[ Ready; Catalysis

Kinetics-1

There are only two important things in chemistry, kinetics and thermodynamics.
And, exp(-AG/RT) = k,/k 4, so there’ s really only one thing.

Kinetics provides information about the transition state of a reaction.

We' Il use a simple example to learn the basic tools, then look at more

NaCN + /\l

applications to catalysis.

k
=—> ey

_ d[EtCN] _ -d[NaCN]

k-1
-d[Et]]

rate

dt

18t step: measure change in
concentration over time under known

conditions.

Common techniques:
GC
UV/Vis
NMR
IR
HPLC

dt dt

AG ~ 60 kcal/mol
i.e. k1>>k-1

= = K[NaCNJ[EtI]

Concentration

Crude Data
[Et] = [NaCN]

0.8

*[Et
 [EtCN]

Time

Note: data for EtCN are hypothetical

An aside on reaction deceleration
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Data can be plotted to determine reaction’ s overall order:

Crude Data (0th Order)
[Etl] = [NaCN]
2 oth: -d[AJ/dt = k > [A] = kt
- 1st: -d[Al/dt = K[A] > [A] = exp(kt)
In[A] = kt
£ o[Et]
3 u[EtCN]
8 2nd: _d[A]/dt = k[A]2 > 1/[A] = kt
. (also for K[AI[B] if [A] = [B]
2nd order plot
1st order plot [Etl] = [NaCN]
-0.5 10
g -1.5 E 6
25 2<
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2 common methods to determine order in individual components.

Pseudo 1st-order: one component in huge excess (its concentration ~ constant)
Collect data at various excessive concentrations

Pseudo-first Order
[NaCNJ>>[Etl]=1
1
093 e
0.8 34N &
0.7 kA W *
0.6 <A W * #[NaCNJ=10
m [NaCNJ=25
& 05 <A = * A[NaCNJ=50
X [NaCNJ=100
044X A ® * * [NaCN]=200
034XX A [ ] *
024 XX A ] *
0.1 X X A u *
0
0 0.05 0.1 0.15 0.2 0.25 0.3
time

Note [Etl] =1 > 0, but [NaCN] = 10 = 9 up to 200 > 199
Rate = kINaCNJ[EtI] ~ kINaCNI],[Et] = k. [Etl]
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Pseudo-first Order
[NaCNJ>>[Etl]=1

Pseudo-first Order
[NaCNJ>>[Etl]=1

05

(¢ INaCNI=10

= [NaCNI=25

A INaCNI=50
[NaCNJ=

Lafet)

015

- Ko
¥ = 99,363 - 0.0018

*INaCNI=10
= [NaCNI=25
A[NaCNI=50
* [NaCNJ=100
X [NaCNJ=200

=-24.362¢ - 0.0073

Replot data in 1st order coordinates
Slope of line = K

Plot slope v [NaCN]

Pseudo First-Order

Rxn is 15t order in NaCN!! :
But...is 10-200 equiv NaCN really
representative??

NacN]
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An alternative is the method of ‘initial rates’

Keep one component constant (Etl) and vary the other (NaCN), but keep close

to synthetic conditions

Look at the first 10% of the reaction. Assume concentrations don’ t change
much at low conversion. i.e. v = k[Et]][NaCN] ~ k[EtI],[NaCNly - o 5 10%)

time

Initial Rates
[Etl=1
zoom in
4
0.9 LQ
0.8 AN o
0.7 p<A W * P
¢[NaCN]=0.5
06 <A ®m *  [NaCNJ=1.1
g 05X A ] A[NaCNJ=2
04 1XX A | | x [NaCN]=4
% [NaCN]=8
031 XX A n
021 X X A n
01{ X X A n
0 . . .
0 1 2 3 4 5 6 7
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Initial Rates Initial Rates
INaCNJ-Et=1 1st10%
1 1
oome 099
08
s ¢ 058 y = -0.4553x + 0.9989
0.7 A m * 097 R? = 0.9997
. | [NaCNJ=0.5
06 A ®
_ 4 * aiaci=1i|[ | 0% 1 (NaCNI=1.1
Bospeca = amacni2 || | F oss a(NaCN=2
04 lxx 4 - x[NaCNJ=4 oot XINaONJ=4
XINaCNI=8 X[NaCNJ=8
03{ XX A ] 09
02] x x A ] 092
01] % X a ] 091 ¥= -0.9854x + 0.997
y= 7817+ 0.0987 < -1.8356x + 0.9983
0 ' 05
0 1 2 3 4 5 6 7 0 V03 750+ 0 R 006 008 01 012
time e
Order by Initial Rates NOteS

Need more data points/time for initial rate
Data looks pretty linear for first 10%
Slope of best-fit line is kobs

Kobs = k[NaCN][EtI] and [Etl] was constant

! T " - - +| Again, the rxn is first order in [NaCN]
But...we ignored 90% of the reaction.
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Case Study 1: Bergman, JACS, 1981, 7028

[o]
Migratory insertion @ PR, ©{<

T
]
(0C)sMo—CH, > (°C)2M‘|’

1 PR, CHs
Confusion: Huge solvent effects on rate and (in related systems) stereochemistry

What's the mechanism??

concerted attack/migration mechanism:

) =p

hypothetical curves

i
(OC)chI>/ 30 E—— ‘oc)2M‘|’
\CHs PR; CHs

. R3P rate = k[1][PR;]

.

=
coemere
se*ty

pre-migration mechanism

+ pre-migration

k |
(06) e l°  ————> (0CpMo
G P —
CH; k.q CHs
R3P
kiko[1][PRy] ke

3 T 2 rate =

k2[PR3] + k¢

these equations.
Why not consider an associative
mechanism?

notes: you should be able to derive ©Eo:
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Case Study 1: Bergman, JACS, 1981, 7028

Actual data
g
K O ongLP~cn,
THF 2-MeTHF 3-MeTHF 2,5-Me, THF
10 T T T T
-1 4
8 B
T+ 4
e :
25
.
€5 1
S
<
=] al T
3 4
A
2 4
0 1 | I, L L
o] 02 04 06 08 .0 1.2

[PMePh, ] (M)

Figure 1. Dependence of the pseudo-first-order rate constant Kgug, for
conversion of 1 to 2 in excess PMePh,, upon phosphine concentration in

Rxn in THF and 3-MeTHF look like
superposition of concerted attack and pre-
migration

k1ka[1][PRs]

+ K;3[1][PR:
KlPR] * K s 3[1][PR;]

rate =

Rxn in 2,5 Me,THF only shows concerted attack.

How to explain? Solvent assistance.
=y

=

—_— (OC)2M<I>

OC),M
(0C), 0\} < oH
CH; k.4 S 3
S @g
kz
_ _kiko[1][PR;][S] L
rate= ——=———

k2[PR3] + k.4

but [S] is constant, so
kinetically invisible

=y

(OC)zM%%

PR; CHs

the following solvents: (@) THF; (m) 3-MeTHF; (A) 2-MeTHF; (¢)

2,5-Me,THF.
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Case Study 1: Bergman, JACS, 1981, 7028

< g

CO k |
(OC)ZMo/} ™M s (OC),Mo
New, CH
CH;3 k4 S 3
S q.g
k2
_ _kiko[11[PR;][S] l
rate =

k2[PR3] + k.4

but [S] is constant, so
kinetically invisible

<

(OC)zMé%

PR; CHs

Mechanism predicts 15t order dependence on THF.
Do expt in 2,5-Me, THF, add THF (note only minor
change in dipole

(s™h

10% k|

o) I ! i
0 3 6 9 12

[THF] (M)

Figure 2, Dependence upon [THF] of k; for reaction of 1 with PMePh,,
determined in studies using 0.01 M 1 and varying excess concentrations
of phosphine in THF/2,5-Me,THF mixtures.
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Case Study 2: Corey, JACS, 1996, 319

OH
cat. 0sO4-1
KsFe(CN)g OH
96% ee
v (Msec!)
OMe OMe 11107
N ]
9" H ‘,N 9.0 10°%] -
% @ N 8.0 1075 *
A Wadih
Q 7.0 1075 .
\ 1 6.0 1075 °
50 1057 o
Previous work (JACS 1993, 12226)  * '"4,,_,,0 005 oro ors 020
had shown 15t order in OsO4-L, zero IStyrenel,

order in Fe(lll)
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Case Study 2: Corey, JACS, 1996, 319

2Fe(l) olefin
L*0sO0y
2Fe(lll) fast \h
. . Proposed structure of L*OsO,
L*0s0; L*0s0,(olefin) (olefin) for allyl benzoate
fast
& J‘cal OMe
o
ol )
2w\ © . N
o a

_ _kcatK[Os]r[olefin]_ kc[Os]rlolefin]
~ 1+ K[olefin] K + [olefin]

OMe O
NY o 0'\
| H/‘}E;-:’:_., H L)
\ N=N N
<z io—U—o BN
i
N

These are saturation kinetics!!. Same
as many enzymes and Lewis-Acid
cat Rxns
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Case Study 2: Corey, JACS, 1996, 319

Binding appears correlated to selectivity in asymmetric dihydroxylation
Poor correlation between rate and selectivity

Table 1. Compazison of the Michasliz—Menten parameters K.
and Vi and Observed Enantioselectivity in the Catalytic
Asynmetic Diliydroxylation of Olefins®

o oy R [T
P
s @Jxﬁ G emm e e
Wt
Fl T7s a0 seawt

o

o emm et e

o saM LR o
¥ o 0aaM et w
€ Gt R el cdmi amanr ot
T Me w
e
R PR T
COMs

DHADPYRZ-SMa tagemd (13)

BT Wi 06 MM (H00EPYDZ ligand a0 025 M

#Unless otherwise ndicatad, all reactions wera perfarmed at 0 °C
in 11 rerr-buty] aleokol—water wing the (DEQD)PYDEZ ligand (1
mM) and K;0:04-2H;0 (0.5 mM

120

100 k3

80 -

ee

60

40 g

20

0.2 0.3 0.5 0.6

Km

A odm Chaw Sov 1904, 118, 3118325

Kinetic Irvestigations Provide Additional Evidence That an
Enzyme-like Binding Pockst Is Crucial for High
Epantreselectiviny in the Bis-Ciuxchons Alkakmd Caralyzed
Asymmetric Thhydronylation of Olefins

E. I Corey™ aied Mark C. New
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Case Study 3:

The reaction

—N. N=
e
Bu 0"} o
By

Y.
) + T™sN,

Jacobsen, JACS, 1996, 10924

S

Bu

B 1a:X=Cl Y.
@mol%)  1b:X=Ng

Et,0 or TBME

_ @
™SO Np

Y = CHy , CHR, CHy-CHy,
CH=CH, N-R, 0, C=0

The data:

83-98% ee

0.004

0.002
[1bF (M?)

0.000 0.001 0.003
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Case Study 3: Jacobsen, JACS, 1996, 10924

Rate = k[(salen)Cr]{[epoxide] '[Azide]®

2 Cr’ s involved in RDS Epoxide inhibits rxn!!  Azide either (a) involved
after RDS or (b) present
N3 in ground state
R
/\/N3 [o]
Ho JAN o
. VAN
2/\
HN3
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Case Study 4: Jacobsen, JACS 1999, 6086 and unpublished work
. OH
The rxn: oo @D BRI LN e T
2 1: Nu=OAr
(RR)-3a: M =Co
(R.R)-Sbf Co(OAc]

XH20)
(R.R)-3¢: M = Co[OC(CF3)gl(H0)
(RR)-3d: M = Co(OAr)(HOA)
[AOH = 3,5-CgHgF,OH)

Rate = k. [Co]?

log log plot

y =2.0577x + 3.8479
R? =0.9947

log[initial rate]

log[Co]

V = kA"
log(V) = log(k[A]") = n*log(K[A])




[ Ready; Catalysis

Kinetics-15

Case Study 4: Jacobsen, JACS 1999, 6086 and unpublished work

Epoxide Order

ArOH order

*

0.00006

0.00005

0.00004

0.00003

initial rate

000002 .

000001 *

[epoxide]

0

0 05 1 15 2

Saturation kinetics with epoxide

[ArOH]

Inhibition by PhOH
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Case Study 4: Jacobsen, JACS 1999, 6086 and unpublished work

OPh
HO/\/
2 PhOH
PhO (o] PhO

OPh
2

[o}
HOPh
d

\ HOPh
L PhO— (o} PhO L
% ﬂ

L = epox or PhOH

rate = kgy[Col2[Epox]
Kd[ArOH]+[Epox]
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Case Study 5: Stahl, JACS 2002, 766

The rxn M“O\@\OH 5% Pd{OAC], Oz MQO@\O
- 2
OMe DMSO0, 80 °C ows

1

The data: DMSO critical, but is not reduced (O2 required) or oxidized (no
dimethyl sulfone is formed)

2 formed:O, consumed = 2 (O, is a 4 e- oxidant here)

Under the rxn conditions, disproportionation observed (sometimes referred to
as ‘catalase activity’ )

Pd]
M0 —0 L Ho4120; ®)

Pd black (precipitated Pd metal) observed during course of reaction

l Ready; Catalysis Kinetics-18

Case Study 5: Stahl, JACS 2002, 766

o
Q
5]

0.035

AL D) 3
§o.ms T, o028 |
hid 4 i | g
£ o001 . ooy
= 0.014; /4
£ 0.005 . i1
© i 0.007 #
obe

. of -
0 200 400 600 800 1000 0 005 01 015 02 025
PO, (torr) [Pd] (M)

Also: Pd black correlates with rate decrease
Rate independent of [ROH]

Conclude oxidation of Pd is rate limiting

Predicts rate = k[O2][Pd] (i.e. linear increase in rate with [Pd])

Propose catalyst decomposition is time-dependent. Decomposition is
bimolecular; more pronounced at higher [Pd]

Described by k.. competitive with k

Eq 7 models data in trace B

d (pO2) [Pdlo
at

= KeallPd]; POz [Pd]; = 1+ [Pdlolksec)

(7)

10
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Case Study 5: Stahl, JACS 2002, 766

820 e
800 M i 1
Integrated form models A\ (PO2)i= (PO2)o (1 + kgec [Pdllyt) e
experimental data 780 F N 1
(gi" 760 ‘\% k,=125x10°M"s"
740 u‘f*‘ﬁc- K. =17x10%2M"s"
0 S
t ) -.O.:Kw'»‘*,.’f;\j
680 t—— ‘ : =
Proposed mechanism 0 2000 400(_) 6000 8000 110
Time (s)
HoOp -. 7 HeO2 LaPd(ll)
¥ RCH20H
; 2H*
palladiumf (0]
catalyzed | LPdl C|J fast
RCHO
2H,0 = > Oy L,Pd(0) +2H
kdec l -nL
[P(0)Im
l Ready; Catalysis Kinetics-20
Case Study 6: Foa et al., J. Chem Soc. Dalton, 1975, 2572.
The rxn
Cl .
N N NiCI(PPhs),
|/ _ +  Ni(PPh3), @/
] N
R
The data
1st order in [ArCl] non-linear inhibition by PPh3
120 80
R? =0.9946 75 *
100
70
E 80 S s
A ’8 60
é o QS s .
50
20 5 * *
0 40
[ 0.2 04 06 0.8 1 12 14 0 0.05 0.1 0.15 02 0.25 0.3 0.35 04
[ArCl] [PPh3]

11
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Case Study 6: Foa et al., J. Chem Soc. Dalton, 1975, 2572.

Proposed mechanism I

Ni(PPh3)y —=—== Ni(PPh3);* PPh; K'>10 .
Ni(PPhs)s Ni(PPhs)p+ PPhy  K<10° 10
i"a 3,
Ni(PPhs);+ ArCl —Ki o (PPhy),NiAr(X) + PPh; £ ey
=° 3
Ni(PPhs), + ArCl K25 (PPhj),NiAr(X) 2, <,
2 L
_ K[PPhs] + koK .. _ .
Rate= alFrnsl* KoR = KodIN
ate [PPha] [Nily[ArCI] obs[Nilr o Lotk Eetedl
[PPh,] /M
. kobs k 1 [PPh 3] + sz Fxﬁun'n 2 Plot of 2’ against {PPhy] i‘n ?e.n)fcggdagn }gic;gogl:
~ [ArCH) [PPhj] beosns ()
k'[PPh3] = k[PPh3] + koK For p-Cl,Ph:
k;=1x104
plot K'[PPhs] vs. [PPhy] Kk, =1.1x 10
k, ~ 10

So Ni[PPh,], 105 more reactive than Ni

[PPhs],, but much less prevalent

Ready; Catalysis Kinetics-case study 7

Coates, JACS, 2007, 4948

[Co(CO)4

R 1(0.1-2 mol%), CO (850 psi),
90 °C, dioxane

b

R O
R R'
High yields for terminal and internal epoxides; stereospecific: Ar = 4-Cl phenyl
anhydride yield (%) ee (%) entry epoxide epoxide/1 anhydride yield (%)? trans:cis®
O (o}
o] (o]
[¢] o 74
(S)7 Od 97 97 1 /Q\ 100 Q( S 95 1:20
40 N %
o ° 2 O 200 C o 0
(Sy7 Od 99 >99 B 42\ ‘ V 43 99 >100:1
o’ 40\/ 0=0~0
(RF11 J % % 3G 75 éj 45 9 >100:1
(o] P > “ o
(o] (o] 0.
[e] = + (o] (o]
= 100 99 100: 1
(sy21 o%\j‘, o b 96 97090 : L\("’; * 47 g
- 46 [

4

12
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Coates, JACS, 2007, 4948 [Co(CO)aI" O
1 (0.1-2 mol%), CO (850 psi) O (0] oy
R‘ L 0), y d
/W/ 90 °C, dioxane o o = AN T
R O : N Ar
R R R R o)
Ar
Unusual kinetics observed: P-lactone Q !
Ar = 4-Cl phenyl
03
stage stage o
N 2 0 o
A n >
gos o2 rate, « [1]'
: i ‘ .
5086 2 *
8 £
§ 04 E 01 Q, 0.
02
rate, « [1]'
° 00
0 0 1 2 3 4 5
Time (min) Catalyst Concentration (mmolL)
Anhydride formation displays induction period; no anhydride formed until epoxide consumed.
Independent rxns similar in rate; show first order dependence on catalyst.
Ready; Catalysis Kinetics-case study 7 ]
R 1(0.1-2 mol%), CO (850 psi), o] o. o) o)
~ 90 °C, dioxane o v
= o
R O <
R R' R R'
B-lactone
! o} 3 ~
0 toK A e
Ao.s ‘/—\\ 5 0, o 090 .
g2os 2 A
2 3
Los rate, « [POJ° 5
0z 1 rate, « [BBL]'
0
0 1 2 3 4 & °
Time (sec*10%) [ 5 10 15 20
Time (sec*10™)
1
9 Cﬁ_ok Rate (lactone) = klepox]°[CO]°[catalyst]'[Solvent]'
08 ~ Rate (anhydride) = k[lactone]'[CO]°[catalyst]'[Solvent]!
g rate, « [THF]'
Sos
g
g 04 O\LOK O{to Epoxide (and solvent) inhibit lactone = anhydride
02
rate, « [THF]"!
)

0 3 6 9 12 Coates, JACS, 2007, 4948

[THF] in DMTHF (molL)

13
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Scheme 2. Proposed Catalytic Cycle of Double Carbonylation

LA,

AlL
0 0O
(CO),Co k \ 1
(CO)4Co” ] R'
S / a R
. s | RDS,
(LA Stage 1 i

[Co(CO)4] /o LS o |00(c0)1

,ﬂ\ /

Resting state,
[L(S)AN [CO(CO)4]

Resting state in presence of epoxide (no open LA sites)

Scheme 3. Proposed Rate-Determining Step of Propylene Oxide
Carbonylation (RDS1)
~ ~

N N NN ol
AN Q RDS, (N ;\J/

s l/m o, - Co(CO)s 51 )AK-T»O -
N N /_/ Vi Co(CO),
A Ay

S = Lewis basic solvent

no epoxide
O= { ¥ o
Scheme 4. Proposed Rate-Determining Step of f-Butyrolactone
Carbonylation (RDS2)
‘N\ N +BBL \
-S RDS,
Stage 2 (LSHA® O \/N!] © »B—Bl ’IN }IK\A\/ s -
‘ e ICo(com W Wi -csco
LAl )L i «_-Co(CO) [ ) h
~0 r 4 -S/ RDS, n N
R O . NN O
o" R (A7) /K/L
LA )-1 ! ‘1 Al-1O’ Co(CO),
) 07 Y~ "Co(CO) .NI i
co R N
S = Lewis basic solvent
$ = Lewis basic solvent, substrate, or product
Coates, JACS, 2007, 4948
l Ready; Catalysis Kinetics-Van’ t Hoff
Recall: AG = -RT*In(K) and AG = AH -TAS

Merging and rearranging gives the Van’ t Hoff Equation: In(K) = (-AH/R)(1/T) + (AS/R)

- Ln(K) vs. 1/T gives AH and AS

040071y =4.99x10°% - 13.7 .
4AH=-10.0£ 08 kealimol .
02007 \g= 27 +4 eu A
] >
0.0001] p
= B e
!D ] -
£ -0.200 )
] gt
-0.400] ,®
. 7
-0.600 7 .
] *
] s
-0.800

000260 000270  0.00280
1T

2 mol% '‘BuXantphosPd(OTf), |

Ph X
. A 80°C,24h =~ oNepn
HNMePh 2 mol% CpPd(n>-allyl) Ph

2 mol% ‘BuXantphos
2 mol% HOTf

n.b. increasing temperature
decreases contribution of AH

Hartwig, JACS, 2006, 9306

14
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The Eyring equation: determination of AH* and AS*

k _  AH 1 ks ast
In7 'T?+InT+T
— —————

y = m=x X + b

Self exchange reaction

NO, NO, NO.

N<pg— N<pg—
(OI :rl .
X X X X

;’:ﬁ:fee ezn (ﬁg;ggg;nxr:l:adnlztxegs for Degenerate Olefin Exchange : ' ' .’ :zgfa ;
entry olefin [emeKr?nge “?5 ‘?:‘! ikc;-“r‘rfm\}" éff — 0 ——nsCH3 N
1 nscF 749 73 —24 t_: E nsOCH3
2 1185 492 88 —-30 o
3 nscih 284 72 -24 3
4 ns0CH; 257 82 27 = -1
]
< E
© e . [=
Supports associative mechanism = 2
(usually associative approx -30eu E
Dissociative +10-20eu) 3 ) ) . ‘
0.0034 0.0036 0.0038 0.004 0.0042
Stahl, JACS, 2004, 14832 1T (K'1)
Ready; Catalysis Kinetics-Erying Equation
7 MNiPR
N—N Fiv or &4 <My MPR
CoTa? CpaTa”
LA solution: 50 - BY *C \C-H
CHy  or solid slate: 105 °C 3
Potential mechanisms: oy A e 3544 Realimel
ASz = «0.66 cal/mol K
(a) N -12.5
/N\ /N\ N¢ T 13 S
N Ta NTs RN ’
PhN’ L Nph—o PhN/) \NPH PnN\ NPh 105 ——y = 23429 + -12804x R=;0,90088
‘l’a\ N/ \Tn\f\/N/ Ta B N
WS N N 3 N
N¢ % 145
® _ . - 15 -
a a
.II).. ﬂ “ 158
N N
( NN —_ or — ./ 18
pn\ /N PH’ N¢N ~
N -16.5
. 0.0028 0.00285 0.0020 000205 0.008 0.00308 0.0031
uT
(°’ Th i Pn T" Small entropy of activation inconsistent
Ny ,l, a with mechanism a. (Labeling studies
o N ) T /N TN ruled out mechanism b).
W A 4
L Bergman, 1995, 6382




[ Ready; Catalysis Kinetics-Erying Equation
Use in asymmetric catalysis
R R
Ar, R Ar Ar, R / (
= R S8 =N, /N_
H H 5/ o2 H Mo
. Pl g H x— N—o"| o X
o ? — c
FE S Y
»
Coyjz, N,
Y lapse  af M H 2a-g: R=Ph
Y 3a-e: RR=-(CHp)s
80 In(e.r) = (AAH/R)(1/T) — AASH/R
.’:;3 AAH* = AHimmor - AHimajor
§ AASH = AS:tmlnor major
3 604
s Table 2. Relative Actication Parameters for the Formation of
k] _T’J,_A——r——"—’*’ﬂ’—— Indene Oxide Enantiomers Catalyzed by Complexes 2a—c. e—g
k=3
b AAH AAS®
5 40 = R ] enfry  catalyst substituent  (kcalmeol™')  (cal mol™' K1)
£ O Ceystzg A Camyst2e ,1‘ 35 g;‘gpl)‘ :g g?' ‘i 85;
© Catalyst2a ;] Catalyst 21 3 b CH: + 290 +£021
20] o comm o oo Con o o e
M 6 e NO» —0.32‘ +0.02 250£0.10
00 : . ‘ Biggest change in selectivity with temperature
35 40 45 50 55 when AAH* dominates.
T (107K Note with 2e, ee decrease with decreasing T
Figure 8. Eyring plots for the epoxidation of indene with catalysts
e and 2eg Jacobsen, JACS, 1998, 948.
l Ready; Catalysis Kinetics

Practice problem: oxidative addition of ArX to Pd(0). Hartwig, JACS, 2005, 6944
Kinetics studied for ArCl, ArBr and Arl

Your job: derive rate laws for each path; determine which one(s) is(are) consistent with data.

Scheme 1. Possible Mechanisms and Rate Expressions for the
Oxidative Addition of ArX to 2

Path A L F'd (ArX)
ArX ks rate = kas| PdL2]
ki / /mn B \

koA A X ke An X 1,2“;‘,,‘,»_2 w/ PhBr: rate = [ArBr]°[L]°

Pathe ' % L Ll Small AS¥; same rate with sub. ArBr’ s
Path o r L= Q-phos-tol
Pm E \ LPd + L Q-phos-CF3
= P(tBu)
Fe
Ar Ar 0 .
Ar A Lineweaver-Burk Plot’
Ar /
Ar=4-CH3CgH.
4-CF§C:H: w/ArClI

15 3 o 1 ] 5 :I Df‘l':i D IM

(Fird] M) [2-phos-io] M) Flgure 2. Plon of 1 L.z. vi LERCT) ()Q-plas—nal) = 008 M) and 1k
Figure 1. Plots of ka. va [Phi] sad ba, v [Q-phos-tol] ([PHI] < 09580 & [Q-phors—tol] ([PRCT] = & 56 M) for the cxsdative addition of PRCI o
fior the cosdanive addetions of PR 10 2 m 30 °C i THF 1w 6 °C in THF
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[ Ready; Catalysis Kinetics

Hartwig, Science, 307, 2005, 1082
Determine the mechanism for oxidative addition of ammonia to Ir(l) olefin complex
CT’BH;__/’ :::nylyl ﬁ:izog (;TTB:;

=y ———— Ir: +
<, T+ NHR o emperature { | "NHR
PBu, \_FBu,

NN

@ ::mxym_ 33 NHg.28 €
Scheme 4.
P8y /P8
|r’:2 NS n‘“:‘) Path A Data:
~N /7 INH, :
o Gl G Rxn with l\_lD3 _shovx_/ed no D
s B e 5 incorporation into ligand
&
- C TIEUZ NHy
/" PBu, r=H —— 5 Path B
O ka | ke
-t P8,
<»J P, s X NHs ¢
b PN </‘F“’BUz .
Sk %"\;;Hs ;2 - 5 Pamc
(NS PBu,
/" PBu,
4 | NH,
I 5 Path D
| ke
\-PBu,
-1
610" .
5107 | h
& 4107 | h
o ]
x 1 .|
» 310 y=m1+m2*M0
xé Value Error
= 2107 m1 0.0632952 0.0351566
m2 0.22755 0.0283778
110" Chisa | 00465578 NA
R 0.865407 NA
010° 1 1 L 1 :]
0.00 0.50 1.00 1.50 2.00 2.50

[pentene]/[ammonia]

Figure S2. Plot of ke for the oxidative addition of ammonia and the ratio of the concentrations
of pentene and ammonia that includes all data points.
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