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_Center for
s PA(PR,);

%CHK=/starchk/chemistry/ch_res/eclab/jamal/class_ PdPH32.chk

%nproc=16

%mem=24GB

# b3lyp/gen empiricaldispersion=gd3bj pseudo=read optcyc=99 nosymm
opt freq=noraman

Title Card Required

01
Pd -1.89777385 1.57389907 0.92659901
P -0.02304064 2.22509022 2.09577695
P -3.77846000 0.92160400 -0.24680000
H -3.83594400 1.04753800 -1.65796000
H -4.23811700 -0.41889300 -0.19850900
H -5.03863100 1.51995100 0.00715100
H 1.10545636 2.75834122 1.42296695
H -0.09780964 3.23747122 3.08573995
H 0.70053236 1.29704522 2.8868019

PdO

lanl2dz
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_Cenlter for g
,,-..i.....u-... Transition state
Compultatior

1. Do freq=noraman calculation of rough Transition state structure
2. The first imaginary frequency should relate your reaction coordinate.

3. If so, read previously calculated frequencies and performed the
opt=(ts noeig readfc).

4. At the optimized TS structure run the freg=noraman calculation, again
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5..;,.,.."-.(. M= Pd: Transition State
Compultation

V.= -643.58 cm-"
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f:.'.:'.f.‘::}i'i.;f‘ IRC CALCULATIONS

5. Intrinsic Reaction Coordinate calculations from the optimized TS:
a. Forward: IRC=(RCFC forward maxpoint=@@) guess=read

b. Reverse: IRC=(RCFC reverse maxpoint=@ @) guess=read
Run from TRUE transition state (with ONE imaginary frequency)

TS

reverse / \forwa rd

REAC PROD
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Glorius, F.; et. al., Nature, 2014, 510 (7506), 485.
Tomioka, H.; et. al. Nature, 2001, 412 (6847), 626

and MANY MORE...

H\ /H

bl(n)unlm@LV bﬂn)m*m@
2,(0) % Lp a;(0) %

SINGLET TRIPLET
9.5/9.9 0.0/ 0.0 kcal/mol
9.02+0.01"

;ompulalior Tl'anSfer CﬂtﬂlYSiS

(3-;_-31-:-_:3'5 Fundamental Concepts of the Carbene

“Direct” C-H bond oxidation, amination or alkylation is 2e-oxidation process:

> X=CRR’, NRand O groups have triplet ground states and 2-el, and
» X +H-[C] —> H-X-[C]

Musaey, D. G.; et. al. J. Phys. Chem., 1993, 97, 4064
b) Exp: Bunker, P. R.; Jensen, P.; Kraemer, W. P Beardsworth, R. J. Chem. Phys., 1986, 85, 3724

Clecture series 2020

is highly exothermic

Bertrand, G.; et. al. : Organometallics, 2011, 30, 5304
Bertrand, G.; et. al. : Nat. Chem., 2009, 1, 265
Bertrand, G.; et. al. : Science, 2007, 316, 439

“back”
— donation—

=
@\6, H
NS

. donation

R-effect




’7[7_ L‘IDE\‘ Emerson

Jomnl Fundamental Concepts of the Carbene
:.,........z..;.... Transfer Catalysis:

Acceptor and Donor Carbenes

A Ip (O) O 24.1 kcal/mol
_ 29 14.0 keal/mol e
J.Ev'c o ” C H
QM _C i%/ H RO” o
RO o RO rotat. roHth LV
R (C-C)= 1401 A LV
occ = 1.827 lel (H,C,C,0)= 83.5 deg. LV: occ = 0.119 lel
* 57.6
I 11.6 ” kcal/mol U
kcal/mol y @
~
H Sy H \6/
R (C-C)=1431A LV
occ = 1.950 lel (H,C.C.C)= 0.00 deg. LV: occ =0.235 lel
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EMORY  Emerson A Predictive Model for the [Rh,(esp),]-
é«a«--m-u- catalyzed Intermol. C(sp3)-H Bond Insertion

- .
ompulaltior

B. McLarney

171 29.0 : N Ip (O 8.2
:rc"“é“g S: -3.8/-3.1 kcal " | Y ’°‘a‘-
/C ~N -~ | C ' A1 /CS‘G’QC A2
RO \&/C@O T R (C-Ch,)=1.427 A RO rotat. \_%)lp 0)
A1 A2 R (C-C,,)=1.402 A W 227
LP: occ = 1.657 |e| (CA1,C,C 12,04, )= 94.5 deg.
T~ 3.8 A2

A
Q .
-0 o’ O

A2 29.0
LV: occ = 0.296 |e|

ACS Catalysis, 2019, 9, 4526-4538.
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| EMORY g [Rh,(esp),]-catalyzed Intermolecular C(sp3)-H
;,’:',;i,‘;:::f,‘f;;,,, Bond Insertion of B-carbonyl Ester Carbenes

C*CJ

a
J :
Y 2~ 'Rh N
‘\! N ? I
> LS ) N

o Be s
_\\/ ‘\ Y& ¥
A \

J. Du Bois and coworkers: esp = a,0,a’,a’-tetramethyl-
JACS, 2004, 126, 15378 (1,3)-benzenedipropanoate
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venam N  Electronic nature of the carbonyl plays an

_Center for

" Seientific important role in determining the C-H

Compultatior

Me

O O
Rh
0 o(esp)s

Op = -0 268 Op = -0.170
AHi— 3.1 kcal/mol AH*= 2.4 kcal/mol
@) O
X=0Me
MOMG 5 "
Rh g e
CI 2(eSp)2 % '-.. .....
2e g X =
o, = 0.227 _
AH = 0.5 kcal/mol “:d
<
Q
2
-
o
Q
(+'4
As the Ph becomes electron 0.3 0.2
deficient, the C-H activation o o
barrier decreases.

activation barriers

Op = 0
AHi 1.9 kecal/mol

0_

AH = 1.3 kcal/mol

0 062

-0.1

Hammett coefficient (o

y =-4.6816x + 1.7605

R? = 0.98342

.2 X=H
..... L
X=F
""" * X=Cl

0 0.1 0.2 0.3

para)
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EMORY ~ Emerson Accessible Parameters of Carbonyl

‘(.i‘.'.';'.f.‘li}'{f.f.f' Substituent Impacting the Stability of the
ST Carbene Transfer TS

Determining Parameter for Electronics

_ ﬁ+ -
[Rhy].  H-- .
0. OMe Proton Affinity (PA)
S
o] OR
© o OR o) OR \ /
IIa C/ Il C/ . e /CG\C*/C\\
N N e 2 H R 0
L X _ R 4, O R | (0] ”
H H H [Rh]x(esp)2

Hammett trends

Determining Parameter for Sterics

R2=097 R 0O

| oy
I

—
R !
R O 6 r
A-value 1....] extendable,
r easily computed

extendable
EC lecture series 2020 11
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From the Parameter Space to the

Chemical-space

Investigation —3» Parameter — Predictive Model

C—H carbene insertion TS

LR .
‘ |:|':$l6\
(O Nk’ OMe
% S
<.
> - R O
2 L.r. 1t
Q k===
¢ sterics

1

space

(Chemical-space map)

electronics:
(Proton affinity,
PA)

sterics: r

AHE = f(r, PA)

EC lecture series 2020
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_Center for .
w ¥ Scientific The Developed Chemical Space Map
Compultation

31 (2.6)*

a

3b (2.4)
3c(1.9 o
Y
3d (1.4)

3e (3.1)

3;(-2.1)

3j(1.8)
g 3]k ()

3h{(26k 4 3g(27)

Relative AH*(kcal/mol)

3p (-1.9)
3v(-2.8) 3w(-2.9)
3xf 3xe O0 30 ('2.4) + N

% © S O ©3xb
<.>3)(C| (-4.9) 3xc 3xa (-4.1)

3xg
3n(-6.1) o

232 234 236 238 240 242 244 246 248 250
PA (kcal/mol
( ) 13

CLU ICLLUIC DCIICY ULV
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;ompulalior

(.é‘.'.';'.f.‘l:}'{f.'.f' Experimental Validation-1: Aryl Ketones

C
e COzMe
CO,Me neat, reflux
N Rhsesp,
R 2 (1 mol%)

MeOH quench
C—H Insertion  Wolff rearrangement

MeO,C O,Me

% isolated yield
R =0OMe (a), PA=237.8 0 96
Me (b), PA=236.8 21 71
H(c), PA=234.9 34 60
F(d), PA=234.6 49 47
Cl (e), PA=232.6 62 32

the carbenes with more electron deficient phenyl rings (i.e. with a smaller PA value) should be

more selective for C — H insertion vs. Wolff rearrangement.
EC lecture series 2020 14
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cv--u-rr«-r 1,6-Hydrogen Bonding Facilitates Carbene

Scienltifie

;ompulalion |nserti0n intO the C_H bOnd
O
Me /[k”/COZMe @ 5.0 equw e\lil COMe
Rhy(esp)s (1 mol% R

MeOH, reflux

0
Me\,’\l CO,Me
H
=
(84%)
s
<
PA = 250.3 kcal/mol ' PA = 248.5 kcal/mol
AH¥ = -2.9 kcal/mol AH* = 6.5 kcal/mol
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EMORY'  Emerson Generality of the Discovered C(sp3)-H Bond

W (:.'.'a'.f.l;:}:':.'.f' Alkylation rxt: Expanding it to other Secondary N-aryl
SoNpRAL a-diazo-B-amide esters, and Different Substrates

o) H 0
CO,M
Ar\N COZMe © 5.0 equiv. Ar\N 2lvie
| —_— |
H N, Rhy(esp), (1 mol %) H
1xa - 1xg CH,Cl,, reflux 8xa - 8xg
CO,Me CO-M
N Q\N 2Mie CO,Me
H ¥
8xa, X=H;42 %
8xb, X = OMe; 24 % 8xe, X = Cl; 69 % o
8xc, X = CI; 55 % 8xf, X = CF3; 75 % 8xG, 82%
8xd, X = CFs; 63 %
H
Q\ )SKCOZMG H 50 equ|v @\ COZMe COZMe
CF3 H Ny ha(esp)z (1 mol %)
CH,Cl,, refl 5.8:1
it Ao (1:1) dr (5:8:1)

87 % yield C(2):C(3), rr

EC lecture series 2020
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f;‘.'.:'.f.‘::}!'i.;f‘ CONCLUSIONS:

Developed Predictive Model for [Rh,(esp),]-catalyzed -carbonyl ester carbene
insertion into the C(sp3)-H bond

©)

O OMe
Proton nl/

Affinity
1....]

r!
extendable,
easily computed

Demonstrated Simplest Path for Discovery of new and effective carbene transfer
catalysis.
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