.; Esteruelas,
M. A.; Jean, Y.; Lledós, A.; Maseras, F.; Oro, L. A.; Valero, C.; Volatron,
F. J. Am. Chem. Soc. 1996, 118, 8388.

(9) (a) Esteruelas, M. A.; Lahoz, F. J.; López, A. M.; Oñate, E.; Oro,
L. A.; Ruiz, N.; Sola, E.; Tolosa, J. I. Inorg. Chem. 1996, 35, 7811. (b)
Castillo, A.; Esteruelas, M. A.; Oñate, E.; Ruiz, N. J. Am. Chem. Soc. 1997,
119, 9691. (c) Castillo, A.; Barea, G.; Esteruelas, M. A.; Lahoz, F. J.; Lledós,
A.; Maseras, F.; Modrego, J.; Oñate, E.; Oro, L. A.; Ruiz, N.; Sola, E.
Inorg. Chem. 1999, 38, 1814. (d) Esteruelas, M. A.; Lledós, A.; Martín,
M.; Maseras, F.; Osés, R.; Ruiz, N.; Tomàs, J. Organometallics 2001, 20,
5297.

(10) (a) Barea, G.; Esteruelas, M. A.; Lledós, A.; López, A. M.; Oñate,
E.; Tolosa, J. I. Organometallics 1998, 17, 4065. (b) Barrio, P.; Esteruelas,
M. A.; Oñate, E. Organometallics 2004, 23, 3627.

(11) (a) Barrio, P.; Castarlenas, R.; Esteruelas, M. A.; Lledós, A.;
Maseras, F.; Oñate, E.; Tomàs, J. Organometallics 2001, 20, 442. (b) Barrio,
P.; Castarlenas, R.; Esteruelas, M. A.; Oñate, E. Organometallics 2001,
20, 2635.

(12) Barrio, P.; Esteruelas, M. A.; Oñate, E. Organometallics 2004, 23,
1340.

(13) Kakiuchi, F.; Murai, S. Acc. Chem. Res. 2002, 35, 826.
(14) (a) Hitchcock, P. B.; Lappert, M. F.; Pye, P. L. J. Chem. Soc.,

Dalton Trans. 1978, 826. (b) Lappert, M. F.; Pye, P. L. J. Chem. Soc.,
Dalton Trans. 1978, 837. (c) Herrmann, W. A.; Elison, M.; Fischer, J.;
Köcher, C.; Artus, G. R. J. Chem. Eur. J. 1996, 2, 772. (d) Castarlenas, R.;
Esteruelas, M. A.; Oñate, E. Organometallics 2005, 24, 4343. (e) Cabeza,
J. A.; da Silva, I.; del Río, I.; Sánchez-Vega, M. G. Dalton Trans. 2006,
3966. (f) Cooke, C. E.; Ramnial, T.; Jennings, M. C.; Pomeroy, R. K.;
Clyburne, J. A. C. Dalton Trans. 2007, 1755. (g) Castarlenas, R.; Esteruelas,
M. A.; Oñate, E. Organometallics 2007, 26, 2129. (h) Castarlenas, R.;
Esteruelas, M. A.; Oñate, E. Organometallics 2007, 26, 3082.

(15) Barrio, P.; Esteruelas, M. A.; Lledós, A.; Oñate, E.; Tomàs, J.
Organometallics 2004, 23, 3008 and references therein.

Chart 1

Figure 1. Molecular structure of the cation of 2a. Selected bond
lengths (Å) and angles (deg): Os-P(1) ) 2.3605(14), Os-P(2) )
2.3683(14), Os-N(3) ) 2.213(4), Os-C(1) ) 2.123(6), H(1A)-
H(1B) ) 1.44(5); P(1)-Os-P(2) ) 164.39(5), P(1)-Os-N(3) )
99.70(11), P(2)-Os-N(3) ) 93.44(11), P(1)-Os-C(1) ) 98.58(14),
P(2)-Os-C(1) ) 90.78(14), N(3)-Os-C(1) ) 85.40(18).

(1)
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Montréal, Québec, Canada, H3C 3J7, and Department of Chemistry, UniVersity of New Orleans,

New Orleans, Louisiana 70148

Received January 14, 2004; E-mail: lebelhe@chimie.umontreal.ca

Recently, a number of new transition metal-catalyzed processes
have been developed and optimized through high-throughput and
combinatorial methods.1 Such strategies are particularly efficient
for the screening of a large number of transition metal-ligand
combinations under various sets of reaction conditions. However,
under these in situ conditions, the exact nature of the catalytic
species is not always precisely known. Indeed, the assumption of
a normal mode of binding between ligand and transition metal is
most often assumed and may be misleading.
During the course of our studies focusing on ligands suitable to

induce enantioselectivity in transition metal-catalyzed processes,2
we became interested in testing N-heterocyclic carbene (NHC)-
metal complexes. A number of simple NHC palladium-based
complexes have recently emerged as effective catalysts for a variety
of cross-coupling reactions.3 Our study of the exact structure of
various palladium NHC species reveals that the metalation site on
the imidazolium salt is strongly influenced by the presence of base.
We now report the synthesis and structure of novel palladium
complexes bearing NHC ligands in “normal” and “abnormal”
binding motifs. The binding mode of the NHC to Pd is shown to
substantially affect the catalytic behavior of the palladium com-
plexes.
It has been reported that palladium (II)-NHC complexes could

be easily prepared from palladium (II) acetate and the corresponding
imidazolium salts.4 Metal binding at the C(2) position is usually
observed, and complexes bearing two NHCs can potentially exist
as trans or cis isomers, depending on the steric hindrance of the
nitrogen substituent R. We first attempted to synthesize the
palladium complex 1 derived from 2 equiv of N,N!-bis(2,4,6-
trimethylphenyl)imidazolium chloride (IMes‚HCl) (1) and 1 equiv
of palladium (II) acetate under the standard reaction conditions
(dioxane, 80 °C, 6 h). The reaction proceeded smoothly leading to
the isolation of a single palladium-containing product.

The NMR data suggested an unusual coordination mode for the
NHC ligands, as indicated by 11 proton and 22 carbon signals. In
addition to the singlet at 6.85 ppm for H(4) and H(5) of a
presumably C(2)-bound IMes ligand, the 1H NMR spectrum

displayed two doublets at 6.57 and 7.47 ppm (J ) 1.7 Hz)
corresponding to H(3) and the carbene H(1) of a possibly C(5)-
bound IMes ligand. Furthermore, the 13C NMR spectrum showed
two carbon signals at 175.9 and 150.7 ppm that we assigned to
C(2) and C(5) bound to the palladium center. Two carbon signals
for C(4) and C(5), and for C(3), at respectively 122.8 and 125.5
ppm were also observed. On the basis of the NMR data, we
proposed the reaction product to have the structure 2 (eq 1). To
unambiguously establish this structure, single crystals were grown
by slow diffusion of hexanes into a saturated solution of 2 in
acetone. The single-crystal X-ray analysis provided the ORTEP
diagram shown in Figure 1. The ORTEP reveals that the palladium
is C(2) bound to one NHC ligand (the normal binding mode),
whereas the second ligand is attached through the C(5) carbon of
the second imidazolium. Both Pd-C distances are equivalent (2.019
and 2.021 Å) and are consistent with Pd-C single bonds. The
ORTEP shows a square-planar coordination around the palladium
center, with the two chlorine atoms bound to the palladium. Here
again, no distortion in the Pd-Cl distances is observed (2.289 and
2.302 Å). Complex 2, isolated in good yields (74%), is a rare
example of C(5) coordination of an IMes ligand and constitutes
the first example of an organometallic complex containing one C(2)
NHC ligand and one C(5)-bound imidazolium ligand.5-7
Surprisingly, when a mixture of cesium carbonate, palladium

(II) acetate, and IMes‚HCl was stirred at 80 °C in dioxane, the
formation of 2 was not observed, and the normal C(2) complex 1

‡ Université de Montréal.
§ University of New Orleans.

Figure 1. ORTEP diagram of palladium complex 2. Selected bond lengths
(Å) and angles (deg): Pd(1)-C(12), 2.019(13); Pd(1)-C(25), 2.021(11);
Pd(1)-Cl(1), 2.289(4); Pd(1)-Cl(2), 2.302(4); C(12)-Pd(1)-C(25), 179.4-
(5); C(12)-Pd(1)-Cl(1), 93.3(4); C(25)-Pd(1)-Cl(1), 87.3(3); C(12)-
Pd(1)-Cl(2), 88.6(4); C(25)-Pd(1)-Cl(2), 90.9(3); Cl(1)-Pd(1)-Cl(2),
177.23(18).
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ground state.10 There are some similarities with the
crystal-field theory (strong-field low-spin and weak-
field high-spin configurations).

Given these statements, the influence of the sub-
stituents on the carbene ground-state multiplicity can

be easily analyzed in terms of electronic and steric
effects.

II.1.1. Electronic Effects

II.1.1.1. Inductive Effects. The influence of the
substituents’ electronegativity on the carbene mul-
tiplicity was recognized relatively early on11,12 and
reexamined recently.13 It is now well established that
σ-electron-withdrawing substituents favor the singlet
versus the triplet state. In particular, Harrison et
al.11a,c showed that the ground state goes from triplet
to singlet when the substituents are changed from
electropositive lithium to hydrogen and to electrone-
gative fluorine (although mesomeric effects surely
also play a role for the latter element) (Figure 4). This
effect is easily rationalized on the basis of pertubation
orbital diagrams (C2v symmetry). Indeed, σ-electron-
withdrawing substituents inductively stabilize the σ
nonbonding orbital by increasing its s character and
leave the pπ orbital unchanged. The σ-pπ gap is thus
increased and the singlet state is favored (Figure 5a).
In contrast, σ-electron-donating substituents induce
a small σ-pπ gap which favors the triplet state
(Figure 5b).

Figure 1. Triplet carbenes I and singlet carbenes II-XIV.

Figure 2. Relationship between the carbene bond angle
and the nature of the frontier orbitals.

Figure 3. Electronic configurations of carbenes.
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II.1.1.2. Mesomeric Effects. Although inductive
effects dictate the ground-state multiplicity of a few
carbenes such as the triplet Li-C-Li,11c mesomeric

effects can play a more significant role.14 Substituents
interacting with the carbene center can be classified
into two types, namely X (for π-electron-donating
groups such as -F, -Cl, -Br, -I, -NR2, -PR2, -OR,
-SR, -SR3, ...) and Z (for π-electron-withdrawing
groups such as -COR, -CN, CF3, -BR2, -SiR3,
-PR3

+, ...). Therefore, the singlet carbenes considered
in this review can be classified according to their
substituents: the highly bent (X,X)-carbenes and the
linear or quasi-linear (Z,Z)- and (X,Z)-carbenes. In all
cases, the mesomeric effects consist of the interaction
of the carbon orbitals (s, pπ or px, py) and appropriate
p or π orbitals of the two carbene substituents. These
interactions are clearly illustrated using perturbation
orbital diagrams (Figure 6).
(X,X)-Carbenes are predicted to be bent singlet

carbenes.12,13 The energy of the vacant pπ orbital is
increased by interaction with the symmetric combi-
nation of the substituent lone pairs (b1). Since the σ
orbital remains almost unchanged, the σ-pπ gap is
increased and the singlet state is favored (Figure 6a).
Note that the σ orbital and the nonsymmetric com-
bination of the substituent lone pairs (a2) are close
in energy, their relative position depending on the
electronegativity of X compared to that of carbon.
Donation of the X-substituent lone pairs results in a

Figure 4. Influence of the substituents’ electronegativity
on the ground state carbene spin multiplicity.

Figure 5. Pertubation orbital diagrams showing the influence of the inductive effects.

Figure 6. Pertubation orbital diagrams showing the influence of the mesomeric effects.
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shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.
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We cannot exclude 7a,b being thermodynamic products,
however, in which case other carbenes currently considered
Arduengo type may in fact be bound at C-4(5). Whatever the
origin of the effect, care must clearly be taken in future not to
assume 2-substitution always takes place in carbenes derived
from imidazolium salts.

We gratefully acknowledge financial support from the
Deutsche Akademie der Naturforscher Leopoldina (BMBF-
LPD 9901/8-37; S.G.), Swiss National Foundation (M. A.), and
the US DOE and NSF (R. H. C., J. W. F.).

Notes and references
† Typical synthesis: a mixture of 6b (BF4 salt, 54 mg, 0.18 mmol) and
IrH5(PPh3)2 (129 mg, 0.18 mmol) in THF (8 ml) was refluxed in air for 2.3
h. After 20 min a clear solution is obtained. After the reaction mixture had
cooled to room temperature it was layered with 10 ml heptane. Over a period
of 12 h, crystals of 7b formed which were filtered off and dried in vacuo.
Yield: 124 mg (68%). The complex can be recrystallized from THF/
pentane.

Spectroscopic data for 6a: 1H NMR (CDCl3, 298 K): d 9.17 (s, 1H,
NCHN), 8.55 (d, 3JHH 4.6 Hz, 1H, py-H), 7.77 (dt, 3JHH 7.7, 4JHH 1.7 Hz,
1H, py-H), 7.66 (d, 3JHH 7.9 Hz, 1H, py-H), 7.59 (s, 1H, imid-H), 7.31 (dd,
3JHH 7.6 , 3JHH 5.0 Hz, 1H, py-H), 7.25 (s, 1H, imid-H), 5.51 (s, 4H, CH2),
4.65 (septet, 3JHH 6.8 Hz, 1H, CH), 1.61 (t, 3JHH 6.8 Hz, 6H, CH3). 13C{1H}
NMR (CDCl3, 298 K): d 152.38 (Cpy), 149.90 (Cpy), 137.85 (Cpy), 135.08
(NCN), 124.05 (Cpy), 123.84 (Cpy), 123.04 (Cimid), 119.83 (Cimid), 54.17
(CH2), 53.56 (CPri), 22.68 (CPri).

For 6b: 1H NMR (CDCl3, 298 K): d 9.09 (s, 1H, NCHN), 8.51 (d, 3JHH

4.6 Hz, 1H, py-H), 7.73 (dt, 3JHH 7.7, 4JHH 1.8 Hz , 1H, py-H), 7.58 (d, 3JHH

7.8 Hz, 1H, py-H), 7.53 (s, 1H, imid-H), 7.32 (s, 1H, imid-H), 7.27 (dd, 3JHH

7.7, 3JHH 4.8 Hz, 1H, py-H), 5.49 (s, 4H, CH2), 4.19 (t, 3JHH 7.5 Hz, 2H, Bu-
H), 1.89–1.81 (m, 2H, Bu-H), 1.39–1.30 (m, 2H, Bu-H), 0.93 (t, 3JHH 7.5
Hz, 3H, Bu-H). 13C{1H} NMR (CDCl3, 298 K): d 152.25 (Cpy), 149.77
(Cpy), 137.86 (Cpy), 136.37 (NCN), 124.06 (Cpy), 123.80 (Cpy), 122.93
(Cimid), 121.75 (Cimid), 54.00 (CH2), 49.93 (CBu), 31.81 (CBu), 19.34 (CBu),
13.30 (CBu).

For 7a: 1H NMR (CDCl3, 298 K): d 8.72 (s, 1H, NCHN), 8.23 (d, 1H,
3JHH 5.5 Hz, py-H), 7.37–7.14 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 6.3 Hz,
py-H), 5.17 (s, 1H, imid-H), 4.70 (s, 2H, CH2), 4.25 (septet, 1H, 3JHH 6.5
Hz, CH), 1.19 (d, 6H, 3JHH 6.5 Hz, CH3), 210.83 (dt, 2JPH 19.6, 3JHH 4.9
Hz, Ir-H), 221.49 (dt, 2JPH 18.6, 3JHH 4.9 Hz, Ir–H). 13C{1H} NMR
(CDCl3, 298 K): d 161.78 (Cpy), 153.10 (Cpy), 141.07 (t, JPC 7.1 Hz,
Ccarbene), 137.04 (Cpy), 134.93 (t, JPC = 26.3 Hz, CPh), 133.55 (t, JPC 6.0 Hz,
CPh), 132.40 (CPh), 129.55 (NCN), 127.84 (t, JPC 5.8, CPh), 125.87 (Cimid),
124.15 (Cimid), 123.56 (Cpy), 55.03 (CH2), 50.47 (CPri), 22.94 (CPri).
31P{1H} NMR (CDCl3, 298 K): d 21.36.

For 7b: 1H NMR (CDCl3, 298 K): d 8.71 (s, 1H, NCHN), 8.19 (d, 3JHH

5.1 Hz, 1H, py-H), 7.37–7.15 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 5.9 Hz,
1H, py-H), 5.03 (s, 1H, imid-H), 4.72 (s, 2H, CH2), 3.63 (t, 3JHH 6.9 Hz, 1H,
CH2), 1.47 (m, 2H, CH2), 1.17 (m, 2H, CH2), 0.90 (t, 3JHH 7.7 Hz, CH3),
210.89 (dt, 2JPH 19.6, 3JHH 5.1 Hz, Ir-H), 219.61 (dt, 2JPH 18.4, 3JHH 5.1
Hz, Ir-H). 13C{1H} NMR (CDCl3, 298 K): d 161.77 (Cpy), 153.07 (Cpy),
141.30 (t, JPC 6.9 Hz, Ccarbene), 137.09 (Cpy), 134.96 (t, JPC = 26.3, CPh),
133.79 (CPh), 133.61 (t, JPC 6.0, CPh), 129.59 (NCN), 127.86 (t, JPC 4.7,
CPh), 126.13 (Cimid), 125.90 (Cpy), 124.18 (Cpy), 55.08 (CH2), 47.89 (CBu),
31.96 (CBu), 19.36 (CBu), 13.37 (CBu). 31P{1H} NMR (CDCl3, 298 K): d
21.39.
‡ Crystal data for 7a: C48H47BF4IrN3P2, M = 1006.89, colorless crystal,
primitive monoclinic cell with dimensions: a = 9.4493(2), b = 20.6687(6),
c = 22.0865(6) Å, b = 90.160(2)° and V = 4313.6(2) Å3; Z = 4; m(Mo–
Ka) = 3.223 mm21; Dc = 1.550 g cm23. The systematic absences of: h0l:
l ≠ ± 2n and 0k0: k ≠ ± 2n uniquely determine the space group to be P21/c
(no. 14). 38573 reflections measured (KappaCCD diffractometer, T = 183
K). The structure was solved by direct methods and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were included at calculated positions (including the Ir hydrides),
but not refined. The final cycle of full-matrix least-squares refinement on F
was based on 4789 observed reflections [I > 3.00s(I)] and 532 variable
parameters and converged with unweighted and weighted agreement factors
of R = 0.033 and Rw = 0.035 (S = 0.905). CCDC reference number
171283. See http://www.rsc.org/suppdata/cc/b1/b107881j/ for crystallo-
graphic data in CIF or other electronic format.
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Fig. 1 Molecular structure of the cation of 7a showing 50% probability
thermal ellipsoids. Only the metal-bound hydrogens (calculated positions)
are shown. Selected distances (Å) and angles (°): Ir(1)–P(1) 2.287(2), Ir(1)–
P(2) 2.301(2), Ir(1)–N(3) 2.193(5), Ir(1)–C(7) 2.100(6), N(1)–C(6)
1.461(7), N(1)–C(7) 1.404(7), N(1)–C(9) 1.335(8), N(2)–C(8) 1.390(8),
N(2)–C(9) 1.327(8), N(2)–C(10) 1.459(8); N(3)–Ir(1)–C(7) 89.3(2), P(1)–
Ir(1)–P(2) 163.86(6).
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shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.

23 OCTOBER 2009 VOL 326 SCIENCE www.sciencemag.org558

REPORTS

 o
n 

Se
pt

em
be

r 1
7,

 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

products also depends upon the counterion of the used salt. This
surprising and interesting fact certainly needs additional studies
with other systems where abnormal binding also occurs to
establish how often it takes place.

The complex OsH6(PiPr3)2 is a d2 polyhydride which is
obtained in high yield from the known compound OsH2Cl2-
(PiPr3)2,7 via the trihydride tetrahydrideborate intermediate
OsH3(η2-H2BH2)(PiPr3)2.8 This hexahydride reacts with Lewis
bases to afford d4 polyhydride derivatives, where the hydride
ligands undergo thermally activated site exchange processes and
show quantum exchange coupling,9 and activates C-H bonds
of amines,10 ketones,11 and aldehydes12 to give species remi-
niscent of the intermediates proposed for Murai’s reactions.13

In spite of that, Os-NHC compounds are extremely rare,14

in particular those containing abnormal tautomers, and we
have now studied the reactions of the hexahydride
OsH6(PiPr3)2 with 1-(2-pyridylmethyl)-3-methylimidazolium
salts.

In this paper, we report the following: (i) the formation and
X-ray structure of an osmium complex containing an NHC
ligand with abnormal coordination, (ii) the influence of the
counterion of the used salt on the coordination mode of the

NHC ligand in the reaction products, and (iii) the preparation
and X-ray structure of a novel bis(normal NHC)Os compound.

Results and Discussion

1. Preparation and Characterization of an Abnormal
Os-NHC Complex. Treatment under reflux of tetrahydrofuran
solutions of OsH6(PiPr3)2 (1) with 1.1 equiv of 1-(2-pyridyl-
methyl)-3-methylimidazolium tetraphenylborate, over 6 h, pro-
duces the release of 2.0 equiv of molecular hydrogen and the
formation of an 84:16 mixture of the abnormal- and normal-
NHC complexes 2a and 3a, according to eq 1.

The major product, the abnormal complex 2a, was separated
from its normal isomer 3a as yellow crystals suitable for an
X-raydiffractionanalysis,bycrystallizationindichloromethane–di-
ethyl ether. Figure 1 shows a view of the cation of the salt. The
structure proves the abnormal coordination of the imidazolium
ring and suggests that this complex is a hydride-elongated
dihydrogen species.15

The geometry around the osmium atom can be rationalized
as a distorted pentagonal bipyramid with the phosphine ligands
occupying axial positions (P(1)-Os-P(2) ) 164.39(5)°). The
metal coordination sphere is completed by the pyridinic nitrogen
atom N(3) and the abnormal carbon atom C(1) of the chelate
group and the hydrogen atoms H(1A), H(1B), and H(1C) of

(7) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J.; López, J. A.; Meyer,
U.; Oro, L. A.; Werner, H. Inorg. Chem. 1991, 30, 288.

(8) (a) Esteruelas, M. A.; Jean, Y.; Lledós, A.; Oro, L. A.; Ruiz, N.;
Volatron, F. Inorg. Chem. 1994, 33, 3609. (b) Demachy, I.; Esteruelas,
M. A.; Jean, Y.; Lledós, A.; Maseras, F.; Oro, L. A.; Valero, C.; Volatron,
F. J. Am. Chem. Soc. 1996, 118, 8388.

(9) (a) Esteruelas, M. A.; Lahoz, F. J.; López, A. M.; Oñate, E.; Oro,
L. A.; Ruiz, N.; Sola, E.; Tolosa, J. I. Inorg. Chem. 1996, 35, 7811. (b)
Castillo, A.; Esteruelas, M. A.; Oñate, E.; Ruiz, N. J. Am. Chem. Soc. 1997,
119, 9691. (c) Castillo, A.; Barea, G.; Esteruelas, M. A.; Lahoz, F. J.; Lledós,
A.; Maseras, F.; Modrego, J.; Oñate, E.; Oro, L. A.; Ruiz, N.; Sola, E.
Inorg. Chem. 1999, 38, 1814. (d) Esteruelas, M. A.; Lledós, A.; Martín,
M.; Maseras, F.; Osés, R.; Ruiz, N.; Tomàs, J. Organometallics 2001, 20,
5297.

(10) (a) Barea, G.; Esteruelas, M. A.; Lledós, A.; López, A. M.; Oñate,
E.; Tolosa, J. I. Organometallics 1998, 17, 4065. (b) Barrio, P.; Esteruelas,
M. A.; Oñate, E. Organometallics 2004, 23, 3627.

(11) (a) Barrio, P.; Castarlenas, R.; Esteruelas, M. A.; Lledós, A.;
Maseras, F.; Oñate, E.; Tomàs, J. Organometallics 2001, 20, 442. (b) Barrio,
P.; Castarlenas, R.; Esteruelas, M. A.; Oñate, E. Organometallics 2001,
20, 2635.

(12) Barrio, P.; Esteruelas, M. A.; Oñate, E. Organometallics 2004, 23,
1340.

(13) Kakiuchi, F.; Murai, S. Acc. Chem. Res. 2002, 35, 826.
(14) (a) Hitchcock, P. B.; Lappert, M. F.; Pye, P. L. J. Chem. Soc.,

Dalton Trans. 1978, 826. (b) Lappert, M. F.; Pye, P. L. J. Chem. Soc.,
Dalton Trans. 1978, 837. (c) Herrmann, W. A.; Elison, M.; Fischer, J.;
Köcher, C.; Artus, G. R. J. Chem. Eur. J. 1996, 2, 772. (d) Castarlenas, R.;
Esteruelas, M. A.; Oñate, E. Organometallics 2005, 24, 4343. (e) Cabeza,
J. A.; da Silva, I.; del Río, I.; Sánchez-Vega, M. G. Dalton Trans. 2006,
3966. (f) Cooke, C. E.; Ramnial, T.; Jennings, M. C.; Pomeroy, R. K.;
Clyburne, J. A. C. Dalton Trans. 2007, 1755. (g) Castarlenas, R.; Esteruelas,
M. A.; Oñate, E. Organometallics 2007, 26, 2129. (h) Castarlenas, R.;
Esteruelas, M. A.; Oñate, E. Organometallics 2007, 26, 3082.
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Organometallics 2004, 23, 3008 and references therein.

Chart 1

Figure 1. Molecular structure of the cation of 2a. Selected bond
lengths (Å) and angles (deg): Os-P(1) ) 2.3605(14), Os-P(2) )
2.3683(14), Os-N(3) ) 2.213(4), Os-C(1) ) 2.123(6), H(1A)-
H(1B) ) 1.44(5); P(1)-Os-P(2) ) 164.39(5), P(1)-Os-N(3) )
99.70(11), P(2)-Os-N(3) ) 93.44(11), P(1)-Os-C(1) ) 98.58(14),
P(2)-Os-C(1) ) 90.78(14), N(3)-Os-C(1) ) 85.40(18).

(1)
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Recently, a number of new transition metal-catalyzed processes
have been developed and optimized through high-throughput and
combinatorial methods.1 Such strategies are particularly efficient
for the screening of a large number of transition metal-ligand
combinations under various sets of reaction conditions. However,
under these in situ conditions, the exact nature of the catalytic
species is not always precisely known. Indeed, the assumption of
a normal mode of binding between ligand and transition metal is
most often assumed and may be misleading.
During the course of our studies focusing on ligands suitable to

induce enantioselectivity in transition metal-catalyzed processes,2
we became interested in testing N-heterocyclic carbene (NHC)-
metal complexes. A number of simple NHC palladium-based
complexes have recently emerged as effective catalysts for a variety
of cross-coupling reactions.3 Our study of the exact structure of
various palladium NHC species reveals that the metalation site on
the imidazolium salt is strongly influenced by the presence of base.
We now report the synthesis and structure of novel palladium
complexes bearing NHC ligands in “normal” and “abnormal”
binding motifs. The binding mode of the NHC to Pd is shown to
substantially affect the catalytic behavior of the palladium com-
plexes.
It has been reported that palladium (II)-NHC complexes could

be easily prepared from palladium (II) acetate and the corresponding
imidazolium salts.4 Metal binding at the C(2) position is usually
observed, and complexes bearing two NHCs can potentially exist
as trans or cis isomers, depending on the steric hindrance of the
nitrogen substituent R. We first attempted to synthesize the
palladium complex 1 derived from 2 equiv of N,N!-bis(2,4,6-
trimethylphenyl)imidazolium chloride (IMes‚HCl) (1) and 1 equiv
of palladium (II) acetate under the standard reaction conditions
(dioxane, 80 °C, 6 h). The reaction proceeded smoothly leading to
the isolation of a single palladium-containing product.

The NMR data suggested an unusual coordination mode for the
NHC ligands, as indicated by 11 proton and 22 carbon signals. In
addition to the singlet at 6.85 ppm for H(4) and H(5) of a
presumably C(2)-bound IMes ligand, the 1H NMR spectrum

displayed two doublets at 6.57 and 7.47 ppm (J ) 1.7 Hz)
corresponding to H(3) and the carbene H(1) of a possibly C(5)-
bound IMes ligand. Furthermore, the 13C NMR spectrum showed
two carbon signals at 175.9 and 150.7 ppm that we assigned to
C(2) and C(5) bound to the palladium center. Two carbon signals
for C(4) and C(5), and for C(3), at respectively 122.8 and 125.5
ppm were also observed. On the basis of the NMR data, we
proposed the reaction product to have the structure 2 (eq 1). To
unambiguously establish this structure, single crystals were grown
by slow diffusion of hexanes into a saturated solution of 2 in
acetone. The single-crystal X-ray analysis provided the ORTEP
diagram shown in Figure 1. The ORTEP reveals that the palladium
is C(2) bound to one NHC ligand (the normal binding mode),
whereas the second ligand is attached through the C(5) carbon of
the second imidazolium. Both Pd-C distances are equivalent (2.019
and 2.021 Å) and are consistent with Pd-C single bonds. The
ORTEP shows a square-planar coordination around the palladium
center, with the two chlorine atoms bound to the palladium. Here
again, no distortion in the Pd-Cl distances is observed (2.289 and
2.302 Å). Complex 2, isolated in good yields (74%), is a rare
example of C(5) coordination of an IMes ligand and constitutes
the first example of an organometallic complex containing one C(2)
NHC ligand and one C(5)-bound imidazolium ligand.5-7
Surprisingly, when a mixture of cesium carbonate, palladium

(II) acetate, and IMes‚HCl was stirred at 80 °C in dioxane, the
formation of 2 was not observed, and the normal C(2) complex 1

‡ Université de Montréal.
§ University of New Orleans.

Figure 1. ORTEP diagram of palladium complex 2. Selected bond lengths
(Å) and angles (deg): Pd(1)-C(12), 2.019(13); Pd(1)-C(25), 2.021(11);
Pd(1)-Cl(1), 2.289(4); Pd(1)-Cl(2), 2.302(4); C(12)-Pd(1)-C(25), 179.4-
(5); C(12)-Pd(1)-Cl(1), 93.3(4); C(25)-Pd(1)-Cl(1), 87.3(3); C(12)-
Pd(1)-Cl(2), 88.6(4); C(25)-Pd(1)-Cl(2), 90.9(3); Cl(1)-Pd(1)-Cl(2),
177.23(18).
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1,3-DIMETHYI&MIDAZOLINYLIDEN-(2)-PENTACARBONYLCHR0M 
EIN NEIIER ~~ERGANGSMETALL-CARBEN-K0MPLEK 

K. &ELE 

Anorganisch-Chemisches Laboratorium der Technischen Hochschule. Miinchen (Deutschland} 
(Eingegangen den 10 April 1968) 

Im Zuge der Arbeit iiber rr-Komplexe von ijbergangsmetallen mit N-Hetero 
cyclen wurde in der thermisehen Zersetzung von Hydrogenpentacarbonylchromaten(-II)’ 
quatemirer Pyridiniumverbindungen (Gl. 1) eine neue Synthese fin Dihydropyridinchrom- 
tricatbonyle gefunden: 

(1) 

Dieses Reaktionsprinzip’ der Reduktion von Pyridinium-Kationen durch Hydro- 
gencarbonylmetallat-Anionen mit nachfolgender Komplexbindung des in situ erzeugten 
Dihydro-Heterocyclus an das Metahcarbonyl-Fragment schien such auf andere Pyridinium- 
-ihnliche Kationen anwendbar. 

Es zeigte sich aber, dass die Reaktion mit quatemsen Imidazoliumverbindungen 
einen anderen Verlauf nimmt: Be&n Erhitzen von 1,3-Dimethylimidazolium-hydrogen- 
pentacarbonylchromat(-II) (I) im Hochvakuum auf 120’ sublimierte in CCI. 80% Ausbeute 
eine blassgelbe Substanz der Zusammensetzung Ci eHaCrN205 mit einem Schmelzpunkt 
von 100.5“; NMR- und massenspektroskopisch konnte bewiesen werden, dass bier nach 
Gleichung (2) ein neuer aergangsmetallcarbonyl-Carben-Komplex (II) entstanden war: 

C H 3 
I 

CrK0)5 + Hz 

‘=H3 CH3 
(I) (III) 

(2) 

Das NMR-Spektrum(gemessen in De-Aceton) enth& nur 2 Signale bei 2.76 T 
(s) und 6.13 T (s) mit einem IntensitMsverh&ris von I:3 entsprechend den beiden Pro- 
tonen an den C-Atomen 4 bzw. 5 und den 6 Methylprotonen. Ahnlich wie bei item 
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pale yellow crystalline!
air and thermally stable!
mp. 100.5 ℃!
1H NMR (d6-acetone) δ = 7.24, 3.87 ppm!

Distribution of the butenes formed as primary products at  
270 and 406 "C, respectively, was 1-butene 23.5 and 33.5 %. 
trans-2-butene 21.5 and 26.5 %, and cis-2-butene 55 and 40 %. 
As in similar heterogeneous eliminations more 2- than 1- 
butene is formed (Saytzeff rule), and the cis-isomer predo- 
minates greatly. However, the relatively large proportion of 
I-butene is divergent from previous results [21; it even exceeds 
the amount of trans-2-butene. The thermodynamically most 
stable butene (trans-2-butene) is thus primarily the most 
disfavored. The deuterated and the non-deuterated alcohol 
give the same primary distribution of butenes. 
90 % of the deuterium present in the [2-D]-2-butanol can be 
detected in the butenes. The deuterium loss is distributed as 
follows among the three butenes: cis-2-butene 15 %; trans-2- 
butene 8 %; I-butene 0 %. Thus I-butene arises by a pure 
p-elimination 

H~C-CDOH-C~HS + H~C=CD-C~HS + HzO 

Partial or-elimination (with subsequent migration of hydrogen) 
cannot be excluded for the 2-butenes 

Nitrile 

H3C-CDOH-CH2CH3 + H~C-CHZCH-CH~ + HDO. 

Activity of nitrile referred 
to benzonitrile = 1 
(average value) 

Presumably, however, the loss of deuterium is due to the 
structure of the intermediate carbonium ion, which then 
should not be considered as a classical carbonium ion. 
The differences can perhaps be interpreted as follows: the 
formation of I-butene occurs in a pure concerted reaction, 
whereas elimination to yield 2-butene has some E-1 character 
caused by the differing acidities of the protons at  the end and 
in the middle of the chain. Furthermore, the elimination to 
give cis-2-butene must have more E-1 character than that 
leading to the trans-isomer. This could indicate that the 
probability of conversion into the cis-isomer increases with 
the lifetime of the carbonium ion; but then chance of losing 
deuterium must increase correspondingly. 
Butenes with two or more deuterium atoms were not detect- 
able. 
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[*I Licenciado en Fisica P. Bautista, Dr. M. Hunger, and 
Prof. Dr. H. Noller 
Escuela de Fisica y Matematicas, Universidad Central de 
Venezuela 
Caracas (Venezuela) 
Prof. Dr. H. Noller 
Physikalisch-Chemisches Institut der Universitat 
8 Miinchen 2, Sophienstr. 11 (Germany) 

[I] Part XVI of Mechanism of Contact Eliminations. - Part 
XV: A. Correa, M .  Hunger, and H. Noller, 2. Naturforsch., 
Part b, in the press. 
[2] See previous communications, e.g.  P. Andrdu, M .  Rosa-Bru- 
sin, C. Sanchez, and H. Noller, Z .  Naturforsch. 22b, 814 (1967). 

Passivation of Raney Nickel by Nitriles. - 

Hydrogenation in Acid Solution 

By P. Tinapp [ * I  

In connection with a study of the possibilities of hydrogenat- 
ing nitriles at  various p H  values it has been found that 
dissolution of Raney nickel in dilute non-oxidizing mineral 
acids can be prevented by addition of a nitrile. The activity 
of the Raney nickel is retained in this very acid medium. 
Contrary to previous assumption, hydrogenations with 
Raney nickel are thus, in general, possible in the presence of 
dilute mineral acid. 

Experimental: 
Benzonitrile (51.5 g, 0.5 mole) was dissolved in a mixture of 
tetrahydrofuran (180 ml), water (20 ml), and 96 % sulfuric 
acid (50 g) and, after addition of ca. 10 g of Raney nickel, was 
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hydrogenated at  room temperature and normal pressure. 
Uptake of hydrogen had ceased after about 5 h. Without 
having been filtered from the catalyst, the mixture was poured 
into water (ca. 600 ml), and the benzaldehyde formed was 
extracted with ether. The combined extracts were washed 
once with water and dried over sodium sulfate. Subsequent 
distillation gave 41 g (79 %) of benzaldehyde. 
The procedure can be applied to other aromatic nitriles. To 
what extent the inffuence of solvent or substituents must be 
taken into account is the subject of further study. 
Nothing is yet known about the origin of the passivation 
effect. The amount of nitrile necessary for passivation depends 
on the amount of Raney nickel and on the nature of the 
nitrile. a,?-Unsaturated and aromatic nitriles hinder most 
strongly the dissolution of the Raney nickel. Passivation may 
thus perhaps arise by x-complex formation at  the CN group. 
Complexes of this type have already been described 111. 

Cinnamonitrile 
Acrylonitrile 
in-Tolunitrile 
o-Tolunitrile 
n-Hexyl cyanide 
Acetonitrile 
Benzyl cyanide 

0.7 
1.03 
1.1 
1.18 
1.69 
1.75 
1.34 
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[*] Dr. P. Tinapp 
Pharmazeutisches Institut der Universitat 
53 Bonn, Kreuzbergweg 26 (Germany) 

[I] 2. Heldt, J. organometallic Chem. 6,  293 (1966). 

Direct Synthesis of a Mercury 
Salt-Carbene Complex 111 

By H.- W. Wanzlick and H.-J. Schonherr[*I 

Transition-metal-carbene complexes have hitherto been 
obtained only indirectly: suitable ligands are converted into 
carbene ligands with retention of the existing bond to the 
central atom [2,31. Nucleophilic carbenes, which are similar 
to isocyanides[41, should be suitable for direct synthesis of 
such complexes. That is the case, as we have shown by a 
first example: In view of the results obtained by Schoilkopf 
et a!., with Hgzc as central a tom[3~3~l ,  we treated 1,3-di- 
phenylimidazolium perchlorate ( I )  with mercury(i1) acetate 
in dimethyl sulfoxide (DMSO) and obtained the carbene 
complex (3) 151. It was unnecessary to add a base to produce 
the carbene in situ. Bis(l,3-diphenylimidazolio)mercury di- 
perchlorate (3) [crystallizes from DMSO as colorless plates, 
m.p. ca. 370 "C (decomp.), which darken above ca. 250 "C] is 
formed with liberation of acetic acid in almost quantitative 
yield. It is stable to acids but is immediately reconverted into 

+ H2S 
c--- 

+ H ~ ( O A C ) ~  - - 2 AcOH 

1 

141 

colorless rectangular plates!
stable to acids!
mp. ca. 370 ℃ (decomp.)!



first free, isolable NHC	

N-Heterocyclic Carbenes (NHCs)	 10	

A. J. Arduengo III, R. L. Harlow, M. Kline, J. Am. Chem. Soc. 1991, 113, 361.	

362 J. Am. Chem. Sor.. Vol. 113. No. I .  1991 Communications to the Editor 

0 

a 
2 

@ 
1 

a 'H NMR spectrum identical with that of the initially isolated 
carbene. The U MR spectral data of 1 in benzene-d, are as follows: 
'H NMR 6 1.58 ppm (s. Ad,,,,,,. I2  H). 2.01 (s. Ad,,,,,, 6 H), 
2.29 (s. Adz.8z. 12 H). 6.91 (s. NCH. 2 H); 'IC NMR ['HI 6 
211.43 ( s .Cd .  113.88 (dd. lJCH = 185.6 Hz. 'JCH = 13.4 Hz. 
C4,d. 55.99 (s. Ad,). 44.8 (tm. l JCH = 131.3 Hz. Adz.8.p). 37.7 
(tm. 'JCH = 126.8 Hz. 30.3 (dm. llCH = 128.9 Hz. 
Ad],,.,): "N NMR 6 -160.5 (ref NH,NOl). The electron-impact 
mass soectrum of 1 Pave a base oeak at  m l r  = 336.26. corre- 
sponding IO the moleblar ion. The elemental analysis of 1 gave 
C. 82.13; H. 9.64; N. 8.36 (theory C, 82.09; H. 9.58; N, 8.32). 
The IR spectrum (KBr) of 1 shows absorbances at  2920. 1504, 
1448. 1378. 1350. 1303. 1213. 1291. 833. 695. and 495 Em-'. 

A single crystal suitable for X-ray diffraction studies was grown 
by cooling a toluene solution of 1. The X-ray crystal structure 
of 1 is depicted in Figure I .  Selected bond lengths and angles 
are given in Table I .  The final R factors were R = 0.038 and 
R, = 0.034. The largest residual electron density in the final 
difference Fouier map was 0.20 e/A'just outside the imidazole 
ring near Cz. An attempt to  refine a hydrogen in this position 
resulted in an increase in the R values until the isotropic thermal 
parameter increased beyond B = 70 for the hydrogen. 

Several striking features are revealed in the X-ray structure 
of 1. One is the small N-C-N angle a t  the carbene center. This 
angle is significantly reduced from the typical range of values 
(108.5-109.7') for the corresponding angle in imidazolium salts.' 
This carbenic angle is in agreement with theoretical studies on 
singlet ([A') carbenes bearing r-donor substituents.' The lengths 
of the Cz-N,,,, bonds are significantly increased from the value 
of I32 pm found in imidazolium s a k Z  The lengths of the N I X ,  
and N1C, bonds are slightly longer than the corresponding bonds 
in typical imidazolium salts? The largest structural changes are 
fairly well :ocalized at the carbene center of 1. These changes 
suggest a diminished r-delocalization in 1 as  compared to imi- 
dazolium salts. This change in r-delocalization is also supported 
by the upfield shift in the imidazole ring proton in 1 versus 2 (6 
1.92 - 6.91): 

Carbene 1 enjoys both steric and electronic stabilization. The 
electronic stabilization factors include a r-donation into the 

(I) This drawing was made with the KANVM mmputergraphia program. 
This program is based on the program S C H A K ~ L  of E. Keller (Kriatallogra- 
phiwha lnslitut der Univcrritat Freiburg. FRG). which was mcdificd by A. 
J. Arducngo. 111 (E. I .  du Pont de Ncmaurr & Co.. Wilmington. DE). to 
prcducc the back and shadowed planes. The planer bear a 5O-pm grid. and 
the lighting source i s  at infinity so that shadow size is  meaningful. 

(21 (a)  Lanaer. V.: Huml. K.: Reek. G .  Acto Crvrtollorr.. Sect. 8 1982. ~ ~ 

38. 298. (b) iuger.  P.; Ruban. G .  Z. KristoIIo&. 197% j 4 2 ,  177. (c) 
AWul-Sada. A. K.: Grccnway. A. M.: Hitchcock. P. B.: Mohammd. T. J.: 
Scddon. K. R.: Zara. J. A. J .  Chrm~ Snc ~ Chrm rnmm 19% 1753 A n  . .~ 
X-ray structure study an the 1.3-di.I-adamantylimida2olium tetraphcnyl- 
barate gave the followingdata: N,-C2-N,. 109.7 (3p: N,<,, 132.8 (4) pm: 
N,-C2. 133.1 (3) pm: NIX,. 137.8 (4) pm; N,-C,. 138.2 (4) pm. Sce 
supplementary material for structural details. 

(3) For CF2. see: (a) Bauwhlichcr. C. W.. Jr.: Schaclcr. H. F.. 111: Bagus. 
P. S. J .  Am. Chrm. Soc. 1977. 99. 7106. (b) Diron. D. A. J .  Phyi. Chrm. 
1986. VO, 54. For C(OH),. sm: ( c )  Feller. D.: Bordcn. W. T.: Davidran. E. 
R. J. C h m  Phyr. 1979.71.4987. For CHF. CH(0H). and CH(NH,). see: 
(d) Luke. B.T.: Poplc. J. A.: Krcgh-Japerun. M.-B.:Apeloig. A.: Karni. M.: 
Chandrarckhar. J.: Schlcyer. P. Yon R. J .  Am. Chem. Sm. 1986. 108.270. 

(41 The sensitivity of the 4- and 5-position imidazole ring prolanr to ring 
current and charge in the ring has been previously noted: (a)  Janulir. E. P.. 
Jr.: Arducngo. A. J.. 111.1. Am. Chrm.Sw. 1983. 105. 3563. (b) Arducngo. 
A. J.. 111: Burgess. E. M. J .  Am. Chrm. So<. 1976. 08. 5021 

Table 1. Selected Bond Lengths (pm) and Angles (deg) in I 
bond leneth bond anele 

~ 

136.7 (2) 
137.3 (2) 
133.8 (3) 
138.2 (2) 
138.6 (2) 
148.2 (2) 
148.5 (2)  

carbene out-of-plane p orbital by the electron-rich r-system 
(N-C=C-N) and a a-electronegativity effect. The *-inter- 
actions lead to several good resonance contributors for 1 in which 
positive charge is delocalized in the imidazole ring with the C1 
represented as a r-bonded carbanionic center (like phenyl anion). 
Wanzlick has suggested that this type of interaction might be 
useful in stabilizing nucleophilic carbenes.' Recent results from 
our laboratories have shown that the carbene position should not 
be solely represented as  carbanionic since the calculated charge 
on carbon is only -0.08e.6 Additional electronic stability for the 
carbene electron pair may be gained from the a-electronegativity 
effects ofthe nitrogens on the carbene center. Although important, 
these electronic factors have not proven sufficient to allow the 
isolation of nucleophilic carbenes by previous workers.' The 
additional steric hindrance offered by the adamantyl substituents 
in I undoubtedly contributes to the kinetic stability. The hindrance 
offered by the adamantyls is evident both in the direct view in 
Figure I and in the shadowed plane which bears the ball and stick 
skeleton in addition to the space-filling outline. In spite of the 
bulk of the adamantyl substituents. the direct view of I looks as 
if there is sufficient room at  the carbene center for chemical 
reaction to take place. 

Carbenes have long been recognized as important reaction 
intermediates! The aggressive study of carbenes as reactive 
intermediates has provided much fundamental knowledge for 
chemical science. Until now there have not been any 'bottle-able" 
carbenes, and we hope that the production of these stable nu- 
cleophilic carbenes will allow for convenient study of this class 
of compounds. We are currently investigating both the electronic 

(5) Wanzlick. H.-W. A n p x  Chrm.. fnt. Ed. Engl. 1961. I .  75.. 
(6) Results of an extended basis set two configuration SCF ab initio cal- 

culation. Arduengo. A. J.. 111: Diron. D. A,. unpublished rtsdu. 
(7) Thcrc is  a 21-paper series published by H.-W. Wanzlick which de- 

scriber considerable chemistry af nucleophilic carbents and work directed 
toward synthesis a l a  stable derivative. Far paper number 21. see: Laeh- 
mannn. E.; Steinmaus. H.; Wanzlick. H.-W. Tdrohrdron 1971. 27. 4085. 

(8) Thcrc i s  an citensivc litoaturc on carbena which is  to3 vast to be c i td 
in its entirety hem. For lading refercnm. see: (a) Hine. J. Dioalm Carbon: 
The Ronald Prcsr Co.: New York. 1964. (b) Closr. G .  L.; Garpar. P. P.; 
Hammond. ci. S.; Hartrler. H. D.; Mackay. C.: Scyfcrth. D.: Trozrolo. A. 
M.; Wasscrman. E. Carbme,: Mass. R. A.. Jones. M.. Jr.. Edr.; John Wilcy 
&Sons: New York. 1975. (e) Baron. W. J.; Bcrtonicre. N. R.: Decamp. 
M. R.: Griffin, G. W.; Hcndrick. M. E.: Jones. M.. Jr.; Levin. R. H.; Mors. 
R. A,: Sohn. M. 8. Corbmcs; Joncr. M.. Jr.. Mors. R. A,. Edr.; John Wiley 
& Sons: New York. 1973. (d) Kirmrc. W. Carbrnr Chemistry. 2nd cd.: 
Academic Press. he . :  New York. 1971. 

colorless rectangular prism!
stable in the absence of oxygen and moisture!
mp. 240-241 ℃!
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a 'H NMR spectrum identical with that of the initially isolated 
carbene. The U MR spectral data of 1 in benzene-d, are as follows: 
'H NMR 6 1.58 ppm (s. Ad,,,,,,. I2  H). 2.01 (s. Ad,,,,,, 6 H), 
2.29 (s. Adz.8z. 12 H). 6.91 (s. NCH. 2 H); 'IC NMR ['HI 6 
211.43 ( s .Cd .  113.88 (dd. lJCH = 185.6 Hz. 'JCH = 13.4 Hz. 
C4,d. 55.99 (s. Ad,). 44.8 (tm. l JCH = 131.3 Hz. Adz.8.p). 37.7 
(tm. 'JCH = 126.8 Hz. 30.3 (dm. llCH = 128.9 Hz. 
Ad],,.,): "N NMR 6 -160.5 (ref NH,NOl). The electron-impact 
mass soectrum of 1 Pave a base oeak at  m l r  = 336.26. corre- 
sponding IO the moleblar ion. The elemental analysis of 1 gave 
C. 82.13; H. 9.64; N. 8.36 (theory C, 82.09; H. 9.58; N, 8.32). 
The IR spectrum (KBr) of 1 shows absorbances at  2920. 1504, 
1448. 1378. 1350. 1303. 1213. 1291. 833. 695. and 495 Em-'. 

A single crystal suitable for X-ray diffraction studies was grown 
by cooling a toluene solution of 1. The X-ray crystal structure 
of 1 is depicted in Figure I .  Selected bond lengths and angles 
are given in Table I .  The final R factors were R = 0.038 and 
R, = 0.034. The largest residual electron density in the final 
difference Fouier map was 0.20 e/A'just outside the imidazole 
ring near Cz. An attempt to  refine a hydrogen in this position 
resulted in an increase in the R values until the isotropic thermal 
parameter increased beyond B = 70 for the hydrogen. 

Several striking features are revealed in the X-ray structure 
of 1. One is the small N-C-N angle a t  the carbene center. This 
angle is significantly reduced from the typical range of values 
(108.5-109.7') for the corresponding angle in imidazolium salts.' 
This carbenic angle is in agreement with theoretical studies on 
singlet ([A') carbenes bearing r-donor substituents.' The lengths 
of the Cz-N,,,, bonds are significantly increased from the value 
of I32 pm found in imidazolium s a k Z  The lengths of the N I X ,  
and N1C, bonds are slightly longer than the corresponding bonds 
in typical imidazolium salts? The largest structural changes are 
fairly well :ocalized at the carbene center of 1. These changes 
suggest a diminished r-delocalization in 1 as  compared to imi- 
dazolium salts. This change in r-delocalization is also supported 
by the upfield shift in the imidazole ring proton in 1 versus 2 (6 
1.92 - 6.91): 

Carbene 1 enjoys both steric and electronic stabilization. The 
electronic stabilization factors include a r-donation into the 

(I) This drawing was made with the KANVM mmputergraphia program. 
This program is based on the program S C H A K ~ L  of E. Keller (Kriatallogra- 
phiwha lnslitut der Univcrritat Freiburg. FRG). which was mcdificd by A. 
J. Arducngo. 111 (E. I .  du Pont de Ncmaurr & Co.. Wilmington. DE). to 
prcducc the back and shadowed planes. The planer bear a 5O-pm grid. and 
the lighting source i s  at infinity so that shadow size is  meaningful. 

(21 (a)  Lanaer. V.: Huml. K.: Reek. G .  Acto Crvrtollorr.. Sect. 8 1982. ~ ~ 

38. 298. (b) iuger.  P.; Ruban. G .  Z. KristoIIo&. 197% j 4 2 ,  177. (c) 
AWul-Sada. A. K.: Grccnway. A. M.: Hitchcock. P. B.: Mohammd. T. J.: 
Scddon. K. R.: Zara. J. A. J .  Chrm~ Snc ~ Chrm rnmm 19% 1753 A n  . .~ 
X-ray structure study an the 1.3-di.I-adamantylimida2olium tetraphcnyl- 
barate gave the followingdata: N,-C2-N,. 109.7 (3p: N,<,, 132.8 (4) pm: 
N,-C2. 133.1 (3) pm: NIX,. 137.8 (4) pm; N,-C,. 138.2 (4) pm. Sce 
supplementary material for structural details. 

(3) For CF2. see: (a) Bauwhlichcr. C. W.. Jr.: Schaclcr. H. F.. 111: Bagus. 
P. S. J .  Am. Chrm. Soc. 1977. 99. 7106. (b) Diron. D. A. J .  Phyi. Chrm. 
1986. VO, 54. For C(OH),. sm: ( c )  Feller. D.: Bordcn. W. T.: Davidran. E. 
R. J. C h m  Phyr. 1979.71.4987. For CHF. CH(0H). and CH(NH,). see: 
(d) Luke. B.T.: Poplc. J. A.: Krcgh-Japerun. M.-B.:Apeloig. A.: Karni. M.: 
Chandrarckhar. J.: Schlcyer. P. Yon R. J .  Am. Chem. Sm. 1986. 108.270. 

(41 The sensitivity of the 4- and 5-position imidazole ring prolanr to ring 
current and charge in the ring has been previously noted: (a)  Janulir. E. P.. 
Jr.: Arducngo. A. J.. 111.1. Am. Chrm.Sw. 1983. 105. 3563. (b) Arducngo. 
A. J.. 111: Burgess. E. M. J .  Am. Chrm. So<. 1976. 08. 5021 

Table 1. Selected Bond Lengths (pm) and Angles (deg) in I 
bond leneth bond anele 

~ 

136.7 (2) 
137.3 (2) 
133.8 (3) 
138.2 (2) 
138.6 (2) 
148.2 (2) 
148.5 (2)  

carbene out-of-plane p orbital by the electron-rich r-system 
(N-C=C-N) and a a-electronegativity effect. The *-inter- 
actions lead to several good resonance contributors for 1 in which 
positive charge is delocalized in the imidazole ring with the C1 
represented as a r-bonded carbanionic center (like phenyl anion). 
Wanzlick has suggested that this type of interaction might be 
useful in stabilizing nucleophilic carbenes.' Recent results from 
our laboratories have shown that the carbene position should not 
be solely represented as  carbanionic since the calculated charge 
on carbon is only -0.08e.6 Additional electronic stability for the 
carbene electron pair may be gained from the a-electronegativity 
effects ofthe nitrogens on the carbene center. Although important, 
these electronic factors have not proven sufficient to allow the 
isolation of nucleophilic carbenes by previous workers.' The 
additional steric hindrance offered by the adamantyl substituents 
in I undoubtedly contributes to the kinetic stability. The hindrance 
offered by the adamantyls is evident both in the direct view in 
Figure I and in the shadowed plane which bears the ball and stick 
skeleton in addition to the space-filling outline. In spite of the 
bulk of the adamantyl substituents. the direct view of I looks as 
if there is sufficient room at  the carbene center for chemical 
reaction to take place. 

Carbenes have long been recognized as important reaction 
intermediates! The aggressive study of carbenes as reactive 
intermediates has provided much fundamental knowledge for 
chemical science. Until now there have not been any 'bottle-able" 
carbenes, and we hope that the production of these stable nu- 
cleophilic carbenes will allow for convenient study of this class 
of compounds. We are currently investigating both the electronic 

(5) Wanzlick. H.-W. A n p x  Chrm.. fnt. Ed. Engl. 1961. I .  75.. 
(6) Results of an extended basis set two configuration SCF ab initio cal- 

culation. Arduengo. A. J.. 111: Diron. D. A,. unpublished rtsdu. 
(7) Thcrc is  a 21-paper series published by H.-W. Wanzlick which de- 

scriber considerable chemistry af nucleophilic carbents and work directed 
toward synthesis a l a  stable derivative. Far paper number 21. see: Laeh- 
mannn. E.; Steinmaus. H.; Wanzlick. H.-W. Tdrohrdron 1971. 27. 4085. 

(8) Thcrc i s  an citensivc litoaturc on carbena which is  to3 vast to be c i td 
in its entirety hem. For lading refercnm. see: (a) Hine. J. Dioalm Carbon: 
The Ronald Prcsr Co.: New York. 1964. (b) Closr. G .  L.; Garpar. P. P.; 
Hammond. ci. S.; Hartrler. H. D.; Mackay. C.: Scyfcrth. D.: Trozrolo. A. 
M.; Wasscrman. E. Carbme,: Mass. R. A.. Jones. M.. Jr.. Edr.; John Wilcy 
&Sons: New York. 1975. (e) Baron. W. J.; Bcrtonicre. N. R.: Decamp. 
M. R.: Griffin, G. W.; Hcndrick. M. E.: Jones. M.. Jr.; Levin. R. H.; Mors. 
R. A,: Sohn. M. 8. Corbmcs; Joncr. M.. Jr.. Mors. R. A,. Edr.; John Wiley 
& Sons: New York. 1973. (d) Kirmrc. W. Carbrnr Chemistry. 2nd cd.: 
Academic Press. he . :  New York. 1971. 

features of this NHC!
① small N-C-N angle!
② longer C-N bonds!
③ diminished π-delocalization	

①	 imidazolium!
salts!

ca. 109°	
②	

imidazolium!
salts!

1.32 Å!

③	
δ(H) = 7.9	 δ(H) = 6.9	

What made this NHC isolable?!
▶ electronic stabilization!
π-donation into the carbene p orbital !
σ-electronegativity effects of the nitrogens!
▶ steric stabilization!
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NHCs as ligands for transition metals	

was chosen as a model for the initiation event. Catalysts 1 and 2
react with ethyl vinyl ether leading to the exclusive formation of
the Fischer carbenes L(PCy3)(Cl)2RudCHOEt. This reaction is
ideal for these studies because it is quantitative and essentially
irreversible.17 In addition, the rate is extremely rapid (significantly
faster than that with less electron-rich olefins), and should provide
close to an upper limit for the initiation rates in these systems.
The reaction of 2 with ethyl vinyl ether was studied by 1H

NMR spectroscopy at 35 °C. Under these conditions, the initiation
rate constant (kobs ) (4.6 ( 0.3) × 10-4 s-1) is independent of
olefin concentration over a wide range of concentrations (5 equiv
to 60 equiv of ethyl vinyl ether relative to [Ru]).18 These results
indicate that saturation kinetics are achieved even at low olefin
concentrations,19 and suggest that the rate-determining step of the
reaction is phosphine dissociation. This can be confirmed by ex-
trapolation of the Eyring plot from the magnetization transfer data
which provides the predicted phosphine dissociation rate constant
at 35 °C (kB ) (4 ( 3) × 10-4 s-1). The values obtained for kobs
and kB are identical within the error of the two measurements.
In contrast,1H NMR studies of the reaction of 1 with ethyl vinyl

ether show that kobs is dependent on olefin concentration over a
concentration range of 30 to 120 equiv of olefin (relative to [Ru]).
However, UV-vis spectroscopy, which enables monitoring of
the reaction at much higher olefin concentrations, can be utilized
to achieve saturation conditions. The initiation reaction was
followed by the appearance of the vinyl ether product (484 nm),
and the data fit first-order kinetics over 5 half-lives. Using 5300
equiv of substrate, a first-order rate constant of 0.018 ( 0.001
s-1 was obtained at 20 °C. This value shows excellent agreement
with the extrapolated phosphine exchange rate constant (kB )
0.016 ( 0.002 s-1) from the magnetization transfer data.
The results described above suggest that olefin metathesis reac-

tions catalyzed by 1 and 2 proceed according to the mechanism
outlined in Scheme 4.20 In both cases, the first step of the reaction
involves dissociation of bound PCy3 to form a 14-electron inter-
mediate of the general form L(Cl)2RudCHPh, 4. This intermediate
can be trapped by free PCy3 to regenerate the starting alkylidene
or can bind substrate and undergo metathesis. As such, the activity
of catalysts 1 and 2 is not only related to the phosphine dissoci-
ation rate k1 [k1 ) kB ) kobs (saturation)], but also to the ratio of
k-1 to k2 which determines whether the catalyst binds olefin or
returns to its resting state. An estimate of k-1/k2 in these systems
can be obtained by applying the steady-state approximation to
the proposed intermediate 4 (making the assumption that all of

the steps following olefin binding are fast).21 Under pseudo-first-
order conditions in olefin, this approximation affords the relation-
ship between 1/kobs and [PCy3]/[olefin] which is shown in eq 1.19

1H NMR studies of the reaction of 1 and 2 with ethyl vinyl
ether were utilized to determine 1/kobs as a function of [PCy3]/
[olefin], and the data show an excellent linear correlation for both
catalysts. As summarized in Table 2, the values obtained for k1
(from the intercept of the linear curve fit) agree extremely well
with those predicted by magnetization transfer experiments. This
analysis provides values for the k-1/k2 ratio in catalysts 1 and 2
of 15 300 and 1.25, respectively. We believe that this difference
of over 4 orders of magnitude is the reason that catalyst 2 exhibits
dramatically increased olefin metathesis activity relative to 1.
While 2 does not initiate (lose phosphine) efficiently, a small
amount of initiated 14-electron species is capable of cycling
through multiple olefin metathesis reactions before it is deactivated
by the rebinding of PCy3. In contrast, catalyst 1 initiates relatively
rapidly, but the rebinding of phosphine (k-1[PCy3]) is competitive
with olefin coordination (k2[olefin]) under typical reaction condi-
tions. As such, the highly active 14-electron intermediate under-
goes relatively few turnovers before being trapped by free PCy3.
Notably, the reaction of 1 and 2 with vinyl ether substrates is
extremely fast and is expected to provide close to a lower limit
for k-1/k2. However, we expect that the relative difference
(approximately 4 orders of magnitude) between these values
should be consistent across a range of olefinic substrates.
In summary, our mechanistic studies indicate that the initial

substitution of phosphine for olefinic substrate in catalysts 1 and
2 proceeds in a dissociative fashion and involves a 14-electron
intermediate. The high activity of the N-heterocyclic carbene-
coordinated catalyst 2, which had previously been attributed to
its ability to promote phosphine dissociation (increasing k1),
instead appears to be due to its improved selectivity for binding
π-acidic olefinic substrates in the presence of σ-donating free
phosphine (decreasing k-1/k2). Further mechanistic investigations
of catalysts with the general structure L(PR3)(X)2RudCHR1 are
currently underway to better understand the effect of the X, L,
R, and R1 ligands on the initiation rates of these catalyst systems.
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(21) We believe that this is a good assumption for catalyst 2, since the
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goes relatively few turnovers before being trapped by free PCy3.
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extremely fast and is expected to provide close to a lower limit
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(approximately 4 orders of magnitude) between these values
should be consistent across a range of olefinic substrates.
In summary, our mechanistic studies indicate that the initial
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2 proceeds in a dissociative fashion and involves a 14-electron
intermediate. The high activity of the N-heterocyclic carbene-
coordinated catalyst 2, which had previously been attributed to
its ability to promote phosphine dissociation (increasing k1),
instead appears to be due to its improved selectivity for binding
π-acidic olefinic substrates in the presence of σ-donating free
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strong σ-donation!
 → enhance the dissociation of PCy3!
 → stabilize the 14-e intermedaite!
steric bulk!
 → stabilize the 14-e intermedaite!2nd generation!
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Over the past two decades, olefin metathesis has emerged as a
mild and efficient method for the formation of carbon-carbon
double bonds.1 In particular, (PCy3)2(Cl)2RudCHPh (1)2 has
found extensive use in organic and polymer chemistry due to its
high reactivity with olefins in the presence of a diverse array of
functional groups.3 Recently, a new family of ruthenium-based
olefin metathesis catalysts have been prepared by the substitution
of a single PCy3 ligand of 1 with an N-heterocyclic carbene.4-6
These new alkylidenes, particularly 2 [Figure 1], exhibit dramati-
cally increased activity over the parent system in ring-opening
metathesis polymerization,7 ring -closing metathesis,4a and cross
metathesis reactions.8 The mechanism of olefin metathesis reac-
tions catalyzed by 1 has received intense investigation in our
group9 and others,10,11 and early studies established that phosphine
dissociation is a crucial step along the reaction coordinate.9a As
such, it has been suggested that the high activity of 2 and its
analogues is due to their increased ability to promote this critical
phosphine dissociation step.4-6 We report herein a detailed
mechanistic study of phosphine exchange and initiation kinetics
in alkylidenes 1 and 2. This study provides new and surprising
evidence concerning the origin of the large activity differences
between these two catalysts.
To better understand the differences in reactivity between 1

and 2, we examined the mechanism of the ligand substitution of
phosphine with olefinic substrate [Scheme 1]. In the two limiting
cases, this substitution could take place in an associative [Scheme
1a] or a dissociative [Scheme 1b] fashion. The associative pathway
involves initial binding of substrate to form the coordinatively
saturated intermediate 3, while the dissociative substitution
proceeds by initial loss of PCy3 to generate the 14-electron
intermediate 4.12 To distinguish between these possibilities we
focused on the degenerate exchange reaction between free and
bound PCy3 in alkylidenes 1 and 2 [Scheme 2]. We reasoned
that this exchange, which is the simplest example of ligand
substitution in these catalysts, should provide a model system
for the phosphine/olefin substitution.

31P NMR spectroscopy was used to examine the rates of phos-
phine exchange in 1 and 2. Initial experiments indicated that this
exchange is relatively slow, and in both cases coalescence of the
free and bound phosphine signals was not observed up to 100 °C
in toluene-d8. As such, 31P magnetization transfer studies were
utilized to obtain exchange rate constants in these systems.13 In
a typical experiment, the free phosphine (PF) resonance was selec-
tively inverted, and the peak heights of free and bound phosphine
(PB) were observed at variable mixing times. The time-dependent
magnetization data was analyzed using the computer program
CIFIT,14 and rate constants for the exchange of PB with PF (kB)
were determined for each catalyst. The exchange rate constants
(per coordinated phosphine ligand) at 80 °C for 1 and 2 are 9.6
( 0.2 and 0.13 ( 0.01 s-1, respectively. These results are surpris-
ing, since they show an inVerse relationship between phosphine
exchange rate and olefin metathesis activity.15 In fact, alkylidene
2, which exhibits very rapid propagation rates surpassing some
early transition metal catalysts in the ROMP of cyclooctadiene,7
exchanges phosphine almost 2 orders of magnitude slower than 1.
An examination of the exchange rate constant as a function of

phosphine concentration established a dissociative mechanism for
this reaction. For both catalysts, kB is independent of [PCy3] over
a wide range of concentrations. Activation parameters for
phosphine exchange were determined from the temperature
dependence of kB (at a constant [PCy3]), and the results are
summarized in Table 1. In both cases, the values for ∆Hq and
∆Sq are large and positive in sign, also consistent with dissociative
substitution. Taken together, these data indicate that phosphine
exchange proceeds via a dissociative pathway [Scheme 3], in
which initial formation of a 14-electron intermediate is followed
by fast trapping with free PCy3.
While the phosphine exchange rates do not correlate with the

propagation rates of 1 and 2, we thought that they might be related
to the initiation rates of the two catalysts.16 To probe this possi-
bility, the reaction of alkylidenes 1 and 2 with ethyl vinyl ether
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Over the past two decades, olefin metathesis has emerged as a
mild and efficient method for the formation of carbon-carbon
double bonds.1 In particular, (PCy3)2(Cl)2RudCHPh (1)2 has
found extensive use in organic and polymer chemistry due to its
high reactivity with olefins in the presence of a diverse array of
functional groups.3 Recently, a new family of ruthenium-based
olefin metathesis catalysts have been prepared by the substitution
of a single PCy3 ligand of 1 with an N-heterocyclic carbene.4-6
These new alkylidenes, particularly 2 [Figure 1], exhibit dramati-
cally increased activity over the parent system in ring-opening
metathesis polymerization,7 ring -closing metathesis,4a and cross
metathesis reactions.8 The mechanism of olefin metathesis reac-
tions catalyzed by 1 has received intense investigation in our
group9 and others,10,11 and early studies established that phosphine
dissociation is a crucial step along the reaction coordinate.9a As
such, it has been suggested that the high activity of 2 and its
analogues is due to their increased ability to promote this critical
phosphine dissociation step.4-6 We report herein a detailed
mechanistic study of phosphine exchange and initiation kinetics
in alkylidenes 1 and 2. This study provides new and surprising
evidence concerning the origin of the large activity differences
between these two catalysts.
To better understand the differences in reactivity between 1

and 2, we examined the mechanism of the ligand substitution of
phosphine with olefinic substrate [Scheme 1]. In the two limiting
cases, this substitution could take place in an associative [Scheme
1a] or a dissociative [Scheme 1b] fashion. The associative pathway
involves initial binding of substrate to form the coordinatively
saturated intermediate 3, while the dissociative substitution
proceeds by initial loss of PCy3 to generate the 14-electron
intermediate 4.12 To distinguish between these possibilities we
focused on the degenerate exchange reaction between free and
bound PCy3 in alkylidenes 1 and 2 [Scheme 2]. We reasoned
that this exchange, which is the simplest example of ligand
substitution in these catalysts, should provide a model system
for the phosphine/olefin substitution.

31P NMR spectroscopy was used to examine the rates of phos-
phine exchange in 1 and 2. Initial experiments indicated that this
exchange is relatively slow, and in both cases coalescence of the
free and bound phosphine signals was not observed up to 100 °C
in toluene-d8. As such, 31P magnetization transfer studies were
utilized to obtain exchange rate constants in these systems.13 In
a typical experiment, the free phosphine (PF) resonance was selec-
tively inverted, and the peak heights of free and bound phosphine
(PB) were observed at variable mixing times. The time-dependent
magnetization data was analyzed using the computer program
CIFIT,14 and rate constants for the exchange of PB with PF (kB)
were determined for each catalyst. The exchange rate constants
(per coordinated phosphine ligand) at 80 °C for 1 and 2 are 9.6
( 0.2 and 0.13 ( 0.01 s-1, respectively. These results are surpris-
ing, since they show an inVerse relationship between phosphine
exchange rate and olefin metathesis activity.15 In fact, alkylidene
2, which exhibits very rapid propagation rates surpassing some
early transition metal catalysts in the ROMP of cyclooctadiene,7
exchanges phosphine almost 2 orders of magnitude slower than 1.
An examination of the exchange rate constant as a function of

phosphine concentration established a dissociative mechanism for
this reaction. For both catalysts, kB is independent of [PCy3] over
a wide range of concentrations. Activation parameters for
phosphine exchange were determined from the temperature
dependence of kB (at a constant [PCy3]), and the results are
summarized in Table 1. In both cases, the values for ∆Hq and
∆Sq are large and positive in sign, also consistent with dissociative
substitution. Taken together, these data indicate that phosphine
exchange proceeds via a dissociative pathway [Scheme 3], in
which initial formation of a 14-electron intermediate is followed
by fast trapping with free PCy3.
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to the initiation rates of the two catalysts.16 To probe this possi-
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was chosen as a model for the initiation event. Catalysts 1 and 2
react with ethyl vinyl ether leading to the exclusive formation of
the Fischer carbenes L(PCy3)(Cl)2RudCHOEt. This reaction is
ideal for these studies because it is quantitative and essentially
irreversible.17 In addition, the rate is extremely rapid (significantly
faster than that with less electron-rich olefins), and should provide
close to an upper limit for the initiation rates in these systems.
The reaction of 2 with ethyl vinyl ether was studied by 1H

NMR spectroscopy at 35 °C. Under these conditions, the initiation
rate constant (kobs ) (4.6 ( 0.3) × 10-4 s-1) is independent of
olefin concentration over a wide range of concentrations (5 equiv
to 60 equiv of ethyl vinyl ether relative to [Ru]).18 These results
indicate that saturation kinetics are achieved even at low olefin
concentrations,19 and suggest that the rate-determining step of the
reaction is phosphine dissociation. This can be confirmed by ex-
trapolation of the Eyring plot from the magnetization transfer data
which provides the predicted phosphine dissociation rate constant
at 35 °C (kB ) (4 ( 3) × 10-4 s-1). The values obtained for kobs
and kB are identical within the error of the two measurements.
In contrast,1H NMR studies of the reaction of 1 with ethyl vinyl

ether show that kobs is dependent on olefin concentration over a
concentration range of 30 to 120 equiv of olefin (relative to [Ru]).
However, UV-vis spectroscopy, which enables monitoring of
the reaction at much higher olefin concentrations, can be utilized
to achieve saturation conditions. The initiation reaction was
followed by the appearance of the vinyl ether product (484 nm),
and the data fit first-order kinetics over 5 half-lives. Using 5300
equiv of substrate, a first-order rate constant of 0.018 ( 0.001
s-1 was obtained at 20 °C. This value shows excellent agreement
with the extrapolated phosphine exchange rate constant (kB )
0.016 ( 0.002 s-1) from the magnetization transfer data.
The results described above suggest that olefin metathesis reac-

tions catalyzed by 1 and 2 proceed according to the mechanism
outlined in Scheme 4.20 In both cases, the first step of the reaction
involves dissociation of bound PCy3 to form a 14-electron inter-
mediate of the general form L(Cl)2RudCHPh, 4. This intermediate
can be trapped by free PCy3 to regenerate the starting alkylidene
or can bind substrate and undergo metathesis. As such, the activity
of catalysts 1 and 2 is not only related to the phosphine dissoci-
ation rate k1 [k1 ) kB ) kobs (saturation)], but also to the ratio of
k-1 to k2 which determines whether the catalyst binds olefin or
returns to its resting state. An estimate of k-1/k2 in these systems
can be obtained by applying the steady-state approximation to
the proposed intermediate 4 (making the assumption that all of

the steps following olefin binding are fast).21 Under pseudo-first-
order conditions in olefin, this approximation affords the relation-
ship between 1/kobs and [PCy3]/[olefin] which is shown in eq 1.19

1H NMR studies of the reaction of 1 and 2 with ethyl vinyl
ether were utilized to determine 1/kobs as a function of [PCy3]/
[olefin], and the data show an excellent linear correlation for both
catalysts. As summarized in Table 2, the values obtained for k1
(from the intercept of the linear curve fit) agree extremely well
with those predicted by magnetization transfer experiments. This
analysis provides values for the k-1/k2 ratio in catalysts 1 and 2
of 15 300 and 1.25, respectively. We believe that this difference
of over 4 orders of magnitude is the reason that catalyst 2 exhibits
dramatically increased olefin metathesis activity relative to 1.
While 2 does not initiate (lose phosphine) efficiently, a small
amount of initiated 14-electron species is capable of cycling
through multiple olefin metathesis reactions before it is deactivated
by the rebinding of PCy3. In contrast, catalyst 1 initiates relatively
rapidly, but the rebinding of phosphine (k-1[PCy3]) is competitive
with olefin coordination (k2[olefin]) under typical reaction condi-
tions. As such, the highly active 14-electron intermediate under-
goes relatively few turnovers before being trapped by free PCy3.
Notably, the reaction of 1 and 2 with vinyl ether substrates is
extremely fast and is expected to provide close to a lower limit
for k-1/k2. However, we expect that the relative difference
(approximately 4 orders of magnitude) between these values
should be consistent across a range of olefinic substrates.
In summary, our mechanistic studies indicate that the initial

substitution of phosphine for olefinic substrate in catalysts 1 and
2 proceeds in a dissociative fashion and involves a 14-electron
intermediate. The high activity of the N-heterocyclic carbene-
coordinated catalyst 2, which had previously been attributed to
its ability to promote phosphine dissociation (increasing k1),
instead appears to be due to its improved selectivity for binding
π-acidic olefinic substrates in the presence of σ-donating free
phosphine (decreasing k-1/k2). Further mechanistic investigations
of catalysts with the general structure L(PR3)(X)2RudCHR1 are
currently underway to better understand the effect of the X, L,
R, and R1 ligands on the initiation rates of these catalyst systems.
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Ru(IV) metallacycle is expected to be lowered in energy due to the electron
donor abilities of the N-heterocyclic carbene ligand. However it may not be
as good of an approximation in 1. As such the value of k-1/k2 may be somewhat
overestimated in this case since additional k3 and k-2 terms are not included.

Table 1. Activation Parameters for Phosphine Exchange

catalyst
kB (s-1)
80 °C

∆Hq
(kcal mol-1)

∆Sq (cal
mol-1 K-1)

∆Gq (298 K)
(kcal mol-1)

1 9.6 ( 0.2 23.6 ( 0.5 12 ( 2 19.88 ( 0.06
2 0.13 ( 0.01 27 ( 2 13 ( 6 23.0 ( 0.4

Scheme 3

Scheme 4

Table 2. Values for the k-1/k2 Ratio in Catalysts 1 and 2
catalyst T (°C) k1(intercept) (s-1) kB(predicted) (s-1) k-1/k2
1 37 0.26 0.16 15300
2 50 0.0031 0.003 1.25

1/kobs ) k-1[PCy3]/k1k2[olefin] + 1/k1 (1)
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“the activity of catalyst 1 and 2 is not only 
related to the phosphine dissociation rate 
k1, but also to the k-1/k2 ratio which 
determines whether the catalyst binds olefin 
or returns to its resting state”!
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NHCs as organocatalysts	

originally drawn as a mesomeric zwitterion. Nucleophilic
attack of the carbonyl function of an aldehyde 4 then gen-
erates the thiazolium salt adduct 5. Deprotonation/reproto-
nation leads to the active aldehyde in the form of the reso-
nance-stabilized enaminol-type Breslow intermediate 6. This
nucleophilic acylation reagent 6 (equivalent to a d1-synthon
in the terminology of Seebach et al.) reacts again with an
electrophilic substrate such as the carbonyl group of a second
aldehyde molecule. The intermediate 7 eliminates benzoin
(8), and the original carbene catalyst 3 is regenerated.
Lemal et al.19 postulated an alternative mechanistic model

based on the facile formation of carbene dimers 9, and this
was extended by López Calahorra and co-workers (Figure
4).20 These two competing models have been intensely
discussed. Finally, the carbene dimer mechanism could not
stand up to the Breslow mechanism.21
Stetter et al. were the first to use thiazolium salts as

catalysts for the preparation of acyloin and benzoin com-
pounds on a preparative scale. They could utilize this

synthetic concept for the preparation of numerous R-hydroxy-
ketones. Aliphatic aldehydes showed the best results with
catalyst 10a, whereas for aromatic substrates, the thiazolium
salts 10b or 10c were better catalysts (Figure 5).22,23

3.2. First Asymmetric Benzoin Condensations
As the product of the benzoin condensation is an R-hy-

droxyketone 8, a new stereogenic center is formed. Conse-
quently, many chemists have tried to develop heterazolium-
catalyzed asymmetric benzoin condensations and, later, other
nucleophilic acylation reactions (Scheme 2).

In 1966, Sheehan and Hunneman presented the first results
of an asymmetric benzoin condensation utilizing the chiral
thiazolium salt 11 as precatalyst.24 However, the enantiomeric
excess of the synthesized benzoin was only 22%. Some years
later, they were able to obtain enantiomeric excesses of up
to 51% with modified thiazolium salts such as 12. Unfor-
tunately, the products were formed in low yields (6%).25
Many years later, Dvorak and Rawal improved the protocol
of Sheehan and co-workers, obtaining 48% enantiomeric
excess (ee) with better yields.26 Menthyl-substituted thiazo-
lium salts such as 13 were developed by Takagi et al. and
catalyzed the formation of benzoin in a micellar two-phase
reaction system with an enantiomeric excess of 35% and an
improved yield of 20%.27 Zhao et al. combined the Sheehan
catalysts with the Takagi reaction conditions and obtained
moderate enantiomeric excesses of 47-57% and yields of
20-30%.28 On the basis of their mechanistic model, in 1993
López Calahorra and co-workers synthesized bisthiazolium
salt catalysts such as compound 14, affording benzoin with
27% ee and a yield of 21% (Figure 6).29

3.3. Stable Carbenes
Side by side with the research on carbene-catalyzed

benzoin condensations, much effort has been devoted toward
the isolation of stable carbenes. The chemistry of nucleophilc
carbenes was intensively studied by Wanzlick et al. in the
1960s.30 Until then, the divalent carbenes were considered
as highly reactive intermediates. In retrospective, Wanzlick
et al. had N-heterocyclic carbenes in their hands, but they
did not believe that they would be able to actually isolate

Figure 3. Structure of the transketolase enzyme isolated from
Saccharomyces cereVisiae.

Scheme 1. Catalytic Cycle of the Benzoin Condensation as
Proposed by Breslow

Figure 4. Thiazolin-2-ylidene dimer.

Figure 5. Thiazolium salts utilized by Stetter et al.

Scheme 2. Asymmetric Benzoin Condensation
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ABSTRACT
The coenzyme thiamine (vitamin B1), a natural thiazolium salt, is
involved in many enzymatic catalyses. Since it has been proposed
that the catalytically active species of these reactions is a nucleo-
philic carbene, many chemists have tried to perform enzyme
mimetic asymmetric carbene catalysis. After a long and difficult
search, stable carbenes are finally isolated, characterized, and in
the chemist’s hands. The experiments of decades have finally
resulted in successful enantioselective benzoin condensations and
enantioselective intramolecular Stetter reactions as important
examples of carbene catalyzed asymmetric nucleophilic acylation
processes.

Enzymes Set the Standards
In its everlasting evolution processes, nature has brought
forth countless mechanisms for complex biochemical
reactions. Nucleophilic acylation reactions catalyzed by
transketolase enzymes together with the coenzyme thi-
amine (1, vitamin B1, a natural thiazolium salt shown in
Figure 1) might serve as examples for highly selective
chemical reactions that are accomplished in vivo.

In the 1990s, Schneider et al. revealed the structure of
a transketolase enzyme that uses thiamine (contained in
baker’s yeast) as coenzyme to catalyze a number of
important biochemical reactions.1 As depicted in Figure
2, the thiamine molecule (shown as space-filling model)
is embedded into a narrow channel in the very heart of
the enzyme body. Regarding these elaborate chemical
surroundings, it is easily understandable that chemical
reactions taking place at the catalytically active center in
the middle of the channel must inevitably be very selec-
tive. The biochemical processes of thiamine-dependent

enzymes have been largely elucidated, and the enzymes
have been used as synthetic tools.2 Much research has
been done to determine the actual catalytically active
species of these reactions and to develop synthetic
catalysts that mimic the enzymatic systems but do not
need the bulky enzyme proteins around them to catalyze
organic reactions selectively and efficiently.

Catalytic Nucleophilic Acylation Reactions
Reaction systems involving thiamine catalysts and cata-
lytic nucleophilic acylation reactions in general have been
thoroughly studied by numerous scientists. The first
investigations date back as far as 1832 when F. Wöhler
and J. Liebig discovered the so-called benzoin condensa-
tion catalyzed by cyanide anions.3 In 1903, A. Lapworth
proposed a mechanism for this remarkable reaction that
would proceed via a carbanion generated from the ben-
zaldehyde substrate in a hydrogen cyanide addition
followed by deprotonation.4 The intermediate carbanion
species represents an active aldehyde with an inverted
(i.e., nucleophilic) reactivity of the carbonyl carbon atom.
This phenomenon was later on embedded into the
comprehensive Umpolung concept developed by D. See-
bach and co-workers.5 Ukai et al. found in 1943 that, as
well as cyanide ions, thiazolium salts can be used as
catalysts for the benzoin condensation.6 Some years later,
Mizuhara et al. showed that the catalytic activity of the
natural thiamine is based on its thiazolium unit as well.7

How are the identical effects of the cyanide catalyst and
the thiazolium catalyst in the benzoin condensation
reaction explained? Would there be a mechanism con-
ceivable for thiazolium catalysis similar to the well-
established Lapworth mechanism for cyanide catalysis?
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FIGURE 1. Thiamine (vitamin B1), a coenzyme.

FIGURE 2. Structure of a transketolase enzyme determined by
Schneider et al. Reproduced with kind permission of Prof. Schneider.
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them. Only the dimeric forms, the electron-rich olefins, were
reported. It was more than 28 years later that Bertrand and
co-workers8 and Arduengo et al.9,31 presented carbene
compounds that were stable at room temperature. The best
known representatives, the imidazolin-2-ylidenes, e.g., 15,
and derivatives, e.g., 16, are today often called Wanzlick
carbenes (Figure 7).

However, the carbene character of Bertrand’s phosphi-
nocarbene 17 was initially doubted, as its chemical reactivity
appeared to resemble more a phosphaacetylene 18.32 Recent
studies seem to support its carbene character again (Scheme
3).33

Thus, the imidazolin-2-ylidene 15a synthesized by Ar-
duengo et al. in 1991 is now referred to as the first
N-heterocyclic carbene to be isolated and characterized. Its
preparation was achieved by deprotonation of the corre-
sponding imidazolium salt 19. Later on, Arduengo et al.
could also synthesize stable carbenes with less bulky
substituents. It should be noted that the structure of these
carbenes is identical with that of the Wanzlick carbenes.
Progress in laboratory methods was finally decisive for the
successful isolation of these carbenes (Scheme 4).

Since Arduengo et al.’s initial reports, numerous stable
N-hereocyclic carbenes of various types have been synthe-
sized.6,10,34,35 Applications in organocatalysis and metal-based
catalysis have developed rapidly.
Inspired by this success and based on our work on the

asymmetric Stetter reaction in the late 1980s, our research
group together with Teles and co-workers studied the triazole
heterocycle as an alternative carbene structure. In 1995, we
reported the synthesis of the triazolin-5-ylidene 22 starting
from the triazole precursor 20.36 The crystalline carbene 22
was obtained from 20 by addition of sodium methanolate to
give the stable adduct 21 followed by R-elimination of meth-
anol, either at 80 °C under vacuum or in refluxing toluene.
Compound 22 proved to be stable at temperatures up to 150
°C in the absence of air and moisture.37 Compound 22 was
the first carbene to be commercially available (Scheme 5).

Figure 6. Chiral thiazolium salts for the asymmetric benzoin
condensation.

Figure 7. Typical Wanzlick carbenes.

Scheme 3. Phosphinocarbene Reported by Bertrand and
Co-workers

Scheme 4. Preparation of Stable Imidazolin-2-ylidenes by
Arduengo and Co-workers

Scheme 5. Synthesis of the Stable Carbene 22 Developed by
Enders and Teles and Co-workers

Scheme 6. Postulated Mechanism of the Formoin
Condensation Reported by Teles and Co-workers
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shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.
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We cannot exclude 7a,b being thermodynamic products,
however, in which case other carbenes currently considered
Arduengo type may in fact be bound at C-4(5). Whatever the
origin of the effect, care must clearly be taken in future not to
assume 2-substitution always takes place in carbenes derived
from imidazolium salts.
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LPD 9901/8-37; S.G.), Swiss National Foundation (M. A.), and
the US DOE and NSF (R. H. C., J. W. F.).

Notes and references
† Typical synthesis: a mixture of 6b (BF4 salt, 54 mg, 0.18 mmol) and
IrH5(PPh3)2 (129 mg, 0.18 mmol) in THF (8 ml) was refluxed in air for 2.3
h. After 20 min a clear solution is obtained. After the reaction mixture had
cooled to room temperature it was layered with 10 ml heptane. Over a period
of 12 h, crystals of 7b formed which were filtered off and dried in vacuo.
Yield: 124 mg (68%). The complex can be recrystallized from THF/
pentane.

Spectroscopic data for 6a: 1H NMR (CDCl3, 298 K): d 9.17 (s, 1H,
NCHN), 8.55 (d, 3JHH 4.6 Hz, 1H, py-H), 7.77 (dt, 3JHH 7.7, 4JHH 1.7 Hz,
1H, py-H), 7.66 (d, 3JHH 7.9 Hz, 1H, py-H), 7.59 (s, 1H, imid-H), 7.31 (dd,
3JHH 7.6 , 3JHH 5.0 Hz, 1H, py-H), 7.25 (s, 1H, imid-H), 5.51 (s, 4H, CH2),
4.65 (septet, 3JHH 6.8 Hz, 1H, CH), 1.61 (t, 3JHH 6.8 Hz, 6H, CH3). 13C{1H}
NMR (CDCl3, 298 K): d 152.38 (Cpy), 149.90 (Cpy), 137.85 (Cpy), 135.08
(NCN), 124.05 (Cpy), 123.84 (Cpy), 123.04 (Cimid), 119.83 (Cimid), 54.17
(CH2), 53.56 (CPri), 22.68 (CPri).

For 6b: 1H NMR (CDCl3, 298 K): d 9.09 (s, 1H, NCHN), 8.51 (d, 3JHH

4.6 Hz, 1H, py-H), 7.73 (dt, 3JHH 7.7, 4JHH 1.8 Hz , 1H, py-H), 7.58 (d, 3JHH

7.8 Hz, 1H, py-H), 7.53 (s, 1H, imid-H), 7.32 (s, 1H, imid-H), 7.27 (dd, 3JHH

7.7, 3JHH 4.8 Hz, 1H, py-H), 5.49 (s, 4H, CH2), 4.19 (t, 3JHH 7.5 Hz, 2H, Bu-
H), 1.89–1.81 (m, 2H, Bu-H), 1.39–1.30 (m, 2H, Bu-H), 0.93 (t, 3JHH 7.5
Hz, 3H, Bu-H). 13C{1H} NMR (CDCl3, 298 K): d 152.25 (Cpy), 149.77
(Cpy), 137.86 (Cpy), 136.37 (NCN), 124.06 (Cpy), 123.80 (Cpy), 122.93
(Cimid), 121.75 (Cimid), 54.00 (CH2), 49.93 (CBu), 31.81 (CBu), 19.34 (CBu),
13.30 (CBu).

For 7a: 1H NMR (CDCl3, 298 K): d 8.72 (s, 1H, NCHN), 8.23 (d, 1H,
3JHH 5.5 Hz, py-H), 7.37–7.14 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 6.3 Hz,
py-H), 5.17 (s, 1H, imid-H), 4.70 (s, 2H, CH2), 4.25 (septet, 1H, 3JHH 6.5
Hz, CH), 1.19 (d, 6H, 3JHH 6.5 Hz, CH3), 210.83 (dt, 2JPH 19.6, 3JHH 4.9
Hz, Ir-H), 221.49 (dt, 2JPH 18.6, 3JHH 4.9 Hz, Ir–H). 13C{1H} NMR
(CDCl3, 298 K): d 161.78 (Cpy), 153.10 (Cpy), 141.07 (t, JPC 7.1 Hz,
Ccarbene), 137.04 (Cpy), 134.93 (t, JPC = 26.3 Hz, CPh), 133.55 (t, JPC 6.0 Hz,
CPh), 132.40 (CPh), 129.55 (NCN), 127.84 (t, JPC 5.8, CPh), 125.87 (Cimid),
124.15 (Cimid), 123.56 (Cpy), 55.03 (CH2), 50.47 (CPri), 22.94 (CPri).
31P{1H} NMR (CDCl3, 298 K): d 21.36.

For 7b: 1H NMR (CDCl3, 298 K): d 8.71 (s, 1H, NCHN), 8.19 (d, 3JHH

5.1 Hz, 1H, py-H), 7.37–7.15 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 5.9 Hz,
1H, py-H), 5.03 (s, 1H, imid-H), 4.72 (s, 2H, CH2), 3.63 (t, 3JHH 6.9 Hz, 1H,
CH2), 1.47 (m, 2H, CH2), 1.17 (m, 2H, CH2), 0.90 (t, 3JHH 7.7 Hz, CH3),
210.89 (dt, 2JPH 19.6, 3JHH 5.1 Hz, Ir-H), 219.61 (dt, 2JPH 18.4, 3JHH 5.1
Hz, Ir-H). 13C{1H} NMR (CDCl3, 298 K): d 161.77 (Cpy), 153.07 (Cpy),
141.30 (t, JPC 6.9 Hz, Ccarbene), 137.09 (Cpy), 134.96 (t, JPC = 26.3, CPh),
133.79 (CPh), 133.61 (t, JPC 6.0, CPh), 129.59 (NCN), 127.86 (t, JPC 4.7,
CPh), 126.13 (Cimid), 125.90 (Cpy), 124.18 (Cpy), 55.08 (CH2), 47.89 (CBu),
31.96 (CBu), 19.36 (CBu), 13.37 (CBu). 31P{1H} NMR (CDCl3, 298 K): d
21.39.
‡ Crystal data for 7a: C48H47BF4IrN3P2, M = 1006.89, colorless crystal,
primitive monoclinic cell with dimensions: a = 9.4493(2), b = 20.6687(6),
c = 22.0865(6) Å, b = 90.160(2)° and V = 4313.6(2) Å3; Z = 4; m(Mo–
Ka) = 3.223 mm21; Dc = 1.550 g cm23. The systematic absences of: h0l:
l ≠ ± 2n and 0k0: k ≠ ± 2n uniquely determine the space group to be P21/c
(no. 14). 38573 reflections measured (KappaCCD diffractometer, T = 183
K). The structure was solved by direct methods and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were included at calculated positions (including the Ir hydrides),
but not refined. The final cycle of full-matrix least-squares refinement on F
was based on 4789 observed reflections [I > 3.00s(I)] and 532 variable
parameters and converged with unweighted and weighted agreement factors
of R = 0.033 and Rw = 0.035 (S = 0.905). CCDC reference number
171283. See http://www.rsc.org/suppdata/cc/b1/b107881j/ for crystallo-
graphic data in CIF or other electronic format.

1 D. Bourissou, O. Guerret, F. P. Gabbai and G. Bertrand, Chem. Rev.,
2000, 100, 39.

2 W. A. Herrmann, C. P. Reisinger and M. Spiegler, J. Organomet. Chem.,
1998, 557, 93.

3 C. W. Bielawski and R. H. Grubbs, Angew. Chem., Int. Ed., 2000, 39,
2903; P. B. Hitchcock, M. F. Lappert and P. Terreros, J. Organomet.
Chem., 1982, 239, C26; H. M. Lee, T. Jiang, E. D. Stevens and S. P.
Nolan, Organometallics, 2001, 20, 1255.

4 A. J. Arduengo, R. L. Harlow and M. Kline, J. Am. Chem. Soc., 1991,
113, 361.

5 G. Sini, O. Eisenstein and R. H. Crabtree, Inorg. Chem., submitted.
6 (a) H. J. Schönherr and H. W. Wanzlick, Chem. Ber., 1970, 103, 1037; (b)

K. M. Lee, C. K. Lee and I. J. B. Lin, Angew. Chem., Int. Ed., 1997, 36,
1850; (c) E. Peris, J. A. Loch, J. Mata and R. H. Crabtree, Chem.
Commun., 2001, 201.

7 E. Peris, J. C. Lee, J. R. Rambo, O. Eisenstein and R. H. Crabtree, J. Am.
Chem. Soc., 1995, 117, 3485.

8 A. A. D. Tulloch, A. A. Danopoulos, S. Winston, S. Kleinhenz and G.
Eastham, J. Chem. Soc., Dalton Trans., 2000, 4499.

9 S. Gründemann, H.-H. Limbach, G. Buntkowsky, S. Sabo-Etienne and B.
Chaudret, J. Phys. Chem. A, 1999, 103, 4752.

Fig. 1 Molecular structure of the cation of 7a showing 50% probability
thermal ellipsoids. Only the metal-bound hydrogens (calculated positions)
are shown. Selected distances (Å) and angles (°): Ir(1)–P(1) 2.287(2), Ir(1)–
P(2) 2.301(2), Ir(1)–N(3) 2.193(5), Ir(1)–C(7) 2.100(6), N(1)–C(6)
1.461(7), N(1)–C(7) 1.404(7), N(1)–C(9) 1.335(8), N(2)–C(8) 1.390(8),
N(2)–C(9) 1.327(8), N(2)–C(10) 1.459(8); N(3)–Ir(1)–C(7) 89.3(2), P(1)–
Ir(1)–P(2) 163.86(6).
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shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.
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products also depends upon the counterion of the used salt. This
surprising and interesting fact certainly needs additional studies
with other systems where abnormal binding also occurs to
establish how often it takes place.

The complex OsH6(PiPr3)2 is a d2 polyhydride which is
obtained in high yield from the known compound OsH2Cl2-
(PiPr3)2,7 via the trihydride tetrahydrideborate intermediate
OsH3(η2-H2BH2)(PiPr3)2.8 This hexahydride reacts with Lewis
bases to afford d4 polyhydride derivatives, where the hydride
ligands undergo thermally activated site exchange processes and
show quantum exchange coupling,9 and activates C-H bonds
of amines,10 ketones,11 and aldehydes12 to give species remi-
niscent of the intermediates proposed for Murai’s reactions.13

In spite of that, Os-NHC compounds are extremely rare,14

in particular those containing abnormal tautomers, and we
have now studied the reactions of the hexahydride
OsH6(PiPr3)2 with 1-(2-pyridylmethyl)-3-methylimidazolium
salts.

In this paper, we report the following: (i) the formation and
X-ray structure of an osmium complex containing an NHC
ligand with abnormal coordination, (ii) the influence of the
counterion of the used salt on the coordination mode of the

NHC ligand in the reaction products, and (iii) the preparation
and X-ray structure of a novel bis(normal NHC)Os compound.

Results and Discussion

1. Preparation and Characterization of an Abnormal
Os-NHC Complex. Treatment under reflux of tetrahydrofuran
solutions of OsH6(PiPr3)2 (1) with 1.1 equiv of 1-(2-pyridyl-
methyl)-3-methylimidazolium tetraphenylborate, over 6 h, pro-
duces the release of 2.0 equiv of molecular hydrogen and the
formation of an 84:16 mixture of the abnormal- and normal-
NHC complexes 2a and 3a, according to eq 1.

The major product, the abnormal complex 2a, was separated
from its normal isomer 3a as yellow crystals suitable for an
X-raydiffractionanalysis,bycrystallizationindichloromethane–di-
ethyl ether. Figure 1 shows a view of the cation of the salt. The
structure proves the abnormal coordination of the imidazolium
ring and suggests that this complex is a hydride-elongated
dihydrogen species.15

The geometry around the osmium atom can be rationalized
as a distorted pentagonal bipyramid with the phosphine ligands
occupying axial positions (P(1)-Os-P(2) ) 164.39(5)°). The
metal coordination sphere is completed by the pyridinic nitrogen
atom N(3) and the abnormal carbon atom C(1) of the chelate
group and the hydrogen atoms H(1A), H(1B), and H(1C) of

(7) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J.; López, J. A.; Meyer,
U.; Oro, L. A.; Werner, H. Inorg. Chem. 1991, 30, 288.

(8) (a) Esteruelas, M. A.; Jean, Y.; Lledós, A.; Oro, L. A.; Ruiz, N.;
Volatron, F. Inorg. Chem. 1994, 33, 3609. (b) Demachy, I.; Esteruelas,
M. A.; Jean, Y.; Lledós, A.; Maseras, F.; Oro, L. A.; Valero, C.; Volatron,
F. J. Am. Chem. Soc. 1996, 118, 8388.

(9) (a) Esteruelas, M. A.; Lahoz, F. J.; López, A. M.; Oñate, E.; Oro,
L. A.; Ruiz, N.; Sola, E.; Tolosa, J. I. Inorg. Chem. 1996, 35, 7811. (b)
Castillo, A.; Esteruelas, M. A.; Oñate, E.; Ruiz, N. J. Am. Chem. Soc. 1997,
119, 9691. (c) Castillo, A.; Barea, G.; Esteruelas, M. A.; Lahoz, F. J.; Lledós,
A.; Maseras, F.; Modrego, J.; Oñate, E.; Oro, L. A.; Ruiz, N.; Sola, E.
Inorg. Chem. 1999, 38, 1814. (d) Esteruelas, M. A.; Lledós, A.; Martín,
M.; Maseras, F.; Osés, R.; Ruiz, N.; Tomàs, J. Organometallics 2001, 20,
5297.

(10) (a) Barea, G.; Esteruelas, M. A.; Lledós, A.; López, A. M.; Oñate,
E.; Tolosa, J. I. Organometallics 1998, 17, 4065. (b) Barrio, P.; Esteruelas,
M. A.; Oñate, E. Organometallics 2004, 23, 3627.

(11) (a) Barrio, P.; Castarlenas, R.; Esteruelas, M. A.; Lledós, A.;
Maseras, F.; Oñate, E.; Tomàs, J. Organometallics 2001, 20, 442. (b) Barrio,
P.; Castarlenas, R.; Esteruelas, M. A.; Oñate, E. Organometallics 2001,
20, 2635.

(12) Barrio, P.; Esteruelas, M. A.; Oñate, E. Organometallics 2004, 23,
1340.

(13) Kakiuchi, F.; Murai, S. Acc. Chem. Res. 2002, 35, 826.
(14) (a) Hitchcock, P. B.; Lappert, M. F.; Pye, P. L. J. Chem. Soc.,

Dalton Trans. 1978, 826. (b) Lappert, M. F.; Pye, P. L. J. Chem. Soc.,
Dalton Trans. 1978, 837. (c) Herrmann, W. A.; Elison, M.; Fischer, J.;
Köcher, C.; Artus, G. R. J. Chem. Eur. J. 1996, 2, 772. (d) Castarlenas, R.;
Esteruelas, M. A.; Oñate, E. Organometallics 2005, 24, 4343. (e) Cabeza,
J. A.; da Silva, I.; del Río, I.; Sánchez-Vega, M. G. Dalton Trans. 2006,
3966. (f) Cooke, C. E.; Ramnial, T.; Jennings, M. C.; Pomeroy, R. K.;
Clyburne, J. A. C. Dalton Trans. 2007, 1755. (g) Castarlenas, R.; Esteruelas,
M. A.; Oñate, E. Organometallics 2007, 26, 2129. (h) Castarlenas, R.;
Esteruelas, M. A.; Oñate, E. Organometallics 2007, 26, 3082.

(15) Barrio, P.; Esteruelas, M. A.; Lledós, A.; Oñate, E.; Tomàs, J.
Organometallics 2004, 23, 3008 and references therein.

Chart 1

Figure 1. Molecular structure of the cation of 2a. Selected bond
lengths (Å) and angles (deg): Os-P(1) ) 2.3605(14), Os-P(2) )
2.3683(14), Os-N(3) ) 2.213(4), Os-C(1) ) 2.123(6), H(1A)-
H(1B) ) 1.44(5); P(1)-Os-P(2) ) 164.39(5), P(1)-Os-N(3) )
99.70(11), P(2)-Os-N(3) ) 93.44(11), P(1)-Os-C(1) ) 98.58(14),
P(2)-Os-C(1) ) 90.78(14), N(3)-Os-C(1) ) 85.40(18).

(1)

Coordination of an N-Heterocyclic Carbene to Os Organometallics, Vol. 26, No. 26, 2007 6557

Structure and Reactivity of “Unusual” N-Heterocyclic Carbene (NHC)
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Recently, a number of new transition metal-catalyzed processes
have been developed and optimized through high-throughput and
combinatorial methods.1 Such strategies are particularly efficient
for the screening of a large number of transition metal-ligand
combinations under various sets of reaction conditions. However,
under these in situ conditions, the exact nature of the catalytic
species is not always precisely known. Indeed, the assumption of
a normal mode of binding between ligand and transition metal is
most often assumed and may be misleading.
During the course of our studies focusing on ligands suitable to

induce enantioselectivity in transition metal-catalyzed processes,2
we became interested in testing N-heterocyclic carbene (NHC)-
metal complexes. A number of simple NHC palladium-based
complexes have recently emerged as effective catalysts for a variety
of cross-coupling reactions.3 Our study of the exact structure of
various palladium NHC species reveals that the metalation site on
the imidazolium salt is strongly influenced by the presence of base.
We now report the synthesis and structure of novel palladium
complexes bearing NHC ligands in “normal” and “abnormal”
binding motifs. The binding mode of the NHC to Pd is shown to
substantially affect the catalytic behavior of the palladium com-
plexes.
It has been reported that palladium (II)-NHC complexes could

be easily prepared from palladium (II) acetate and the corresponding
imidazolium salts.4 Metal binding at the C(2) position is usually
observed, and complexes bearing two NHCs can potentially exist
as trans or cis isomers, depending on the steric hindrance of the
nitrogen substituent R. We first attempted to synthesize the
palladium complex 1 derived from 2 equiv of N,N!-bis(2,4,6-
trimethylphenyl)imidazolium chloride (IMes‚HCl) (1) and 1 equiv
of palladium (II) acetate under the standard reaction conditions
(dioxane, 80 °C, 6 h). The reaction proceeded smoothly leading to
the isolation of a single palladium-containing product.

The NMR data suggested an unusual coordination mode for the
NHC ligands, as indicated by 11 proton and 22 carbon signals. In
addition to the singlet at 6.85 ppm for H(4) and H(5) of a
presumably C(2)-bound IMes ligand, the 1H NMR spectrum

displayed two doublets at 6.57 and 7.47 ppm (J ) 1.7 Hz)
corresponding to H(3) and the carbene H(1) of a possibly C(5)-
bound IMes ligand. Furthermore, the 13C NMR spectrum showed
two carbon signals at 175.9 and 150.7 ppm that we assigned to
C(2) and C(5) bound to the palladium center. Two carbon signals
for C(4) and C(5), and for C(3), at respectively 122.8 and 125.5
ppm were also observed. On the basis of the NMR data, we
proposed the reaction product to have the structure 2 (eq 1). To
unambiguously establish this structure, single crystals were grown
by slow diffusion of hexanes into a saturated solution of 2 in
acetone. The single-crystal X-ray analysis provided the ORTEP
diagram shown in Figure 1. The ORTEP reveals that the palladium
is C(2) bound to one NHC ligand (the normal binding mode),
whereas the second ligand is attached through the C(5) carbon of
the second imidazolium. Both Pd-C distances are equivalent (2.019
and 2.021 Å) and are consistent with Pd-C single bonds. The
ORTEP shows a square-planar coordination around the palladium
center, with the two chlorine atoms bound to the palladium. Here
again, no distortion in the Pd-Cl distances is observed (2.289 and
2.302 Å). Complex 2, isolated in good yields (74%), is a rare
example of C(5) coordination of an IMes ligand and constitutes
the first example of an organometallic complex containing one C(2)
NHC ligand and one C(5)-bound imidazolium ligand.5-7
Surprisingly, when a mixture of cesium carbonate, palladium

(II) acetate, and IMes‚HCl was stirred at 80 °C in dioxane, the
formation of 2 was not observed, and the normal C(2) complex 1

‡ Université de Montréal.
§ University of New Orleans.

Figure 1. ORTEP diagram of palladium complex 2. Selected bond lengths
(Å) and angles (deg): Pd(1)-C(12), 2.019(13); Pd(1)-C(25), 2.021(11);
Pd(1)-Cl(1), 2.289(4); Pd(1)-Cl(2), 2.302(4); C(12)-Pd(1)-C(25), 179.4-
(5); C(12)-Pd(1)-Cl(1), 93.3(4); C(25)-Pd(1)-Cl(1), 87.3(3); C(12)-
Pd(1)-Cl(2), 88.6(4); C(25)-Pd(1)-Cl(2), 90.9(3); Cl(1)-Pd(1)-Cl(2),
177.23(18).
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abnormal NHC (aNHC)!
Those NHC ligands for which a canonical valence bond representation 
requires the introduction of additional formal charges on some nuclei.!

O. Schuster, L. Yang, H. G. Raubenheimer, M. Albrecht, Chem. Rev. 2009, 109, 3445.	
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8. Abnormal NHCs

8.1. Background

For many years, our research group has been interested in
the synthesis of stable, unusual isomers of well-known
compounds.[222] Cyclic bent allenes derived from pyrazolium
salts are constitutional isomers of imidazol-2-ylidenes, the
well-known unsaturated NHCs B (Scheme 56). C5-Depro-

tonated imidazolium salts (aNHCs) appeared as good candi-
dates as alternative stable isomers of CBA and NHC B.
Transition-metal complexes with aNHCs as ligands were
known. In 2001 Crabtree and co-workers[223] discovered that
imidazolium salts, which usually add oxidatively to metals
through the C2!H bond to afford a typical NHC complex, can
also bind “in the wrong way” at C5,[223] as shown in 57. Since
no reasonable canonical resonance forms for the free ligand
aNHC can be drawn that show a carbene center without
introducing additional charges, the C5-bound compounds are
often referred to as “abnormal carbene” complexes or aNHC
complexes.

Since 2001, many other complexes featuring aNHC
ligands have been prepared, and the results have been
summarized in several reviews.[224] Most studies have con-
centrated on developing synthetic protocols for preparing
metal complexes of aNHCs (including metalation by C5!H
activation, oxidative addition of a C5!halogen bond, and
transmetalation), and on assessing the electronic and struc-
tural properties imposed by this ligand. In the abstract of one
of the most recent publications[225] on aNHC complexes,
Albrecht and co-workers[226] wrote: “Analytical investigations
using X-ray diffraction and X-ray photoelectron spectroscopy
indicate that the C5 bonding mode increases the electron
density at the metal center substantially, classifying C5-bound

carbene ligands amongst the most basic neutral donors known
thus far”. Therefore, the synthesis of free aNHCs was an
exciting challenge.

Before our studies, no free aNHCs had been isolated or
even characterized in solution, but a report by Lassaletta and
co-workers[163c] is noteworthy. They showed that deprotona-
tion of imidazo[1,5-a]pyridinium salts NHC1(H+) leads to free
NHC1 that can be isolated (Scheme 57). In contrast, they did
not observe the corresponding free aNHC1 when they used
C2-substituted precursors such as aNHC1(H+). However, they
were able to isolate the corresponding aNHC1

(Rhcod) complex
by performing the deprotonation reaction in the presence of
[{RhCl(cod)}2]. The latter result clearly indicates that free
aNHC1 has a reasonable lifetime, and this encouraged us to
attempt the preparation and isolation of an aNHC.

Calculations predict that the parent aNHC (H atoms at C
and N) is about 17 kcalmol!1 higher in energy than its NHC
isomer.[227] However, in contrast to classical singlet carbenes,
no dimerization pathway is possible for aNHCs, and skeleton
rearrangements or fragmentation processes seem quite
unlikely.

8.2. Synthesis, Characterization, and Stability

Calculations of the acidity constants for the C2-bound
proton (leading to NHCs) and C5-H (leading to aNHCs)
revealed pKa values of 24.9[228] and 33.0, respectively.[229] The
latter value is comparable to that calculated for the CAAC
precursors. Thus, bases used to prepare CAACs, such as n-
butyllithium, LDA, KHMDS, etc., could certainly deproto-
nate the imidazolium salts at the C5 carbon atom. Since the
C2-bound proton is more acidic than the C5-H proton, a
phenyl group was placed at C2. A bulky 2,6-diisopropyl-
phenyl (Dipp) substituent was appended to both nitrogen
atoms and a second phenyl group was attached at C4 to offer
kinetic protection to the C5 position. Imidazolium salts
aNHC2(H+) with various counterions were prepared in high
yields after slight modifications to known synthetic proce-
dures (Scheme 58).[230] All attempts to deprotonate the
tetrafluoroborate salt of imidazolium aNHC2(H+) failed.

Scheme 56. Different resonance forms of CBA (derived from pyrazo-
lium salts), NHC B, and aNHC. Synthesis of the abnormal NHC
complex 57.

Scheme 57. Synthesis of NHC1, and evidence for the transient forma-
tion of aNHC1 through the formation of aNHC1

(Rhcod).
[163c]

G. Bertrand et al.Reviews

8836 www.angewandte.org ! 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 8810 – 8849

aNHC!

N N

8. Abnormal NHCs

8.1. Background

For many years, our research group has been interested in
the synthesis of stable, unusual isomers of well-known
compounds.[222] Cyclic bent allenes derived from pyrazolium
salts are constitutional isomers of imidazol-2-ylidenes, the
well-known unsaturated NHCs B (Scheme 56). C5-Depro-

tonated imidazolium salts (aNHCs) appeared as good candi-
dates as alternative stable isomers of CBA and NHC B.
Transition-metal complexes with aNHCs as ligands were
known. In 2001 Crabtree and co-workers[223] discovered that
imidazolium salts, which usually add oxidatively to metals
through the C2!H bond to afford a typical NHC complex, can
also bind “in the wrong way” at C5,[223] as shown in 57. Since
no reasonable canonical resonance forms for the free ligand
aNHC can be drawn that show a carbene center without
introducing additional charges, the C5-bound compounds are
often referred to as “abnormal carbene” complexes or aNHC
complexes.

Since 2001, many other complexes featuring aNHC
ligands have been prepared, and the results have been
summarized in several reviews.[224] Most studies have con-
centrated on developing synthetic protocols for preparing
metal complexes of aNHCs (including metalation by C5!H
activation, oxidative addition of a C5!halogen bond, and
transmetalation), and on assessing the electronic and struc-
tural properties imposed by this ligand. In the abstract of one
of the most recent publications[225] on aNHC complexes,
Albrecht and co-workers[226] wrote: “Analytical investigations
using X-ray diffraction and X-ray photoelectron spectroscopy
indicate that the C5 bonding mode increases the electron
density at the metal center substantially, classifying C5-bound

carbene ligands amongst the most basic neutral donors known
thus far”. Therefore, the synthesis of free aNHCs was an
exciting challenge.

Before our studies, no free aNHCs had been isolated or
even characterized in solution, but a report by Lassaletta and
co-workers[163c] is noteworthy. They showed that deprotona-
tion of imidazo[1,5-a]pyridinium salts NHC1(H+) leads to free
NHC1 that can be isolated (Scheme 57). In contrast, they did
not observe the corresponding free aNHC1 when they used
C2-substituted precursors such as aNHC1(H+). However, they
were able to isolate the corresponding aNHC1

(Rhcod) complex
by performing the deprotonation reaction in the presence of
[{RhCl(cod)}2]. The latter result clearly indicates that free
aNHC1 has a reasonable lifetime, and this encouraged us to
attempt the preparation and isolation of an aNHC.

Calculations predict that the parent aNHC (H atoms at C
and N) is about 17 kcalmol!1 higher in energy than its NHC
isomer.[227] However, in contrast to classical singlet carbenes,
no dimerization pathway is possible for aNHCs, and skeleton
rearrangements or fragmentation processes seem quite
unlikely.

8.2. Synthesis, Characterization, and Stability

Calculations of the acidity constants for the C2-bound
proton (leading to NHCs) and C5-H (leading to aNHCs)
revealed pKa values of 24.9[228] and 33.0, respectively.[229] The
latter value is comparable to that calculated for the CAAC
precursors. Thus, bases used to prepare CAACs, such as n-
butyllithium, LDA, KHMDS, etc., could certainly deproto-
nate the imidazolium salts at the C5 carbon atom. Since the
C2-bound proton is more acidic than the C5-H proton, a
phenyl group was placed at C2. A bulky 2,6-diisopropyl-
phenyl (Dipp) substituent was appended to both nitrogen
atoms and a second phenyl group was attached at C4 to offer
kinetic protection to the C5 position. Imidazolium salts
aNHC2(H+) with various counterions were prepared in high
yields after slight modifications to known synthetic proce-
dures (Scheme 58).[230] All attempts to deprotonate the
tetrafluoroborate salt of imidazolium aNHC2(H+) failed.

Scheme 56. Different resonance forms of CBA (derived from pyrazo-
lium salts), NHC B, and aNHC. Synthesis of the abnormal NHC
complex 57.

Scheme 57. Synthesis of NHC1, and evidence for the transient forma-
tion of aNHC1 through the formation of aNHC1

(Rhcod).
[163c]

G. Bertrand et al.Reviews

8836 www.angewandte.org ! 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 8810 – 8849

ongoing work of Bertrand and co-workers.8,9 Similarly,
heteroatom-free cyclic carbenes are not further detailed
here.10

In the literature, different terms have been coined to
describe the bonding of such less-stabilized carbenes to metal
fragments. For example, terms such as “wrong way”,
“abnormal”, “unusual”, or “nonclassical” have been used to
describe C4/C5-bound imidazolylidenes (B). Throughout this
review, we refer to “abnormal” carbenes as those NHC
ligands for which a canonical valence bond representation
requires the introduction of additional formal charges on
some nuclei (e.g., B, C, E, or I in Figure 1). The term
“remote” carbene indicates that no heteroatom is located in
a position R to the carbene carbon (e.g., E, F, H, I in Figure
1); it may be possible to write uncharged contributing
resonance structures for the free ligand.11

A final preliminary remark concerns the controversial
classification of all these ligands as “carbenes”. While this
classification implies that the ligand is a neutral donor, in
all instances, a zwitterionic canonical representation consist-
ing of a carbanionic and a cationic iminium center may be
similarly appropriate and even necessary. When bonded, this
negative charge is obviously transferred to the metal in one
canonical form. Clearly, the borderline between the two
limiting representations is continuous, and the issue of
whether a ligand is, in reality, a carbene or not may become
semantic. In the case of the C2-bound imidazolylidenes,
experimental and theoretical studies are in agreement with
a relatively small π-contribution to the M-C bond only (M
) electron-rich metal center),12-14 and, hence, the M-C
interaction is typically represented by a single bond. How-
ever, detailed studies involving less-stabilized N-heterocyclic
carbenes are still rare. Often, crystallographic and NMR
spectroscopic arguments have been put forward to support
one resonance form or the other. Despite the fact that the
metal-carbon bonds in Fischer carbenes and in N-hetero-
cyclic carbenes are very much related, different means of
representation have evolved in the literature. In this review,
single bonds are used to represent M-Ccarbene interactions,
which is consistent with the accepted representations of
conventional NHC-metal bonds and even other metal-ligand
bonds that are known to comprise significant π-character
(e.g., the M-CO bond in carbonyl complexes). Classical
Fischer-type carbene complexes are written with an M)C
double bond, in agreement with a different convention
developed in the 1960s. A more complete discussion of these

Table 1. Available Methods for NHC Metallation

metallation method ligand system

via free carbene • 2-imidazolylidenes and related ligandsa

• 4-imidazolylidenes (via 2-imidazolylidene rearrangement)
• cyclic (amino)(alkyl)carbenes (CAACs)
and (amino)(ylide)carbenes (AYCs)

C-H bond activation • 2-imidazolylidenes and related ligandsa

• 4-imidazolylidenes
• 4-triazolylidenes
• 3-pyrazolylidenes
• 2-, 3-, 4-pyridylidenes
• CAACs and AYCs

C-E bond activation • 2-imidazolylidenes (E ) CH3: activation with AgI; E ) CO2
-:

activation with d8 metals; CdC activation of enetetramines)
• 2-pyridylidenes (E ) PR2: activation with PdII)

C-X oxidative addition • 2-imidazolylidenes and related ligandsa

• 4-imidazolylidenes
• 3- and 4-pyrazolylidenes
• 2-, 3-, 4-pyridylidenes
• CAACs

transmetallation • 2-imidazolylidenes (predominantly from Ag complexes)
• 3-pyrazolylidenes (from Ag, Cr)
• 4-imidazolylidenes
• 4-triazolylidenes
• 2-pyridylidenes (from Cr)

heteroatom alkylation • 3-pyrazolylidenes
• 2-, 3-, 4-pyridylidenes

cycloaddition to Fischer carbenes • 2-imidazolylidenes and related ligandsa

• 3-pyrazolylidene
• 2- and 4-pyridylidene
• expanded ring NHCs

a Includes NHCs with two different stabilizing heteroatoms in a position R to the carbene.

Figure 1. N-heterocyclic carbenes, including the “classical” NHC
representative (A) and representatives of subclasses comprising
reduced heteroatom stabilization (B-K); all are shown in their
carbene form.
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benzylic substituent and the R group (R ) mesityl, i-Pr) define
the positions of the imidazole nitrogen atoms. In both cases the
imidazole ring is undoubtedly attached via the C4-carbon (C7
in the crystallographic numbering), a previously unknown type
of carbene binding. Both molecules are chiral owing to non-
coplanarity of the imidazole with the pyridine. The NMR data
(see below) show equivalent isopropyl methyl and methylene
protons, so the molecule is fluxional on the NMR time scale at
298 K probably via a boat-boat six-membered ring-flip.

The pertinent NMR spectroscopic data of the complexes
12a-c are similar and consistent with rigid abnormal carbene
binding in solution. The 1H NMR features of 12b are repre-
sentative: a low-field peak at 8.72 ppm is assigned to the acidic
C2 proton; the proton at C5 is high field shifted to 5.17 ppm,
and the CH2 linker group appears as a singlet at 4.70 ppm,
consistent with a nonrigid ligand conformation and an effective
Cs symmetry in solution. The two inequivalent hydrides have
high-field resonances at -10.83 ppm (probably trans to N) and
-21.49 ppm (trans to C)14 both split into doublets of triplets
by mutual coupling (2JHH ) 4.9 Hz, typical for cis hydrides15)
and coupling to apparently equivalent phosphorus nuclei (2JPH
) 19.6 and 18.6 Hz, respectively). The singlet at 21.4 ppm in
the 31P{1H} NMR spectrum is consistent with magnetically
equivalent phosphorus nuclei and hence with Cs symmetry. The
13C{1H} NMR spectrum confirms C4-carbene binding because
the C4 resonance at 141.1 ppm is a triplet by coupling to
phosphorus (JPC ) 7.1 Hz).
Two 1H NMR spectroscopic characteristics appear to be

diagnostic for abnormal C4 carbene binding: (i) a large shift
difference between the two heterocyclic protons (>3 ppm for
C2 and C5 in abnormal carbenes compared to <1 ppm for C4

and C5 in normal carbenes) and (ii) a difference in chemical
shift of the metal bound carbon (δ ∼ 140 ppm in abnormal
versus δ ∼ 170 ppm in normal cases, vide infra). Large wingtip
groups such as i-Pr at N(1) lead to exclusive formation of the
abnormal C4 isomer. For smaller R, we expected that the normal
C2 carbene might be formed. Indeed, when R ) Me, both
isomers are formed: normal 13 and abnormal 12d. Integration
of the NMR spectra gives a 12d/13 ratio of ca. 55:45. The
spectrum of 12d was identified by analogy with 12a-c, but a
full assignment for C2 bound 13 was only achieved by 2D NMR
spectroscopy. Characteristically, no proton was seen in the low-
field region near 8.7 ppm; instead the imidazole protons show
resonances at 7.44 and 6.31 ppm. In the 13C{1H} NMR
spectrum, the metal bound carbon appears at 169.9 ppm (JPC
) 7.0 Hz). These observations are fully consistent with a C2
bound carbene 13 (eq 3). The 31P{1H} NMR spectrum has a
single peak at 17.1 ppm. Due to the similar solubilities of 12d
and 13, we have not yet been able to separate the two species.
As isomeric mixtures, however, correct microanalytical data
were obtained (see Experimental Section).

Once the normal or abnormal compounds have formed, they
do not easily interconvert. Attempted interconversion by heating
the mixture of 12d and 13 in dimethyl sulfoxide (DMSO)
solution at 100 °C failed. After several hours the initial ratio is
unchanged, and even on prolonged heating (3 days) only
decomposition products were observed. The same result was
obtained when a sample was heated to 50 °C for 18 h in the
presence of 5 equiv of CF3COOH in DMSO.
Nonclassical Carbene Formation in the Small Bite-Angle

Case. The ligand precursors 10b-d also react with IrH5(PPh3)2
(eq 4) like their methylene-linked analogues. Under identical
reaction conditions the products are the abnormal carbene
complexes 14b-d. The reaction of the very bulky mesitylene
substituted 10a with IrH5(PPh3)2 is substantially slower, and
we did not see full conversion to 14a. After recrystallization
from CHCl3/pentane or THF/pentane, 14b-d were obtained as
colorless, high-melting (>200 °C) solids. Notably, for R )Me,
where a mixture was seen previously (12d/13), only the C4
carbene was now observed. The spectroscopic data (CDCl3, 298
K) for 14 are very similar to that for 12 and indicate C4 carbene
binding. For example, in the case of 14b the two imidazole
protons appear to be well-separated at 9.28 and 5.97 ppm, and
in the 13C{1H} NMR C2 appears at 149.0 ppm (t, JPC ) 4.7
Hz).

Normal Carbene Formation in the Small-Bite-Angle Case.
If abnormal binding is blocked, however, we find that normal
carbene binding can occur, so this is not forbidden for the small-

(14) Goldman, A. S.; Halpern, J. J. Organomet. Chem. 1990, 382, 237.
(15) Gründemann, S.; Limbach, H.-H.; Buntkowsky, G.; Sabo-Etienne, S.;

Chaudret, B. J. Phys. Chem. A 1999, 103, 4752.

Table 1. Selected Bond Lengths and Angles for 12a and 12b
12a 12b

Bond Lengths (Å)
Ir1-P1 2.297(2) 2.287(2)
Ir1-P2 2.284(2) 2.301(2)
Ir1-N3 2.197(6) 2.193(5)
Ir1-C7 2.092(6) 2.100(6)
N1-C6 1.478(9) 1.461(7)
N1-C7 1.400(8) 1.404(7)
N1-C9 1.331(8) 1.335(8)
N2-C8 1.392(8) 1.390(8)
N2-C9 1.315(9) 1.327(8)
N2-C10 1.447(9) 1.459(8)
C7-C8 1.373(9) 1.380(8)

Bond Angles (deg)
N3-Ir1-C7 88.9(2) 89.3(2)
P1-Ir1-P2 158.59(6) 163.86(6)

Dihedral Angles (deg)
N1-C9-N2-C10 178.3(6) 182.0(6)
C7-Ir1-N3-C1 22.3(6) 18.2(5)
N3-Ir1-C7-N1 22.6(5) 17.6(5)

Reaction of Imidazolium Salts with IrH5(PPh3)2 A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 35, 2002 10475
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colorless solid!
stable toward air and moisture!

THF!
reflux, 2 h	

R	 yield (%)	 mp. (℃)!
12a	 mesityl	 79	 255-257 (dec)	
12b	 iPr	 85	 246-248 (dec)	
12c	 nBu	 68	 229 (dec)	
12d	 Me	      75 (C5/C2 = 1.2:1)	

S. Gründemann, A. Kovacevic, M. Albrecht, J. W. Faller, R. H. Crabtree, Chem. Commun. 2001, 2274.!
S. Gründemann, A. Kovacevic, M. Albrecht, J. W. Faller, R. H. Crabtree, J. Am. Chem. Soc. 2002, 124, 10473.!

We cannot exclude 7a,b being thermodynamic products,
however, in which case other carbenes currently considered
Arduengo type may in fact be bound at C-4(5). Whatever the
origin of the effect, care must clearly be taken in future not to
assume 2-substitution always takes place in carbenes derived
from imidazolium salts.

We gratefully acknowledge financial support from the
Deutsche Akademie der Naturforscher Leopoldina (BMBF-
LPD 9901/8-37; S.G.), Swiss National Foundation (M. A.), and
the US DOE and NSF (R. H. C., J. W. F.).

Notes and references
† Typical synthesis: a mixture of 6b (BF4 salt, 54 mg, 0.18 mmol) and
IrH5(PPh3)2 (129 mg, 0.18 mmol) in THF (8 ml) was refluxed in air for 2.3
h. After 20 min a clear solution is obtained. After the reaction mixture had
cooled to room temperature it was layered with 10 ml heptane. Over a period
of 12 h, crystals of 7b formed which were filtered off and dried in vacuo.
Yield: 124 mg (68%). The complex can be recrystallized from THF/
pentane.

Spectroscopic data for 6a: 1H NMR (CDCl3, 298 K): d 9.17 (s, 1H,
NCHN), 8.55 (d, 3JHH 4.6 Hz, 1H, py-H), 7.77 (dt, 3JHH 7.7, 4JHH 1.7 Hz,
1H, py-H), 7.66 (d, 3JHH 7.9 Hz, 1H, py-H), 7.59 (s, 1H, imid-H), 7.31 (dd,
3JHH 7.6 , 3JHH 5.0 Hz, 1H, py-H), 7.25 (s, 1H, imid-H), 5.51 (s, 4H, CH2),
4.65 (septet, 3JHH 6.8 Hz, 1H, CH), 1.61 (t, 3JHH 6.8 Hz, 6H, CH3). 13C{1H}
NMR (CDCl3, 298 K): d 152.38 (Cpy), 149.90 (Cpy), 137.85 (Cpy), 135.08
(NCN), 124.05 (Cpy), 123.84 (Cpy), 123.04 (Cimid), 119.83 (Cimid), 54.17
(CH2), 53.56 (CPri), 22.68 (CPri).

For 6b: 1H NMR (CDCl3, 298 K): d 9.09 (s, 1H, NCHN), 8.51 (d, 3JHH

4.6 Hz, 1H, py-H), 7.73 (dt, 3JHH 7.7, 4JHH 1.8 Hz , 1H, py-H), 7.58 (d, 3JHH

7.8 Hz, 1H, py-H), 7.53 (s, 1H, imid-H), 7.32 (s, 1H, imid-H), 7.27 (dd, 3JHH

7.7, 3JHH 4.8 Hz, 1H, py-H), 5.49 (s, 4H, CH2), 4.19 (t, 3JHH 7.5 Hz, 2H, Bu-
H), 1.89–1.81 (m, 2H, Bu-H), 1.39–1.30 (m, 2H, Bu-H), 0.93 (t, 3JHH 7.5
Hz, 3H, Bu-H). 13C{1H} NMR (CDCl3, 298 K): d 152.25 (Cpy), 149.77
(Cpy), 137.86 (Cpy), 136.37 (NCN), 124.06 (Cpy), 123.80 (Cpy), 122.93
(Cimid), 121.75 (Cimid), 54.00 (CH2), 49.93 (CBu), 31.81 (CBu), 19.34 (CBu),
13.30 (CBu).

For 7a: 1H NMR (CDCl3, 298 K): d 8.72 (s, 1H, NCHN), 8.23 (d, 1H,
3JHH 5.5 Hz, py-H), 7.37–7.14 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 6.3 Hz,
py-H), 5.17 (s, 1H, imid-H), 4.70 (s, 2H, CH2), 4.25 (septet, 1H, 3JHH 6.5
Hz, CH), 1.19 (d, 6H, 3JHH 6.5 Hz, CH3), 210.83 (dt, 2JPH 19.6, 3JHH 4.9
Hz, Ir-H), 221.49 (dt, 2JPH 18.6, 3JHH 4.9 Hz, Ir–H). 13C{1H} NMR
(CDCl3, 298 K): d 161.78 (Cpy), 153.10 (Cpy), 141.07 (t, JPC 7.1 Hz,
Ccarbene), 137.04 (Cpy), 134.93 (t, JPC = 26.3 Hz, CPh), 133.55 (t, JPC 6.0 Hz,
CPh), 132.40 (CPh), 129.55 (NCN), 127.84 (t, JPC 5.8, CPh), 125.87 (Cimid),
124.15 (Cimid), 123.56 (Cpy), 55.03 (CH2), 50.47 (CPri), 22.94 (CPri).
31P{1H} NMR (CDCl3, 298 K): d 21.36.

For 7b: 1H NMR (CDCl3, 298 K): d 8.71 (s, 1H, NCHN), 8.19 (d, 3JHH

5.1 Hz, 1H, py-H), 7.37–7.15 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 5.9 Hz,
1H, py-H), 5.03 (s, 1H, imid-H), 4.72 (s, 2H, CH2), 3.63 (t, 3JHH 6.9 Hz, 1H,
CH2), 1.47 (m, 2H, CH2), 1.17 (m, 2H, CH2), 0.90 (t, 3JHH 7.7 Hz, CH3),
210.89 (dt, 2JPH 19.6, 3JHH 5.1 Hz, Ir-H), 219.61 (dt, 2JPH 18.4, 3JHH 5.1
Hz, Ir-H). 13C{1H} NMR (CDCl3, 298 K): d 161.77 (Cpy), 153.07 (Cpy),
141.30 (t, JPC 6.9 Hz, Ccarbene), 137.09 (Cpy), 134.96 (t, JPC = 26.3, CPh),
133.79 (CPh), 133.61 (t, JPC 6.0, CPh), 129.59 (NCN), 127.86 (t, JPC 4.7,
CPh), 126.13 (Cimid), 125.90 (Cpy), 124.18 (Cpy), 55.08 (CH2), 47.89 (CBu),
31.96 (CBu), 19.36 (CBu), 13.37 (CBu). 31P{1H} NMR (CDCl3, 298 K): d
21.39.
‡ Crystal data for 7a: C48H47BF4IrN3P2, M = 1006.89, colorless crystal,
primitive monoclinic cell with dimensions: a = 9.4493(2), b = 20.6687(6),
c = 22.0865(6) Å, b = 90.160(2)° and V = 4313.6(2) Å3; Z = 4; m(Mo–
Ka) = 3.223 mm21; Dc = 1.550 g cm23. The systematic absences of: h0l:
l ≠ ± 2n and 0k0: k ≠ ± 2n uniquely determine the space group to be P21/c
(no. 14). 38573 reflections measured (KappaCCD diffractometer, T = 183
K). The structure was solved by direct methods and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were included at calculated positions (including the Ir hydrides),
but not refined. The final cycle of full-matrix least-squares refinement on F
was based on 4789 observed reflections [I > 3.00s(I)] and 532 variable
parameters and converged with unweighted and weighted agreement factors
of R = 0.033 and Rw = 0.035 (S = 0.905). CCDC reference number
171283. See http://www.rsc.org/suppdata/cc/b1/b107881j/ for crystallo-
graphic data in CIF or other electronic format.
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Fig. 1 Molecular structure of the cation of 7a showing 50% probability
thermal ellipsoids. Only the metal-bound hydrogens (calculated positions)
are shown. Selected distances (Å) and angles (°): Ir(1)–P(1) 2.287(2), Ir(1)–
P(2) 2.301(2), Ir(1)–N(3) 2.193(5), Ir(1)–C(7) 2.100(6), N(1)–C(6)
1.461(7), N(1)–C(7) 1.404(7), N(1)–C(9) 1.335(8), N(2)–C(8) 1.390(8),
N(2)–C(9) 1.327(8), N(2)–C(10) 1.459(8); N(3)–Ir(1)–C(7) 89.3(2), P(1)–
Ir(1)–P(2) 163.86(6).
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δ(H) = 8.7 (s)	

δ(H) = 5.2 (s)	

H

H

iPr is not adjacent 
to the M-C bond	

C4-Ir	

①DMSO, 100 ℃, 1 h!
②DMSO, 160 ℃! ①no reaction!

②gradual decomp.!

①DMSO, 100 ℃, several h!
②DMSO, 100 ℃, 3 d!

①C4/C2 = 1.2:1!
②decomp.!
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E. Aldeco-Perez, A. J. Rosenthal, B. Donnadieu, P. Parameswaran, G. Frenking, G. Bertrand, !
Science, 2009, 326, 556.!

the “wrong way,” at C5 and not at C2 (15, 16)
(Fig. 1, center). Since that time, a few other com-
plexes of type IV featuring the so-called abnormal

NHCs (aNHCs) (III) (17–20) as ligands have been
prepared (21–23) (Fig. 1, top right). Experimental
and theoretical data suggest that aNHCs III are

even stronger electron-donor ligands than areNHCs
I. In line with these observations, initial catalytic
screening of aNHC metal complexes IV reveals
promising results for the activation of unreactive
bonds such as C–H and H–H (24–26). As an ex-
ample, an aNHC palladium complex has been
reported to be an efficient catalyst in the Heck
olefination of aryl bromides, whereas the corre-
sponding NHC analog is virtually inactive under
identical conditions (24).

Lassaletta and co-workers (27) have shown
that the deprotonation of imidazo[1,5-a]pyridinium
salts 2 leads to free NHC 3 that can be isolated
(Fig. 1, bottom). In contrast, using C2-substituted
precursors, such as 4, Lassaletta et al. did not ob-
serve the corresponding free aNHC. However, by
performing the deprotonation reaction in the pres-
ence of [Rh(COD)Cl]2, they were able to isolate the
corresponding aNHC complex 5. Because cal-
culations predicted that the parent aNHC III (where
R is equal to H) is only about 17 kcal mol−1 higher
in energy than itsNHC isomer I (18), it seemed that
free aNHC derivatives were reasonable synthetic
targets. We report here the isolation of a metal-free
member of this class of heterocyclic compound.

By analogy with the classical synthetic route
used to prepareNHCs,we chose imidazolium salt 6
as a precursor to the desired aNHC 9 (Fig. 2). The
pKa (where Ka is the acid dissociation constant) for
loss of the C5-bound proton in the parent im-
idazolium salt (~33) (28) was calculated to be nine
units higher than that for loss of the C2-bound
proton (29); we therefore replaced the C2 hydrogen
with a phenyl group. To offer kinetic protection to
the C5 position, we appended bulky 2,6-di-
isopropyl-phenyl (Dip) substituents at both nitrogen
atoms, as well as a second phenyl group at C4.
Imidazolium salts 6 with various counterions were
prepared in good yields after slight modifications to
known synthetic procedures (30–32). They were
fully characterized by spectroscopic methods, with
a single-crystal x-ray diffraction study carried out
for the bromide salt 6 (Br–) (Fig. 3, left).

All attempts to deprotonate the imidazolium
tetrafluoroborate salt 6 (BF4

–) failed. However,
small anions such as Cl– and Br– are known to
accelerate heterolytic C–H bond cleavage through
hydrogen bonding, and this effect has been used
with C2- and C5-unsubstituted imidazolium salts
to favor metallation of C2 (with the more acidic
proton) over C5 (33). We reasoned that with C2
protected in 6, small anions should promote the
desired deprotonation reaction at C5. Indeed,
when 6 (HCl•Cl–) was treated with two equiv-
alents (34) of a lithiumbase such as n-butyllithium
(nBuLi) or lithium diisopropylamide (LDA), the
proton nuclearmagnetic resonance (1HNMR) spec-
trum of the resulting product showed the disap-
pearance of the singlet at 8.7 parts per million
(ppm) arising from C5(H) of 6. In the 13C NMR
spectrum, the C5 carbon gives rise to a very broad
resonance at 190 ppm, which is significantly
downfield of the corresponding resonance for the
precursor 6 (124 ppm). Although these data in-
dicated that a deprotonation had occurred, the

Fig. 2. Synthesis of aNHC lithium adduct 7, rearrangement product 8, free aNHC 9, and its ensuing
gold(I) complex 10 and CO2-adduct 11.

Fig. 1. (Top) Resonance structures for NHC (I/I′) and aNHC (III/III′), and their corresponding C2 and C5metal
complexes, II and IV, respectively. (Center) Synthesis of aNHC metal complex 1 by Crabtree and co-workers
(15). (Bottom) Synthesis of metal-free NHC 3, and aNHC metal complex 5 by Lassaletta and co-workers (27).
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the “wrong way,” at C5 and not at C2 (15, 16)
(Fig. 1, center). Since that time, a few other com-
plexes of type IV featuring the so-called abnormal

NHCs (aNHCs) (III) (17–20) as ligands have been
prepared (21–23) (Fig. 1, top right). Experimental
and theoretical data suggest that aNHCs III are

even stronger electron-donor ligands than areNHCs
I. In line with these observations, initial catalytic
screening of aNHC metal complexes IV reveals
promising results for the activation of unreactive
bonds such as C–H and H–H (24–26). As an ex-
ample, an aNHC palladium complex has been
reported to be an efficient catalyst in the Heck
olefination of aryl bromides, whereas the corre-
sponding NHC analog is virtually inactive under
identical conditions (24).

Lassaletta and co-workers (27) have shown
that the deprotonation of imidazo[1,5-a]pyridinium
salts 2 leads to free NHC 3 that can be isolated
(Fig. 1, bottom). In contrast, using C2-substituted
precursors, such as 4, Lassaletta et al. did not ob-
serve the corresponding free aNHC. However, by
performing the deprotonation reaction in the pres-
ence of [Rh(COD)Cl]2, they were able to isolate the
corresponding aNHC complex 5. Because cal-
culations predicted that the parent aNHC III (where
R is equal to H) is only about 17 kcal mol−1 higher
in energy than itsNHC isomer I (18), it seemed that
free aNHC derivatives were reasonable synthetic
targets. We report here the isolation of a metal-free
member of this class of heterocyclic compound.

By analogy with the classical synthetic route
used to prepareNHCs,we chose imidazolium salt 6
as a precursor to the desired aNHC 9 (Fig. 2). The
pKa (where Ka is the acid dissociation constant) for
loss of the C5-bound proton in the parent im-
idazolium salt (~33) (28) was calculated to be nine
units higher than that for loss of the C2-bound
proton (29); we therefore replaced the C2 hydrogen
with a phenyl group. To offer kinetic protection to
the C5 position, we appended bulky 2,6-di-
isopropyl-phenyl (Dip) substituents at both nitrogen
atoms, as well as a second phenyl group at C4.
Imidazolium salts 6 with various counterions were
prepared in good yields after slight modifications to
known synthetic procedures (30–32). They were
fully characterized by spectroscopic methods, with
a single-crystal x-ray diffraction study carried out
for the bromide salt 6 (Br–) (Fig. 3, left).

All attempts to deprotonate the imidazolium
tetrafluoroborate salt 6 (BF4

–) failed. However,
small anions such as Cl– and Br– are known to
accelerate heterolytic C–H bond cleavage through
hydrogen bonding, and this effect has been used
with C2- and C5-unsubstituted imidazolium salts
to favor metallation of C2 (with the more acidic
proton) over C5 (33). We reasoned that with C2
protected in 6, small anions should promote the
desired deprotonation reaction at C5. Indeed,
when 6 (HCl•Cl–) was treated with two equiv-
alents (34) of a lithiumbase such as n-butyllithium
(nBuLi) or lithium diisopropylamide (LDA), the
proton nuclearmagnetic resonance (1HNMR) spec-
trum of the resulting product showed the disap-
pearance of the singlet at 8.7 parts per million
(ppm) arising from C5(H) of 6. In the 13C NMR
spectrum, the C5 carbon gives rise to a very broad
resonance at 190 ppm, which is significantly
downfield of the corresponding resonance for the
precursor 6 (124 ppm). Although these data in-
dicated that a deprotonation had occurred, the

Fig. 2. Synthesis of aNHC lithium adduct 7, rearrangement product 8, free aNHC 9, and its ensuing
gold(I) complex 10 and CO2-adduct 11.

Fig. 1. (Top) Resonance structures for NHC (I/I′) and aNHC (III/III′), and their corresponding C2 and C5metal
complexes, II and IV, respectively. (Center) Synthesis of aNHC metal complex 1 by Crabtree and co-workers
(15). (Bottom) Synthesis of metal-free NHC 3, and aNHC metal complex 5 by Lassaletta and co-workers (27).
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the “wrong way,” at C5 and not at C2 (15, 16)
(Fig. 1, center). Since that time, a few other com-
plexes of type IV featuring the so-called abnormal

NHCs (aNHCs) (III) (17–20) as ligands have been
prepared (21–23) (Fig. 1, top right). Experimental
and theoretical data suggest that aNHCs III are

even stronger electron-donor ligands than areNHCs
I. In line with these observations, initial catalytic
screening of aNHC metal complexes IV reveals
promising results for the activation of unreactive
bonds such as C–H and H–H (24–26). As an ex-
ample, an aNHC palladium complex has been
reported to be an efficient catalyst in the Heck
olefination of aryl bromides, whereas the corre-
sponding NHC analog is virtually inactive under
identical conditions (24).

Lassaletta and co-workers (27) have shown
that the deprotonation of imidazo[1,5-a]pyridinium
salts 2 leads to free NHC 3 that can be isolated
(Fig. 1, bottom). In contrast, using C2-substituted
precursors, such as 4, Lassaletta et al. did not ob-
serve the corresponding free aNHC. However, by
performing the deprotonation reaction in the pres-
ence of [Rh(COD)Cl]2, they were able to isolate the
corresponding aNHC complex 5. Because cal-
culations predicted that the parent aNHC III (where
R is equal to H) is only about 17 kcal mol−1 higher
in energy than itsNHC isomer I (18), it seemed that
free aNHC derivatives were reasonable synthetic
targets. We report here the isolation of a metal-free
member of this class of heterocyclic compound.

By analogy with the classical synthetic route
used to prepareNHCs,we chose imidazolium salt 6
as a precursor to the desired aNHC 9 (Fig. 2). The
pKa (where Ka is the acid dissociation constant) for
loss of the C5-bound proton in the parent im-
idazolium salt (~33) (28) was calculated to be nine
units higher than that for loss of the C2-bound
proton (29); we therefore replaced the C2 hydrogen
with a phenyl group. To offer kinetic protection to
the C5 position, we appended bulky 2,6-di-
isopropyl-phenyl (Dip) substituents at both nitrogen
atoms, as well as a second phenyl group at C4.
Imidazolium salts 6 with various counterions were
prepared in good yields after slight modifications to
known synthetic procedures (30–32). They were
fully characterized by spectroscopic methods, with
a single-crystal x-ray diffraction study carried out
for the bromide salt 6 (Br–) (Fig. 3, left).

All attempts to deprotonate the imidazolium
tetrafluoroborate salt 6 (BF4

–) failed. However,
small anions such as Cl– and Br– are known to
accelerate heterolytic C–H bond cleavage through
hydrogen bonding, and this effect has been used
with C2- and C5-unsubstituted imidazolium salts
to favor metallation of C2 (with the more acidic
proton) over C5 (33). We reasoned that with C2
protected in 6, small anions should promote the
desired deprotonation reaction at C5. Indeed,
when 6 (HCl•Cl–) was treated with two equiv-
alents (34) of a lithiumbase such as n-butyllithium
(nBuLi) or lithium diisopropylamide (LDA), the
proton nuclearmagnetic resonance (1HNMR) spec-
trum of the resulting product showed the disap-
pearance of the singlet at 8.7 parts per million
(ppm) arising from C5(H) of 6. In the 13C NMR
spectrum, the C5 carbon gives rise to a very broad
resonance at 190 ppm, which is significantly
downfield of the corresponding resonance for the
precursor 6 (124 ppm). Although these data in-
dicated that a deprotonation had occurred, the

Fig. 2. Synthesis of aNHC lithium adduct 7, rearrangement product 8, free aNHC 9, and its ensuing
gold(I) complex 10 and CO2-adduct 11.

Fig. 1. (Top) Resonance structures for NHC (I/I′) and aNHC (III/III′), and their corresponding C2 and C5metal
complexes, II and IV, respectively. (Center) Synthesis of aNHC metal complex 1 by Crabtree and co-workers
(15). (Bottom) Synthesis of metal-free NHC 3, and aNHC metal complex 5 by Lassaletta and co-workers (27).
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THF!
－78 ℃, 30 min!
→rt, 2 h	

68% yield (X = Cl)!
green powder	

yellow crystal!
sensitive to air!
stable at rt for a few days!
mp. 65 ℃ (dec)!

recrystallization from Hex. at －78 ℃	

yellow crystal	

shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.
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∠N1-C5-C4!
108.0 ± 3°	

shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.
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101.03 ± 17°	



First Example of Free aNHC	 17-1	

R. Tonner, G. Heydenrych, G. Frenking, Chem. Asian J. 2007, 2, 1555.!
E. Aldeco-Perez, A. J. Rosenthal, B. Donnadieu, P. Parameswaran, G. Frenking, G. Bertrand, !

Science, 2009, 326, 556.!

the “wrong way,” at C5 and not at C2 (15, 16)
(Fig. 1, center). Since that time, a few other com-
plexes of type IV featuring the so-called abnormal

NHCs (aNHCs) (III) (17–20) as ligands have been
prepared (21–23) (Fig. 1, top right). Experimental
and theoretical data suggest that aNHCs III are

even stronger electron-donor ligands than areNHCs
I. In line with these observations, initial catalytic
screening of aNHC metal complexes IV reveals
promising results for the activation of unreactive
bonds such as C–H and H–H (24–26). As an ex-
ample, an aNHC palladium complex has been
reported to be an efficient catalyst in the Heck
olefination of aryl bromides, whereas the corre-
sponding NHC analog is virtually inactive under
identical conditions (24).

Lassaletta and co-workers (27) have shown
that the deprotonation of imidazo[1,5-a]pyridinium
salts 2 leads to free NHC 3 that can be isolated
(Fig. 1, bottom). In contrast, using C2-substituted
precursors, such as 4, Lassaletta et al. did not ob-
serve the corresponding free aNHC. However, by
performing the deprotonation reaction in the pres-
ence of [Rh(COD)Cl]2, they were able to isolate the
corresponding aNHC complex 5. Because cal-
culations predicted that the parent aNHC III (where
R is equal to H) is only about 17 kcal mol−1 higher
in energy than itsNHC isomer I (18), it seemed that
free aNHC derivatives were reasonable synthetic
targets. We report here the isolation of a metal-free
member of this class of heterocyclic compound.

By analogy with the classical synthetic route
used to prepareNHCs,we chose imidazolium salt 6
as a precursor to the desired aNHC 9 (Fig. 2). The
pKa (where Ka is the acid dissociation constant) for
loss of the C5-bound proton in the parent im-
idazolium salt (~33) (28) was calculated to be nine
units higher than that for loss of the C2-bound
proton (29); we therefore replaced the C2 hydrogen
with a phenyl group. To offer kinetic protection to
the C5 position, we appended bulky 2,6-di-
isopropyl-phenyl (Dip) substituents at both nitrogen
atoms, as well as a second phenyl group at C4.
Imidazolium salts 6 with various counterions were
prepared in good yields after slight modifications to
known synthetic procedures (30–32). They were
fully characterized by spectroscopic methods, with
a single-crystal x-ray diffraction study carried out
for the bromide salt 6 (Br–) (Fig. 3, left).

All attempts to deprotonate the imidazolium
tetrafluoroborate salt 6 (BF4

–) failed. However,
small anions such as Cl– and Br– are known to
accelerate heterolytic C–H bond cleavage through
hydrogen bonding, and this effect has been used
with C2- and C5-unsubstituted imidazolium salts
to favor metallation of C2 (with the more acidic
proton) over C5 (33). We reasoned that with C2
protected in 6, small anions should promote the
desired deprotonation reaction at C5. Indeed,
when 6 (HCl•Cl–) was treated with two equiv-
alents (34) of a lithiumbase such as n-butyllithium
(nBuLi) or lithium diisopropylamide (LDA), the
proton nuclearmagnetic resonance (1HNMR) spec-
trum of the resulting product showed the disap-
pearance of the singlet at 8.7 parts per million
(ppm) arising from C5(H) of 6. In the 13C NMR
spectrum, the C5 carbon gives rise to a very broad
resonance at 190 ppm, which is significantly
downfield of the corresponding resonance for the
precursor 6 (124 ppm). Although these data in-
dicated that a deprotonation had occurred, the

Fig. 2. Synthesis of aNHC lithium adduct 7, rearrangement product 8, free aNHC 9, and its ensuing
gold(I) complex 10 and CO2-adduct 11.

Fig. 1. (Top) Resonance structures for NHC (I/I′) and aNHC (III/III′), and their corresponding C2 and C5metal
complexes, II and IV, respectively. (Center) Synthesis of aNHC metal complex 1 by Crabtree and co-workers
(15). (Bottom) Synthesis of metal-free NHC 3, and aNHC metal complex 5 by Lassaletta and co-workers (27).
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the “wrong way,” at C5 and not at C2 (15, 16)
(Fig. 1, center). Since that time, a few other com-
plexes of type IV featuring the so-called abnormal

NHCs (aNHCs) (III) (17–20) as ligands have been
prepared (21–23) (Fig. 1, top right). Experimental
and theoretical data suggest that aNHCs III are

even stronger electron-donor ligands than areNHCs
I. In line with these observations, initial catalytic
screening of aNHC metal complexes IV reveals
promising results for the activation of unreactive
bonds such as C–H and H–H (24–26). As an ex-
ample, an aNHC palladium complex has been
reported to be an efficient catalyst in the Heck
olefination of aryl bromides, whereas the corre-
sponding NHC analog is virtually inactive under
identical conditions (24).

Lassaletta and co-workers (27) have shown
that the deprotonation of imidazo[1,5-a]pyridinium
salts 2 leads to free NHC 3 that can be isolated
(Fig. 1, bottom). In contrast, using C2-substituted
precursors, such as 4, Lassaletta et al. did not ob-
serve the corresponding free aNHC. However, by
performing the deprotonation reaction in the pres-
ence of [Rh(COD)Cl]2, they were able to isolate the
corresponding aNHC complex 5. Because cal-
culations predicted that the parent aNHC III (where
R is equal to H) is only about 17 kcal mol−1 higher
in energy than itsNHC isomer I (18), it seemed that
free aNHC derivatives were reasonable synthetic
targets. We report here the isolation of a metal-free
member of this class of heterocyclic compound.

By analogy with the classical synthetic route
used to prepareNHCs,we chose imidazolium salt 6
as a precursor to the desired aNHC 9 (Fig. 2). The
pKa (where Ka is the acid dissociation constant) for
loss of the C5-bound proton in the parent im-
idazolium salt (~33) (28) was calculated to be nine
units higher than that for loss of the C2-bound
proton (29); we therefore replaced the C2 hydrogen
with a phenyl group. To offer kinetic protection to
the C5 position, we appended bulky 2,6-di-
isopropyl-phenyl (Dip) substituents at both nitrogen
atoms, as well as a second phenyl group at C4.
Imidazolium salts 6 with various counterions were
prepared in good yields after slight modifications to
known synthetic procedures (30–32). They were
fully characterized by spectroscopic methods, with
a single-crystal x-ray diffraction study carried out
for the bromide salt 6 (Br–) (Fig. 3, left).

All attempts to deprotonate the imidazolium
tetrafluoroborate salt 6 (BF4

–) failed. However,
small anions such as Cl– and Br– are known to
accelerate heterolytic C–H bond cleavage through
hydrogen bonding, and this effect has been used
with C2- and C5-unsubstituted imidazolium salts
to favor metallation of C2 (with the more acidic
proton) over C5 (33). We reasoned that with C2
protected in 6, small anions should promote the
desired deprotonation reaction at C5. Indeed,
when 6 (HCl•Cl–) was treated with two equiv-
alents (34) of a lithiumbase such as n-butyllithium
(nBuLi) or lithium diisopropylamide (LDA), the
proton nuclearmagnetic resonance (1HNMR) spec-
trum of the resulting product showed the disap-
pearance of the singlet at 8.7 parts per million
(ppm) arising from C5(H) of 6. In the 13C NMR
spectrum, the C5 carbon gives rise to a very broad
resonance at 190 ppm, which is significantly
downfield of the corresponding resonance for the
precursor 6 (124 ppm). Although these data in-
dicated that a deprotonation had occurred, the

Fig. 2. Synthesis of aNHC lithium adduct 7, rearrangement product 8, free aNHC 9, and its ensuing
gold(I) complex 10 and CO2-adduct 11.

Fig. 1. (Top) Resonance structures for NHC (I/I′) and aNHC (III/III′), and their corresponding C2 and C5metal
complexes, II and IV, respectively. (Center) Synthesis of aNHC metal complex 1 by Crabtree and co-workers
(15). (Bottom) Synthesis of metal-free NHC 3, and aNHC metal complex 5 by Lassaletta and co-workers (27).
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HX・X−	 nBuLi!!

or LDA	

However, small anions are known to accelerate heterolytic
C!H bond cleavage through hydrogen bonding, and interest-
ingly this effect has been used with C2- and C5-unsubstituted
imidazolium salts to favor metalation at C2 (with the more
acidic proton) over C5.[231] Since the C2 position of
aNHC2(H+) is protected, small anions should promote the
desired deprotonation reaction at C5. Indeed, deprotonation
occurred when aNHC2(H+) with HCl2

! as the anion was
treated with two equivalents of a lithium base such as n-
butyllithium or LDA, but, as already observed with diamino-
cyclopropenylidene CP2 and cyclic bent-allene CBA2, the
aNHC2(Li+) adduct was formed. Potassium bases, especially
KHMDS, have also proven here to be more appropriate for
generating the desired free aNHC2, which was isolated after
workup as a green powder in 68% yield.[232]

In the solid state, free aNHC2 features a fully planar ring,
with the five ring atoms also being in a planar environment
(maximum deviation, 1.9 pm; Figure 15). The endocyclic C!N

(1.33–1.40 !) and C!C bond lengths (1.35 !) are halfway
between those of single and double bonds. These geometric
parameters suggest a delocalization of the p system. Interest-
ingly, the carbene bond angle for aNHC2 (101.08) is more
acute than the corresponding angle in its cationic precursor
aNHC2(H+) (108.08), which is consistent with an increased
s character of the s lone-pair orbital on the carbene atom
compared to the C!H+ bonding orbital of the precursor. As
already mentioned, this is the general trend for all the species
discussed in this Review.

In the 13C NMR spectrum the C5 atom of aNHC2 gives
rise to a resonance at d = 202 ppm, which is significantly
downfield shifted compared with the corresponding reso-
nance for aNHC2(H+) (d = 124 ppm), and coincidently in the
range observed for classical NHCs.[26b]

Although aNHC2 is stable at room temperature for a few
days, both in the solid state (m.p. 65 8C, decomp) and in

solution, it rearranges quantitatively to 58 upon heating in
benzene at 50 8C for 48 h (Scheme 59). This fused heterocycle
most likely results from the deprotonation of an isopropyl

substituent of the Dipp group by the carbene center, followed
by nucleophilic addition of the resulting benzyl anion to C2.

The results reported above, including the latter rearrange-
ment, gives a good indication of the substituent patterns that
will allow for the isolation of other aNHCs. Taking into
account that aNHC2 is stable despite the presence of a simple
phenyl group on the carbon atom adjacent to the carbene
center, steric bulk does not seem to be a requirement. This is
in line with the absence of a possible dimerization pathway.
However, accessible C!H bonds spatially close to the carbene
center should be avoided to prevent the intramolecular
deprotonation as observed in the rearrangement leading to
58. Notably, the substituent at C4 undergoes conjugation with
the carbene center, which opens the possibility of substan-
tially modulating the electronic character of the ring system.

8.3. Ligand Behavior and Catalysis

As for cyclopropenylidenes and cyclic bent allenes, this
section is limited to the coordination behavior of the free
aNHC2, but all the catalytic data available for complexes
bearing an aNHC ligand are summarized.

In fact, [AuCl(aNHC2)] is the only complex reported so
far with the stable aNHC2. It appears to be very stable, and its
catalytic activity is under investigation. Its preparation serves
as a proof of concept to demonstrate that, not surprisingly, the
availability of the free species will allow for the synthesis of a
variety of metal–aNHC complexes which are not always
readily available by other routes.

As far as the catalytic activity of aNHC complexes is
concerned, just a few reports are available. The first was the
discovery in 2004 by Lebel et al.,[233] who showed that the
mixed [PdCl2(NHC)(aNHC)] complex 59 promoted Suzuki–
Miyaura and Heck reactions (Scheme 60). Although, the
catalytic activity of 59 was found to be inferior to that
observed for palladium complexes bearing a single normal
NHC, they noted that the corresponding bis(NHC) complex
60 was inactive for both coupling reactions.

A series of PEPPSI-based palladium complexes 61
(Scheme 60) have been reported to be efficient precatalysts
for the Sonogashira coupling of aryl iodides and bromides
with terminal acetylenes.[234] These reactions were carried out
in air in a mixed aqueous medium under copper-free and
amine-free conditions. Significantly better performances were

Scheme 58. Synthesis of free aNHC2 and of its lithium adduct
aNHC2

(Li+).

Figure 15. Molecular structure of aNHC2 in the solid state.

Scheme 59. Rearrangement of aNHC2 upon heating in solution.
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shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.
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Thus, for the first time, we prove rigorously much of what
was previously only speculation.

Results and Discussion

Geometries and Energies

The optimized geometries of the free imidazole isomers
nNHC, aNHC, and IMID at the BP86/TZ2P level are
shown in Figure 1, along with the most important bond
lengths and angles and the relative energies of the com-
pounds. The full set of geometrical data is listed in the Sup-
porting Information, Table S1. The imidazole molecule
IMID is 26.7 kcal mol!1 lower in energy than the nNHC

isomer, which in turn is 17.4 kcal mol!1 more stable than the
aNHC form. This is in agreement with the previous work by
SEC, who reported that the relative energies are IMID
(0.0 kcal mol!1)<nNHC (28.9 kcal mol!1)<aNHC (48.9 kcal
mol!1).[14a]

Figure 2 shows the optimized geometries of the calculated
complexes [Cl4TM(L)], [(CO)5TM(L)], [(CO)4TM(L)], and
[ClTM(L)] (L=nNHC, aNHC, IMID). The full set of geo-
metrical data is given in the Supporting Information,
Table S2.

The equilibrium geometries of the Group 4 complexes
[Cl4TM ACHTUNGTRENNUNG(nNHC)] and [Cl4TM ACHTUNGTRENNUNG(aNHC)] (TM=Ti, Zr, Hf)
have the carbene ligand in the equatorial position, whereas
the imidazole ligand IMID occupies an axial position in
[Cl4TM ACHTUNGTRENNUNG(IMID)] (Figure 2). The energy differences between
the axial and equatorial isomers of the [Cl4TM(L)] com-
plexes are quite small. Geometry optimization of the axial
form of [Cl4TM ACHTUNGTRENNUNG(nNHC)] and [Cl4TM ACHTUNGTRENNUNG(aNHC)] gave struc-
tures that, in all cases, are less than 1 kcal mol!1 higher in
energy than the equatorial energy minima. The axial forms
have one or sometimes two imaginary modes with low fre-
quencies. Likewise, the equatorial isomers of [Cl4TM-ACHTUNGTRENNUNG(IMID)] are less than 1 kcal mol!1 less stable than the axial
forms.

Table 2 gives the optimized TM!L bond lengths, the rela-
tive energies of the isomers, and the calculated TM!L
BDEs. The calculated data reveal interesting trends. The
aNHC ligand is always more strongly bonded than the
nNHC ligand. The difference DDe lies between 3.7 kcal
mol!1 for 3FeL and 2CrL and 5.8 kcal mol!1 for 1HfL. The
stronger TM–aNHC bonds make the energy difference be-
tween the complexes TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(aNHC) smaller
than those between the free ligands, so that the TM ACHTUNGTRENNUNG(nNHC)
complexes are only 11.7–13.7 kcal mol!1 lower in energy
than the TM ACHTUNGTRENNUNG(aNHC) species. For the BDEs of the TM-ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) compounds, much larger differen-
ces were calculated, as the latter molecules have significant-
ly weaker metal–ligand bonds than the former. The differen-
ces DDe are between 14.2 kcal mol!1 for 1ZrL and 28.4 kcal
mol!1 for 4AuL. The weaker bonds yield smaller energy dif-
ferences between the TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) com-
pounds than between the free nNHC and IMID ligands, to
the extent that the TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) complexes
are energetically nearly degenerate for 3TM(L) and 4AuL.
Without exception, the trend in BDE for the three ligands
with all the metals is TM(a)>TM(n)>TM(I). The trend in
BDE for the different groups of the transition metals of
each row is 1TM(L)<2TM(L)<3TM(L)<4TM(L), except
for the Mo/Ru and W/Os species, for which the trend is
2TM(L)>3TM(L). These exceptions do not arise from a re-
versal in the trend of the metal–ligand attraction but rather
from differences in the preparation energies of the metal
fragments (see below). The BDEs for all ligands in the com-
plexes 1TM(L) decrease in the order third row> second
row> first row. For the complexes 2TM(L) and 4TM(L), the
De values exhibit the BDE trend third row> first row>

Table 1. Overview of the complexes investigated.

Descriptor Complex[a] Central atoms

1
Ti (1Ti)
Zr (1Zr)
Hf (1Hf)

2
Cr (2Cr)
Mo (2Mo)
W (2W)

3
Fe (3Fe)
Ru (3Ru)
Os (3Os)

4
Cu (4Cu)
Ag (4Ag)
Au (4Au)

[a]

Figure 1. Calculated geometries of the ligands at the BP86/TZ2P level of
theory. Relative energies (kcal mol!1) are given in parentheses.
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was previously only speculation.
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lengths and angles and the relative energies of the com-
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SEC, who reported that the relative energies are IMID
(0.0 kcal mol!1)<nNHC (28.9 kcal mol!1)<aNHC (48.9 kcal
mol!1).[14a]
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Table S2.
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[Cl4TM ACHTUNGTRENNUNG(IMID)] (Figure 2). The energy differences between
the axial and equatorial isomers of the [Cl4TM(L)] com-
plexes are quite small. Geometry optimization of the axial
form of [Cl4TM ACHTUNGTRENNUNG(nNHC)] and [Cl4TM ACHTUNGTRENNUNG(aNHC)] gave struc-
tures that, in all cases, are less than 1 kcal mol!1 higher in
energy than the equatorial energy minima. The axial forms
have one or sometimes two imaginary modes with low fre-
quencies. Likewise, the equatorial isomers of [Cl4TM-ACHTUNGTRENNUNG(IMID)] are less than 1 kcal mol!1 less stable than the axial
forms.

Table 2 gives the optimized TM!L bond lengths, the rela-
tive energies of the isomers, and the calculated TM!L
BDEs. The calculated data reveal interesting trends. The
aNHC ligand is always more strongly bonded than the
nNHC ligand. The difference DDe lies between 3.7 kcal
mol!1 for 3FeL and 2CrL and 5.8 kcal mol!1 for 1HfL. The
stronger TM–aNHC bonds make the energy difference be-
tween the complexes TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(aNHC) smaller
than those between the free ligands, so that the TM ACHTUNGTRENNUNG(nNHC)
complexes are only 11.7–13.7 kcal mol!1 lower in energy
than the TM ACHTUNGTRENNUNG(aNHC) species. For the BDEs of the TM-ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) compounds, much larger differen-
ces were calculated, as the latter molecules have significant-
ly weaker metal–ligand bonds than the former. The differen-
ces DDe are between 14.2 kcal mol!1 for 1ZrL and 28.4 kcal
mol!1 for 4AuL. The weaker bonds yield smaller energy dif-
ferences between the TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) com-
pounds than between the free nNHC and IMID ligands, to
the extent that the TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) complexes
are energetically nearly degenerate for 3TM(L) and 4AuL.
Without exception, the trend in BDE for the three ligands
with all the metals is TM(a)>TM(n)>TM(I). The trend in
BDE for the different groups of the transition metals of
each row is 1TM(L)<2TM(L)<3TM(L)<4TM(L), except
for the Mo/Ru and W/Os species, for which the trend is
2TM(L)>3TM(L). These exceptions do not arise from a re-
versal in the trend of the metal–ligand attraction but rather
from differences in the preparation energies of the metal
fragments (see below). The BDEs for all ligands in the com-
plexes 1TM(L) decrease in the order third row> second
row> first row. For the complexes 2TM(L) and 4TM(L), the
De values exhibit the BDE trend third row> first row>

Table 1. Overview of the complexes investigated.

Descriptor Complex[a] Central atoms

1
Ti (1Ti)
Zr (1Zr)
Hf (1Hf)

2
Cr (2Cr)
Mo (2Mo)
W (2W)

3
Fe (3Fe)
Ru (3Ru)
Os (3Os)
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Figure 1. Calculated geometries of the ligands at the BP86/TZ2P level of
theory. Relative energies (kcal mol!1) are given in parentheses.
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NHC (0.0 kcal/mol)	 aNHC (17.4 kcal/mol)	



C2- vs C4-bound Carbene	 18	
kinetic vs thermodynamic -calculation-	

second row, whereas for 3TM(L), the order is first row>
third row> second row.

Thus, it is clear that the significantly stronger metal–
ligand bonds of the nNHC ligand relative to those of IMID
largely compensate for the lower energy of the free imida-
zole ligand. Therefore, the complexes TM ACHTUNGTRENNUNG(nNHC) may
become lower in energy than their TM ACHTUNGTRENNUNG(IMID) isomers. This
was also found by SEC, who calculated 17 TM ACHTUNGTRENNUNG(nNHC) com-

plexes and their TM ACHTUNGTRENNUNG(IMID) isomers.[14a] The energy differ-
ences between the TM(a) and TM(n) complexes are also
somewhat decreased relative to the free ligands because the
TM–aNHC bonds are stronger than the TM–nNHC bonds.
However, as the effect is not as large as in the case of
nNHC/IMID, the TM(n) complexes always remain lower in
energy than their TM(a) counterparts. SEC calculated only
one metal fragment, PtCl3

!, bonded to the ligand aNHC.

Table 2. Metal–ligand bond lengths d ACHTUNGTRENNUNG(TM–L), relative energies Erel of the complexes, bond-dissociation energies De, and free dissociation energies D0
298

of the ligands.[a]

L nNHC aNHC IMID
d ACHTUNGTRENNUNG(TM–L) Erel De D0

298 dACHTUNGTRENNUNG(TM–L) Erel De D0
298 d ACHTUNGTRENNUNG(TM–L) Erel De D0

298

Free L 0.0 17.4 !26.7
1Ti 2.230 0.0 26.5 12.0 2.213 11.9 32.0 17.4 2.311 !12.1 11.8 !1.9
1Zr 2.378 0.0 33.5 18.8 2.358 11.7 39.1 24.4 2.420 !12.6 19.3 5.7
1Hf 2.346 0.0 34.0 19.3 2.327 11.7 39.8 25.0 2.386 !12.4 19.7 6.0
2Cr 2.090 0.0 52.2 36.6 2.108 13.7 55.9 41.7 2.161 !5.5 31.0 17.2
2Mo 2.238 0.0 49.4 36.5 2.252 13.6 53.1 39.9 2.299 !8.0 30.7 17.5
2W 2.228 0.0 55.7 42.7 2.245 13.5 59.6 46.4 2.282 !6.2 35.1 22.0
3Fe 1.968 0.0 60.1 45.4 1.993 13.7 63.8 48.3 2.042 0.4 33.0 18.1
3Ru 2.108 0.0 48.0 36.0 2.129 13.4 52.0 39.3 2.183 !1.5 22.8 10.7
3Os 2.119 0.0 53.8 40.9 2.141 13.2 58.0 44.1 2.189 0.8 26.3 12.9
4Cu 1.846 0.0 67.9 56.0 1.850 13.4 71.9 59.9 1.865 !6.6 47.7 36.1
4Ag 2.050 0.0 53.4 42.0 2.054 12.8 57.9 45.9 2.109 !7.3 33.9 22.5
4Au 1.978 0.0 76.3 64.4 1.986 13.2 80.6 68.0 2.044 1.8 47.9 35.8

[a] Bond lengths in !, energies in kcal mol!1. All calculations were performed at the BP86/TZ2P level.

Figure 2. (Continued)
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second row, whereas for 3TM(L), the order is first row>
third row> second row.

Thus, it is clear that the significantly stronger metal–
ligand bonds of the nNHC ligand relative to those of IMID
largely compensate for the lower energy of the free imida-
zole ligand. Therefore, the complexes TM ACHTUNGTRENNUNG(nNHC) may
become lower in energy than their TM ACHTUNGTRENNUNG(IMID) isomers. This
was also found by SEC, who calculated 17 TM ACHTUNGTRENNUNG(nNHC) com-

plexes and their TM ACHTUNGTRENNUNG(IMID) isomers.[14a] The energy differ-
ences between the TM(a) and TM(n) complexes are also
somewhat decreased relative to the free ligands because the
TM–aNHC bonds are stronger than the TM–nNHC bonds.
However, as the effect is not as large as in the case of
nNHC/IMID, the TM(n) complexes always remain lower in
energy than their TM(a) counterparts. SEC calculated only
one metal fragment, PtCl3

!, bonded to the ligand aNHC.

Table 2. Metal–ligand bond lengths d ACHTUNGTRENNUNG(TM–L), relative energies Erel of the complexes, bond-dissociation energies De, and free dissociation energies D0
298

of the ligands.[a]

L nNHC aNHC IMID
d ACHTUNGTRENNUNG(TM–L) Erel De D0

298 dACHTUNGTRENNUNG(TM–L) Erel De D0
298 d ACHTUNGTRENNUNG(TM–L) Erel De D0

298

Free L 0.0 17.4 !26.7
1Ti 2.230 0.0 26.5 12.0 2.213 11.9 32.0 17.4 2.311 !12.1 11.8 !1.9
1Zr 2.378 0.0 33.5 18.8 2.358 11.7 39.1 24.4 2.420 !12.6 19.3 5.7
1Hf 2.346 0.0 34.0 19.3 2.327 11.7 39.8 25.0 2.386 !12.4 19.7 6.0
2Cr 2.090 0.0 52.2 36.6 2.108 13.7 55.9 41.7 2.161 !5.5 31.0 17.2
2Mo 2.238 0.0 49.4 36.5 2.252 13.6 53.1 39.9 2.299 !8.0 30.7 17.5
2W 2.228 0.0 55.7 42.7 2.245 13.5 59.6 46.4 2.282 !6.2 35.1 22.0
3Fe 1.968 0.0 60.1 45.4 1.993 13.7 63.8 48.3 2.042 0.4 33.0 18.1
3Ru 2.108 0.0 48.0 36.0 2.129 13.4 52.0 39.3 2.183 !1.5 22.8 10.7
3Os 2.119 0.0 53.8 40.9 2.141 13.2 58.0 44.1 2.189 0.8 26.3 12.9
4Cu 1.846 0.0 67.9 56.0 1.850 13.4 71.9 59.9 1.865 !6.6 47.7 36.1
4Ag 2.050 0.0 53.4 42.0 2.054 12.8 57.9 45.9 2.109 !7.3 33.9 22.5
4Au 1.978 0.0 76.3 64.4 1.986 13.2 80.6 68.0 2.044 1.8 47.9 35.8

[a] Bond lengths in !, energies in kcal mol!1. All calculations were performed at the BP86/TZ2P level.

Figure 2. (Continued)
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second row, whereas for 3TM(L), the order is first row>
third row> second row.

Thus, it is clear that the significantly stronger metal–
ligand bonds of the nNHC ligand relative to those of IMID
largely compensate for the lower energy of the free imida-
zole ligand. Therefore, the complexes TM ACHTUNGTRENNUNG(nNHC) may
become lower in energy than their TM ACHTUNGTRENNUNG(IMID) isomers. This
was also found by SEC, who calculated 17 TM ACHTUNGTRENNUNG(nNHC) com-

plexes and their TM ACHTUNGTRENNUNG(IMID) isomers.[14a] The energy differ-
ences between the TM(a) and TM(n) complexes are also
somewhat decreased relative to the free ligands because the
TM–aNHC bonds are stronger than the TM–nNHC bonds.
However, as the effect is not as large as in the case of
nNHC/IMID, the TM(n) complexes always remain lower in
energy than their TM(a) counterparts. SEC calculated only
one metal fragment, PtCl3

!, bonded to the ligand aNHC.
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1Zr 2.378 0.0 33.5 18.8 2.358 11.7 39.1 24.4 2.420 !12.6 19.3 5.7
1Hf 2.346 0.0 34.0 19.3 2.327 11.7 39.8 25.0 2.386 !12.4 19.7 6.0
2Cr 2.090 0.0 52.2 36.6 2.108 13.7 55.9 41.7 2.161 !5.5 31.0 17.2
2Mo 2.238 0.0 49.4 36.5 2.252 13.6 53.1 39.9 2.299 !8.0 30.7 17.5
2W 2.228 0.0 55.7 42.7 2.245 13.5 59.6 46.4 2.282 !6.2 35.1 22.0
3Fe 1.968 0.0 60.1 45.4 1.993 13.7 63.8 48.3 2.042 0.4 33.0 18.1
3Ru 2.108 0.0 48.0 36.0 2.129 13.4 52.0 39.3 2.183 !1.5 22.8 10.7
3Os 2.119 0.0 53.8 40.9 2.141 13.2 58.0 44.1 2.189 0.8 26.3 12.9
4Cu 1.846 0.0 67.9 56.0 1.850 13.4 71.9 59.9 1.865 !6.6 47.7 36.1
4Ag 2.050 0.0 53.4 42.0 2.054 12.8 57.9 45.9 2.109 !7.3 33.9 22.5
4Au 1.978 0.0 76.3 64.4 1.986 13.2 80.6 68.0 2.044 1.8 47.9 35.8

[a] Bond lengths in !, energies in kcal mol!1. All calculations were performed at the BP86/TZ2P level.
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(kcal/mol)	

▶ C2 is more stable than C4!
▶ the energy differences between M-NHC and M-aNHC are decreased relative to the free ligands.!

L. N. Appelhans, D. Zuccaccia, A. Kovacevic,  A. R. Chianese, J. R. Miecznikowski, !
A. Macchioni, E. Clot, O. Eisenstein, R. H. Crabtree, J. Am. Chem. Soc. 2005, 127, 6299.!

obtained (N path), while changing the counterions along the
series Br, BF4, PF6, SbF6 progressively switches the kinetic
product to the abnormal C5 species (AN path). Such C5 NHCs
are still rare, but several other examples have now been
reported.21-23
Formation of NHCs by C-H oxidative addition was proposed

some years ago,24 but this pathway was only authenticated re-
cently by Peris et al. who observed the oxidative addition pro-
duct directly.25 Previous computational (DFT) work has analyzed
the bonding associated with the NHC-metal interaction.26-32
Few examples have yet been reported on the pathways by which
NHC complexes are formed by reaction of parent imidazolium
salts with metal complexes.25,33,34 We now find that such
calculations have allowed us to understand the anion effect as
a result of the N and AN paths having different mechanisms
with different sensitivities to the nature of the anion.

Results and Discussion
(1) Experimental and Theoretical Studies of the Ion-Pair

Structures. NHCs are attracting attention in organometallic
chemistry,13,14 but improved synthetic routes are sought for
metallating the precursor imidazolium salts. The harsh conditions
of the early work (e.g., BuLi) are not compatible with the
functionality-rich NHCs that are increasingly employed.35 We
therefore attempted metalation via reaction of a metal hydride,
[IrH5(PPh3)2], with the imidazolium salt 1i (R ) i-Pr, A ) BF4;
see Table 1 for the numbering scheme) with the result that the
NHC was obtained, accompanied by loss of H2.36 Instead of

the normal C2 NHC, however, the abnormal C5 isomer was
obtained. The normal isomer could still be obtained if the C4
and C5 positions were blocked, as in the benzimidazolium salts.
For small wingtip groups at N3, such as methyl, a mixture of
normal (2) and abnormal (3) NHCs was seen (Table 1). For
example, the reaction of eq 1 (R )Me, A ) BF4) gave a 45:55
ratio of products 2d and 3d (R ) Me, A ) BF4).

The product ratio is kinetic because the 2/3 ratio is invariant
on subsequent change of the anion. Thermal interconversion of
2 and 3 was never seen even after prolonged reactions times.
For example, the 45:55 mixture from 1d (R ) Me, A ) BF4)
can be converted either to the Br or to the SbF6 salt by ion
exchange. The products retain the 45:55 ratio of the starting
material even on heating (5 h, refluxing thf). The ion present
during the synthesis therefore decides the ratio, not any anion
subsequently introduced.
The abnormal isomer was obtained in pure form by synthesis

with the BF4 salt, followed by recrystallization, and fully
characterized. The normal isomer was obtained in pure form
from the imidazolium salt and [IrH2(Me2CO)2L2]BF4 (see
Experimental Section). The very different spectroscopic char-
acteristics of the two types of NHC, fully discussed previously
by comparison with crystallographically authenticated examples,
allows secure identification even in mixtures.36 In particular,
the adjacent imidazole C4 and C5 aromatic protons of normal
isomer 2d are relatively close in proton NMR chemical shift
(CDCl3), δ 7.44 and 6.31, as expected on the basis of prior
work, while the nonadjacent aromatic protons of abnormal 3d,
C2 and C4, are more separated, δ 8.66 and 4.88, again as
expected. The particularly downfield shift of the C2 proton is
consistent with its acidic character. Also in line with previous
data, the C2 carbene carbon has a lower field 13C NMR chemical
shift, (CHCl3) 169.9 ppm (BF4 salt), than the C5 carbene, 142.0
ppm (BF4 salt).
While complex 2 was not converted to 3 nor vice versa

thermally under neutral conditions, even after anion exchange,
HBF4/CH2Cl2 treatment at room temperature completely con-
verts 3 to 2, so 2 is the thermodynamically more stable product.
This confirms that, although the energies of 2 and 3 may be
close, any abnormal product 3 formed in eq 1 is entirely a kinetic
product. This acid treatment is also a method for obtaining the
normal isomers in pure form.
We looked at the effect on eq 1 of variation of the anion, A,

prompted by computational work, detailed below, that suggested
that the energetics of the system 2/3 are dependent on the anion.
The results of the reaction of eq 1 for a series of anions and
wingtip groups are shown in Table 1. Moving to less strongly
ion-pairing and bulkier counterions along the IP effect series
Br > OAc > BF4 > PF6 > SbF6 progressively switches the
kinetic product from the normal C2 to the abnormal C5 species.
For a fixed anion, the more bulky R group, iPr, leads to the
less hindered abnormal NHC being relatively favored versus

(21) Lebel, H.; Janes, M. K.; Charette, A. B.; Nolan, S. P. J. Am. Chem. Soc.
2004, 126, 5046.

(22) Danopoulos, A. A.; Tsoureas, N.; Wright, J. A.; Light, M. E. Organome-
tallics 2004, 23, 166.

(23) Hu, X.; Castro-Rodriguez, I.; Meyer, K. Organometallics 2003, 22, 3016.
(24) (a) McGuinness, D. S.; Cavell, K. J.; Yates, B. F.; Skelton, B. W.; White,

A. H. J. Am. Chem. Soc. 2001, 123, 8317. (b) McGuinness, D. S.; Saendig,
N.; Yates, B. F.; Cavell, K. J. J. Am. Chem. Soc. 2001, 123, 4029. (c)
Gründemann, S.; Albrecht, M.; Kovacevic, A.; Faller, J. W.; Crabtree, R.
H. Dalton Trans. 2002, 2163.
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Table 1. Ratio of 2 to 3 for Various R and A in Eq 1
R A 2 (normal) 3 (abnormal)

a Me Br 91 9
b Me OAc 80 20
c Me OCOAra 70 30
d Me BF4 45 55
e Me PF6 50 50
f Me OCOPh 50 50
g Me SbF6 11 89
h i-Pr Br 84 16
i i-Pr BF4 0 100
j n-Bu BF4 5 95

a O2CAr ) 2,4,6-triisopropylbenzoate.
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nNHC (2)!
E (kcal/mol)	

aNHC (3)!
E (kcal/mol)	

free	 0	 14.5	

Ir	 0	 10.1	 *didn’t introduce anion effect.!

Thus, for the first time, we prove rigorously much of what
was previously only speculation.

Results and Discussion

Geometries and Energies

The optimized geometries of the free imidazole isomers
nNHC, aNHC, and IMID at the BP86/TZ2P level are
shown in Figure 1, along with the most important bond
lengths and angles and the relative energies of the com-
pounds. The full set of geometrical data is listed in the Sup-
porting Information, Table S1. The imidazole molecule
IMID is 26.7 kcal mol!1 lower in energy than the nNHC

isomer, which in turn is 17.4 kcal mol!1 more stable than the
aNHC form. This is in agreement with the previous work by
SEC, who reported that the relative energies are IMID
(0.0 kcal mol!1)<nNHC (28.9 kcal mol!1)<aNHC (48.9 kcal
mol!1).[14a]

Figure 2 shows the optimized geometries of the calculated
complexes [Cl4TM(L)], [(CO)5TM(L)], [(CO)4TM(L)], and
[ClTM(L)] (L=nNHC, aNHC, IMID). The full set of geo-
metrical data is given in the Supporting Information,
Table S2.

The equilibrium geometries of the Group 4 complexes
[Cl4TM ACHTUNGTRENNUNG(nNHC)] and [Cl4TM ACHTUNGTRENNUNG(aNHC)] (TM=Ti, Zr, Hf)
have the carbene ligand in the equatorial position, whereas
the imidazole ligand IMID occupies an axial position in
[Cl4TM ACHTUNGTRENNUNG(IMID)] (Figure 2). The energy differences between
the axial and equatorial isomers of the [Cl4TM(L)] com-
plexes are quite small. Geometry optimization of the axial
form of [Cl4TM ACHTUNGTRENNUNG(nNHC)] and [Cl4TM ACHTUNGTRENNUNG(aNHC)] gave struc-
tures that, in all cases, are less than 1 kcal mol!1 higher in
energy than the equatorial energy minima. The axial forms
have one or sometimes two imaginary modes with low fre-
quencies. Likewise, the equatorial isomers of [Cl4TM-ACHTUNGTRENNUNG(IMID)] are less than 1 kcal mol!1 less stable than the axial
forms.

Table 2 gives the optimized TM!L bond lengths, the rela-
tive energies of the isomers, and the calculated TM!L
BDEs. The calculated data reveal interesting trends. The
aNHC ligand is always more strongly bonded than the
nNHC ligand. The difference DDe lies between 3.7 kcal
mol!1 for 3FeL and 2CrL and 5.8 kcal mol!1 for 1HfL. The
stronger TM–aNHC bonds make the energy difference be-
tween the complexes TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(aNHC) smaller
than those between the free ligands, so that the TM ACHTUNGTRENNUNG(nNHC)
complexes are only 11.7–13.7 kcal mol!1 lower in energy
than the TM ACHTUNGTRENNUNG(aNHC) species. For the BDEs of the TM-ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) compounds, much larger differen-
ces were calculated, as the latter molecules have significant-
ly weaker metal–ligand bonds than the former. The differen-
ces DDe are between 14.2 kcal mol!1 for 1ZrL and 28.4 kcal
mol!1 for 4AuL. The weaker bonds yield smaller energy dif-
ferences between the TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) com-
pounds than between the free nNHC and IMID ligands, to
the extent that the TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) complexes
are energetically nearly degenerate for 3TM(L) and 4AuL.
Without exception, the trend in BDE for the three ligands
with all the metals is TM(a)>TM(n)>TM(I). The trend in
BDE for the different groups of the transition metals of
each row is 1TM(L)<2TM(L)<3TM(L)<4TM(L), except
for the Mo/Ru and W/Os species, for which the trend is
2TM(L)>3TM(L). These exceptions do not arise from a re-
versal in the trend of the metal–ligand attraction but rather
from differences in the preparation energies of the metal
fragments (see below). The BDEs for all ligands in the com-
plexes 1TM(L) decrease in the order third row> second
row> first row. For the complexes 2TM(L) and 4TM(L), the
De values exhibit the BDE trend third row> first row>

Table 1. Overview of the complexes investigated.

Descriptor Complex[a] Central atoms

1
Ti (1Ti)
Zr (1Zr)
Hf (1Hf)

2
Cr (2Cr)
Mo (2Mo)
W (2W)

3
Fe (3Fe)
Ru (3Ru)
Os (3Os)

4
Cu (4Cu)
Ag (4Ag)
Au (4Au)

[a]

Figure 1. Calculated geometries of the ligands at the BP86/TZ2P level of
theory. Relative energies (kcal mol!1) are given in parentheses.
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products also depends upon the counterion of the used salt. This
surprising and interesting fact certainly needs additional studies
with other systems where abnormal binding also occurs to
establish how often it takes place.

The complex OsH6(PiPr3)2 is a d2 polyhydride which is
obtained in high yield from the known compound OsH2Cl2-
(PiPr3)2,7 via the trihydride tetrahydrideborate intermediate
OsH3(η2-H2BH2)(PiPr3)2.8 This hexahydride reacts with Lewis
bases to afford d4 polyhydride derivatives, where the hydride
ligands undergo thermally activated site exchange processes and
show quantum exchange coupling,9 and activates C-H bonds
of amines,10 ketones,11 and aldehydes12 to give species remi-
niscent of the intermediates proposed for Murai’s reactions.13

In spite of that, Os-NHC compounds are extremely rare,14

in particular those containing abnormal tautomers, and we
have now studied the reactions of the hexahydride
OsH6(PiPr3)2 with 1-(2-pyridylmethyl)-3-methylimidazolium
salts.

In this paper, we report the following: (i) the formation and
X-ray structure of an osmium complex containing an NHC
ligand with abnormal coordination, (ii) the influence of the
counterion of the used salt on the coordination mode of the

NHC ligand in the reaction products, and (iii) the preparation
and X-ray structure of a novel bis(normal NHC)Os compound.

Results and Discussion

1. Preparation and Characterization of an Abnormal
Os-NHC Complex. Treatment under reflux of tetrahydrofuran
solutions of OsH6(PiPr3)2 (1) with 1.1 equiv of 1-(2-pyridyl-
methyl)-3-methylimidazolium tetraphenylborate, over 6 h, pro-
duces the release of 2.0 equiv of molecular hydrogen and the
formation of an 84:16 mixture of the abnormal- and normal-
NHC complexes 2a and 3a, according to eq 1.

The major product, the abnormal complex 2a, was separated
from its normal isomer 3a as yellow crystals suitable for an
X-raydiffractionanalysis,bycrystallizationindichloromethane–di-
ethyl ether. Figure 1 shows a view of the cation of the salt. The
structure proves the abnormal coordination of the imidazolium
ring and suggests that this complex is a hydride-elongated
dihydrogen species.15

The geometry around the osmium atom can be rationalized
as a distorted pentagonal bipyramid with the phosphine ligands
occupying axial positions (P(1)-Os-P(2) ) 164.39(5)°). The
metal coordination sphere is completed by the pyridinic nitrogen
atom N(3) and the abnormal carbon atom C(1) of the chelate
group and the hydrogen atoms H(1A), H(1B), and H(1C) of
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F. J. Am. Chem. Soc. 1996, 118, 8388.
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Chart 1

Figure 1. Molecular structure of the cation of 2a. Selected bond
lengths (Å) and angles (deg): Os-P(1) ) 2.3605(14), Os-P(2) )
2.3683(14), Os-N(3) ) 2.213(4), Os-C(1) ) 2.123(6), H(1A)-
H(1B) ) 1.44(5); P(1)-Os-P(2) ) 164.39(5), P(1)-Os-N(3) )
99.70(11), P(2)-Os-N(3) ) 93.44(11), P(1)-Os-C(1) ) 98.58(14),
P(2)-Os-C(1) ) 90.78(14), N(3)-Os-C(1) ) 85.40(18).
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into benzene and triphenylborane,20 and the isomerization of
the abnormal cation to the normal one (eq 6), which is isolated
as the tetrafluoroborate salt 3b. Treatment of the latter with
sodium tetraphenylborate affords 3a as a pure yellow solid. In
tetrahydrofuran under reflux, complex 3a is stable and does not
isomerize into 2a after 6 h.

The coordination of the normal carbon atom of the five-
membered ring is supported by the 13C{1H} NMR spectrum in
CD2Cl2 at room temperature, which contains the OsC resonance
at 182.0 ppm, as a triplet with a C-P coupling constant of 6.8

ppm. The 31P{1H} NMR spectrum shows a behavior similar to
that of 2a. At 293 K a singlet at 19.9 ppm is observed. Lowering
the sample temperature produces a broadening of the resonance.
At 163 K in CDCl2F the decoalescence takes place, and at 143
K the spectrum contains two broad signals corresponding to an
AB spin system. In the 1H NMR spectrum in CD2Cl2 at room
temperature, the most noticeable resonance is a triplet at -10.78
ppm, with an H-P coupling constant of 13.3 Hz, corresponding
to the OsH3 unit. Lowering the sample temperature produces
the broadening of the signal. However, decoalescence does not
occur down to 143 K in CDCl2F.

A variable-temperature 300 MHz study in the temperature
range where the signal shape allows us to obtain accurate values,
273–223 K, gives a T1 value of 89 ms at 273 K, which decreases
to 55 ms at 223 K. Although this value does not correspond to
the T1(min) value of the resonance, it is lower than that of 2a,
which indicates that the nonclassical interaction is more
important in the OsH3 unit of the normal cation than in the
abnormal one. In this context, it should be noted that a normal
carbon atom is stabilized by two mesomeric nitrogens, while
an abnormal atom is stabilized by only one. Thus, an NHC
ligand should be a better σ-donor in the abnormal coordination
than in the normal coordination.21 Since the nonclassical
interaction is disfavored by back-donation from filled metal
orbitals of predominant d character to the σ* orbital of the
coordinated hydrogen molecule, it appears to be clear why the
abnormal coordination disfavors the nonclassical interaction with
regard to the normal coordination.

Figure 4 shows the composition in metal compounds as a
function of the time of the reaction mixture resulting from the
treatment of 1 with 1.0 equiv of 1-(2-pyridylmethyl)-3-meth-
ylimidazolium tetrafluoroborate, in tetrahydrofuran under reflux.
As is the case for the starting tetraphenylborate salt, the
formation of the abnormal BF4 salt 2b is kinetically favored
with regard to the normal BF4 salt 3b. However, in this case

(20) Cooper, J. N.; Powell, R. E. J. Am. Chem. Soc. 1963, 85, 1590.
(21) Owen, J. S.; Labinger, J. A.; Bercaw, J. E. J. Am. Chem. Soc. 2004,

126, 8247.

Figure 2. Variable-temperature 1H{31P} NMR spectra (400 MHz, CDCl2F) in the high-field region of [OsH(η2-H2){κC5,N-[1-(2-
pyridylmethyl)-3-methylimidazol-5-ylidene]}(PiPr3)2]BPh4 (2a): experimental (left); simulated (right).

Figure 3. Time vs composition of the reaction mixture of 1 with
1-(2-pyridylmethyl)-3-methylimidazolium tetraphenylborate.
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products also depends upon the counterion of the used salt. This
surprising and interesting fact certainly needs additional studies
with other systems where abnormal binding also occurs to
establish how often it takes place.

The complex OsH6(PiPr3)2 is a d2 polyhydride which is
obtained in high yield from the known compound OsH2Cl2-
(PiPr3)2,7 via the trihydride tetrahydrideborate intermediate
OsH3(η2-H2BH2)(PiPr3)2.8 This hexahydride reacts with Lewis
bases to afford d4 polyhydride derivatives, where the hydride
ligands undergo thermally activated site exchange processes and
show quantum exchange coupling,9 and activates C-H bonds
of amines,10 ketones,11 and aldehydes12 to give species remi-
niscent of the intermediates proposed for Murai’s reactions.13

In spite of that, Os-NHC compounds are extremely rare,14

in particular those containing abnormal tautomers, and we
have now studied the reactions of the hexahydride
OsH6(PiPr3)2 with 1-(2-pyridylmethyl)-3-methylimidazolium
salts.

In this paper, we report the following: (i) the formation and
X-ray structure of an osmium complex containing an NHC
ligand with abnormal coordination, (ii) the influence of the
counterion of the used salt on the coordination mode of the

NHC ligand in the reaction products, and (iii) the preparation
and X-ray structure of a novel bis(normal NHC)Os compound.

Results and Discussion

1. Preparation and Characterization of an Abnormal
Os-NHC Complex. Treatment under reflux of tetrahydrofuran
solutions of OsH6(PiPr3)2 (1) with 1.1 equiv of 1-(2-pyridyl-
methyl)-3-methylimidazolium tetraphenylborate, over 6 h, pro-
duces the release of 2.0 equiv of molecular hydrogen and the
formation of an 84:16 mixture of the abnormal- and normal-
NHC complexes 2a and 3a, according to eq 1.

The major product, the abnormal complex 2a, was separated
from its normal isomer 3a as yellow crystals suitable for an
X-raydiffractionanalysis,bycrystallizationindichloromethane–di-
ethyl ether. Figure 1 shows a view of the cation of the salt. The
structure proves the abnormal coordination of the imidazolium
ring and suggests that this complex is a hydride-elongated
dihydrogen species.15

The geometry around the osmium atom can be rationalized
as a distorted pentagonal bipyramid with the phosphine ligands
occupying axial positions (P(1)-Os-P(2) ) 164.39(5)°). The
metal coordination sphere is completed by the pyridinic nitrogen
atom N(3) and the abnormal carbon atom C(1) of the chelate
group and the hydrogen atoms H(1A), H(1B), and H(1C) of
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Chart 1

Figure 1. Molecular structure of the cation of 2a. Selected bond
lengths (Å) and angles (deg): Os-P(1) ) 2.3605(14), Os-P(2) )
2.3683(14), Os-N(3) ) 2.213(4), Os-C(1) ) 2.123(6), H(1A)-
H(1B) ) 1.44(5); P(1)-Os-P(2) ) 164.39(5), P(1)-Os-N(3) )
99.70(11), P(2)-Os-N(3) ) 93.44(11), P(1)-Os-C(1) ) 98.58(14),
P(2)-Os-C(1) ) 90.78(14), N(3)-Os-C(1) ) 85.40(18).
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products also depends upon the counterion of the used salt. This
surprising and interesting fact certainly needs additional studies
with other systems where abnormal binding also occurs to
establish how often it takes place.

The complex OsH6(PiPr3)2 is a d2 polyhydride which is
obtained in high yield from the known compound OsH2Cl2-
(PiPr3)2,7 via the trihydride tetrahydrideborate intermediate
OsH3(η2-H2BH2)(PiPr3)2.8 This hexahydride reacts with Lewis
bases to afford d4 polyhydride derivatives, where the hydride
ligands undergo thermally activated site exchange processes and
show quantum exchange coupling,9 and activates C-H bonds
of amines,10 ketones,11 and aldehydes12 to give species remi-
niscent of the intermediates proposed for Murai’s reactions.13

In spite of that, Os-NHC compounds are extremely rare,14

in particular those containing abnormal tautomers, and we
have now studied the reactions of the hexahydride
OsH6(PiPr3)2 with 1-(2-pyridylmethyl)-3-methylimidazolium
salts.

In this paper, we report the following: (i) the formation and
X-ray structure of an osmium complex containing an NHC
ligand with abnormal coordination, (ii) the influence of the
counterion of the used salt on the coordination mode of the

NHC ligand in the reaction products, and (iii) the preparation
and X-ray structure of a novel bis(normal NHC)Os compound.

Results and Discussion

1. Preparation and Characterization of an Abnormal
Os-NHC Complex. Treatment under reflux of tetrahydrofuran
solutions of OsH6(PiPr3)2 (1) with 1.1 equiv of 1-(2-pyridyl-
methyl)-3-methylimidazolium tetraphenylborate, over 6 h, pro-
duces the release of 2.0 equiv of molecular hydrogen and the
formation of an 84:16 mixture of the abnormal- and normal-
NHC complexes 2a and 3a, according to eq 1.

The major product, the abnormal complex 2a, was separated
from its normal isomer 3a as yellow crystals suitable for an
X-raydiffractionanalysis,bycrystallizationindichloromethane–di-
ethyl ether. Figure 1 shows a view of the cation of the salt. The
structure proves the abnormal coordination of the imidazolium
ring and suggests that this complex is a hydride-elongated
dihydrogen species.15

The geometry around the osmium atom can be rationalized
as a distorted pentagonal bipyramid with the phosphine ligands
occupying axial positions (P(1)-Os-P(2) ) 164.39(5)°). The
metal coordination sphere is completed by the pyridinic nitrogen
atom N(3) and the abnormal carbon atom C(1) of the chelate
group and the hydrogen atoms H(1A), H(1B), and H(1C) of
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Figure 1. Molecular structure of the cation of 2a. Selected bond
lengths (Å) and angles (deg): Os-P(1) ) 2.3605(14), Os-P(2) )
2.3683(14), Os-N(3) ) 2.213(4), Os-C(1) ) 2.123(6), H(1A)-
H(1B) ) 1.44(5); P(1)-Os-P(2) ) 164.39(5), P(1)-Os-N(3) )
99.70(11), P(2)-Os-N(3) ) 93.44(11), P(1)-Os-C(1) ) 98.58(14),
P(2)-Os-C(1) ) 90.78(14), N(3)-Os-C(1) ) 85.40(18).
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2a (yellow crystal)	

products also depends upon the counterion of the used salt. This
surprising and interesting fact certainly needs additional studies
with other systems where abnormal binding also occurs to
establish how often it takes place.

The complex OsH6(PiPr3)2 is a d2 polyhydride which is
obtained in high yield from the known compound OsH2Cl2-
(PiPr3)2,7 via the trihydride tetrahydrideborate intermediate
OsH3(η2-H2BH2)(PiPr3)2.8 This hexahydride reacts with Lewis
bases to afford d4 polyhydride derivatives, where the hydride
ligands undergo thermally activated site exchange processes and
show quantum exchange coupling,9 and activates C-H bonds
of amines,10 ketones,11 and aldehydes12 to give species remi-
niscent of the intermediates proposed for Murai’s reactions.13

In spite of that, Os-NHC compounds are extremely rare,14

in particular those containing abnormal tautomers, and we
have now studied the reactions of the hexahydride
OsH6(PiPr3)2 with 1-(2-pyridylmethyl)-3-methylimidazolium
salts.

In this paper, we report the following: (i) the formation and
X-ray structure of an osmium complex containing an NHC
ligand with abnormal coordination, (ii) the influence of the
counterion of the used salt on the coordination mode of the

NHC ligand in the reaction products, and (iii) the preparation
and X-ray structure of a novel bis(normal NHC)Os compound.

Results and Discussion

1. Preparation and Characterization of an Abnormal
Os-NHC Complex. Treatment under reflux of tetrahydrofuran
solutions of OsH6(PiPr3)2 (1) with 1.1 equiv of 1-(2-pyridyl-
methyl)-3-methylimidazolium tetraphenylborate, over 6 h, pro-
duces the release of 2.0 equiv of molecular hydrogen and the
formation of an 84:16 mixture of the abnormal- and normal-
NHC complexes 2a and 3a, according to eq 1.

The major product, the abnormal complex 2a, was separated
from its normal isomer 3a as yellow crystals suitable for an
X-raydiffractionanalysis,bycrystallizationindichloromethane–di-
ethyl ether. Figure 1 shows a view of the cation of the salt. The
structure proves the abnormal coordination of the imidazolium
ring and suggests that this complex is a hydride-elongated
dihydrogen species.15

The geometry around the osmium atom can be rationalized
as a distorted pentagonal bipyramid with the phosphine ligands
occupying axial positions (P(1)-Os-P(2) ) 164.39(5)°). The
metal coordination sphere is completed by the pyridinic nitrogen
atom N(3) and the abnormal carbon atom C(1) of the chelate
group and the hydrogen atoms H(1A), H(1B), and H(1C) of
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lengths (Å) and angles (deg): Os-P(1) ) 2.3605(14), Os-P(2) )
2.3683(14), Os-N(3) ) 2.213(4), Os-C(1) ) 2.123(6), H(1A)-
H(1B) ) 1.44(5); P(1)-Os-P(2) ) 164.39(5), P(1)-Os-N(3) )
99.70(11), P(2)-Os-N(3) ) 93.44(11), P(1)-Os-C(1) ) 98.58(14),
P(2)-Os-C(1) ) 90.78(14), N(3)-Os-C(1) ) 85.40(18).
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into benzene and triphenylborane,20 and the isomerization of
the abnormal cation to the normal one (eq 6), which is isolated
as the tetrafluoroborate salt 3b. Treatment of the latter with
sodium tetraphenylborate affords 3a as a pure yellow solid. In
tetrahydrofuran under reflux, complex 3a is stable and does not
isomerize into 2a after 6 h.

The coordination of the normal carbon atom of the five-
membered ring is supported by the 13C{1H} NMR spectrum in
CD2Cl2 at room temperature, which contains the OsC resonance
at 182.0 ppm, as a triplet with a C-P coupling constant of 6.8

ppm. The 31P{1H} NMR spectrum shows a behavior similar to
that of 2a. At 293 K a singlet at 19.9 ppm is observed. Lowering
the sample temperature produces a broadening of the resonance.
At 163 K in CDCl2F the decoalescence takes place, and at 143
K the spectrum contains two broad signals corresponding to an
AB spin system. In the 1H NMR spectrum in CD2Cl2 at room
temperature, the most noticeable resonance is a triplet at -10.78
ppm, with an H-P coupling constant of 13.3 Hz, corresponding
to the OsH3 unit. Lowering the sample temperature produces
the broadening of the signal. However, decoalescence does not
occur down to 143 K in CDCl2F.

A variable-temperature 300 MHz study in the temperature
range where the signal shape allows us to obtain accurate values,
273–223 K, gives a T1 value of 89 ms at 273 K, which decreases
to 55 ms at 223 K. Although this value does not correspond to
the T1(min) value of the resonance, it is lower than that of 2a,
which indicates that the nonclassical interaction is more
important in the OsH3 unit of the normal cation than in the
abnormal one. In this context, it should be noted that a normal
carbon atom is stabilized by two mesomeric nitrogens, while
an abnormal atom is stabilized by only one. Thus, an NHC
ligand should be a better σ-donor in the abnormal coordination
than in the normal coordination.21 Since the nonclassical
interaction is disfavored by back-donation from filled metal
orbitals of predominant d character to the σ* orbital of the
coordinated hydrogen molecule, it appears to be clear why the
abnormal coordination disfavors the nonclassical interaction with
regard to the normal coordination.

Figure 4 shows the composition in metal compounds as a
function of the time of the reaction mixture resulting from the
treatment of 1 with 1.0 equiv of 1-(2-pyridylmethyl)-3-meth-
ylimidazolium tetrafluoroborate, in tetrahydrofuran under reflux.
As is the case for the starting tetraphenylborate salt, the
formation of the abnormal BF4 salt 2b is kinetically favored
with regard to the normal BF4 salt 3b. However, in this case

(20) Cooper, J. N.; Powell, R. E. J. Am. Chem. Soc. 1963, 85, 1590.
(21) Owen, J. S.; Labinger, J. A.; Bercaw, J. E. J. Am. Chem. Soc. 2004,

126, 8247.

Figure 2. Variable-temperature 1H{31P} NMR spectra (400 MHz, CDCl2F) in the high-field region of [OsH(η2-H2){κC5,N-[1-(2-
pyridylmethyl)-3-methylimidazol-5-ylidene]}(PiPr3)2]BPh4 (2a): experimental (left); simulated (right).

Figure 3. Time vs composition of the reaction mixture of 1 with
1-(2-pyridylmethyl)-3-methylimidazolium tetraphenylborate.

(6)
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obtained (N path), while changing the counterions along the
series Br, BF4, PF6, SbF6 progressively switches the kinetic
product to the abnormal C5 species (AN path). Such C5 NHCs
are still rare, but several other examples have now been
reported.21-23
Formation of NHCs by C-H oxidative addition was proposed

some years ago,24 but this pathway was only authenticated re-
cently by Peris et al. who observed the oxidative addition pro-
duct directly.25 Previous computational (DFT) work has analyzed
the bonding associated with the NHC-metal interaction.26-32
Few examples have yet been reported on the pathways by which
NHC complexes are formed by reaction of parent imidazolium
salts with metal complexes.25,33,34 We now find that such
calculations have allowed us to understand the anion effect as
a result of the N and AN paths having different mechanisms
with different sensitivities to the nature of the anion.

Results and Discussion
(1) Experimental and Theoretical Studies of the Ion-Pair

Structures. NHCs are attracting attention in organometallic
chemistry,13,14 but improved synthetic routes are sought for
metallating the precursor imidazolium salts. The harsh conditions
of the early work (e.g., BuLi) are not compatible with the
functionality-rich NHCs that are increasingly employed.35 We
therefore attempted metalation via reaction of a metal hydride,
[IrH5(PPh3)2], with the imidazolium salt 1i (R ) i-Pr, A ) BF4;
see Table 1 for the numbering scheme) with the result that the
NHC was obtained, accompanied by loss of H2.36 Instead of

the normal C2 NHC, however, the abnormal C5 isomer was
obtained. The normal isomer could still be obtained if the C4
and C5 positions were blocked, as in the benzimidazolium salts.
For small wingtip groups at N3, such as methyl, a mixture of
normal (2) and abnormal (3) NHCs was seen (Table 1). For
example, the reaction of eq 1 (R )Me, A ) BF4) gave a 45:55
ratio of products 2d and 3d (R ) Me, A ) BF4).

The product ratio is kinetic because the 2/3 ratio is invariant
on subsequent change of the anion. Thermal interconversion of
2 and 3 was never seen even after prolonged reactions times.
For example, the 45:55 mixture from 1d (R ) Me, A ) BF4)
can be converted either to the Br or to the SbF6 salt by ion
exchange. The products retain the 45:55 ratio of the starting
material even on heating (5 h, refluxing thf). The ion present
during the synthesis therefore decides the ratio, not any anion
subsequently introduced.
The abnormal isomer was obtained in pure form by synthesis

with the BF4 salt, followed by recrystallization, and fully
characterized. The normal isomer was obtained in pure form
from the imidazolium salt and [IrH2(Me2CO)2L2]BF4 (see
Experimental Section). The very different spectroscopic char-
acteristics of the two types of NHC, fully discussed previously
by comparison with crystallographically authenticated examples,
allows secure identification even in mixtures.36 In particular,
the adjacent imidazole C4 and C5 aromatic protons of normal
isomer 2d are relatively close in proton NMR chemical shift
(CDCl3), δ 7.44 and 6.31, as expected on the basis of prior
work, while the nonadjacent aromatic protons of abnormal 3d,
C2 and C4, are more separated, δ 8.66 and 4.88, again as
expected. The particularly downfield shift of the C2 proton is
consistent with its acidic character. Also in line with previous
data, the C2 carbene carbon has a lower field 13C NMR chemical
shift, (CHCl3) 169.9 ppm (BF4 salt), than the C5 carbene, 142.0
ppm (BF4 salt).
While complex 2 was not converted to 3 nor vice versa

thermally under neutral conditions, even after anion exchange,
HBF4/CH2Cl2 treatment at room temperature completely con-
verts 3 to 2, so 2 is the thermodynamically more stable product.
This confirms that, although the energies of 2 and 3 may be
close, any abnormal product 3 formed in eq 1 is entirely a kinetic
product. This acid treatment is also a method for obtaining the
normal isomers in pure form.
We looked at the effect on eq 1 of variation of the anion, A,

prompted by computational work, detailed below, that suggested
that the energetics of the system 2/3 are dependent on the anion.
The results of the reaction of eq 1 for a series of anions and
wingtip groups are shown in Table 1. Moving to less strongly
ion-pairing and bulkier counterions along the IP effect series
Br > OAc > BF4 > PF6 > SbF6 progressively switches the
kinetic product from the normal C2 to the abnormal C5 species.
For a fixed anion, the more bulky R group, iPr, leads to the
less hindered abnormal NHC being relatively favored versus

(21) Lebel, H.; Janes, M. K.; Charette, A. B.; Nolan, S. P. J. Am. Chem. Soc.
2004, 126, 5046.

(22) Danopoulos, A. A.; Tsoureas, N.; Wright, J. A.; Light, M. E. Organome-
tallics 2004, 23, 166.

(23) Hu, X.; Castro-Rodriguez, I.; Meyer, K. Organometallics 2003, 22, 3016.
(24) (a) McGuinness, D. S.; Cavell, K. J.; Yates, B. F.; Skelton, B. W.; White,

A. H. J. Am. Chem. Soc. 2001, 123, 8317. (b) McGuinness, D. S.; Saendig,
N.; Yates, B. F.; Cavell, K. J. J. Am. Chem. Soc. 2001, 123, 4029. (c)
Gründemann, S.; Albrecht, M.; Kovacevic, A.; Faller, J. W.; Crabtree, R.
H. Dalton Trans. 2002, 2163.

(25) Viciano, M.; Mas-Marza, E.; Poyatos, M.; Sanau, M.; Crabtree, R. H.; Peris,
E. Angew. Chem., Int. Ed. 2005, 44, 444.

(26) Frenking, G.; Frohlich, N. Chem. ReV. 2000, 100, 717.
(27) Dorta, R.; Stevens, E. D.; Scott, N. M.; Costabile, C.; Cavallo, L.; Hoff,

C. D.; Nolan, S. P. J. Am. Chem. Soc. 2005, 127, 2485.
(28) Perrin, L.; Clot, E.; Eisenstein, O.; Loch, J.; Crabtree, R. H. Inorg. Chem.

2001, 40, 5806.
(29) Baba, E.; Cundari, T. R.; Firkin, I. Inorg. Chim. Acta 2005, 358.
(30) Mungur, S. A.; Liddle, S. T.; Wilson, C.; Sarsfield, M. J.; Arnold, P. J.

Chem. Commun. 2004, 2738.
(31) Hu, X. L.; Castro-Rodriguez, I.; Olsen, K.; Meyer, K. Organometallics

2004, 23, 755.
(32) Green, J. C.; Herbert, B. J. Dalton Trans. 2005, 1214.
(33) Clement, N. D.; Cavell, K. J.; Jones, C.; Elsevier, C. J. Angew. Chem., Int.

Ed. 2004, 43, 1277.
(34) McGuiness, D. S.; Cavell, K. J.; Yates, B. F. Chem. Commun. 2001, 355.
(35) Rivera, G.; Crabtree, R. H. J. Mol. Catal. A 2004, 222, 59.
(36) Gründemann, S.; Kovacevic, A.; Albrecht, M.; Faller, J. W.; Crabtree, R.

H. J. Am. Chem. Soc. 2002, 124, 10473.

Table 1. Ratio of 2 to 3 for Various R and A in Eq 1
R A 2 (normal) 3 (abnormal)

a Me Br 91 9
b Me OAc 80 20
c Me OCOAra 70 30
d Me BF4 45 55
e Me PF6 50 50
f Me OCOPh 50 50
g Me SbF6 11 89
h i-Pr Br 84 16
i i-Pr BF4 0 100
j n-Bu BF4 5 95

a O2CAr ) 2,4,6-triisopropylbenzoate.
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R	 A	 2 (normal)	 3 (abnormal)!
Me	 Br	 91	 9	
iPr	 Br	 84	 16	
Me	 BF4	 45	 55	
iPr	 BF4	 0	 100	

(P(1)-Os-P(2) ) 170.98(10)°). The metal coordination sphere
is completed by the hydride ligands (H-H > 1.70 Å) and the
carbon atom C(1) of the NHC ligand, which lies between H(01)
and H(04). The Os-C(1) distance of 2.087(9) Å is about 0.03
Å shorter than the Os-NHC separation in 2, suggesting that
the abstraction of the hydrogen atom from the metal center
increases the π-back-bonding ability of the metal. This is also
supported by the 13C{1H} NMR spectra of 4 and 5, which show
the OsC resonance at about 154 ppm: i.e., shifted about 18 ppm
to lower field with regard to those of 2 and 3.

The abnormal coordination certainly minimizes the steric
hindrance between the isopropyl groups of the phosphines and
the NHC ligands, as can be seen in the structures of 2 and 4. In
agreement with this, in solution, the NHC ligand rotates around
the Os-C bond. Thus, at room temperature, the 1H NMR spectra
contain two hydride resonances at about -10.2 and -10.5 ppm,
which are converted into three signals in a 1:1:2 intensity ratio
(the last one is broad) at about -8.3, -8.5, and -12.2 ppm,
when the rotation is stopped at 203 K (Figure 4).

The replacement of the mesityl substituent by a benzyl group
in the 1-mesityl-3-methylimidazolium cation disminishes the
steric hindrance near the normal carbon atom, increasing the
accessibility of this atom. Thus, in contrast to the case for
the mesitylimidazolium salt, the treatment of a tetrahydrofuran
solution of 1 with 1.0 equiv of 1-benzyl-3-methylimidazolium
tetraphenylborate at 90 °C for 5 h leads to the normal complex
[OsH5(1-benzyl-3-methylimidazol-2-ylidene)(PiPr3)2]BPh4 (6)

(Scheme 2), which is isolated as a white solid in 69% yield.
The normal coordination of the NHC ligand is supported by
the 13C{1H} NMR spectrum, which shows the OsC resonance
at 163.9 ppm, shifted 27.6 ppm to lower field in comparison to
that of 2. In agreement with the X-ray structure of the latter
compound, at 200 K, the high-field region of the 1H NMR
spectrum of 6 shows three resonances in a 1:2:2 intensity ratio
at -6.22, -7.55, and -11.09 ppm. In addition, the spectrum
contains resonances of very low intensity, which may be due
to a small amount of the abnormal isomer (about 7%).

The OsH5 unit shows the same behavior as those of 2 and 3.
In the presence of NaH, complex 6 undergoes the abstraction
of one of the hydrogen atoms bonded to the metal center to
afford the tetrahydride OsH4(1-benzyl-3-methylimidazol-2-
ylidene)(PiPr3)2 (7), related to 4 and 5 but with a normal NHC
ligand. The loss of the proton also appears to increase the
π-back-bonding power of the osmium center. Thus, the OsC
resonance (δ 183.1) in the 13C{1H} NMR spectrum of 7 is
observed shifted 19.2 ppm to lower field with regard to that of
6. In solution the normal NHC ligand of 7 rotates as the
abnormal NHC ligands of 4 and 5. In agreement with this, the
behavior of the 1H NMR spectrum of 7 with the temperature is
similar to those of 4 and 5. At room temperature, one signal is
observed for the four inequivalent hydride ligands (δ, -10.65),
which splits into four resonances at -8.60, -8.80, -12.80 and
-13.25 ppm at 178 K.

Figure 2. Variable-temperature 1H NMR spectra (400 MHz,
CD2Cl2) in the high-field region of [OsH5(1-mesityl-3-methylimi-
dazol-4-ylidene)(PiPr3)2]BPh4 (2).

Figure 3. Molecular diagram of complex 4. Selected bond lengths
(Å) and angles (deg): Os-P(1) ) 2.319(2), Os-P(2) ) 2.321(3),
Os-C(1) ) 2.087(9); P(1)-Os-P(2) ) 170.98(10), P(1)-Os-C(1)
) 91.7(2), P(2)-Os-C(1) ) 94.0(2).

Figure 4. Variable-temperature 1H NMR spectra (400 MHz, C7D8)
in the high-field region of OsH4(1-mesityl-3-ethylimidazol-4-
ylidene)(PiPr3)2 (5).

Scheme 2
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and abnormal ligands are considered σ-donors and poor π-ac-
ceptor groups.1,6 However, NHC complexes of late transition
elements with the metal in a high oxidation state have not been
reported.

The d2 hexahydride complex OsH6(PiPr3)2 (1) has been shown
to activate C-H bonds of organic molecules containing a
heteroatom leading group.15 In this work we prove that, in
agreement with the trend of the hydrogen compounds of
electropositive metals to liberate H2 in contact with fairly acidic
species, this complex is also a basic precursor which promotes
the direct metalation of imidazolium salts, to afford both
abnormal and normal NHC osmium derivatives with the metal
center in a high oxidation state.16

Results and Discussion

Treatment of a tetrahydrofuran solution of 1 with 1.0 equiv
of 1-mesityl-3-methylimidazolium tetraphenylborate at 90 °C
for 5 h leads to the OsH5 derivative [OsH5(1-mesityl-3-
methylimidazol-4-ylidene)(PiPr3)2]BPh4 (2) (Scheme 1), which
is isolated as a white solid in 71% yield. Under the same
conditions, the reaction of 1 with 1-mesityl-3-ethylimidazolium
tetraphenylborate affords [OsH5(1-mesityl-3-ethylimidazol-4-
ylidene)(PiPr3)2]BPh4 (3) in 67% yield.

The structure of complex 2 (Figure 1) proves the abnormal
coordination of the heterocycle, which is bonded to the metal
center through the less sterically encumbered carbon atom C(19).
The Os-C(19) bond length (2.120(4) Å) agrees well with those
found in the first structurally characterized abnormal Os NHC
complex [OsH(η2-H2){κC5,N-[1-(2-pyridylmethyl)-3-methylimi-
dazol-5-ylidene]}(PiPr3)2]BPh4 (2.123(6) Å),17 the scarce normal

NHC osmium complexes reported (2.108(2)–1.993(9) Å),17,18

the NH tautomer of 8-methylquinoline OsCl2(η2-H2){κC-
(HNC8H6Me)}(PiPr3)2 (2.005(6) Å),19 and the NH tautomer of
benzo[h]quinoline OsCl2(η2-H2){κC-[HNbq]}(PiPr3)2 (2.055(11)
Å).20 In agreement with the abnormal nature6 of the metalated
carbons of 2 and 3, their resonances in the 13C{1H} NMR
spectra appear at 136.3 and 137.1 ppm, respectively.

At 100 K, the hydrogen atoms H(01), H(02), H(03), H(04),
and H(05) of 2 were located in the difference Fourier maps and
refined as isotropic atoms together with the remaining non-
hydrogen atoms of the structure. Thus, the coordination
geometry around the osmium atom can be rationalized as being
derived from a distorted dodecahedron, which is defined by two
intersecting orthogonal (89.9(8)°) trapezoidal planes. One of
them contains the atoms P(1), H(05), H(04), and P(2) with a
P(1)-Os-P(2) angle of 151.72(4)°, while the second one
contains the atoms H(01), H(02), H(03), and C(19). The
separation between the hydrogen atoms H(02) and H(03) of
1.25(5) Å is consistent with the presence of an elongated
dihydrogen ligand21 in these OsH5 species. In agreement with
the structure shown in Figure 1 and with the presence of a
dihydrogen in the plane containing the heterocycle, in the high-
field region, the 1H NMR spectra of 2 and 3 at 193 K show
three resonances in a 1:2:2 intensity ratio at about -6.8, -7.6,
and -11.2 ppm (Figure 2).

Treatment of 2 and 3 with NaH in tetrahydrofuran produces
the abstraction of one of the hydrogen atoms bonded to the metal
center instead of the rupture of the normal C-H bond of the
heterocycle. These reactions lead to the species OsH4(1-mesityl-
3-methylimidazol-4-ylidene)(PiPr3)2 (4) and OsH4(1-mesityl-3-
ethylimidazol-4-ylidene)(PiPr3)2 (5), which are isolated as white
solids in 60% and 40% yields, respectively. The X-ray structure
of the methyl derivative 4 (Figure 3) strongly supports the notion
that the abnormal NHC ligands of the starting compounds do
not undergo any change during the deprotonation.

The geometry around the osmium atom can be rationalized
as a distorted pentagonal bipyramid with axial phosphines

(13) Hu, X.; Castro-Rodriguez, I.; Meyer, K. Organometallics 2003,
22, 3016.

(14) Arnold, P. L.; Liddle, S. T. Organometallics 2006, 25, 1485.
(15) (a) Barrio, P.; Castarlenas, R.; Esteruelas, M. A.; Lledós, A.;

Maseras, F.; Oñate, E.; Tomàs, J. Organometallics 2001, 20, 442. (b) Barrio,
P.; Castarlenas, R.; Esteruelas, M. A.; Oñate, E. Organometallics 2001,
20, 2635. (c) Barrio, P.; Esteruelas, M. A.; Oñate, E. Organometallics 2004,
23, 1340. (d) Barrio, P.; Esteruelas, M. A.; Oñate, E. Organometallics 2004,
23, 3627.

(16) We note that the anion [CrH(CO)5]- reacts with 1,3-dimethylimi-
dazolium to give Cr[1,3-dimethylimidazol-2-ylidene](CO)5 and molecular
hydrogen. See: Öfele, K. J. Organomet. Chem. 1968, 12, P42.

(17) Baya, M.; Eguillor, B.; Esteruelas, M. A.; Oliván, M.; Oñate, E.
Organometallics 2007, 26, 6556.

(18) (a) Castarlenas, R.; Esteruelas, M. A.; Oñate, E. Organometallics
2005, 24, 4343. (b) Castarlenas, R.; Esteruelas, M. A.; Oñate, E. Organo-
metallics 2007, 26, 2129. (c) Castarlenas, R.; Esteruelas, M. A.; Oñate, E.
Organometallics 2007, 26, 3082.

(19) Esteruelas, M. A.; Fernández-Alvarez, F. J.; Oñate, E. J. Am. Chem.
Soc. 2006, 128, 13044.
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(21) Barrio, P.; Esteruelas, M. A.; Lledós, A.; Oñate, E.; Tomàs, J.
Organometallics 2004, 23, 3008 and references therein.

Scheme 1

Figure 1. Molecular diagram of the cation of 2. Selected bond
lengths (Å) and angles (deg): Os-P(1) ) 2.3716(10), Os-P(2) )
2.3709(11), Os-C(19) ) 2.120(4), H(02) · · · H(03) ) 1.25(5);
P(1)-Os-P(2) ) 151.72(4), P(1)-Os-C(19) ) 95.92(11),
P(2)-Os-C(19) ) 92.83(12).
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67% (3) abnormal	

69% normal	

Large wingtip groups favor C4-bound carbene.!



C2- vs C4-bound Carbene	 21	
counter anion effect	

L. N. Appelhans, D. Zuccaccia, A. Kovacevic,  A. R. Chianese, J. R. Miecznikowski, !
A. Macchioni, E. Clot, O. Eisenstein, R. H. Crabtree, J. Am. Chem. Soc. 2005, 127, 6299.!

O. Schuster, L. Yang. H. G. Raubenheimer, M. Albrecht, Chem. Rev. 2009, 109, 3445.!

obtained (N path), while changing the counterions along the
series Br, BF4, PF6, SbF6 progressively switches the kinetic
product to the abnormal C5 species (AN path). Such C5 NHCs
are still rare, but several other examples have now been
reported.21-23
Formation of NHCs by C-H oxidative addition was proposed

some years ago,24 but this pathway was only authenticated re-
cently by Peris et al. who observed the oxidative addition pro-
duct directly.25 Previous computational (DFT) work has analyzed
the bonding associated with the NHC-metal interaction.26-32
Few examples have yet been reported on the pathways by which
NHC complexes are formed by reaction of parent imidazolium
salts with metal complexes.25,33,34 We now find that such
calculations have allowed us to understand the anion effect as
a result of the N and AN paths having different mechanisms
with different sensitivities to the nature of the anion.

Results and Discussion
(1) Experimental and Theoretical Studies of the Ion-Pair

Structures. NHCs are attracting attention in organometallic
chemistry,13,14 but improved synthetic routes are sought for
metallating the precursor imidazolium salts. The harsh conditions
of the early work (e.g., BuLi) are not compatible with the
functionality-rich NHCs that are increasingly employed.35 We
therefore attempted metalation via reaction of a metal hydride,
[IrH5(PPh3)2], with the imidazolium salt 1i (R ) i-Pr, A ) BF4;
see Table 1 for the numbering scheme) with the result that the
NHC was obtained, accompanied by loss of H2.36 Instead of

the normal C2 NHC, however, the abnormal C5 isomer was
obtained. The normal isomer could still be obtained if the C4
and C5 positions were blocked, as in the benzimidazolium salts.
For small wingtip groups at N3, such as methyl, a mixture of
normal (2) and abnormal (3) NHCs was seen (Table 1). For
example, the reaction of eq 1 (R )Me, A ) BF4) gave a 45:55
ratio of products 2d and 3d (R ) Me, A ) BF4).

The product ratio is kinetic because the 2/3 ratio is invariant
on subsequent change of the anion. Thermal interconversion of
2 and 3 was never seen even after prolonged reactions times.
For example, the 45:55 mixture from 1d (R ) Me, A ) BF4)
can be converted either to the Br or to the SbF6 salt by ion
exchange. The products retain the 45:55 ratio of the starting
material even on heating (5 h, refluxing thf). The ion present
during the synthesis therefore decides the ratio, not any anion
subsequently introduced.
The abnormal isomer was obtained in pure form by synthesis

with the BF4 salt, followed by recrystallization, and fully
characterized. The normal isomer was obtained in pure form
from the imidazolium salt and [IrH2(Me2CO)2L2]BF4 (see
Experimental Section). The very different spectroscopic char-
acteristics of the two types of NHC, fully discussed previously
by comparison with crystallographically authenticated examples,
allows secure identification even in mixtures.36 In particular,
the adjacent imidazole C4 and C5 aromatic protons of normal
isomer 2d are relatively close in proton NMR chemical shift
(CDCl3), δ 7.44 and 6.31, as expected on the basis of prior
work, while the nonadjacent aromatic protons of abnormal 3d,
C2 and C4, are more separated, δ 8.66 and 4.88, again as
expected. The particularly downfield shift of the C2 proton is
consistent with its acidic character. Also in line with previous
data, the C2 carbene carbon has a lower field 13C NMR chemical
shift, (CHCl3) 169.9 ppm (BF4 salt), than the C5 carbene, 142.0
ppm (BF4 salt).
While complex 2 was not converted to 3 nor vice versa

thermally under neutral conditions, even after anion exchange,
HBF4/CH2Cl2 treatment at room temperature completely con-
verts 3 to 2, so 2 is the thermodynamically more stable product.
This confirms that, although the energies of 2 and 3 may be
close, any abnormal product 3 formed in eq 1 is entirely a kinetic
product. This acid treatment is also a method for obtaining the
normal isomers in pure form.
We looked at the effect on eq 1 of variation of the anion, A,

prompted by computational work, detailed below, that suggested
that the energetics of the system 2/3 are dependent on the anion.
The results of the reaction of eq 1 for a series of anions and
wingtip groups are shown in Table 1. Moving to less strongly
ion-pairing and bulkier counterions along the IP effect series
Br > OAc > BF4 > PF6 > SbF6 progressively switches the
kinetic product from the normal C2 to the abnormal C5 species.
For a fixed anion, the more bulky R group, iPr, leads to the
less hindered abnormal NHC being relatively favored versus
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Table 1. Ratio of 2 to 3 for Various R and A in Eq 1
R A 2 (normal) 3 (abnormal)

a Me Br 91 9
b Me OAc 80 20
c Me OCOAra 70 30
d Me BF4 45 55
e Me PF6 50 50
f Me OCOPh 50 50
g Me SbF6 11 89
h i-Pr Br 84 16
i i-Pr BF4 0 100
j n-Bu BF4 5 95

a O2CAr ) 2,4,6-triisopropylbenzoate.
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obtained (N path), while changing the counterions along the
series Br, BF4, PF6, SbF6 progressively switches the kinetic
product to the abnormal C5 species (AN path). Such C5 NHCs
are still rare, but several other examples have now been
reported.21-23
Formation of NHCs by C-H oxidative addition was proposed

some years ago,24 but this pathway was only authenticated re-
cently by Peris et al. who observed the oxidative addition pro-
duct directly.25 Previous computational (DFT) work has analyzed
the bonding associated with the NHC-metal interaction.26-32
Few examples have yet been reported on the pathways by which
NHC complexes are formed by reaction of parent imidazolium
salts with metal complexes.25,33,34 We now find that such
calculations have allowed us to understand the anion effect as
a result of the N and AN paths having different mechanisms
with different sensitivities to the nature of the anion.

Results and Discussion
(1) Experimental and Theoretical Studies of the Ion-Pair

Structures. NHCs are attracting attention in organometallic
chemistry,13,14 but improved synthetic routes are sought for
metallating the precursor imidazolium salts. The harsh conditions
of the early work (e.g., BuLi) are not compatible with the
functionality-rich NHCs that are increasingly employed.35 We
therefore attempted metalation via reaction of a metal hydride,
[IrH5(PPh3)2], with the imidazolium salt 1i (R ) i-Pr, A ) BF4;
see Table 1 for the numbering scheme) with the result that the
NHC was obtained, accompanied by loss of H2.36 Instead of

the normal C2 NHC, however, the abnormal C5 isomer was
obtained. The normal isomer could still be obtained if the C4
and C5 positions were blocked, as in the benzimidazolium salts.
For small wingtip groups at N3, such as methyl, a mixture of
normal (2) and abnormal (3) NHCs was seen (Table 1). For
example, the reaction of eq 1 (R )Me, A ) BF4) gave a 45:55
ratio of products 2d and 3d (R ) Me, A ) BF4).

The product ratio is kinetic because the 2/3 ratio is invariant
on subsequent change of the anion. Thermal interconversion of
2 and 3 was never seen even after prolonged reactions times.
For example, the 45:55 mixture from 1d (R ) Me, A ) BF4)
can be converted either to the Br or to the SbF6 salt by ion
exchange. The products retain the 45:55 ratio of the starting
material even on heating (5 h, refluxing thf). The ion present
during the synthesis therefore decides the ratio, not any anion
subsequently introduced.
The abnormal isomer was obtained in pure form by synthesis

with the BF4 salt, followed by recrystallization, and fully
characterized. The normal isomer was obtained in pure form
from the imidazolium salt and [IrH2(Me2CO)2L2]BF4 (see
Experimental Section). The very different spectroscopic char-
acteristics of the two types of NHC, fully discussed previously
by comparison with crystallographically authenticated examples,
allows secure identification even in mixtures.36 In particular,
the adjacent imidazole C4 and C5 aromatic protons of normal
isomer 2d are relatively close in proton NMR chemical shift
(CDCl3), δ 7.44 and 6.31, as expected on the basis of prior
work, while the nonadjacent aromatic protons of abnormal 3d,
C2 and C4, are more separated, δ 8.66 and 4.88, again as
expected. The particularly downfield shift of the C2 proton is
consistent with its acidic character. Also in line with previous
data, the C2 carbene carbon has a lower field 13C NMR chemical
shift, (CHCl3) 169.9 ppm (BF4 salt), than the C5 carbene, 142.0
ppm (BF4 salt).
While complex 2 was not converted to 3 nor vice versa

thermally under neutral conditions, even after anion exchange,
HBF4/CH2Cl2 treatment at room temperature completely con-
verts 3 to 2, so 2 is the thermodynamically more stable product.
This confirms that, although the energies of 2 and 3 may be
close, any abnormal product 3 formed in eq 1 is entirely a kinetic
product. This acid treatment is also a method for obtaining the
normal isomers in pure form.
We looked at the effect on eq 1 of variation of the anion, A,

prompted by computational work, detailed below, that suggested
that the energetics of the system 2/3 are dependent on the anion.
The results of the reaction of eq 1 for a series of anions and
wingtip groups are shown in Table 1. Moving to less strongly
ion-pairing and bulkier counterions along the IP effect series
Br > OAc > BF4 > PF6 > SbF6 progressively switches the
kinetic product from the normal C2 to the abnormal C5 species.
For a fixed anion, the more bulky R group, iPr, leads to the
less hindered abnormal NHC being relatively favored versus
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obtained (N path), while changing the counterions along the
series Br, BF4, PF6, SbF6 progressively switches the kinetic
product to the abnormal C5 species (AN path). Such C5 NHCs
are still rare, but several other examples have now been
reported.21-23
Formation of NHCs by C-H oxidative addition was proposed

some years ago,24 but this pathway was only authenticated re-
cently by Peris et al. who observed the oxidative addition pro-
duct directly.25 Previous computational (DFT) work has analyzed
the bonding associated with the NHC-metal interaction.26-32
Few examples have yet been reported on the pathways by which
NHC complexes are formed by reaction of parent imidazolium
salts with metal complexes.25,33,34 We now find that such
calculations have allowed us to understand the anion effect as
a result of the N and AN paths having different mechanisms
with different sensitivities to the nature of the anion.

Results and Discussion
(1) Experimental and Theoretical Studies of the Ion-Pair

Structures. NHCs are attracting attention in organometallic
chemistry,13,14 but improved synthetic routes are sought for
metallating the precursor imidazolium salts. The harsh conditions
of the early work (e.g., BuLi) are not compatible with the
functionality-rich NHCs that are increasingly employed.35 We
therefore attempted metalation via reaction of a metal hydride,
[IrH5(PPh3)2], with the imidazolium salt 1i (R ) i-Pr, A ) BF4;
see Table 1 for the numbering scheme) with the result that the
NHC was obtained, accompanied by loss of H2.36 Instead of

the normal C2 NHC, however, the abnormal C5 isomer was
obtained. The normal isomer could still be obtained if the C4
and C5 positions were blocked, as in the benzimidazolium salts.
For small wingtip groups at N3, such as methyl, a mixture of
normal (2) and abnormal (3) NHCs was seen (Table 1). For
example, the reaction of eq 1 (R )Me, A ) BF4) gave a 45:55
ratio of products 2d and 3d (R ) Me, A ) BF4).

The product ratio is kinetic because the 2/3 ratio is invariant
on subsequent change of the anion. Thermal interconversion of
2 and 3 was never seen even after prolonged reactions times.
For example, the 45:55 mixture from 1d (R ) Me, A ) BF4)
can be converted either to the Br or to the SbF6 salt by ion
exchange. The products retain the 45:55 ratio of the starting
material even on heating (5 h, refluxing thf). The ion present
during the synthesis therefore decides the ratio, not any anion
subsequently introduced.
The abnormal isomer was obtained in pure form by synthesis

with the BF4 salt, followed by recrystallization, and fully
characterized. The normal isomer was obtained in pure form
from the imidazolium salt and [IrH2(Me2CO)2L2]BF4 (see
Experimental Section). The very different spectroscopic char-
acteristics of the two types of NHC, fully discussed previously
by comparison with crystallographically authenticated examples,
allows secure identification even in mixtures.36 In particular,
the adjacent imidazole C4 and C5 aromatic protons of normal
isomer 2d are relatively close in proton NMR chemical shift
(CDCl3), δ 7.44 and 6.31, as expected on the basis of prior
work, while the nonadjacent aromatic protons of abnormal 3d,
C2 and C4, are more separated, δ 8.66 and 4.88, again as
expected. The particularly downfield shift of the C2 proton is
consistent with its acidic character. Also in line with previous
data, the C2 carbene carbon has a lower field 13C NMR chemical
shift, (CHCl3) 169.9 ppm (BF4 salt), than the C5 carbene, 142.0
ppm (BF4 salt).
While complex 2 was not converted to 3 nor vice versa

thermally under neutral conditions, even after anion exchange,
HBF4/CH2Cl2 treatment at room temperature completely con-
verts 3 to 2, so 2 is the thermodynamically more stable product.
This confirms that, although the energies of 2 and 3 may be
close, any abnormal product 3 formed in eq 1 is entirely a kinetic
product. This acid treatment is also a method for obtaining the
normal isomers in pure form.
We looked at the effect on eq 1 of variation of the anion, A,

prompted by computational work, detailed below, that suggested
that the energetics of the system 2/3 are dependent on the anion.
The results of the reaction of eq 1 for a series of anions and
wingtip groups are shown in Table 1. Moving to less strongly
ion-pairing and bulkier counterions along the IP effect series
Br > OAc > BF4 > PF6 > SbF6 progressively switches the
kinetic product from the normal C2 to the abnormal C5 species.
For a fixed anion, the more bulky R group, iPr, leads to the
less hindered abnormal NHC being relatively favored versus
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obtained (N path), while changing the counterions along the
series Br, BF4, PF6, SbF6 progressively switches the kinetic
product to the abnormal C5 species (AN path). Such C5 NHCs
are still rare, but several other examples have now been
reported.21-23
Formation of NHCs by C-H oxidative addition was proposed

some years ago,24 but this pathway was only authenticated re-
cently by Peris et al. who observed the oxidative addition pro-
duct directly.25 Previous computational (DFT) work has analyzed
the bonding associated with the NHC-metal interaction.26-32
Few examples have yet been reported on the pathways by which
NHC complexes are formed by reaction of parent imidazolium
salts with metal complexes.25,33,34 We now find that such
calculations have allowed us to understand the anion effect as
a result of the N and AN paths having different mechanisms
with different sensitivities to the nature of the anion.

Results and Discussion
(1) Experimental and Theoretical Studies of the Ion-Pair

Structures. NHCs are attracting attention in organometallic
chemistry,13,14 but improved synthetic routes are sought for
metallating the precursor imidazolium salts. The harsh conditions
of the early work (e.g., BuLi) are not compatible with the
functionality-rich NHCs that are increasingly employed.35 We
therefore attempted metalation via reaction of a metal hydride,
[IrH5(PPh3)2], with the imidazolium salt 1i (R ) i-Pr, A ) BF4;
see Table 1 for the numbering scheme) with the result that the
NHC was obtained, accompanied by loss of H2.36 Instead of

the normal C2 NHC, however, the abnormal C5 isomer was
obtained. The normal isomer could still be obtained if the C4
and C5 positions were blocked, as in the benzimidazolium salts.
For small wingtip groups at N3, such as methyl, a mixture of
normal (2) and abnormal (3) NHCs was seen (Table 1). For
example, the reaction of eq 1 (R )Me, A ) BF4) gave a 45:55
ratio of products 2d and 3d (R ) Me, A ) BF4).

The product ratio is kinetic because the 2/3 ratio is invariant
on subsequent change of the anion. Thermal interconversion of
2 and 3 was never seen even after prolonged reactions times.
For example, the 45:55 mixture from 1d (R ) Me, A ) BF4)
can be converted either to the Br or to the SbF6 salt by ion
exchange. The products retain the 45:55 ratio of the starting
material even on heating (5 h, refluxing thf). The ion present
during the synthesis therefore decides the ratio, not any anion
subsequently introduced.
The abnormal isomer was obtained in pure form by synthesis

with the BF4 salt, followed by recrystallization, and fully
characterized. The normal isomer was obtained in pure form
from the imidazolium salt and [IrH2(Me2CO)2L2]BF4 (see
Experimental Section). The very different spectroscopic char-
acteristics of the two types of NHC, fully discussed previously
by comparison with crystallographically authenticated examples,
allows secure identification even in mixtures.36 In particular,
the adjacent imidazole C4 and C5 aromatic protons of normal
isomer 2d are relatively close in proton NMR chemical shift
(CDCl3), δ 7.44 and 6.31, as expected on the basis of prior
work, while the nonadjacent aromatic protons of abnormal 3d,
C2 and C4, are more separated, δ 8.66 and 4.88, again as
expected. The particularly downfield shift of the C2 proton is
consistent with its acidic character. Also in line with previous
data, the C2 carbene carbon has a lower field 13C NMR chemical
shift, (CHCl3) 169.9 ppm (BF4 salt), than the C5 carbene, 142.0
ppm (BF4 salt).
While complex 2 was not converted to 3 nor vice versa

thermally under neutral conditions, even after anion exchange,
HBF4/CH2Cl2 treatment at room temperature completely con-
verts 3 to 2, so 2 is the thermodynamically more stable product.
This confirms that, although the energies of 2 and 3 may be
close, any abnormal product 3 formed in eq 1 is entirely a kinetic
product. This acid treatment is also a method for obtaining the
normal isomers in pure form.
We looked at the effect on eq 1 of variation of the anion, A,

prompted by computational work, detailed below, that suggested
that the energetics of the system 2/3 are dependent on the anion.
The results of the reaction of eq 1 for a series of anions and
wingtip groups are shown in Table 1. Moving to less strongly
ion-pairing and bulkier counterions along the IP effect series
Br > OAc > BF4 > PF6 > SbF6 progressively switches the
kinetic product from the normal C2 to the abnormal C5 species.
For a fixed anion, the more bulky R group, iPr, leads to the
less hindered abnormal NHC being relatively favored versus
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f Me OCOPh 50 50
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A	 δ(H) (ppm)	
Br	 9.71	

BF4	 8.66	
PF6	 8.44	

SbF6	 8.38	

the R ) Me case (Table 1, entries a vs h, and d vs i,
respectively). The magnitude of the effects seen here goes
beyond the modest ones usual in organometallic chemistry,
although larger anion effects have come to light more recently.37
When equimolar quantities of the bromide (1a) and SbF6 (1g)
salts were employed, a 55:45 ratio of normal:abnormal resulted
(R )Me). This suggests that each ion-pair reacts independently
at similar rates.
The anion hydrogen bonded as C-H‚‚‚A to the C2 position

of the imidazolium reactant 1 might have been expected to
sterically block reaction at that site. In the series Br > OAc >
BF4 > PF6 > SbF6, the steric and electronic factors reinforce
each other: SbF6 is both bulkier and less strongly ion-pairing
than Br. Steric effects do operate in this system. If the methyl
wingtip group is replaced by iPr, the abnormal product is
obtained with the weakly coordinating anion BF4 (Table 1, entry
i), an anion that previously gave 45:55 mixtures (Table 1, entry
d). The larger iPr group causes the reaction to favor the less
hindered abnormal NHC. Only with Br is the normal compound
seen, and then only in an 84:16 ratio (Table 1, entry h). The
results for the three carboxylates (b, c, and f), particularly the
contrast between PhCO2 and the bulky ArCO2, suggest that we
have a combination of steric and electronic effects in this case.
NMR Studies of the Imidazolium Ion-Pair Solution

Structure. The starting imidazolium salt has an ion-pair
structure (see 1) in which the anion is hydrogen bonded to the
C2 proton, consistent with the present computational data (vide
infra) and with literature expectations.38 This is perhaps most
easily shown by the sensitivity of the proton NMR shift of
C2-H to the nature of the anion. For example, for the model
imidazolium salt 4, the resonance shifts (CDCl3) are as
follows: A ) Br, δ 10.45; BF4, 9.85; PF6, 8.79; SbF6, 8.50.
The same interaction is detected in the abnormal carbene 3,
where the acidic CH is directed away from the metal. The range
of shifts seen is very similar: A ) Br, δ 9.71 (3a); BF4, 8.66
(3d); PF6, 8.44 (3e); SbF6, 8.38 (3g). Bromide can readily
replace SbF6 (or BF4) as ion-pairing partner in 4, as shown by
the change in chemical shift of the C2-H proton from that of
the SbF6 salt to that of the Br salt on addition of NBu4Br in
CDCl3. The titration curve suggests Keq is 1.6 in favor of Br.
Similar ion-pairing effects in imidazolium salts have been
reported.38

19F,1H-HOESY NMR spectra of 1i (R ) i-Pr and A ) BF4)
and 5 (R ) i-Pr and A ) BF4) pyridyl-imidazolium salts
recorded in CD2Cl2 show strong dipolar interactions between
the anion 19F and cation 2, 13, 12, CH2 (in the case of 1i), and
11 1H nuclei (Figure S1 in Supporting Information). This
indicates that the pyridine nitrogen is predominantly oriented

in pseudo-trans position with respect to the anion. This apparent
predisposition toward the formation of the abnormal carbene is
not, however, the key factor (vide infra). The same prevalent
orientation is observed in THF-d8 for 1i (R ) i-Pr and A )
BF4) as that of the solvent used in the syntheses (Figure 1, left).
A confirmation of the preferred orientation of the pyridine ring
comes from the observation of 11/2 NOE intensity that is about
3 times that of 11/5 in the 1H-NOESY NMR spectrum recorded
for 5 (R ) i-Pr and A ) BF4) in CD2Cl2 (Figure S2 in
Supporting Information). The anion has a key role in determin-
ing the relative orientation of the pyridine to the imidazolium:
in CD3NO2, where PGSE (pulsed field gradient spin-echo)39,40
NMR experiments suggest the prevalence of free ions (Table
S1 in Supporting Information), the intensities of the 11/2-11/5
NOEs almost invert (Figure S3 in Supporting Information), so
there is now an apparent predisposition toward normal carbene.
NMR Studies of the Iridium Ion-Pair Solution Structure.

The ion-pair structure of complexes 2i, 2j, 3i, and 3j was
investigated in CD2Cl2 and THF-d8 solution, where PGSE
measurements show that the complexes are mainly present as
intimate ion-pairs (Table S1 in Supporting Information). The
greater solubility of the n-Bu and i-Pr analogues led to the choice
of these derivatives for this part of the study. Dipolar interactions
between anion 19F and cation 1H nuclei are detected in the
19F,1H-HOESY spectra. As shown from the NMR data in Figure
1 (right) obtained in exactly the same conditions as the synthesis,
the F nuclei of the counteranion of complexes 3i interact with
2, 12, 6, 14, m, and, likely, o (overlapped with 12) protons. No
contact is observed with the two hydrides. The same interactions
are also observed for both abnormal and normal complexes in
CD2Cl2 (Figure S4 in Supporting Information). A response was
also detected at the R position of the n-Bu wingtip group only
in the abnormal case, where the R group projects into the region
where the anion binds. A more detailed discussion of this NMR
experiment is available for a closely related complex.5

Ion-Pair Structure-Computational. From the NMR studies
on the products, the anion is essentially located in the vicinity
of the most protonic C-H bond: C2-H for the abnormal and
C5-H for the normal isomer. However, IP contacts were also
seen with the protons of the methylene linker and with H12 on
the pyridine ring. To better characterize the network of H-bonds
operating in these systems, ONIOM (B3PW91/UFF) calculations
were carried out. In the system chosen, the wingtip group is iPr
treated at the MM level (UFF) together with the phenyl groups
on PPh3, whereas the rest of the molecule, including the anion,
is treated at the DFT (B3PW91) level. The anions considered
are BF4, Br, and OAc, and Figure 2 shows the optimized
geometries for the normal (N) and abnormal (AN) carbenes,
respectively. Selected geometrical parameters are given in Table
2.
In the absence of anion, the geometries of the normal (N)

and abnormal (AN) isomers are very similar. The only

(37) Smidt, S. P.; Zimmermann, N.; Studer, M.; Pfaltz, A. Chem.-Eur. J. 2004,
10, 4685.

(38) Cowan, J. A.; Clyburne, J. A. C.; Davidson, M. G.; Harris, R. L. W.;
Howard, J. A. K.; Küpper, P.; Leech, M. A.; Richards, S. P. Angew. Chem.,
Int. Ed. 2002, 41, 1432.

(39) (a) Hahn, E. L. Phys. ReV. 1950, 80, 580. (b) Stejskal, E. O.; Tanner, J. E.
J. Chem. Phys. 1965, 42, 288. (c) Stilbs, P. Prog. Nucl. Magn. Reson.
Spectrosc. 1987, 19, 1. (d) Price, W. S. Concepts Magn. Reson. 1997, 9,
299. (e) Price, W. S. Concepts Magn. Reson. 1998, 10, 197. (f) Johnson,
C. S., Jr. Prog. Nucl. Magn. Reson. Spectrosc. 1999, 34, 203.

(40) For reviews on applications to organometallic chemistry, see: (a) Valentini,
M.; Rüegger, H.; Pregosin, P. S. HelV. Chim. Acta 2001, 84, 2833. (b)
Binotti, B.; Macchioni, A.; Zuccaccia, C.; Zuccaccia, D. Comments Inorg.
Chem. 2002, 23, 417. (c) Pregosin, P. S.; Martinez-Viviente, E.; Kumar,
P. G. A. Dalton Trans. 2003, 4007.
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pKa = 33

anion	 2!
E (kcal/mol)	

3!
E (kcal/mol)	

none	 0	 10.1	
Br	 0	   3.8	

OAc	 0	   0.9	
BF4	 0	   1.6	

imidazolium 1 ion-pair solution structure! ion-pair energetics!
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obtained (N path), while changing the counterions along the
series Br, BF4, PF6, SbF6 progressively switches the kinetic
product to the abnormal C5 species (AN path). Such C5 NHCs
are still rare, but several other examples have now been
reported.21-23
Formation of NHCs by C-H oxidative addition was proposed

some years ago,24 but this pathway was only authenticated re-
cently by Peris et al. who observed the oxidative addition pro-
duct directly.25 Previous computational (DFT) work has analyzed
the bonding associated with the NHC-metal interaction.26-32
Few examples have yet been reported on the pathways by which
NHC complexes are formed by reaction of parent imidazolium
salts with metal complexes.25,33,34 We now find that such
calculations have allowed us to understand the anion effect as
a result of the N and AN paths having different mechanisms
with different sensitivities to the nature of the anion.

Results and Discussion
(1) Experimental and Theoretical Studies of the Ion-Pair

Structures. NHCs are attracting attention in organometallic
chemistry,13,14 but improved synthetic routes are sought for
metallating the precursor imidazolium salts. The harsh conditions
of the early work (e.g., BuLi) are not compatible with the
functionality-rich NHCs that are increasingly employed.35 We
therefore attempted metalation via reaction of a metal hydride,
[IrH5(PPh3)2], with the imidazolium salt 1i (R ) i-Pr, A ) BF4;
see Table 1 for the numbering scheme) with the result that the
NHC was obtained, accompanied by loss of H2.36 Instead of

the normal C2 NHC, however, the abnormal C5 isomer was
obtained. The normal isomer could still be obtained if the C4
and C5 positions were blocked, as in the benzimidazolium salts.
For small wingtip groups at N3, such as methyl, a mixture of
normal (2) and abnormal (3) NHCs was seen (Table 1). For
example, the reaction of eq 1 (R )Me, A ) BF4) gave a 45:55
ratio of products 2d and 3d (R ) Me, A ) BF4).

The product ratio is kinetic because the 2/3 ratio is invariant
on subsequent change of the anion. Thermal interconversion of
2 and 3 was never seen even after prolonged reactions times.
For example, the 45:55 mixture from 1d (R ) Me, A ) BF4)
can be converted either to the Br or to the SbF6 salt by ion
exchange. The products retain the 45:55 ratio of the starting
material even on heating (5 h, refluxing thf). The ion present
during the synthesis therefore decides the ratio, not any anion
subsequently introduced.
The abnormal isomer was obtained in pure form by synthesis

with the BF4 salt, followed by recrystallization, and fully
characterized. The normal isomer was obtained in pure form
from the imidazolium salt and [IrH2(Me2CO)2L2]BF4 (see
Experimental Section). The very different spectroscopic char-
acteristics of the two types of NHC, fully discussed previously
by comparison with crystallographically authenticated examples,
allows secure identification even in mixtures.36 In particular,
the adjacent imidazole C4 and C5 aromatic protons of normal
isomer 2d are relatively close in proton NMR chemical shift
(CDCl3), δ 7.44 and 6.31, as expected on the basis of prior
work, while the nonadjacent aromatic protons of abnormal 3d,
C2 and C4, are more separated, δ 8.66 and 4.88, again as
expected. The particularly downfield shift of the C2 proton is
consistent with its acidic character. Also in line with previous
data, the C2 carbene carbon has a lower field 13C NMR chemical
shift, (CHCl3) 169.9 ppm (BF4 salt), than the C5 carbene, 142.0
ppm (BF4 salt).
While complex 2 was not converted to 3 nor vice versa

thermally under neutral conditions, even after anion exchange,
HBF4/CH2Cl2 treatment at room temperature completely con-
verts 3 to 2, so 2 is the thermodynamically more stable product.
This confirms that, although the energies of 2 and 3 may be
close, any abnormal product 3 formed in eq 1 is entirely a kinetic
product. This acid treatment is also a method for obtaining the
normal isomers in pure form.
We looked at the effect on eq 1 of variation of the anion, A,

prompted by computational work, detailed below, that suggested
that the energetics of the system 2/3 are dependent on the anion.
The results of the reaction of eq 1 for a series of anions and
wingtip groups are shown in Table 1. Moving to less strongly
ion-pairing and bulkier counterions along the IP effect series
Br > OAc > BF4 > PF6 > SbF6 progressively switches the
kinetic product from the normal C2 to the abnormal C5 species.
For a fixed anion, the more bulky R group, iPr, leads to the
less hindered abnormal NHC being relatively favored versus

(21) Lebel, H.; Janes, M. K.; Charette, A. B.; Nolan, S. P. J. Am. Chem. Soc.
2004, 126, 5046.

(22) Danopoulos, A. A.; Tsoureas, N.; Wright, J. A.; Light, M. E. Organome-
tallics 2004, 23, 166.

(23) Hu, X.; Castro-Rodriguez, I.; Meyer, K. Organometallics 2003, 22, 3016.
(24) (a) McGuinness, D. S.; Cavell, K. J.; Yates, B. F.; Skelton, B. W.; White,

A. H. J. Am. Chem. Soc. 2001, 123, 8317. (b) McGuinness, D. S.; Saendig,
N.; Yates, B. F.; Cavell, K. J. J. Am. Chem. Soc. 2001, 123, 4029. (c)
Gründemann, S.; Albrecht, M.; Kovacevic, A.; Faller, J. W.; Crabtree, R.
H. Dalton Trans. 2002, 2163.

(25) Viciano, M.; Mas-Marza, E.; Poyatos, M.; Sanau, M.; Crabtree, R. H.; Peris,
E. Angew. Chem., Int. Ed. 2005, 44, 444.

(26) Frenking, G.; Frohlich, N. Chem. ReV. 2000, 100, 717.
(27) Dorta, R.; Stevens, E. D.; Scott, N. M.; Costabile, C.; Cavallo, L.; Hoff,

C. D.; Nolan, S. P. J. Am. Chem. Soc. 2005, 127, 2485.
(28) Perrin, L.; Clot, E.; Eisenstein, O.; Loch, J.; Crabtree, R. H. Inorg. Chem.

2001, 40, 5806.
(29) Baba, E.; Cundari, T. R.; Firkin, I. Inorg. Chim. Acta 2005, 358.
(30) Mungur, S. A.; Liddle, S. T.; Wilson, C.; Sarsfield, M. J.; Arnold, P. J.

Chem. Commun. 2004, 2738.
(31) Hu, X. L.; Castro-Rodriguez, I.; Olsen, K.; Meyer, K. Organometallics

2004, 23, 755.
(32) Green, J. C.; Herbert, B. J. Dalton Trans. 2005, 1214.
(33) Clement, N. D.; Cavell, K. J.; Jones, C.; Elsevier, C. J. Angew. Chem., Int.

Ed. 2004, 43, 1277.
(34) McGuiness, D. S.; Cavell, K. J.; Yates, B. F. Chem. Commun. 2001, 355.
(35) Rivera, G.; Crabtree, R. H. J. Mol. Catal. A 2004, 222, 59.
(36) Gründemann, S.; Kovacevic, A.; Albrecht, M.; Faller, J. W.; Crabtree, R.

H. J. Am. Chem. Soc. 2002, 124, 10473.

Table 1. Ratio of 2 to 3 for Various R and A in Eq 1
R A 2 (normal) 3 (abnormal)

a Me Br 91 9
b Me OAc 80 20
c Me OCOAra 70 30
d Me BF4 45 55
e Me PF6 50 50
f Me OCOPh 50 50
g Me SbF6 11 89
h i-Pr Br 84 16
i i-Pr BF4 0 100
j n-Bu BF4 5 95

a O2CAr ) 2,4,6-triisopropylbenzoate.
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adopt an intermediate geometry with long Br‚‚‚H contacts,
automatically giving a shorter contact with the linker CH2
protons (Table 2). The C5-H elongation is slightly greater than
that with BF4 (1.085 Å, N-Br; 1.082 Å, N-BF4), showing that,
despite its remote position, Br is a better H-bond acceptor.
The greater acidity of C2-H in AN results in a shortening

of the contact with the C2-H proton (2.422 Å) and a
lengthening of that with the pyridine (3.059 Å). The C2-H bond

is significantly elongated (1.097 vs 1.085 Å) as a result of
stronger H-bonding. As observed with BF4, the counteranion
shifts closer to the imidazolium ion no doubt to enhance the
preferred H-bonding interaction (Ir-C2‚‚‚Br ) 121.5°, N-Br;
Ir-C5‚‚‚Br ) 124.5°, AN-Br). However, the Br anion still
interacts with multiple Hs, not just with C2-H in a linear C2-
H‚‚‚Br hydrogen bond.
Moving to a chelating anion, acetate CH3COO (OAc), allows

interaction with a greater number of H atoms. In the normal
isomer N-OAc, the very short contact with H-C5 (1.842 Å)
indicates formation of a strong hydrogen bond. The C5-H bond
is significantly more elongated (1.106 Å) than in the case of
BF4 (1.082 Å) or Br (1.085 Å). Also, the O‚‚‚H-C5 atoms are
almost collinear (170°) as expected for a classical hydrogen
bond. Nevertheless, the chelating ability of OAc means that the
formation of this strong H-bond is not made at the expense of
the interaction with the equally acidic pyridine proton and the
contact with pyridine is also the shortest among the series of
normal isomers (2.109 Å, N-BF4; 2.740 Å, N-Br; 2.019 Å,
N-OAc).
In the abnormal isomer AN-OAc, the more acidic H-C2

center attracts the OAc so that the O‚‚‚H-C2 contact is very
short (1.659 Å) and the elongation of the H-C2 bond is very
large (1.135 Å). In this case, almost perfect linearity is achieved
(172.3°) as expected for a strong H-bond. A contact with the
pyridine ring is still possible via the second oxygen atom with
comparable distances (2.147 Å, AN-BF4; 2.170 Å, AN-OAc).
This argument means that the intrinsic basicity of the anion

is not the sole factor. The NMR data on 4 clearly demonstrate
that Br is a better H-bond acceptor for H-C2 than BF4, but in
this system there was no competition with other protons of
similar acidity (the butyl hydrogens are not so acidic). Therefore,
the sole possibility is for the anion to engage in a hydrogen
bond with the sole acidic proton, H-C2. For the pyridine-
substituted ligand, the situation is more complex and the
presence of the acidic pyridine protons allows for several
H-bonding interactions with formation of a network of hydrogen
bonds that can only be fully exploited by anions with several
H-bonding sites (BF4, OAc). Depending upon the IP architec-
ture, this possibility for extra stabilization in chelating anions
can lead to an inversion in the expected IP stabilization along
a series versus that expected from anion basicity.
Ion-Pair Energetics-Computational. ONIOM(B3PW91/

UFF) calculations show that the thermodynamic preference is
always for the normal carbene isomer. The free normal NHC
1-N proved to be 14.5 kcal mol-1 more stable than the abnormal
isomer 1-AN. Coordination to the Ir fragment reduced the
difference to 10.1 kcal mol-1, no doubt because the abnormal
isomer is a stronger σ-donor as shown experimentally by
reduced ν(CO) frequencies.42 In full agreement with the creation
of the network of H-bonding interactions discussed above,
introduction of the anion causes a much larger reduction to 3.8
kcal mol-1 for Br, 1.6 kcal mol-1 for BF4, and 0.9 kcal mol-1
for acetate (Table 3). The values reflect the efficiency with
which the anion can interact with the full set of protons available
in the imidazolium and pyridine rings as described previously.
Thus, the nonchelating anion (Br) affords less extra stabilization
for the abnormal isomer when compared to the strongly
chelating H-bond acceptor, acetate. Modeling the CH2Cl2 solvent
(CPCM continuum model) slightly increases the preference for

Figure 2. Optimized QM/MM geometries for normal (N) and abnormal
(AN) carbene complexes in their ion-pairs with BF4 (N-BF4 and AN-BF4),
Br (N-Br and AN-Br), and OAc (N-OAc and AN-OAc). For clarity, only
the ipso PPh3 carbons are shown.
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adopt an intermediate geometry with long Br‚‚‚H contacts,
automatically giving a shorter contact with the linker CH2
protons (Table 2). The C5-H elongation is slightly greater than
that with BF4 (1.085 Å, N-Br; 1.082 Å, N-BF4), showing that,
despite its remote position, Br is a better H-bond acceptor.
The greater acidity of C2-H in AN results in a shortening

of the contact with the C2-H proton (2.422 Å) and a
lengthening of that with the pyridine (3.059 Å). The C2-H bond

is significantly elongated (1.097 vs 1.085 Å) as a result of
stronger H-bonding. As observed with BF4, the counteranion
shifts closer to the imidazolium ion no doubt to enhance the
preferred H-bonding interaction (Ir-C2‚‚‚Br ) 121.5°, N-Br;
Ir-C5‚‚‚Br ) 124.5°, AN-Br). However, the Br anion still
interacts with multiple Hs, not just with C2-H in a linear C2-
H‚‚‚Br hydrogen bond.
Moving to a chelating anion, acetate CH3COO (OAc), allows

interaction with a greater number of H atoms. In the normal
isomer N-OAc, the very short contact with H-C5 (1.842 Å)
indicates formation of a strong hydrogen bond. The C5-H bond
is significantly more elongated (1.106 Å) than in the case of
BF4 (1.082 Å) or Br (1.085 Å). Also, the O‚‚‚H-C5 atoms are
almost collinear (170°) as expected for a classical hydrogen
bond. Nevertheless, the chelating ability of OAc means that the
formation of this strong H-bond is not made at the expense of
the interaction with the equally acidic pyridine proton and the
contact with pyridine is also the shortest among the series of
normal isomers (2.109 Å, N-BF4; 2.740 Å, N-Br; 2.019 Å,
N-OAc).
In the abnormal isomer AN-OAc, the more acidic H-C2

center attracts the OAc so that the O‚‚‚H-C2 contact is very
short (1.659 Å) and the elongation of the H-C2 bond is very
large (1.135 Å). In this case, almost perfect linearity is achieved
(172.3°) as expected for a strong H-bond. A contact with the
pyridine ring is still possible via the second oxygen atom with
comparable distances (2.147 Å, AN-BF4; 2.170 Å, AN-OAc).
This argument means that the intrinsic basicity of the anion

is not the sole factor. The NMR data on 4 clearly demonstrate
that Br is a better H-bond acceptor for H-C2 than BF4, but in
this system there was no competition with other protons of
similar acidity (the butyl hydrogens are not so acidic). Therefore,
the sole possibility is for the anion to engage in a hydrogen
bond with the sole acidic proton, H-C2. For the pyridine-
substituted ligand, the situation is more complex and the
presence of the acidic pyridine protons allows for several
H-bonding interactions with formation of a network of hydrogen
bonds that can only be fully exploited by anions with several
H-bonding sites (BF4, OAc). Depending upon the IP architec-
ture, this possibility for extra stabilization in chelating anions
can lead to an inversion in the expected IP stabilization along
a series versus that expected from anion basicity.
Ion-Pair Energetics-Computational. ONIOM(B3PW91/

UFF) calculations show that the thermodynamic preference is
always for the normal carbene isomer. The free normal NHC
1-N proved to be 14.5 kcal mol-1 more stable than the abnormal
isomer 1-AN. Coordination to the Ir fragment reduced the
difference to 10.1 kcal mol-1, no doubt because the abnormal
isomer is a stronger σ-donor as shown experimentally by
reduced ν(CO) frequencies.42 In full agreement with the creation
of the network of H-bonding interactions discussed above,
introduction of the anion causes a much larger reduction to 3.8
kcal mol-1 for Br, 1.6 kcal mol-1 for BF4, and 0.9 kcal mol-1
for acetate (Table 3). The values reflect the efficiency with
which the anion can interact with the full set of protons available
in the imidazolium and pyridine rings as described previously.
Thus, the nonchelating anion (Br) affords less extra stabilization
for the abnormal isomer when compared to the strongly
chelating H-bond acceptor, acetate. Modeling the CH2Cl2 solvent
(CPCM continuum model) slightly increases the preference for

Figure 2. Optimized QM/MM geometries for normal (N) and abnormal
(AN) carbene complexes in their ion-pairs with BF4 (N-BF4 and AN-BF4),
Br (N-Br and AN-Br), and OAc (N-OAc and AN-OAc). For clarity, only
the ipso PPh3 carbons are shown.
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free 2 (R = iPr)	 free 3 (R = iPr)	

BF4-2 (R = iPr)	 BF4-3 (R = iPr)	

free 2	 BF4-2	 free 3	 BF4-3	
Ir-Hc (Å)! 1.600	 1.608	 1.623	 1.630	

Ir-C2	 2.115	 2.114	 -	 -	
Ir-C5	 -	 -	 2.098	 2.107	
C2-H	 -	 -	 1.079	 1.092	
C5-H	 1.079	 1.082	 -	 -	

aNHC vs NHC!
▶ the higher electron-donating power of aNHC!
　　→shorter Ir-C bond (2.098 vs 2.115)!
　　→higher trans effect (1.623 vs 1.600)!

counter anion effect!
▶ the presence of H-bonding interactions!
　　→longer C-H bond (1.082 vs 1.079 / 1.092 vs 1.079)!
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associated with the LUMO, the metal fragment has some Lewis
base activity associated with the basal hydrides.
The reaction starts with formation of a σ-complex of the C-H

bond to be cleaved, C-Hac, which binds trans to the apical
hydride. In both the AN and the N paths, the coordinated C-H
bond is oriented perpendicular to the IrH3 plane and the
imidazolium ring plane is perpendicular to the IrL2(C-Hac)
plane. The metric data for the σ-complex differ slightly for the
two cases (Ir-C ) 2.334 Å, Ir‚‚‚Hac ) 1.821 Å for AN; Ir-C
) 2.360 Å, Ir‚‚‚Hac ) 1.900 Å for N). The BF4 anion is located
above the imidazolium ring with one Fa pointing toward C-Hac,
and another, Fb, toward the other C-H bond, C-Hun (both
shown with dotted lines in Figure 4). The BF4 is much closer
to the azolium ring in the AN pathway: the Fa‚‚‚Hac distance
being 2.306 Å for AN but 3.895 Å for N. The anion therefore
interacts more strongly with Hac, and the distance is even shorter
when C-Hac is C2-H (N path). Any H‚‚‚F distance longer than
2.3 Å can be considered a weak interaction, as is the case for
all except the C2-Hac/BF4 combination. In all cases, a large
number of weak interactions are also present involving the IrH3-
(PMe3)2, the imidazolium ion, and the BF4; in particular, the
acidic N-methyl groups are close to the basic basal hydrides
and the BF4 is not far from two methyl groups of the PMe3
ligand. The details of these interactions will no doubt be different
in the real experimental systems, which contain PPh3 and not
PMe3, but in what follows, we will concentrate on the main
interactions that do not involve PR3 and are expected to be
common for both.
The metal remains octahedral in the transition state, the NHC

carbon being one of the ligands. The imidazolium rotates from
the position it had in the σ-complex, so as to bring the C-H
proton closer to the hydride to which proton transfer is to occur,
and the NHC ligand follows this motion so that it is no longer
perpendicular to the plane containing the phosphine ligands.

The C-H bond cleavage is more advanced in the N pathway
(C2-H ) 1.429 Å) than in the AN path (C5-H ) 1.384 Å),
and the Ir-C bond is accordingly shorter in the N case (Ir-C2
) 2.157 Å) than in the AN case (Ir-C5 ) 2.188 Å). The
interaction between BF4 and the imidazolium ring is based on
principles similar to those in the reactants: Fa is close to Hac
and Fb is close to Hun. The F‚‚‚H distance is the shortest for
C2-Hac (N path), where the Fa‚‚‚Hac-C2 is 1.984 Å but Fb‚‚
‚Hun-C5 is 3.114 Å. In the AN case, the Fa‚‚‚Hac-C5 distance
is 2.40 Å, and Fb is only 2.789 Å from H-C2.
In the AN case, the transition state leads to a pentagonal

bipyramidal IrV intermediate with four equatorial H ligands and
an equatorial carbene. The Ir-C5 distance of 2.128 Å indicates
a single Ir-C bond. The BF4 lies above the imidazolium ring,
near the C-Hun, with Hun‚‚‚Fb being 2.130 Å. In an important
difference between the two paths, the N path transition state
leads not to an IrV species but to an IrIII dihydrogen complex
with H2 trans to hydride and cis to the NHC. The H2 ligand
and the NHC are twisted relative to the IrH3 plane. The BF4 is
close to the protonic dihydrogen ligand with an H‚‚‚Fa distance
of 2.036 Å.
Reactions in the Presence of Br. The nonchelating Br anion

cannot optimally simultaneously interact with two different H
atoms of the imidazolium group but prefers to interact strongly
with one H, the choice being either Hac or Hun. The basic features
of the minima and transition states are similar for the two anions.
The reactant is a σ-complex with the C-H bond in the plane
perpendicular to the IrH3 plane. For the AN path, Br is far from
Hac but close to Hun (Br‚‚‚Hun ) 2.766 Å). For the N path, Br
is close to Hac with the angle Cl‚‚‚Hac‚‚‚Ir being 158°. At the
transition state for the AN path, Br is close to Hun (2.876 Å)
and far from Hac (>4 Å). In contrast, for the N path, Br is very
close to Hac (Hac‚‚‚Br ) 2.403 Å) with a Br-Hac-Ir angle of
164.9°. In the tetrahydride intermediate formed from the AN

Figure 3. The proposed normal (N) and abnormal (AN) pathways (L ) PMe3).
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transition state, the Br anion is near Hun (Br‚‚‚Hun ) 3.00 Å).
In the dihydrogen complex formed from the N transition state,
the Br anion is very close to the dihydrogen ligand (shortest
Br‚‚‚H distance ) 2.528 Å). These geometrical features for the
minima and transition state (extrema) on the two paths show
that the Br always prefers to be near H-C2 rather than H-C5,
and this preference is enhanced when H-C2 is the bond being
activated.
Energy Profiles for C-H Bond Activation and Discussion.

After initial H2 loss, the reaction continues with the coordination
of the imidazolium/anion ion-pair to IrH3(PMe3)2 via a C-H
σ-complex. Although the resulting pair of σ complexes could
be calculated for coordination at C2-H (N) and at C5-H (AN),
the relative free energies of these two species versus the
separated imidazolium/anion and IrH3(PMe3)2 fragment are not
easy to evaluate. The anion is paired with the more acidic C2-H
in the imidazolium/anion ion-pair in a C-H‚‚‚A hydrogen bond.
Coordination to C5-H thus does not require much structural
reorganization because this bond is remote from the anion. This
is not the case for coordination at C2-H where the anion has
to be displaced. These changes, which of course occur in a polar
solvent, cannot be easily evaluated with the present level of
theory. Therefore, the relative population of the two σ-com-
plexes cannot be evaluated and is certainly not well represented
by the calculated difference in electronic energies between the
two systems (6 kcal mol-1 in favor of the σ-complex at H-C2

in the gas phase and 2 kcal mol-1 in the THF solvent with BF4
as the counteranion). In the absence of better information, we
have analyzed the computational profiles by focusing on the
energy barriers ∆Eq from each of the σ-complexes (Table 4).
The activation energies ∆Gq, also given in Table 4, show similar
trends, and so we have chosen to discuss the results based on
∆Eq.
The fact that we could not locate a transition state for

activation of the C2-H bond in absence of counteranion is in
line with a previous finding that the activation of the C2-H
bond of an imidazolium salt, in the absence of the counteranion,
by a Pd(0) diphosphine species occurs without any energy
barrier.24a The energy barrier found in the present study for the
activation of the C5-H was 0.2 kcal mol-1. In the presence of
anions, both energy barriers are nonzero but very small. After
passage of the transition state, the energy profile goes sharply
downward. In the case of Br, the energy barrier for the AN
path is 3.8 kcal mol-1 and only 2.5 kcal mol-1 for the N path.
With BF4, the respective values are 2.0 and 2.6 kcal mol-1 (Me/
Me entries in Table 4). These results show that there is no great
kinetic preference for activating either the C2-H or the C5-H
bonds despite the fact that in many decades of work on the
metalation of imidazolium salts up to 2002, only the normal
C2 NHC products were ever observed, presumably because
NHCs were only very rarely synthesized by C-H bond
activation. The results also suggest that the nature of the anion

Figure 4. Optimized geometries for the σ-complex, transition state, and intermediate located along the N and AN pathways with BF4 as counteranion. In
an important difference between the two pathways, the N intermediate is an IrIII complex of H2 and the AN intermediate is an IrV polyhydride. Energy
profiles (kcal mol-1) relative to the σ-complex: N pathway, 2.6 (TS), -17.5 (intermediate); AN pathway, 2.0 (TS), -19.9 (intermediate).
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tunes the outcome in a subtle way. One can hardly consider
differences in barrier height of less than 1 kcal mol-1 as reliable.
Nevertheless, the lower barrier calculated for the N path in the
case of Br is consistent with the formation of the normal NHC
with Br, and the lower barrier for the AN path in the case of
BF4 is consistent with the formation of the abnormal NHC with
BF4.
To understand the substituents effects, the same calculations

were carried out on the N-methyl-N!-isopropyl imidazolium salt.
Even though the starting σ-complex in the calculations for the
normal pathway had a geometry such that the proton could
migrate to either of the pair of trans hydrides (Scheme 1), when
an iPr group is present, the symmetry is broken, and in one
trajectory, the proton needs to pass by the iPr group (iPr/Me in

Table 4), and in the other, the Me group (Me/iPr in Table 4).
For BF4, the more hindered trajectory is calculated to have a
significantly higher barrier (iPr/Me, 4.2 kcal mol-1; Me/iPr, 2.3
kcal mol-1). For the Br anion, the Me/iPr trajectory is the only
one obtained and has an activation barrier similar to the Me/
Me case (2.5 kcal mol-1). All attempts to find a TS for the
iPr/Me trajectory with Br failed as rotation of the imidazolium
in the optimization procedure switched the pathway to the less
hindered Me/iPr trajectory. Unlike the BF4 anion, the bromide
needs to track the proton and cannot do so efficiently if it has
to approach a bulky group.
For the AN reaction, the calculations were carried out with

the C-Hac bond next to the methyl group (Me/iPr in Table 4,
A ) BF4, Br) as this is the major regioisomer observed in the
experiment.42 In the σ-complex, the change of methyl to
isopropyl shifts the anion away from the imidazolium ring to

Figure 5. Optimized geometries for the σ-complex, transition state, and intermediate located along the N and AN pathways with Br as counteranion. The
intermediates are IrIII (N) and IrV (AN) as in the BF4 pathway of Figure 4. Energy profiles (kcal mol-1) relative to the σ-complex: N pathway, 2.5 (TS),
-18.6 (intermediate); AN pathway, 3.8 (TS), -16.5 (intermediate).

Table 4. Energetics (kcal mol-1) Associated with the N and AN
Pathways Calculated for N,N!-Dialkyl-imidazolium Salts of BF4 or
Br Reacting with IrH3(PMe3)2a

anion subst. path ∆Eq ∆E ∆Gq ∆G

BF4 Me/Me N 2.6 -17.5 1.9 -17.0
AN 2.0 -19.9 1.5 -20.3

BF4 Me/iPr N 2.3 -16.7 1.7 -16.0
AN 2.7 -18.3 3.1 -16.4

BF4 iPr/Me N 4.2 -11.9 3.3 -10.3
Br Me/Me N 2.5 -18.6 0.3 -19.3

AN 3.8 -16.5 3.2 -16.1
Br Me/iPr N 2.5 -18.5 0.8 -17.8

AN 3.5 -16.4 3.6 -16.5

a The notation R/R! (R ) Me, iPr; R! ) Me, iPr) indicates a C-H
oxidative process where the migrating proton is adjacent to the R group
(see Scheme 1). The activation barriers (∆Eq and ∆Gq) and reaction energies
(∆E and ∆G) are evaluated from the corresponding σ-complex in each case.
N (respectively AN) refers to the N (respectively AN) pathway.

Scheme 1. The Two Possible Trajectories from the σ-Complex at
C2-H of the N-Methyl-N!-isopropyl Imidazolium Cation with IrH3L2
(L ) PMe3)
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tunes the outcome in a subtle way. One can hardly consider
differences in barrier height of less than 1 kcal mol-1 as reliable.
Nevertheless, the lower barrier calculated for the N path in the
case of Br is consistent with the formation of the normal NHC
with Br, and the lower barrier for the AN path in the case of
BF4 is consistent with the formation of the abnormal NHC with
BF4.
To understand the substituents effects, the same calculations

were carried out on the N-methyl-N!-isopropyl imidazolium salt.
Even though the starting σ-complex in the calculations for the
normal pathway had a geometry such that the proton could
migrate to either of the pair of trans hydrides (Scheme 1), when
an iPr group is present, the symmetry is broken, and in one
trajectory, the proton needs to pass by the iPr group (iPr/Me in

Table 4), and in the other, the Me group (Me/iPr in Table 4).
For BF4, the more hindered trajectory is calculated to have a
significantly higher barrier (iPr/Me, 4.2 kcal mol-1; Me/iPr, 2.3
kcal mol-1). For the Br anion, the Me/iPr trajectory is the only
one obtained and has an activation barrier similar to the Me/
Me case (2.5 kcal mol-1). All attempts to find a TS for the
iPr/Me trajectory with Br failed as rotation of the imidazolium
in the optimization procedure switched the pathway to the less
hindered Me/iPr trajectory. Unlike the BF4 anion, the bromide
needs to track the proton and cannot do so efficiently if it has
to approach a bulky group.
For the AN reaction, the calculations were carried out with

the C-Hac bond next to the methyl group (Me/iPr in Table 4,
A ) BF4, Br) as this is the major regioisomer observed in the
experiment.42 In the σ-complex, the change of methyl to
isopropyl shifts the anion away from the imidazolium ring to

Figure 5. Optimized geometries for the σ-complex, transition state, and intermediate located along the N and AN pathways with Br as counteranion. The
intermediates are IrIII (N) and IrV (AN) as in the BF4 pathway of Figure 4. Energy profiles (kcal mol-1) relative to the σ-complex: N pathway, 2.5 (TS),
-18.6 (intermediate); AN pathway, 3.8 (TS), -16.5 (intermediate).

Table 4. Energetics (kcal mol-1) Associated with the N and AN
Pathways Calculated for N,N!-Dialkyl-imidazolium Salts of BF4 or
Br Reacting with IrH3(PMe3)2a

anion subst. path ∆Eq ∆E ∆Gq ∆G

BF4 Me/Me N 2.6 -17.5 1.9 -17.0
AN 2.0 -19.9 1.5 -20.3

BF4 Me/iPr N 2.3 -16.7 1.7 -16.0
AN 2.7 -18.3 3.1 -16.4

BF4 iPr/Me N 4.2 -11.9 3.3 -10.3
Br Me/Me N 2.5 -18.6 0.3 -19.3

AN 3.8 -16.5 3.2 -16.1
Br Me/iPr N 2.5 -18.5 0.8 -17.8

AN 3.5 -16.4 3.6 -16.5

a The notation R/R! (R ) Me, iPr; R! ) Me, iPr) indicates a C-H
oxidative process where the migrating proton is adjacent to the R group
(see Scheme 1). The activation barriers (∆Eq and ∆Gq) and reaction energies
(∆E and ∆G) are evaluated from the corresponding σ-complex in each case.
N (respectively AN) refers to the N (respectively AN) pathway.

Scheme 1. The Two Possible Trajectories from the σ-Complex at
C2-H of the N-Methyl-N!-isopropyl Imidazolium Cation with IrH3L2
(L ) PMe3)
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associated with the LUMO, the metal fragment has some Lewis
base activity associated with the basal hydrides.
The reaction starts with formation of a σ-complex of the C-H

bond to be cleaved, C-Hac, which binds trans to the apical
hydride. In both the AN and the N paths, the coordinated C-H
bond is oriented perpendicular to the IrH3 plane and the
imidazolium ring plane is perpendicular to the IrL2(C-Hac)
plane. The metric data for the σ-complex differ slightly for the
two cases (Ir-C ) 2.334 Å, Ir‚‚‚Hac ) 1.821 Å for AN; Ir-C
) 2.360 Å, Ir‚‚‚Hac ) 1.900 Å for N). The BF4 anion is located
above the imidazolium ring with one Fa pointing toward C-Hac,
and another, Fb, toward the other C-H bond, C-Hun (both
shown with dotted lines in Figure 4). The BF4 is much closer
to the azolium ring in the AN pathway: the Fa‚‚‚Hac distance
being 2.306 Å for AN but 3.895 Å for N. The anion therefore
interacts more strongly with Hac, and the distance is even shorter
when C-Hac is C2-H (N path). Any H‚‚‚F distance longer than
2.3 Å can be considered a weak interaction, as is the case for
all except the C2-Hac/BF4 combination. In all cases, a large
number of weak interactions are also present involving the IrH3-
(PMe3)2, the imidazolium ion, and the BF4; in particular, the
acidic N-methyl groups are close to the basic basal hydrides
and the BF4 is not far from two methyl groups of the PMe3
ligand. The details of these interactions will no doubt be different
in the real experimental systems, which contain PPh3 and not
PMe3, but in what follows, we will concentrate on the main
interactions that do not involve PR3 and are expected to be
common for both.
The metal remains octahedral in the transition state, the NHC

carbon being one of the ligands. The imidazolium rotates from
the position it had in the σ-complex, so as to bring the C-H
proton closer to the hydride to which proton transfer is to occur,
and the NHC ligand follows this motion so that it is no longer
perpendicular to the plane containing the phosphine ligands.

The C-H bond cleavage is more advanced in the N pathway
(C2-H ) 1.429 Å) than in the AN path (C5-H ) 1.384 Å),
and the Ir-C bond is accordingly shorter in the N case (Ir-C2
) 2.157 Å) than in the AN case (Ir-C5 ) 2.188 Å). The
interaction between BF4 and the imidazolium ring is based on
principles similar to those in the reactants: Fa is close to Hac
and Fb is close to Hun. The F‚‚‚H distance is the shortest for
C2-Hac (N path), where the Fa‚‚‚Hac-C2 is 1.984 Å but Fb‚‚
‚Hun-C5 is 3.114 Å. In the AN case, the Fa‚‚‚Hac-C5 distance
is 2.40 Å, and Fb is only 2.789 Å from H-C2.
In the AN case, the transition state leads to a pentagonal

bipyramidal IrV intermediate with four equatorial H ligands and
an equatorial carbene. The Ir-C5 distance of 2.128 Å indicates
a single Ir-C bond. The BF4 lies above the imidazolium ring,
near the C-Hun, with Hun‚‚‚Fb being 2.130 Å. In an important
difference between the two paths, the N path transition state
leads not to an IrV species but to an IrIII dihydrogen complex
with H2 trans to hydride and cis to the NHC. The H2 ligand
and the NHC are twisted relative to the IrH3 plane. The BF4 is
close to the protonic dihydrogen ligand with an H‚‚‚Fa distance
of 2.036 Å.
Reactions in the Presence of Br. The nonchelating Br anion

cannot optimally simultaneously interact with two different H
atoms of the imidazolium group but prefers to interact strongly
with one H, the choice being either Hac or Hun. The basic features
of the minima and transition states are similar for the two anions.
The reactant is a σ-complex with the C-H bond in the plane
perpendicular to the IrH3 plane. For the AN path, Br is far from
Hac but close to Hun (Br‚‚‚Hun ) 2.766 Å). For the N path, Br
is close to Hac with the angle Cl‚‚‚Hac‚‚‚Ir being 158°. At the
transition state for the AN path, Br is close to Hun (2.876 Å)
and far from Hac (>4 Å). In contrast, for the N path, Br is very
close to Hac (Hac‚‚‚Br ) 2.403 Å) with a Br-Hac-Ir angle of
164.9°. In the tetrahydride intermediate formed from the AN

Figure 3. The proposed normal (N) and abnormal (AN) pathways (L ) PMe3).
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oxidative addition!
▶ non-H-bonding anion !
▶ large wingtip group!

C-H heterolysis!
   with proton transfer!
▶ H-bonding anion !
▶ small wingtip group!
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transition state, the Br anion is near Hun (Br‚‚‚Hun ) 3.00 Å).
In the dihydrogen complex formed from the N transition state,
the Br anion is very close to the dihydrogen ligand (shortest
Br‚‚‚H distance ) 2.528 Å). These geometrical features for the
minima and transition state (extrema) on the two paths show
that the Br always prefers to be near H-C2 rather than H-C5,
and this preference is enhanced when H-C2 is the bond being
activated.
Energy Profiles for C-H Bond Activation and Discussion.

After initial H2 loss, the reaction continues with the coordination
of the imidazolium/anion ion-pair to IrH3(PMe3)2 via a C-H
σ-complex. Although the resulting pair of σ complexes could
be calculated for coordination at C2-H (N) and at C5-H (AN),
the relative free energies of these two species versus the
separated imidazolium/anion and IrH3(PMe3)2 fragment are not
easy to evaluate. The anion is paired with the more acidic C2-H
in the imidazolium/anion ion-pair in a C-H‚‚‚A hydrogen bond.
Coordination to C5-H thus does not require much structural
reorganization because this bond is remote from the anion. This
is not the case for coordination at C2-H where the anion has
to be displaced. These changes, which of course occur in a polar
solvent, cannot be easily evaluated with the present level of
theory. Therefore, the relative population of the two σ-com-
plexes cannot be evaluated and is certainly not well represented
by the calculated difference in electronic energies between the
two systems (6 kcal mol-1 in favor of the σ-complex at H-C2

in the gas phase and 2 kcal mol-1 in the THF solvent with BF4
as the counteranion). In the absence of better information, we
have analyzed the computational profiles by focusing on the
energy barriers ∆Eq from each of the σ-complexes (Table 4).
The activation energies ∆Gq, also given in Table 4, show similar
trends, and so we have chosen to discuss the results based on
∆Eq.
The fact that we could not locate a transition state for

activation of the C2-H bond in absence of counteranion is in
line with a previous finding that the activation of the C2-H
bond of an imidazolium salt, in the absence of the counteranion,
by a Pd(0) diphosphine species occurs without any energy
barrier.24a The energy barrier found in the present study for the
activation of the C5-H was 0.2 kcal mol-1. In the presence of
anions, both energy barriers are nonzero but very small. After
passage of the transition state, the energy profile goes sharply
downward. In the case of Br, the energy barrier for the AN
path is 3.8 kcal mol-1 and only 2.5 kcal mol-1 for the N path.
With BF4, the respective values are 2.0 and 2.6 kcal mol-1 (Me/
Me entries in Table 4). These results show that there is no great
kinetic preference for activating either the C2-H or the C5-H
bonds despite the fact that in many decades of work on the
metalation of imidazolium salts up to 2002, only the normal
C2 NHC products were ever observed, presumably because
NHCs were only very rarely synthesized by C-H bond
activation. The results also suggest that the nature of the anion

Figure 4. Optimized geometries for the σ-complex, transition state, and intermediate located along the N and AN pathways with BF4 as counteranion. In
an important difference between the two pathways, the N intermediate is an IrIII complex of H2 and the AN intermediate is an IrV polyhydride. Energy
profiles (kcal mol-1) relative to the σ-complex: N pathway, 2.6 (TS), -17.5 (intermediate); AN pathway, 2.0 (TS), -19.9 (intermediate).
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transition state, the Br anion is near Hun (Br‚‚‚Hun ) 3.00 Å).
In the dihydrogen complex formed from the N transition state,
the Br anion is very close to the dihydrogen ligand (shortest
Br‚‚‚H distance ) 2.528 Å). These geometrical features for the
minima and transition state (extrema) on the two paths show
that the Br always prefers to be near H-C2 rather than H-C5,
and this preference is enhanced when H-C2 is the bond being
activated.
Energy Profiles for C-H Bond Activation and Discussion.

After initial H2 loss, the reaction continues with the coordination
of the imidazolium/anion ion-pair to IrH3(PMe3)2 via a C-H
σ-complex. Although the resulting pair of σ complexes could
be calculated for coordination at C2-H (N) and at C5-H (AN),
the relative free energies of these two species versus the
separated imidazolium/anion and IrH3(PMe3)2 fragment are not
easy to evaluate. The anion is paired with the more acidic C2-H
in the imidazolium/anion ion-pair in a C-H‚‚‚A hydrogen bond.
Coordination to C5-H thus does not require much structural
reorganization because this bond is remote from the anion. This
is not the case for coordination at C2-H where the anion has
to be displaced. These changes, which of course occur in a polar
solvent, cannot be easily evaluated with the present level of
theory. Therefore, the relative population of the two σ-com-
plexes cannot be evaluated and is certainly not well represented
by the calculated difference in electronic energies between the
two systems (6 kcal mol-1 in favor of the σ-complex at H-C2

in the gas phase and 2 kcal mol-1 in the THF solvent with BF4
as the counteranion). In the absence of better information, we
have analyzed the computational profiles by focusing on the
energy barriers ∆Eq from each of the σ-complexes (Table 4).
The activation energies ∆Gq, also given in Table 4, show similar
trends, and so we have chosen to discuss the results based on
∆Eq.
The fact that we could not locate a transition state for

activation of the C2-H bond in absence of counteranion is in
line with a previous finding that the activation of the C2-H
bond of an imidazolium salt, in the absence of the counteranion,
by a Pd(0) diphosphine species occurs without any energy
barrier.24a The energy barrier found in the present study for the
activation of the C5-H was 0.2 kcal mol-1. In the presence of
anions, both energy barriers are nonzero but very small. After
passage of the transition state, the energy profile goes sharply
downward. In the case of Br, the energy barrier for the AN
path is 3.8 kcal mol-1 and only 2.5 kcal mol-1 for the N path.
With BF4, the respective values are 2.0 and 2.6 kcal mol-1 (Me/
Me entries in Table 4). These results show that there is no great
kinetic preference for activating either the C2-H or the C5-H
bonds despite the fact that in many decades of work on the
metalation of imidazolium salts up to 2002, only the normal
C2 NHC products were ever observed, presumably because
NHCs were only very rarely synthesized by C-H bond
activation. The results also suggest that the nature of the anion

Figure 4. Optimized geometries for the σ-complex, transition state, and intermediate located along the N and AN pathways with BF4 as counteranion. In
an important difference between the two pathways, the N intermediate is an IrIII complex of H2 and the AN intermediate is an IrV polyhydride. Energy
profiles (kcal mol-1) relative to the σ-complex: N pathway, 2.6 (TS), -17.5 (intermediate); AN pathway, 2.0 (TS), -19.9 (intermediate).
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carbon bond at room temperature, as indicated by broad
isopropyl methyl resonances in the 1H NMR spectrum.
Compound 9a provides a way to measure the electron
donor strength of the abnormal carbene ligand 7a, using
the CO stretching frequencies observed by infrared
spectroscopy. To compare the donor strength of the
abnormal carbene with that of standard NHCs, a series
of analogous normal carbene-iridium complexes was
prepared.

Imidazolium salts 7b‚HI and 7c,d‚HBr (eq 5) were

prepared using standard N-alkylation methods, from
commercial 4,5-diphenylimidazole (7b‚HI, 7c‚HBr) or
1-phenylimidazole (7d‚HBr) (see Experimental Section).
Ligands 7b and 7c model the electronic properties of
7a, with two phenyl C-substituents and two alkyl
N-substituents. Ligand 7d models the steric properties
of 7a, with a phenyl group and an isopropyl group facing
the iridium center. Iridium compounds 8b-d were
prepared by the one-pot transmetalation from silver
described above for 8a, except that the ion exchange step
was not necessary. Carbonyl derivatives 9b-d were
prepared in the same manner as 9a.

To provide the closest possible comparison of the C2-
and C5-bound NHCs, we have prepared the ligand
precursor 1,2,3,4-tetramethylimidazolium iodide 7e‚HI,
for comparison with the known ligand 1,3,4,5-tetra-
methylimidazolin-2-ylidene.38 Following ion exchange of
iodide for chloride as described above, one-pot trans-
metalation using silver oxide was attempted, as de-
scribed for 8a. This gave only decomposition products.
We also attempted metalation using potassium tert-
butoxide as an in situ base, as described previously.39
Again, no stable complex was isolated under our condi-
tions. This may be due to the decreased steric protection
around the carbene 7e as compared to 7a, or it may
indicate that methyl is not a suitable blocking group
for imidazole C2 under our conditions.

Structure Determination of 8a. X-ray quality
crystals of 8a were grown by layering a dichloromethane
solution with pentane. The X-ray analysis confirms
abnormal ligand binding through C5 (labeled as {C1}
in Figure 2). Selected bond lengths and angles are given
in Table 2. The square planar geometry at the iridium-
(I) center, with the NHC plane orthogonal to the
coordination plane, is similar to that observed in
analogous normally bound Ir-NHC complexes.11,40 The
Ir-C bond length of 2.05(2) Å is in the range of
previously observed Ir(I)-NHC complexes as well.11,40

Infrared Spectroscopy. Compounds 9a-d were
studied by FT-IR spectroscopy. Each spectrum showed

two CO stretching bands of similar intensity, indicative
of cis geometry. The CO stretching frequencies are given
in Table 3. Previously, we11 compared the average ν(CO)
of compounds Ir(CO)2ClL, where L ) NHC or a tertiary
phosphine,41,42 with the Tolman electronic parameter

(38) McGuinness, D. S.; Cavell, K. J.; Skelton, B. W.; White, A. H.
Organometallics 1999, 18, 1596-1605.

(39) Seo, H.; Kim, B. Y.; Lee, J. H.; Park, H.; Son, S. U.; Chung, Y.
K. Organometallics 2003, 22, 4783-4791.

(40) Lee, H. M.; Jiang, T.; Stevens, E. D.; Nolan, S. P. Organome-
tallics 2001, 20, 1255-1258. (41) Morris, D. E.; Tinker, H. B. U.S. Patent 3948962, 1976.

Figure 2. ORTEP diagram of 8a, showing 50% probability
ellipsoids.

Figure 3. Correlation of the average ν(CO) values for
compounds Ir(CO)2Cl(L) with the Tolman electronic pa-
rameters (TEP). Extrapolated positions of the NHC ligands
studied are indicated by arrows (tmiy ) 1,3-di(4-tolyl-
methyl)imidazolin-2-ylidene, biy ) 1,3-dibutylimidazolin-
2-ylidene).

Table 2. Selected Bond Lengths and Angles for 8a

Bond Lengths (Å)
Ir(1)-C(1) 2.05(2)
Ir(1)-Cl(1) 2.392(3)
Ir(1)-C(20) 2.065(10)
Ir(1)-C(21) 2.15(1)
Ir(1)-C(24) 2.168(10)
Ir(1)-C(25) 2.174(12)
C(1)-N(2) 1.418(13)
N(2)-C(3) 1.342(12)
C(3)-N(1) 1.338(11)
N(1)-C(2) 1.426(11)
C(2)-C(1) 1.42(2)

Bond Angles (deg)
C(1)-N(2)-C(3) 111.0(9)
N(2)-C(3)-N(1) 109.3(8)
C(3)-N(1)-C(2) 108.4(7)
N(1)-C(2)-C(1) 107.4(8)
C(2)-C(1)-N(2) 103.9(11)
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electron-donating!

[LIr(CO)2Cl] (L = NHC, PR3)!

cis hydrides, and the pyridine cis to the NHC. The
imidazole ring lies orthogonal to the Ir-P bonds, which
is consistent with our observation of equivalent isopro-
pyl methyl resonances by NMR spectroscopy.
Synthesis and Characterization of Iridium(I)

Complexes. Standard methods for preparing transition
metal NHC complexes would be expected to give normal
binding through C2 because of the higher acidity of this
position. Blocking C2 with a substituent such as Me or
Ph might be expected to encourage C5 binding by
preventing C2 binding. This strategy of blocking the
precursor imidazolium salt by substitution at C2 is of
uncertain generality however. McLachan et al. have
evidence for cleavage of a C-C bond at C2 by Pd(0) in
a 2-phenyl imidazolium salt,32 and we have initial data
on cleavage of a C-C bond at C2 by Rh(I) in a 2-methyl
imidazolium salt.33 Conversely, we previously found that
unblocked imidazolium salts having a proton at both
C2 and C5 can nevertheless give abnormal C5 binding
with IrH5(PPh3)2.26 Until further work reveals general
patterns, we must anticipate a variety of possible
outcomes in such reactions. To force deprotonation at
C4,5, we initially chose to block C2 with a phenyl group.
Commercial 2-phenylimidazole is readily N,N!-di-
alkylated with isopropyl bromide to give 1,3-diisopropyl-
2-phenylimidazolium bromide 5 (eq 3). We attempted

to prepare an iridium(I) complex of this ligand precursor
using the mild transmetalation from silver developed
for palladium by Lin34 and extended by us11 to rhodium
and iridium. Reaction of the imidazolium precursor with
silver oxide in dichloromethane at room temperature
gives the C4-metalated NHC 6, observable by the
desymmetrization of the isopropyl resonances in the
NMR spectrum. The mono-NHC complex shown is only
one possible structure for 6, as silver-NHC complexes
are known to exchange ligands in solution, with solid
state structures ranging from XAg(NHC) to [Ag(NHC)2]-
[AgX2] to polymers with silver-silver contacts.34-36

Compound 6 decomposes rather quickly, so we chose to
add [Ir(cod)Cl]2 directly to a freshly prepared dichlo-
romethane solution of the silver-carbene complex. No
stable iridium complex could be isolated under these
conditions, and the imidazolium salt was observed,
presumably as a product of protonolysis. This is not
unreasonable, as the imidazole C4 position is more basic
than the C2 position.

In the hope that introduction of steric bulk to the
imidazole C4 position would protect the iridium(I)
complex from decomposition through protonolysis, the

2,4-blocked imidazolium salt 7a‚HI (eq 4) was prepared

from 2,4-diphenylimidazole37 by successive N-alkylation
with isopropyl bromide followed by methyl iodide (see
Experimental Section). The sterically controlled regio-
chemistry of alkylation shown was confirmed by X-ray
diffraction analysis of the derived iridium compound 8a
(see below).

We attempted to prepare an abnormal iridium-NHC
complex from 7a‚HI by transmetalation from the silver
complex. Stirring 7a‚HI with silver oxide for 1.5 h in
dichloromethane at room temperature gave a rather
unstable silver complex, observed by NMR spectroscopy,
which decomposed too quickly to be isolated. Direct
addition of [Ir(cod)Cl]2 to a freshly prepared solution of
the silver-7a complex yielded upon workup a mixture
of two compounds, each with a similar NMR resonance
pattern. We propose that these are the chloride complex
8a and the analogous iodide complex. It is likely that
the iodide complex is observed here because the un-
stable silver-7a complex slowly decomposes during the
reaction with [Ir(cod)Cl]2, releasing iodide ions into
solution, which can then replace chloride on the iridium
center.

We wanted to obtain the pure chloride complex 8a to
facilitate electronic comparisons with other known
iridium compounds. This was accomplished by first
exchanging the iodide ion of 7a‚HI for chloride, using
two methods that worked equally well. Method A
involved stirring 7a‚HI for 16 h with DOWEX 21K Cl-
anion exchange beads. Method B involved ion exchange
to acetate using silver acetate, followed by addition of
HCl and removal of the acetic acid byproduct. The clear
oil obtained by either method reacted with Ag2O,
followed by [Ir(cod)Cl2], to give pure 8a in about 45%
yield following flash chromatography. This reaction can
be performed in air or under argon, with no change in
yield. Compound 8a is a yellow solid, air-stable both in
the solid state and in solution. The diastereotopic
isopropyl methyl resonances observed in the 1H NMR
spectrum indicate hindered rotation about the iridium-
carbon bond. At room temperature, four aromatic car-
bons give broad resonances in the 13C NMR spectrum,
which become sharp at -50 °C. This is ascribed to
hindered rotation of the phenyl group proximal to
iridium. The structure of 8a was confirmed unequivo-
cally by X-ray crystallography (see below).

By passing CO over a dichloromethane solution of 8a
for 10 min, cyclooctadiene is completely replaced to give
9a, which displays slow rotation about the iridium-

(32) McLachlan, F.; Mathews, C. J.; Smith, P. J.; Welton, T.
Organometallics 2003, 22, 5350-5357.

(33) Chianese, A. R.; Zeglis, B. M.; Crabtree, R. H. Unpublished
work, 2004.

(34) Wang, H. M. J.; Lin, I. J. B. Organometallics 1998, 17, 972-
975.

(35) Tulloch, A. A. D.; Danopoulos, A. A.; Winston, S.; Kleinhenz,
S.; Eastham, G. J. Chem. Soc., Dalton Trans. 2000, 4499-4506.

(36) Lee, K. M.; Wang, H. M. J.; Lin, I. J. B. J. Chem. Soc., Dalton
Trans. 2002, 2852-2856.

(37) Li, B.; Chiu, C. K. F.; Hank, R. F.; Murry, J.; Roth, J.; Tobiassen,
H. Org. Process Res. Dev. 2002, 6, 682-683.
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carbon bond at room temperature, as indicated by broad
isopropyl methyl resonances in the 1H NMR spectrum.
Compound 9a provides a way to measure the electron
donor strength of the abnormal carbene ligand 7a, using
the CO stretching frequencies observed by infrared
spectroscopy. To compare the donor strength of the
abnormal carbene with that of standard NHCs, a series
of analogous normal carbene-iridium complexes was
prepared.

Imidazolium salts 7b‚HI and 7c,d‚HBr (eq 5) were

prepared using standard N-alkylation methods, from
commercial 4,5-diphenylimidazole (7b‚HI, 7c‚HBr) or
1-phenylimidazole (7d‚HBr) (see Experimental Section).
Ligands 7b and 7c model the electronic properties of
7a, with two phenyl C-substituents and two alkyl
N-substituents. Ligand 7d models the steric properties
of 7a, with a phenyl group and an isopropyl group facing
the iridium center. Iridium compounds 8b-d were
prepared by the one-pot transmetalation from silver
described above for 8a, except that the ion exchange step
was not necessary. Carbonyl derivatives 9b-d were
prepared in the same manner as 9a.

To provide the closest possible comparison of the C2-
and C5-bound NHCs, we have prepared the ligand
precursor 1,2,3,4-tetramethylimidazolium iodide 7e‚HI,
for comparison with the known ligand 1,3,4,5-tetra-
methylimidazolin-2-ylidene.38 Following ion exchange of
iodide for chloride as described above, one-pot trans-
metalation using silver oxide was attempted, as de-
scribed for 8a. This gave only decomposition products.
We also attempted metalation using potassium tert-
butoxide as an in situ base, as described previously.39

Again, no stable complex was isolated under our condi-
tions. This may be due to the decreased steric protection
around the carbene 7e as compared to 7a, or it may
indicate that methyl is not a suitable blocking group
for imidazole C2 under our conditions.

Structure Determination of 8a. X-ray quality
crystals of 8a were grown by layering a dichloromethane
solution with pentane. The X-ray analysis confirms
abnormal ligand binding through C5 (labeled as {C1}
in Figure 2). Selected bond lengths and angles are given
in Table 2. The square planar geometry at the iridium-
(I) center, with the NHC plane orthogonal to the
coordination plane, is similar to that observed in
analogous normally bound Ir-NHC complexes.11,40 The
Ir-C bond length of 2.05(2) Å is in the range of
previously observed Ir(I)-NHC complexes as well.11,40

Infrared Spectroscopy. Compounds 9a-d were
studied by FT-IR spectroscopy. Each spectrum showed

two CO stretching bands of similar intensity, indicative
of cis geometry. The CO stretching frequencies are given
in Table 3. Previously, we11 compared the average ν(CO)
of compounds Ir(CO)2ClL, where L ) NHC or a tertiary
phosphine,41,42 with the Tolman electronic parameter

(38) McGuinness, D. S.; Cavell, K. J.; Skelton, B. W.; White, A. H.
Organometallics 1999, 18, 1596-1605.

(39) Seo, H.; Kim, B. Y.; Lee, J. H.; Park, H.; Son, S. U.; Chung, Y.
K. Organometallics 2003, 22, 4783-4791.

(40) Lee, H. M.; Jiang, T.; Stevens, E. D.; Nolan, S. P. Organome-
tallics 2001, 20, 1255-1258. (41) Morris, D. E.; Tinker, H. B. U.S. Patent 3948962, 1976.

Figure 2. ORTEP diagram of 8a, showing 50% probability
ellipsoids.

Figure 3. Correlation of the average ν(CO) values for
compounds Ir(CO)2Cl(L) with the Tolman electronic pa-
rameters (TEP). Extrapolated positions of the NHC ligands
studied are indicated by arrows (tmiy ) 1,3-di(4-tolyl-
methyl)imidazolin-2-ylidene, biy ) 1,3-dibutylimidazolin-
2-ylidene).

Table 2. Selected Bond Lengths and Angles for 8a

Bond Lengths (Å)
Ir(1)-C(1) 2.05(2)
Ir(1)-Cl(1) 2.392(3)
Ir(1)-C(20) 2.065(10)
Ir(1)-C(21) 2.15(1)
Ir(1)-C(24) 2.168(10)
Ir(1)-C(25) 2.174(12)
C(1)-N(2) 1.418(13)
N(2)-C(3) 1.342(12)
C(3)-N(1) 1.338(11)
N(1)-C(2) 1.426(11)
C(2)-C(1) 1.42(2)

Bond Angles (deg)
C(1)-N(2)-C(3) 111.0(9)
N(2)-C(3)-N(1) 109.3(8)
C(3)-N(1)-C(2) 108.4(7)
N(1)-C(2)-C(1) 107.4(8)
C(2)-C(1)-N(2) 103.9(11)
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7a! 7b：R1 = Me, R2 = Ph!
7c：R1 = iPr, R2 = Ph!
7d：R1 = Ph, R2 = H!

A. R. Chianese, A. Kovacevic, B. M. Zeglis, J. W. Faller, R. H. Crabtree, Organometallics, 2004, 23, 2461.!
experimental data!

To
lm

an
’s 

el
ec

tro
ni

c 
pa

ra
m

et
er
!

▶ aNHCs are stronger σ-electron donors than NHCs. !
▶ aNHCs tend to cleave from the metal more easily than NHCs.!

R. H. Crabtree, J. Organomet. Chem. 2005, 690, 5451.!



The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.
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The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.
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The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.
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The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.
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The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.
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The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.
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The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.
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The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.

1560 www.chemasianj.org ! 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1555 – 1567

FULL PAPERS
G. Frenking et al.

The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.
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The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.
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The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]! complex was found to be 23.3 kcal
mol!1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]! isomer,
whereas the free ligand aNHC is only 20.0 kcal mol!1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp!. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (!6.33 eV) than the carbon s lone-pair orbitals of
nNHC (!4.97 eV) and aNHC (!4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3 a and b displays the nNHC!TM s and
p donations, whereas Figure 3 c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3 d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=
nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L= nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7 %, which means that
the Cl4TM!L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

!0.32 (a2) !1.25 (a’’) !0.57 (a’’)

HOMO

!4.97 (a1) !4.25 (a’)
!5.76 (a’’)

HOMO-1

!5.85 (b1) !5.49 (a’’)
!6.33 (a’)

HOMO-2

!7.50 (a2)
!7.76 (a’’)

!7.03 (a’’)

HOMO-3

!10.68 (b1)
!9.79 (a’) !9.99 (a’)

HOMO-4

!10.71 (a1)
!11.10 (a’’) !10.67 (a’’)

[a] Orbital energies are given below in eV.
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a rational explanation for the enhanced nucleophilicity of
the palladium center in complexes 8.

Similarly to the reaction with Lewis acidic Ag+ , com-
plexes 8 comprising C4-bound dicarbenes also react with
strong Brønsted acids. Both Pd!C bonds in 8 are acid sensi-
tive and are cleaved within minutes. For example, exposure
of complex 8 a to HCl (0.4 m in MeCN) led to the rapid acid-
olysis and formation of the imidazolium salt 7 a. A similar
reaction outcome was observed when using H2SO4, while
complexes 4 a and 4 b are stable for weeks under such acidic
conditions, even upon heating to 80 8C. Clearly, steric pro-
tection of the palladium center and of the Pd!C bonds can
be excluded as an argument for rationalizing this distinctly
different reactivity of C2- and C4-bound dicarbene com-
plexes. Possibly, oxidative addition of HX and subsequent
reductive elimination of an imidazolium cation from a puta-
tive PdIV(dicarbene) ACHTUNGTRENNUNG(hydride) intermediate may occur. Re-
ductive carbene elimination is known to be promoted by
C4-bound carbene ligands.[26] Alternatively, a Lewis acid/
base adduct similar to the silver complex 11 may form, in
which the proton is located at a similar position as Ag+ in
11 and hence in close proximity to both Pd!C bonds. Subse-
quent rearrangement of such an intermediate into a
Pd···H···C three-center, two-electron transition state fol-
lowed by thermodynamically driven metal–carbon bond
breaking is then conceivable. Irrespective of the exact mech-
anism, the acid lability and the nucleophilic character of the
palladium center in 8 appeared to be a direct consequence
of the ligand-induced difference of electron density, both at
the metal center and at the metal-bound carbon.

Based on the exceptionally high donor ability of C4-
bound carbenes, the palladium centers in 8 are expected to
promote redox reactions considerably better than in 4, com-
prising normally bound carbene ligands. We have probed
such reactivity patterns by exposing different palladium
complexes to a Cl2 atmosphere. Under these conditions, the
C2-bound dicarbene systems 4 b and 13 b underwent halide
metathesis and afforded complexes 4 a and 13 a, respectively,
containing metal-bound chlorides (Scheme 3). Substitution
of the metal-bound halides was confirmed by a diagnostic
shift of the metal-bound carbon in the 13C NMR spectrum,
for example, in complex 13 from dC =162.5 to 156.5 ppm.
Similarly the isopropyl protons are displaced in the
1H NMR spectrum from dH =5.37 to 5.53 ppm, probably due
to intramolecular hydrogen bonding of the isopropyl pro-
tons to the metal-bound halides.[19b] The structure of 13 a
was further confirmed by crystallographic analysis.[23] Mech-

Figure 6. Reaction products from the reaction of C2- and C4-bound dicar-
bene palladium complexes with AgBF4 in MeCN. Molecular structure of
the cationic portions of complexes 10 (a) and 11 (b; ORTEP representa-
tion, 50% probability, hydrogen atoms, non-coordinating BF4

! anions
and cocrystallized solvent molecules omitted for clarity). Selected bond
lengths [!] and angles [8]: for 10 : Pd1!C1 1.955(4), Pd1!N3 2.071(4);
C1-Pd1-C1a 83.2(2), C1-Pd1-N3 173.40(15), C1-Pd1-N3a 4.70(15), N3-
Pd1-N3a 86.72(19). For 11: Pd1!Ag1 3.1120(10), Pd1!C1 1.970(7), Pd1!
C7 1.966(7), Pd1!N5 2.075(6), Pd1!N6 2.082(7), C1!C2 1.367(9), C6!C7
1.373(10); C1-Pd1-C7 85.8(3), Ag1-Pd1-C1 64.6 (2), Ag1-Pd1-C7
64.68(18).

Figure 7. Calculated interactions that are relevant for stabilizing the
silver cation in the bimetallic complex 11 (color code: Pd purple, Ag
light blue, N blue, C gray).

Scheme 3. Reactivity of normal dicarbene complexes towards molecular
chlorine.
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anistically, formation of the chloride complex may be ration-
alized by an oxidative addition of Cl2 to the palladium
center followed by reductive I2 or ICl elimination. In the
presence of excess Cl2, the postulated palladium(IV) oxida-
tive addition product [PdCl4(dicarbene)] is apparently unsta-
ble and reverts back to complex 13 a.

In contrast, the C4-bound carbene complex 8 b afforded
the dichloro dimidazolium salt 14 upon exposure to Cl2

(Scheme 4). While the removal of I2 may proceed according

to a process similar to that suggested for 4 b, apparently re-
ductive elimination of CNHC!Cl is relatively facile in C4-
bound carbene palladium(IV) complexes. In solution, proba-
bly [PdCl4]

2! is formed initially as anion of the dichloro dii-
midazolium salt and perturbation of the original 2:1 imida-
zolium/palladium stoichiometry occurred only upon recrys-
tallization from DMSO solution. Both elemental analyses
and a crystal structure determination (Figure 8 a) of recrys-
tallized samples indicated a 4:3 imidazolium/palladium ratio
due to the presence of one [PdCl4]2! and two [PdCl3-ACHTUNGTRENNUNG(DMSO)]! ions, and two diimidazolium dications. Reductive
elimination of the carbene ligand was also observed from
the C5-protonated dicarbene palladium complex 15 in the
presence of excess Cl2 (Scheme 4). Demetallation occurred,
however, not via CNHC!Cl bond formation but via CNHC!
CNHC bond making, thus affording the tricyclic diimidazoli-
um salt 16 (Figure 8 b). The molecular structure of this dii-
midazolium salt revealed a strained arrangement of the het-
erocycles as reflected by the C(3)-C(4)-C(5) bond angle of
147.3(9)8, which is unusually large for a formally sp2-hybrid-
ized carbon center. The 13C NMR resonance of the bridging
C4 nucleus was observed in the usual region (dC =
123.5 ppm), while the remarkable high-field shift of the res-
onance due to the proton-bound C5 carbon (dC =111.9 ppm)
may reflect the strained geometry. In the 1H NMR spectrum
of 16, the signal attributed to the aromatic proton is dis-
placed to lower field (dH = 7.16 ppm in 15 versus dH =
8.34 ppm in 16). The presence of only little steric bulk at C5
in complex 15 as compared to the permethylated ligand in
complex 8 may play a key role for distinguishing the out-

come of the reductive elimination processes. The methyl
groups at C5 in complex 8 a and in the putative PdIV inter-
mediate may be sterically too demanding to allow an ar-
rangement of the two carbene ligands that would induce C!
C reductive elimination as observed from complex 15.

Reductive carbene elimination and formation of 14 and
16 is in agreement with previous findings, which indicated
that C4-bound carbene ligands are more prone to reductive-
ly eliminate from MII centers than the C2-bound analogues
(M= Ni, Pd, Pt).[26] Based on our observations, reductive
elimination from PdIV decreases in the sequence I!I >
C4carb!C4carb > C4carb!Cl @ C2carb!Cl, C2carb!C2carb. Clearly,
further mechanistic and theoretical investigations are war-
ranted to substantiate this trend.

Catalysis : The electronic implications due to the different
carbene bonding have also significant consequences on the
catalytic activity of the coordinated metal center. This
impact has been observed with sterically less similar dicar-
bene complexes. Here, it is illustrated by the distinctly dif-
ferent performance of complexes 10 and 12 as catalyst pre-
cursors for alkene hydrogenation (Scheme 5).

Hydrogenation of cyclooctene (coe) to cyclooctane (coa)
was used as a model reaction. Catalytic runs were per-
formed at room temperature and under atmospheric pres-

Scheme 4. Reactivity of abnormal dicarbene complexes towards molecu-
lar chlorine (X!= [PdCl3ACHTUNGTRENNUNG(DMSO)]! or 0.5 ACHTUNGTRENNUNG[PdCl4]2!).

Figure 8. Molecular structure of a) one of the crystallographically inde-
pendent dications of 14, and b) one of the two cationic portions of com-
pound 16, (ORTEP representation, 50% probability, [PdCl4]2! and
[PdCl3 ACHTUNGTRENNUNG(DMSO)]! ions omitted for clarity). Selected bond lengths [!] for
14 : C(18)!C(27) 1.341(14), C(20)!C(21) 1.340(14), C(18)!C(l3)
1.692(10), C(20)!C(l4) 1.668(10). Selected bond lengths [!] and angles
[8] for 16 : C(3)!C(4) 1.336(13), C(4)!C(5) 1.433(14), C(5)!C(6)
1.345(15); N(4)-C(1)-N(1) 99.3(7), C(3)-C(4)-N(1) 107.4(8), C(3)-C(4)-
C(5) 147.3(9), C(5)-C(4)-N(1) 105.3(8), C(6)-C(5)-N(4) 108.3(8), C(6)-
C(5)-C(4) 145.4(9), C(4)-C(5)-N(4) 106.3(8).

Scheme 5. Palladium(dicarbene)-catalyzed olefin hydrogenation.
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was formed together with (IMes)2Pd(OAc)2.8 Complex 1 was also
isolated in 68% from palladium (II) chloride, cesium carbonate,
and 2 equiv of IMes‚HCl (eq 2). The structure of complex 1 was
also unambiguously established by single-crystal X-ray analysis (see
Supporting Information). Attempts to convert complex 2 into the
C(2) isomer 1 in the presence of a base were unsuccessful.9

The reactivity of 1 and 2 was studied and compared with the in
situ-formed catalyst (from Pd(OAc)2 (1 equiv) and IMes‚HCl (2
equiv)) for the Suzuki-Miyaura (Table 1) and Heck reactions
(Table 2).
Complex 1 proved to be an inactive catalyst for both coupling

reactions, while complex 2 lead to the desired product. In Suzuki-
Miyaura reactions, complex 2 was not as efficient as the in situ-
formed catalyst.10 In sharp contrast, the highest isolated yield for
the Heck coupling reaction was obtained with 2.
In conclusion, these findings highlight the importance of the

procedure used for the generation of a catalytically active species
in cross-coupling reactions. It appears that the catalytically active
species precursor in cross-coupling reactions is not complex 1 in
both Suzuki and Heck coupling reactions. Although complex 2

showed a difference in reactivity when compared to the in situ-
generated catalyst, it was found to be a more suitable precursor for
Suzuki and Heck coupling reactions. Work aimed at unveiling the
nature of catalytically active species in in situ-generated NHC-Pd
systems is ongoing.
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Table 1. Palladium-Catalyzed Suzuki-Miyaura Reactions

entry catalyst (2 mol %) temp (°C) yield (%)

1 complex 1 80 <5
2 complex 2 80 44
3 IMes‚HCl, Pd(OAc)2 (2:1) 80 76
4 IMes‚HCl, Pd(OAc)2 (1:1) 80 28

Table 2. Palladium-Catalyzed Heck Reactions

entry catalyst (2 mol %) temp (°C) yield (%)

1 complex 1 120 <5
2 complex 2 120 77
3 IMes‚HCl, Pd(OAc)2 (2:1) 120 66
4 IMes‚HCl, Pd(OAc)2 (1:1) 120 56
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Recently, a number of new transition metal-catalyzed processes
have been developed and optimized through high-throughput and
combinatorial methods.1 Such strategies are particularly efficient
for the screening of a large number of transition metal-ligand
combinations under various sets of reaction conditions. However,
under these in situ conditions, the exact nature of the catalytic
species is not always precisely known. Indeed, the assumption of
a normal mode of binding between ligand and transition metal is
most often assumed and may be misleading.
During the course of our studies focusing on ligands suitable to

induce enantioselectivity in transition metal-catalyzed processes,2
we became interested in testing N-heterocyclic carbene (NHC)-
metal complexes. A number of simple NHC palladium-based
complexes have recently emerged as effective catalysts for a variety
of cross-coupling reactions.3 Our study of the exact structure of
various palladium NHC species reveals that the metalation site on
the imidazolium salt is strongly influenced by the presence of base.
We now report the synthesis and structure of novel palladium
complexes bearing NHC ligands in “normal” and “abnormal”
binding motifs. The binding mode of the NHC to Pd is shown to
substantially affect the catalytic behavior of the palladium com-
plexes.
It has been reported that palladium (II)-NHC complexes could

be easily prepared from palladium (II) acetate and the corresponding
imidazolium salts.4 Metal binding at the C(2) position is usually
observed, and complexes bearing two NHCs can potentially exist
as trans or cis isomers, depending on the steric hindrance of the
nitrogen substituent R. We first attempted to synthesize the
palladium complex 1 derived from 2 equiv of N,N!-bis(2,4,6-
trimethylphenyl)imidazolium chloride (IMes‚HCl) (1) and 1 equiv
of palladium (II) acetate under the standard reaction conditions
(dioxane, 80 °C, 6 h). The reaction proceeded smoothly leading to
the isolation of a single palladium-containing product.

The NMR data suggested an unusual coordination mode for the
NHC ligands, as indicated by 11 proton and 22 carbon signals. In
addition to the singlet at 6.85 ppm for H(4) and H(5) of a
presumably C(2)-bound IMes ligand, the 1H NMR spectrum

displayed two doublets at 6.57 and 7.47 ppm (J ) 1.7 Hz)
corresponding to H(3) and the carbene H(1) of a possibly C(5)-
bound IMes ligand. Furthermore, the 13C NMR spectrum showed
two carbon signals at 175.9 and 150.7 ppm that we assigned to
C(2) and C(5) bound to the palladium center. Two carbon signals
for C(4) and C(5), and for C(3), at respectively 122.8 and 125.5
ppm were also observed. On the basis of the NMR data, we
proposed the reaction product to have the structure 2 (eq 1). To
unambiguously establish this structure, single crystals were grown
by slow diffusion of hexanes into a saturated solution of 2 in
acetone. The single-crystal X-ray analysis provided the ORTEP
diagram shown in Figure 1. The ORTEP reveals that the palladium
is C(2) bound to one NHC ligand (the normal binding mode),
whereas the second ligand is attached through the C(5) carbon of
the second imidazolium. Both Pd-C distances are equivalent (2.019
and 2.021 Å) and are consistent with Pd-C single bonds. The
ORTEP shows a square-planar coordination around the palladium
center, with the two chlorine atoms bound to the palladium. Here
again, no distortion in the Pd-Cl distances is observed (2.289 and
2.302 Å). Complex 2, isolated in good yields (74%), is a rare
example of C(5) coordination of an IMes ligand and constitutes
the first example of an organometallic complex containing one C(2)
NHC ligand and one C(5)-bound imidazolium ligand.5-7
Surprisingly, when a mixture of cesium carbonate, palladium

(II) acetate, and IMes‚HCl was stirred at 80 °C in dioxane, the
formation of 2 was not observed, and the normal C(2) complex 1

‡ Université de Montréal.
§ University of New Orleans.

Figure 1. ORTEP diagram of palladium complex 2. Selected bond lengths
(Å) and angles (deg): Pd(1)-C(12), 2.019(13); Pd(1)-C(25), 2.021(11);
Pd(1)-Cl(1), 2.289(4); Pd(1)-Cl(2), 2.302(4); C(12)-Pd(1)-C(25), 179.4-
(5); C(12)-Pd(1)-Cl(1), 93.3(4); C(25)-Pd(1)-Cl(1), 87.3(3); C(12)-
Pd(1)-Cl(2), 88.6(4); C(25)-Pd(1)-Cl(2), 90.9(3); Cl(1)-Pd(1)-Cl(2),
177.23(18).
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ORTEP representation of complex 1 (elipsoid drawn at 30% propability level)
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was formed together with (IMes)2Pd(OAc)2.8 Complex 1 was also
isolated in 68% from palladium (II) chloride, cesium carbonate,
and 2 equiv of IMes‚HCl (eq 2). The structure of complex 1 was
also unambiguously established by single-crystal X-ray analysis (see
Supporting Information). Attempts to convert complex 2 into the
C(2) isomer 1 in the presence of a base were unsuccessful.9

The reactivity of 1 and 2 was studied and compared with the in
situ-formed catalyst (from Pd(OAc)2 (1 equiv) and IMes‚HCl (2
equiv)) for the Suzuki-Miyaura (Table 1) and Heck reactions
(Table 2).
Complex 1 proved to be an inactive catalyst for both coupling

reactions, while complex 2 lead to the desired product. In Suzuki-
Miyaura reactions, complex 2 was not as efficient as the in situ-
formed catalyst.10 In sharp contrast, the highest isolated yield for
the Heck coupling reaction was obtained with 2.
In conclusion, these findings highlight the importance of the

procedure used for the generation of a catalytically active species
in cross-coupling reactions. It appears that the catalytically active
species precursor in cross-coupling reactions is not complex 1 in
both Suzuki and Heck coupling reactions. Although complex 2

showed a difference in reactivity when compared to the in situ-
generated catalyst, it was found to be a more suitable precursor for
Suzuki and Heck coupling reactions. Work aimed at unveiling the
nature of catalytically active species in in situ-generated NHC-Pd
systems is ongoing.
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S.P.N. acknowledges support from the National Science Foundation
for work performed at UNO.

Supporting Information Available: Characterization data for new
compounds and experimental procedures (CIF/PDF). This material is
available free of charge via the Internet at http://pubs.acs.org

References
(1) For recent reviews: (a) Francis, M. B.; Jamison, T. F.; Jacobsen, E. N.

Curr. Opin. Chem. Biol. 1998, 2, 422-428. (b) Shimizu, K. D.; Snapper,
M. L.; Hoveyda, A. H. Chem. Eur. J. 1998, 4, 1885-1889. (c) Kuntz, K.
W.; Snapper, M. L.; Hoveyda, A. H. Curr. Opin. Chem. Biol. 1999, 3,
313-319. (d) Reetz, M. T. Angew. Chem., Int. Ed. 2001, 40, 284-310.
(e) Dahmen, S.; Brase, S. Synthesis 2001, 1431-1449. (f) Traverse, J.
F.; Snapper, M. L. Drug DiscoV. Today 2002, 7, 1002-1012. (g)
Berkowitz, D. B.; Bose, M.; Choi, S. Angew. Chem., Int. Edit. 2002, 41,
1603-1607. (h) de Vries, J. G.; de Vries, A. H. M. Eur. J. Org. Chem.
2003, 799-811.

(2) (a) Grasa, G. A.; Moore, Z.; Martin, K. L.; Stevens, E. D.; Nolan, S. P.;
Paquet, V.; Lebel, H. J. Organomet. Chem. 2002, 658, 126-131. (b)
Charette, A. B.; Janes, M. K.; Lebel, H. Tetrahedron: Asymmetry 2003,
14, 867-872.

(3) (a) Huang, J.; Nolan, S. P. J. Am. Chem. Soc. 1999, 121, 9889-9890. (b)
Fürstner, A.; Leitner, A. Synlett 2001, 290-292. (c) Herrmann, W. A.;
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Table 1. Palladium-Catalyzed Suzuki-Miyaura Reactions

entry catalyst (2 mol %) temp (°C) yield (%)

1 complex 1 80 <5
2 complex 2 80 44
3 IMes‚HCl, Pd(OAc)2 (2:1) 80 76
4 IMes‚HCl, Pd(OAc)2 (1:1) 80 28

Table 2. Palladium-Catalyzed Heck Reactions

entry catalyst (2 mol %) temp (°C) yield (%)

1 complex 1 120 <5
2 complex 2 120 77
3 IMes‚HCl, Pd(OAc)2 (2:1) 120 66
4 IMes‚HCl, Pd(OAc)2 (1:1) 120 56
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Böhm, V. P. W.; Gstöttmayr, C. W. K.; Grosche, M.; Reisinger, C. P.;
Weskamp, T. J. Organomet. Chem. 2001, 617, 616-628. (d) Grasa, G.
A.; Hillier, A. C.; Nolan, S. P. Org. Lett. 2001, 3, 1077-1080. (e) Viciu,
M. S.; Grasa, G. A.; Nolan, S. P. Organometallics 2001, 20, 3607-3612.
(f) Grasa, G. A.; Viciu, M. S.; Huang, J.; Zhang, C. M.; Trudell, M. L.;
Nolan, S. P. Organometallics 2002, 21, 2866-2873. (g) Hillier, A. C.;
Grasa, G. A.; Viciu, M. S.; Lee, H. M.; Yang, C. L.; Nolan, S. P. J.
Organomet. Chem. 2002, 653, 69-82. (h) Viciu, M. S.; Germaneau, R.
F.; Navarro-Fernandez, O.; Stevens, E. D.; Nolan, S. P. Organometallics
2002, 21, 5470-5472. (i) Pytkowicz, J.; Roland, S.; Mangeney, P.; Meyer,
G.; Jutand, A. J. Organomet. Chem. 2003, 678, 166-179. (j) Eckhardt,
M.; Fu, G. C. J. Am. Chem. Soc. 2003, 125, 13642-13643.

(4) Herrmann, W. A.; Elison, M.; Fischer, J.; Kocher, C.; Artus, G. R. J.
Angew. Chem., Int. Ed. Engl. 1995, 34, 2371-2374.

(5) For the only example of a C-5 IMes, see: (a) Gründemann, S.; Kovacevic,
A.; Albrecht, M.; Faller, J. W.; Crabtree, R. H. Chem. Commun. 2001,
2274-2275. (b) Gründemann, S.; Kovacevic, A.; Albrecht, M.; Faller, J.
W.; Crabtree, R. H. J. Am. Chem. Soc. 2002, 124, 10473-10481.

(6) For selected early examples of a C(2)-bound IMes, see: (a) Huang, J.;
Stevens, E. D.; Petersen, J. L.; Nolan, S. P. J. Am. Chem. Soc. 1999, 121,
2674-2678. (b) Huang, J.; Schanz, H.-J.; Stevens, E. D.; Nolan, S. P.
Organometallics 1999, 18, 2370-2375. (c) Jafarpour, L.; Huang, J.;
Stevens, E. D.; Nolan, S. P. Organometallics 1999, 18, 3760-3763.

(7) The related unusual C(2)-C(5) complex was also obtained with N,N!-
bis(2,6-diisopropylphenyl)imidazolium chloride (IPr‚HCl).

(8) The normal C(2) complex 1 and (IMes)2Pd(OAc)2 were obtained as an
inseparable mixture.

(9) The mechanism for the formation of complex 2 has not been unambigu-
ously established. However, there are some indications that it proceeds
via the formation of a palladium-carbene complex that undergo a C-H
insertion into the C(5)-H bond of the second imidazolium salt. For
instance, the use of weaker base, such as dimethylaniline, led mainly to
formation of complex 2. Conversely, complex 2 could not be obtained
from palladium chloride, which suggest that palladium acetate acted as a
base for the formation of the carbene ligand. We thank a reviewer for
useful comments and suggestions regarding the mechanism for the
formation of 2.

(10) It should be noted that in Suzuki-Miyaura cross-coupling reactions, well-
defined complexes bearing only one NHC are better catalysts than those
bearing two. See ref 3f.

JA049759R

Table 1. Palladium-Catalyzed Suzuki-Miyaura Reactions

entry catalyst (2 mol %) temp (°C) yield (%)

1 complex 1 80 <5
2 complex 2 80 44
3 IMes‚HCl, Pd(OAc)2 (2:1) 80 76
4 IMes‚HCl, Pd(OAc)2 (1:1) 80 28

Table 2. Palladium-Catalyzed Heck Reactions

entry catalyst (2 mol %) temp (°C) yield (%)

1 complex 1 120 <5
2 complex 2 120 77
3 IMes‚HCl, Pd(OAc)2 (2:1) 120 66
4 IMes‚HCl, Pd(OAc)2 (1:1) 120 56

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 16, 2004 5047



aNHCs as Ligands for Transition Metals	 27	

X. Xu, B. Xu, Y. Li, S. H. Hong, Organometallics, 2010, 29, 6343.!

Suzuki–Miyaura coupling	

6344 Organometallics, Vol. 29, No. 23, 2010 Xu et al.

there is no example of using abnormal binding carbene
precursors for similar in situ generation of catalyst species.
During our recent research focus on the NHC-based transi-
tion metal complexes for efficient organic transformations,9

we became interested in abnormal NHC as a new ligand
scaffold in homogeneous catalysis.Herein, we report the first
example of using a C2-protected imidazolium salt as an
aNHC precursor in a Pd-catalyzed cross-coupling reaction.
To confirm the observation from in situ catalysis, we also
screened the activity of the related well-defined aNHC and
nNHC Pd complexes.

Results and Discussion

NHC Precursor. Two imidazolium salts, 5 and 6, were
chosen asNHCprecursors to investigate the activity between
the normal and the abnormal carbenes (Figure 2). Both
precursors have isopropyl and phenyl groups as wingtip
groups, providing similar steric effects of the NHC ligands.
Percent buried volumes (%Vbur) of the chosen nNHC and
aNHC, calculated on the basis of X-ray crystal structures of
7 and 9 using SambVca software, are 29.5 for the nNHC of 5
and 30.0 for the aNHC of 6 (radius of the sphere,R, is 3.5 Å;
M-NHC length is 2.1 Å; Bondi radii scaled by 1.17).10 For
compound 6, the C2 and C4 carbons are functionalized by
phenyl groups, leaving the C5 position available only for the
binding of Pd.11 The phenyl group was chosen to avoid
possible C-C cleavage observed when a methyl or an iso-
propyl group was used as the C2 protecting group.12 The
precursor 5 is a stereotype of NHCprecursors used in in situ-
generated transition metal catalysis. While the most acidic
C2 position is the most favorable binding site, there is a
possibility for palladium to bind to the C4 or C5 position, as
in the case of 2.4

Electronic properties of the corresponding carbenes of 5
and 6 were examined by Crabtree and co-workers by mea-
suring carbonyl stretching frequencies of Ir(CO)2Cl(NHC)
complexes.13While the nNHC from 5 showed slightly higher
electron-donating property (ν(CO) 2061, 1976 cm-1) than
PCy3 (ν(CO) 2072, 1984 cm-1), aNHC from 6 exhibited

much better electron-donating ability, as reported by a
significantly decreased CO frequency (ν(CO) 2045, 1961 cm-1)
of Ir(CO)2Cl(aNHC). In addition, recent calculations done
with an isolated crystalline aNHC showed that the aNHC
is more basic than its normal NHC isomer.14

In summary, the NHC precursors 5 and 6 were chosen to
rationally investigate the effect of abnormal NHC: (1) they
have a similar steric effect near the Pd center; (2) 6 will show
the effect of aNHC only in catalysis, while it is possible
for 5 to bind normally or abnormally, although it is logically
believed that normal NHC binding is more favored; and
(3) aNHC from 6 is a better electron donor than nNHC
from 5.
In Situ-Generated NHC-Promoted Pd-Catalyzed Reactions.

With the chosen NHC precursors 5 and 6, we compared the
activity in the Suzuki-Miyaura coupling reactions using Pd-
(OAc)2 (Tables 1 and 2).15 On the basis of extensive screens,
Cs2CO3 and dioxane were chosen as the optimal base and
solvent. A mixture of Pd(OAc)2, an NHC precursor, and
Cs2CO3 in dioxane was stirred at 80 !C for 30 min to generate
catalytically active NHC-Pd complexes before the addition of
the substrates. The reactions were promoted by both ligands.16

The abnormal NHC precursor 6 gave slightly better yields in
most cases whether it was used as 2 equiv or 1 equiv versus Pd.
Interestingly, undesirable deboronation homocoupling of aryl
boronic acids was not observed with 6, unlike with 5. The
symmetrical biaryl generated from thehomocouplingof the aryl

Figure 2. Normal and abnormal NHC precursors.

Table 1. NHC-Promoted Suzuki-Miyaura Cross-Coupling
Reactions (NHC:Pd = 1:1)a

5 6

entry R1 R2 A B A B

1 OMe Me 58 (55) 35 67 (64) <0.1
2 H Me 77 (75) 15 88 (84) <0.1
3 F Me 72 (67) 19 76 (69) <0.1
4 Me OMe 40 (33) 10 49 (42) <0.1
5 Me H 51 (43) 5 44 (35) 2
6 Me F 20 (16) 2 14 (9) 0.6
7 H OMe 62 (57) 11 75 (64) <0.1
8 H F 12 (10) 2 44 (38) <0.1

aGCyields using dodecane as an internal standard; isolated yields are
shown in parentheses, average of at least two runs.

(9) (a) Zhang, J.; Muthaiah, S.; Ghosh, S. C.; Hong, S. H. Angew.
Chem., Int. Ed. 2010, 49, 6391. (b) Zhang, Y.; Chen, C.; Ghosh, S. C.; Li, Y.;
Hong, S. H.Organometallics 2010, 29, 1374. (c) Ghosh, S. C.;Muthaiah, S.;
Zhang, Y.; Xu, X.; Hong, S. H. Adv. Synth. Catal. 2009, 351, 2643.
(d) Muthaiah, S.; Ghosh, S. C.; Jee, J.-E.; Chen, C.; Zhang, J.; Hong, S. H.
J. Org. Chem. 2010, 75, 3002. (e) Ghosh, S. C.; Hong, S. H. Eur.
J. Org. Chem. 2010, 4266.
(10) (a) Poater, A.; Cosenza, B.; Correa, A.; Giudice, S.; Ragone, F.;

Scarano, V.; Cavallo, L.Eur. J. Inorg. Chem. 2009, 1759. (b) http://www.
molnac.unisa.it/OMtools/sambvca.php. (c) Clavier, H.; Nolan, S. P. Chem.
Commun. 2010, 46, 841.
(11) (a) Gr€undemann, S.; Kovacevic, A.; Albrecht, M.; Faller, J. W.;

Crabtree, R. H. J. Am. Chem. Soc. 2002, 124, 10473. (b) Bacciu, D.;
Cavell, K. J.; Fallis, I. A.; Ooi, L. L.Angew. Chem., Int. Ed. 2005, 44, 5282.
(12) (a) Chianese, A. R.; Zeglis, B. M.; Crabtree, R. H. Chem.

Commun. 2004, 2176. (b) McLachlan, F.; Mathews, C. J.; Smith, P. J.;
Welton, T. Organometallics 2003, 22, 5350. (c) Cavell, K. J.; McGuinness,
D. S. Coord. Chem. Rev. 2004, 248, 671.
(13) Chianese, A. R.; Kovacevic, A.; Zeglis, B. M.; Faller, J. W.;

Crabtree, R. H. Organometallics 2004, 23, 2461.

(14) Aldeco-Perez, E.; Rosenthal, A. J.; Donnadieu, B.; Parameswaran,
P.; Frenking, G.; Bertrand, G. Science 2009, 326, 556.

(15) (a)Grasa,G.A.;Viciu,M.S.;Huang, J.K.;Zhang,C.M.;Trudell,
M. L.; Nolan, S. P. Organometallics 2002, 21, 2866. (b) Altenhoff, G.;
Goddard, R.; Lehmann, C. W.; Glorius, F. J. Am. Chem. Soc. 2004,
126, 15195. (c) Hadei, N.; Kantchev, E. A. B.; O'Brien, C. J.; Organ, M. G.
Org. Lett. 2005, 7, 1991. (d) Marion, N.; Navarro, O.; Mei, J. G.; Stevens,
E. D.; Scott, N. M.; Nolan, S. P. J. Am. Chem. Soc. 2006, 128, 4101. (e)
Navarro, O.;Marion,N.; Oonishi, Y.; Kelly, R. A.; Nolan, S. P. J.Org. Chem.
2006, 71, 685.

(16) 40% yield was obtained from a reaction of bromobenzene and
p-tolylboronic acid (entry 2) under the same conditions as in Table 1
without any NHC precursor.

6346 Organometallics, Vol. 29, No. 23, 2010 Xu et al.

the effect of nNHC and aNHC on the Pd-catalyzed reaction
(Scheme 1).4,22 Interestingly, we could not observe anymixed
(NHC)(aNHC)PdI2 complex 7a or 7b under the same con-
ditions as generation of 2 formed from Pd(OAc)2 and an
imidazolium salt without Cs2CO3.

4 Even in the presence of

Cs2CO3, only 7 was obtained. With aNHC precursor 6, dimer
complex 8 was obtained even though we used 2 equiv of 6.
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782053 (10), and CCDC-782075 (11).

(24) (a) Herrmann, W. A.; B€ohm, V. P. W.; Gst€ottmayr, C. W. K.;
Grosche, M.; Reisinger, C. P.; Weskamp, T. J. Organomet. Chem. 2001,
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boronic acid has often been observed in the Suzuki-Miyaura
reactions.17

The substrate scope of the abnormal carbene precursor 6-
promoted Suzuki-Miyaura coupling reactions was explored
(Table 3). It showed excellent activity with electron-deficient
aryl bromides with good functional group tolerance. How-
ever, reduced yields or no activity was observed with unacti-
vated electron-rich aryl bromide (entries 13, 14), aryl chloride
(entry 17), and sterically bulky substrates (entry 18). It has been
reported that Pd complexes of sterically demandingphosphines
or NHC ligands were more efficient in the Suzuki-Miyaura
coupling reactions by stabilizing a putative monoligated Pd
complex and facilitating the reductive elimination.15d,18 There-
fore, development of more sterically bulky abnormal carbene
precursors will be required for further improvement to practi-
cally use aNHC as a supporting ligand in the Pd-catalyzed
cross-coupling reactions.

A clear reaction rate difference between the nNHC and the
aNHC systems was observed when the progress of the reaction
of p-tolylboronic acid and bromobenzene was monitored by
GC (Figure 3). To our surprise, the aNHC-based catalyst
exhibited a much faster reaction rate than the nNHC-based
system, especially at the initial stage, although we postulated
that 5, which has a more acidic C2 proton, might generate
(NHC)Pd species faster, which could affect the reaction rate.19

We think that the more electron-donating aNHC promotes
oxidative addition faster, which is known as the rate-determin-
ing step in many cases of cross-coupling reactions.20

Abnormal and Normal N-Heterocyclic Carbene-Based Pd
Complexes. As different efficiencies of in situ formation of
the NHC-Pd bond from 5 and 6 might affect the catalytic
activity,21 we synthesized well-defined NHC-Pd complexes
7-11 following the reported conditions to further investigate

Table 2. NHC-Promoted Suzuki-Miyaura Cross-Coupling
Reactions (NHC:Pd = 2:1)a

5 6

entry R1 R2 A B A B

1 OMe Me 60 (57) 23 76 (73) <0.1
2 H Me 79 (76) 14 90 (89) <0.1
3 F Me 75 (72) 28 84 (76) <0.1
4 Me OMe 41 (34) 10 64 (61) <0.1
5 Me H 30 (25) 4 66 (62) 2
6 Me F 6 (4) 4 29 (24) 1.3
7 H OMe 67 (63) 7 78 (70) <0.1
8 H F 30 (25) 3 50 (41) <0.1

aGCyields using dodecane as an internal standard; isolated yields are
shown in parentheses, average of at least two runs.

Table 3. Scope of aNHC-Promoted Suzuki-Miyaura Cross-
Coupling Reactions (NHC:Pd = 2:1)a

aPd(OAc)2 (2.5 mol %), 6 (5 mol %), Cs2CO3 (2 equiv), aryl halide
(1.0 equiv), boronic acid (1.5 equiv), dioxane, 80 !C, 24 h. bGC yield
(isolated yield), average of at least two runs.

(17) Adamo, C.; Amatore, C.; Ciofini, I.; Jutand, A.; Lakmini, H.
J. Am. Chem. Soc. 2006, 128, 6829.
(18) (a) Snead, D. R.; Inagaki, S.; Abboud, K. A.; Hong, S. Organo-

metallics 2010, 29, 1729. (b) Christmann, U.; Vilar, R. Angew. Chem., Int.
Ed. 2005, 44, 366. (c) Suzuki, A. Proc. Jpn. Acad. Ser. B: Phys. Biol. Sci.
2004, 80, 359. (d) Bellina, F.; Carpita, A.; Rossi, R. Synthesis 2004, 2419.
(19) The aqueous pKa of the C2-bound proton (pKa=24( 1, determined

experimentally aswell as by calculation) of unsubstituted imidazoliumcation
is 9pKa units lower than calculated for theC4-boundproton (pKa=33) See:
Magill, A. M.; Yates, B. F. Aust. J. Chem. 2004, 57, 1205, and ref 3a.
(20) (a) Matos, K.; Soderquist, J. A. J. Org. Chem. 1998, 63, 461.

(b) Stille, J. K.; Lau, K. S. Y.Acc. Chem.Res. 1977, 10, 434. (c)Miyaura, N.;
Suzuki, A.Chem. Rev. 1995, 95, 2457. (d) Iglesias,M.; Albrecht, M.Dalton
Trans. 2010, 39, 5213.

(21) The C2 (5) or C5 (6) proton was monitored by 1H NMR
spectroscopy in a mixture of 5 or 6 (0.025 mmol), Pd(OAc)2 (0.025
mmol), and Cs2CO3 (1 mmol) in THF-d6 (1 mL) at 80 !C. The results
indicated that 5 reacts faster with Pd(OAc)2 (100%of the C2 proton of 5
disappeared, vs 82% of the C5 proton of 6, after 30 min).
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hydrogenation	octane [Eq. (1)] is observed with the bissolvento complex 5,
while the neutral homologue 2 was inactive under these

conditions. Comparative experiments have been performed
with the bissolvento complex of 3b, that is, the C(2)-bound
complex 6.[12] Irrespective of the solvent, the conversions are
substantially lower with 6 than with the C(4)-bound complex
5 (Table 1, entries 1–5). The hydrogenation of cyclooctene

with 5 in polar solvents such as EtOH is complete within less
than 5 h. Longer reaction times are required to achieve full
conversion when the catalyst loading is reduced below
1 mol% (Table 1, entries 6–8). Catalytic activity essentially
ceases at a 0.01 mol% loading. This finding suggests that
complex 5 is a true catalyst precursor in this transformation.
Computational as well as mechanistic studies are ongoing to
elucidate further details of this catalytic reaction.[17]

In conclusion, we have developed an efficient route to
novel complexes comprising highly electron-rich palla-
dium(II) centers. Key to these unique electronic features is
a rigid cis-chelating, strongly donating, and neutral dicarbene
ligand that is bound through C(4) as opposed to C(2), as is
normally observed with imidazolium-derived heterocyclic
carbenes. The high electron density imparted by this bonding
mode affects the stability as well as the catalytic activity of the
coordinated metal center and allows for the activation of less
reactive bonds such as in H2. Currently, we are extending this
approach to other platinum group metals to target the
activation of strong C!H and C!C bonds. Carbene-type
ligands bound through the C(4) atom are particularly
attractive for designing new catalyst systems for this purpose.
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Table 1: Catalytic hydrogenation of cyclooctene with complexes 5 and 6.[a]

Entry Solvent t [h] cat. loading[b] Conversion[c] [%]
5 6

1 MeOH 8 (24) 1% 78 (100) 24
2 EtOH 4.5 1% 100 19
3 THF 8 (24) 1% 50 (100) 9
4 CH2Cl2 8 (24) 1% 30 (100) 0
5 toluene 8 (24) 1% 0 (34) 0
6 EtOH 2.5 3% 100 n.d.[d]

7 EtOH 26 0.1% 66 n.d.
8 EtOH 72 0.01% < 5 n.d.

[a] General conditions: cyclooctene (2.0 mmol), Pd complex (1 mol%),
EtOH (6 mL), RT, 1 atm H2; catalyst precursor 6 is the product from an
AgBF4-mediated halide abstraction from 3b (Scheme 1, see also
Ref. [12]). [b] In mol equiv relative to cyclooactene. [c] Determined by
GC. [d] Not determined.

Angewandte
Chemie

6295Angew. Chem. Int. Ed. 2007, 46, 6293 –6296 ! 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

DOI: 10.1002/cctc.201000270

Catalytic Hydrogenation Using Abnormal N-Heterocyclic
Carbene Palladium Complexes: Catalytic Scope and
Mechanistic Insights
Marion Heckenroth,[a] Vsevolod Khlebnikov,[b] Antonia Neels,[c] Peter Schurtenberger,[d] and
Martin Albrecht*[a, b]

Introduction

The metal-catalyzed hydrogenation of unsaturated substrates
has long been a classic domain of transition metal complexes
comprising phosphine ligands.[1] N-heterocyclic carbene (NHC)
ligands,[2] once considered as substitutes of phosphines,[3] have
been considerably less successful in hydrogenation catalysis.[4]

This limitation of NHC complexes may be due in part to the
propensity of the carbene ligand to undergo reductive elimina-
tion reactions,[5] despite the fact that the M!CNHC bond is gen-
erally considered to have high covalent character and thus to
be relatively strong. Reductive elimination pathways are partic-
ularly relevant in catalytic transformations involving intermedi-
ates that comprise metal-bound hydrides,[6, 7] alkyl,[8] or aryl
groups.[9]

We recently discovered that abnormal dicarbene palladium
complexes, that is, NHC-type ligands that coordinate to the
metal center abnormally through the imidazolylidene C4 or C5
rather than the normal C2 position,[10] provide catalyst precur-
sors for the hydrogenation of olefins.[11] The abnormal bonding
mode was assumed to be essential for this catalytic activity,[12]

since C4-bound NHCs are considerably stronger donors than
their normal counterparts.[10, 13] This enhanced donor ability
provides access to new reactivity pathways. Specifically, the
high electron density imparted to the metal center is surmised
to facilitate oxidative addition reactions,[14] which are a key
step in the metal-mediated activation of H2.[15]

Herein we report on our investigation of the scope, limita-
tion, and, specifically, on the mode of action of the dicarbene
palladium complexes 1–4 (Figure 1). These studies lend further
support that oxidative H2 addition is a limiting factor for cata-
lyst activation, thus emphasizing the relevance of using strong-
ly donating abnormal carbene ligands in catalyst design. Fur-
thermore, evidence is provided that the hydrogenation is het-
erogeneous, thus indicating that the carbene ligand plays a

Palladium complexes containing abnormally bound C4-bound
dicarbene ligands have been exploited for catalytic alkene hy-
drogenation. Comparison to normally C2-bound homologues
indicates that the carbene bonding mode critically influences
the catalytic activity. Good catalytic performance in the hydro-
genation of cis-disubstituted olefins and non-isomerizable ter-
minal olefins under mild conditions (RT, 0.1 MPa H2) only

occurs when the carbene is abnormally bound to the palladi-
um center. Detailed mechanistic investigations using dynamic
light scattering in connection with time-dependent analysis of
conversions, and also performance of substoichiometric cata-
lytic experiments provide evidence that the catalysis is hetero-
geneous and that the abnormally bound carbene ligand has
the role of an activator.

Figure 1. C2-bound dicarbene complexes 1 and 2 and the abnormal C4-
bound carbene homologues 3 and 4.
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than a localized C=C bond as observed in C(2)-bound
carbenes (typically 1.32!).

Complex 2b is considerably less stable towards acids than
the C(2)-bound analogue 3b. Addition of sulfuric acid
induced rapid dissociation of the complex at room temper-
ature and concomitant formation of 1, presumably as the
bisulfate salt. In contrast, complex 3b is stable for several days
under identical conditions. Steric effects may account for this
difference in reactivity, as the Pd!C bond is less shielded by
the isopropyl groups in 2b. Furthermore, the increased
polarization of the C(4)!Pd bond relative to that of C(2)!
Pd enhances the electron density at the Pd center. Accord-
ingly, proton binding may initially occur through the high-
lying metal dz2 orbital in 2b. Subsequent hydrogen migration
to the metal-bound carbon atom then cleaves the Pd!C bond
to yield 1.

While we have not succeeded in detecting a metal-bound
hydrogen atom spectroscopically, we find support for the
feasibility of such a reaction pathway from reactions of 2 with
other Lewis acids. For example, complex 2b rapidly trans-
forms in the presence of AgBF4 (MeCN solution) into the
bimetallic complex 4, which possesses a Pd···Ag interaction
(Scheme 2). Atomic absorption spectroscopic analysis of
amorphous material indicated the presence of equimolar
quantities of Ag and Pd. An X-ray diffraction analysis of
single crystals[11] revealed the unambiguous formation of an
Ag adduct with an unusually short Pd···Ag contact of
2.8701(6)! (Figure 2).[14] Two MeCN solvent molecules and
a fluoride ion from BF4

! complete the formally tetrahedral
coordination geometry around the silver nucleus. Removal of
the Ag+ ion to afford the bissolvento complex 5 can be

achieved by dissolving the adduct 4 in DMSO or MeOH.
These solvents apparently successfully compete with the
palladium center as a Lewis base for Ag complexation.

The formation of a silver adduct with 2 but not with 3
suggests there is a higher electron density at the palladium
center in C(4)-bound carbene complexes. We have quantified
this effect by X-ray photoelectron spectroscopy (XPS,
Figure 3). The bonding energies of both the 3d and the 3p

palladium electrons in 2 are exceptionally low compared with
other palladium(II) complexes,[15] including 3. This weaker
electron bonding reflects the strong donor ability of C(4)-
bound carbenes and corroborates previous results obtained
from CO vibrations in related iridium(I) complexes.[9]

We have exploited the unique properties of these
complexes in catalytic olefin hydrogenation, which involves
the activation of H2 as a key step.[16] Preliminary experiments
have been carried out using complexes 2 and 5 as catalyst
precursors under mild conditions, that is, at room temperature
and 1 atm H2. The hydrogenation of cyclooctene to cyclo-

Figure 1. Ortep representation of one of the two crystallographically
independent molecules of 2b (50% probability; H atoms and cocrys-
tallized solvent molecules are omitted for clarity). Selected bond
lengths [!]: Pd1-C1 1.963(11), Pd1-C11 1.937(13), Pd1-I1 2.6797(12),
Pd1-I2 2.6812(14), C1-C2 1.388(16), C10-C11 1.41(2).

Scheme 2. Formation of the bissolvento complexes 4 and 5.

Figure 2. Ortep representation of the dimetallic complex 4 (30%
probability; H atoms and two BF4

! ions are omitted for clarity).
Selected bond lengths [!] and angles [8]: Pd1-Ag1 2.8701(6), Pd1-C1
1.981(5), Pd1-C7 1.972(4), Pd1-N5 2.085(4), Pd1-N6 2.085(4), C1-C2
1.361(7), C6-C7 1.368(6); C1-Pd1-C7 85.95(18), Ag1-Pd1-C1 65.77(13),
Ag1-Pd1-C7 68.32(13).

Figure 3. XPS spectra (3d level) of the C(4)-bound dicarbene complex
2b (black) and its C(2)-bound analogue 3b (gray).
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role as activator, but not as spectator ligand in the catalytically
active species.

Results and discussion

Structural aspects

Complexes 1–4 were prepared according to known proce-
dures.[11, 16] The solvento complexes 2 and 4 a–c were analyzed
by X-ray diffraction (Figure 2, Table 1). Comparison of the struc-

tural parameters reveals only small differences between the
normal complex 2 and the abnormal analogues 4 a–c. The Pd!
C bond lengths are all similar and fit in the 1.96–2.00 ! range
typical of Pd!CNHC bond lengths.[8, 17] The heterocyclic C!C
bonds are only marginally longer in the C4-bound carbenes 4
than in the normal NHC analogue. The bite angles C1!Pd!C7
are larger in complexes 4 than in 2, although the N-substitu-
ents seem to exert a stronger influence than the carbene
bonding mode. Probably the largest structural difference con-
sists of the dihedral angle between the palladium coordination

plane and the heterocycles. In the abnormal carbene com-
plexes 4, this angle is small (12–368), indicating a relatively flat
boat-type conformation of the six-membered metallacycle. In
the normal carbene complex, the heterocycles are twisted out
of the palladium coordination plane by about 428, presumably
as a direct consequence of the presence of ortho substituents
at the carbene. Large twists likely shield the z coordination axis
at palladium and may thus influence the reactivity. Notably, in
solution the metallacycle is flexible in 4 (singlet of NCH2N
group at room temperature),[11] whereas in 2 a rigid conforma-
tion is preserved, even at 80 8C, as evident from the AB pattern
for the methylene protons.[16a]

Catalytic hydrogenation

The catalytic activity of complexes 1–4 was evaluated in the
hydrogenation of cyclooctene (coe) at 30 8C under 0.1 MPa H2.
The solvento complexes 2 and 4 showed appreciable activity
whereas the iodide analogues 1 and 3 were essentially inac-
tive. Remarkably, in polar and weakly coordinating solvents,
such as alcohols, abnormal complex 4 b was a significantly
more active hydrogenation catalyst than the normal analogue
2 (Table 2, entries 1 and 2). Solvent screening showed that the

most efficient solvent was EtOH, in which the hydrogenation
of coe was complete in less than 5 h. Conversions were very
low in nonpolar solvents such as toluene, even after 24 h, pre-
sumably due to the low solubility of the complexes (Table 2,
entries 3–5). In strongly coordinating solvents such as DMSO,
DMF, or MeCN, no conversion was detected (Table 2, entries 6–
8; see below). Lowering the catalyst loading to 0.1 % gave
slower conversion (74 % after 4.5 h; Table 2, entry 10), and cata-
lytic activity essentially ceased upon further lowering of the
concentration of 4 b to a 10,000:1 substrate/catalyst ratio
(entry 11). Catalytic runs performed in C2D5OD did not reveal

Figure 2. ORTEP representation of complexes 2 (a), 4 a (b), 4 b (c), and 4 c (d).
Thermal ellipsoids are calculated at 50 % probability level; hydrogen atoms
and cocrystallized solvent molecules are omitted for clarity.

Table 1. Selected bond lengths (!) and angles (8) in complexes 2, 4 a,
4 b, 4 c.

2 4 a 4 b 4 c

Pd1!C1 1.987(9) 1.973(4) 1.981(4) 1.964(4)
Pd1!C7 1.994(9) 1.974(4) 1.973(4) 1.975(4)
Pd1!N5 2.098(9) 2.097(4) 2.071(3) 2.068(4)
Pd1!N6 2.076(8) 2.074(4) 2.072(4) 2.065(4)
Cimi!Cimi

[a] 1.341(14) 1.358(6) 1.356(6) 1.362(5)
C’imi!C’imi

[b] 1.325(13) 1.362(6) 1.358(6) 1.347(5)
C1-Pd1-C7 84.1(4) 88.92(18) 85.75(17) 88.03(15)
N5-Pd1-N6 85.6(3) 89.36(18) 92.11(14) 91.67(13)
N2-C1-Pd1-C7 42.7(9) 12.6(4) 34.7(3) 22.5(3)
C1-Pd1-C7-N3 41.3(8) 15.7(4) 35.9(3) 25.7(3)

[a] Cimi!Cimi is C2!C3 for 2 and C1!C2 for 4 ; [b] C’imi!C’imi is C5!C6 for 2
and C6!C7 for 4.

Table 2. Catalytic activity of 4 a and 2 for cyclooctene hydrogenation.[a]

Entry Solvent t [h] Catalyst loading [mol %][b] Conversion [%][c]

Cat. 2 Cat. 4 b

1 MeOH 8 1 24 78 (100)
2 EtOH 4.5 1 19 100
3 THF 8 1 9 50 (100)
4 CH2Cl2 8 1 0 30 (100)
5 toluene 8 1 0 0 (34)
6 DMF 24 1 n.d. 0
7 MeCN 24 1 n.d. 0
8 DMSO 24 1 n.d. 0
9 EtOH 2.5 3 n.d. 100
10 EtOH 4.5 0.1 n.d. 74
11 EtOH 72 0.01 n.d. <5

[a] Conditions: Cyclooctene (2.0 mmol), EtOH (6 mL), H2 (101 325 Pa),
30 8C; [b] relative to cyclooctene; [c] determined by GC; n.d. = not deter-
mined, conversion after 24 h given in parentheses.
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DMF, or MeCN, no conversion was detected (Table 2, entries 6–
8; see below). Lowering the catalyst loading to 0.1 % gave
slower conversion (74 % after 4.5 h; Table 2, entry 10), and cata-
lytic activity essentially ceased upon further lowering of the
concentration of 4 b to a 10,000:1 substrate/catalyst ratio
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and C6!C7 for 4.

Table 2. Catalytic activity of 4 a and 2 for cyclooctene hydrogenation.[a]
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Cat. 2 Cat. 4 b

1 MeOH 8 1 24 78 (100)
2 EtOH 4.5 1 19 100
3 THF 8 1 9 50 (100)
4 CH2Cl2 8 1 0 30 (100)
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6 DMF 24 1 n.d. 0
7 MeCN 24 1 n.d. 0
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9 EtOH 2.5 3 n.d. 100
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“formation of submicrometer size particles is essential for the catalytic activity, 
hence indicating a heterogeneous mechanism.”!

M. Heckenroth, V. Khlebnikov, A. Neels, P. Schurtenberger, M. Albrecht, ChemCatChem, 2011, 3, 167.!

ent after about 6 h, when conversion reached about 40 %. Fil-
tration of identical solutions through a nanoporous membrane
after 1, 2, and 4 h indicated a clear correlation between con-
version and the presence of particles (Figure 5 b–d). For exam-
ple, filtration after 2 h (Figure 5 c) and analysis of the reaction
mixture after 2.5 h showed the efficient removal of all nanopar-
ticles, but not of the complex, as particle formation resumed
after some time. Notably, catalytic activity dropped significantly
in the absence of particles, and only 6 % conversion was ob-
served between the measurement at 2.5 h and that at 4.5 h (cf.
20 % conversion during the same period in the unfiltered
sample, Figure 5 a). The effect is perhaps even more obvious in
the run that was filtered after 4 h. Initial conversions were
rather low, probably due to the absence of particles at an early
stage of the reaction. After filtration of the formed particles,
the catalytic reaction essentially ceased (3 % conversion be-
tween 4.5 h and 6.5 h) and only resumed once particle growth
had resumed. These measurements hence suggest that forma-
tion of submicrometer size particles is essential for the catalytic
activity, hence indicating a heterogeneous mechanism.

Taking all of these elements into account, a mechanism for
the activity of complexes 4 is suggested that comprises the co-
ordination of one (or two) olefins to the palladium center,
which accounts for the inactivity of the neutral complexes 1
and 3, as well as of complex 4 in strongly coordinating sol-
vents, and the oxidative addition of dihydrogen and reductive

C!H bond elimination of the imidazolium salt, leading to palla-
dium hydride species as effective precursor for the formation
of colloidal palladium.[24] Oxidative addition is obviously facili-
tated by the high electron density at the palladium center, im-
parted by the C4-bonding of the carbene ligand. Subsequent
reductive elimination of C4-bound carbenes is known to be
faster than that of C2-bound NHCs,[25] presumably because of
the weaker bonding of abnormal carbenes. A reactivity se-
quence that may model this catalyst activation step was re-
cently disclosed by reacting the palladium complexes with
chlorine rather than with hydrogen.[14] Exposure of complexes
similar to 4 to Cl2 afforded instantaneously the doubly chlori-
nated imidazolium salt with [PdCl4]2! as counterion. Substitut-
ing chlorine in this process with hydrogen would provide the
protonated imidazolium salt, as observed in substoichiometric
catalytic runs, and [PdH4]2! as precursor for palladium nanopar-
ticles.[26] . In agreement with this model, the dicarbene complex
2 featuring normally bound NHC ligands lacks the reactivity to-
wards oxidative addition and reductive elimination in the pres-
ence of chlorine,[14] and is also an inefficient hydrogenation cat-
alyst.[27] Thus, the abnormal bonding mode of the carbene in
complex 4 seems to be essential to activate the catalytic spe-
cies, although it is a ‘suicidal’ ligand that escapes from the pal-
ladium coordination sphere during the activation process.

Figure 5. Correlation of particle size RH (grey columns) and conversion (^) for catalytic runs that were not filtered (a), and those filtered after 1 h (b), after
2 h (c), and after 4 h (d).
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cies, although it is a ‘suicidal’ ligand that escapes from the pal-
ladium coordination sphere during the activation process.

Figure 5. Correlation of particle size RH (grey columns) and conversion (^) for catalytic runs that were not filtered (a), and those filtered after 1 h (b), after
2 h (c), and after 4 h (d).
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ent after about 6 h, when conversion reached about 40 %. Fil-
tration of identical solutions through a nanoporous membrane
after 1, 2, and 4 h indicated a clear correlation between con-
version and the presence of particles (Figure 5 b–d). For exam-
ple, filtration after 2 h (Figure 5 c) and analysis of the reaction
mixture after 2.5 h showed the efficient removal of all nanopar-
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after some time. Notably, catalytic activity dropped significantly
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20 % conversion during the same period in the unfiltered
sample, Figure 5 a). The effect is perhaps even more obvious in
the run that was filtered after 4 h. Initial conversions were
rather low, probably due to the absence of particles at an early
stage of the reaction. After filtration of the formed particles,
the catalytic reaction essentially ceased (3 % conversion be-
tween 4.5 h and 6.5 h) and only resumed once particle growth
had resumed. These measurements hence suggest that forma-
tion of submicrometer size particles is essential for the catalytic
activity, hence indicating a heterogeneous mechanism.

Taking all of these elements into account, a mechanism for
the activity of complexes 4 is suggested that comprises the co-
ordination of one (or two) olefins to the palladium center,
which accounts for the inactivity of the neutral complexes 1
and 3, as well as of complex 4 in strongly coordinating sol-
vents, and the oxidative addition of dihydrogen and reductive

C!H bond elimination of the imidazolium salt, leading to palla-
dium hydride species as effective precursor for the formation
of colloidal palladium.[24] Oxidative addition is obviously facili-
tated by the high electron density at the palladium center, im-
parted by the C4-bonding of the carbene ligand. Subsequent
reductive elimination of C4-bound carbenes is known to be
faster than that of C2-bound NHCs,[25] presumably because of
the weaker bonding of abnormal carbenes. A reactivity se-
quence that may model this catalyst activation step was re-
cently disclosed by reacting the palladium complexes with
chlorine rather than with hydrogen.[14] Exposure of complexes
similar to 4 to Cl2 afforded instantaneously the doubly chlori-
nated imidazolium salt with [PdCl4]2! as counterion. Substitut-
ing chlorine in this process with hydrogen would provide the
protonated imidazolium salt, as observed in substoichiometric
catalytic runs, and [PdH4]2! as precursor for palladium nanopar-
ticles.[26] . In agreement with this model, the dicarbene complex
2 featuring normally bound NHC ligands lacks the reactivity to-
wards oxidative addition and reductive elimination in the pres-
ence of chlorine,[14] and is also an inefficient hydrogenation cat-
alyst.[27] Thus, the abnormal bonding mode of the carbene in
complex 4 seems to be essential to activate the catalytic spe-
cies, although it is a ‘suicidal’ ligand that escapes from the pal-
ladium coordination sphere during the activation process.

Figure 5. Correlation of particle size RH (grey columns) and conversion (^) for catalytic runs that were not filtered (a), and those filtered after 1 h (b), after
2 h (c), and after 4 h (d).
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Pd-aNHC complex didn’t activate H-H bond…!
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The progress of the polymerization reaction was monitored by
1H NMR spectroscopy at different time intervals. The result is
shown in Fig. 1A which reveals a first order kinetics for ring
opening polymerization of rac-lactide. The rate of polymerization
was found to be faster in toluene than THF under identical
conditions (Fig. 1A). The plot of molecular weight [Mn(NMR)]
versus percent of conversion shows the gradual increase of
molecular weight in a linear fashion with progress of the
polymerization (Fig. 1B). This result indicates the controlled
nature of polymerization. Also the PDI values remain almost
constant during the course of polymerization further supporting
the controlled nature of the polymerization process.

Based on relative pKa values, earlier studies on nNHC
mediated polymerization in the presence of an alcohol as an
initiator have established that the initial nucleophilic attack
takes place through nNHC.5a,14 To check this possibility, we
monitored the stoichiometric reaction of 1 with benzyl alcohol
(BnOH) which reveals the generation of a new resonance at a
highly deshielded region of d 11.5 ppm. This peak disappears
when this stoichiometric reaction was performed with the
deuterated analog of benzyl alcohol (BnOD, Fig. S2, ESIw).
This observation clearly demonstrates that the peak at d 11.5 ppm
belongs to the –OH proton of the benzyl alcohol. A 1H–13C
HSQC 2D NMR measurement of the stoichiometric reaction
mixture of 1 with BnOH reveals no correlation of the resonance
at d 11.5 ppm with any carbon resonance (Fig. S4, ESIw)
indicating that aNHC 1 is not sufficiently basic to abstract the
proton from benzyl alcohol. However, substantial shift of the free
–OH proton from d 1.2 ppm to d 11.5 ppm (Dd = 10.3 ppm) in

the presence of 1 indicates the formation of a hydrogen
bonded adduct. The formation of this type of an
nNHC! ! !alcohol hydrogen bonded adduct has been reported
earlier which demonstrated a shift of –OH resonance from Dd
3.3 to 9.2 ppm due to hydrogen bonded adduct formation
between nNHC and alcohol.15 NMR calculation using the
GIAO (Gauge-Independent Atomic Orbital) method also
reveals a shift of 10.8 ppm after the hydrogen bonded adduct
formation.16 Further, a variable temperature study up to 45 1C
indicates that on increasing the temperature this hydrogen
bonded –OH proton gradually moves towards the shielded
region indicating weakening of the hydrogen bonding (Fig. S3,
ESIw). All these observations support the formation of a
hydrogen bonded adduct between 1 and BnOH.
Further, the controlled addition of a cyclic ester monomer

to a reaction mixture of aNHC and BnOH was done and
monitored by 1H NMR spectroscopy. This experiment shows
that the hydrogen bonded –OH resonance gradually shifts to
high field. For example, after addition of three equiv. of
the rac-lactide monomer, the –OH resonance moves from
d 11.5 ppm to d 10.3 ppm and to d 10.2 ppm after the addition
of eight equivalents of monomer (Fig. S5, ESIw). This
observation supports that after each ring opening of the cyclic
ester monomer, a new hydroxyl terminated product is
generated to form a new hydrogen bonded adduct (for example
C in Scheme 1 and also see Scheme S1, ESIw for more details)
with 1. This hydroxyl terminated product plays the role of
benzyl alcohol in the next step. We carried out a H/D kinetic
isotope effect (KIE) experiment under the reaction conditions
using BnOH and BnOD resulting in a substantial KIE of 4.15
(Fig. S6, ESIw). This indicates that the hydrogen of the –OH
group of BnOH is involved in the key step of the polymerization
process.
In the present case, the reactivity of aNHCs in ring opening

polymerization seems to be higher than that of the nNHCs.
For example, the polymerization of e-caprolactone at 25 1C by
an nNHC takes a day5a,5d whereas the aNHC (1) in the present
study takes only an hour resulting in a nearly quantitative
conversion. To shed light on the mechanistic process and also
to understand the relative activity of abnormal versus normal
carbene we carried out a preliminary DFT calculation.17 The
DFT study was performed on both aNHC 1 and its normal
N-heterocyclic carbene counterpart (2). Most strikingly when
the HOMO of the hydrogen bonded aNHC! ! !BnOH adduct
(1a) is compared with that of the nNHC! ! !BnOH (2a), it
unravels a number of important differences (Fig. 2). Previous
computational calculations including our current study reveal
the HOMO as s lone-pair type in free aNHC and nNHC
moieties.13b,8 Interestingly, we observe that the HOMO of
adduct 1a still preserves the s lone-pair type character which
supports that the reaction proceeds with a monomer activated
pathway through nucleophilic attack of the carbene center of
the adduct on the cyclic ester monomer as depicted in
Scheme 1. Also this observation excludes the possibility of
an initiator or activated alcohol mechanism for ROP.18 How-
ever the HOMO of the adduct 2a is predominantly BnOH
based and hence the s donating character of the carbene is no
longer expected (Fig. 2). Thus the hydrogen bonded adduct 2a
would be expected to initiate ring opening polymerization

Table 1 Polymerization data of cyclic esters using aNHC 1 as catalyst

M Solvent
[M]0/[1]/
[BnOH]

Conv.a

(%)
Mn

(NMR)a
Mn

(theory)b PDI

e-CL Toluene 100/1/1 99 10 500 11 400 1.09
rac-LA Toluene 100/1/1 99 13 400 14 400 1.27
e-CL THF 100/1/1 99 11 300 11 400 1.07
e-CL THF 100/1/2 95 5100 5500 1.12
rac-LA THF 100/1/1 91 11 700 13 200 1.23
d-VL Toluene 100/1/1 96 8000 9700 1.22
d-VL THF 100/1/1 92 8000 9300 1.18
e-CLc THF 500/1/1 55 23 200 31 500 1.11
rac-LAc Toluene 500/1/1 60 40 300 43 300 1.21
d-VLc Toluene 500/1/1 75 30 100 37 600 1.17

a Determined by 1H NMR spectroscopy. b Calculated from
MWmonomer " (% Conv.) " ([M]0/[BnOH]0) + MWBnOH.

c Reaction
time 2 h instead of usual 1 h reaction time.

Fig. 1 (A) First order plots for rac-LA consumption using 1 as a

catalyst in toluene and in THF. The rate of polymerization is slower in

THF than in toluene. (B) Plots ofMn (NMR) and PDI (determined by

GPC) vs. conversion of rac-LA using 1 as a catalyst in THF indicating

the controlled nature of polymerization.
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The progress of the polymerization reaction was monitored by
1H NMR spectroscopy at different time intervals. The result is
shown in Fig. 1A which reveals a first order kinetics for ring
opening polymerization of rac-lactide. The rate of polymerization
was found to be faster in toluene than THF under identical
conditions (Fig. 1A). The plot of molecular weight [Mn(NMR)]
versus percent of conversion shows the gradual increase of
molecular weight in a linear fashion with progress of the
polymerization (Fig. 1B). This result indicates the controlled
nature of polymerization. Also the PDI values remain almost
constant during the course of polymerization further supporting
the controlled nature of the polymerization process.

Based on relative pKa values, earlier studies on nNHC
mediated polymerization in the presence of an alcohol as an
initiator have established that the initial nucleophilic attack
takes place through nNHC.5a,14 To check this possibility, we
monitored the stoichiometric reaction of 1 with benzyl alcohol
(BnOH) which reveals the generation of a new resonance at a
highly deshielded region of d 11.5 ppm. This peak disappears
when this stoichiometric reaction was performed with the
deuterated analog of benzyl alcohol (BnOD, Fig. S2, ESIw).
This observation clearly demonstrates that the peak at d 11.5 ppm
belongs to the –OH proton of the benzyl alcohol. A 1H–13C
HSQC 2D NMR measurement of the stoichiometric reaction
mixture of 1 with BnOH reveals no correlation of the resonance
at d 11.5 ppm with any carbon resonance (Fig. S4, ESIw)
indicating that aNHC 1 is not sufficiently basic to abstract the
proton from benzyl alcohol. However, substantial shift of the free
–OH proton from d 1.2 ppm to d 11.5 ppm (Dd = 10.3 ppm) in

the presence of 1 indicates the formation of a hydrogen
bonded adduct. The formation of this type of an
nNHC! ! !alcohol hydrogen bonded adduct has been reported
earlier which demonstrated a shift of –OH resonance from Dd
3.3 to 9.2 ppm due to hydrogen bonded adduct formation
between nNHC and alcohol.15 NMR calculation using the
GIAO (Gauge-Independent Atomic Orbital) method also
reveals a shift of 10.8 ppm after the hydrogen bonded adduct
formation.16 Further, a variable temperature study up to 45 1C
indicates that on increasing the temperature this hydrogen
bonded –OH proton gradually moves towards the shielded
region indicating weakening of the hydrogen bonding (Fig. S3,
ESIw). All these observations support the formation of a
hydrogen bonded adduct between 1 and BnOH.
Further, the controlled addition of a cyclic ester monomer

to a reaction mixture of aNHC and BnOH was done and
monitored by 1H NMR spectroscopy. This experiment shows
that the hydrogen bonded –OH resonance gradually shifts to
high field. For example, after addition of three equiv. of
the rac-lactide monomer, the –OH resonance moves from
d 11.5 ppm to d 10.3 ppm and to d 10.2 ppm after the addition
of eight equivalents of monomer (Fig. S5, ESIw). This
observation supports that after each ring opening of the cyclic
ester monomer, a new hydroxyl terminated product is
generated to form a new hydrogen bonded adduct (for example
C in Scheme 1 and also see Scheme S1, ESIw for more details)
with 1. This hydroxyl terminated product plays the role of
benzyl alcohol in the next step. We carried out a H/D kinetic
isotope effect (KIE) experiment under the reaction conditions
using BnOH and BnOD resulting in a substantial KIE of 4.15
(Fig. S6, ESIw). This indicates that the hydrogen of the –OH
group of BnOH is involved in the key step of the polymerization
process.
In the present case, the reactivity of aNHCs in ring opening

polymerization seems to be higher than that of the nNHCs.
For example, the polymerization of e-caprolactone at 25 1C by
an nNHC takes a day5a,5d whereas the aNHC (1) in the present
study takes only an hour resulting in a nearly quantitative
conversion. To shed light on the mechanistic process and also
to understand the relative activity of abnormal versus normal
carbene we carried out a preliminary DFT calculation.17 The
DFT study was performed on both aNHC 1 and its normal
N-heterocyclic carbene counterpart (2). Most strikingly when
the HOMO of the hydrogen bonded aNHC! ! !BnOH adduct
(1a) is compared with that of the nNHC! ! !BnOH (2a), it
unravels a number of important differences (Fig. 2). Previous
computational calculations including our current study reveal
the HOMO as s lone-pair type in free aNHC and nNHC
moieties.13b,8 Interestingly, we observe that the HOMO of
adduct 1a still preserves the s lone-pair type character which
supports that the reaction proceeds with a monomer activated
pathway through nucleophilic attack of the carbene center of
the adduct on the cyclic ester monomer as depicted in
Scheme 1. Also this observation excludes the possibility of
an initiator or activated alcohol mechanism for ROP.18 How-
ever the HOMO of the adduct 2a is predominantly BnOH
based and hence the s donating character of the carbene is no
longer expected (Fig. 2). Thus the hydrogen bonded adduct 2a
would be expected to initiate ring opening polymerization

Table 1 Polymerization data of cyclic esters using aNHC 1 as catalyst

M Solvent
[M]0/[1]/
[BnOH]

Conv.a

(%)
Mn

(NMR)a
Mn

(theory)b PDI

e-CL Toluene 100/1/1 99 10 500 11 400 1.09
rac-LA Toluene 100/1/1 99 13 400 14 400 1.27
e-CL THF 100/1/1 99 11 300 11 400 1.07
e-CL THF 100/1/2 95 5100 5500 1.12
rac-LA THF 100/1/1 91 11 700 13 200 1.23
d-VL Toluene 100/1/1 96 8000 9700 1.22
d-VL THF 100/1/1 92 8000 9300 1.18
e-CLc THF 500/1/1 55 23 200 31 500 1.11
rac-LAc Toluene 500/1/1 60 40 300 43 300 1.21
d-VLc Toluene 500/1/1 75 30 100 37 600 1.17

a Determined by 1H NMR spectroscopy. b Calculated from
MWmonomer " (% Conv.) " ([M]0/[BnOH]0) + MWBnOH.

c Reaction
time 2 h instead of usual 1 h reaction time.

Fig. 1 (A) First order plots for rac-LA consumption using 1 as a

catalyst in toluene and in THF. The rate of polymerization is slower in

THF than in toluene. (B) Plots ofMn (NMR) and PDI (determined by

GPC) vs. conversion of rac-LA using 1 as a catalyst in THF indicating

the controlled nature of polymerization.
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The progress of the polymerization reaction was monitored by
1H NMR spectroscopy at different time intervals. The result is
shown in Fig. 1A which reveals a first order kinetics for ring
opening polymerization of rac-lactide. The rate of polymerization
was found to be faster in toluene than THF under identical
conditions (Fig. 1A). The plot of molecular weight [Mn(NMR)]
versus percent of conversion shows the gradual increase of
molecular weight in a linear fashion with progress of the
polymerization (Fig. 1B). This result indicates the controlled
nature of polymerization. Also the PDI values remain almost
constant during the course of polymerization further supporting
the controlled nature of the polymerization process.

Based on relative pKa values, earlier studies on nNHC
mediated polymerization in the presence of an alcohol as an
initiator have established that the initial nucleophilic attack
takes place through nNHC.5a,14 To check this possibility, we
monitored the stoichiometric reaction of 1 with benzyl alcohol
(BnOH) which reveals the generation of a new resonance at a
highly deshielded region of d 11.5 ppm. This peak disappears
when this stoichiometric reaction was performed with the
deuterated analog of benzyl alcohol (BnOD, Fig. S2, ESIw).
This observation clearly demonstrates that the peak at d 11.5 ppm
belongs to the –OH proton of the benzyl alcohol. A 1H–13C
HSQC 2D NMR measurement of the stoichiometric reaction
mixture of 1 with BnOH reveals no correlation of the resonance
at d 11.5 ppm with any carbon resonance (Fig. S4, ESIw)
indicating that aNHC 1 is not sufficiently basic to abstract the
proton from benzyl alcohol. However, substantial shift of the free
–OH proton from d 1.2 ppm to d 11.5 ppm (Dd = 10.3 ppm) in

the presence of 1 indicates the formation of a hydrogen
bonded adduct. The formation of this type of an
nNHC! ! !alcohol hydrogen bonded adduct has been reported
earlier which demonstrated a shift of –OH resonance from Dd
3.3 to 9.2 ppm due to hydrogen bonded adduct formation
between nNHC and alcohol.15 NMR calculation using the
GIAO (Gauge-Independent Atomic Orbital) method also
reveals a shift of 10.8 ppm after the hydrogen bonded adduct
formation.16 Further, a variable temperature study up to 45 1C
indicates that on increasing the temperature this hydrogen
bonded –OH proton gradually moves towards the shielded
region indicating weakening of the hydrogen bonding (Fig. S3,
ESIw). All these observations support the formation of a
hydrogen bonded adduct between 1 and BnOH.
Further, the controlled addition of a cyclic ester monomer

to a reaction mixture of aNHC and BnOH was done and
monitored by 1H NMR spectroscopy. This experiment shows
that the hydrogen bonded –OH resonance gradually shifts to
high field. For example, after addition of three equiv. of
the rac-lactide monomer, the –OH resonance moves from
d 11.5 ppm to d 10.3 ppm and to d 10.2 ppm after the addition
of eight equivalents of monomer (Fig. S5, ESIw). This
observation supports that after each ring opening of the cyclic
ester monomer, a new hydroxyl terminated product is
generated to form a new hydrogen bonded adduct (for example
C in Scheme 1 and also see Scheme S1, ESIw for more details)
with 1. This hydroxyl terminated product plays the role of
benzyl alcohol in the next step. We carried out a H/D kinetic
isotope effect (KIE) experiment under the reaction conditions
using BnOH and BnOD resulting in a substantial KIE of 4.15
(Fig. S6, ESIw). This indicates that the hydrogen of the –OH
group of BnOH is involved in the key step of the polymerization
process.
In the present case, the reactivity of aNHCs in ring opening

polymerization seems to be higher than that of the nNHCs.
For example, the polymerization of e-caprolactone at 25 1C by
an nNHC takes a day5a,5d whereas the aNHC (1) in the present
study takes only an hour resulting in a nearly quantitative
conversion. To shed light on the mechanistic process and also
to understand the relative activity of abnormal versus normal
carbene we carried out a preliminary DFT calculation.17 The
DFT study was performed on both aNHC 1 and its normal
N-heterocyclic carbene counterpart (2). Most strikingly when
the HOMO of the hydrogen bonded aNHC! ! !BnOH adduct
(1a) is compared with that of the nNHC! ! !BnOH (2a), it
unravels a number of important differences (Fig. 2). Previous
computational calculations including our current study reveal
the HOMO as s lone-pair type in free aNHC and nNHC
moieties.13b,8 Interestingly, we observe that the HOMO of
adduct 1a still preserves the s lone-pair type character which
supports that the reaction proceeds with a monomer activated
pathway through nucleophilic attack of the carbene center of
the adduct on the cyclic ester monomer as depicted in
Scheme 1. Also this observation excludes the possibility of
an initiator or activated alcohol mechanism for ROP.18 How-
ever the HOMO of the adduct 2a is predominantly BnOH
based and hence the s donating character of the carbene is no
longer expected (Fig. 2). Thus the hydrogen bonded adduct 2a
would be expected to initiate ring opening polymerization

Table 1 Polymerization data of cyclic esters using aNHC 1 as catalyst

M Solvent
[M]0/[1]/
[BnOH]

Conv.a

(%)
Mn

(NMR)a
Mn

(theory)b PDI

e-CL Toluene 100/1/1 99 10 500 11 400 1.09
rac-LA Toluene 100/1/1 99 13 400 14 400 1.27
e-CL THF 100/1/1 99 11 300 11 400 1.07
e-CL THF 100/1/2 95 5100 5500 1.12
rac-LA THF 100/1/1 91 11 700 13 200 1.23
d-VL Toluene 100/1/1 96 8000 9700 1.22
d-VL THF 100/1/1 92 8000 9300 1.18
e-CLc THF 500/1/1 55 23 200 31 500 1.11
rac-LAc Toluene 500/1/1 60 40 300 43 300 1.21
d-VLc Toluene 500/1/1 75 30 100 37 600 1.17

a Determined by 1H NMR spectroscopy. b Calculated from
MWmonomer " (% Conv.) " ([M]0/[BnOH]0) + MWBnOH.

c Reaction
time 2 h instead of usual 1 h reaction time.

Fig. 1 (A) First order plots for rac-LA consumption using 1 as a

catalyst in toluene and in THF. The rate of polymerization is slower in

THF than in toluene. (B) Plots ofMn (NMR) and PDI (determined by

GPC) vs. conversion of rac-LA using 1 as a catalyst in THF indicating

the controlled nature of polymerization.
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The progress of the polymerization reaction was monitored by
1H NMR spectroscopy at different time intervals. The result is
shown in Fig. 1A which reveals a first order kinetics for ring
opening polymerization of rac-lactide. The rate of polymerization
was found to be faster in toluene than THF under identical
conditions (Fig. 1A). The plot of molecular weight [Mn(NMR)]
versus percent of conversion shows the gradual increase of
molecular weight in a linear fashion with progress of the
polymerization (Fig. 1B). This result indicates the controlled
nature of polymerization. Also the PDI values remain almost
constant during the course of polymerization further supporting
the controlled nature of the polymerization process.

Based on relative pKa values, earlier studies on nNHC
mediated polymerization in the presence of an alcohol as an
initiator have established that the initial nucleophilic attack
takes place through nNHC.5a,14 To check this possibility, we
monitored the stoichiometric reaction of 1 with benzyl alcohol
(BnOH) which reveals the generation of a new resonance at a
highly deshielded region of d 11.5 ppm. This peak disappears
when this stoichiometric reaction was performed with the
deuterated analog of benzyl alcohol (BnOD, Fig. S2, ESIw).
This observation clearly demonstrates that the peak at d 11.5 ppm
belongs to the –OH proton of the benzyl alcohol. A 1H–13C
HSQC 2D NMR measurement of the stoichiometric reaction
mixture of 1 with BnOH reveals no correlation of the resonance
at d 11.5 ppm with any carbon resonance (Fig. S4, ESIw)
indicating that aNHC 1 is not sufficiently basic to abstract the
proton from benzyl alcohol. However, substantial shift of the free
–OH proton from d 1.2 ppm to d 11.5 ppm (Dd = 10.3 ppm) in

the presence of 1 indicates the formation of a hydrogen
bonded adduct. The formation of this type of an
nNHC! ! !alcohol hydrogen bonded adduct has been reported
earlier which demonstrated a shift of –OH resonance from Dd
3.3 to 9.2 ppm due to hydrogen bonded adduct formation
between nNHC and alcohol.15 NMR calculation using the
GIAO (Gauge-Independent Atomic Orbital) method also
reveals a shift of 10.8 ppm after the hydrogen bonded adduct
formation.16 Further, a variable temperature study up to 45 1C
indicates that on increasing the temperature this hydrogen
bonded –OH proton gradually moves towards the shielded
region indicating weakening of the hydrogen bonding (Fig. S3,
ESIw). All these observations support the formation of a
hydrogen bonded adduct between 1 and BnOH.
Further, the controlled addition of a cyclic ester monomer

to a reaction mixture of aNHC and BnOH was done and
monitored by 1H NMR spectroscopy. This experiment shows
that the hydrogen bonded –OH resonance gradually shifts to
high field. For example, after addition of three equiv. of
the rac-lactide monomer, the –OH resonance moves from
d 11.5 ppm to d 10.3 ppm and to d 10.2 ppm after the addition
of eight equivalents of monomer (Fig. S5, ESIw). This
observation supports that after each ring opening of the cyclic
ester monomer, a new hydroxyl terminated product is
generated to form a new hydrogen bonded adduct (for example
C in Scheme 1 and also see Scheme S1, ESIw for more details)
with 1. This hydroxyl terminated product plays the role of
benzyl alcohol in the next step. We carried out a H/D kinetic
isotope effect (KIE) experiment under the reaction conditions
using BnOH and BnOD resulting in a substantial KIE of 4.15
(Fig. S6, ESIw). This indicates that the hydrogen of the –OH
group of BnOH is involved in the key step of the polymerization
process.
In the present case, the reactivity of aNHCs in ring opening

polymerization seems to be higher than that of the nNHCs.
For example, the polymerization of e-caprolactone at 25 1C by
an nNHC takes a day5a,5d whereas the aNHC (1) in the present
study takes only an hour resulting in a nearly quantitative
conversion. To shed light on the mechanistic process and also
to understand the relative activity of abnormal versus normal
carbene we carried out a preliminary DFT calculation.17 The
DFT study was performed on both aNHC 1 and its normal
N-heterocyclic carbene counterpart (2). Most strikingly when
the HOMO of the hydrogen bonded aNHC! ! !BnOH adduct
(1a) is compared with that of the nNHC! ! !BnOH (2a), it
unravels a number of important differences (Fig. 2). Previous
computational calculations including our current study reveal
the HOMO as s lone-pair type in free aNHC and nNHC
moieties.13b,8 Interestingly, we observe that the HOMO of
adduct 1a still preserves the s lone-pair type character which
supports that the reaction proceeds with a monomer activated
pathway through nucleophilic attack of the carbene center of
the adduct on the cyclic ester monomer as depicted in
Scheme 1. Also this observation excludes the possibility of
an initiator or activated alcohol mechanism for ROP.18 How-
ever the HOMO of the adduct 2a is predominantly BnOH
based and hence the s donating character of the carbene is no
longer expected (Fig. 2). Thus the hydrogen bonded adduct 2a
would be expected to initiate ring opening polymerization

Table 1 Polymerization data of cyclic esters using aNHC 1 as catalyst

M Solvent
[M]0/[1]/
[BnOH]

Conv.a

(%)
Mn

(NMR)a
Mn

(theory)b PDI

e-CL Toluene 100/1/1 99 10 500 11 400 1.09
rac-LA Toluene 100/1/1 99 13 400 14 400 1.27
e-CL THF 100/1/1 99 11 300 11 400 1.07
e-CL THF 100/1/2 95 5100 5500 1.12
rac-LA THF 100/1/1 91 11 700 13 200 1.23
d-VL Toluene 100/1/1 96 8000 9700 1.22
d-VL THF 100/1/1 92 8000 9300 1.18
e-CLc THF 500/1/1 55 23 200 31 500 1.11
rac-LAc Toluene 500/1/1 60 40 300 43 300 1.21
d-VLc Toluene 500/1/1 75 30 100 37 600 1.17

a Determined by 1H NMR spectroscopy. b Calculated from
MWmonomer " (% Conv.) " ([M]0/[BnOH]0) + MWBnOH.

c Reaction
time 2 h instead of usual 1 h reaction time.

Fig. 1 (A) First order plots for rac-LA consumption using 1 as a

catalyst in toluene and in THF. The rate of polymerization is slower in

THF than in toluene. (B) Plots ofMn (NMR) and PDI (determined by

GPC) vs. conversion of rac-LA using 1 as a catalyst in THF indicating

the controlled nature of polymerization.
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the “wrong way,” at C5 and not at C2 (15, 16)
(Fig. 1, center). Since that time, a few other com-
plexes of type IV featuring the so-called abnormal

NHCs (aNHCs) (III) (17–20) as ligands have been
prepared (21–23) (Fig. 1, top right). Experimental
and theoretical data suggest that aNHCs III are

even stronger electron-donor ligands than areNHCs
I. In line with these observations, initial catalytic
screening of aNHC metal complexes IV reveals
promising results for the activation of unreactive
bonds such as C–H and H–H (24–26). As an ex-
ample, an aNHC palladium complex has been
reported to be an efficient catalyst in the Heck
olefination of aryl bromides, whereas the corre-
sponding NHC analog is virtually inactive under
identical conditions (24).

Lassaletta and co-workers (27) have shown
that the deprotonation of imidazo[1,5-a]pyridinium
salts 2 leads to free NHC 3 that can be isolated
(Fig. 1, bottom). In contrast, using C2-substituted
precursors, such as 4, Lassaletta et al. did not ob-
serve the corresponding free aNHC. However, by
performing the deprotonation reaction in the pres-
ence of [Rh(COD)Cl]2, they were able to isolate the
corresponding aNHC complex 5. Because cal-
culations predicted that the parent aNHC III (where
R is equal to H) is only about 17 kcal mol−1 higher
in energy than itsNHC isomer I (18), it seemed that
free aNHC derivatives were reasonable synthetic
targets. We report here the isolation of a metal-free
member of this class of heterocyclic compound.

By analogy with the classical synthetic route
used to prepareNHCs,we chose imidazolium salt 6
as a precursor to the desired aNHC 9 (Fig. 2). The
pKa (where Ka is the acid dissociation constant) for
loss of the C5-bound proton in the parent im-
idazolium salt (~33) (28) was calculated to be nine
units higher than that for loss of the C2-bound
proton (29); we therefore replaced the C2 hydrogen
with a phenyl group. To offer kinetic protection to
the C5 position, we appended bulky 2,6-di-
isopropyl-phenyl (Dip) substituents at both nitrogen
atoms, as well as a second phenyl group at C4.
Imidazolium salts 6 with various counterions were
prepared in good yields after slight modifications to
known synthetic procedures (30–32). They were
fully characterized by spectroscopic methods, with
a single-crystal x-ray diffraction study carried out
for the bromide salt 6 (Br–) (Fig. 3, left).

All attempts to deprotonate the imidazolium
tetrafluoroborate salt 6 (BF4

–) failed. However,
small anions such as Cl– and Br– are known to
accelerate heterolytic C–H bond cleavage through
hydrogen bonding, and this effect has been used
with C2- and C5-unsubstituted imidazolium salts
to favor metallation of C2 (with the more acidic
proton) over C5 (33). We reasoned that with C2
protected in 6, small anions should promote the
desired deprotonation reaction at C5. Indeed,
when 6 (HCl•Cl–) was treated with two equiv-
alents (34) of a lithiumbase such as n-butyllithium
(nBuLi) or lithium diisopropylamide (LDA), the
proton nuclearmagnetic resonance (1HNMR) spec-
trum of the resulting product showed the disap-
pearance of the singlet at 8.7 parts per million
(ppm) arising from C5(H) of 6. In the 13C NMR
spectrum, the C5 carbon gives rise to a very broad
resonance at 190 ppm, which is significantly
downfield of the corresponding resonance for the
precursor 6 (124 ppm). Although these data in-
dicated that a deprotonation had occurred, the

Fig. 2. Synthesis of aNHC lithium adduct 7, rearrangement product 8, free aNHC 9, and its ensuing
gold(I) complex 10 and CO2-adduct 11.

Fig. 1. (Top) Resonance structures for NHC (I/I′) and aNHC (III/III′), and their corresponding C2 and C5metal
complexes, II and IV, respectively. (Center) Synthesis of aNHC metal complex 1 by Crabtree and co-workers
(15). (Bottom) Synthesis of metal-free NHC 3, and aNHC metal complex 5 by Lassaletta and co-workers (27).
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Aliphatic polyesters are an important class of biologically relevant
macromolecules.1 One of the most common synthetic routes to
polyesters uses transition metal initiating compounds to effect the
ring-opening polymerization (ROP) of cyclic esters.2 Removal of
the metal contaminant, bound to the chain-end, must be considered
for application in resorbable biomaterials and in microelectronics.
We are interested in metal-free, organocatalytic living polymeri-
zation approaches to well-defined macromolecules. Versatile strate-
gies for asymmetric synthesis using organic compounds as reaction
catalysts exist;3 however, efficient polymer-forming reactions via
organic catalyzed reactions are not as pervasive. Recently, we
reported a purely organic approach to the catalytic living ROP of
lactide using either tertiary amines or phosphines as nucleophilic
transesterification catalysts.4 N-heterocyclic carbenes, pioneered by
Arduengo,5 constitute another class of possible nucleophilic com-
pounds that have yet to be exploited as polymerization catalysts.
In the area of organometallic chemistry, the use of N-heterocyclic
carbenes, in many cases, has replaced the electron-rich phosphine
ligands, producing transition metal complexes that exhibit superior
catalytic performances.6 Moreover, nucleophilic N-heterocyclic
carbene compounds are readily synthesized with significant struc-
tural diversity including chiral derivatives.7 Herein, we describe
the use of nucleophilic N-heterocyclic carbene compounds as
organic catalysts for living polymerizations (Scheme 1).
1,3-Bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene (1) was pre-

pared by literature methods,8 and its catalytic behavior for the
polymerization of lactide and lactone was studied at 25 °C in THF
with assorted alcohols as initiators. Although 1 can be generated
in situ, we preferred to use the isolated carbene. The molecular
weights of the ring-opened cyclic esters closely tracked the
monomer-to-initiator ratio (M/I) with consistently narrow polydis-
persities (Table 1). The carbene catalyst concentration was varied
from 0.008 to 1.5 equiv relative to alcohol initiator and under the
conditions explored, higher molecular weights generally required
larger catalyst loadings for polymerization times on the order of a
couple of hours (samples 2-6). The higher molecular weight
polymerizations were conducted in a 1 M THF solution which
facilitated both the dissolution of the lactide monomer and narrow
polydispersities. The reactivity of 1 is clearly demonstrated in
samples 8 and 9. To prepare lactide oligomers with narrow
polydispersities in higher solid contents solutions (2 M THF), a
significant reduction in catalyst concentration was required (for
sample 9, a ratio of lactide/initiator/1 of 1200/120/1).
A plot of molecular weight versus monomer conversion for the

ROP of lactide initiated from benzyl alcohol in the presence of 1
shows a correlation typical of a living polymerization (Figure 1).
In a chain extension experiment, polylactide 4 having a DP of 92
and a molecular weight of 22 500 g/mol by GPC (PDI 1.15) was
charged with an additional 100 equiv of L-lactide. The molecular

weight of the sample increased to 39 500 g/mol by GPC (95%
yield) with minimal change to the polydispersity (1.17), substantiat-
ing the living character of the polymerization. Likewise, the ROP
of lactones was accomplished with 1, giving polymers of predictable
molecular weight in near quantitative conversions (20 h) (samples
10-14). To further demonstrate the initiating species and possible
macromolecular architecures, star-shaped poly(caprolactones) with
narrow, monomodal polydispersities and extremely high molecular
weight (samples 12 and 13, Table 1) were prepared with use of a
6 arm hydroxyl functional poly(propylene glycol), PPG (Mn 3000
g/mol), as an initiator. Poly(!-butyrolactone), an important class
of naturally occurring polymers, was prepared in near quantitative
yield with exceptional control, 14.

Scheme 1

Table 1. Selected Polymerization Data of Cyclic Esters Using
N-Heterocyclic Carbene 1 as a Catalysta

no. monomer I/(Cat./I)b conv.c (M/I)d DPe PDIf

2 L-lactide PhCH2OH/1.5 90 50 47 1.12
3 L-lactide PhCH2OH/1.5 98 60 59 1.09
4 L-lactide PhCH2OH/1.5 92 100 92 1.15
5 L-lactide PhCH2OH/1.5 60 200 110 1.08
6 L-lactide PhCH2OH/1.5 63 200 120 1.12
7 L-lactide Pyrene-butanol/1.5 99 30 30 1.11
8 L-lactide PhCH2OH/0.016 98 10 12 1.16
9 L-lactide PhCH2OH/0.0083 98 10 11 1.10
10 ε-caprolactone PhCH2OH/0.5 99 60 56 1.30
11 ε-caprolactone PhCH2OH/0.5 99 100 97 1.33
12 ε-caprolactone 6-arm PPG [g]/0.5 95 40 per arm 35 1.15
13 ε-caprolactone 6-arm PPG [g]/0.5 90 10 per arm 9 1.05
14 !-butyrolactone pyrene-butanol/1.5 90 50 44 1.15

a Typical lactide reaction, sample 4. Under an inert atmosphere, a 1.0
M THF solution of lactide (2 g, 100 equiv to alcohol) was added to a 0.088
mM THF solution of 1 and benzyl alcohol for 2 h at 25 °C. The reaction
was terminated by the addition of 2 drops of 1.0 M aqueous acetic acid
and exposure to air. Reactions 8 and 9: 2.0 M THF solution of lactide was
used. Reactions of lactones (e.g. 10) were similar, except: 24 h, 20% solids.
b Initiator/catalyst-to-initiator ratio. c Conversion, experimentally measured
by 1H NMR spectroscopy. dMonomer-to-initiator ratio. e Degree of poly-
merization; experimentally measured by end group analysis from 1H NMR
spectroscopy. f Polydispersity index; experimentally measured by gel
permeation chromatography. g PPG: poly(propylene glycol).
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molecular weights and the polydispersities increase (Table 1
and Figure 2),59 implicating the onset of competitive transes-
terification reactions catalyzed by the NHC catalyst.60-65

To gain further insight on the polymerization mechanism,
the kinetics of polymerization were studied using [ε-CL]0 )
0.25 M initiated by benzyl alcohol, catalyzed by 3 in d8-THF
at room temperature. The polymerization of ε-CL with target
DP ) 50 and alcohol initiator/3 ) 2 was followed by 1H NMR
spectroscopy up to 71% conversion in the presence of durene
as an internal standard. Under pseudo-first-order conditions, a
plot of ln([ε-CL]0/[ε-CL]t) vs time is linear with time (Figure
3).19 These data reveal a constant concentration of active species
with time.

To probe the living character of this polymerization, a chain
extension experiment was carried out. For this experiment
polymerization of ε-CL at an initial [ε-CL]0/[ROH]0 ) 25 with
5 mol % 4 was performed in THF and proceed to 80%
conversion (1H NMR) in 5 min to generate PCL with Mn )
5200 g/mol and Mw/Mn ) 1.17. At this point, 100 equiv of ε-CL

was added, and the resulting reaction mixture was quenched
after 3 h with carbon disulfide to afford PCL with Mn ) 13 400
g/mol and Mw/Mn ) 1.21 (Figure 4). The GPC curve completely
shifted to a higher Mn, and a monomodal distribution was
observed without any trace of dead polymer. This result
demonstrates that the PCL generated from the ring-opening
polymerization reactions mediated by carbenes retain their
activities and function as efficient macromolecular initiators for
further chain-growth reactions.

The initiation efficiency of the NHC-catalyzed ε-CL polym-
erization initiated from 1-pyrenebutanol was analyzed by 1H
NMR spectroscopy. A polymerization with a target DP of 50
using carbene 4 was terminated by quenching with carbon
disulfide after 40 min at 87% conversion to yield a polymer
with Mn ) 11 000 g/mol and PDI ) 1.20 (vs polystyrene
standards). The 1H NMR spectrum of the crude reaction showed
no evidence of unreacted 1-pyrenebutanol, indicating a high
efficiency of initiation from the alcohol initiator. The only end
groups observed in the 1H NMR spectrum of the isolated
polymer are the R-ester from the alcohol initiator and the
ω-hydroxyl chain, indicating one initiator per alcohol chain end
(Figure 5). 1H NMR assignments were confirmed using two-
dimensional NMR correlation techniques, 1H-1H COSY, and
1H-13C HMBC. GPC traces using the refractive index and UV
detectors (410 and 350 nm, respectively), as displayed in Figure
6, show a statistical distribution of pyrene throughout the sample.
Coupled with 1H NMR analysis, the GPC data establish the
fidelity of initiation from 1-pyrenebutanol.

To demonstrate the versatility of NHC-catalyzed ROP, several
multifunctional alcohol initiators such as ethylene glycol (5),
1,1,1-tris(hydroxymethyl)propane (6), and pentaerythritol (7)
were used to initiate polymerization of ε-CL (Figure 7).

Polymerization of ε-CL initiated from alcohol 5 forms two-
arm linear PCL while initiation from alcohols 6 and 7 form
three- and four-arm star-branched PCL, respectively (Scheme
2, four-arm PCL).

Star-branched polymers exhibit unique properties such as
lower melt viscosities, lower crystallinity, and smaller hydro-
dynamic volume in solution relative to their linear ana-
logues.26,66,67 Among several methods to synthesize star poly-
esters, the use of multifunctional alcohol initiators is described
as a core-first approach where the multifunctional alcohol
provides the core from which the polymerization is initiated.26

Star-shaped PCLs have been prepared from multifunctional
initiators in the presence of stannous octoate,68 Bi(OAc)3,69or
acid or base catalysts.26,67 Table 2 summarizes the conditions
and results of NHC-catalyzed polymerization of ε-CL with

Scheme 2. Synthesis of Four-Armed Star Polymer by Polymerization of ε-CL with Pentaerythritol in the Presence of NHC Catalyst

Table 2. Results of the ROP of ε-CL with Various
Multifunctional Initiators at Room Temperature in THF Using

Carbene 4

ROH [M]0 (M) M/I I/C
time
(min)

conversiona

(%)
Mn

b

(g/mol) PDIb

5 1 100 2 60 95 28 800 1.37
6 0.5 100 2 100 90 28 800 1.15
7 0.5 100 2 45 90 21 500 1.24
7 0.5 100 8 45 60 14 600 1.09
a Determined by 1H NMR. b Determined by GPC versus polystyrene

standards.

Scheme 3. Proposed Mechanism for the NHC-Catalyzed ROP of
ε-CL

Macromolecules, Vol. 42, No. 5, 2009 Ring-Opening Polymerization of ε-Caprolactone 1637



aNHCs as an Organocatalyst	 31	

T. K. Sen, S. C. Sau, A. Mukherjee, A. Modak, S. K. Mandal, Chem. Commun. 2010, 47, 11972.!

11974 Chem. Commun., 2011, 47, 11972–11974 This journal is c The Royal Society of Chemistry 2011

through attack by the activated alcohol mechanism pathway; a
similar observation by Lohmeijer et al. was accomplished
previously with other nNHCs and alcohol adducts.15 It has
been observed that the HOMO of aNHC 1 is higher in energy
(!4.398 eV) indicating a more reactive species than its corres-
ponding nNHC isomer (!4.991 eV), which is in accordance with
previously calculated values.13b,8 In keeping with this observation,
when BnOH is present, the HOMO of the nNHC adduct is more
stable (!5.151 eV) than the HOMO of the aNHC adduct
(!4.947 eV). This indicates that the adduct 1a is predominantly
more basic than 2a. Furthermore, the NPA charge on the carbene
carbon of the adduct is substantially less (!0.117 e) in 1a
compared to that in 2a (0.108 e) at the BP86/TZVP//BP86/SVP
level of theory.17 This trend indicates a better nucleophilic
character at the carbene carbon in 1a and justifies our claim of
aNHCs being a superior catalytic system than its nNHC analog in
ring opening polymerization.

We also tested the activity of in situ generated carbene in
ring opening polymerization of the three monomers rac-LA,
e-CL and d-VL to test the practicability of the present method for
polymerization without using a glovebox. The polymerization
was performed by in situ generation of the abnormal carbene
from its air stable salt using a base, KN(SiMe3)2, in THF and the
polymerization data compare very well to the results obtained by
using the isolated aNHC 1 (Table S1, ESIw).

In summary, this study demonstrates the use of isolated
aNHC as catalysts in any organic transformation for the first
time. The ring opening polymerization of different cyclic esters
was carried out using an aNHC as an organocatalyst. aNHC
efficiently catalyzed the ring opening polymerization of
different cyclic esters in a controlled manner. The present
aNHC exhibited the fastest catalytic activity for ring opening
polymerization of e-caprolactone among any NHCs reported
till date. Preliminary DFT calculations explain why aNHC is a
better organocatalyst in the ring opening polymerization than
its normal NHC counterpart.
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Organometallics, 2008, 27, 4254–4259.

12 H. Lebel, M. K. Janes, A. B. Charette and S. P. Nolan, J. Am.
Chem. Soc., 2004, 126, 5046–5047.

13 (a) R. Tonner, G. Heydenrych and G. Frenking, ChemPhysChem,
2008, 9, 1474–1481; (b) R. Tonner, G. Heydenrych and
G. Frenking, Chem.–Asian J., 2007, 2, 1555–1567.

14 R. W. Alder, P. R. Allen and S. J. Williams, J. Chem. Soc., Chem.
Commun., 1995, 1267–1268.

15 B. G. G. Lohmeijer, G. Dubois, F. Leibfarth, R. C. Pratt,
F. Nederberg, A. Nelson, R. M. Waymouth, C. Wade and
J. L. Hedrick, Org. Lett., 2006, 8, 4683–4686.

16 (a) R. McWeeny, Phys. Rev., 1962, 126, 1028–1034;
(b) R. Ditchfield, Mol. Phys., 1974, 27, 789–807.

17 M. J. Frisch, et al., , Gaussian 03, Revision E.01, Gaussian, Inc.,
Wallingford, CT, 2004.

18 (a) L. Simón and J. M. Goodman, J. Org. Chem., 2007, 72,
9656–9662; (b) A. Chuma, H. W. Horn, W. C. Swope,
R. C. Pratt, L. Zhang, B. G. G. Lohmeijer, C. G. Wade,
R. M. Waymouth, J. L. Hedrick and J. E. Rice, J. Am. Chem.
Soc., 2008, 130, 6749–6754.

Fig. 2 Frontier KS-molecular orbitals for hydrogen bonded adducts

with benzyl alcohol: (a) 1a (aNHC" " "BnOH adduct) and (b) 2a

(nNHC" " "BnOH adduct). The orbital energies are in eVs.
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formation of new hydroxyl terminated product (Scheme S1, for example C and E).    Also it may be 

noted that maximum shift (from δ 11.5 ppm to δ 10.3 ppm) takes place at the beginning when benzyl 

alcohol is replaced by the ring opened hydroxyl terminated product to form the hydrogen bonded 

adduct and this hydroxyl terminated ring opened product plays the role of benzyl alcohol for next 

step. Expectedly, when it changes from adduct C to E the NMR shift of the hydrogen bonded adduct 

is minimum. 

Scheme S1. Plausible mechanism of ring opening polymerization using abnormal carbene 1. 
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shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.
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We cannot exclude 7a,b being thermodynamic products,
however, in which case other carbenes currently considered
Arduengo type may in fact be bound at C-4(5). Whatever the
origin of the effect, care must clearly be taken in future not to
assume 2-substitution always takes place in carbenes derived
from imidazolium salts.

We gratefully acknowledge financial support from the
Deutsche Akademie der Naturforscher Leopoldina (BMBF-
LPD 9901/8-37; S.G.), Swiss National Foundation (M. A.), and
the US DOE and NSF (R. H. C., J. W. F.).

Notes and references
† Typical synthesis: a mixture of 6b (BF4 salt, 54 mg, 0.18 mmol) and
IrH5(PPh3)2 (129 mg, 0.18 mmol) in THF (8 ml) was refluxed in air for 2.3
h. After 20 min a clear solution is obtained. After the reaction mixture had
cooled to room temperature it was layered with 10 ml heptane. Over a period
of 12 h, crystals of 7b formed which were filtered off and dried in vacuo.
Yield: 124 mg (68%). The complex can be recrystallized from THF/
pentane.

Spectroscopic data for 6a: 1H NMR (CDCl3, 298 K): d 9.17 (s, 1H,
NCHN), 8.55 (d, 3JHH 4.6 Hz, 1H, py-H), 7.77 (dt, 3JHH 7.7, 4JHH 1.7 Hz,
1H, py-H), 7.66 (d, 3JHH 7.9 Hz, 1H, py-H), 7.59 (s, 1H, imid-H), 7.31 (dd,
3JHH 7.6 , 3JHH 5.0 Hz, 1H, py-H), 7.25 (s, 1H, imid-H), 5.51 (s, 4H, CH2),
4.65 (septet, 3JHH 6.8 Hz, 1H, CH), 1.61 (t, 3JHH 6.8 Hz, 6H, CH3). 13C{1H}
NMR (CDCl3, 298 K): d 152.38 (Cpy), 149.90 (Cpy), 137.85 (Cpy), 135.08
(NCN), 124.05 (Cpy), 123.84 (Cpy), 123.04 (Cimid), 119.83 (Cimid), 54.17
(CH2), 53.56 (CPri), 22.68 (CPri).

For 6b: 1H NMR (CDCl3, 298 K): d 9.09 (s, 1H, NCHN), 8.51 (d, 3JHH

4.6 Hz, 1H, py-H), 7.73 (dt, 3JHH 7.7, 4JHH 1.8 Hz , 1H, py-H), 7.58 (d, 3JHH

7.8 Hz, 1H, py-H), 7.53 (s, 1H, imid-H), 7.32 (s, 1H, imid-H), 7.27 (dd, 3JHH

7.7, 3JHH 4.8 Hz, 1H, py-H), 5.49 (s, 4H, CH2), 4.19 (t, 3JHH 7.5 Hz, 2H, Bu-
H), 1.89–1.81 (m, 2H, Bu-H), 1.39–1.30 (m, 2H, Bu-H), 0.93 (t, 3JHH 7.5
Hz, 3H, Bu-H). 13C{1H} NMR (CDCl3, 298 K): d 152.25 (Cpy), 149.77
(Cpy), 137.86 (Cpy), 136.37 (NCN), 124.06 (Cpy), 123.80 (Cpy), 122.93
(Cimid), 121.75 (Cimid), 54.00 (CH2), 49.93 (CBu), 31.81 (CBu), 19.34 (CBu),
13.30 (CBu).

For 7a: 1H NMR (CDCl3, 298 K): d 8.72 (s, 1H, NCHN), 8.23 (d, 1H,
3JHH 5.5 Hz, py-H), 7.37–7.14 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 6.3 Hz,
py-H), 5.17 (s, 1H, imid-H), 4.70 (s, 2H, CH2), 4.25 (septet, 1H, 3JHH 6.5
Hz, CH), 1.19 (d, 6H, 3JHH 6.5 Hz, CH3), 210.83 (dt, 2JPH 19.6, 3JHH 4.9
Hz, Ir-H), 221.49 (dt, 2JPH 18.6, 3JHH 4.9 Hz, Ir–H). 13C{1H} NMR
(CDCl3, 298 K): d 161.78 (Cpy), 153.10 (Cpy), 141.07 (t, JPC 7.1 Hz,
Ccarbene), 137.04 (Cpy), 134.93 (t, JPC = 26.3 Hz, CPh), 133.55 (t, JPC 6.0 Hz,
CPh), 132.40 (CPh), 129.55 (NCN), 127.84 (t, JPC 5.8, CPh), 125.87 (Cimid),
124.15 (Cimid), 123.56 (Cpy), 55.03 (CH2), 50.47 (CPri), 22.94 (CPri).
31P{1H} NMR (CDCl3, 298 K): d 21.36.

For 7b: 1H NMR (CDCl3, 298 K): d 8.71 (s, 1H, NCHN), 8.19 (d, 3JHH

5.1 Hz, 1H, py-H), 7.37–7.15 (m, 32H, py-H, Ph-H), 6.07 (t, 3JHH 5.9 Hz,
1H, py-H), 5.03 (s, 1H, imid-H), 4.72 (s, 2H, CH2), 3.63 (t, 3JHH 6.9 Hz, 1H,
CH2), 1.47 (m, 2H, CH2), 1.17 (m, 2H, CH2), 0.90 (t, 3JHH 7.7 Hz, CH3),
210.89 (dt, 2JPH 19.6, 3JHH 5.1 Hz, Ir-H), 219.61 (dt, 2JPH 18.4, 3JHH 5.1
Hz, Ir-H). 13C{1H} NMR (CDCl3, 298 K): d 161.77 (Cpy), 153.07 (Cpy),
141.30 (t, JPC 6.9 Hz, Ccarbene), 137.09 (Cpy), 134.96 (t, JPC = 26.3, CPh),
133.79 (CPh), 133.61 (t, JPC 6.0, CPh), 129.59 (NCN), 127.86 (t, JPC 4.7,
CPh), 126.13 (Cimid), 125.90 (Cpy), 124.18 (Cpy), 55.08 (CH2), 47.89 (CBu),
31.96 (CBu), 19.36 (CBu), 13.37 (CBu). 31P{1H} NMR (CDCl3, 298 K): d
21.39.
‡ Crystal data for 7a: C48H47BF4IrN3P2, M = 1006.89, colorless crystal,
primitive monoclinic cell with dimensions: a = 9.4493(2), b = 20.6687(6),
c = 22.0865(6) Å, b = 90.160(2)° and V = 4313.6(2) Å3; Z = 4; m(Mo–
Ka) = 3.223 mm21; Dc = 1.550 g cm23. The systematic absences of: h0l:
l ≠ ± 2n and 0k0: k ≠ ± 2n uniquely determine the space group to be P21/c
(no. 14). 38573 reflections measured (KappaCCD diffractometer, T = 183
K). The structure was solved by direct methods and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were included at calculated positions (including the Ir hydrides),
but not refined. The final cycle of full-matrix least-squares refinement on F
was based on 4789 observed reflections [I > 3.00s(I)] and 532 variable
parameters and converged with unweighted and weighted agreement factors
of R = 0.033 and Rw = 0.035 (S = 0.905). CCDC reference number
171283. See http://www.rsc.org/suppdata/cc/b1/b107881j/ for crystallo-
graphic data in CIF or other electronic format.
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Fig. 1 Molecular structure of the cation of 7a showing 50% probability
thermal ellipsoids. Only the metal-bound hydrogens (calculated positions)
are shown. Selected distances (Å) and angles (°): Ir(1)–P(1) 2.287(2), Ir(1)–
P(2) 2.301(2), Ir(1)–N(3) 2.193(5), Ir(1)–C(7) 2.100(6), N(1)–C(6)
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Ir(1)–P(2) 163.86(6).
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shape of the 13C NMR signal, as well as the cal-
culated chemical shift (32) for the C5 carbon of
the free aNHC 9 (205 ppm), suggested that the
new compound was the aNHC lithium 7. Similar
complexation has previously been observed for
other singlet carbenes such as small NHCs (35)
and bis(diisopropylamino)cyclopropenylidene
(36, 37); in both cases, coordination of the lithium
cation was apparent from the broadening and the
upfield shift of the carbene 13C NMR resonance.
Subsequently, we sought to sequester the lithium
cation through addition of excess [12]crown-4 to a
diethylether solution of 7 (where X is Br). This
treatment induced a clean rearrangement to gen-
erate 8, which was isolated in 45% yield. This
product formally results from the deprotonation of
an isopropyl substituent of the Dip group by the
carbene center of the aNHC lithium adduct 7,
followed by nucleophilic addition of the resulting
benzyl anion to C2. However, calculations in-
dicated that the rearrangement of 9 into 8 is
exothermic by only 6.1 kcal mol–1 and involves
an activation barrier of 20.3 kcal mol–1 for the
proton transfer. Therefore, we hypothesized that
the observed rearrangement was catalyzed by a

component of the (crown)LiBr system, and that
the formation of 8 did not imply that the free
aNHC 9 was too reactive to be isolated.

Sodium and potassium bases have proven
more appropriate than lithium bases in generating
free carbenes (35–37), because the corresponding
carbon-heavy alkali metal bonds are more labile,
which favors precipitation of the salt. When the
deprotonation of imidazolium 6 (HX•X–, where
X is Cl or Br) was performed with two equiv-
alents (34) of potassium hexamethyldisilazide
(KHMDS) in tetrahydrofuran, a clean reaction
occurred, with the 13C NMR spectrum of the re-
sulting product showing a very sharp signal at
201.9 ppm. After the products were worked up,
the free aNHC 9 was isolated as a green powder
(480 mg, 68% yield), and single crystals were
obtained by recrystallization from a dry hexane
solution at –78°C (Fig. 3, right).

In the solid state, both the free aNHC 9 and
the imidazolium salt 6 (Br–) feature a fully planar
ring (maximumdeviation for N1–C2–N3–C4–C5–
C21–C31–C41–C53 was 1.9 and 6.3 pm for 9 and
6, respectively), confirming the delocalization of
the p system. This electronic structure is corrobo-

rated by the values of the endocyclic C–N [6:
1.335 T 5 to 1.409 T 5; 9: 1.354 T 2 to 1.408 T 3Å]
and C–C bond lengths [6: 1.351 T 5, 9: 1.385 T
3 Å], which are halfway between those of single
and double bonds. The carbene bond angle N1–
C5–C4 for 9 [101.03 T 17°] is more acute than
the corresponding angle in the cationic precursor
6 [108.0 T 3°]. This feature is consistent with
increased s character of the s lone-pair orbital on
the carbene atom in 9 as comparedwith the C–H+

bonding orbital in 6. A similar relationship is
observed in NHCs and their NHC(H+) precursors
(3, 4).

Calculations predict aNHC 9 to be 14.1 kcal
mol–1 less stable than its isomeric normal NHC
with the phenyl group bonded to C5 instead of
C2. Figure 4 shows the two highest occupied
molecular orbitals (HOMOs) of 9. The HOMO
(–4.403 eV) is a s-type lone-pair orbital at C5;
the HOMO-1 (–4.879 eV) is a C5–C4 p-bonding
orbital, which exhibits antibonding conjugation
with the p orbital of the phenyl substituent at C4.
These molecular orbitals are much higher in en-
ergy than those of the isomeric NHC (–5.000 and
–5.279 eV, respectively), which indicates that

Fig. 4. Plot of the cal-
culated twohighest-lying
occupied orbitals HOMO
(left)andHOMO-1(right)
of the aNHC 9.

Fig. 3. Molecular views
(50% thermal ellipsoids
areshown)of imidazolium
bromide6 (Br–) (left) and
aNHC9 (right) in the solid
state (for clarity, H atoms
are omitted, except for
the ring hydrogen). Bond
lengths and angles for
6 (Br–) are as follows:
C5–N1, 1.368 T 4 Å;
N1–C2, 1.334 T 4 Å;
C2–N3, 1.363 T 4 Å;
N3–C4, 1.408 T 4 Å;
C4–C5, 1.355 T 5 Å;
N1–C5–C4, 108.0 T 3°;
C5–C4–N3, 106.0 T 3°;
C4–N3–C2, 108.8 T 3°;
N3–C2–N1, 106.9 T 3°;
C2–N1–C5, 110.4 T 3°.
Bond lengths and angles for 9 are as follows: C5a–N1a, 1.417 T 2 Å; N1a–C2a, 1.357 T 2 Å; C2a–N3a, 1.345 T 2 Å; N3a–C4a, 1.412 T 3 Å; C4a–C5a, 1.383 T 3 Å;
N1a–C5a–C4a, 101.03 T 17°; C5a–C4a–N3a, 111.01 T 16°; C4a–N3a–C2a, 107.97 T 15°; N3a–C2a–N1a, 106.25 T 16°; C2a–N1a–C5a, 113.72 T 15°.
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products also depends upon the counterion of the used salt. This
surprising and interesting fact certainly needs additional studies
with other systems where abnormal binding also occurs to
establish how often it takes place.

The complex OsH6(PiPr3)2 is a d2 polyhydride which is
obtained in high yield from the known compound OsH2Cl2-
(PiPr3)2,7 via the trihydride tetrahydrideborate intermediate
OsH3(η2-H2BH2)(PiPr3)2.8 This hexahydride reacts with Lewis
bases to afford d4 polyhydride derivatives, where the hydride
ligands undergo thermally activated site exchange processes and
show quantum exchange coupling,9 and activates C-H bonds
of amines,10 ketones,11 and aldehydes12 to give species remi-
niscent of the intermediates proposed for Murai’s reactions.13

In spite of that, Os-NHC compounds are extremely rare,14

in particular those containing abnormal tautomers, and we
have now studied the reactions of the hexahydride
OsH6(PiPr3)2 with 1-(2-pyridylmethyl)-3-methylimidazolium
salts.

In this paper, we report the following: (i) the formation and
X-ray structure of an osmium complex containing an NHC
ligand with abnormal coordination, (ii) the influence of the
counterion of the used salt on the coordination mode of the

NHC ligand in the reaction products, and (iii) the preparation
and X-ray structure of a novel bis(normal NHC)Os compound.

Results and Discussion

1. Preparation and Characterization of an Abnormal
Os-NHC Complex. Treatment under reflux of tetrahydrofuran
solutions of OsH6(PiPr3)2 (1) with 1.1 equiv of 1-(2-pyridyl-
methyl)-3-methylimidazolium tetraphenylborate, over 6 h, pro-
duces the release of 2.0 equiv of molecular hydrogen and the
formation of an 84:16 mixture of the abnormal- and normal-
NHC complexes 2a and 3a, according to eq 1.

The major product, the abnormal complex 2a, was separated
from its normal isomer 3a as yellow crystals suitable for an
X-raydiffractionanalysis,bycrystallizationindichloromethane–di-
ethyl ether. Figure 1 shows a view of the cation of the salt. The
structure proves the abnormal coordination of the imidazolium
ring and suggests that this complex is a hydride-elongated
dihydrogen species.15

The geometry around the osmium atom can be rationalized
as a distorted pentagonal bipyramid with the phosphine ligands
occupying axial positions (P(1)-Os-P(2) ) 164.39(5)°). The
metal coordination sphere is completed by the pyridinic nitrogen
atom N(3) and the abnormal carbon atom C(1) of the chelate
group and the hydrogen atoms H(1A), H(1B), and H(1C) of

(7) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J.; López, J. A.; Meyer,
U.; Oro, L. A.; Werner, H. Inorg. Chem. 1991, 30, 288.

(8) (a) Esteruelas, M. A.; Jean, Y.; Lledós, A.; Oro, L. A.; Ruiz, N.;
Volatron, F. Inorg. Chem. 1994, 33, 3609. (b) Demachy, I.; Esteruelas,
M. A.; Jean, Y.; Lledós, A.; Maseras, F.; Oro, L. A.; Valero, C.; Volatron,
F. J. Am. Chem. Soc. 1996, 118, 8388.

(9) (a) Esteruelas, M. A.; Lahoz, F. J.; López, A. M.; Oñate, E.; Oro,
L. A.; Ruiz, N.; Sola, E.; Tolosa, J. I. Inorg. Chem. 1996, 35, 7811. (b)
Castillo, A.; Esteruelas, M. A.; Oñate, E.; Ruiz, N. J. Am. Chem. Soc. 1997,
119, 9691. (c) Castillo, A.; Barea, G.; Esteruelas, M. A.; Lahoz, F. J.; Lledós,
A.; Maseras, F.; Modrego, J.; Oñate, E.; Oro, L. A.; Ruiz, N.; Sola, E.
Inorg. Chem. 1999, 38, 1814. (d) Esteruelas, M. A.; Lledós, A.; Martín,
M.; Maseras, F.; Osés, R.; Ruiz, N.; Tomàs, J. Organometallics 2001, 20,
5297.

(10) (a) Barea, G.; Esteruelas, M. A.; Lledós, A.; López, A. M.; Oñate,
E.; Tolosa, J. I. Organometallics 1998, 17, 4065. (b) Barrio, P.; Esteruelas,
M. A.; Oñate, E. Organometallics 2004, 23, 3627.

(11) (a) Barrio, P.; Castarlenas, R.; Esteruelas, M. A.; Lledós, A.;
Maseras, F.; Oñate, E.; Tomàs, J. Organometallics 2001, 20, 442. (b) Barrio,
P.; Castarlenas, R.; Esteruelas, M. A.; Oñate, E. Organometallics 2001,
20, 2635.

(12) Barrio, P.; Esteruelas, M. A.; Oñate, E. Organometallics 2004, 23,
1340.

(13) Kakiuchi, F.; Murai, S. Acc. Chem. Res. 2002, 35, 826.
(14) (a) Hitchcock, P. B.; Lappert, M. F.; Pye, P. L. J. Chem. Soc.,

Dalton Trans. 1978, 826. (b) Lappert, M. F.; Pye, P. L. J. Chem. Soc.,
Dalton Trans. 1978, 837. (c) Herrmann, W. A.; Elison, M.; Fischer, J.;
Köcher, C.; Artus, G. R. J. Chem. Eur. J. 1996, 2, 772. (d) Castarlenas, R.;
Esteruelas, M. A.; Oñate, E. Organometallics 2005, 24, 4343. (e) Cabeza,
J. A.; da Silva, I.; del Río, I.; Sánchez-Vega, M. G. Dalton Trans. 2006,
3966. (f) Cooke, C. E.; Ramnial, T.; Jennings, M. C.; Pomeroy, R. K.;
Clyburne, J. A. C. Dalton Trans. 2007, 1755. (g) Castarlenas, R.; Esteruelas,
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Chart 1

Figure 1. Molecular structure of the cation of 2a. Selected bond
lengths (Å) and angles (deg): Os-P(1) ) 2.3605(14), Os-P(2) )
2.3683(14), Os-N(3) ) 2.213(4), Os-C(1) ) 2.123(6), H(1A)-
H(1B) ) 1.44(5); P(1)-Os-P(2) ) 164.39(5), P(1)-Os-N(3) )
99.70(11), P(2)-Os-N(3) ) 93.44(11), P(1)-Os-C(1) ) 98.58(14),
P(2)-Os-C(1) ) 90.78(14), N(3)-Os-C(1) ) 85.40(18).
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Recently, a number of new transition metal-catalyzed processes
have been developed and optimized through high-throughput and
combinatorial methods.1 Such strategies are particularly efficient
for the screening of a large number of transition metal-ligand
combinations under various sets of reaction conditions. However,
under these in situ conditions, the exact nature of the catalytic
species is not always precisely known. Indeed, the assumption of
a normal mode of binding between ligand and transition metal is
most often assumed and may be misleading.
During the course of our studies focusing on ligands suitable to

induce enantioselectivity in transition metal-catalyzed processes,2
we became interested in testing N-heterocyclic carbene (NHC)-
metal complexes. A number of simple NHC palladium-based
complexes have recently emerged as effective catalysts for a variety
of cross-coupling reactions.3 Our study of the exact structure of
various palladium NHC species reveals that the metalation site on
the imidazolium salt is strongly influenced by the presence of base.
We now report the synthesis and structure of novel palladium
complexes bearing NHC ligands in “normal” and “abnormal”
binding motifs. The binding mode of the NHC to Pd is shown to
substantially affect the catalytic behavior of the palladium com-
plexes.
It has been reported that palladium (II)-NHC complexes could

be easily prepared from palladium (II) acetate and the corresponding
imidazolium salts.4 Metal binding at the C(2) position is usually
observed, and complexes bearing two NHCs can potentially exist
as trans or cis isomers, depending on the steric hindrance of the
nitrogen substituent R. We first attempted to synthesize the
palladium complex 1 derived from 2 equiv of N,N!-bis(2,4,6-
trimethylphenyl)imidazolium chloride (IMes‚HCl) (1) and 1 equiv
of palladium (II) acetate under the standard reaction conditions
(dioxane, 80 °C, 6 h). The reaction proceeded smoothly leading to
the isolation of a single palladium-containing product.

The NMR data suggested an unusual coordination mode for the
NHC ligands, as indicated by 11 proton and 22 carbon signals. In
addition to the singlet at 6.85 ppm for H(4) and H(5) of a
presumably C(2)-bound IMes ligand, the 1H NMR spectrum

displayed two doublets at 6.57 and 7.47 ppm (J ) 1.7 Hz)
corresponding to H(3) and the carbene H(1) of a possibly C(5)-
bound IMes ligand. Furthermore, the 13C NMR spectrum showed
two carbon signals at 175.9 and 150.7 ppm that we assigned to
C(2) and C(5) bound to the palladium center. Two carbon signals
for C(4) and C(5), and for C(3), at respectively 122.8 and 125.5
ppm were also observed. On the basis of the NMR data, we
proposed the reaction product to have the structure 2 (eq 1). To
unambiguously establish this structure, single crystals were grown
by slow diffusion of hexanes into a saturated solution of 2 in
acetone. The single-crystal X-ray analysis provided the ORTEP
diagram shown in Figure 1. The ORTEP reveals that the palladium
is C(2) bound to one NHC ligand (the normal binding mode),
whereas the second ligand is attached through the C(5) carbon of
the second imidazolium. Both Pd-C distances are equivalent (2.019
and 2.021 Å) and are consistent with Pd-C single bonds. The
ORTEP shows a square-planar coordination around the palladium
center, with the two chlorine atoms bound to the palladium. Here
again, no distortion in the Pd-Cl distances is observed (2.289 and
2.302 Å). Complex 2, isolated in good yields (74%), is a rare
example of C(5) coordination of an IMes ligand and constitutes
the first example of an organometallic complex containing one C(2)
NHC ligand and one C(5)-bound imidazolium ligand.5-7
Surprisingly, when a mixture of cesium carbonate, palladium

(II) acetate, and IMes‚HCl was stirred at 80 °C in dioxane, the
formation of 2 was not observed, and the normal C(2) complex 1
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Figure 1. ORTEP diagram of palladium complex 2. Selected bond lengths
(Å) and angles (deg): Pd(1)-C(12), 2.019(13); Pd(1)-C(25), 2.021(11);
Pd(1)-Cl(1), 2.289(4); Pd(1)-Cl(2), 2.302(4); C(12)-Pd(1)-C(25), 179.4-
(5); C(12)-Pd(1)-Cl(1), 93.3(4); C(25)-Pd(1)-Cl(1), 87.3(3); C(12)-
Pd(1)-Cl(2), 88.6(4); C(25)-Pd(1)-Cl(2), 90.9(3); Cl(1)-Pd(1)-Cl(2),
177.23(18).
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1. introduction	

2. N-heterocyclic carbenes (NHCs)	

first metal-NHC complex	
first free, isolable NHC	
NHCs as ligands for transition metals	
NHCs as organocatalysts	

4. summary	

▶ aNHCs are stronger σ-electron donors than NHCs. !
▶ aNHCs tend to cleave from the metal more easily than NHCs.!
   This may limit their utility in catalysis…!

3. abnormal N-heterocyclic carbenes (aNHCs)	

first metal-aNHC complex	
first free aNHC!
C2- vs C4- bound carbene!
NHC vs aNHC!
application to catalysts	

▶ C4-carbenes are kinetically favored products. !
▶ Large wingtip groups and non-H-bound anions !
   favor C4-bound carbene.!
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