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The electronic properties of reactive and ancillary ligands have a large impact on the rate and scope of reductive
elimination reactions. The purpose of this review is to compare and discuss published data on the effect of ligand
electronic properties on the rates and scope of reductive eliminations from palladium(ll). An understanding of these
effects is important because reductive elimination from palladium(ll) is the product-forming step of a variety of
catalytic processes. The scope of this review will encompass the effect of the electron-donating abilities of alkyl,
aryl, amido, alkoxo, thiolato, and phosphido groups on the rate of reductive elimination, the relative importance of
inductive and resonance effects on the rate of reductive elimination, the relative sensitivity of the different classes
of reductive eliminations to electronic perturbations, and the effect of the differences in electronic properties between
the two aryl groups of biaryl complexes undergoing reductive elimination. In addition, this review will include the
effects of electronic properties of the ancillary ligands on the rate of reductive eliminations from palladium(ll). The
effect of the overall electron-donating ability of ancillary ligands and the effect of the relative orientation of ancillary
ligands to the two reactive ligands on the rate of reductive elimination will be discussed. Where appropriate, electronic
effects on reductive elimination from complexes of other metals are described.

A. Introduction Reductive elimination (eq 1) is responsible for the forma-

Palladium-catalyzed cross-coupling reactions have become!'O" of the new bond in the product of these catalytic coupling

some of the most-utilized transition-metal-catalyzed reactions processes. This reaction involves the coupling of two

in organic synthesis. In 1972 Kumada et ahd Corriu and reductive
Massé independently reported transition-metal-catalyzed L elimination LM+ A—B W
coupling to form C-C bonds. In the past decade, efforts to ) \B oxidative "

addition

develop new catalysts and procedures to couple aromatic and
aliphatic electrophiles with increased scope, faster rates, and ) )
longer catalyst lifetimes have grown more intense. In addition covalent ligands and the formal reduction by 2 of the
to cross-coupling reactions that form—C bonds, cross- oxidation state of the metal. In many cases, the scope of
coupling reactions that form €N, C-0O, C-S, and C-P (5) Hartwig, J. FAcc. Chem. Red.998 31, 852

bonds with aromatic electrophiles have been develdged. (s) wolfe, J. P.; Wagaw, S.; Marcoux, J.-F.; Buchwald, SAtc. Chem.

Reactions that form arylamirfed® are the most synthetically . Eeﬁ;ll%%A 3J1,_8805- G R Foubister. A Tetrahedronl699 55
valuable of these processes. ) Tragg [ Brown, G, R.; Foubister, A. Jetrahedro 955,
(8) Kingsbury, C. L.; Mehrman, S. J.; Takacs, J. Gurr. Org. Chem.
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Electronic Effects on Reductie Elimination

cross-coupling is controlled by the rate and scope of the Recent primary literature has shown that the steric effect on
reductive elimination process. For example, palladium- reductive elimination can be largeé!” and some of this
catalyzed couplings to form €N and C-O bonds were literature is used later in this review to make comparisons
challenging to develop because palladium amido and pal-between the magnitude of steric and electronic effects on
ladium alkoxo complexes were reluctant to undergo reductive the rates of reductive elimination.
elimination® However, the recent direct observation of these  During the past decade, data on the factors that control
reductive eliminations, and the development of a body of reductive elimination from complexes of other metals have
catalytic chemistry based on them, makes it clear that also been obtain€d!°First, the effects of the overall electron
reductive eliminations to form arylamines and aryl ethers density at the metal center can be overridden by the effects
can occur. of orbital symmetry andz bonding in complexes with
The existence of new catalytic processes based on reducgeometries that differ from the square-planar and T-shaped
tive elimination reactions raises a series of questions aboutgeometries of palladium(ll) complex&s!® Second, the
factors controlling the rates of reductive elimination. Al- effects of electronic properties of the reactive ligands on the
though both steric and electronic properties of ancillary and rate of reductive elimination by stepwise pathways through
reactive ligands certainly modulate the rates of these ionic intermediate®-?are often distinct from the effects of
processes, the relative contributions of these effects and thehe electronic properties of these ligands on reductive
sensitivity of the rates of reductive elimination to perturba- elimination by concerted mechanisms. The electronic effects
tions of the steric and electronic properties of the ligands on reductive elimination from palladium(ll) most likely
were not well understood until recently. follow consistent trends because the reactions occur by
The author’'s group has been particularly interested in concerted pathways and effects are not pronounced in
understanding the electronic factors controlling the rates of square-planar and T-shaped palladium(ll) complexes.
reductive elimination to form €C and C-X bonds and the  effects are not pronounced in these complexes because they
relative magnitudes of the effects of steric and electronic lack a low-lying unoccupied orbital of symmetry. Thus,
perturbations on those rate&lntil recently, it was unclear  the electronic effects described in this minireview can be
whether all classes of-€X bond-forming reductive elimina-  interpreted primarily as resulting from changes in the electron
tion processes would depend equally on the overall electrondistribution withing bonds.
density at the metal center or whether each process wouldc - gackground about Electronic Effects on Reductive
be co.ntrolled by |_ts own set of electronic effects. Sp(.-'.'CIfIC Elimination from Palladium(ll) and Related
guestions pertaining to the effect of electronic properties of Compounds
ancillary and reactive ligands on the rates of reductive
elimination include whether electronic effects of symmetrical
and unsymmetrical ancillary ligands are the same, whether
complexes containing more or less electron-donating reactive
groups undergo faster reductive elimination, and whether
similar changes to the electronic properties of heteroatom

ligands and of hydrocarbonyl ligands would have the same donating reacting ligands undergo concerted reductive elimi-
or different effects on the rates of reductive elimination. The 1ating 919 goc
nations faster than do complexes with more weakly electron-

purpose of this minireview is to systematically present . L o4 .
information gathered over the past decade that addresseéj onating reacting ligandd.* For example, many reductive

. : Lo eliminations occur from palladium methyl complexes, but
these questions as they relate to reductive eliminations from . LT :
. reductive eliminations from analogous trifluoromethyl com-
palladium(ll) complexes.

plexes usually do not occur (eq 2). In fact, only one example
B. Brief Comments about Steric Effects on the Rate of of reductive elimination from palladium trifluoromethyl

Two electronic effects have commonly been observed for
reductive elimination from palladium(ll) and platinum(ll)
complexes. First, reductive elimination is usually slower from
more electron-rich complexes than from more electron-poor
complexe$? Second, theoretical and early experimental
studies suggested that complexes with more strongly electron-

Reductive Elimination from Palladium(ll) and complexes has been reported (eq*3}.
Electronic Effects on the Rate of Reductive These two baseline effects of electronics on concerted
Elimination from Other Metals reductive eliminations from palladium(ll) complexes can be

i ; i (16) Yamashita, M.; Hartwig, J. K. Am. Chem. SoQ004 126, 5344.
Although this paper will focus on the electronic effects (17) Mann. G.. Shelby. O.: Roy, A. H.: Hartwig, J. Brganometalics

on reductive elimination from palladium(ll) complexes, some 2003 2775.

brief comments about how steric properties affect the rates(18) ﬁfO%h-JQS’\?erzOﬂ, Kd-: gzng\N| &/l Zhllz Pé-: Scin%\, B P;ar‘\ée*berger,
. L . . .; Darji, N.; Achord, P.; Renkema, K. B.; Goldman, A. &. Am.
of these reductive eliminations, and how the electronic effects Chem. S0c2002 124, 10797

of ancillary and reactive ligands affect reductive elimination (19) Hascall, T.; Rabinovich, D.; Murphy, V. J.; Beachy, M. D.; Friesner,
; ; R. A.; Parkin, G.J. Am. Chem. Sod.999 121, 11402.

from other_ me;als, W|II prqwde a context for the results (20) Williams, B. 5. Holland, A. W.: Goldberg, K. . Am. Chem. Soc.

presented in this review. It is generally true that complexes 1999 121, 252.

with more hindered ancillary ligands undergo reductive (21) Wiliams, B. S.; Goldberg, K. . Am. Chem. So@001 123 2576.
Lo . . . (22) Low, J. J.; Goddard, W. Al. Am. Chem. Sod.986 108 6115.
elimination faster than complexes with less hindered ancillary (53) Tatsumi, K. Hoffman, R.; Yamamoto, A.; Stille, J. Rull. Chem.

ligands. This effect presumably arises from a relief in steric Soc. Jpn1981 54, 1857.
congestion upon generation of the free organic product and (22 Low. J. J; Goddard, W. A., 110, Am. Chem. S0d984 106 6928.

. . ot (25) Grushin, V. V.; Marshall, W. 1. Am. Chem. So2006 128 ASAP
a resulting metal center with a reduced coordination number. article.

Inorganic Chemistry, Vol. 46, No. 6, 2007 1937



Hartwig

Phy Ph, C—C bond-forming reductive elimination from palladium-

R A DPPBz A P . . . . .
©: ™ E);zp"gz Ar-R y r«Pd: @ 2) (). The discussion will focus predominantly on reductive
Ethe 110°c FaC Phy eliminations involving aryl groups because these data are
o most extensive; however, reductive eliminations to form
R °Ph  Xantphos aliphatic products will also be presented when possible.
( Pd ————— Ph-CF 3)
P CF, 100 °C

Ph, D. Electronic Effects of Ligands Undergoing Reductive

—~ Elimination
PhoP  PPh, =

1. Electronic Effects on C-N Bond-Forming Reductive
PhP PPhy Elimination. Studies of reductive eliminations to form-X
Xantphos bonds from isolated arylmetal or alkylmetal species began
more recently than studies of reductive eliminations to form
attributed to the effect of electronics on the ground state. C—C or C—H bonds. Prior to initial observations of reductive
First, strongly donating ancillary ligands make the metal eliminations to form G-N bonds in amine#33 reductive
center electron-rich, and electron-rich metal centers tend toeliminations to form amines from metal amido complexes
undergo reductive processes more slowly than electron-pooryere expected to be slower than alternative pathways for
metal centers. Second electron-withdrawing groups on thethe reaction of amido complexes, such adydrogen
reactive ligand lead to an increase in the strength of th&M  elimination. This expectation was based on the difficulties
or M—X bond?” These electron-withdrawing groups make encountered in isolating late-transition-metal amido and
the M—C or M—X bond more ionic, and this ionic character glkoxo complexes containinghydrogen&-3*and on the lack
increases the thermodynamic bond strength. These changesf catalytic and stoichiometric processes that occur by
in the electronic properties of anionic ligands tend to affect reductive elimination from amido and alkoxo complexes.
the strength of an MX bond more than they affect the  Prior to the early 1990s, reductive eliminations from isolated
strength of a H-X (and presumably €X) bond?"2¢Thus, amido or alkoxo complexes were limited to reductive
groups whose electronic properties increase the strength ofeliminations from iridium(li) and platinum(il) amido and
the M—X bonds tend to decrease the thermodynamic driving alkoxo complexes to form NH and O-H bonds36-2°
force for reductive elimination. Moreover, the mechanism of reductive elimination from the
These explanations can provide a first approximation of platinum(ll) complexes was poorly understo8d®
the electronic effects on rate. However, this description is  Review articles had3 articulated the general belief that
clearly too simple and uses thermodynamic arguments t0 5 mismatch of a hard amido ligand with a soft metal would
rationalize and predict trends in rates. As expected from the create reactive compounds. However, the electronegativity
simplicity of this argument, some of these predicted elec- of the N and O atoms in amido and alkoxo ligands could
tronic effects have been contradicted by more recent 550 make these ligands less reactive in organometallic
experimental data described in this review. processes such as reductive elimination. The greater ionic
Experimental and theoretical studies also imply that the character of the MN and M=O bonds could increase the
hybridization of the carbon bound to the metal has a large thermodynamic stability of the complexXé4° and decrease
effect on the reaction rate. For example, triphenylphosphine- the reactivity’! The effect of the polarity of the MX bond
ligated palladium dimethyl complexes are stable, but the jn the reactant and the degree of polarity in the transition
analogous diphenyl complexes are ffot?’Reductive elimi-  state for reductive eliminations to form-&X bonds were
nations to form G-C and C-heteroatom bonds from aryl ot known.
complexes are typically faster than reductive eliminat_ions Experimental data are now available on the reductive
to form the same bonds from alkyl complexes. Vinyl glimination of arylamine derivatives from a series of
complexes are similarly more reactive than alkyl complexes, complexes containing amido groups possessing varied elec-

and some theoretical studies have implied that participation yonjc properties. These data show that reductive eliminations
of thexr system creates a lower-energy pathway for reductive 1y form the &N bond in arylamines are faster from
elimination than is available for complexes of ligands lacking

am systemt _ o _ (31) Calhorda, M. J.; Brown, J. M.: Cooley, N. ®rganometallics1991
The following sections of this minireview will present 10, 1431. _
recent data that clarify the electronic effects om)XCand (32 JEEMeve. 5, A Abboud, K. A Boncella, J. Morganometalics

(33) Driver, M. S.; Hartwig, J. FJ. Am. Chem. S0d.995 117, 4708.
(26) The electronic properties of reactive ligands in stepwise reactions that (34) Bryndza, H.; Tam, WChem. Re. 1988 88, 1163.
occur through ionic intermediates, such as those from platinum(lV) (35) Fryzuk, M. D.; Montgomery, C. DCoord. Chem. Re 1989 95, 1.
complexes, are often distinct from the electronic properties of the (36) Glueck, D. S.; Newman Winslow, L. J.; Bergman, R.@Bganome-
reactive ligands, and these reactions are faster when the reactive ligand tallics 1991 10, 1462.

is more electron-poor. For examples, see refs 27 and 28. (37) Newman, L. J.; Bergman, R. G. Am. Chem. Sod.985 107, 5314.
(27) Holland, P. L.; Andersen, R. A.; Bergman, R. Gomments Inorg. (38) Cowan, R. L.; Trogler, W. QOrganometallics1987, 6, 2451.
Chem.1999 21, 115. (39) Cowan, R. L.; Trogler, W. CJ. Am. Chem. S0d.989 111, 4750.
(28) Holland, P. L.; Andersen, R. A.; Bergman, R. G.; Huang, J. K.; Nolan, (40) Bryndza, H. E.; Fong, L. K.; Paciello, R. A.; Tam, W.; Bercaw, J. E.
S. P.J. Am. Chem. S0d.997 119, 12800. J. Am. Chem. S0d.987, 109, 1444.
(29) Gillie, A.; Stille, J. K.J. Am. Chem. S0d.98Q 102 4933. (41) Fulton, J. R.; Holland, A. W.; Fox, D. J.; Bergman, R.A&c. Chem.
(30) Moraviskiy, A.; Stille, J. KJ. Am. Chem. S0d.981, 103 4182. Res.2002 35, 44.
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Scheme 1
Ph,
KN(oly), ~ £>—R_Ph 85°C
Fe  Pd —— PhN(tolyl),
/ @_Eh N(tolyl), 1.5h 90%
2 (pKa of HNPh,=25)
Phy Ph,
£3—R © Ph LR Ph 25°C | uph
Fe Pd —— Fe Pd 2
£ p VI KNHPh g neph 0" 80%
Ph, Ph, (pKa of Ho,NPh=30)
Ph,
N\ L3R Ph 0°C '
Fe Pd — PhNH(iso-Bu)
LiNH-iso-Bu @-p’ \N/>/ 64%
Ph, H

(pKa of HoN/i-Bu ~ 41)

complexes with more electron-rich amido ligands than from
complexes with more electron-poor amido ligands. These
data were first revealed by the studies of'dis(diphe-
nylphosphino)ferrocene (DPPF)-ligated arylpalladium amido
complexes summarized in Scheni@“ and in eq 42 The

(C))

@—g:z \ry@v

Me
FoC YN ks (x10% )
Me  37.7(5)
N Me 12.8(5)
Me H 2.94(4)

+ (DPPF),Pd

diarylamido complexes underwent reductive elimination at
elevated temperatures over the course ef21h. The
analogous anilide complex underwent reductive elimination
at room temperature over a similar time period, and the
alkylamide underwent reductive elimination at® over this
time. Thus, the complex with the more electron-rich amido

tions from arylpalladium alkoxo complexes suggest that
reductive elimination is also faster from more electron-rich

alkoxides, although these conclusions were drawn from a
set of complexes in which the steric and electronic properties
of the alkoxide were varied simultaneouéfy.

Bu
Ph, \ S
R PPh; 5)
E /pd -16°C
N
p s—< >—Y
Ph,
B VY ks (10°s)
cl 13
s 43
+ (DPPE),Pd + (PPh3),Pd  Me 6.6
OMe 75
Ehz Me But. Bul
N/ Bt DPPE_ 6. ®)
PAN RT P
PP H o Bu
Bu
Ph, H But
+ (DPPE),Pd
Buf
Ph, "
P e
[ \Pd/ PPhj Me\s,Bu' (7)
RN 95°C
—Rit
th S-Bu ty;=ca10h *(DPPE}Pd

+ (PPh3)4Pd

One can also compare the relative rates for reductive
elimination from related arylpalladium complexes containing
amido, alkoxo, thiolato, and phosphido ligands. Reductive
eliminations to form C-X bonds from arylpalladium amido,
alkoxo, thiolato, and phosphido complexes containing similar
substituents on the heteroatom occur in the ordePC
C—S > C—N > C—0. This order of reactivity can be
deduced from the following set of experimental results.

Two different sets of reactions reveal the relative rates
for C—P and C-S bond-forming reductive eliminations.

group reacted faster than the complex with the less electron-First, reductive elimination from a methylpalladium phos-

rich amido groug?

phide complex (eq 8§ occurs faster than reductive

The data in eq 4 are more systematic and support the abovélimination of methyl sulfide from the methylpalladium
conclusion. These data reveal the rates of reductive elimina-thiolate complex in eq 7 containing the same ancillary

tion from a series of para-substituted-methylanilide

ligand#> Second, reductive eliminations of arylphosphines

complexes and demonstrate that the more electron-rich amiddtom arylpalladium phosphido complexes have been too fast

complex undergoes reductive elimination significantly faster
than the less electron-rich amido compféx.

2. Electronic Effects on Reductive Elimination To Form
Other C—X Bonds. Analogous electronic effects were
observed for reductive elimination to form—S bonds.

to observe directly, indicating that these reductive elimina-
tions are faster than reductive eliminations of arylamines
from arylpalladium amides.

A comparison of two other sets of reactions reveals the
relative rates for €S and C-N bond-forming reductive

of reductive elimination from arylpalladium arenethiolate

complexes is faster from complexes containing more electron-

rich thiolate ligands than from complexes containing more
electron-poor thiolate ligand8 Studies on reductive elimina-

(42) Driver, M. S.; Hartwig, J. FJ. Am. Chem. S0d.997, 119 8232.

(43) Yamashita, M.; Cuevas Vicario, J. V.; Hartwig, J.J->.Am. Chem.
S0c.2003 125, 16347.

(44) Although one might argue that the less sterically hindered amide is

(45) Mann, G.; Baraano, D.; Hartwig, J. F.; Rheingold, A. L.; Guzei, I.
A. J. Am. Chem. S0d.998 120, 9205.

(46) Widenhoefer, R. A.; Zhong, H. A.; Buchwald, S. L. Am. Chem.
Soc.1997 119 6787.

(47) Moncarz, J. R.; Brunker, T. J.; Glueck, D. S.; Sommer, R. D
Rheingold, A. L.J. Am. Chem. So003 125 1180.

(48) Wicht, D. K.; Kourkine, I. V.; Lew, B. M.; Nthenge, J. M.; Glueck,
D. S.J. Am. Chem. S0d.997 119, 5039.

(49) Fryzuk, M. D.; Joshi, K.; Chadha, R. K.; Rettig, SJJAm. Chem.
Soc.199], 113 8724.

the species that eliminates the fastest, complexes with more hindered(50) Gaumont, A. C.; Hursthouse, M. B.; Coles, S. J.; Brown, JCkem.

ligands usually undergo faster reductive elimination.

Commun.1999 63.
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from alkylpalladium amido complexes are slower than
reductive eliminations of alkyl sulfides. In fact, methylpal-

Hartwig

containing the more electron-poor alkyl ligands. Moreover,
the data in eq 8 reveal that the rate constants for reductive

ladium amido complexes containing standard bis(phosphines)elimination from alkyl complexes, at least qualitatively, track

have been stable to reductive eliminat®&econd, reductive
eliminations of aryl sulfides from palladium complexes

inversely with the Taft aliphatic substituent parameter.
These data provide information on the origin of electronic

containing 1,2-bis(diphenylphosphino)benzene (DPPBz) aseffects on reductive eliminations to form carbemeteroatom

an ancillary ligand occur in high yield under mild conditions,
but reductive eliminations of arylamines from arylpalladium
amido complexes containing this ancillary ligand occur
slowly or not at alf?

The reactions of DPPF-ligated arylpalladium anilide and
phenoxide complexes reveal the relative rates feiNGand
C—0 bond-forming reductive elimination. Reductive elimi-
nations from DPPF-ligated arylpalladium anilide complexes
containing electron-neutral, palladium-bound aryl groups
occurred under mild conditions, but reductive eliminations
of biaryl ethers from DPPF-ligated arylpalladium phenoxide
complexes containing electron-neutral aryl groups did not
occur. Reductive elimination of biaryl ethers from DPPF-

bonds. Reductive elimination could be faster from complexes
containing more electron-rich amido, alkoxo, phosphido, and
thiolato complexes because the nonbonded electron pair
attacks the accompanying organic ligand during the reductive
elimination process. If this were the primary reason for the
observed electronic effect, however, then reductive elimina-
tions from arylpalladium alkyl complexes should lack a
similar electronic effect on the reaction rate. Because the
trend for reductive eliminations from arylpalladium alkyl
complexes is similar to that for reductive eliminations from
arylpalladium amido, alkoxo, phosphido, and thiolato com-
plexes, we conclude that the electronic effect on reductive
eliminations to form carbonheteroatom bonds is transmitted

ligated arylpalladium phenoxide complexes required that the predominantly through the system and not through the

palladium-bound aryl group be electron-pador.

3. Effects of Electronic Properties of Alkyl Ligands on
Reductive Elimination. Electronic properties of alkyl
ligands can vary widely depending on the functional group
attached to thex carbon, and reductive eliminations of
alkylarenes from a series of arylpalladium alkyl complexes
containing alkyl ligands with varied electronic properties
have been studied. The electronic effect on €C bond-
forming reductive elimination of alkylarenes can then be
compared to the electronic effect on—& bond-forming

reductive eliminations of aromatic amines, ethers, phos-

nonbonded electron pair on nitrogen, oxygen, phosphorus,
or sulfur.

4. Sensitivity of the Different Classes of Reductive
Elimination to the Electronic Properties of the Reactive
Ligands. The data presented in the preceding sections allow
one to deduce the relative sensitivity of the different types
of reductive eliminations to electronic perturbations of the
alkyl, amido, alkoxo, phosphido, and thiolato ligands. For
example, the data in egs 4 and 5 imply that the sensitivity
of the reductive elimination of an arylamine toward the
electronic properties of the amido group is greater than the

phines, and sulfides. These studies addressed whether trendsensitivity of the reductive elimination of an aryl sulfide

in electronic effects on reductive elimination to form carbon

toward the electronic properties of the thiolate group. The

heteroatom bonds applied equally to the reductive elimina- ratio of rate constants for reductive elimination from the

tions to form carborrcarbon bonds. Perhaps most significant,

N-methylanilide complex and themethoxyN-methylanilide

this comparison would reveal whether the electronic effects complex is about 10, while the ratio of rate constants for

on reductive eliminations to form carbeheteroatom bonds
are transmitted primarily through thebonding system or
through bonding interactions involving the electron pair on
the heteroatom.

reductive elimination from the analogously substituted thi-
olates is less than 2. Thus, the rates of reductive elimination
from the complexes containing softer, more polarizable,
reactive ligands appear to be less sensitive to the electronic

The data in eq 8 show that similar effects are observed properties of the substituents on the atom bound to the metal

for reductive eliminations from alkyl groups as are observed
for reductive eliminations from amido, alkoxo, phosphido,

and thiolato complexes. These data on reductive elimination

R c*4 krel
Ph Me 0 >600
2
R Ar DPPBz CH,Ph 0.22 >250
@[ Pd  — AR CH,C(O)Ph 0.60 31 8
gh R 40-100°C CH,CF; 092 1.7
2 CH,CN 1.30 1
Ar=CgH4-4-t-Bu CF4 2.60 no reaction

aTaft o*-values fromTaft, R.W. "Steric Effects in Organic Chemistry";
Newman, M.S., Ed., Wiley: New York, 1956; Chapter 13 and Kanerva,
L.T.; Euranto, E.K. J. Chem. Soc., Perkin Trans. 21987, 1, 7.

from DPPBz-ligated arylpalladium complexes containing
methyl and functionalized alky! ligangfshow that reductive

elimination is faster from the complexes containing the more
electron-donating alkyl ligands than from the complexes

1940 Inorganic Chemistry, Vol. 46, No. 6, 2007

than are the rates of reductive elimination from complexes
containing harder ligands.

5. Effect of Electronic Properties of the Aryl Group
on the Rate of Reductive Elimination The effect of
electronic properties of the aryl group on the rate of reductive
elimination is distinct from the effect of electronic properties
of the alkyl, amido, alkoxo, thiolato, and phosphido ligands.
Reductive elimination occufasterfrom complexes withess
electron-donating aryl groups than from complexes with more
electron-donating aryl groups. This trend has now been
observed for reductive eliminations from arylpalladium
alkyl,53 amido#? thiolato® and alkox&* complexes. The

(51) Rosenfeld, D.; Hartwig, J. F., unpublished results.

(52) Driver, M. S.1994 unpublished results.

(53) Culkin, D. A.; Hartwig, J. FOrganometallics2004 23, 3398.

(54) Widenhoefer, R. A.; Buchwald, S. . Am. Chem. S0d.998 120,
6504.
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Figure 1. Standard Hammett plots for reductive elimination of sulfides from [Pd(DPPE)(#W$ The separation of inductive and resonance effects
leads to the values; = 1.7 andpr = 5.0. Reproduced from ref 45 with permission from the American Chemical Society.

details of this electronic effect will be presented below, but Ppth R i

one can first rank-order the sensitivity of these classes of P—pi LoPd ~— Pl +S/Ar
reductive eliminations to the electronic properties of the Pha / rs\/ R n R
metal-bound aryl group. In general, the electronic properties R'S R=H, Me R

of the aryl group appear to affect the rate of reductive
elimination of aryl ethers the most, followed by the effect

Creater steric hindrance

on the rate of reductive elimination of arylamines, and then PhoR R,

the effect on the rate of elimination of aryl sulfides. The @ P slower L,Pd~— A
least sensitive of these reactions appears to be reductive Phg\/Pd@ - T PdLS
elimination to form C-C bonds from arylpalladium alkyl RS R R R
complexes. rr proposed initial

Complementary studies of the electronic effects of the e e

alkyl, amido, alk_oxo, thSphldO, and thiolato groups on the Figure 2. Proposedr complexes formed during reductive elimination from
rates of reductive elimination suggest that the rates arearylpalladium complexes.

controlled by a combination of inductive and resonance

effects and that resonance effects are particularly pronouncedplexes®* The importance of resonance effects on the reduc-
For example, classic Hammett plots for reductive elimination tive elimination of aryl sulfides led to the conclusion that
from arylpalladium thiolato complexes (Figure 1, left) were the metal center interacted with thesystem of the aryl

not linear?>5To address the nonlinearity of these plots, data group during the reductive elimination process and that an
for reductive elimination from the arylpalladium thiolate and #z?-arene complex is the initial product of the reductive
amido complexes were analyzed using dual-substituentelimination#®

parameters for inductive and resonance effects developed The proposal that the pathway for reductive elimination
many years age’ Weighting of the inductive and resonance involves interaction of the metal with the system of the
effects on reductive elimination of aryl sulfides leads to the arene was supported by studies with arylpalladium thiolate
more linear free-energy relationship at the right of Figure 1. complexes containing ortho substituents and has been
This analysis (and a similar anslysis of the data for reductive implicitly supported by subsequent computational studies on
eliminations from arylpalladium amido and alkoxo com- the oxidative addition of haloaren&s5° 1,2-Bis(diphe-
plexes) suggested that the rate of reductive elimination from nylphosphino)ethane (DPPE)-ligat@dtolylpalladium thi-
arylpalladium complexes is controlled more by the resonanceolate and phenylpalladium thiolate complexes (Figure 2)
effects of the substituents on the aryl group than by the reacted with similar rate constants, but the 2,6-dimethylphe-
inductive effects. For example, tipevalue for the inductive nylpalladium thiolate complex reacted more slowly. As
effect p; on the reductive elimination of aryl sulfides was shown in Figure 2, the 2,6-disubstituted arylpalladium
1.7, and thep value for the resonance effegt was 5.0. A thiolate complex would suffer steric interactions during the
similar ratio between the values for resonance and inductive  formation of the initial complex to the arene system at
effects was subsequently observed for the reductive elimina-either of the two ortho carbons, but the 2-substituted and
tion of arylamines from arylpalladium amido complexés,
and a strong resonance effect was observed for reductive(57) Sundermann, A.; Uzan, O.; Martin, J. M. Chem—Eur. J.2001, 7,
elimination of aryl ethers from arylpalladium alkoxo com- 1703.

(58) Senn, H. M.; Ziegler, TOrganometallic2004 23, 2980.
(59) Goossen, L. J.; Koley, D.; Hermann, H.; Thiel, @hem. Commun.

(55) Bardmno, D.; Hartwig, J. FJ. Am. Chem. Sod.995 117, 2937. 2004 2141.
(56) Ehrenson, S.; Brownlee, R. T. C.; Taft, R. Afog. Phys. Org. Chem. (60) Goossen, L. J.; Koley, D.; Hermann, H. L.; Thiel, @tganometallics
1973 10, 1. 2005 24, 2398.
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unsubstituted aryl complexes would not encounter such o

strong steric effects during the formation of the initial Figure 3. Hammett plot of the rates of reductive elimination from
complex to the arene system at the unsubstituted ortho symmetrical biaryl complexes (DPPF)P§G-4-X),. Adopted from ref 74
carbor®® More recent computational studies have suggested !t Permission from the American Chemical Society.

that the aryl group coordinates through thesystem and 150
that the metal migrates to the system between the ipso I
and ortho carbons prior to carbehalogen bond cleavage. - NMe
Coordination of the metal to the system between the ipso 1.00 [
and ortho carbons after-€S, C—N, or C—0O bond formation [
would, therefore, occur on the reaction coordinate in the —
reverse direction of reductive elimination.

6. Reductive Elimination from Biarylpalladium Com-
plexes The distinct electronic properties of the aryl ligand
and of the alkyl, amido, alkoxo, phosphido, and thiolato
ligands led the author’s group to design a study of electronic
effects on reductive elimination that would allow for
systematic variation of two similar reactive ligands. Reduc-
tive elimination from biaryl complexes afforded an op-
portunity to conduct such a systematic study. Because [
biarylpalladium complexes are unstable, except in special 091 00 0. go 0. 50 0. 40 0. go 0. oo 0. 20 0. 40 0.60
cases$}!®?these studies were conducted with biarylplatinum o
complexe$?® The results from these studies implied that two Figure 4. Hammett plot of the rates of reductive elimination from
electronic effects on the rate of reductive elimination FS;&”;;’;E&ET E'acré')(cgenﬂf'jx;)s ;%rg;t'gg‘?rg%ergle%mtEopogr;%'s?gg“p:
occurred simultaneously. First, these studies implied that from the American Chemical Society.
reductive elimination is faster from biarylplatinum complexes
containing more electron-donating aryl groups. This trend
is the opposite of the effect of the aryl group on reductive

LI L e s S S S s S e B B s By s s e B
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the two most electron-rich aryl groups eliminates faster than

eliminations to form G-X bonds from arylpalladium amides, M€ ComMPplex containing the most electron-poor aryl groups
alkoxides, phosphides, and thiolates and to form@bonds but that the complex with one electron-rich group and one
from arylpalladium alkyls. Second, these results imply that €l€ctron-poor aryl group eliminates the fastest. This trend is
reductive elimination is faster from biarylpalladium com- shown in more detail by the data in Figures® The two
plexes possessing a greater difference between the electronitlammett plots in Figures 4 and 5 show that the absolute
properties of the two ligands undergoing reductive elimina- value of p is significantly greater for reactions of the
tion than from biaryl complexes containing two electronically complexes containing one trifluoromethyl group than for the
similar aryl groups. series of complexes containing one (dimethylamino)phenyl
The data supporting these conclusions include the ratesgroup. The larger absolute value pf for the series of
of reductive elimination from the three complexes in Scheme complexes with one (trifluoromethyl)phenyl group is pro-
2 and the Hammett plots of Figures—8. The three  nosed to result from a larger difference between the electronic
complexes in Scheme 2 show that the complex containing properties of the two aryl groups when the variable aryl group
is more electron-rich and the constant group is more electron-

(61) Osakada, K.; Onodera, H.; Nishihara, Qrganometallic2005 24,

190. _ poor. The smalp value, at least for the set of data excluding
(62) fggébf§3'2%4'§" Lachicotte, R. J.; Jones, W.IDAm. Chem. Soc. e compound containing a (trifluoromethyl)phenyl group,
(63) Shekhar, S.; Hartwig, J. B. Am. Chem. So@004 126, 13016. is proposed to result from a smaller difference between the

1942 Inorganic Chemistry, Vol. 46, No. 6, 2007



Electronic Effects on Reductie Elimination

15— was faster from complexes containing more strongly electron-
I donating ligands. Likewise, Halpern and co-workers showed
1.00 [ : Cp* Cp*
: Rh Colto Rh CeD 9)
~e . ,'CgD ,/CeHg * 66
£ os0[ CF_ | L™ prete L hes
*D
8 . L= cone angle Kops=
S 000[ e e o, ¢ b PMe,Ph 122 1.08x 108
2 [ NMe OMe cH H PMe, 118 3.35x 107
L 2
0.50 [ ] PMe,Ph 136 1.11x10°®
. PMe,Bu’ 139 6.6x 106

-1_00-..‘lu.|...1..‘1..‘1“.1..‘1... I imi I i
0 55555580 5 90555555 .55 0I5 5.60 that reductive elimination of methane from methyl hydride
o complexes of platinum-containing substituted triarylphos-
phine ligands occurs faster from complexes containing

Figure 5. Hammett plot of the rates of reductive elimination from electron-withdrawing groups on the phosphine (eq®%0).

unsymmetrical biaryl complexes containing one electron-rich aryl group:
(DPPF)Pt(GH4-4-NMey)(CeHa-4-X). Adopted from ref 74 with permission
from the American Chemical Society. ArgP ~ Me ArgP_
Pt —Q Pt-L+CHy (10)
_ , ArsP H | _phcepn ATsP
electronic properties of the two aryl groups when the Ar= gpe(x 10%)
variablearyl group and the constant aryl group are more CeHaCl 95
electron-rich. Thus, the two electronic effects are proposed CgHs 45
to enhance each other in the set of compounds with a constant CgHsMe 1.4
(trifluoromethyl)phenyl group, but they counterbalance each CeH4OMe 047

other in the set of compounds with a constant (dimethy- ) _
lamino)pheny! group. However, this trend is not always followed. For example,

the oxidative additions of Mel to the series of complexes
[Ir(CO)(PPR).X] (in which X = ClI, Br, or |) follow the

E. Electronic Effects of Ancillary Ligands on the Rate relative reactivity CI> Br > |, but the oxidative addition of

of Reductive Elimination from Palladium(ll) dihydrogen to the same series of compounds follows the
opposite relative reactivity of # Br > CI. Moreover, the

1. Background on the Effect of Ancillary Ligands on oxidative addition of dihydrogen to a 16-electron iridium-
the Rate of Reductive Elimination Much of transition- (|||) fragment with an ary| group Containing varied substit-
metal chemistry is controlled by ancillary ligands, and the uents is favored for the complex containing less electron-
rates of reductive elimination are no exception. In the absencereleasing substituents. Studies on the origin of this effect
of larger effects, reductive elimination usually occurs faster have been publishedd:s6
from more electron-poor metal centers than from more Naturally, the steric properties of ancillary ligands also
electron-rich metal centers possessing similar steric proper-affect the rate of reductive elimination. Complexes containing
ties. This effect can be rationalized using thermodyna- more sterically hindered ligands tend to undergo faster
mic arguments. If the reaction is considered an overall reductive elimination than complexes with less hindered
reductive process at the metal, then the reaction will be moreancillary ligands. This trend is observed for reductive elim-
favored thermodynamically when the metal center of the inations to form G-H,%* as well as G-X, bondst”-68Because
reactant is more electron-poor. Because more electron-reductive elimination decreases the coordination number of
donating ancillary ligands make the metal center more the complex, steric hindrance will affect the energy of the
electron-rich, complexes containing strongly electron-donat- reactant more than it will affect the energies of the transition
ing ancillary ligands tend to undergo reductive elimination state and product. Thus, reductive elimination from com-
more slowly than complexes containing weakly electron- plexes containing more hindered ancillary ligands is more
donating ancillary ligands. favorable thermodynamically and kinetically.

Two specific examples illustrate the effects of ancillary ~ The effect of the coordination number on the rate of
ligands on G-H bond-forming reductive eliminations. Jones reductive elimination is less intuitively understood. Many
and Kuykendall studied the reductive elimination ofDg studies have shown that reductive elimination to form
from Cp*Rh(L)(GDs)(D) complexes, certain pairs of which ~and C-Xbonds occurs faster from three- and five-coordinate
contained phosphine ligands that were not identical but ) )

(65) Abis, L.; Santi, R.; Halpern, J. Organomet. Cheni981 215 263.

possessed similar steric propertég#\s summarized in eq (66) Abuhasanayn, F.; Kroghjespersen, K.; Goldman, An6rg. Chem.

9, these studies showed that the reductive eliminationio§ C 1993 32, 495.

(67) Hartwig, J. F.; Richards, S.; Bamam, D.; Paul, FJ. Am. Chem. Soc.
1996 118 3626.

(64) Jones, W. D.; Kuykendall, V. Unorg. Chem.1991, 30, 2615. (68) Hamann, B. C.; Hartwig, J. B. Am. Chem. S0d.998 120, 3694.
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complexes than from four- or six-coordinate palladium and
platinum complexed?396%75 As a result, square-planar

Hartwig

Similar experiments were conducted on the reductive
elimination of arylamines from arylpalladium amido com-

palladium(ll) complexes containing monodentate ligands that plexes containing DAPF liganddThese data are shown in
generate three-coordinate intermediates by ligand dissociatiored 12. Again, reductive elimination was faster from the
typically undergo reductive elimination faster than complexes complex containing the less electron-donating ligand. A
containing chelating ligands. Predictions of the rates of change in the aryl group from-(trifluoromethyl)phenyl to
reaction as a function of steric and electronic properties P-anisyl led to a roughly 7-fold decrease in the rate of the
should, therefore, be made for complexes with the same eductive elimination of amine.

coordination number, and experiments to measure these CFs
effects should be conducted so that the electronic effects on@\,’:’,‘i2 Q L

(12)

Fe Pd

dissociation or association of ligands are either avoided or Fo
p” N Me
e

taken into consideration.

2. Recent Studies of the Effect of Ancillary Ligands
on Carbon—Heteroatom Bond-Forming Reductive Elimi-
nation. Many of the generalizations one can make about the
electronic properties of ancillary ligands or-8& and C-C

FsC Me
\CL O +Pd(0)
N

Me

bond-forming reductive eliminations also apply to-, g e (10%S7)
C—0, and C-S bond-forming reductive eliminations. Recent 606145 : 13
studies have provided information about the electronic effects CeHsOMe 42

of ancillary ligands on these reductive eliminations to form  1ha small difference in the rate of reductive elimination

C=X lbonds.f These e_Iectro_rlllic elf_fectsd are simplestl fOr from complexes with electronically distinct aryl groups on
complexes of symmetric ancillary ligands. However, elec- o oh,qphine ligand, and the accelerating effect of steric

trgn::f[ Effﬁths ?]n rrre1(rjnucttrlivelelrlwmilllmitl(l)in rﬁjuﬁn\? fr(l)m ghen hindrance in the ancillary ligand, implies that complexes
oriemtation ot unsymmetrical anciiiary igancs have aiso bee containing hindered alkylphosphines should undergo reduc-

revealed, and these effects are comparable in magnitude tq. LY
the effects from overall changes in the electron density at Ive elimination of a_ryl ethers. Indeed, complexe; ‘h"?‘t are
analogous to those in eq 11 but that contain thé&-lig(di-

the metal center. The origins of the effects of unsymmetrical oo : N
; - tert-butyl)phosphine ligand underwent reductive elimination
ancillary ligands are subtle. . o
2 Electronic Effects of Symmetric Ancillary Ligands 2 orders of magnitude faster than complexes containing
s y yH9 ' arylphosphine ligands.To the extent that one can compare

The electronic effects of ancillary ligands on the rate of the magnitudes of the steric and electronic effects, this set
reductive elimination to form carberheteroatom bonds were 9 N - R '
of results implies that reductive elimination from square-

first studied systematically by varying the electronic proper- | ladium(Il | . itive 1o steri
ties of the 1,L:bis(diarylphosphino)ferrocene (DAPF) ligand planar paila _|u_m( ) comp EXES IS more sensilive 1o steric
effects than it is to electronic effects.

in arylpalladium phenoxide complexes that form aryl etférs. _ ) .
b. Electronic Effects of Unsymmetrical Chelating

Not only did such a systematic variation reveal the effect of - !
varying electronic properties of ancillary ligands or-X Ligands. Many palladium catalysts for reactions that occur
by reductive elimination contain symmetric bidentate ligands.

bond-forming reductive elimination, but also this study : .
provided a comparison of the relative sensitivities of the However, a number of such catalysts contain unsymmetrical

reaction toward electronic and steric effects. Equation 11 bidentate ligands. Moreover, dissociation of a ligand from a
includes a summary of the complexes encompassed by thigour-coordinate palladium(ll) complex generates a T-shaped
study. The arylpalladium aryloxide complexes containing intermediate that contains one ligand and one open-coordina-
p-anisyl groups on the phosphorus of the ancillary ligand tion site trans to the two reactive ligands. This lack of
underwent reductive elimination to form biaryl ether, but at symmetry of the dative ligand set leads to two isomeric forms
a slower rate than the complex containdtrifluorometh- of the four- or three-coordinate arylpalladium complexes.
yl)phenyl groups on phosphorus. However, the difference These two isomers could undergo reductive elimination at
in the rate of reaction of the two complexes was only about different rates, and thus these relative rates would provide
a factor of 2. information as to how the orientation of two different electron
donors affects the relative rates of reductive elimination.

Ar CN In practice, arylpalladium amido complexes containing
2 . . . .
<P Q L (an unsymmetrical DAPF ligands were prepared to determine if
Fe Pd  — R
SN % n o

<>p O@ rore (69) Crumpton, D. M.; Goldberg, K. 0. Am. Chem. So@00Q 122, 962.

Ara (70) Brown, M. P.; Puddephatt, R. J.; Upton, C. EJEChem. Socl974

2457,
NC = g 4 PdO (71) Roy, S.; Puddephatt, R. J.; Scott, J.JDChem. Socl989 2121.
o ©) (72) Milstein, D.Acc. Chem. Red984 17, 221.

(73) For further specific examples of this effect and for the theoretical
underpinnings of this phenomenon, see refs 23, 74, and 75.

(74) Bartlett, K. L.; Goldberg, K. I.; Borden, W. Td. Am. Chem. Soc.
2000 122 1456.

(75) Albright, T. A.; Burdett, J. K.; Whangbo, M. HDrbital Interactions
in Chemistry John Wiley and Sons, Inc.: New York, 1985; p 339.

61-95%

Ar = Ph, CgH,-4-CF4
R',=4-OMe, 4-OBu, 3,5-(+-Bu),
L = DPPF, CF3DPPF, PhCCPh, PPhy
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CF,4 CF, Electronic effect of aryl groups on the phosphorus atom located trans to
the amido nitrogen (Ar = CgHy4-4-CF3, R = Me, Ar' = CgHy-4-CH3)

Me
2 27 :: ;
@—P\Pd/CSH4-4-CF3 @—P\ /N

2 2 2
Fe Fe Pd
@ P Ar P Ar P, Ar
< \N@ S Sopaor, CFe>_ “pd CF?_ “pd CF?_ “pd
Me VAN /N AN
(@) <©> " “rar 07 “nraee 77 Owrar
2 2
minor isomer major isomer
kobs = 45.9£1.4 x 10% &7 Kops = 9.0240.41 x 10 5! 2
Figure 6. Rate constants for reductive eliminationmethyldiarylamine CF3 o OMe2
from the major and minor isomers containing unsymmetrical DAPF ligands. Koot Krel Keel
X =0Me 1 X =0OMe 1 X =0OMe 1
; . : X=H 1.8 X=H 1.8 X=H 1.8
the orientation of two-electron donors with respect to the  § _ ¢ 53 X=CFs 64 X=CF, 6.0

two groups undergoing reductive elimination affects the rate 4

) .. . s X Electronic effect of aryl groups on the phosphorus atom located trans to
of reductive eliminatiort® These studies showed that reduc-  the Pd-bounded Ar group (Ar = CgHy-4-CF3, R = Me, Ar' = CgHy-4-CHs)
tive elimination from the less thermodynamically stable CF3 OMe
isomer was faster than reductive elimination from the more
thermodynamically stable isomer. Two isomers of an arylpal- <©>
ladium halide complex containing an unsymmetrical ferro- 2

cenyl ligand are shown in Figure 6. As shown in this figure, @_P\Pd/Ar ?—P\Pd/Ar SR A

the difference in the rate constants for the reaction of the 5; /N ey o’ N geD /P \
P “Nrar &P CNrar P NRAF
< Y

2

two stereoisomers was about a factor of 5. The magnitude
of this effect can be compared to the magnitude of the effect
of changes to the overall electron density at the metal. As

has been shown in eq 12, the difference in the rates of 2 Y /9 Y /o

reductive elimination from the complex containing the two Keel Keel Keel
symmetrical DAPF ligands, DPPF and ‘tkis[[di-p-(trif- v 8,';"36 Ny 82’;9 LV 82"39 A
luoromethyl)phenyl]phosphino]ferrocene, was only a factor vy =H 18  Y=H 17  Y=H 1.7

of about 2. This comparison indicates that the effect of the Figure 7. Data showing the relative magnitudes of the effect of varying
orientation of the unsymmetrical ligand can be larger than the electron donor trans to the amido group and trans to the aryl group in

. - the arylpalladium amido complexes containing electronically varied DAPF
the effect of the overall change in the electron density at the jigands. Adapted from ref 43 with permission from the American Chemical
metal. Society.

A more complete set of data on reductive elimination from
Compiexes Containing various DAPF |igands is provided in the difference in the rate constants. This Slmllarlty ImpIIeS
Figure 74 The top of the figure shows three sets of that the observed effect of the orientation of the unsym-
Compiexes in which the phosphino group trans to the amido metrical |Igand on the rate of reductive elimination Originates
group is varied, and the bottom of the figure shows three predominantly from an electronic effect on the relative
sets of complexes in which the phosphino group trans to the €nergies of the ground states.
palladium-bound aryl group ligand is varied. The data at the ~Figure 9 summarizes several gross changes that would
top of the figure illustrate that the electronic properties of occur during the reductive elimination process. This figure
the phosphino group trans to the amido ligand have a highlights several reasons why the effect of the orientation
measurable effect on the rate of reductive elimination. This of the ligand might be expected to originate from the
effect is similar in magnitude to the overall effect of varying orientation’s effect on the stability of the ground states. First,
the electronic properties of the symmetrical ligands. The datathis drawing reveals that the products from the reaction of
at the bottom of the figure show that variations in the bothisomers are the same. Second, the drawing shows that
electronic properties of the phosphino group trans to the aryl the coordination sphere of the metal becomes less unsym-
ligand have a much smaller effect on the rate of reductive metrical as the reaction progresses. Thus, the observed effect
elimination than do variations of the phosphino group trans of the geometry on the reaction rate can be attributed more
to the amido ligand. to a ground-state “trans influence” than to a kinetic “trans
An understanding of the relative contributions of ground- €ffect”.”®

and transition-state effects can be gained by considering the . . -
difference in the thermodynamic stabilities of two isomers F. Comparison of Relative Rates to Early Predictions
containing different orientations of unsymmetrical bis-  The large amount of data gathered recently on electronic
(phosphine) ligands. Figure 8 summarizes the relative effects on the rates of reductive elimination allow for a
ground- and transition-state energies in a proposed reactiormeaningful discussion of how well these data fit early
coordinate for reductive elimination from the two isomers. predictiong?> 2477 about the nature of electronic effects on
The difference in the thermodynamic stabilities is close to the rates of reductive elimination. Some of the data on the
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CF3 complexes with more electron-donating ancillary ligands.
Many results with palladium(ll) complexes are also consis-
tent with this basic trend.

However, several pieces of data do not fit this simple trend.
First, organopalladium thiolato complexes undergo reductive
eliminatiorf>® faster than organopalladium amido com-
plexes?? even though a thiolate ligand is less basic than an
amido ligand. Because the thiolate ligand is much more
polarizable than the amido ligand, we propose that the
polarizability of the heteroatom or the nucleophilicity of the
ligand is as important in controlling the rate of reductive
elimination as the overall electron-donating ability.

Second, data from studies on electronic effects of the aryl
group on reductive eliminatidh*>535563 directly conflict
with the assertion that reductive elimination should be faster
from complexes containing more electron-donating reactive
ligands. Instead, reductive elimination from arylpalladium
complexes containing more electron-poor aryl groups occurs

@_P/ Nar C >Pd(0) faster than reductive elimination from arylpalladium com-
P plexes containing more electron-rich aryl groups. This effect
< > * . has not been explained by modern computational studies. A

9 NMeArAr close view of this electronic effect from experimental studies

major isomer did shed some light on this issue, however. Analysis of the

Figure 8. Qualitative energy diagram for reductive elimination from two  €l€Ctronic effects of the aryl group implied (1) that the effect
isomeric arylpalladium amido complexes containing an unsymmetrical bis- of electronic properties of the aryl group results from both

(phosphine) Iigand. Adapted from ref 43 with permission from the American inductive and resonance effects, (2) that the inductive effect
Chemical Society. .
is smaller than the resonance effé&tt*>and (3) that the

resonance effect results from binding of the metal to the arene
m system of the initially formed product of reductive
elimination®®

Third, these studies of electronic effects led to the
conclusion that the rate of reductive elimination depended
on a synergistic relationship between the electronic properties
of the two reactive ligands rather than depending the

relative rates for reductive elimination from palladium alkyl,

amido, alkoxo, thiolato, and phosphido complexes follow
predictions made many years ago about the effect of
electronics on reductive elimination, but other data contradict
these predictions or require modifications of them. As noted
in the Introduction, complexes containing more electron-

d‘?”?‘“”g reactive ligands were predi.cted to undergo r(Educf[iveelectronic properties of the individual ligantfisReductive
elimination faster than complexes with less electron-donating i mination was faster from complexes possessing a larger
reactive ligands. Consistent with this prediction, arylpalla- jifference in the electronic properties of the two reactive
dium amido complexes tend to undergo reductive elimination |igands than from complexes possessing a smaller difference
faster than arylpalladium alkoxo complexes, and arylpalla- in the electronic properties of the reactive ligands. Further,
dium amido complexes undergo reductive elimination faster the sensitivity of reductive elimination processes to differ-
than arylpalladium amidate complex&sMoreover, com- ences in the electronic properties of the aryl group depended
plexes containing less electron-donating ancillary ligands on the type of heteroatom ligand with which the aryl group
were predicted to undergo reductive elimination faster than was coupling.

CF3 _ CF3 1% CF3

2 2 2
@_P\ /Ar @_P\ A @_P\ :\<
Pd —>| Fe  pd_| —> Fe Pd0) +  NMe

Fe -
" “mear &>p" “NMear S Q

O 1O

2

Ground State Transition State Product
two isomers less different only one isomer
electronically

Figure 9. Depiction of the geometric changes that occur during reductive elimination from an arylpalladium amido complex containing an unsymmetrical

bidentate ligand. Adapted from ref 43 with permission from the American Chemical Society.
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Fourth, data on complexes containing unsymmetrical transition states. Athough reductive elimination to form©
dative ligands showed that the orientation of the electron bonds can occur from symmetrical complexes in special
donors can influence the rate of the reaction as much as thecases, in catalytic processes it occurs more often from
overall electron-donating ability of the dative ligarfdJhis unsymmetrical complexes. Therefore, an understanding of
effect of the orientation of such a ligand had not previously the electronic effects on reductive elimination in the general
been addressed. This effect proved important to considercase, when two different ligands undergo coupling, is crucial
because the difference in the rate of reductive elimination to understanding and predicting the rates and scope of
from two stereoisomeric arylpalladium amido complexes was catalytic processes, including commonly practiced cross-
as large as differences in the rates of reductive elimination couplings. A theoretical explanation for these electronic
from complexes containing ancillary ligands that impart effects awaits additional modern computational work.
significant changes in the overall electron density at the
metal.

Th.usf’ many of the inconsistencies betW?en prgwo_us (76) Langford, C. H.; Gray, H. BLigand Substitution Processe®/.A.
predictions and recent data arose when reductive elimination” ™ genjamin, Inc.: Reading, MA, 1966.
occurred from unsymmetrical complexes. Of course, reduc- (77) Macgregor, S. A;; Neave, G. W.; Smith, Earaday Discuss2003
tive elimination to form carbonrheteroatom bonds must (78) }:iljllti-lli I.; Yamashita, M.; Puschmann, F.; Alvarez-Falcon, M. M.;
occur from unsymmetrical complexes through unsymmetrical Incarvito, C. D.; Hartwig, J. FJ. Am. Chem. SoQ006 128 9044.
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