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1. Introduction of cooperative hydrogen atom transfer (CHAT)
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Cooperative Hydrogen Atom Transfer (cHAT)?

B Cooperative hydrogen atom transfer (CHAT)
a pair of two (or more) HAT processes, each of which is performed by a different donor or abstractor.

dehydrogenation via cHAT

abstractor A o H _Q abstractor B Q . H—G

]: :' o \/> :, [l
/ = k=
alkane Q H_G G. H_G olefin

donor AH donor BH
hydrogenation via cHAT

B Nature cHAT: desaturase enzyme? .
H*, NADH, O; reoxidation

@ @ Oleyl CoA
A
7
SCoA \/> ( SCoA

2nd HAT 7
[<50 kcal/mol] o

NAD*, 2H,0 = )

1st HAT

Stearoyl ~100 kcal/mol
CoA o [ :

1. Kattamuri, P. V.; West, J. G. Synlett 2021, 32, 1179.
2. West, J. G.; Sorensen, E. J. Isr. J. Chem. 2017, 57, 259. 3



cHAT Dehydrogenation in Organic Synthesis?)

[n-BuyNJ[WV 140,41 (TBADT, 0.4 mol%

)
H  Co'(dmgH),(py)CI (COPC, 0.4 mol%)
hv, CD5;CN, 23 °C I
H - X

cHAT dehydrogenation

5% trace trace
\ P I R
o ¢t
/ \ . /— Ci ﬁ }\|-—- [/N:L
0—W—0—Wg-0 j/_N,Co\N,
o° /H H / O\ v, OO0 \,,OB \ \b
H—HT oW 590, —, Oy~

Q ® | 8 \o
h"L& @ TBADT COPC

The release of H, gas is the driving force of the reaction.

Bl C-H bond dissociation energies (BDE) for each HAT BDE., , ~ 50 kcal/mol
O/H HAT Q HAT HAT HAT @
— — — % N
- H -—— -— H .
BDE. 4 = BDE. 4 = H BDE._y = BDE. 4 =
100 kcal/mol 32.5 kcal/mol 83.9 kcal/mol 49.3 kcal/mol
AH,; ~ =17 kcal/mol AH,,r ~ 0 kcal/mol

1. West, J. G.; Huang, D.; Sorensen, E. J. Nat. Commun. 2015, 6, 10093.



Aromatization via cHAT Dehydrogenation')

anthraquinone (AQ, 20 mol%)

H OTBS  Co'(dmgH),(4-MeOpy)CI (5 mol%) OTBS
390 nm LEDs, PhCFs, 35-40 °C ©/
7

>
1)
cHAT dehydrogenation 8%

H
4-MeOpy

--H
o-
e N,| v

H—H

‘N
P g
NN
OTBS OTBS Me O\H —! OH Me
Cl
/ \ /’ [Co(dmgH),(4-MeO-py)]CI
T

)\Ar )\ H@ B C-H BDEs of a substrate
81.8
eosd_ § \é@/ %6 '
s
)j\ < H OTMS

anthraqumone

96.6
H 0.3 kcal/mol

H cc-pVTZ/6-31G(d,p)

The release of H, gas and aromatization are the driving forces of the reaction.

1. Caldora, H. P.; Zhang, Z.; Tiloy, M. J.; Turner, O.; Leonori, D. Angew. Chem. Int. Ed. 2023, 62, €202301656.
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HAT Hydrogenation (Radical-Based Hydrogenation)')

Mn''(dpm); (10 mol%)
PhSiH; (1.0 equiv) H

©
o O -BUOOH (1.5 equiv)
)V]\ i-PrOH, 22 °C
t-Bu t-Bu HO y HO
dpm H

83% (dr 5:1)
HAT hydrogenation

yed

1st HAT

PhSiH,,_(0i-Pr),., 2nd HAT

(dpm),Mn"'—H
PhSiH, (0i-Pr)s_, }(

(dpm),Mn""'—0i-Pr (dpm),Mn"

—

(dpm)H 1/2t-BuOH  1/2¢t-BuOOH, i-PrOH

(dpm),Mn"

(dpm),Mn"'—H :—_))

i-PrOH  (dpm),Mn""—dpm

According to the Sorensen and West’s definition, This reaction is NOT cHAT dehydrogenation
because the same hydrogen donor participates twice in the HAT process.

1. lwasaki, K.; Wan, K. K.; Shenvi, R. A. J. Am. Chem. Soc. 2014, 136, 1300.
2. For a related reaction, see: King, S. M.; Ma, X.; Herzon, S. B. J. Am. Chem. Soc. 2014, 136, 6384. 6



Characteristics of HAT Hydrogenation?):2)

M Alternation of stereoselectivity

H H,, Pd/C
MeOH
H %
t-Bu .
transition metal (TM)-
79% (+ epimer 21%) catalyzed
hydrogenation

- A 3

Pd"
I t-Bu
H

kinetic control

M Alternation of chemoselectivity

reduction selectivities

O/\H,Pdlc:2.5:1 O/Y
Poome . o

. H. H
L S
t'Bu H & .
>

Y

OPMP Co(acac),*:1:7.8 OPMP
alkyne alkene
Co(acac),*: Co(acac),, t-BuOOH, Et3SiH, n-PrOH

Mn''(dpm);

HAT hydrogenation

72% (+ epimer 14%)

Y

H
ﬁ
<~ (-Bu

t-Bu H

thermodynamic control

P

B Functional group tolerance

L

compatible with iodine

Mn''(dpm);
PhSiHj3, t-BuOOH
i-PrOH

83% (dr 5 : 1)

PhSiH,, t-BuOOH H
i-PrOH
P>  tBu

H

1. lwasaki, K.; Wan, K. K.;: Shenvi, R. A. J. Am. Chem. Soc. 2014, 136, 1300.
2. King, S. M.; Ma, X.; Herzon, S. B. J. Am. Chem. Soc. 2014, 136, 6884.
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Exogenous Oxidant-Free cHAT Hydrogenation)

Fe'(acac); (10 mol%)

R2 PhSH (10 mol%) R2
PhSiHj3 (2.0 equiv)
3 3 3
RJ\/R EtOH, 23 °C er\rR
r H
cHAT hydrogenation H

B Structures, yields, and if applicable stereoselectivities of products, and reaction time

OBz
H 0 H
J\ H Br
Ph PhHN” Yo H
H Cl H

93% [26 h] 78% [5.5 d] 64% (dr 1 : 1) [6 d]
2 _H : _H
H H
OBz
0 H H
J§ S}
OBn (0] OBn
83% (dr 6.7 : 1) [5.5 d] 83% (dr 6.7 : 1) [46 h] 82% [36 h]

1. Kattamuri, P. V.; West, J. G. J. Am. Chem. Soc. 2020, 142, 19316.
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Control Experiments?)

Fe''(acac); (10 mol%)
PhSH (10 mol%)
PhSiH; (2.0 equiv)

EtOH, N, atmosphere, 23 °C, 26 h

standard conditions

/\)\/H
Ph

entry deviation from the standard conditions yield
1 none 93%
2 no Fe''(acac), n.d.
3 Mn'l(dpm), instead of Fe''(acac), 30%
4 Co'll(acac); instead of Fe'll(acac), 14%
5 no PhSH 27%
6 n-C,,H,sS—H instead of PhSH, 72 h 43%
7 PhSiH, (1.2 equiv) 49%
8 50°C 49%
9 under air 48%

aBDE: Co''-H ~ 50 kcal/mol, (acac)Fe''-H ~ 16 kcal/mol.
bBDE: PhS-H ~ 82 kcal/mol, n-C,,H,:S-H ~ 88 kcal/mol.

1. Kattamuri, P. V.; West, J. G. J. Am. Chem. Soc. 2020, 142, 19316.
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Confirmation of a Radical-Based Mechanism?)

M Radical trap experiment with TEMPO
Fe'(acac); (10 mol%)
PhSH (10 mol%)

PhSiH; (2.0 equiv) H
TEMPO addition /\)\/H
Ph” X EtOH, 23 °C, 46 h Ph
-
entry TEMPO addition yield
1 none 93%
2 0.2 equivatt=0min n.d.
3 0.2equivatt=3h 43%
B Ring-opening experiment
Fe'(acac); (10 mol%) H
PhSH (1.0 equiv)
PhSiH3; (2.0 equiv) N H
Ph EtOH, 23 °C Ph
21%
2nd HAT +

1st HAT

(acac),Fe''-H

%
JW

H
(i phkAo

1. Kattamuri, P. V.; West, J. G. J. Am. Chem. Soc. 2020, 142, 19316.
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Deuterium Labelling Experiments?)

BzO/\)\

3

BzO

BzO/\)\

Fe'(acac); (10 mol%)
PhSH (10 mol%)
PhSiD; (2.0 equiv)
EtOH, 23 °C

-

Fe'(acac); (10 mol%)
PhSH (10 mol%)
PhSiH; (2.0 equiv)
CD,0D, 23 °C

>

Fe'l(acac); (10 mol%)
PhSD (10 mol%)
PhSiH; (2.0 equiv)
EtOH, 23 °C

>

BzO
H
D

(D-rate: >95%)

BzO
D
H

(D-rate: >95%)

BzO
H
H

(D-rate: 0%)

1. Kattamuri, P. V.; West, J. G. J. Am. Chem. Soc. 2020, 142, 19316.
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Effect of EtOH and PhSH on cHAT Hydrogenation?)

Fe'(acac); (10 mol%)

PhSH (10 mol%) H
PhSiH; (2.0 equiv) /\)\/
Ph” N solvent, 23 °C, 26 h oh H
-
M Effect of EtOH
entry solvent yield
1 CeDs trace
2 C¢Dg + 10 v/IV% EtOH 41%
3 EtOH 93%

B Reaction Profile with or without PhSH (solvent = EtOH)

100 dandard
naar
90 conditions
o~ 50 R2 = 0.9883
g 70 e
= 60 PhSH participates not only in an iron catalyst
o 0 turnover but also in a HAT process.
© 40
2
;:’ 30 &% no thiophenol
20 |"_ % R? =0.9896
10 [
0
0 500 1000 1500 2000
Time (minutes)
1. Kattamuri, P. V.; West, J. G. J. Am. Chem. Soc. 2020, 142, 19316. 14



PhSH Binding to Fe''(acac),(EtOH),"

B 'H NMR experiments (in toluene-dg/ethanol-d, = 95 : 5) B Plausible transformation
ii Fe!
homogeneous l Fe'(acac): s N
.J||L,__,_.A_J' . acac acac
homogeneous ' Ae'(acac), + PhSH -
g PhSH (10 equiv) was added. | o7 PhSH AG = -19 kcal/mol
e 10 eauiv) | (B3LYP-D3PJ/
homogeneous |1 acact * FheH (10 equiv) y = orA-def2-T2vP)
o o "
homogeneous fe'(acac); + PhSH Ph H
l J -20°C ~Ng”
- 1
heterogeneous Ae'(acac), + PhSQH '
‘ | '[ 0 acac’Fe\acac
heterogeneous ~Fell(acac), + PhSH
//'/\ =40 °C
heterogeneous Fe'(acac), + PhSH

A -60 °C

r T T T T T T T T T T T T T T T T T T T 1
L0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.

f1 (ppm)
acacH
RT
"H" of acacH ]
I N M Decrease in BDE of PhS-H?
g U
H .
Fe'(acac), + PhSH Phs/ : 82 kcal/mol
RT
PhSH (10 equiv) No|free acacH is observed. /H
dded {‘l PhS
was added. U"'-"'ﬂ. | ﬁ . : 66 kcal/mol
YIS T g0 8IS T8I0 T 715 T 710 T BI5 T B0 T 515 TS0 T A5 T #0315 T 310 25 T 20 T 115 T II0 T 05 010 acaC' \acac
f1 (ppm)

1. West, J. G.; Miller, S. J.; Holland, P. L. et al. Chemrxiv 2023, DOI: 10.26434/chemrxiv-2023-b9zdf.
2. Boekell, N, G.; Flowers, R. A. Chem. Rev. 2022, 122, 13447. 15



The Most Plausible Reaction Mechanism?)
EtOH (acac)H

Fe'(acac); = [Fe''l—acac
PhSiH, (OEt);_,

[Fe'']—OEt
EtOH PhSiH,_1(OEt),-,
R2
f. PhSiH,(OEt):
Felll—sSPh 3 (© :
[Fe™] R 4\rR [Fe!ll—H detected on NMR)

1
H
H
PhSH
2nd HAT Rz 1st HAT R2
e R3 J»R:;
Ph§’H R1J\( R
[Il=e"] H
BDE: 66 kcal/mol
H

— [Fe"]

cf. -’
EtO

' 2nd HAT from Fe-EtOH
[Fe' complex is possible, but

BDE: 70 kcal/mol NOT a dominat pathway.

— Hypothesis: If a chiral thiol is employed, asymmetric HAT hydrogenation, which has
been regarded as a quite challenging reaction mode would occur?

1. West, J. G.; Miller, S. J.; Holland, P. L. et al. Chemrxiv 2023, DOI: 10.26434/chemrxiv-2023-b9zdf.
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The Difficulty in Asymmetric HAT Hydrogenation

B The precedented asymmetric metal HAT reactions

chiral ligand BDE of Co''-C: ~ 22 kcal/mol
- * I
R2 Co

2 2 —~ RZ

; Cor—n R Tae
&R"' R3 R3 *
R1 R1 ° _> R1 y R1/\r
u

Co'l N
i H < ) H i H
rigid

Limited to cobalt-catalyzed C-0O, * ”

C-N, and C-C bond formations. oL =« Ph

*
/\N
H |
e

CO,M H MeN

o 91-97% ee

M The difficulty in asymmetric “classical” HAT hydrogenations
BDE of Fe!"-C: ~ 1.5 kcal/mol

chiral ligand

1st HAT

(M =Mn or Fe)

No examples of asymmetric B
HAT hydrogenation, so far

2nd HAT H H

BDE of Fe''-H: ~ 16 kcal/mol < :M H
*

weak BDE of M"-H bond and hard controll to the enantionselectivity



Asymmetric cHAT Hydrogenation?)

Ph
N [Fe''] (X mol%) N 0@ o

| chiral thiol (Y moi%) A e 0
s\ silane (2.0 equiv) s NN Aco SH R NS R
solvent, 23 °C, 72 h Ho\* OAc
- - . acac:R=H
H Hﬁ chiral thiol dibm: R = £-Bu

entry [Fe''] (X mol%) silane  thiol (Y mol%) solvent yield and er
1 Fe'll(acac); (15 mol%) PhSiH, 10 mol% EtOH 91% (52 : 48)
2 Fe'll(acac); (15 mol%) PhSiH, 10 mol% i-PrOH 58% (53 : 47)
3 Fe'll(acac); (15 mol%) PhSiH, 10 mol% 1.4-dioxane/EtOH=95:5 37% (61 : 39)
4 Fe'll(acac); (15 mol%) PhSiH, 50 mol% 1,4-dioxane/EtOH =95: 5 40% (63 : 37)

5 Fe'(dibm), (15 mol%) PhSi(Qi-Pr)H,° 10 mol% 1,4-dioxane/EtOH=95:5 63% (58.5: 41.5)

6  Fe'(dibm), (15 mol%) PhSi(Oi-Pr)H,L 10 mol% MeOt-Bu/EtOH = 95 : 5 74% (61 : 39)

aReaction time was 7 h (entries 5 and 6).
— The first example of asymmetric HAT hydrogenation

1. West, J. G.; Miller, S. J.; Holland, P. L. et al. Chemrxiv 2023, DOI: 10.26434/chemrxiv-2023-b9zdf. 18



Substrate Scope of Asymmetric cHAT Hydrogenation?)

R2

Fe''(dibm)z (15 mol%)
chiral thiol (10 mol%) AcO
PhSi(Oi-Pr)H, (2.0 equw)

&Rs MeOt B/EtOH, 23 °C R
R1 OAc

asymmetric cHAT hydrogenatlon chiral thiol

B Structures, yields, and er

Z
I

30% (52 : 48)

MeO,C F MeO
2 \©\ \@\ z |
Ph X
N N N N
A Av A A

H H H H

36% (52 : 48) 56% (51 : 49) 34% (69 : 31) 63% (62.5 : 37.5)

~

Ph
N SN

o) o) | |
Ph\N)]\N/ Ph\ J\ N )\ )\

SBG G

40% (56 : 44) 22% (56 : 44) 13% (75 : 25) 14% (80 : 20)

1. West, J. G.; Miller, S. J.; Holland, P. L. et al. Chemrxiv 2023, DOI: 10.26434/chemrxiv-2023-b9zdf. 19
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O-H Serves as a Hydrogen Donor of the First HAT?

B West cHAT hydrogenation

~H 2 2
PhS R PhS R
F(Ie"\ * R1J§/R3 -« Fell * R ¢ _R3
acac acac 1st HAT acac acac
66 kcal/mol H 30~35 kcal/mol

The BDE of the hydrogen donor in the first HAT should be ca. 35 kcal/mol or less.

Accordingly, hydride species of Fe, Mn, and occasionally Co have been utilized for this particular purpose.

B Activation of strong C-O bonds?
[Ir'"'(dFMeppy),dtbbpy]PF¢ (2 mol%)

PPh; (1.2 equiv)

OH (p-MeOCgH,)2S, (10 mol%)
2,4,6-collidine (1.0 equiv) H
toluene, blue LEDs /@/\
Ph -

@ ¢ ppHh [Ir"']*‘— [|r|||] ArS@ Ph
-H @ 3 %[Ir"] © k_» ArS—H
A +H®

®
0)
/©/l\/ | " A /©/
Ph Ph” P< cleavage of C-0O bond Ph

| >Ph
Ph - O=PPh,

The formation of stable O=PPh,; phosphoryl decreases the BDE of strong CO bonds in an alcohol.

1. Stache, E. E.; Ertel, A. B.; Rovis, T.; Doyle, A. G. ACS Catal. 2018, 8, 11134.



The Initial Discovery and Phosphines Screening?)

M The initial discovery

[Ir'"(dFCF3ppy),dtbbpy]PFs (2 mol%)
CH3CN/H,0, 455 nm, 30 h

||\P
Ph*'y ~pp

Ph

- 5
Eo’ I
‘||;) PhP~p, + 1/2H]
Ph* )7 \Ph —> Ph
. Ph i 42% detected on GC

Two O-H bonds on H,O were successfully activated in the presence of iridium catalysts and phosphine.

B Screening of various phosphine catalysts

j-P
[Ir'"(dFCF3ppy),dtbbpy]PFs (2 mol%) e
— phosphine (2.5 equiv)
ArSH (20 mol%) H | i-Pr SH
CH;CN/H,0, 455 nm, 30 h
> H
ArSH i-Pr
cHAT hydrogenation
phosphine yield BDE? O’\;;l
/O“'P P1 (R=0Me)|| 92% 5.0 kcal/mol pe
R \®\ P2(R=F) 50% 6.9 kcal/mol R,O \®\
R P3 (R =Me) 9% 8.3 kcal/mol R
P4 (R =H) 6% 9.4 kcal/mol
R P5 (R = CF,) 7% 13.4 kcal/mol B

aCalculated by PWPB95-D3/def2TZVP/COSMO-RS (CH;CN)

1. Zhang, J.; Mick-Lichtenfeld, C.; Studer, A. Nature 2023, 619, 506.
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Phosphine-Dependent Tuning of Reactivities?)

NA°
/s

MeO

MeO

||‘P
\Q H
OMe H\)\/

P1

[Ir'"(dFCF3ppy),dtbbpy]PFg (2 mol%)
ArSH (20 mol%)
CH;CN/H,0, 455 nm, 30 h

> 80%

NA°

et P
\®\ 82%

>

LSS

Me
P3
Me
M BDE
H

~98 kcal/mol)\)(;o

By selecting an appropriate phosphine, a more

reactive olefin can be selectively hydrogenated.

<
H —86 kcal/mol
1. Zhang, J.; Mick-Lichtenfeld, C.; Studer, A. Nature 2023, 619, 506. 23



Substrate Scope (1)

[Ir'(dFCF;ppy),dtbbpy]PFg (2 mol%)
phosphine P1 (2.5 equiv)

ArSH (20 mol%)
1&/R3 CH3CN/H,0, 455 nm 1 R3
R > R b

LY o
HO H J H
HO

65% 86% 78% 93% (dr > 20 : 1)

1. Zhang, J.; Mick-Lichtenfeld, C.; Studer, A. Nature 2023, 619, 506. 24



Substrate Scope (2): Dearomatization of Naphthalene?')

[Ir'"(dFCF;ppy),dtbbpy]PFg (2 mol%) H
phosphine P1 (2.5 equiv) .
~ S ArSH (20 mol%) ~
R1-— | —R2 CH3;CN/H,0, 455 nm, 20 °C R1-— | — R2
N > X y
H
o OMe
H CN H OH
H H
H H H H
H H H H
89% H 82% H 86% H H 78%
\‘O
0 A Y
o i
% 5 H
oO o
H H
H H
H H H
7
+ | 9O®
H H X H
23% H H 47% 81% H 70% H

1. Zhang, J.; Mick-Lichtenfeld, C.; Studer, A. Nature 2023, 619, 506. 25



Deuterium Labelling Experiments?)

M Deuterium labelling experiments "
[Ir'1PFg (2 mol%)

phosphine P1

MeO
ArSH
solvent
MeO AN 455 nm

Both hydrogen atoms come from H,O. CD3CN/H70: 90% (D-rate: 0%)
CH3;CN/D,0: 90% (D-rate: 92%)

M Kinetic isotope effect (KIE) experiments
[I'"PFg (2 mol%)

phosphine P1
ArSH
X CH;CN/H,0 or D,O
455 nm
MeO

KIE = kHZOIkDZO = 3.2

]l
[Ir"]PFg (2 mol%) D-rate: 40% H

phosphine P1
N ArSH
455 nm H/D
MeO D-rate: 25%

Hydrogenation at B position is the rate determining step of this reaction.

1. Zhang, J.; Mick-Lichtenfeld, C.; Studer, A. Nature 2023, 619, 506.
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Confirmation of Radical-Based Mechanism?)

M Radical cyclization

[Ir'"'] (2 mol%)

phosphine P1 _ H
/ ArSH
EtO,C CH3;CN/H,0 " ~H EtO,C
455 nm Et02C — EtOzC °
EtO,C \A » | » Et0,C
\ CO,Et CO,Et 87%
- (cisltrans =9 : 1) H
M Ring-opening experiment
[Ir'"] (2 mol%)
phosphine P1 [ H H H
ArSH
ph CH3CN/H,0 <V r( _pn
Ph 455 nm Ph ——3 Ph™ Ph™ N
Ph ™ Pn
- o 64%
(ZIE=17:1) H
1. Zhang, J.; Mick-Lichtenfeld, C.; Studer, A. Nature 2023, 619, 506. 27



An Application: Skeletal Editing of Quinolines')

2
R2 [Ir'(dFCF;ppy),dtbbpy]PFg (2 mol%) RN
phosphine P1 (2.5 equiv) H
Z N ArSH (20 mol%) 7
r1L | CH;CN/H,0, 455 nm, 20 °C R [ D—rs
N R H indoles
guinolines

¢ 1st HAT Tan HAT

H Ph H
H H
H
— MeO —
4 4 O ‘et
N N N N N
H H H
61% 46% 52%

1. Zhang, J.; Mick-Lichtenfeld, C.; Studer, A. Nature 2023, 619, 506.
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The Significance of Thiol Catalyst')

[Ir'"(dFCF;ppy),dtbbpy]PFg (2 mol%)
phosphine P1 (2.5 equiv)

Z thiol catalyst (20 mol%) H
CH3;CN/H,0, 455 nm
e H

B Structures of thiol catalysts and yields of hydrogenated products

O _o

i-Pr SH Th {-Pl' :P</SH
Ph—SIi—SH i-Pr—SIi—SH OO O without
ArSH i-Pr Ph i-Pr thiol catalyst
92% 0% 0% 0% 0%
BDE ~ 80 kcal/mol BDE ~ 88 kcal/mol BDE ~ 87 kcal/mol

1. Zhang, J.; Mick-Lichtenfeld, C.; Studer, A. Nature 2023, 619, 506.
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The Proposed Reaction Mechanism?')

@
H,O
Ar“}P\Ar Ar“}P\Ar ’
Ar Ar
[|r|||]* H\(O-B/H
|
' © P2
( H Ar V4 Ar
[Ir' e Ar
Ar“} \Ar
<« ® Ar H
Ar'sS o~
I' ® |“ ‘|l
1’|\rR3 ArAr, \Ar ArAI', \AI' R1 X R3
R
H b Ar'S—H
2nd HAT
R2

(rate determining step)

WP
Ar*', N
Ar, Ar

1. Zhang, J.; Mick-Lichtenfeld, C.; Studer, A. Nature 2023, 619, 506. 30



Summary: cHAT towards Natural Product Syntheses

B West (2020)
v The absence of an exogenous oxidant
v Asymmetric HAT hydrogenation

hydrogenation via cHAT

W p— |

olefin [Fell—H [Fe' [I'=e"] [Fef1—SPh alkane
R ;_4 T \/» e H
[| 1st HAT ]\ 2nd HAT ]:
| I

Ar“}PiAr Ar“}P\Ar
Ar Ar

Ar PN, H20
Ar

B Studer (2023)

v' The absence of a stoichiometric oxidant

v Environmentally-benign conditions using H,O as a hydrogen source
v' cHAT hydrogenative dearomatization

31
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Evidence of a cHAT mechanism in Dehydrogenation?)

[WVY] (TBADT, 0.4 mol%)
cocatalyst (0.4 mol%)
hv, CD5;CN, 23 °C I'

Ph”” “H N lPh/'} > ph” "
H

no B-H P dimerization
o° o

>~

1/2 Ru'"(OH), 1/2 RuVO,

1/2 HW

B An excluded catalytic cycle

cocatalysts results
RuVO, multiple turnovers
Co'(dmgH),(py)CI ~ 1% (no turnover)
no catalyst ~ 1% (no turnover)

1. West, J. G.; Huang, D.; Sorensen, E. J. Nat. Commun. 2015, 6, 10093. 33



Stability of Radical Intermediate and Limitation?)

Fe''(acac); (10 mol%) _ _ H
A PhSH (10 mol%) 2
PhSiH; (2.0 equiv)
EtOH, 23 °C ;
MeO - »  |MeO —>» MeO
1st HAT i “2nd HAT 56%

BDE of C-H: 88 kcal/mol

Fe'(acac); (10 mol%)
PhSH (10 mol%)
NS

PhSiH; (2.0 equiv)
EtOH, 23 °C °

-
® = @ >
1st HAT _ U Jond HAT

BDE of C-H: 82 kcal/mol

Bl BDE of some potential hydrogen donors
H H
PhsS” Et0” H
: : 66 kcal/mol . : 70 kcal/mol phs” ‘82 kcal/mol
Fe!l Fe!l
acac® acac acac® acac

While the authors mentioned that the BDE of radical intermediates affects the 2nd HAT,
In my opinion, kinetic barrier with bulky aryl groups in the 1st HAT should not be overlooked.

1. Kattamuri, P. V.; West, J. G. J. Am. Chem. Soc. 2020, 142, 19316.



Partial Decomposition of Fe(acac); with PhSH?)

B Mdssbauer spectroscopy of the reaction mixture (experimental) and [Fe'"'|-SPh species (computational*)

a) 10 mol% °’Fe'(acac), H
10 mol% PhSH H
@/\/\ 2 equiv PhSiH, ©/;)\/
y
1 EtOH (0.1 M), RT, N, + %TFe''(acac), '
1 h 45 min + Plausible [Fe"']-SPh !
100.0 Sttt

99.6
99.2

c 98.8 1
il ;
& 984
E e
2 98.0 Data (80 K)
E 97.6- Fe'(acac), (87%)
1 Plausible Fe"'-SPh (13%
Q 9724 - (e
ﬁ i Total Fit
o 96.84 Residual
m o
96.4 -
96.0 -
956 I | I v || ! | || I
6 -4 -2 0 2 4 6

Velocity (mm/s)

[Fe'"l-SPh species are seemingly formed in situ.

: STFell(acac); <

b)
10 equiv PhSH

EtOH (0.01 M)
RT, N, 4 h

+ Plausible [Fe""|-SPh

95 -

&
C
jel
w
D
uE) Data (80 K)
E 94 ] Fe'(acac), (92%)
~ - Plausible Fe""-SPh (8%)
o 93 -
2 . Total Fit
% 92 ' Residual
g1
90 -
89 -
T T T T T T ) I i I
6 -4 -2 2 4 6

Velocity (mm/s)

Excess amount of PhSH damages Fe''(acac)s,,
leading to the formation of Fe'' (acac), and (PhS),.

* B3LYP-D3PJ/ZORA-def2-TZVP

*’Fell(acac), + % PhSSPh + acacH

1. West, J. G.; Miller, S. J.; Holland, P. L. et al. Chemrxiv 2023, DOI: 10.26434/chemrxiv-2023-b9zdf.
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Reversible Formation of Fe(acac); from Fe'l(acac),"

c) 5 equiv PhSSPh
10 equiv acacH

Fe'(acac),(EtOH), < = Fe'llacac); + PhSH
EtOH (0.01 M), RT, N,

monitored by "H NMR

spectroscopy
d) 10 mol% Fe'(acac),(EtOH), H
5 mol% PhSSPh, 10 mol% acacH H
AN 2 equiv PhSiH; ©/\)\/
> 2 (29%2)
1 EtOH (0.1 M), RT, N,, 8 h +1(10%°2)

+ unidentified byproducts

o

a) 10 mol% Fe''(acac),(EtOH),
5 mol% PhSSPh Me
W 2 equiv PhSiH;
EtOH

2 (8%?)
(0.1 M), RT, N,, 8 h
1 +1(44%°)
+ unidentified byproducts
b) + EtOH
Y2 PhSSPh - PhSH

[Fe'] ———= [Fe"]-SPh ——= [Fe""|-OEt

[Fe] = Fe(acac),

1. West, J. G.; Miller, S. J.; Holland, P. L. et al. Chemrxiv 2023, DOI: 10.26434/chemrxiv-2023-b9zdf. 36



More Detailed Mechanism of Fe-Catalyzed cHAT")

- acacH
[Fe'l-acac + PhSH ‘__°= [Fe'1-SPh =e= [Fe'l + 7 PhSSPh
EtOH + acacH Fe-1 catalyst Fe-2

deactivation

acacH
[FE"II—OEt PhSiH;
Fe-3
metal-hydride formation
turnover-limiting step
PhSi(OEt)H,
[Fe'l-sPh  H
PhSH Fe-7 R(K|~R3 [Fe""}-H
Rz Fe-4
Fe' ]
[Fe’l PCET
[Fe'h enantiodetermining step
$
Ph™ H
Fe-6

thiol binding to [Fe] = Fe(acac),
[Fe]
0.0

1 (]
acac = (8
Me)\“/L Me

PhSH

1. West, J. G.; Miller, S. J.; Holland, P. L. et al. Chemrxiv 2023, DOI: 10.26434/chemrxiv-2023-b9zdf.
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Iron and/or Silane Spiking Experiments')

15 mol% Fe(acac);
10 mol% C1

A

@\ Me

)\ 2 equiv PhSiH, N
8" N 95:5 Dioxane:EtOH (0.1 M) s7 N
H RT,N,, 72 h H
M e * M
Me ¢ unless otherwise stated Me Me ©
3d 4d
a) Reaction profile’ b) Iron spiking
100 60
90
40 50
—_— L]
70 §' 40 . .
© 60 ]
T 50 2,
% Starting ; . *
> 40 Material _g .
30 ¢ Product <] 20 *
0 g . &
,. . ] L] . 10 .
10
0 e 0
0 10 20 30 40 50 60 70 80 0 2 4 6 8 10
Reaction Time (h) Reaction Time (days)
c) Silane spiking d) Iron and silane spiking
60 10 days:
6l:39er a 60 7 days:
A s6:44er *
50 A 50
£ 40 s 10 days: Added 2 equiv [Si] 2 0 . A
% A 60:40 er at 7 days -] :
= 30 A ;_'_' . A 7 days:
“ - 30 56:44 er
= - 4 4 equiv [Si] + S A
B 20 Added 4 equiv [Si] T 20 :
a N at 7 days a 7
10 10
0 0
0 2 4 6 8 10 12 0 2 4 6

Reaction Time (days)

Reaction Time (days)

12

* Added 15 mol%
[Fe] at 7 days

4 Added 15 mol%
[Fe] at 2 days

* Added 15 mol%
[Fel, 2 equiv [Si]
at 2 days

1. West, J. G.; Miller, S. J.; Holland, P. L. et al. Chemrxiv 2023, DOI:

10.26434/chemrxiv-2023-b9zdf.
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Thiol Screening in Asymmetric cHAT Hydrogenation?)

15 mol% Fe(acac);
N,Me 10 mol% Chiral Thiol N,Me
N

Cy
2 equiv PhSiH; o 7 fo)
95:5 Dioxane:EtOH (0.1 M) " H HN /IL o
) ‘ “Me RT,N,, 72 h )* ‘ “Me C'\“ 0 Me cy” O SH
Me Me Me N/ 0 0
o] \ Cy—«
3d 4d Me
NHBoc 0 P ey
Entry  Chiral Thiol Yield (%)? er’ R
Cc3 Mo c7
1 c1 26 61:39 Me-\_0O
2 Boc-Cys-OMe (C2) 48 51:49 o
3¢ Boc-Cys-PPro-Acpc-Phg-NMe, (€3) 16 49:51 Aco PAS R
4 Boc-Cys-PPro-Aib-Phe-Pip (C4) 45 47:53 o
5 [Boc-Cys-PPro-Aib-Phe-Pip], (C5) 12 49:51 AcO SH 0 Me
6¢ 2-thio-Bz-PPro-Acpc-Cha-NMe, (C6) 51 48:52 OAc 0
8 c8 29 58:42 Cc9
9 c9 35 37:63

1. West, J. G.; Miller, S. J.; Holland, P. L. et al. Chemrxiv 2023, DOI: 10.26434/chemrxiv-2023-b9zdf. 39



A Hydrogen Radical Sometimes Have High Reactivity

Due to The
>< (i) aromatization

- /) AG* = 26.4 keal mol!
O
\
4.

AG®° = 155 kcal mol™’

Quantum Tunnelling Effect!)

>< (iii) deprotonation then SET
—H* pK; = 28
==
4. 4=

AG* = 38.8 kcal mol™'

AG® = 23.1 kcal mol-! no SET reactivity

M the most plausible mechanism

Nt/ B
-

AG* = 37.3 kcal mol™!
AG® = =2.0 kcal mol!
v = —1780 cm™!

(iv) concerted aromatization=halogen-atom transfer

-

no polar effects
very high kinetic barrier

Kinetic Isotope Effect

calculated with QMT experimental (LFP)

27 23

¥ VA
---H----Br ---R I —
T quantum
mechanical
" t no enthalpic effects ¢ "
coflinear atoms the process is thermoneutral unnefing
control
¥ : C
* ' R=X X=-H +
: \ XAT '/
; Nye/Cle HN/HCI / \
E \ / QMT-controlled
i C> radical chain R-
: propagation
: initiation 40 ‘\ /
: hotored tal
E (photoredox catalysis) /_ HAT \
: R=H 4

1. Lakhdar, S.; Leonori, D. et al. Science 2022, 377, 1323.
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