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Methyl iodide, benzyl bromide, and benzyl iodide react with PdMePh(bpy) (bpy = 2,2’
bipyridyl) in acetone at 0 °C to form the isolable fac-triorganopalladium(IV) complexes PdIMe,-
Ph(bpy) (3) and PdAXMePh(CH,Ph)(bpy) [X = Br (4), I (5)]. Complex 3 occurs as a mixture
of isomers in a ca. 1:1 ratio, involving the phenyl group in a position trans either to bpy (3a)
or to iodine (3b), while complexes 4 and 5 are obtained as one isomer which, most likely, has
the benzyl group trans to the halogen. The selectivity of reductive elimination from a metal
bonded to three different groups could be studied for the first time. The complexes undergo
facile reductive elimination in (CD;);CO at 0 °C, in which PdIMesPh(bpy) gives a mixture of
ethane and toluene in a 4:1 molar ratio together with PAIR (bpy) (R = Ph, Me), whereas PdAX MePh-
(CH3Ph)(bpy) (X = Br, I) gives exclusively toluene and PdX(CH,Ph)(bpy). The analogous
tmeda complex, PdMePh(tmeda) (tmeda = N,N,N’,N’-tetramethylethylenediamine), reacts
more slowly than PdMePh(bpy) with alkyl halides. Methyl iodide reacts cleanly with PdMePh-
(tmeda) at 0 °C in (CDj3)3CO to form ethane and PdIPh(tmeda), but the expected palladium(IV)
intermediate could not be detected. Benzyl bromide does not react with PdMePh(tmeda)
below the decomposition temperature of the latter under these conditions (50 °C, (CDj3).CO),
while benzyl iodide reacts at 40 °C to give a complicated mixture of products of which ethane,
diphenylmethane, ethylbenzene, toluene, and PdIR(tmeda) (R = Me, Ph) could be identified.
Benzyl iodide reacts with PdMes(tmeda) at —30 °C in (CD3)2CO to form PdIMey(CH.Ph)-
(tmeda), for which !H NMR spectra showed the benzyl group to be trans to one of the N-donor
atoms. However, PdIMe;(CHoPh)(tmeda) is unstable and undergoes facile reductive elimination
to form ethane and PAdI(CH;Ph)(tmeda). Transfer of alkyl and halide groups from palladium-
(IV) to palladium(II) complexes occurs in (CD3);CO at low temperatures for several reaction
systems in which the resulting palladium(IV) complex is known to be more stable than the
palladium(IV) reagent. There is a strong preference for benzyl group transfer from PdXMePh-
(CH,Ph)(bpy) to PdMez(L;) (X = Br, I; Ly, = bpy, phen). The mechanism of the transfer
reactions is discussed in terms of the mechanism suggested earlier for alkyl halide transfer from
palladium(IV) to platinum(I), palladium(II) to palladium(0), cobalt(III) to cobalt(I), and
rhodium(III) to rhodium(I). These reaction systems involve nucleophilic attack by the lower
oxidation state reagent at an alkyl group attached to the higher oxidation state reagent.
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Introduction

Alkylpalladium(IV) chemistry has developed only
recently!-? and includes the isolation of complexes of
bidentate!-3 and tridentate nitrogen donor ligandste and
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of tridentate 1,4,7-trithiacyclononane.!* Kinetic studies
on the oxidative addition of simple alkyl halides, like Mel
and PhCH;Br, to dimethylpalladium(II) complexes of
nitrogen donor ligands are consistent with the occurrence
of the classical Sn2 type of mechanism.* The obtained
complexes are octahedral and contain a fac-PdCs arrange-
ment, e.g. as in eq 1. The proposed cationic palladium-

Me + Me
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(IV) intermediate (c¢f.1, eq 1) has been detected for several
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reaction systems by 'H NMR. For example, PdMe,-
(tmeda) (tmeda = N,N,N’,N’-tetramethylethylenedi-
amine) reacts with methyl triflate in CD3CN to form
the cationic complex [PdMes(tmeda)(CD3CN)}+,2 and
[PdMe;(CD3)(bpy){(CD3)2:CO}1* (bpy = 2,2’-bipyridyl) is
obtained by oxidative addition of CDsl to PdMeq(bpy) at
-50 °C in (CD);;)zco.lbyf

The oxidative addition of alkyl halides to dimethylpal-
ladium(II) complexes occurs under mild conditions, and
the decomposition of most palladium(IV) complexes
isolated to date is characterized by reductive elimination
reactions at —30 to +40 °C. These characteristics of
palladium(IV) chemistry provide opportunities for mech-
anistic studies of these two ubiquitous reaction types in
organometallic chemistry, including opportunities for the
study of selectivity in reductive elimination to form C-C
bonds.

Arylpalladium(IV) chemistry is restricted to the isolation
of several pentafluorophenyl complexes formed on oxi-
dation of palladium(II) complexes with chlorine, e.g. PdCls-
(CeFs)(bpy) and PdCly(CeF5)a(bpy),5 synthesis of some
palladacyclic complexes by oxidative addition of alkyl and
allyl halides,? and the oxidative addition of chlorine and
methyl iodide to cyclopalladated complexes, e.g. PdCl-
{CeH4(CH,N(Me)CH,CH;NMey)-2} (I1).2¢ Dimethylpal-

Me

N

Pd—NMe,

Ci

I

ladium(II) complexes of nitrogen donor ligands have been
known to be very suitable starting materials for the
synthesis of triorganopalladium(IV) complexes for some
time now.1-3 The synthesis of other starting materials,
such as alkyl(aryl)palladium(II) complexes with nitrogen
donor ligands has only recently been achieved.® In this
paper we report studies of the oxidative addition of methyl
iodide and benzyl halides to PdMePh(L;y) (L; = bpy,
tmeda), together with the first study of selectivity in
reductive elimination from a metal center bonded to three
different organicgroups. The first examples of the transfer
of alkyl groups from palladium(IV) to palladium(II) centers
are also reported. A preliminary report of part of this
work has appeared.5e

Results

NMR Studies of the Oxidative Addition of Alkyl
Halides. Thereactivity of PdAMePh(L2) complexes toward
alkyl halides was monitored by 1H NMR spectroscopy in
preliminary studies. Addition of the alkyl halide to a
solution of PdMePh(Ls) in (CD3)2CO at low temperature
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Figure 1. Reaction of PdMePh(L,) (0.02 mol L-1) with CD;l
(0.15 mol L-1) at 0 °C, monitored by the disappearance of the
PdCH; resonance, using 1,4-dioxane as an internal standard.

(-60°C), followed by slow warming, allowed determination
of the temperatures at which oxidative addition and
subsequent reductive elimination occur.

Reaction of PdAMePh(tmeda) (1) with Mel at 0 °C gave
PdIPh(tmeda) and ethane only, without a detectable
palladium(IV) intermediate (eq 2). Benzyl bromide does
not react with PdMePh(tmeda) up to the decomposition

Me, Me,
N P N_ Ph
Q,
Pd .Ml —2C Pd  +MeMe 2
[ VAN AN @
N Me N 1
Mez M92

1

temperature of PdAMePh(tmeda) (=50 °C), but the more
reactive benzyl iodide reacts at 40 °C to give ethane,
diphenylmethane, ethylbenzene, and toluene as organic
productsina1:4:8:34 ratio. The complexes PdIMe(tmeda)
and PdIPh(tmeda) could be identified and are present in
a ca. 4:5 ratio. The expected presence of PAdI{(CHyPh)-
(tmeda) could not be verified due to the complexity of the
IH NMR spectrum.

Addition of Mel to PdMePh(bpy) (2) at 0 °C gave spectra
consistent with the formation of two isomeric forms of
PdIMe,Ph(bpy) (3a and 3b). The isomers are unstable
at this temperature and undergo reductive elimination to
form ethane, toluene, and PdIR(bpy) (R = Ph, Me), as
indicated in eq 3.

o’ ]
N Me Ph
A \Pd,P h 0°C N.,, P|d .Ph N., | .Me
+ Mel 0.5 ( . + (
\ N7 | e N ' Me
= |N Me | i
& 3a 3b
2
N N M
0°C \Pd/Ph 5 \Pd/ e Me-Ph @)
0.8 Me-Me| + 0. + Me-
N/ \I ' N/ \I

A comparison of the reactivity of PdMePh(bpy) and
PdMePh(tmeda) toward methyl iodide was obtained by
monitoring the disappearance of the PACH; resonance
(Figure 1). Because the reaction of PdMe;(bpy) with Mel
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is known to follow second order kinetics,* we used pseudo
first order conditions to study the oxidative addition of
CDgltol and 2, respectively. The obtained half-life values
show that the reaction to form the bpy complexes 3a and
3b (eq 3) proceeds ca. 2 times faster than the reaction of
the tmeda complex (eq 2) under the conditions used.
Reaction of 2 with benzyl halides at 0 °C readily gave
the palladium(IV) complexes PAXMePh(CH,Ph)(bpy) [X
= Br (4), I (5)]1, which undergo a relatively slow reductive
elimination at 0 °C, involving exclusive coupling of methyl
and phenyl groups (eq 4). The 'H NMR spectra indicate

/
‘N CH.Ph
\ /Ph 0°C N., Ph 0°C
Bd  +PhCHX ——2—» < P — L.
/\ N }\Me
N Me
~ 4(X=Br),5(X=1)

\Pd/x Me-Ph  (4)
+ Me-

/N

N CH,Ph

the formation of only one of the three possible structural
isomers for 4 and 5, most likely having the benzyl group
in an axial position (cf. eq 4), as established by 13C NMR
studies (vide infra).

In order to determine whether the lower reactivity of
PdMePh(tmeda) compared to PdMePh(bpy) toward ha-
lides is due to the presence of the phenyl group, we explored
the reactivity of PdMe;(tmeda) toward benzyl iodide.
Reaction occurs slowly at ca. —30 °C to give a spectrum
similar to that reported for PdABrMez(CH:Ph)(tmeda),2ad
e.g. exhibiting two PdTVMe resonances (1.56 and 1.39 ppm)
and an AB pattern for PAdCH,Ph, corresponding to a
structure with an equatorial benzyl group, i.e. trans to
tmeda. The complex undergoes reductive elimination
readily to form PdI(CH;Ph)(tmeda) and ethane, a selec-
tivity identical to that reported for the bromo analog.2ad

Synthesis of Complexes and Assignment of Struc-
tures. The complexes PdIMe,Ph(bpy) (3) and PdXMePh-
(CH,Ph)(bpy) [4 (X = Br), 5 (X = I)] were isolated as
white (3,4) or pale yellow (5) solids on reaction of PdMePh-
(bpy) (2) with excess alkyl halide at 0 °C in acetone,
followed by addition of pentane (4,5) or cooling to -60 °C
with addition of pentane (3). Attempts to recrystallize
these complexes have failed thus far, as they decompose
slowly at 20 °C in solution.

In the 'H NMR spectrum of 3 in CDCl;, the presence
of two isomers 3a and 3b is indicated by three well-resolved
bpy Hg resonances at 9.10 (d, 2H, 3b), 8.98 (d, 1H, 3a, next
to Me), and 8.76 ppm (d, 1H, 3a, next to Ph). The
assignment of the doublets of 3a is not immediately obvious
but can be explained in terms of an induced shift by the
phenyl ring. In PdMePh(bpy), the phenyl ring lies
approximately normal to the coordination plane,28 and
isomer 3a may have a similar configuration for the phenyl
group, perhaps forming an angle of ca. 45° with the PACoNy
plane to minimize interactions with the axial methyl and
iodogroups. This configuration would suggest assignment
of the upfield bpy Hg resonance (8.76 ppm) to the proton
of 3a adjacent to the phenyl group, resulting in assignment
of the resonance at 8.98 ppm to the other bpy Hg proton
of 3a. The relative intensities of the bpy Hg resonances
indicate that 3a and 3b occurin a ca. 1:1 ratio. Thisresult
is consistent with the occurrence of three methyl singlets
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at 2.31 (3b) and 2.30 (3a) (trans to bpy) and at 1.70 ppm
(3a) (trans toI) with an intensity ratio of 2:1:1, respectively.
The assignment of the methyl resonances is indicated from
comparisons of the spectrum of 3 (in CDCl3) with spectra
of complexes in which the methyl groups occur trans to
bpy and iodo groups in PdIMes(L;) with Ly = bpy or
tmeda.l22b8 Spectra of 3 in (CDj3);CO may be interpreted
similarly, but the spectra are less well-resolved. The 13C
NMR spectrum of PdIMe;Ph(bpy) (3) shows three PACHj;
resonances. The resonance at 34.33 ppm is assigned to
the methyl group trans to iodine, with resonances at 22.43
and 23.26 ppm assigned to methyl groups trans to bpy, on
the basis of direct comparison with the reported spectrum
of PdIMe;(tmeda) (31.70 and 15.53 ppm in a 1:2 intensity
ratio).?

The 'H NMR spectra of 4 and 5 are similar, showing
unique PdMe, PdPh, and PACH,Ph environments and,
owing to a lack of symmetry at palladium, two pyridine
ring environments and an AB pattern for PACH;Ph. The
PdMe resonances at 2.39 (4) and 2.46 ppm (5) occur
downfield from that of PdBrMe(CHoPh)(bpy) (1.98
ppm19) and the iodo analog (2.05 ppm!9). Since the latter
complexes have both methyl groups trans to bpy and
resonances for PdMe groups trans to a halogen are
generally upfield from those trans to nitrogen
donors,1a<d2810 complexes 4 and 5 have configuration ITI
or IV. Resonances for the benzyl group in 4 and § are

CHzPh Ph
N., | .CHaPh
< " d\ < lPd\
7 | M N7 | e
X
111 Iv

broad at low temperature (<-30 °C), but sharpen on
warming to ca. =10 °C. This may be attributable to
fluxional processes involving the benzyl group, possibly
rotation about the Pd-C bond.

As observed for PdXMey(CH2Ph)(bpy) (X = halide,
pseudohalide, or carboxylate),!d comparison of the H
chemical shifts of the Pd—Me and Pd-CH;Ph groups of
4 and 5 shows very small differences and is no aid in
structural assignment. However, 13C NMR spectra of 4
and 5 are more consistent with the presence of the benzyl
group trans to the halogen (structure I1I), since the PACH.-
Ph resonances differ by 4.46 ppm [50.20 (X = Br), 54.66
ppm (X = I)] whereas the PdCHj resonances differ by
0.37 ppm [27.82 (X = Br), 27.45 ppm (X = I)]. Similar
effects have been reported for PdXMes(tmeda),2?t where
resonances for PACH; trans to tmeda are essentially
identical, but differ (in (CD3)2CO) by 7.16 ppm for PACHj
trans to X, with the resonance for X = Br also downfield
from that for X = I, as observed for 4 and 5.

Reductive Elimination from Palladium(IV). In
order to determine whether the products obtained by
oxidative addition of alkyl halides to PdMePh(Ly) only
arise via reductive elimination from palladium(IV) or from
side reactions due to the presence of excess alkyl halide,
the isolated complexes 3-5 were dissolved in (CD3)2CO at
alowtemperature and their decomposition upon increasing

(8) Byers, P. K,; Canty, A. J.; Skelton, B. W.; White, A. H. Organo-
metallics 1990, 9, 826.

(9) Rashidi, M.; Fakhroeian, Z.; Puddephatt,R. J.J. Organomet. Chem.
1990, 406, 261.

(10) Byers, P. K.; Canty, A. J.; Skelton, B. W.; Traill, P. R.; Watson,
A. A,; White, A, H. Organometallics 1990, 9, 3080.
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the temperature was followed by 'H NMR. The observed
reductive elimination behavior was found to be identical
to that in the preliminary studies of the reactivity of
PdMePh(bpy) toward alkyl halides (eqs 3 and 4).11

Transfer of Alkyl Halide from Palladium(IV) to
Palladium(II). Thehigher stability of platinum(IV) with
respect to palladium(IV) has prompted 'H NMR studies
of the reactivity of palladium(IV) complexes toward
platinum(II) complexes, leading to the detection of alkyl
halide transfer from palladium(IV) to platinum(II),*, e.g.
as illustrated in eq 5.

T CHoPh ]
0.85 (N""Pd“"Me (N""flt“"'Me
. +
CHZPh N e N/JB\MG
<N.,,/Pd\‘,.Ms N., e ME J - ’
LA T (5)
; ¢
N I\Me N7 he r M 7
Br e
No g CHEPR N P|I Me
0.15 < ‘Pq! . ( v
~ N7 “Me N7 | e
N N =phen L 8r ]

Asthe trialkylpalladium(IV) complexes of bpy and phen
are more stable than their tmeda analogs and the arylpal-
ladium(IV) complexes reported here, the potential for alkyl
halide transfer from palladium(IV) to palladium(II) was
investigated by 'H NMR spectroscopy for representative
combinations of palladium(IV) and palladium(II) com-
plexes.

Reactions were studied at —20 °C in (CD3)CO unless
higher temperatures were required, and the results are
summarized in eqs 6-8. Reactions 6 and 7 were complete
before spectra could be obtained and, at the temperature
required for the reaction of eq 8 (0 °C), reductive
elimination of ethane from PdIMes(tmeda) dominated.

CHaPh CHPh
N. | PR N-,  Me N, .Ph N., | .Me
(Copal v (C pal —as e (el (R @)
N ! \Me N \Me -20°C N Me N | Me
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N N=bpy N N =bpy phen
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I I
3 2
N
N N =bpy
Me Me
N., ' ~Me Ne, oMo qow N.,  Me N, | Me
( P! . < pa T S ( pd ( “Pg’ @
N ‘ “SMe N Sme 07 N7 e N | SMe
I I
N N
N N =tmeda N N =bpy
Discussion

Oxidative addition of alkyl halides to PdMePh(bpy)
proceeds smoothly and shows the formation of palladium-
(IV) complexes before extensive reductive elimination
occurs. Although PdMePh(tmeda) is expected to be more
nucleophilic than PdMePh(bpy), since tmeda is a stronger
a-donor than bpy, it was found to be less reactive in
oxidative addition, as illustrated in Figure 1. This lower

(11) In one experiment, we found that the complex PdIMe(CD3)Ph-
(bpy) had decomposed by ca. 50% within 2 min in CDCl; at 298 K. This
is in full accord with the results obtained in the presence of excess CD;l
and indicates that the reaction does not proceed via electron transfer.
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reactivity, and the inability of benzyl bromide to react
with PdMePh(tmeda), may be ascribed to steric effects.
Such effects have been found to be very important in Sy2
reactions of platinum(II) complexes, e.g. PtMes(phen)
reacts ca. 1000 times slower with EtI than with Mel 12
Although the two dimethylamino and phenyl groups in
PdMePh(tmeda) are in the nucleophile instead of the
electrophile, their size may well be a dominant factor in
determining the relative reactivities of PdMePh(Lsg) (Lo
= bpy, tmeda). In addition, the NMe;, groups have a
pronounced effect on the stability of the palladium(IV)
compounds, as they appear to promote dissociation of
iodide from PdIMes(tmeda),? which is known, from kinetic
studies, to be the first step in reductive elimination from
PdIMes(bpy).42 Although palladium(IV) complexes are
not detected in the reaction of PdMePh(tmeda) with Mel
(eq 1) or with PhCH;l, they are assumed to be formed as
transient intermediates. However, the possibility that
steric constraints imposed by tmedaresult inintermediates
with a structure different from those of their bpy analogs
cannot be discounted, e.g. five-coordinate (or solvated)
cations lacking halide coordination,

The formation of PdIMesPh(bpy) as a mixture of
isomers is consistent with reports of both transibef.2b.10
and cisi?2e-d3b oxidative addition to palladium(II) and
the stereochemical nonrigidity of cation intermediates in
oxidative addition reactions of palladium(II).152b Itisalso
reminiscent of the formation of a mixture of isomers
reported for PtIMePh,(bpy).? This compound is formed
on oxidative addition of Mel to PtPhs(bpy) or reaction of
bpy with (PtIMePhy),. In the former case, the complex
PtPhy(bpy) reacts with methyl iodide to give the trans
product first, which upon evaporation of the solvent and
redissolution of the residue forms the cis and trans
compounds in a 2:1 ratio. Reaction of (PtIMePhy)4 with
bpy gives the cis and trans isomers in a 2:1 ratio
immediately.

The preference for ethane elimination from PdIMe;-
Ph(bpy), and from the palladium(IV) intermediate(s)
expected to occur in the reaction represented by eq 3, is
consistent with the reported preference for ethane elimi-
nation from a range of PdXMesR (L2) complexes where R
# aryl.1abd2abdeld Kineticstudiesindicate that reductive
elimination of ethane from PdIMes(bpy) in acetone occurs
mainly via a preliminary iodide dissociation to form
[PdMe;s(bpy)]1* and/or [PdMes(bpy){acetone)}*.4¢ Cou-
pling of methyl groups most likely occurs from equatorial
(trans to bpy) and axial positions.*2 If this mechanism
occurs for the present complexes, exclusive formation of
toluene from PAXMePh(CH,Ph)(bpy) (X = Br, I) (eq 3)
would require the benzyl group to adopt an equatorial
position in an intermediate cation. Theoretical studies
based on extended Hiickel calculations by Tatsumi et al.
are consistent with these assumptions.l® A similar rear-
rangement would be required for ethane elimination from
PdBrMe(CHyPh)(bpy), which also has an axial benzyl
group. The bond dissociation energiesi4 for Ph-Me (418
kJ mol1), Me-Me (368 kJ mol'), PhCH,~Ph (322 kJ
mol1), and PhCH;—Me (301 kJ mol-!) may be important
in the thermodynamic aspects of the reductive elim-

(12) Monaghan, P. K.; Puddephatt, R.J.J. Chem. Soc., Dalton Trans.
1988, 595.

(13) Tatsumi, K.; Nakamura, A.; Komiya, S.; Yamamoto, A.; Yama-
moto, T. J. Am. Chem. Soc. 1984, 106, 8181.

(14) Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley: New
York, 1976.
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ination. Moreover, it has been estimated that elimination
of Me-Me from PdBrMe;(CHoPh)(L2) (Lz = bpy, phen)
has AH =-108 + 4 kJ mol-! compared to—48 & 12 kJ mol-!
for elimination of PhCHy-Me.# The selectivity in elimi-
nation of Me—-Me from PdBrMe,(CH:Ph)(bpy), and of
Ph-Me from PAXMePh(CH.Ph)(bpy) (eq 4), is consistent
with this simple approach, but the preference for ethane
rather than toluene elimination from PdIMe.Ph(bpy) is
not. However, other factors are expected to influence
selectivity.l® For example, although the simple cations
[PdMe2(CD3) (L) (8)1* (Lz = bpy,'*8 tmeda;?* S = (CD3)e-
CO, CD3CN) are stereochemically nonrigid, the ease of
polytopal rearrangements of the organic groups at pal-
ladium(IV) in the present complexes to give intermediates
allowing the thermodynamically expected coupling to
occur may not be facile, and coupling from these inter-
mediates may also not be easy.

The reaction of benzyl iodide with PdMePh(tmeda) is
complex, involving formation of ethane, diphenylmethane,
ethylbenzene, and toluene. A detailed interpretation, in
terms of oxidative addition to form a palladium(IV)
complex with subsequent reductive elimination, has little
value since the reaction temperature is within 10 deg of
the decomposition temperature of PdMePh(tmeda) under
similar conditions (vide supra). The formation of such a
complicated mixture of organic products is reminiscent of
the slow reaction between cis-PdMez(PPhs;); and benzyl
bromide.2d16 This reaction gave ethylbenzene, bibenzyl,
and ethane in a 3:2:1 ratio.2d De Graaf et al. suggested
that at least part of thisreaction takes a radical pathway.2d
This may alsobe the case in the reaction between PdMePh-
(tmeda) and benzyl iodide.

'H NMR studies of the alkyl halide transfer reaction
(eq 5) and kinetic studies of this reaction using UV/vis
spectroscopy show that the reaction is strongly retarded
by added halide ion.# The reaction of eq 5 follows second
order kinetics, and the negative AS* (-51 £ 4 J K-1mol-!)
suggests an ionic or polar mechanism. Inreactionssimilar
to that of eq 5 it has been demonstrated that the transfer
occurs exclusively to axial sites at platinum and that there
is no exchange of bidentate ligands between palladium
and platinum, e.g. for methyl iodide transfer from PdIMe;-
(bpy) to Pt(CDs)s(bipyrimidine).4* A mechanism con-
sistent with these observations involves a preliminary
halide loss from palladium(IV), as occurs in reductive
elimination, followed by nucleophilic attack by the plati-
num(II) center on an axially oriented group at palladium-
(IV). Dissociation of halide from palladium(IV) is ex-
pected to enhance nucleophilic attack by platinum(II),
and following transfer of an alkyl group to platinum(II),
rapid coordination of the halide ion to platinum(IV) is
expected.

The reactions of eqs 6-8 are consistent with the
occurrence of an identical mechanism, involving inter-
mediate VI, Thus, there is no exchange of bpy and phen
{eq 7) or of bpy and tmeda (eq 9) between metal centers,

RaPlLa) RoPd(Lo) |* PdL,
: : 4
RePA(L2) RePdi(Ly) PaXLs
\Y% VI VII

and the alkyl halide is transferred to palladium(II) reagents
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expected togive the more stable palladium(IV) complexes.
There is a strong preference for benzyl halide transfer (eq
6), as observed for the reaction of eq 5, consistent with
observations that nucleophilic attack on PhCHy-X occurs
faster than on CHs—~X by factors as high as 500.17 Similarly,
oxidative addition of aryl halides to platinum(II) is much
less facile than addition of alkyl halides.!'®* Phenyl group
transfer is also unlikely because it would not lead to
products that are more stable than the reactants. Halide
ion retardation was studied only for the reaction of eq 6
(N-N = bpy, N'-N’ = phen), as this reaction is repre-
sentative of eqs 6-8, and it was shown that this reaction,
which is rapid at —20 °C in the absence of excess halide,
becomes slow even at 0 °C when 1 equiv of LiBr is added.

The reactions of eqs 6-8 are closely related to transfer
of a benzyl group from palladium(II) to palladium(0),
believed to occur via a mechanism involving palladium(0)
as a nucleophile in intermediate VIL.!® Similar mecha-
nisms have also been proposed for transfer of alkyl halide
from complexes of Co(III) to Co(I)?° and from Rh(III) to
Rh(I).2! For example, it has been shown that RX transfer
between the complexes RhIXR (macrocycle-A) and Rh!-
(macrocycle-B) occurs and that it is faster for benzyl halide
than for methyl halide transfer.?

Concluding Remarks

The results reported here suggest that development of
a rich organometallic chemistry of arylpalladium(IV) is
possible, e.g. involving oxidative addition and reductive
elimination reactions under mild conditions, selectivity
in coupling of organic groups on palladium(IV) in reductive
elimination, and reactions involving alkyl halide transfer
from palladium(IV) to palladium(II) that also exhibit
selectivity. The arylpalladium(IV) chemistry initiated
here is expected to be ideal for studies of reaction
mechanisms in organometallic chemistry, including re-
activity related to the roles of palladium complexes in
organic synthesis and catalysis.

Experimental Section

General Procedures. All operations were conducted in an
atmosphere of dry nitrogen with the use of established Schlenk
techniques. 'H (300-MHz) and 13C (75-MHz) NMR spectra were
recorded on a Bruker AC300 spectrometer. Chemical shifts (5)
are givenin ppmrelative to tetramethylsilane, and connectivities
in'H NMR spectra were frequently assigned using homonuclear
shift correlation techniques (COSY-45).

Materials. Pentane and diethyl ether were freshly distilled
from sodium/benzophenone ketyl. Methyliodide, methyliodide-

(15) The Pd-aryl bond dissociation energy may, of course, be one of
these. The selective reductive elimination of toluene from PdXMe(Ph)-
(CH,Ph)(bpy) should provide an opportunity to measure the Pd-Ar bond
dissociation energy. This is currently under investigation.

(16) Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1979, 101, 4981.

(17) (a) Streitweiser, A. Solvolytic Displacement Reactions;
McGraw-Hill: New York, 1962. (b) Schrauzer, G. N.; Deutsch, E. J. Am.
Chem. Soc. 1969, 91, 3341.

(18) (a) Anderson, C. M.; Puddephatt, R. J.; Ferguson, G.; Lough, A.
d.J.Chem.Soc.,Chem.Commun.1989,1297. (b} Anderson,C.M.;Crespo,
M.; Jennings, M. C.; Lough, A. J.; Ferguson, G.; Puddephatt, R. J.
Organometallics 1991, 10, 2672. (c) Canty, A. J.; Honeyman, R. T.;
Skelton, B. W.; White, A. H. J. Organomet. Chem. 1990, 389, 2717.

(19) Stille, J. K.; Lau, K. S. Y. Acc. Chem. Res. 1977, 10, 434.

(20) (a) Stadlbauer, E. A.; Holland, R. J.; Lamm, F. P.; Schrauzer, G.
N. Bioinorg. Chem. 1974, 4, 67. (b) Dodd, D.; Johnson, M. D.; Lockman,
B. L. J. Am. Chem. Soc. 1977, 99, 3664.

(21) Collman, J. P.; Brauman, J. I.; Madonik, A. M. Organometallics
1986, 5, 215.

(22) Coleman, G. H.; Hauser, C. R. J. Am. Chem. Soc. 1928, 50, 1193.
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ds, benzyl bromide, and acetone (pa) were obtained from Janssen
Chimica and used without purification. The complexes PdIR-
(tmeda) (R = Me,? PhZb), PAIPh(bpy),t® PdMePh(Ly) (L; =
tmeda,?d bpy®?), PdMe,(L,) (L. = tmeda, bpy, phen),?? PdBrMe,-
(CH,Ph)(L,) (L = bpy, phen),?® and PdIMe;(Ly) (L; = tmeda,?
bpy®) were prepared as reported. The reagent benzyl iodide was
prepared as reported.?2 The complexes PdIMe(bpy)® and
PdBr(CH;Ph)(bpy)!° were prepared by reductive elmination from
palladium(IV) complexes. The complex PdMey(phen) was
prepared by reaction of 1,10-phenanthroline monohydrate with
PdMe,(tmeda), as reported for the preparation of PdMe;(bpy),2?
and has a'H NMR spectrum identical to the reported spectrum.
The complex PdIMe,(CH,Ph)(bpy) was prepared by reaction of
PhCH,I with PdMey(bpy), as reported for the bromo analog,!?
and has a !H NMR spectrum identical to that reported for a
sample prepared by a different method.!d

IH NMR Studies of the Oxidative Addition of Alkyl
Halides to PdMePh(L;). An excess (=10 equiv) of the alkyl
halide was added to a (CD3);CO solution of the appropriate
PdMePh(L;) complex in a 5-mm NMR tube at 60 °C. The tube
was quickly and vigorously shaken and placed in a precooled
probe (-50°C). The temperature was then increased slowly until
reaction commenced.

In the case of the oxidative addition of benzyl iodide to
PdMePh(tmeda), the reactants were mixed at room temperature,
after which the temperature was slowly increased. A fastreaction
was observed at 40 °C,

IHNMR Kinetic Studies of Oxidative Addition of Methyl
Todide to PdMePh(L;). To a cold solution (=60 °C) of the
PdMePh(L,) complex in 0.6 mL of (CD3):CO was added a 7.5-
fold excess of CD3l in 0.2 mL of (CDs)2CO, giving concentrations
0f 0.02 and 0.15 mol L-! for the palladium(II) and CD,l reagents,
respectively. Spectra (16 scans, acquisition time 4.948 s/scan,
no relaxation delay) were obtained at 2-min intervals for 10-20
min at 0 °C. A small amount of 1,4-dioxane was used as an
internalstandard. No correction for relaxation times was applied
to the normalized integrals.

NMR Studies of Reductive Elimination from Palladium-
(IV) Complexes. A solution of the palladium(IV) complex in
(CD3)2CO at —60 °C was placed in a 5-mm NMR tube which was
subsequently transferred to a precooled probe (-60 °C). The
temperature was then slowly increased until reductive elimination
was observed. Spectra of solutions of ethane, methane, toluene,
ethylbenzene, benzene, diphenylmethane, biphenyl, and a wide
range of palladium(II) and palladium(IV) complexes, including
those listed above, were used in the interpretation of the NMR
spectra.

PdIMe;Ph(bpy) (3). To a solution of 0.19 g (0.5 mmol) of
PdMePh(bpy) in 12mL of acetone at 0 °C was added 0.3 mL (4.8

(23) Byers, P. K.; Canty, A. J. Organometallics 1990, 9, 210.

Markies et al.

mmol) of methyl iodide. When, after 1 min, a precipitate
appeared, the solution was immediately cooled to -60 °C and
treated with 15 mL of cold (-50 °C) pentane. The precipitate
was collected on a precooled (-30 °C) sintered glass filter, washed
with 3 X 10 mL of cold (-30 °C) pentane and 2 X 10 mL of cold
(30 °C) diethyl ether, and pumped to dryness in vacuo at 0 °C.
Yield: 0.14 g (53%). 'H NMR (CDCl;, -10 °C): é 1.70 (s, 3
PdMe), 2.30 (s, 3, PdMe), 2.31 (s, 6, PdMe), 6.77 (m, 2, Ph), 6.85
(m, 3, Ph), 7.16 (m, 3, Ph), 7.46 (m, 1, bpy), 7.65 (m, 3, bpy), 7.80
(s, v br, 2, Ph), 8.11 (m, 8, bpy), 8.76 (d, J = 4.8 Hz, 1, bpy), 8.98
d, J = 4.9 Hz, 1, bpy), 9.10 (d, J = 4.9 Hz, 2, bpy). 3C NMR
(CDClg, =30 °C): 6 22.43, 23.26, 34.33 (PdMe), 123.17, 123.27,
124,25, 124.41, 126.46, 126.72, 126.76, 127.88, 128.20, 132.29,
139.08, 139.28, 147.34, 147.80, 149.53, 152.09, 152.57, 152.98,
153.33, 156.77 (aromatics).

PdBrMePh(CH:Ph)(bpy) (4). To a solution of 0.31 g (0.9
mmol) of PdAMePh(bpy) in 25 mL of acetone at 0 °C was added
1.0 mL (8.4 mmol) of benzyl bromide. When, after 15 min, a
precipitate appeared, the solution was treated with 50 mL of cool
(=30 °C) pentane and subsequently cooled to -60 °C. The
precipitate was collected on a sintered glass filter, washed with
3 x 20 mL of cold (-30 °C) pentane and 2 X 10 mL of cold (-30
°C) diethyl ether, and pumped to dryness in vacuo at 0 °C. Yield:
0.27¢g (59%). *H NMR (CDCl;, 0 °C): 6 2.39 (s, 3, PdMe), 3.79
(AB, 2, -CH»-), 6.43 (s, br, 2, 0-benzyl), 6.61 (t, J = 7.6 Hz, 2,
m-benzyl), 6.79 (t, J = 7.4 Hz, 1, p-benzyl), 7.25 (m, 7, CDCl; +
bpy + Ph), 7.45 (m, 1, bpy), 7.86 (m, 6, bpy + Ph), 8.06 (d, 7.9
Hz, 1, bpy), 8.38 (d, J = 5.0 Hz, 1, bpy), 8.73 (d, J = 4.9 Hz, 1,
bpy). 13C NMR (CDCl;,-20°C): 627.82(PdMe), 50.20 (PdCHy),
122,77, 123.04, 124.74, 125.79, 126.12, 127.88, 128.39, 138.33,
138.94, 143.85, 146.98, 148.91, 152.38, 152.76, 153.25 (aromatics).

PdIMePh(CH,Ph)(bpy) (5). This slightly yellow product
was prepared by a procedure similar to that of 4. Yield: 83%.
'HNMR (CDCl;,~-10°C): §2.46 (s, 3, PdMe), 3.91 (AB, 2,-CH,-
), 6.40 (s, v br, 2, o-benzyl), 6.60 (s, v br, 2, m-benzyl), 6.83 (m,
br, 1, p-benzyl), 7.28 (m, 7, CDCl; + bpy + Ph), 7.44 (m, 1, bpy),
7.78 (m, 1, bpy), 7.95 (m, 2, bpy), 8.08 (d, J = 7.9 Hz, 1, bpy), 8.38
(s, br, 1, bpy), 8.80 (s, br, 1, bpy). 3C NMR (CDCl;, -30 °C):
5 27.45 (PdMe), 54.66 (PdCH,), 123.13, 123.43, 124.95, 126.13,
126.29, 126.47, 128.28, 128.60, 138.76, 139.30, 143.93, 147.67,
149.49, 152.39, 153.07, 153.47 (aromatics).
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