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Introduction

Reactions can occur in more than one step and it is the lowest step that
determines the rate of reaction.

—

1st step - slow step The rate-determining step (RDS) is the slowest

Transition state

step of a chemical reaction that determines the

Potential energy

2nd step - fast step

speed (rate) at which the overall reaction proceeds.

Transition state

Intermediate

The RDS is the step in a reaction mechanism that

Substrate has the highest activation energy.

AH

It was also called rate-limiting step or turnover-

Product

first step second step

limiting step.



Introduction

Example 1:

NO, + CO — NO + CO,
If this reaction occurred in a single step, its reaction rate: rate = kK[NO,][CO]*

In fact, however, the observed reaction rate is second-order in NO, and zero-order in CO,
rate = K[NO,]?[CO]° = k[NO,]>.

It includes two elementary steps:

NO, + NO, — NO + NOj (slow step, rate-determining)
NO, + CO — NO, + CO, (fast step)



Introduction

Example 2: Nucleophilic substitution reaction (simplification)

1. S\1 reaction:

first step _ o
. _ + -
rate = k[R-X]l o N\ K + X (slow step, rate-determining)

Nu™ /\R,/'\ Ny Second step second step %”“ “‘} (fast step)

This reaction is found to be first-order with rate = kK[R-X], which indicates that the first step is slow and determines
the rate. The second step with nucleophilic reagent is much faster, so the overall rate is independent of the
concentration of nucleophilic reagent .

2. S\2 reaction:
rate = K[R-X]*[Nu]!

Nu‘/_:.*.. N —> A PY X (single step)
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How to find the rate-determining step?

")

D

| S



Potential energy

DFT calculation

S

l

| 1st step - slow stepl

Transition state

| 2nd step - fast step

Transition state

Intermediate

Substrate

AH

§ Product
first step second step

/

How to find the rate-determining step?

A~B+C-D’
Distortion AE{  Interaction
= N 1 ¥
AE gist L }
A-B +C—D

| AE'= AEjjq + A}y |

Energy information

Y

Charge distribution information

Orbital information



How to find the rate-determining step?

Kinetic Isotope Effect Experiment

H/D KIE experiment

It needs to synthesize the substrate and deuterated substrate.

Pd(OACc), (5 mol %) X

O PtBus*HBF (15 mol %) |
K,COs (2 equiv)
PhMe, 110°C, 16 h

\

o-2

kH ”‘.’D =33
Pd(OAC), (5 mol %)

s
[Ds]- @ PtBus*HBF, (15 mol %} [D4]-||-
N"
\© K>CO; (2 equiv) cl)
PhMe, 110°C, 16 h

Sun, H.-Y.; Gorelsky, S. I.; Stuart, D. R.; Campeau, L.-G.; Fagnou, K. J. Org. Chem. 2010, 75, 8180-8189.

The C-H bond cleavage maybe the rate-determining step of a direct arylation reaction.

Generally speaking, KIE = k,,/ky > 2; C-H bond cleavage maybe the rate-determining step.

Simmons, E. M.; Hartwig, J. F. Angew. Chem. Int. Ed. 2012, 51, 3066-3072.
Dale, H. J. A.; Leach, A. G.; Lloyd-Jones, G. C. J. Am. Chem. Soc. 2021, 143, 21079-21099.



How to find the rate-determining step?

H/D KIE experiment

A) KIE determined from two parallel reactions
C-H bond

™ functionalization N FG
R i . R
L, 2 rate constant=ky G zo?
D C-D bond FG
¢ Teg? functionalization Ny
R+= | * R
W rate constant=kp N .2
KIEzkH/kD

B) KIE determined from an intermolecular competition

T i
e Y
5% C—-H or C-D bond =
Ry functionalization Ph
+ . +
r \/D r,’/"\\/FG
R - . RT k.

KIE=[PH]/[Ppl

Dale, H. J. A,; Leach, A. G.; Lloyd-Jones, G.

(1)

)

@)

C. J. Am. Chem. Soc. 2021, 143, 21079-21099.

C) KIE determined from an intramolecular competition

DG C—H or C-D bond DG DG
D\).\/ H functionalization D\).\( FG FG\/[\/ H
1 : > 1 - : ® + : ~ Y (4)
IL'\ . ,:Jl L'\ ) ,;JI L’\ . ,;J
e KIE=[PH}/[Pp] =

Method A is the only one that provides conclusive
information on whether the C-H bond cleavage occurs during
the rate-determining step of a reaction.

Simmons, E. M.; Hartwig, J. F. Angew. Chem. Int. Ed. 2012, 51, 3066-3072.



How to find the rate-determining step?

H O

NMeOMe

Ph™ Me

1a
D O

D
DM\NMEDME

PHY "CD,
[Dﬁ]"la

o
M°}<lLN(i-Pr)2
Me— Me

1a

O

DaC%N(i—Pr)A

Me—\ CD3

1a'd6

Yang, G.; Wu, H.; Gallarati, S.; Corminboeuf, C.; Wang, Q.; Zhu, J. J. Am. Chem. Soc. 2022, 144, 14047—14052.

—Cl

N
+ {Ng 2 BF,

CBL9 (5.0 mol%)
[IrCl(cod)), (2.5 mol%)

B,pin,, n-hexane
4h

kulkp = 3.5 (3.67)

CBL9 (5.0 mol%)
[IrCl(cod)]> (2.5 mol%)

B,pin,, n-hexane
12h

H/D KIE experiment: many examples

Ph O

I>\)LNI'\J'If—:-l:}ll\;lr-:

F Me

Conditions®

R —— 3a

Ph O Intermolecular competition: ky/kp = 5.7

D Side-by-side experiment: ky/kp = 4
DM NMeOMe
F* cD,

[Dg]-3a

Bpin O
N(-Pr)>

- : \ 2
Me ‘O/N\ N R
3
1b R —=N ;

Me

CBL6:R?=R®=H

Bpin O L CBL7:R?=Me, R®=H

B.& MeO | CBL8:R?=Ph,R*=H
A N(-P ki 3
3 (-Pr)2 CBL9: R? = Ph, R* = Me
Me— &b, /=7  €BL10:R2=R®=Ph
1b-ds

Yang, Y.; Chen, J.; Shi, Y.; Liu, P.; Feng, Y.; Peng, Q.; Xu, S. J. Am. Chem. Soc. 2024, 146, 1635-1643.
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H/D KIE experiment: special examples ()

H Ac
© A4
QO

0.1 mmol
and/or

D Ac
D N

D
1a-D
0.1 mmol

How to find the rate-determining step?

Pd(OAc), (10 mol%) Ac

D
2 6-Lutidine (20 mol %) N
AcOH:HFIP, D,O CQ
100°C,20h

e

1a 1a-D
Pd(OAc), (10 mol%) Ve by
2,6-Lutidine (20 mol%) 9:2 mmol 85%
Cu(OTf), (10 mol%)
Ac
. n
AcOH : HFIP, "Bu,NBF, 0 (b) Pd(OAc), (10 mol%)
CCE@1.0mA, 18 h, 100 °C MeO. -~ H 2,6-Lutidine (20 mol %) MeO D
divided cell e o D’
. MeO AcOH:HFIP, D,0 MeO
72% yield 100°C, 20 h
2r 2r-D
0.2 mmol 78%
HsC H
" @ Y .
oF I l D e o Me HsC o I I D ik CH4/CDs
Pd(OAC); (10 mol %) bk H  Ac " PA(OAC), (10 mol %)  D3ClHsC HID
Me H 2,6-Lutidine (20 mol %) 2 N o 2,6-Lutidine (20 mol %) O
Cu(OTf), (10 mol %) | and/ or Cu(OTf); (10 mol %) D/H }I—{/D
Me > DH AN + D Ac
2a AcOH:HFIP, nBusNBF 4 | DsC. AP AcOH:HFIP, nBusNBF, N
5.0 eq. CCE @ 1.0 mA, 100 °C DIH™ 1a | CCE @ 1.0 mA, 100 °C O
divided cell H/D 9.2 mmol D;C Zp divided cell
Intermolecular: KIE = 1.24 3/3-D1 D Intermp!ecular: KIE=3.5 3/3-D2
Parallel initial rate: KIE = 0.94 2a-D Parallel initial rate: KIE = 2.3
5.0 eq.

This step is rate-determining step?

Lin, Z.; Oliveira, J. C. A.; Scheremetjew, A.; Ackermann, L. J. Am. Chem. Soc. 2024, 146, 228-2309.
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How to find the rate-determining step?

Y

H/D KIE experiment
R3
5 A ) | 3 Pd(OAc), (10 mol%) N R2 Cy
N 5 + Rz__@ . rR~ AsPhs, N2 A -|= Aﬁ
Z | R A s
PG N2

RY_'_ \
SNAN
T e AgOAc, HOAc, BQ ‘
‘ CU(OAC)z'HzO
1 2 3 PhF/PhCI = 1:4, 65 °C, air 4
a) COzme
b CO,;Me
| Ny co,Me ! {
N CO,Me k I CO,Me
©\/> + e e = u D O N COMe _co,me kn A
N 1 N 0 P U0
Me A A L N
Me Me Me
1a 2a 3a 4a 1a 2a 3a 4a
Parallel KIE ky/kp =1.3 COz;Me Parallel KIE k/kp =1.4 CO-Me
L
D (90% D) | N CO,Me (95% D) | " Ny co,Me
CO,Me CO-Me kp mo COzMe _CO;Me _—D> \
N, 4 Me__—__,. \ N S W),
+ I \ w/ DOAc-dy N
N w/ DOAC-d4 N Me \
\ \ Me
Me Me 1a-d2 2a 3a 4a
1a-d3 2a 3a 4a

How to determine the rate-determining step for the reaction that do not involve C-H bonds?

Liu, X.; Zhou, Y.; Qi, X,; Li, R.; Liu, P.; Dong, G. Angew. Chem. Int. Ed. 2023, 62, €202310697.



How to find the rate-determining step?

Kinetic Isotope Effect Experiment

13C KIE experiment: KIE measured at natural-abundance

H/D KIE experiment need to synthesize the deuterated starting material; ~ Assume that reductive elimination is the rate-determining step

However, it is difficult to synthesized °C labeled starting material. B(OH)

@w
e
x|
o v

Natural isotopes of atom:

|

73C—Iabe|ingd E]»
Hydrogen: *H (99.9855%), 2H (D, 0.0145%), 3H (T, trace) H NMR fae
.19 0 18 19 3C-labeling A 3C-labeling B 3C-labeling P
Fluorine: *°F (100%), *°F (trace) FNMR
Phosphorus: 3P (100%), 32P (trace), 3P (trace) 3IP NMR
Carbon: 12C (98.9%), 13C (1.06%) 13C NMR |:> Quantitative 13C NMR

Dale, H. J. A.; Leach, A. G.; Lloyd-Jones, G. C. J. Am. Chem. Soc. 2021, 143, 21079-21099. 13



How to find the rate-determining step?

13C KIE experiment: KIE measured at natural-abundance

Assume that reductive elimination is the rate-determining step.

Quantitative 13C NMR:

B(OH), Br

A~ —A [Pd]
| % Co
A B P
3C NMR of A:
Co C, Co C, Co Ca '+ CoC,
'3C NMR of P:
CoCaCp Co Ca Cs Co Ca Co
0% conversion 25% conversion E 50% conversion 75% conversion

_________________

Dale, H. J. A.; Leach, A. G.; Lloyd-Jones, G. C. J. Am. Chem. Soc. 2021, 143, 21079-21099.

Co Ca Cp

100% conversion

14



How to find the rate-determining step?

13C KIE experiment: KIE measured at natural-abundance

1. Quantitative 13C NMR of starting material 2. Quantitative 13C NMR of product
In(1-—F In(1-F)
KIE = ( )R KIE = R
—F)+— In(1—-—F+w—
In[(1-F)g ] (1-Fg,

F = conversion of starting material. F = conversion of starting material.

R = the peak ratio for the starting material at high conversion. R = the peak ratio for the product at low conversion.

R, = the peak ratio for the initial starting material. R, = the peak ratio for the fully converted product.

Classical KIEi2cnscvalues: 0.99<KIE<1.04

Dale, H. J. A.; Leach, A. G.; Lloyd-Jones, G. C. J. Am. Chem. Soc. 2021, 143, 21079-21099.



How to find the rate-determining step?

13C KIE experiment

O

O

O 0O
‘BuOOH, DBU, DCE
'
@)
1.000
(assumed)
X 6
|_» 5
0.998
rate-determining o o)

step
y —_—
| | | | 0
»__ 0O0Bu 0O0'Bu

Strong KIEzcnsc at C3 and moderate one at C2.

1.001

1.010

1.032

&/
\

1.004

Christian, C. F.; Takeya, T.; Szymanski, M. S.; Singleton, D. A. J. Org. Chem. 2007, 72, 6183-6189.

16



How to find the rate-determining step?

13C KIE experiment

RhCI(PPhs); (cat.)
toluene, 130 °C

resting
state
0.998
1.000 0.999 1.002 Me
(assumed) % 1.002 turnover
limiting 0O

GMV step
/\/0\3/‘& 1.002
%/2 @) |
1.026
\ 1\1027 1:028 IN\
N .
| NN (10026 >

Rathbun C. M.: Johnson, J. B. J. Am. Chem. Soc. 2011, 133, 2031-2033. 17



How to find the rate-determining step?

13C KIE experiment

pall =
R
~
KN OMe
1
substrate:
1.004 1.019
1.003 1.018
1.005 1.018
\ T
4
NC A\, 4 |1.004
1.005 5|
1882/ NN 1.000
2 e .
/ LY \(assumed)
1.000 1.004
1.000 1.003
1.001 1.004

Somprasong, S.; Reis, M. C.; Harutyunyan, S. R. Angew. Chem. Int. Ed. 2023, 62, e202217328.

+ R'MgBr

product:

1) Cu(l)/(R,R)-L1 (cat.)
BF3-OEt,, CH,Cl,, —78 °C

2)1TMHCLrt,2h

1.000

(assumed)

1.000

(assumed)

& Ph Ph
R ,:\ p— R ]
N (@] <
2H 5 Ph Ph
or
(RR)-L1
Et
NC
|2 NG\ BF;
. N"To” L1CuEt n ~—1a
MgBr2Et,0 | - NT
gBrZtly BF, I N~ O
BF;
[
EtMgBr2Et,0

E N-1Ph
&t P ph——P

rate-determining step

18



How to find the rate-determining step?

Reaction Progress Kinetic Analysis (RPKA):

Reaction Progress Kinetic Analysis (RPKA) is a methodology that makes use of the voluminous data sets that are

now readily obtained from continuous monitoring of the entire course of a reaction.

It can help to describe the driving forces of a reaction and may be used to help distinguish between different

proposed mechanistic models.

The method: Reaction progress NMR; In situ FT-IR; In situ UV-vis; Reaction calorimetry.

Reaction at Reaction at Reaction at different
same “excess” different “excess” catalyst concentrations

Determine the reaction order, include substrates and catalyst.

product inhibition or

catalyst deactivation _ _ .
It is very useful to find the rate-determining step.

Blackmond, D. G. Angew. Chem. Int. Ed. 2005, 44, 4302-4320. 19



Rate (107 M s?)

Different “excess” experiments: Reaction order

Me

Me

1
n

o
n

o

1a

o

2a

(=]

H

ol T

Pd(OAc), (10 mol%)

2,6-Lutidine (20 mol%)

Cu(OTf), (10 mol%)

AcOH : HFIP, "Bu,NBF,
CCE @ 1.0 mA, 18 h, 100 °C

divided cell

Current (mA)

[1a]: inverse order
[2a]: first order
[Pd]: second order
[Cu]: zero order
Lutidine: zero order
Current: zero order

How to find the rate-determining step?

Rate (107 M s)

Rate (107 M s1)

72% yield

e........

0 5

N SScem—
0 2

120

®m 0.1 mmol1a

Lin, Z.; Oliveira, J. C. A.; Scheremetjew, A.; Ackermann, L. J. Am. Chem. Soc. 2024, 146, 228-2309.

@® 0.15mmol 1a [ |
96|
H Ac 5]
N KEofta: 12
Intermolecular: KIE = 1.24 § :
1a Parallel initial rate: KIE = 0.94 o 48 @
= @
c 24 o ®
® =]
Me H KIE of 2a: -
0.0- ‘
N Intermolecular: KIE = 3.5
e T T T T T T T
2a Parallel initial rate: KIE = 2.8 000 005 010 015 020 025 030 035
t [1aJ]r{-1)
B 0.4 mmol 2a
— onl | B 10mol%Ed ® 481 | @ 0.7 mmol 2a s
. -------- ‘ ........... . N . 15 rml 0/0 Pd .
<]
@
96 36
1 2
. ? 15 0 %E _— & E; .:. i
[Lutidine] (102 M) = ® —24
o &} o, =]
= a8 | n®
@ ccvrreriintiniininana. S ‘f 12-
¢ 24 .l '
00 00 -' L] J L] T L T 1
4 6 8 10 12 ' 50 100 150 200 0 20 400 600 800 1000 1200 1400
[Cu] (103 M) t [Pd]*2 t [2a]M

The rate-determining step is related to two molecules of palladium and one molecule of 2a, but
the rate is suppressed by 1a.

20



How to find the rate-determining step?

Different “excess” experiments: Reaction order

Me

©/ME

— Pd'(0Ac), ==

ZHOA‘L Anodic oxidation C-H actm

Oﬁ/ Me
Pd'(OAc), + @
o

1a
l C—H activation

L = Lutidine

Ve,
61 CONTTO
S =—pdl~Q
i —~ ! “-o}—Me
_ 2 _O%—m
N S par Qe
CULz \ N /
| ~~ ~=0
Pd° / o Me 63 \
Reductive elimination  Transmetalation - Me >L Me \
_ HO N0 o )
1 ¥
- Me Mo (R e
Me —~=N"=0 o . ~ O=¢ Me -0
Me P! | 51 OH =0 &
\ft#\ \ I“*-v‘***-z_-j_ _\|\:dlj T”““ﬂ
A. 'Ill'l Ill " . 1 o \ """"'h\-\;l,_.-’J‘\-..__I
e Y Pd"(0Ac), = O N~
e
‘ Me 52 Me
60
3

Detailed Kinetic analysis for determining the rate-determining step is needed.

s

Ill Me
Pd(OAc), (10 mol%) Me
2,6-Lutidine (20 mol%) O

1a Cu(OTf), (10 mol%)

Me : H AcOH : HFIP, "BusNBF,
Me

,?\c
CCE @ 1.0 mA, 18 h, 100 °C

L
2a

divided cell
72% yield

The C—H cleavages of 2a occurring

during the catalytic cycle but before the
rate-determining step.

Reaction Coordinate 4

Simmons, E. M.; Hartwig, J. F. Angew. Chem. Int. Ed. 2012, 51, 3066-3072. 21
Lin, Z.; Oliveira, J. C. A.; Scheremetjew, A.; Ackermann, L. J. Am. Chem. Soc. 2024, 146, 228-2309.



How to find the rate-determining step?

Hammett plots

Hammett equation describes a linear free-energy relationship relating reaction rates and equilibrium constants for many
reactions involving benzoic acid derivatives with meta- and para-substituents to each other with just two parameters: a
substituent constant and a reaction constant.

| K
ogKO—a

k
logk—oza-p

o = Substituent constant; p = Reaction rate constant;
K, is the reaction rate of the unsubstituted reactant, and k that of a substituted reactant.

1.5

1.0

05

0

log(K/kg)

0.5

1.0
x

15

p=147

0.8

0.4

0

Q

04

08

log(Kky)

1.0

20
25|

25
20| %

1.0

0

p=-2.69

08

04

0

O

04

0.8

para-

VN

meta-

1. p>0, negative charge is built during the reaction (or positive charge is lost).
2. p=0, no sensitivity to substituents, and no charge is built or lost.
3. p<0, the reaction builds positive charge (or loses negative charge).

Substituent
Dimethylamino
Amino
Butylamino
Hydroxy
Methoxy
Ethoxy
Methyl
Trimethylsilyl
None
Fluoro
Chloro
Bromo
lodo
Ethoxycarbonyl
Trifluoromethyl
Cyano
Nitro

para- effect

—-0.83
—0.66
-0.51
—-0.37
—0.268
-0.25
-0.170
—0.07
0.000
+0.062
+0.227
+0.232
+0.276
+0.45
+0.54
+0.66
+0.778

meta- effect
-0.211
-0.161
—0.34
+0.12
+0.115
+0.015
—0.069
—0.04
0.000
+0.337
+0.373
+0.393
+0.353
+0.37
+0.43
+0.56

+0.710
22

Hansch, C.; A. Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165-195.



How to find the rate-determining step?

NO
0.05 4 6-Me 2
Hammett plots - MeCN |, @E\g
NO, 0.00 é H 1 N‘PG
[Pd(n3-C3H5)Cl], (5 mol%) ©f\$ [Pd(n3-C3Hs)Cl], (5 mol%) // R’
(S)-L1 (11 mol%) N (S)-L1 (11 mol%) OZN", T -0.05
) 1 pG ) - o) <
Cs,CO3 (1.0 equiv) ' Cs,CO3 (1.0 equiv) 5
MeCN (0.1 M), rt R\_o toulene (0.1 M), rt N 5, 7-F
bG 2 0.10-
h p=-0.28
up to 98% yield up to 97% yield
93/7 dr, 98% ee >95/5 dr, 88% ee -0.15 ~ :
Pd°L1 . 5Cl N\ # 6-CN
-0.20 T T T T T T » T
2a ] 0.2 00 02 04 06 08
[M+H] “t8y )
0 e ®Pd"L1 Ar=3, cr:ZF -CH = )
Pd°L1 + r=3,5-(CF3)2-CeHs /
[M+H] )
" ol I ) toluene “5-No,
fast r.d.s. 1a
4aa path a (in toluene) : :
LiP 4 _ N 1. p>0, negative char_ge is il .
path b (in acetonitrile)  h)jlt during the reaction (or 5 o
positive charge is lost). X 021 6-F® -
- 2.p<0, the reaction builds = -
oBoe positive charge (or loses = He" p=113
[M+H] . .
(m/z 1116) negative charge). o .
e-Me{-
04 T y T Y T T T y 1
Cheng, Q.; Zhang, F.; Cai, Y.; Guo, Y.-L.; You, S.-L. Angew. Chem. Int. Ed. 2018, 57, 2134-2138. 02 0.0 02 04 06 08 23



The classic example
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The classic example

Traditional TM-catalyzed cross-coupling reactions

M+XM>

M = B, Zn, Mg, Si, etc.

= Cl, Br, I, OTY, etc. Ph
X ; ste ey [Rh(C5H4),Cll, (x mol%) Ny Ph
Low-valent TM-catalyzed C-H arylation reactions N (R,R)-L1 (4x mol%) N Me 0] Q IMe
™ cat H +  Ar—Br — " > PN
@ solvent, Ar, 80 °C @ Ph" pp
(R,R)-L1
1 2 3
0.2 mmol 2.0 equiv Ar = 4-MeO-CgH,

3) reductive

elimination

Condition NMR yield ee

x =5, THF 80% 99%

X
+2)
TM(" x = 2.5, dioxane 92% 99%
TM(n) Tm(n+2)
|

X
B TM=Pd(n=0): Pathb B TM=Rh (n=1): Path a or Path b?

25
Liu, C.-X.; Xie, P.-P;; Zhao, F.; Wang, Q.; Feng, Z.; Wang, H.; Zheng, C.; You, S.-L. J. Am. Chem. Soc. 2023, 145, 4765-4773.



Investigations on active catalytic species

(a)
L. _Cl_ _L L1, _Cl_ _L L1, _Cl_ _L1 L1, _Cl_ _L L1
RA, ORK U RO R M L TR R o RWC RE M Rh—Cl | —
L cif L T~ ¥ Tcl L —~—— ¥ ¢ L —~—— ¥ ¢l L~ L1” =
L1/[Rh] = 1:2 @) © LiRrn =11 (C) L1/[Rh] =
L = C,Hy4, N, solvent, etc. m/z 814.9705 for [M-3L]" m/z 1181.3497 for [M-CI] ‘
(b) - ()
o) 0
>< j)\ \P—N/ OMe
L1/[Rh] = 1:2 070
=1 PN b 110.8 | 109.1 Q @O [Rh(c2 4)2CI]2 (5 mol%)
l ‘ /©/ 1 (x mol%)
J | T—
T . I ) B - T — N i . - . LIOtBU (3 0 equw)
-1 THF, Ar, 80 °C, 2 h
L1/[Rh] = 1:1 Q.. 108 o
1a 2a
N .'l'.'.' 110.6°) (0.1 mmol) (0.2 mmol) 3a
L1/[Rh] = 1.5:1
( ] , X 5 10 15 20 30
I ' . .
e mren +msocnmereneetenarrmsnreessimramreson s S M D Nt L1/[Rh] 1:2 1:1 1.5:1 2:1 3:1
L1/[Rh] = 2:1 NMR yield of 3a  50% 76%  80% 80% 85%
1139.7 Qll4.6|113.4|
| | e B ee of 3a 97%  >99%  >99%  >99%  >99%
lI-H 140 ll_‘;-‘.-i| 138 ]1H'T ) 11]F ) I-:Iﬁ ) Irl.‘- - I.rll ' III.‘- ' Irl - I1I.I ) :IIH] ) I}PEP ) I.;]H ) l'rﬂ-r )
fl (ppm)

: : 26
Liu, C.-X.; Xie, P.-P.; Zhao, F.; Wang, Q.; Feng, Z.; Wang, H.; Zheng, C.; You, S.-L. J. Am. Chem. Soc. 2023, 145, 4765-4773.



Investigations on the sequence of elementary steps

[Rh(C2H4)2Cll2

*u

L1__ _Cl

Rh

NA7 N

L ci L
L1/Rh] =12 @Y

L

N 7

L1 Cl L1

N VYN s

R R (B)

c” L
L1 ” L1
—— ——
—~——— —~———
L. Cl. L

R, RH. @

I ¢ L1
L1/[Rh] = 1:1

L1
_Rh—ClI

L1
L1/[Rh] = 2:1

C-H

—
@/z‘N:/ : _Br
MeO

Oxidative

Activation

Liu, C.-X.; Xie, P.-P.; Zhao, F.; Wang, Q.; Feng, Z.; Wang, H.; Zheng, C.; You, S.-L. J. Am. Chem. Soc. 2023, 145, 4765-4773.

T

Fe
s

A

D j

Addition

27



3IP NMR experiment: C-H activation

- < H
: N / /CI\ /\ LiO™Bu (2.0 equivL (I ] “RK L1\Rh—CI
Fe \ >< L1” 7
N ™ [Rh]:L1=1:x v @ L1
Qé 1a ph/gh T°C @ L1/[Rh] =
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fio
h -1 ‘
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3IP NMR experiment: oxidative addition

. L1= pp Ph L1, _Cl_ L1 L1 _cl_ L
0 0] d8-THF Rh Rh I Rh Rh
O/ . /\Rh<C|>Rh/\ . >< ])\ \P_N/ - 7 \Cl/ N —— v \C|/ L1
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1.0 equiv L1, _cl_ L L1
Rh_ _RA_ _Rh—ClI
N ] L L1
L1/[Rh] = 1:2 @) L1/[Rh] = 2:1
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BE NMR experiment: oxidative addition & reductive elimination

Br L1 = Ph Ph
o A
2a ¢ P—N
: MeO (1 equiv) PR o, _g \
[Rh(C,H4),Cll, (0.5 equiv) q _ No oxidative }ro
(R,R)-L1 (1 equiv) THF-d ~ addition Ph” pp
up to 80 °C
H =
"N -63.5 (2 =
THF-dg | ST <y oy @) Stage 1, (t=1h)
60 °C Fe 1a (1 equiv) A .
Cé} LiOBu (2 equiv)
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/©/Br CF3 A A )
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N 2 (3 equiv) \ H \ f
= I— N® - /|
L1° Fe rt b
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. Rate-determining
® ' step?
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Concentration of 1a (M)

log k Jlog k.,

(b) Parallel experiments
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Kinetic studies
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Kinetic studies
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1/2 Cat.
0.0

1/4 [LiOtBu], + THF
1/2 Complex

DFT calculation

L1 h L1
BI'\ / Fe \ /
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SN V@SN R =
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| ™H
|
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o INT1
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Liu, C.-X.; Xie, P.-P;; Zhao, F.; Wang, Q.; Feng, Z.; Wang, H.; Zheng, C.; You, S.-L. J. Am. Chem. Soc. 2023, 145, 4765-4773.

(b)

4.6 kcal/mol

With Dr. Xie and Prof. Zheng
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Derivation of the Rate Law

Fc-Py
Pro Rh-precursor ki L1
X/
Ligand '® Rh\N —
ks /' Reductive exchange ~
elimination
(rd.s.) Fe

Ar L1
\/

é L1\
Oxidative Act/vat/on
add/t/on

Ar\Br

1. The rate of coordination of 2-pyridinylferrocenes
with the Rh-precursors to form 1 is much faster
than either the dissociation of | or the following
C—H activation (kiFc—Py] > k. + k).

2. the rate of oxidative addition of Il with aryl
bromide is much faster than the C—H activation
(ks[Ar_BI’] > kz)

Steady-state approximation for intermediates I, Il and I11:
ky[Rh][Fc-Py] = (ky + k)]

K,[1] = Ks[ArBr][11]

Ko[ArBr][11] = k,[11]

Mass balance for all Rh species:
[RN]iorar = [RN] + [1] +[1] + [11]

= ZE 1] + (1] + s (1] + 2 1]

= (fematka ks ka2
B (kl[Fc—Py] Tt e t k4) 1

Final reaction rate equation:

_ _ _ k2 [Rh]¢total . _Kkoky
rate = K,[111] = k,[1] = =7 T e [Rhlotar
k1[Fc—Py] k3[ArBr] = kg4 z 4

When k,[Fc—Py] > k ; + k, and k;[Ar-Br] > k,.
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Conclusion

Fc-Py

Rh-precursor
Ligand

Reductive exchange /

elimination
(rd.s.) Fe

@ O);/g?t/ve é/a Act/vat/on
addition

Ar<py

Liu, C.-X.; Xie, P.-P.; Zhao, F.; Wang, Q.; Feng, Z.; Wang, H.; Zheng, C.; You, S.-L. J. Am. Chem. Soc. 2023, 145, 4765-4773.

The rate-determining step:
NMR experiments
DFT calculation

KIE experiments

Hammett plots

Derivation of the Rate Law

The sequence of reaction:
1. NMR experiments
2. HRMS experiments

1
2
3
4. Reaction Progress Kinetic Analysis (RPKA)
3)
6
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Thanks very much for your attention.
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How to find the rate-determining step?

H/D KIE experiment It needs to synthesize the substrate and deuterated substrate.
- 1tk Pd(OAc), (5 mol %) =
A-B-C, — A-B-C, | —> A-B+ CL O PtBus*HBF4 (15 mol %) | P
| .i ; \© K>CO5 (2 equiv) ~ g
[ ; PhMe, 11 16 h
A-B-Cy —> |[AB-Cy| —= AB+Cy e, 110°C, 16
L J kH ”{D =3.3
Pd(OAC), (5 mol %) 1
normal KIE AAGY = AGH -AGH, inverse KIE [Ds]-| O PIBUs"HBR4 (15 mol %) ad N?
ki /ky > 1 ' ki /ky <1 K,CO5 (2 equiv) o

PhMe, 110°C, 16 h

AGH

The C-H bond cleavage maybe the rate-

determining step of a direct arylation reaction.

Sun, H.-Y.; Gorelsky, S. I.; Stuart, D. R.; Campeau, L.-G.; Fagnou, K. J.
Org. Chem. 2010, 75, 8180-8189.

Generally speaking, KIE = k,/k, > 2; C-H bond

AGL
/ acy > 1,50 normal KIE k 7k, > 1 cleavage maybe the rate-determining step.

H: heavy (D)
|- Iight (H) Simmons, E. M.; Hartwig, J. F. Angew. Chem. Int. Ed. 2012, 51, 3066-3072.
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How to find the rate-determining step?

‘ C-H cleavage

¥

Reaction Coordinate 1
(Experiment A, B, C: KIE observed)

‘ C-H cleavage

step not involving the substrate
that undergoes
A C-H bond cleavage

t

T C-H cleavage

¥

AG
Reaction Coordinate 2
(Experiment A: no KIE; B, C: KIE observed)
L A

To=

C-H cleavage

binding of the substrate
that undergoes
A C-H bond cleavage

|

C—H cleavage

¥

Y
Reaction Coordinate 3

(Experiment A, B: no KIE; C: KIE observed)

Reaction Coordinate 5
(Experiment A: no KIE; B, C: potential KIE)

Reaction Coordinate 4
(Experiment A, B, C: potential KIE)

Simmons, E. M.; Hartwig, J. F. Angew. Chem. Int. Ed. 2012, 51, 3066-3072.
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How to find the rate-determining step?

13C KIE experiment: KIE measured at natural-abundance

10B

——

< 0.5A4 =0.5 Py
+

> 0.5 AL =20.5 PL

ki/ky =1.035

Ry = [Xul/[X,]

Quantitative 13C NMR: 3C NMR of A:

C0 Ca
13C NMR of P:
For example:
B(OH), Br
Ca Cp
0% conversion
Z_Co
A B

Assume that reductive elimination is the rate-determining step.
Dale, H. J. A.; Leach, A. G.; Lloyd-Jones, G. C. J. Am. Chem. Soc. 2021, 143, 21079-21099.

0.25B

PuAy PLAL

Co CaCp

25% conversion |

_025B_

PLAL

H: heavy; L: light

Co Ca Cp

50% conversion

025B 0.25B
E C0 Ca E
Co C4Cp CoCsCyp
75% conversion 100% conversion
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How to find the rate-determining step?

Same “excess” experiments

1 + 2 —_— 3

2.0 equiv
(@) [1]0=0.22 M, [2]g = 0.44 M; [2]p - [1]p =0.22 M

(b) []o=0.11 M, [2]p = 0.33 M; [2], - [1]o = 0.22 M

The “same excess” protocol: runs (a) and (b) have different initial concentration of substrates 1 and 2, with the
difference between the two (defined as the excess = [2], — [1],) held the same.

0.25 0.25
0.2 (a) 0.2 | % (a)
time-adjusted .
—~ i ~~ 0.15 X _ =
s 01> product addition - . f/me ad) usted"
= | o profile (b) o= same.excess
= 0.1 (b) “ o 0.1 profile (b)
_ 7/141z,{(,,,,. ‘,, /
0.05 . 0051 R | K gy,
nmumnunmmu, X ;ZE;;;;;_.;)‘:GE:&H m
O Y T T T T T T T T 0 T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
time (min) time (min)

This possibility becomes useful to probe reactions for complexities such as product inhibition or catalyst deactivation. 40



'H NMR experiment: C-H activation

= Ph < H
\// L1 Ph d8_THF \ N,
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Fe ) W 0" \| [Rh]:L1=1:1 e
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'H NMR experiment: C-H activation

C 1\ " LiOBu
h N2
Rh=")
// Fe
B,
4 f 3
4
&« d°-THF
N
Fe
D 1
2
5/6 \
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%
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How to find the rate-determining step?

Steady-state approximation

K, k
E+S<k— ES -~ E+P

1. The overall rate of product formation: v =Kk,[ES]
2. Rate of formation of [ES]: v, = k,[E][S]
3. Rate of decomposition of [ES]:

v, =k,[ES] + k,[ES]

4. Rate of ES formation = Rate of ES decomposition
(steady state)

5.S0: Kk,[E][S] = k,[ES] + k,[ES]
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