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Determination of Kinetic Isotope Effects

at Natural Abundance
—Singleton's method as an useful mechanistic probe—
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ll. Basics of This Methodology

1. Theoretical background
(1) Rayleigh fractionation
* Basic concept
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lil. Applications High-Precision Simultaneous Determination of -

_ _ Muitiple Small Kinetic Isotope Effects at Natural
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(1) Experimental method and results
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Table 1, Average ’C Integrations

“Cealo % Conversion C, C, C, —C, n

1 71.8(2.0) T04.34(55) 105.49(72)  103.11079) _ 103.22(30) g

2 81.2(1.5) 105.67(1.14) 105.59(38)  102.84(15)  103.58(94) 4

™ N 3 89.6(1.0) 105.95(64) 105.76(76)  101.84(66)  104.04(63) 8

4 95.0(1.0) 109.8(7) 101.1(6) 103.5(5) 109.0(1.0) 6

ARG Seh LD ey MEAl W 8
56 98.9(0. 7 ) o 10271 1117 '
13,28 = 'sid for 1,2,3,5 101.51(66)  105.63(94) ~ 102.15(61) 100.74%92) g

(%1 g ) std for 4 103.6(1) 101.2(6) 102.4(9) 103.7(1.0) 6

std for 6 103.5(1.2) 101.3(6) 102.8(1.0) 103.7(1) 11

From those integrations, R/R, were calculated (Table 2).
Table 2. R/R, for *C

nversion C C, C C

30 TS0 0990 T000(10) — T025(IT)
81.2(1.5) 1.041(13) 1.000(10) 1.007(6) 1.028(13)
80.6(1.0) 1.0449)  1.001(11)  0997(9)  1.033(11)

95.0(1.0) 1.060(13) 1.000(8) 1.011(10) 1.051(14)
96.0(0.4) 1.075(12)  0.999(13) 1.003(12) 1.063(11)
98.9(0.1) 1.103(14) 1.005(9) 0.999(15) 1.077(11)

From these results, KIE of 12C/13C were calculated using eq. 2 (Table 3).

Table 3. ®C KIEs Calculated from Table 2 and Equation 2.
nversion

5 C C
—T180.0) 10230 090000 1008 T02008)

81.2(1.5) 1.025(8) 1.000(6) 1.004(4) 1.017(8)

89.6(1.0) 1.019(4) 1.001(5) 0.999(4) 1.014(5)

95.0(1.0) 1.020(5) 1.000(3) 1.004(3) 1.017(5) 4
96.0(0.4) 1.023(4) 1.000(4) 1.001(4) 1.019(3)

98.9(0.1) 1.022(3) 1.001(2) 1.000(3) 1.017(2) %



Using same technique, R/R of 2H was measured using methyl protons as an
"ntramolecular standard" (Table 4). From eq. 2, KIE of 'H/?H was obtained (Table 5).
Table 4. R/R, for *H

% Conversion H H H H,, H,, n
81.2(L.5) . 0.933(153 O.§Z§i21§ 0.97032) 0.946(21)  0.899(18) 4
89.6(1.0) 0.923(29)  0.775(12)  0.986(20)  0.908(19(  0.881(19) 4
98.9(0.1) 0.812(19)  0.633(16)  0.956(28)  0.860(21) 0.742(14) 5

Table 5. *H KIEs Calculated from Table 2 and Equation 2.
~ % Conversion H H i H H
2(1. . 909%( 982(19) . . 11)
89.6(1.0) 0.966(13)  0.899(10) 0.994(9) 0.959(9) 0.947(10)
98.9(0.1) 0.956(5) 0.908(5) 0.990(6) 0.968(5) 0.938(4)
Results obtained at 98.9+0.1% conversion were summerized in Figure 1.-—-%
(2) Discussion (b)
. . . 100 1.001(2) ) 0.956(5)
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_ Figure 1. (a) H and C isotopi ition of isoprene d
« Qualitative analysis of obtained KIEs from a reaction taken to 98’.3%‘::[3;;;:'!(;’:.3 :'::ll‘:.::e :o awtingr:::;rca:e.
From Figure 1(b), we can interpret meaning ;";“" “W“s "’2“““1?05 in parentheses (n =11 (3 samples) for 1’C
= for 2 . 2
of those KIE values as below: k.,f,‘«k.’;) cg[iu[mpﬁ;)n od;i:l;?iﬁ:) ’j,;"ﬂq"f KIEs (kwiko and
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- After the publication, DFT calculation was
\ ]
Cl7 ¢k bondl ‘R’km?{wom at ‘ performed, and both calculated transition
Hi < H L ¢l s envtier Hhow ‘ state and the observed KIEs were matched
IS 4. ( well (Figure 1). The result also strengthen

' accuracy of this methodology.
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AHHRHE) = 37.6 kealimol AH¥(RHF) = 39.8 keal/mot
1 2
Figure 1. Becke3LYP/6-31G* endo (1) and exo (2) transition structures
for the Diels—Alder reaction of isoprene and maleic anhydride.
Becke3LYP and RHFE/6-31G* bond lengths are in plain text and
pasentheses, respectively. Al bond lensths are in anastroms (A).
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%

‘-~_A\f\-%ﬁ




2. Catalytic asymmetric Shi epoxidation

Isotope Effects and the Nature of Enantioselectivity in the Shi
Epoxidation. The Importance of Asynchronicity

Daniel A. Singleton” and Zhihong Wang

Contribution from the Department of Chemistry, Texas A&M University. P.O. Box 30012,
College Station, Texas 77842

Received October 22, 2004; E-mail: singleton@ mail.chem tamu.edu
J. AM. CHEM. 8OC. 2005, 127, 6679-6685

7*/\ FO‘(\ g['\/( Q?v‘ﬁldﬁ'\“‘\ovx ; {quge_ e Me. kako(’s -

HeG . -
[+ seminar FHV\-{— (2002) (i"fo ;
(D) Di@tw[-h‘es t deferming actunl Hsci; Yo
st How ctatels) of enovlog(echive rn | ) Ctiy ;
Ph/\JCHa 1 Ph,«("yCHg
@ MO\V\Y OO‘V\“&V\MU\‘HOV\S POS Q:L)l-e/ sﬁ Oxone )
codod comformation - C 95% ee
Gmbsﬁ'\/rje/ Can‘('\brhaﬂw S L"l>0)<9)<01 — ode| Yxn ———
O\‘ R {: 73 l‘A/v d "W‘ii"elzvx §fa'{‘35 HgC, CH
e o © Pﬂva v$S. . )"CHS M\( s
‘ F i o i Yo
Q@) Small enevgy ok Heyences Fo;gb 5
~3 [:va/W«vQ OMW@P« dia:o,mw (8 gquwﬁ\,\ Hag“o 0 :Bg:
-Pp (&\VQ WHL\/ wovc\-‘.amo,k[ C echSSes, 53:& 5-boat
Ha CHy HaC CH,
@ H%a]/\:leum\ <o elotio n -for\ Qa laxgsz 5‘7% X, X
WM‘R o ..;"E___?__.R
o ohBonlt . OXO c_)"b E’io (;;b’
(l) B&Q?C/ b@v\C,(L + {‘0 Aefermine aohw& HsC ?Ha HeC :3
‘ . 5:_‘_.\(,0“ ‘{"Q C c ) 6 (=piro) 7+ (planar)

0 E%FQHW{J KTES for wlidahon of @l loteof framsition shifes

Calculated — Experimental _ Calculated — Actual
TS A KIE - KIE transition structure

Calculated Experimental Calculated Em
1SB,C,D,.. — KIE * KIE ition s

NOW &ES‘ con bQ P!re,oecdﬂd b)a C&(Ow(OC('«‘QV\| Cs we copn
select e calenlodeol trams R gn strwcfowe s _b,‘z
Cown bo NG, the expor; wanta HEs witl the caloa (oteol

KITEs . %




(3) Experimental methods and results

"« Experimental KIE determination

USing soma method ElTES 043(3, weve outorminol
Resulte are summerized in 4ahle 1—5;
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Table 1. Average C integrations for trans-B-methylstyrene, with standard deviations (in

parentheses). Fwivamoleadan Stomolowol
Ccale | % conversion C, C, Cipso | Corho |CCumeta)| Cparn | Cometiyt | n
Standard 983.7 | 1012.0 | 9542 | 20144 | 2000 | 1007.1 | 948.7 6
as | as | a8 | @4 (15 | (16
QQWWMQ 83+1% 993.0 | 1051.8 | 952.6 | 2019.2 | 2000 | 10604.0 | 9520 6
C354g) co | a9 | o | e 26 | @7
Standard 9769 | 1042.1 | 945.2 | 2011.7 | 2000 999.1 | 944.1 6
(3.1 (1.7) (3.1) (5.0) (3.6) (2.1)
30\6“’2- 93+1% 9926 | 1.96.6 | 948.0 | 2019.5 | 2000 { 10014 | 947.8 6
(3544 ) 62 | @5 | 633) | 64 .8) | (3.6)
Table 2. R/Ro for  C.
' C. (;L Cipso Cortho Crpeta Cpan Cmethyi
83+1%R/Rg 1.009 1.039 0.998 1.002 1 0.997 1.004
Stand dev 0.003 0.002 0.003 0.002 0.000 0.001 0.003
93+1%R/Ro 1.016 1.052 1.003 1.004 1 1.002 1.004
Stand dev 0.004 0.003 0.004 0.003 0.000 0.004 0.004
Table 3. 13C KIEs.
Ce Cs Cipso Cartho Cumeta Cpana Crethyl
83+ 1% 1.005(1) 1.022(2) 0.999(2) 1.001(1) 1 0998(2) 1.002(2)
903+1% 1.006(2) 1.020(2) 1.001(2) 1.001(2) 1  1.001(2) 1.001(2)
« DFT calculation and KIE prediction {1.000] [1-008]  [0.938]

' 1.005(1) 1.002(2)
100143 1.008(2) 1901

DFT calewlobion (ocated ﬁéo::;:g) o
} o

I® tamcion shctiwres . MNP 1888 rmozz
(assumed) ?ggg‘g;
[1.000] 1100

e

For ek tromaifimm stafe
B KIE s were calen lofech

Figure 1. Experimental and predicted ’C KIEs (Rc/hisc) for the epoxi-
dation of 3 catalyzed by 1 at 0 °C. The two sets of experimental KIEs refes
to two independent experiments. and standard deviations in the last digit
from six determinations are shown in parentheses. The predicted “C KIEs
are shown in italics and brackets and are based on transihon stracture 16.
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Table 1.
Experimental and predicted B¢ kinetic isotope effects (ky2/k13, 273 °C) for the
epoxidation of & 5’
Cp Ca CH3 Cipso  Cortho  Cpara
Expenmental

Exp.1 1.022(2) 1.005(1) 1.002(2) 0.99%(2) 1.001(1) 0.998(2)
Exp.2 1020(2) 1.006(2) 1.001(2) 1.001(2) 1.001(2) 1001(1)
Predicted
1022 1006 0998 1001 1000  1.000
11 1020 1009 0999 1000 1000  1.000
12 1022 1005 0998 1001 1000 1000
13 1020 1005 0998 1001 1000 1000
14 1018 1068 0999 1000 1000 1000
15 1829 1006 0997 1002 1000  1.000
16 1829 1006 0997 1002 1000 1000
17 1827 1005 0997 1001 1000  1.000
AA 1025 1007 0997 1001 1000  1.000
G 1036 1005 0997 1002 1000 1000
CA 1026 1007 0997 1001 1000  1.000
H 1628 1003 0998 1001 1000 1000
E 1837 1004 0999 1001 1000 1000
C et Let7T 0999 0999 1000 1000
AD 1826 1006 0997 1001 1000 1000
CD 1027 1007 0997 1001 1000 1000

14E¥=146 15E¥=140

16 E¥ = 14.2 17E =154
Figure 2. Calculated transition structures for the epoxidation of 3 by 5. AB 1.021 1605 0.998 1.001 1.000 1.000
Most hydrogens have been removed for clarity. Energies are B3L.YP/
6-311+G**//B3LYP/6-31G* + zpe reaction barriers in kcal/mol. Stereoviews CB 1623 l.e89 0998 1.001 1.000 1.000

and 10 additional structures are given in the Supporting Information. /8-{



Appendix 1: eq. 1, eq. 2 DEH

A% major isotopomer, B% minor isotopomer & 3% (#fl ZiE *C & *C),
fHHEOTZS, THENN 1 ROBERIZME > THDT D LT 5,
ZnEE. LLTORERNEY L,

dA(t)

_clt = -k, A(t)
dB(t)
=—-k,B
dt »B0)

ZZT, KIE=%JZV)

B

__1  dAm
A ar
ME=—TBm
B(t) dt
gL 4B _ 1 dA®)

BG) dt | AG)  dt

IhE HZOWTHNFES T 5 &
L dBw,, L dAw),
B(t) dt A(t) dt
.. KIEInB(t) =In A(t) + Const

JKIE-

ZZT. AO)=A, BO)=B,&35&. Const=KIEInB,-InA,&785DT
&=lnA(t)

0 0
|

B(n) =[A(r))ﬁ

KIEIn

BO AO
ZIZT, C(t)=A()+B(), C,=A,+B,LB<,
FIZAW>>BODRMTHETDHELE. C)~A@), Co~AL72BDT

B, \c¢,

_B@/C@) _(c)RE"
N BO/CO CO




c e B0 o By
I, R(r)—cm, R, Cok:b<<k

1
R() _(Co)eE”
RO - CO

S bz, F(r):g’;—c(f)—t“a“ék‘ 0<F()=<1T

0

R(1)
RO

Eq. 1 % Rayleigh DR &9,
Eq. | OO AR5 &

=(1- F(z))ﬁ" (eq.])

RO (L jlin-
In R _(KIE l)ln(l F(1)

In(1 - F(1))

(eq.2)
nfa-roy 20|

0

- KIE =



2
Appendix #: R(t)/R, 25 B(H)¥ L T B, D#H

SHED b FHE T RE R B H
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Appendix%: NMR 12 L % BC OEEIE
<HFEOHESFBETC HEETERVERB >
C BFRBOBEMFERIITO2ENRHY . B0 KBIZESLERE) LEV
B (BRI 4 BHIRE) BEET D, E070 . W ORIE S TIZBEMERE O
BVEMBTEEICH & OFEFREICES MK OBE 231Thh T LEV, IR
FlzzZ L TLE S,
CEE ORESRMLETIX, °C OBIEFHC 'H 2HHET3ZLI2L-T "C OFH
97V TRITID, NI L 2 TH U % NOE (Nuclear Overhauser Effect) 17 &
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Appendix 2: KIE D78 7=
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Relationships between F and dKIEF with different KIE values
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Data table of KIE, dKIEF, and dKIER

¥ 1 FBEolY

from different F and R/R0O values

(B L CKIE,AKIE,. . AKIE, #3535 &, kDX

F

R/RO

KIE

dKIEF*

dKIER*

dKIE**

0.700

0.900

0.9195

0.0001

0.0105

0.0105

0.700

0.950

0.9591

0.0001

0.0115

0.0115

0.700

1.000

1.0000

0.0000

0.0125

0.0125

0.700

1.050

1.0422

-0.0001

0.0135

0.0135

0.700

1.100

1.0860

-0.0002

0.0147

0.0147

0.800

0.900

0.9386

0.0001

0.0082

0.0082

0.800

0.950

0.9691

0.0001

0.0088

0.0088

0.800

1.000

1.0000

0.0000

0.0093

0.0093

0.800

1.050

1.0313

-0.0001

0.0099

0.0099

0.800

1.100

1.0629

-0.0002

0.0105

0.0105

0.900

0.900

0.9562

0.0002

0.0060

0.0060

0.900

0.950

0.9782

0.0001

0.0062

0.0062

0.900

1.000

1.0000

0.0000

0.0065

0.0065

0.900

1.050

1.0216

-0.0001

0.0068

0.0068

0.900

1.100

1.0432

-0.0002

0.0071

0.0071

0.950

0.900

0.9660

0.0002

0.0047

0.0047

0.950

0.950

0.9832

0.0001

0.0048

0.0048

0.950

1.000

1.0000

0.0000

0.0050

0.0050

0.950

1.050

1.0166

-0.0001

0.0052

0.0052

0.950

1.100

1.0329

-0.0002

0.0053

0.0053

0.990

0.900

0.9776

0.0005

0.0031

0.0031

0.990

0.950

0.9890

0.0002

0.0032

0.0032

0.990

1.000

1.0000

0.0000

0.0033

0.0033

0.990

1.050

1.0107

-0.0002

0.0033

0.0033

0.990

1.100

1.0211

-0.0005

0.0034

0.0034

* dKIEF (eq. 3) and dKIER (eq. 4) are calculated as dF
= 0.001*F and d(R/R0O) = 0.015*R/R0, respectively.
** dKIE = KIE*((dKIEF/KIE)A2+(dKIER/KIE)A2)A(1/2)
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