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Introduction

Scheme 1. Proposed Mechanism for Pd-Catalyzad Acetoxylation of 2-FPhenylpyridine

il i C-0 Bond-Formin
= ,f;t(‘éii I)] - ?Ac/ Reductive Elimination
1 T ~Pd = N\
N 80 °C, AcOH | — [Pd"] N
4 AcO

Prop-osed Intermedi-ate (A)



—— Carboxylate ligands

* allow study of C—O couplin
« introduce by oxidation with Phl{O,CR).

Cyclometalated N~C ligands

« stabilize Pd" (rigid and electron donating)
* minimize C—C coupling

Scheme 2. Design of Complex B for Study of C—0 Bond-Forming Reductive Elimination from Pad™



Scheme 3. Oxidation of (Phpy):Pd" (1) with Phl{OAc):

PhI(OAC),
— Phl

(2, 93%)



X-Ray Structure of Complex 2
' P 02 , @'O‘A
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Figure 1. ORTEP structure of (Phpy).Pd™V(0OAc), (2).



Scheme 4. Possible Organic Products of Reductive Elimination
from 2




Scheme 5. Reductive Elimination from (Phpy).Pd"(OAc). (2)

80 °C
30 min

"pgll’
MeCN O_Q /

(3, 95% (5, 98%)

QUESTION:
How many electrons are in the Pd |l complexes?
How many electrons are in the Pd IV complexes?



Mechanism A: [ s
lonic O,CR
+RCO,™ | ()
r — Q\Pdlv\ T N O
‘ - RCO;" =] — [Pd']
- N

Mechanism B:

Concerted _ N C-0,CR
— [Pd']
O2CR
‘ 02CR
- = — N C-O,CR
Mechanism C: |j ~[Pd]
Chelate Dissociation

Scheme 6. Possible Mechanisms for C—0O Bond-Forming
Reductive Elimination from |



7\

1. n-Buli . PhI(O,CR),
2. 0.5 equiv — Phl
Br (EtzS)2Pd"(CI);
(6)
R complex yield R complex yield
CgH1g 7 78% p-CICgH, 13 78%
p-MeOCgH, 8 83% p-BrCgHy 14 82%
p-MeCgH, 9 88% p-AcCeH, 15 80%
CeHs L 90% | p-CFgCqHy 16 74%
p-PhOCgH, L 83% p-CNCgH, 17 94%
p-FCgH,4 12 93% p-NO,CgH, 18 85%

Scheme 7. General Synthetic Route to (Phpy):Pd"(0:CR)



R =CgHyg

Scheme 8. Potential Products of Carboxylate Exchange Reaction



OAc
—
N, | .. 10:CCaH s
PdY

AgO,CCgH1qg
- AgCl ,L
g
X
(19)

Scheme 9. Independent Synthesis of Complex 19 and ORTEP Picture of 19



N BU4(0 AC'ds)

Electrospray MS: 473.0

(2a-d3)

473.0

Only product observed

(2b-d3)
476.0

All independently synthesized

Scheme 10. Electrospray MS Data for Reaction between 2 and NBu,(OAc-d,)



O,CAr 5 equiv [BuyNOACc]

e
l /N,'Pélv‘\OZCAr 60 °C
| CDClzorDMSO _ / \ 7\
N - [Pd"] =N + \=N
T ArCO, AcO
N [Ar = p-MeOCgH,]
(8) (22, >95%) (3, <5%)

Scheme 11. Original Crossover Experiment from Ref 12



OAc-d; 5 equiv [BuyNOAC]

I —
—N. 'P(LW‘ \OAC-dg, 60 °C
| CDClz or DMSO _ 72B\ 7\
N ~[Pd" =N + \=N
| OAc-d; AcO
NS
(2-dg) (3-d, >94%) (3, <6%)

Scheme 12. AcO/AcO-d, Crossover Experiment



’ | ~OAc
Pclll
N
|
(2b-d)

60 °C
CDClzorDMSO 7/ \ 7 N
~[Pd'] =N * =N

OAc-d; AcO

(3-d3, >95%) (3, <5%)

Scheme 13. Selectivity of C—0 Bond-Forming Reductive
Elimination from 2b-d,



Table 1. Effect of Solvent on the Rate of Reductive Elimination

from 7
0O-CR
_N.,, | - B.GR Kol
—N., v
PdY 2 85°C . /N
+
solvent =N
H o]
(with 5% v/v CsDsN) RCO,
(R = CgHyo) (23)
entry solvent £ [
1 acetone-dg 21 1.0 =11
2 CsDs 2.3 1.0 = 0.1
3 chlorobenzene-ds 5.6 1.0 =0.1
4 DMSO-dy 47 20=03
5 CDCl; 4.8 23+0.2
6 CD;CN 3K 24 +0.1

nitrobenzene-ds 36 3.1 =03




Table 2. Effect of Solvent on the Rate of Carboxylate Exchange

from 7
O,CR Krel 0,CR
S ; —
N., ! ,O2CR 1 equiv BuN(OAc) o OAC
Pd _38 °C d
N solvent
]
X (R = CgHyqg)
(7)
EI“'["j.f solvent E Ft’r;
] toluene-ds 2.4 <().1
2 acetone-dg 21 1.0 = 0.1
3 CD;CN 38 20+02
4 CDCl;4 4.8 19 + 1




Entropy of Activation

A With Mechanism A there should be large negative values
of &S of the transition st a

Mechanism A
lonic

+ RCOZ—.
‘ —RCO,

N C-O,CR

—[Pd"]

ABUTforC-O Reductive Eliminati or
state is much less negative

AForC-O carboxyl ate exchange @a&¢
IS much less negative and close to C-O reductive
el i mination &S values



Table 3. Effect of AcOH on C—0 Bond-Forming Reductive
Elimination and Carboxylate Exchange at 7

krel
Krel 0,CR 2.0 equiv AcOH ?2C2A
7\ 2.0 equiv AcOH 1 equiv BugN(OAc) ~FNrip v
- ~
= - [Pd") |
N
RCO, R = CgH1g R = CgHyg 5 |
(23) N
(20)
entry acid ke C—0 coupling Ky exchange
1 none 1.0 + 0.0° 1.0 £+ 0.0°
2 HOAc 3.6 +0.2¢ 4.5 +0.5"

240 °C in acetone-dg. ” =35 °C in acetone-d;.



/

Table 4. Effect of AgOTf on C—0O Bond-Forming Reductive
Elimination and Carboxylate Exchange at 7

krel
Kee 0.3 equiv AgOTf CI’ZC';AC
\ 0.3 equiv AgOTf 1 equiv BuyN(OAc) ~FNrp v
— [Pd"] ) |
N
B R = CgHyg R = CgHyg il
(23) 3§
(20)
entry acid ke C—0 coupling ke €Xchange
I none 1.0 = 0.2° 1.0 £0.1°
2 AgOT] 16 & 0.8° 8.7 = 0.0°

“23 °C in CDCls. ”* =53 °C in CDCls.



Carboxylate Electronic Effects on 8-18
OQCAT

S
, 'Pcli'V\ O,CAr 60°C  _ @@ N ,,,'Pd"\\OzCAr
| - O/CD?I% with =N SN CeDs
/N o VIV CsDsN ArCO,
N | (22, 25-34) (35-45)
(8-18)
R complex yield R complex yield
CgHig 7 78% p-CIC¢H,4 13 78%
p-MeOCgH, 8 83% p-BrCgH,4 14 82%
p-MeCgH, 9 88% p-AcCgH, 15 80%
CeHs 10 90% p-CFaCgH, 16 74%
p-PhOCgH, 11 83% p-CNCgH,4 17 94%
p-FCgH4 12 93% p-NO,CgH, 18 85%




y = -1.3644x - 0.1008
0.8 R? = 0.9464
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Figure 2. Hammett plot for C—0O bond-forming reductive elimination from

8—18.



0.CR Pea] 0,cR 1+ [ P2

CNHP; -0,CR 4 RCO,” CNHPclj,V 7

"¢, | Tpan N C-O,CR

—RCO,~ — [Pal'l
NJ N

¥

Figure 3. Values of p for each step of mechanism A.



Arylpyridine Electronic Effects

9 OzCAr
| A
N. 'PdIV‘ gt 60 °C o / \
| CDClywith  \—=p
X N | o 5% Vi CsDeN ACO,
(15,46-50)
Compound kes (5™ % 10F)
*ONe (46) -3
Me (47) 481
H (15) 20.0
F (48) 3.64
Cl (49) 369
*CF; (300 ~320°

“ These values of k. are approximate, as samples of 46 and 50 were
contaminated with ~10% of inseparable impurities.

(42, 57-61)



Figure 4. Eftect of ligand rigidity on C—0 bond-forming reductive elimination.

O,CAr O,CAr O,CAr
’ | : 1OECAI' : I . ‘02 CAr " | . iOECAr

PdY Pl P
| | [Ar = p—C Fs‘C{O)CEHd_]
N N

S g

XN 1

(62) (63)

Increasing Rigidity



Table 6. Rate of C—0 Bond-Forming Reductive Elimination as a
Function of Ligand Rigidity

OQCAF Fe SN

| 4 A

HO,CAr 50 °C

‘P4 > 7 \
CDCl; with _
5 0/0 C5D5N AI'CO
— [Pd'] :

[Ar = p-CF3C(O)CeHy)

entry complex Ko
1 62 1.9
2 63 .0
3 64 ~(), 1%

“The slow reaction rate along with competing C—C bond-formation



Summary of Mechanistic Data for C-O
Reductive Elimination




Scheme 15. Competing C—0 and C—C Bond-Forming Reductive
Elimination from 64

O,CAr
Dy | .O,CAr 50 °C O

g U2 9

Pq'Y - 7 \ Q .
CDCl; with _
5 % CsDgN ArcO,
— [Pd"]

(65, 24%) (66, 76%)

[Ar = p-CF3C(0)CgHyl



Table 7. Effect of Solvent on the Product Ratio of Reductive
Elimination from 67

~, 92CCqH1g —
N., IN1~02009H19 so'ven O
Pd 80°C /7 N\ Q "

_ [Pd“] —

CgH419CO»
68
entry solvent ratio 66:68 ke for C—0O coupling from 7
] CH:CN 0.2:1 2.4
2 CHCl, 0.77:1 2.3
3 nitrobenzene 2.2:1 3.1
4 DMSO 3.3:1 2.0
5 acetone 13:1 1.0
6 benzene >20:1 1.0




Table 8. Effect of Acidic Additives on the Product Ratio of
Reductive Elimination from 67

additive

80°C Ch/ Q
acetone —

— [Pd"] CgH19CO,

(68)

+

(66)
entry additive ratio 66:68
1 none 13:1
2 AcOH (5.0 equiv) 3.6:1

3 AgOTf (0.1 equiv) (101




Table 9. Solvent Effects on Product Distribution of Reductive
Elimination from Complex 69

O02CCoF 19 solvent

| \0,CCyF19 80 °C

@
-[Pd]  \=
CoF19CO,
(69) 7o) (66)
entry solvent organic product
l pyridine-ds ho
2 acetone-ds 66
3 DMSO-dy 6o
4 CD;CXN 6o




Table 10. Effect of NBu,(O.CCgH,5) on the Product Distribution of
Reductive Elimination from 67

O,CCgH14g
| llv“OZCCQH”
Pd Additive / O
CH3CN - Q
80 °C

CgH19CO;
— [Pd'
(67) (68)
entry additive ratio 66:68
none 0.2:1
:”‘:EUJI:E}E':C-;HH) 2:1
0.2:1

l
2
3 xHUqFFg




Scheme 16. Proposed Mechanisms for C—C and C-0
Bond-Forming Reductive Elimination from (N~C)zPd"{0:CR):

Mechanism A

===

e

— [Pd"]

~

O,CR*
|

\%
Pd'{_

N

- [Pd"]l

N

C-O,CR



Tuning of Mechanism A

A C-C predominates
I Added carboxylate
I Solvents like acetone and benzene
I EWG carboxylate ligands
A C-O predominates
I Solvents like acetonitrile or chloroform
I Acid additives
I EDG carboxylate ligands



Scheme 17. Effect of AgBF, on the Product Distribution of Reductive Elimination from 71

F T *BF4
"o ()
80 °C 80 °C 78\ Q F
acetone acetone ==
- AgCl - [deI] AcO
— - with AgBF, : >95%° <5% (not observed)

w/o AgBF . ratio=1 : 0.21



Scheme 18. Rational Design of Conditions To Achieve C—=C
Bond-Forming Reductive Elimination from (Phpy).Pd™{O.CAr);

Complexes
O,CAr
- | ~O5CAr . —

PdlV 5 equiv NBu,(O,CAr) )

& DMSO N
. | 80 °C ArCO,

_pdll

« [Pd"] (32)
(16) [Ar = p-CF3CgH,]

Ratio: 16 1



Conclusions

A First detailed mechanistic studies of C-O bond
forming reductive elimination from Pd(lV) centers

A C-O follows an ionic mechanism, while C-C
follows a concerted mechanism

A Ratio of organic products can be controlled by the
tuning of ancillary ligands and reaction conditions

A Current efforts: design and optimize new Pd(II/IV)-
catalyzed reactions to form C-O and C-C products



