An Introduction to Kinetics and
Competition Experiments:

Part 1 — Absolute Rates



A brief introduction to transition state theory

1) Reaction rate is proportional to [TS]*

SM Pdt —d[SM]

Eyring J. Chem. Phys. 1935, 3, 107
Evans, Polanyi Trans. Faraday Soc. 1935, 31, 875
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A brief introduction to transition state theory

SM Pdt

Eyring J. Chem. Phys. 1935, 3, 107
Evans, Polanyi Trans. Faraday Soc. 1935, 31, 875

1) Reaction rate is proportional to [TS]*

2) Assume a “quasi-equilibrium” between the
resting state and the transition state

t
K¥ = ﬂ
ki [SM]
sM =——— [18]'
K e—AG*/RT
—d[SM]

o e—AG*/RT SM
R e * [SM]

Transmission coefficient Crossing frequency
(usually assumed to be 1) (from stat mech)

N
—d[SM] kyT

_ ~AG*/RT 4 1o
n K*— % e * [SM]
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|

Eyring equation




Kinetics of complex reaction coordinates

TS-3

SM + Cat

Pdt + Cat



Kinetics of complex reaction coordinates — not as bad as they seem

Rate-determining transition state (RDTS)

TS-3 /
i

Anything after the RDTS is invisible

/ to absolute rate kinetics

SM + Cat

\

Resting state



Kinetics of complex reaction coordinates — not as bad as they seem

TS-3

SM + Cat

Apply the pre-equilibrium
approximation, etc. ...

K1 Kz ks
SM+Cat =—~ Intt1 =—— Int2 —>» Int3

—d[SM] ks * Ky * K, x [SM] * [Cat]

At 1+ K, «[SM] + Ky * K, * [SM]

Approximate because I’'m assuming a
negligible amount of catalyst is tied up in the
post-rate-determining intermediates



Kinetics of complex reaction coordinates — really not as bad as they seem

TS-3

/ I 2-3 kcal/mol

TS-1 AG* E

TS-2

Int-1

‘\"l\l mi=<
I 2-3 kcal/mol \/

SM + Cat

relative ground state population
vary as:

Keq = o —AG/RT

relative rates vary as:
K = e—AG*/RT

Unless another barrier is close to the RDTS,
ks *K,*K, will be approximated by AG*

—d[SM] ks x Ky * K, x [SM] [CatT]

dt 1+ K, *[SM] + Ky K, * [SM]

\ /

Unless the intermediates are close
in energy to the resting state, these
terms are negligible



Kinetics of complex reaction coordinates — really not as bad as they seem

TS:3 relative rates vary as:
/ I 2-3 kecal/mol Kt = ¢~AG*/RT

AG = 2.5 kcal/mol:

a6t Temp |
TS-2 i

| 100°C 29:1
25°C  68:1

= 4 |
[ 23 kcal/mot 1\ / -78°C  631:1

SM + Cat

relative ground state population
vary as:

Keq = o —AG/RT



Kinetics of complex reaction coordinates — really not as bad as they seem

TS-3

/ I 2-3 kcal/mol

Changes here will not
significantly impact the
kinetic behavior of the

reaction!

Absolute rates tell you AG = 2.5 kcal/mol:

AGH about the resting state(s) --
and the RDTS(s) femp

100 °C 29:1
25°C 68:1

I 2-3 kcal/mol \/

-78 °C 631:1

SM + Cat



Kinetics of complex reaction coordinates — really not as bad as they seem (mostly)

TS-3

/ I 2-3 kcal/mol

Absolute rates tell you AG = 2.5 kcal/mol:

AGH about the resting state(s) --
and the RDTS(s) Temp

100 °C 29:1
25 °C 68:1

o -78 °C 631:1

Int-2




Kinetics of complex reaction coordinates — really not as bad as they seem (mostly)

TS-3

/ I 2-3 kcal/mol

Absolute rates tell you AG = 2.5 kcal/mol:

AGH about the resting state(s) --
and the RDTS(s) femp

100 °C 29:1
25°C 68:1

[23kcal/mol \ / v 78°C  631:1

This is very common — e.g. mixed resting states of
catalysts ((Pd(OAc),); vs. LPdOAc vs. (LPdOAc),)



Kinetics of complex reaction coordinates — really not as bad as they seem (mostly)

TS-3

™ / I 2-3 kcal/mol

Absolute rates tell you AG = 2.5 kcal/mol:

AGH about the resting state(s) --
and the RDTS(s) femp

100 °C 29:1
25°C 68:1

[ 2:3 keal/mol \ / 78°C  631:1




Deriving approximate rate laws for some common kinetic scenarios
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Deriving approximate rate laws for some common kinetic scenarios
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Deriving approximate rate laws for some common kinetic scenarios

_» Cat
resting
state
Cat
A +B ——>» C
Cat-A
t B
{ roTS
K* .
A + B + Cat = [TS]

[7S]*
[A] * [B] * [Cat]

K = rate « [A] = [B] * [Cat]



Deriving approximate rate laws for some common kinetic scenarios

2 Cat

restmg
Cat state
A+B ——> C

Cat2 Cat2

t
RDTS



Deriving approximate rate laws for some common kinetic scenarios

2 Cat

restmg
Cat state
A+B ——> C

Cat2 Cat2
RDTS
A+ B + 2Cat — rs)’
TS]*
K = 7S] rate « [A] * [B] * [Cat]?

[A] * [B] * [Cat]?



Deriving approximate rate laws for some common kinetic scenarios

Cat
A +B ——> C

P Cat

resting
state

Cat-P [ RDTS ]¢

DN



Deriving approximate rate laws for some common kinetic scenarios

Cat
A +B ——> C

. Cat A
resting
state
t
[ RDTS]
|
K¥ .
A + Cat = |[T9]
TS]*
K¥ = L rate « [A] % [Cat]

[A] * [Cat]



Deriving approximate rate laws for some common kinetic scenarios
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Deriving approximate rate laws for some common kinetic scenarios

Cat
A+B —— C

P Catel A
| resting |
state

Cat-P Cat-A
s B
\{RDTS/\
K¥ ,
A+ B+ Catel =/ [T§] + |

[TS]¥ = [I]

* * . * -1
[A] = [B] * [Cat - I] rate « [A] = [B] = [Cat - I] * [I]

K* =




If absolute rates only tell you about the resting state(s) and the RDTS, then why bother?

TS-3

/ I 2-3 kcal/mol

Changes here will not

significantly impact the
kinetic behavior of the |
reaction! AG*

Absolute rates tell you
about the resting state(s)
and the RDTS(s)

]
1
1
]
1
]
1
]
1
1
]
1
]
1
I \
. H
me-< :

I 2-3 keal/mol \,/ Ok, but who cares?

SM + Cat



If absolute rates only tell you about the resting state(s) and the RDTS, then why bother?

1) Determining the kinetic order in a reagent or reagents
* determine the presence/absence/molecularity of a species in the RDTS
* help to support/refute a proposal for the identity of the RDTS

* help guide other mechanistic studies (e.g. computations)



If absolute rates only tell you about the resting state(s) and the RDTS, then why bother?

2) Examine how the rate law changes over the reaction
* Identify induction periods

* Identify catalyst deactivation



If absolute rates only tell you about the resting state(s) and the RDTS, then why bother?

3) Identify changes in bonding or charge between the resting state and RDTS
* Separate-pot KIE experiments

* LFERs (e.g. Hammett plots)
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Discovery of an inverse order in phosphine guides catalyst development for metathesis

CysP
Y3| Cl
RU=CH,
7 9 c’ o 0
PCY3
=0 OFt > EtO OEt
= A
\
Cy3FI, ol R/=\ CysFl’ N RDTS and subsequent steps
= ST —_— .
ol b < = OREe — rate < [olefin] * [Cat]
PCys R" PCys
R/= RDTS and subsequent steps
O¥sP ¢ \ CysP
| [ -
Ru=CH, - ClI—Ru=CH,
< _—

4 = =4
" Peyy I R

Grubbs JACS 1997, 119, 3887

rate « [olefin] * [Cat] = [phosphine] !



Discovery of an inverse order in phosphine guides catalyst development for metathesis

C)/3||D <l

RU=CH,

24
Cl PCys

Y

O O
EtO OEt
= NS
(.
R/=

cyaFI> <l \ Cys||° K
(F\’ll‘]:CHz _ - CI—/RG:CHQ
" Peys I R

Grubbs JACS 1997, 119, 3887

RDTS and subsequent steps

Kets (x10° min™)

50 100
1PCy4 (M)

/

Inverse order in
phosphine

150

200



Discovery of an inverse order in phosphine guides catalyst development for metathesis

CysP
S \
RU=CH, -

7 | ~
A dey, \'

CysP
Y3| Cl
RU=CH,
O O o’ O o
PCY3
EtO OEt > EtO” i ~OEt
= AN
J
Ligand design principle
strong sigma donors will favor
PCy3 dissociation (trans effect)
I|_ Cl Mes—N<_N~Mes
T — S R
RDTS and subsequent steps /| le:/
Cy,P o Cl P 7|
1+ — > Cys Cl
CI—RU=CH, PCys
/=

Grubbs JACS 1997, 119, 3887; Acc. Chem. Res. 2001, 34, 18

Grubbs-15t-gen Grubbs-2"%-gen



Identification of a bimetallic mechanism allows for dramatic improvement in (salen)M epoxide openings

( )
(salen)Co(OAc)(H,0) (0.2 mol%)
o o AcOH (0.4 mol%) O OH
+ 2 > N +
R/<I neat, 5 to 25 °C RN R/k/OH
racemic 0.55 equiv.
typically, both products isolated in high yields (relative to
50% theoretical maximum for each) and extremely high e.e. )

***These data are fOI’ 2" order dependence on [Cat]
(salen)Cr(lll) catalyzed epoxide — cooperative, bimetallic mechanism
openings with HN;. The HKR is

also second order in catalyst,
but the reaction isn’t N~
kinetically well behaved @N“ FO@X
R

(...more on that in a bit)

0.000 0.001 0.002 0.003 0.004

[1b]? (M?)

Reaction is 2"
order in catalyst

Discovery of a 2" order dependence on [Cat] in the HKR: Jacobsen Science 1997, 277, 956;
Development of oligo-salen: Jacobsen ACIE 2002, 41, 1374, Tetrahedron 2014, 70, 4165.
Studies on ((salen)Cr'"),-catalyzed epoxide openings with azide: Jacobsen JACS 1996, 118, 10924; 1998, 120, 10780



Identification of a bimetallic mechanism allows for dramatic improvement in (salen)M epoxide openings

O

R

racemic

(salen)Co(OAc)(H,0) (0.2 mol%)
AcOH (0.4 mol%)

R AN OH

typically, both products isolated in high yields (relative to
50% theoretical maximum for each) and extremely high e.e.
J

neat, 5 to 25 °C

t-Bu

t-Bu

t-Bu

t-Bu

(salen)Co

Discovery of a 2" order dependence on [Cat] in the HKR: Jacobsen Science 1997, 277, 956;
Development of oligo-salen: Jacobsen ACIE 2002, 41, 1374, Tetrahedron 2014, 70, 4165.

Gen-3 oligo((salen)Co)

2" order dependence on [Cat]
— cooperative, bimetallic mechanism

e P

Studies on ((salen)Cr'"),-catalyzed epoxide openings with azide: Jacobsen JACS 1996, 118, 10924; 1998, 120, 10780



Identification of a bimetallic mechanism allows for dramatic improvement in (salen)M epoxide openings

t-Bu

t-Bu

|
N O
N\ /
U Co—X Vs.
LN
NI o

t-Bu

t-Bu

(salen)Co Gen-3 oligo((salen)Co)
Electrophile Nucleophile Monomer 1 viable? Co loading reduction Enhanced stereoselectivity or
with oligomer 4a* substrate scope with oligomer 4a?*

Terminal epoxides Water Yes 22—667-fold” Yes

Carbamates Yes 22-fold* n.d.d
Oxetanes Intramolecular primary alcohols Yes 100-fold"® Yes

Intramolecular phenols Yes 10-500-fold" No
Terminal epoxides Phenols Substrate-dependent 59-587-fold’ Yes
Terminal epoxides Primary alcohols No — —
meso Epoxides Water No — —

Carbamates No — —

Discovery of a 2" order dependence on [Cat] in the HKR: Jacobsen Science 1997, 277, 956;
Development of oligo-salen: Jacobsen ACIE 2002, 41, 1374, Tetrahedron 2014, 70, 4165.
Studies on ((salen)Cr'"),-catalyzed epoxide openings with azide: Jacobsen JACS 1996, 118, 10924; 1998, 120, 10780



1 isn’t always the loneliest number — higher molecularity species with 1%t order dependencies

Cat2
rest/ng
state

Cat2 Cat2

t
RDTS



1 isn’t always the loneliest number — higher molecularity species with 1%t order dependencies

P Cat2

Kinetically indistinguishable! restlng Identical RDTS —
_both are 15t order in catalyst S’a’e both involve a catalyst dimer

Cat2 Cat2

. B
\} RDTS %

sy’

A + B + Cat

[7S]*

[A] * [B] = [Catz] rate « [A] * [B] * [Catz]

K* =




A catalyst dimer hiding behind a 15t order

(thio)urea (1)

O5
+
)
e
O w
Py ()]
N
Y
T,
(@)
(@)
P
N
~7
>.|I$
c
zZ
_<
Tz
(@)
Mm

Cl R’ R I Ar o H i
racemic high e.e. Y=§,0
|\ J
2.4 T . L
| e 1a Linear at | . . .
L High [1]+® 1 ...the resting state of the catalyst is a monomer-dimer
¢+ 1b 4
! [ s ] o . . .
; 1.8 | V’--_ equilibrium heavily favoring the dimer:
e 3 ra
=+ ® e
< i
— - ’ E CF3;
A i ] >
3 [ Non-Linear d ] CFs K = 94 1 1 le/\r}l N CFs
= 06 [ Low [1]r. * 7 Q B )Yj\ /@\ | fam SN A RN
— I -7 2 N A h oWl
| N7 N CF L Ar
TIJ ! P /r - - ] Ar WA/\A 4 ’ FsC NN N
L _¥ . z
0.0 ..l’_j- r& . ] Y tBu
0 4 8 12 16 CFs
[1]+ x 10% (M)

So ~1%t order in catalyst =

an RDTS dimer
Approximately linear relationship between [1] and rate:

rxn is roughly 15t order in [1], but...

Jacobsen JACS 2016, 138, 7860



Saturation kinetics can appear to be a 0t order dependence

Cat-P resting oot

state

; A
\{ RDTS }%



Saturation kinetics can appear to be a 0t" order dependence

resting
state

CateP Cat*B

\{ RDTS

%

Identical RDTS:

both contain A, B, and cat
A + B + Cat msp’ \ >/ N
rate «< [A] * [B] * [Cat]

[A] = [B] * [Cat] CatP rif;’t';g Cat-B

Nt

I’GSU”
>/state / A + Cat-B = [TS]
Cat-P { r [TS o
| rate < [A] *[Cat - B]
* [Cat - B]
B

y

X
O
_'
w

N

Cat-A . . . . e .
Kinetically indistinguishable!*
+

K . both appear 0" order in B
A + Cat = [TS]
[TS]* *(technically, the above is saturation kinetics, but it will appear
Kf= ——— rate «< [A] * [Cat] 0t order as long as Cat-B is the dominant resting state)

[A] * [Cat]



Distinguishing between order and molecularity

Molecularity of a species: Kinetic order in a reagent:
* Number of molecules of a reagent that * Reflects the difference in molecularity
are actually present in a resting state or between the resting state(s) and the
TS RDTS(s)
* Unique to a species/mechanism — it e Canvary with conditions due to
cannot vary with conditions (equilibria changes in the identity of the resting
can shift to other species) state(s) and the RDTS(s)
e Often the thing we are interested in, * Experimental observable indicating the
but only observable indirectly impact a change in reagent

concentration has on reaction rate
* Must be an integer for a given species
e Can be any number
* Mustbe20

Common mistakes
“It can’t be 1.2"d order in catalyst — you can’t have 0.2 molecules of catalyst!”

“It’s 1t order in catalyst, so it must be monomeric.”

“It’s Ot order in that reagent, so it’s not involved in the RDTS.”



Wait, can’t | just compute all of this?

R |
——Gg.ﬁpa::,""s S

Rz
Int-2(L3), Int-2(L8 H

AGEE(HFIP) M2(L3), nt2(L8) "*"\ILcanH TS-I(L1)
(kcal/mol) o 18.9

H "N

) T5-1(L3)

o) R,

Int-1(L1) 115

HOAC Int-1(L3})

# 6.3

# Int-1(L8) N
) . |
0 O -L.1 Me
1/3 [PA{OAC) ] = Int-IV(L8) Int=IV(L3), Int—IV(L8)
i R 1 Int-1V(L3)
Row oy R O, M 7 /R,
+ aAcoH/ |l O=PdN, 0 N~ 6.0
NTT0 07 Ry 0 "‘,, /0 Int-IV{L1)
H Int-1{L3), Int-1{L8) ~n— 4

i L3:R; = H;R,= NO, i
Me il8:R, =NO,; R, = SO,CF, i
Int-111{L3), Int-3(L8)

Datta JOC 2020, 85, 13228

Well, you can compute it...

...but should we trust the computations?



Wait, can’t | just compute all of this?

1) Computations are limited by your imagination
2) Computations rely in part on cancellation of errors:
Good at relative energies of similar structures (e.g. diastereomeric TSs)

But potentially problematic when the structures differ significantly (changes in
molecularity, charge, solvation, spin state, etc.)



Wait, can’t | just compute all of this?

A Case Study of the Mechanism of Alcohol-Mediated Morita Baylis—
Hillman Reactions. The Importance of Experimental Observations

R. Erik Plata and Daniel A. Singleton™

Department of Chemistry, Texas A&M University, College Station, Texas 77842, United States
© Supporting Information

ABSTRACT: The mechanism of the Morita Baylis—Hillman reaction has conr”nap?u%gtioc:nal 48 kcalfmol\é transition Slate
been heavily studied in the literature, and a long series of computational  free energies\ /
studies have defined complete theoretical energy profiles in these reactions. experimental ;

We employ here a combination of mechanistic probes, including the froe energy
observation of intermediates, the independent generation and partitioning of
intermediates, thermodynamic and kinetic measurements on the main reaction
and side reactions, isotopic incorporation from solvent, and kinetic isotope
effects, to define the mechanism and an experimental mechanistic free-energy profile for a prototypical Morita Baylis—Hillman
reaction in methanol. The results are then used to critically evaluate the ability of computations to predict the mechanism. The
most notable prediction of the many computational studies, that of a proton-shuttle pathway, is refuted in favor of a simple but
computationally intractable acid—base mechanism. Computational predictions vary vastly, and it is not clear that any significant
accurate information that was not already apparent from experiment could have been garnered from computations. With care,
entropy calculations are only a minor contributor to the larger computational error, while literature entropy-correction processes
lead to absurd free-energy predictions. The computations aid in interpreting observations but fail utterly as a replacement for
experiment.

Singleton JACS 2015, 137, 3811



Wait, can’t | just compute all of this?

o] o) DABCO OH O

. .
At H \)J\OMG MeOH 25 °C Ar%OMe

@O/ ' This proton-shuttle mechanism was the "highlight" of most of the computational papers
* predicted to be the RDTS by all 7 studies which considered it

* not considered in the other 4 studies

>
(S Z®o§

pd

* ruled out by experiment - a simple acid/base mechanism is operative!

Singleton JACS 2015, 137, 3811



Wait, can’t | just compute all of this?

O DABCO

OH O

MeOH 25 °C

> Ar%OMe

This proton-shuttle mechanism was the "highlight" of most of the computational papers

* predicted to be the RDTS by all 7 studies which considered it

* not considered in the other 4 studies

* ruled out by experiment - a simple acid/base mechanism is operative!

m— AHi =232, AS =726

— 20 1

Ar H
— -t
R
H--o
1
©d  HoOMe
II
Ar O
®
N
K/ N
= B3LYP/PCM AG 9.6
e BBLYP/PCM AGsg0, f\‘;«c«ji%i 62— 449
— M0B-2X/PCM AGi, Aot S e
annv MO6-2X/SMD AGi 35\;_ o0
MOB-2X/PCM AGsge, o M Az
—— G3B3-corrected ' R 296w T
B3LYP/PCM AG,q;
== G3B3-corrected AHyF= 12 256w
MO0B-2X/PCM AGy S AS*=-27
21,4 ) 13 w212

AHyg = 1.7, ASyg, = -52.

AHygy = -5.0, ASpy = -58.5

750 20.2=

AG\I1

19, AH,#=-2.3, AS,*=-79

AHyy = -5.6, ASy = -75.9

AHyg = -8.8, ASy, = -81.6

MA + 5 + DABCO

Singleton JACS 2015, 137, 3811

==-11

—3.9‘
3.3 AHyg = -13.3, A8\, = -33.6
70 7"V 44 AHygy = -14.8, Sy = -34.8

AH°= -13.2, AS°< -31
9.7

“Finally, the errors in relative energetics
seen here should be considered in the
credence given to the assignment of
mechanisms and rate-limiting steps from
computational mechanistic studies...
Overall, the combination of experimental
and computational studies provides a full
mechanistic pathway for the MBH
reaction including details that would be
impossible to discern from either alone.



If absolute rates only tell you about the resting state(s) and the RDTS, then why bother?

2) Examine how the rate law changes over the reaction
* Identify induction periods

* Identify catalyst deactivation



Using time-course data to identify and resolve catalyst inhibition in Pd(I1)-(0) cycles

Pd(O,CR), (5 mol%) oF
CF, Boc-Val-OH (10 mol%) 3

BPin BQ (20 mol%)
COK  + - CO.K
E t-Amyl alcohol, ArF

.
105°C, 1 atm O,

-

Kinetics suggest Pd reoxidation becomes the RDTS

Slower regime,
positive order in O,

157 6.4 atm O,
"
10 t Pl
o 1 atm O,

One Turnover

[Product] (mM)

40 60
Time (min}

Faster regime, not
ordered in O,

Stahl Science 2020, 370, 1454



Using time-course data to identify and resolve catalyst inhibition in Pd(I1)-(0) cycles

CF3

BPin
COK  + /©/
F

-

Pd(O,CR), (5 mol%)

Boc-Val-OH (10 mol%) CF3
)
BQ (20 mol%) COK
t-Amyl alcohol, ArF

105°C, 1 atm O,

Kinetics suggest Pd reoxidation becomes the RDTS

Slower regime,
positive order in O,

157 6.4 atm O,
g 10 7
= o 1 atm O,
(&) ™ _
3] . B
"S AW
= One Turnover

40 60
Time (min}

Faster regime, not
ordered in O,

Stahl Science 2020, 370, 1454

Based on comparison of arylation and olefination,
they hypothesize that BQ is inhibiting reoxidation*

Pd(OAc), (5 mol%)
MPAA (10 mol%)

CFs BQ (20 mol%) CF;
KHCO3 (2 equiv.)
BF3K 3
CO,H + - CO,H
t-Amyl alcohol, ArF
110 °C, 1 atm O,, 48 h
3 equiv. 65% conv.
13 TOs

Vs.

Pd(O5Ac);, (0.2 mol%)
CFs MPAA (0.4 mol%) CFs3

KHCO3 (2 equiv.) @i;c\o H
- 2
Z CO,Et

91% conv.
455 TOs

COH +  ZCouEt

t-Amyl alcohol,

2 equiv. 90 °C, 1 atm O,, 48 h

*this is a bit of a logical leap — it would have been nice if they
had shown an inverse order in BQ and/or that adding BQ to the
olefination caused comparable inhibition



Using time-course data to identify and resolve catalyst inhibition in Pd(I1)-(0) cycles

CF,

o -
H

RCO,H, 1-H

Previous
Conditions
(ref. 21)
(—A—\
13 TOs™
5 mol% Pd
55% Yield

23 TOs
3% Yield

ArFBpin, 2
(3 equiv)

230 TOs
35% Yield

7 TOs
1% Yield

0.15 mol% Pd(0O.CR), CF,
10 mol% Ac-lle-OH
30 mol% quinone/alkene

tAmylOH (200 mM),
2 equiv KHCOjy

90 °C, 3 atm O,, 24 h 3
574 TOs

390 TOs 440 TOs 86% Yield
59% Yield 66% Yield .

CO,H

ArF

667 TOs"
-99% Yield

667 TOs
=89% Yield

1520 TOst
0.05 mol*% Pd
76% Yield

1960 TOs*
0.05 mol¥: Pd
B8 Yield

O 0O Q 0] OMe
'Bu Me o
/
Me
0 0 0 0 wed

Stahl Science 2020, 370, 1454

O'Pr

Pro

8] 0 0
0] Me Me Bu '‘Bu Bu
/ M M i
e e Bu
o (0] 0 0



Drawing inspiration for metathesis catalyst design from an induction period

%
PhCI, EtOH, 55 °C RO OR

extremely
slow

R "
Ru:/

highly active
polymerization
catalyst

“Polymerization using these group VIII
metals are preceded by a sometimes
lengthy initiation period [hours to days]
that effectively limits their usefulness. It is
during this initiation period that a small
amount of reactive metal carbene is
formed, which then very rapidly
polymerizes the cyclic olefin present.”

Grubbs JACS 1988, 110, 7542; Macromolecules 1993, 26, 4739

RU(H20)6(0T3)2

p

© MeOH, 55 °C

unstrained olefins aren't
reactive enough to generate
the Ru-alkylidene

?

+(CH,)sC=C+



Drawing inspiration for metathesis catalyst design from an induction period

0 RuCls o
Vi vy -
OR PhCI, EtOH, 55 °C RO OR

RuCls Ru(H,0)(0Ts),
extremely © > 4—(CH2)6C=C—)—
slow MeOH, 55 °C
R" unstrained olefins aren't
Ru=" reactive enough to generate

o]
L%%R the Ru-alkylidene

highly active
polymerization
catalyst

Ru(H,0)s(OTs)>
ethyl diazoacetate
© >  +(CH,)sC=C-
MeOH, 55 °C
“Polymerization using these group VIII EDA serves as a carbene

transfer reagent, generating an

metals are preceded by a sometimes 2ofive Ru kylidont catatyet

lengthy initiation period [hours to days]
that effectively limits their usefulness. It is
during this initiation period that a small
amount of reactive metal carbene is
formed, which then very rapidly
polymerizes the cyclic olefin present.”

Grubbs JACS 1988, 110, 7542; Macromolecules 1993, 26, 4739



Drawing inspiration for metathesis catalyst design from an induction period

%
PhCI, EtOH, 55 °C RO OR

extremely
slow

L1 R "
Ru:/

highly active
polymerization
catalyst

“Polymerization using these group VIII
metals are preceded by a sometimes
lengthy initiation period [hours to days]
that effectively limits their usefulness. It is
during this initiation period that a small
amount of reactive metal carbene is
formed, which then very rapidly
polymerizes the cyclic olefin present.”

RU(H20)6(0T3)2

© > 4(CHpeC=CH+
MeOH, 55 °C

unstrained olefins aren't
reactive enough to generate
the Ru-alkylidene

Ru(H,0)6(0Ts),

ethyl diazoacetate
© >  +(CH,)sC=C-

MeOH, 55 °C

EDA serves as a carbene
transfer reagent, generating an
active Ru-alkylidene catalyst

CysP Cl
Proof that pre-generated Ru- Ri=R
alkylidenes are highly active :> or u

|
for olefin metathesis! PCys

Grubbs 1st-gen

Grubbs JACS 1988, 110, 7542; Macromolecules 1993, 26, 4739; Acc. Chem. Res. 2001, 34, 18



Optimizing rate by balancing complex speciation requirements in the HKR

(salen)Co(OAc)(H,0) (0.2 mol%)
o o AcOH (0.4 mol%) O OH
+ 2 > N +
R/<I neat, 5 to 25 °C RN R/k/OH
racemic 0.55 equiv.
typically, both products isolated in high yields (relative to
50% theoretical maximum for each) and extremely high e.e. )

0.005
- 50:50 (salen)CosCl:(salen)Co-SbF; (35 min)
0.004 -
- (salen)Co-OTs (45 min)
@ 0,003 - :
2
®
é 0.002
(salen)Co-OAc (~4 hr)
0.001 (salen)Co-Cl (~8 hr}\
e
0.000 : -
0 15 30 45 60 75
Time (min)

Evidence of an induction period and catalyst deactivation!

Blackmond, Jacobsen JACS 2004, 126, 1360




Optimizing rate by balancing complex speciation requirements in the HKR

(salen)Co(OAc)(H,0) (0.2 mol%)
o AcOH (0.4 mol%) 0 OH
g+ o - A or
R neat, 5 to 25 °C R R/'\/
racemic 0.55 equiv.
typically, both products isolated in high yields (relative to

50% theoretical maximum for each) and extremely high e.e.
J

0.006

‘/"‘
0.004 -

e
o
=]
@

Rate (Ms™)
e
8

0.001

50:50 (salen)Co+Cl:(salen)Co-SbF, (35 min)

(salen)Co-OTs (45 min)

4

'

(salen)Co-OAc (~4 hr)

(salen)Co-Cl (~8 hr)

e

This has to be Co-OH, but at the start of the reaction, [Co-OH] = 0
— induction period as Co-X converts to Co-OH

N
g PO
/

This Co is a Lewis acid: Co-OH will be less reactive than Co-OAc
— deactivation as Co-X converts to Co-OH

0.000

15 30 45
Time (min)

75

Evidence of an induction period and catalyst deactivation!

Blackmond, Jac

obsen JACS 2004, 126, 1360



Optimizing rate by balancing complex speciation requirements in the HKR

( )
(salen)Co(OAc)(H,0) (0.2 mol%)
o o AcOH (0.4 mol%) O OH
+ 2 > N +
R/<I neat, 5 to 25 °C RN R/k/OH
racemic 0.55 equiv.
typically, both products isolated in high yields (relative to
50% theoretical maximum for each) and extremely high e.e. )

0.005
/so:so (salen)Co+Cl:(salen)Co-SbF; (35 min) 400 1
0.004 - 350 1
2
£ 300 -
- (salen)Co-OTs (45 min) z
w 0.003 / S 250
g / g 200 4
£
®
é 0.002 g 150 4
(salen)Co-0OAc (~4 hr) .Tg 100 -
[=
0.001 50
(salen)Co-Cl (~8 hr)
04 T r T T ]
\ 0.00 0.20 0.40 0.60 0.80 1.00
e
0.000 ' ' Mole fraction of catalyst as (salen)Co"' SbF,
0 15 30 45 60 75
Time (min)

Evidence of an induction period and catalyst deactivation!

Blackmond, Jacobsen JACS 2004, 126, 1360



If absolute rates only tell you about the resting state(s) and the RDTS, then why bother?

3) Identify changes in bonding or charge between the resting state and RDTS
* Separate-pot KIE experiments

* LFERs (e.g. Hammett plots)



Using an absolute rate KIE experiment to prove rate-determining C-H activation

Pd(OAc), (5 mol%)
Pt—BU3‘HBF4 |

| Br
~Z + N/
@N K2CO3 (2 eqUiV.) ® |
! 0]
)

Y

5 PhMe, 110 °C, 16 hr
©
|\ J
H
H A

_ ®
H @N H @N
o)
@ ©

absolute rate ky/kp = 3.3
absolute rates = separate pots

D
D _AD
—> |/
D@I D ®
@

C-H cleavage is the RDTS!

Fagnou JOC 2010, 75, 8180



Using an absolute rate KIE experiment to prove rate-determining C-H activation

Pd(OAC), (5 mol%)

| X Br Pt—BU3‘HBF4 _ |
~Z + o N/

@'}l K2CO3 (2 eqUiV.) ® |

') PhMe, 110 °C, 16 hr 0

) ©

\§ J
H
LY ped
" . |

H @N H @N
0
@ S

absolute rate ky/kp = 3.3
absolute rates = separate pots

D D
(] e, [
D@l}l D

D" @

C-H cleavage is the RDTS!

\
(6] (0]
© ©
We can say this conclusively because absolute rate experiments only
show us the resting state(s) and the RDTS(s) — if we used a
competition experiment (relative rate measurement) we could only
conclude that the C-H activation is irreversible, not necessarily rate-

determining
Fagnou JOC 2010, 75, 8180; Hartwig ACIE 2012, 51, 3066



Proposed catalytic cycle at steady-state for HBr co-catalyzed oxetane opening

Br
0 L on
o j\;ﬁ Ph
_Ar

+

TMSBr
Br
Enantio- Rate- J/\/
™
determining determining Ph OTMS
Kqalkq3 = 1.127(3)

Q 0 tBu

*RyN Ar
RSN e WI/\ . 'I'
I I o® H
N O«
H’/ @ \H Hlu,, ‘7, &
s, \\\\ 'luBr

2 mol% squaramide
" TMSBr (0.75 equiv.)

Br
] >~ J/\/
* TBME, -78 °C Ph OTMS

Order in proton source, 15t order in
catalyst, saturation in TMSBr, Ot
order in oxetane

Buildup of free catalyst and
bromohydrin at steady state

Observable catalyst-HBr complex
Primary KIE in a one-pot competition
experiment indicates reversible

oxetane activation,
enantiodetermining bromide delivery

L i

« = 13¢ ~75% conversion measure ['3C]/['2C]

Jacobsen JACS 2021, 143, 9585
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A brief introduction to measuring absolute rates

Initial rate kinetics VS.
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Reaction time course monitoring

20 40 60 80 100 0 20 40
Time Time

These are complimentary tools!
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Determining absolute rates — how not to do it*

*unless you already know the reactions are kinetically well behaved, have identical rate laws, and you know the overall order

Can we say how much faster Rxn B is than Rxn A
based on these data?

Reaction % conv at a given time

Rxn A 50%

Rxn B 75%




Determining absolute rates — how not to do it*

*unless you already know the reactions are kinetically well behaved, have identical rate laws, and you know the overall order

Can we say how much faster Rxn B is than Rxn A

Reaction % conv at a given time
based on these data?
Rxn A 50%
Rxn B 75%

No! Rxn A could even be faster!




Determining absolute rates — how not to do it*

*unless you already know the reactions are kinetically well behaved, have identical rate laws, and you know the overall order

Can we say how much faster Rxn B is than Rxn A

Reaction % conv at a given time
based on these data?
Rxn A 50%
Rxn B 75%

No! Rxn A could even be faster!

1) Rxn A could be faster but stall at lower
conversion” (or Rxn A could have a longer
induction period than Rxn B)

[SM]
— Rxn A

— Rxn B

time

AThis is more common than you might think —the same
structural changes that make a catalyst more reactive (e.g. open

coordination sites) can make it more prone to decomposition



Determining absolute rates — how not to do it*

*unless you already know the reactions are kinetically well behaved, have identical rate laws, and you know the overall order

Can we say how much faster Rxn B is than Rxn A

Reaction % conv at a given time b d th data?
ased on these data?
Rxn A 50%
Rxn B 75% No! Rxn A could even be faster!

2) Even for kinetically well-behaved reactions,
you can’t compute rate from a single time point
without knowing the overall order
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%0 |

80

70

(SM]

50

30

20
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® Oth order
1st order

2nd order
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Time



Determining absolute rates — how not to do it*

*unless you already know the reactions are kinetically well behaved, have identical rate laws, and you know the overall order

Can we say how much faster Rxn B is than Rxn A

Reaction % conv at a given time
based on these data?
Rxn A 50%
Rxn B 75%

No! Rxn A could even be faster!

2) Even for kinetically well-behaved reactions,
you can’t compute rate from a single time point
without knowing the overall order

| Oorder | ka/ky

oth 1.5
1st 2
2nd 3



Determining absolute rates

[SM]

Usually, our experimental data
will be concentration vs. time

100
0 | ¢
80 %

70 o'
& X o,
30 ®

20 %

10 ®

e Oth order
» 1st order

2nd order

to get rate data, we need to
find the derivative

For a non-0t" order reaction, rate
depends on the concentration of
one or more reagent

rate will vary over the course of the
reaction and a plot of [reagent] vs.
time will exhibit curvature

Time

80

100



Determining absolute rates — initial rates kinetics

[SM]

100

90

80

70

50

30

20

10

All exhibit nearly linear
behavior at low conversion

20

Usually, our experimental data
will be concentration vs. time

Time

e Oth order
s 1st order

2nd order

80

to get rate data, we need to

100

find the derivative

For a non-0t" order reaction, rate
depends on the concentration of
one or more reagent

rate will vary over the course of the
reaction and a plot of [reagent] vs.
time will exhibit curvature

but over a small conversion window,
the changes in concentrations (and
thus, rate) will be minimal -> we can
approximate the derivative with a
linear fit



Determining absolute rates — initial rates kinetics

[SM]
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Usually, our experimental data

to get rate data, we need to
find the derivative

For a non-0t" order reaction, rate
depends on the concentration of
one or more reagent

rate will vary over the course of the
reaction and a plot of [reagent] vs.
time will exhibit curvature

but over a small conversion window,
the changes in concentrations (and
thus, rate) will be minimal -> we can

Time

will be concentration vs. time
""""""""" U'~"""'""""'\u-----.....,,,,
g
e (Oth order y =-3x+ 100
® Istorder y =-2.8267x +99.915
2nd order y =-2.6773x + 99.846
0 1 2 3 4 5

approximate the derivative with a
linear fit



Determining absolute rates — initial rates kinetics

[SM]

90

80

70

60

50

40

30

20

10

Usually, our experimental data

to get rate data, we need to
find the derivative

For a non-0t" order reaction, rate
depends on the concentration of
one or more reagent

rate will vary over the course of the
reaction and a plot of [reagent] vs.
time will exhibit curvature

but over a small conversion window,
the changes in concentrations (and
thus, rate) will be minimal -> we can

will be concentration vs. time
""""""""" U'~"""'""""'\u-----.....,,,,
g
e (Oth order y =-3x+ 100
® Istorder y =-2.8267x +99.915
2nd order y =-2.6773x + 99.846
1
2 3 4 5
Time

approximate the derivative with a
linear fit

Fitting error is ~10%, which is probably pretty
similar to the experimental error you will have



Determining absolute rates — initial rates kinetics

(SM]

1) Collect [] vs. time data over a window of ~10%
conversion*
-> try to have at least 5 data points spread out
between 0 and ~10% conversion*

100
98
%
94
92
20
88 ' Standard conditions

86

82

80

Time



Determining absolute rates — initial rates kinetics

1) Collect [] vs. time data over a window of ~10%
conversion*
-> try to have at least 5 data points spread out
between 0 and ~10% conversion*

100
98
%6
94

92

(SM]

20

88 Standard conditions

86

84

82

80

Time

*really, what you need is a regime where the [] of all ordered reagents changes little enough that [] vs. time
is roughly linear — 0-10% will generally be safe for a reaction that reaches complete conversion, but if your
reaction stalls out at low conversion (catalyst death is rapid or an extremely potent inhibitor is generated)
you will need to use a smaller window. A safe bet is looking at 0-10% of the conversion your reaction can
reach



Determining absolute rates — initial rates kinetics

(SM]

1) Collect [] vs. time data over a window of ~10%
conversion*
-> try to have at least 5 data points spread out
between 0 and ~10% conversion*

100
98
9%
94
92
%0
88 ) Standard conditions

86

82

80

Time

(SM]

2) Fitthe data to a line —the slope of the
line is k,, under those reaction conditions

100

98

96

94

92

20

88

86

82

80

Standard conditions

y =-2.8267x +99.915

10
Time

15 20



Determining absolute rates — initial rates kinetics

(SM]

1) Collect [] vs. time data over a window of ~10%
conversion*
-> try to have at least 5 data points spread out
between 0 and ~10% conversion*

100
98
%
% o
92
90

83 e Standard conditions

86

82

80

(SM]

2) Fitthe data to a line —the slope of the
line is k,, under those reaction conditions

100 ¢

98

96

o4

92

90

88

86

84

82

80

R y =-0.7067x +99.915
y=-1.4134x +99.915
° S °
Standard conditions
® 2x[reagent]
4x[reagent]

0.5x [reagent]

3) Repeat steps 1 and 2 varying the starting concentration of the reagent of interest
-> try to have at least 5 data. Ideally, they should span a concentration range of
~1 order of magnitude centered on your standard reaction conditions

20



Determining absolute rates — initial rates kinetics

4) Plot k., vs. [reagent] to determine order.
NB — when fitting the data do not force the fit through the origin

12

10

In this case, k.. varies linearly with [reagent] -
e > the reaction is 1t order in that reagent

kobs
(o))

0 1 2 3 4 5

[reagent]

5) Repeat the whole process as necessary for other reagents of interest



Determining absolute rates — using the full reaction time-course

100

90

80

70

[SM]

50

30

20

10

Usually, our experimental data
will be concentration vs. time

e Oth order
s 1st order

2nd order

to get rate data, we need to

20

Time

80

100

find the derivative

For a non-0t" order reaction, rate
depends on the concentration of
ohe or more reagent

rate will vary over the course of the
reaction and a plot of [reagent] vs.
time will exhibit curvature

*don’t actually try to do this just by eye, instead use graphical fitting methods from Blackmond and Bures



Determining absolute rates — using the full reaction time-course

100

90

80

70

[SM]

50

30

20

10

Usually, our experimental data
will be concentration vs. time

Which you can tell just from

to get rate data, we need to
find the derivative

For a non-0t" order reaction, rate
depends on the concentration of
one or more reagent

rate will vary over the course of the
reaction and a plot of [reagent] vs.
time will exhibit curvature

we can use that curvature to
determine the relationship between
reagent concentration and rate

% the shape of the curves!*
L
.'c'-., e Oth order
o0
oo » 1st order
L )
® %
g 2nd order
o N
®
] e
°
@
L J
L
@
L J
®
@
L J
®
@
L J
®
@
L8
20 40 60 80 100

Time

*don’t actually try to do this just by eye, instead use graphical fitting methods from Blackmond and Bures



Determining absolute rates — using the full reaction time-course

(SM]

100 ¢
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Usually, our experimental data
will be concentration vs. time

20

Time

80

100

to get rate data, we need to
find the derivative

How do we find an expression for the
derivative of this curve?



Determining absolute rates — using the full reaction time-course

(SM]

100 ¢

90

80

70

50

30

20

10

Usually, our experimental data
will be concentration vs. time

20

Time

80

100

to get rate data, we need to
find the derivative

How do we find an expression for the
derivative of this curve?

-> Old-school approach — use flooding kinetics
(pseudo-1st order conditions) to help simplify
the data and attempt to fit to known
expressions for integrated rate laws of various
orders



Determining absolute rates — using the full reaction time-course

100 ¢

90

80

70

(SM]

50

30
20

10

Usually, our experimental data
will be concentration vs. time

to get rate data, we need to
find the derivative

How do we find an expression for the
derivative of this curve?

-> Modern approach — use a computer to fit

20

Time

80 wo  the data as is (no need to simplify with pseudo-
15t order conditions) — RPKA (differential
method) and VTNA (integral method)

Blackmond ACIE 2005, 44, 4302; Bures ACIE 2016, 55, 16084



Determining absolute rates — using the full reaction time-course

100 ¢
0 o

80

ol 1) Fit data to a high-order polynomial:

[SM]

50

% Y , [SM] = —1.04 % 10713 % t7 + 6.06 * 10~11 « ¢6
3° —1.72 * 1078 % > +3.24 % 107 * t*
—45%107% «t3 4+ 0.0450 * t2 — 3.00 * t + 100

20

10

0 20 40 60 80 100
Time
2) Take the derivative of the
polynomial to get an expression
for rate as a function of time
[Sm]
0 20 40 60 80 100
0
05 4

3) Plot rate vs. [reagent]”

S B

diSM] — _7.25 10713 « 6 + 3.52 » 10710 # £5

) ey, ) —8.63 * 1078 % t* + 1.30 * 1075 * ¢3
e, —1.34 %1073 x t2 + 0.0899 *t — 3.00

d[SM]/dt

-2.5

3.5

“graphical rate equation”

Blackmond ACIE 2005, 44, 4302



Determining absolute rates — a brief introduction to RPKA

Product
inhibition

Reaction w
1 yes wiandard
// \S no catalyst condions
s < . ¥ deactivation l
N
f no
Resctions of tw &
Reaction at sng [“excess™) “”.h:,': \|.‘|~.t| > Plot .(/(f \
with product addition S0 N TOF vs. [1] B 2 g
cenb N
omparne to sandard
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T no
Y i Reucton W
TR Plot e
verlay same | enven
/ ratevs. [ 1] A
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deactivation Reactions
duferem “excess
-
'
' 4
Plot Plo Plot
raie vs. (1] Ratef[1] vs. [2] Ruet2lw: (1)
PN /l\ AN
<./ \) > e, e o \) it Detailed
. e Cidd P! Linetic modeling
NS N N .

‘ Zero orderin | 2) [ First osder in [1) ] [ First order m | 2]

l yes

Mechanism s
more comples

than Scheme 6

Blackmond ACIE 2005, 44, 4302

No definitive
catalyst

‘resting stte'’




Determining absolute rates — a brief introduction to RPKA

This is the same way we determine catalyst order with
initial rates (but we’re determining k_,, from the full
reaction time-course, so it is a bit more accurate)

Non-first order

in [catalyst]

1R \
Reacton at same | exce i e Pl
with product additeos DR TOF vs. [ 1]
compare to sandard
o

o N Plot

rate vs. [ 1

' r
Plot Plot Plot
raie vs. [ 1] > Rate/]1] vs.[2] Ratef[2] vs. (1
N ~ o N \ AN O
4 i & " i 2o N Detmled
— o kinetic modeling

1\(‘\ l yos l yes l
0 =N N
e Gio) 117>
Zero orderin [ 2) First osder in [1] First orderin |2 N
yes

No definitive

catalyst

restng state'’

Blackmond ACIE 2005, 44, 4302



Determining absolute rates — a brief introduction to RPKA

Product
inhibition

|

Pl
TOF vs. [1]

Reaction
f yes viarmdond
'// ~ no catalyst ondifions
Overlns .5_’«1' tivation
ORI cactivation 1
S
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Reaction nt sane [“excess”) fasther extobust
with product additos T
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t no —
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S Wvent ;‘ g N "
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. —
No catlyst
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-
=
'
' r

Plot
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Rate/]1] vs. [2]

Plot
Rawe/[2) vs. [1)

- no
“ N

" N
1 ves l yes l yes

‘ Zero orderin [2) [ First osder in [1) ] [ First order m | 2]

Mechanism s
more comples

than Schemie 6

Blackmond ACIE 2005, 44, 4302
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experiments?

Detailed
kinetic modeling

No definitive
catalyst
‘restng sute'’



Determining absolute rates — a brief introduction to RPKA

1) The “same excess” experiment

Product l
inhibition Cat
Reaction
iy A+B —>» C

1 yes wianndard
5 comdinens

Non-first ondes
> \ no catalyst sk g o
<ll-_:-1">—ﬁd. e : =
: ” - l T _mmm
N
f no

Reaction at same ["escess™) Hatshoss “M‘ Pl /// \\
with produs r‘le.hl :uv “_‘T"l_.::l: f:’:‘ll‘nd TOF vs. [1] _"\(\l // RXI’\ 1 0 24
(wompare to sandard 1 B
L’ 7 - Rxn 2 012 020 0.08

¥ Reacton W
™~ Plot 8

\/"/‘— rate vs. [1) sk divmon Beds — .
ki szt onin Rxn 1 (after formation of 0.12 0.20 0.08

. | _ Whatarethese 404 mmol of pdt)
kv Reactions experiments?

deactivation

duterem CACCSN
0.012 4
“excess”"=0.08 M
—-—
J 0.01 4
. r 1
Plot Plot Plot 0.008 4 reaction 2 o
rae vs. [1] Ratef]1] vs. [2] Rate/[2] vs. (1) i 4
l l l m min™’
N 0 7N A X
ot g P A, S W Detailed
\\\ /) \(,\ ’:// —b <|\\ : / P P Linetic modeling

O ensr o RSO -
0 0.05 0.1 0.15

[AX] /M ——

No definitive

catalyst

restng st This reaction is kinetically well behaved!*

Blackmond ACIE 2005, 44, 4302 *apart from the change in RDTS at high conversion



Determining absolute rates — a brief introduction to RPKA

1) The “same excess” experiment

Product t
inhibition Cat
/\ no catalvst condinens
\/< = 1/5 ' deactivation
vl
with product additon TR TOF vs. [1] .\\'\ ;/ Rxn 1 1.5

Reaction w
A+B — C
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L # ' " Rxn 2 1 15 05
3 : ‘; Plot s Rew .\-u ._'|l "
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s o Rxn 1 (after formation of 1 1.5 0.5
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INO COlys .
P Reactio experiments?
duferem “excess
viduee 0.025 4
- ] “excess"=0.5M™
; 0.02 4 "o
! " ] reaction 2 &
Plot Flol Plot o
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l l l M min™
e Bl B | X T 0014 \
\\'/ v‘/ — \v/ kinetic modeling ;
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no / \\ 1
e Cso0d) B2
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L 0 025 05 0.75 1 125 15
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resing s This reaction is not kinetically well behaved!

. v . Cat decomp or pdt inhibition are likely occuring
Blackmond ACIE 2005, 44, 4302



Determining absolute rates — a brief introduction to RPKA

Product
inhibition

f yes

catalyst

deactivation
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Blackmond ACIE 2005, 44, 4302; Jacobsen JACS 2020, 142, 6951

1) The “different excess” experiment

Cat

A+B — C

Gray
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at identical [1b] (x-axis) but non-identical [A] the
rates overlay -> the reaction is 0% order in [A]



Determining absolute rates — summary
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-> conceptually simple

-> generally, the experiments are straightforward
(can use aliquots or parallel reactions)

-> requires many experiments/data points
(~25/reagent of interest — this can get really
laborious if you are determining order in multiple
reagents)

-> avoids complications from kinetic misbehavior
(catalyst death and product inhibition should be

minimal within the first 10% of the reaction)

-> blind to kinetic misbehavior



Determining absolute rates — summary
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Initial rates and RPKA are largely
complimentary techniques: which is best
depends on the question(s) you want to ask
and the behavior of your particular system,
however...

RPKA uses data from a full or nearly full reaction
time course (you need at least a few half-lives)

-> conceptually more complicated

-> assay development and experiments can be
challenging (requires in situ monitoring)

-> requires far fewer experiments, and nearly all
of the “cost” is up front in assay development (the
marginal labor involved in determining order in an

additional reagent is low)

-> any kinetic misbehavior that occurs will
confound a “simple” determination of kinetic
orders

-> reveals kinetic misbehavior and allows you to
study it whether you originally knew to look for it
or not



Determining absolute rates — summary
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-> conceptually simple

-> generally, the experiments are straightforward
(can use aliquots or parallel reactions)

-> requires many experiments/data points
(~25/reagent of interest — this can get really
laborious if you are determining order in multiple
reagents)

-> avoids complications from kinetic misbehavior

(catalyst death and product inhibition should be

“ 40 ” % . minimal within the first 10% of the reaction)

Time

-> blind to kinetic misbehavior

If we are going to do kinetics in our lab, we should probably use initial rates

We would likely be asking a targeted question (e.g., what is my catalyst order), not trying to
determine the complete rate law

Our reactions are typically heterogeneous and we know catalyst death is common -> almost
certainly are not kinetically well behaved and likely not amenable to in situ monitoring



Looking behind the curtain

TS-3

Anything after the RDTS is invisible to absolute rate kinetics...

but that doesn’t mean we can’t study them with competition experiments!

SM + Cat

For an excellent review on absolute vs. competition KIE experiments in the context of C-H activation, see:
Hartwig ACIE 2012, 51, 3066



