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® Second Comes First: Switching Elementary Steps in Palladium-

Catalyzed Cross-Coupling Reactions

Marlene Kolter and Konrad Koszinowski*®

/Abstract: The electron-poor palladium(0) complex L;Pd (L=
tris[3,5-bis(trifluoromethyl)phenyllphosphine)  reacts  with
Grignard reagents RMgX and organolithium compounds RLi
via transmetalation to furnish the anionic organopalladates
[L,PdR]™, as shown by negative-ion mode electrospray-ioni-
zation mass spectrometry. These palladates undergo oxida-
tive additions of organyl halides R'X (or related Sy2-type re-
actions) followed by further transmetalation. Gas-phase frag-
mentation of the resulting heteroleptic palladate(ll) com-
plexes results in the reductive elimination of the cross-cou-

pling products RR'. This reaction sequence corresponds to a
catalytic cycle, in which the order of the elementary steps of
transmetalation and oxidative addition is switched relative
to that of palladium-catalyzed cross-coupling reactions pro-
ceeding via neutral intermediates. An attractive feature of
the palladate-based catalytic system is its ability to mediate
challenging alkyl-alkyl coupling reactions. However, the
poor stability of the phosphine ligand L against decomposi-
tion reactions has so far prevented its successful use in prac-
tical applications.
pp )

Introduction

Palladium-catalyzed cross-coupling reactions provide an ex-
tremely efficient means for the formation of new carbon-
carbon bonds. These reactions are known to proceed through
a common catalytic cycle characterized by the elementary
steps of oxidative addition, transmetalation, and reductive
elimination (Scheme 1)." This sound mechanistic understand-
ing has proven invaluable for the rational design of new phos-
phine and N-heterocyclic carbene ligands, without which
cross-coupling reactions would not have reached their current
level of reliability and versatility.””

Despite the power of modern palladium-catalyzed cross-cou-
pling reactions, shortcomings of these transformations remain.
One of the most pressing problems is the difficulty of alkyl-
alkyl coupling. These reactions are hindered by the reluctance
of conventional palladium catalysts to undergo oxidative addi-
tions of alkyl halides. Even if such oxidative reactions take
place, the resulting intermediates are prone to B-hydrogen
elimination if the palladium-bound organyl group bears a hy-

[a] Dr. M. Kolter, Prof. Dr. K. Koszinowski
Institut fiir Organische und Biomolekulare Chemie
Georg-August-Universitdt Géttingen
TammannstralSe 2, 37077 Gottingen (Germany)
E-mail: konrad.koszinowski@chemie.uni-goettingen.de

Supporting information and the ORCID identification number(s) for the
author(s) of this article can be found under:
https://doi.org/10.1002/chem.202001041.

Ef © 2020 The Authors. Published by Wiley-VCH GmbH. This is an open access
article under the terms of Creative Commons Attribution NonCommercial
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited and is not used for commercial
purposes.

O

Chem. Eur. J. 2020, 26, 12212-12218 Wiley Online Library

12212

drogen atom in 3 position, as is the case for most alkyl resi-
dues B

An intriguing way to overcome these difficulties makes use
of anionic organopalladate(0) complexes. As Kambe and co-
workers have shown, the nucleophilicity of these palladates ex-
ceeds that of conventional neutral palladium(0) complexes
such that they readily react with alkyl halides."" The catalyst
used by Kambe and co-workers included 1,3-dienes as addi-
tives, which play an essential role in stabilizing the anionic or-
ganopalladate(0) complexes. 1,3-Dienes have the advantage of
being cheap, but they do not offer the same flexibility as phos-
phines for fine-tuning the catalytic activity. We therefore won-
dered whether phosphine-containing palladium complexes
could also participate in a catalytic cycle, in which the elemen-
tary step of the transmetalation precedes that of the oxidative
addition.

As we have shown previously, electron-poor phosphines,
such as L and, to a lesser extent L™ (Figure 1) stabilize anionic

R'—R L,Pd°® R'—X
R 4
7 /
L,,Pd”\ L,,Pd”\
R’ R’
X—M R—M

Scheme 1. Canonical catalytic cycle of a Pd-catalyzed cross-coupling reaction
between an organyl halide R’—X and an organometallic reagent R— M.
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Figure 1. Phosphine ligands used for the generation of palladate complexes.

palladate(0) complexes of the type L,PdX™, X=Cl, Br, |,
OAC.“Z'B]

Here, we investigate whether these ligands also stabilize
anionic organopalladates formed upon the reaction of L;Pd
with RMgX and other organometallic reagents and whether
such anionic complexes react with alkyl halides to afford cross-
coupling products. To identify palladate intermediates, we use
negative-ion mode electrospray-ionization (ESI) mass spec-
trometry. This method has proven well suitable for the detec-
tion of these and other anionic organometallate com-
plexes.">'*"® By combining ESI mass spectrometry with gas-
phase experiments on mass-selected species, we can also de-
termine the microscopic reactivity of species of interest and di-
rectly probe their catalytic competence.

Results
Transmetalation of L;Pd

Negative-ion mode ESI mass-spectrometric analysis of solutions
of L;Pd and BuMgCl in tetrahydrofuran (THF) showed the orga-
nopalladate(0) anion [L,PdBu]™ as base peak (Figure 2, Table S1
and Figures S1-S10 in the Supporting Information). In addition,
several other palladate species were present, which contained
fragments of the phosphine ligand. The transfer of aryl sub-
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Figure 2. Negative-ion mode ESI mass spectrum of a solution of [Pd(PAr’,);]
(LsPd, 3 mm) and BuMgCl (12 mm) in THF (a=[L,Pd,(PAr",)Bul*",
b =[LPd(PAr*,)BuH]~, c=I[L,PdH]").
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stituents from the phosphine ligand onto the palladium center
has been observed before for the case of triphenylphosphine-
palladium complexes.'”?" We cannot rule out that even some
of the ions assigned as [L,PdBul” actually correspond to
[LPd(Ar",PBU)Ar]~, in which an exchange of the palladium-
bound butyl group with the aryl substituent of the phosphine
ligand has taken place (see below). Among the detected ions,
the dinuclear complex [L,Pd,(PAr",)Bul>~ was remarkable be-
cause it is a rare example of a dianionic organometallic com-
plex detectable by ESI mass spectrometry.

When the Grignard reagent was changed from BuMgCl to
PhMgCl, the transmetalation product [L,PdPh]™ (or possibly its
[LPd(Ar",PPh)Ar]~ isomer) formed in analogy to the previous
experiment, although only in rather low abundance, whereas
palladates bearing fragments of the phosphine L predominat-
ed in the resulting negative-ion mode ESI mass spectrum (Fig-
ures S11-515). Upon the reaction of L;Pd with BnMgCl, the ex-
pected organopalladate(0) [L,PdBn]~ was not detected (Figur-
es S16-518). Instead, palladate(lll complexes, such as
[LPAAr"Bn,]~ and [LPdBn,]~ were observed and pointed to the
operation of oxidation processes. Such oxidation processes
could possibly involve traces of O, or residual BnCl as a con-
taminant of the BnMgCl reagent.??

We next examined whether other organometallic reagents
also brought about the transmetalation of L;Pd. The reaction
of the latter with Buli afforded [L,PdBu]”, but at the same
time furnished more ligand decomposition products as well as
palladate(ll) complexes (Figure S19). The reaction with
BuznCI-LiCl gave [L;PdCI]™ and [L,Pd(PAr",)]~ as main products
together with several heterobimetallic complexes, such as
[L;PdZNnBuCl,]™ (Figures S20-526). As it is not immediately obvi-
ous whether the butyl substituent of this species was bound
to the Pd or Zn center, we defer the answer to this question to
the analysis of its gas-phase fragmentation behavior (see
below).

We went on to probe the influence of the phosphine ligand
on the formation and stability of the organopalladate(0)
anions. The treatment of [Pd(PPh;),] with BuMgCl did not yield
any anionic palladates detectable by ESI mass spectrometry.
When to a palladium complex of L™ (formed in situ by the re-
action of Pd(dba), with 4 equiv of L™") was added BuMgCl, the
main anion observed was [L™"'PdAr",Bul~ along with further or-
ganopalladate(ll) and minor -palladate(0) species, but no
[L""',PdBul~ (Figures S27-536). Apparently, neither PPh; nor L™
was effective in stabilizing alkylpalladate(0) complexes.

To obtain additional information on the organopalladate(0)
anions, we also investigated their gas-phase fragmentation be-
havior (Table S2). Both [L,PdBu]™ and [L,PdPh]~ preferentially
afforded [LPdAr]~ upon collision-induced dissociation (CID)
[Eq. (1) with R=Bu and Ph, respectively] (Figures S37 and S38).

[L,PdR]" — [LPAAr]” + [P,Ar", R] (1)

It is not clear whether the neutral fragments of these reac-
tions corresponded to a phosphine PArf,R or to separate
entities. The former possibility would be in accordance with
the facile transformation of the reactant ion into its

© 2020 The Authors. Published by Wiley-VCH GmbH
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[LPd(Ar",PR)Ar]~ isomer (see above). Further fragmentation re-
actions of interest resulted in the loss of a ligand L, either
alone or in combination with the product of a putative -hy-
drogen elimination [Eq. (2) and (3), respectively]. These reac-
tions clearly demonstrate that at least part of the reactant
complexes did not undergo isomerization and contained the
intact ligand L.

[L,PdPh]” — [LPdPh]” + L (2)
[L,PdBu]~ — [LPAH] + C,H, + L (3)

For determining the connectivity of the [L;PdZnBuCl,]- com-
plex formed from L;Pd and BuZnCI-LiCl (see above), we ana-
lyzed its gas-phase fragmentation. CID of this complex mainly
gave [L,PdZnBuCl,]™ [Eq. (4)], but also [L;PdCI]™ [Eq. (5)], which
suggests that the butyl group had not been transferred from
Zn to Pd, or at least that such a transfer, if occurring, must be
easily reversible (Figure S39). This assumption is further sup-
ported by the observation that the related anion
[L,PdZnBuCI(PAr",)]~ showed the elimination of BuzZnCl as the
main fragmentation pathway (Figure S40).

[L,PdZNnBuCl,]” — [L,PdZnBuCl,]” + L (4)

[L,PdZnBuCl,]” — [L,PdCI]” + BuznCl (5)

Reactions of organopalladates with organyl halides

When solutions of [L,PdBu]™ and [L,PdPh]~ palladates formed
in situ were treated with alkyl iodides R’l, R"=Et and Pr, small
amounts of the heteroleptic organopalladate(ll) complexes
[LPdBuU,RT™ and [LPdPh,RT™ (or possibly isomers thereof) were
observed together with the organyl-free palladate(0) anion
[LsPdI]™ and various ligand decomposition products (Figure 3,
Table S3, and Figures S41-S59). In a control experiment, the re-
action of L;Pd with Etl was probed in the absence of any
Grignard reagent and was found to furnish no detectable het-
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eroleptic palladate complexes. The addition of Lil to the
sample solution ensured that any formed neutral heteroleptic
palladium(ll) products would have been readily ionized by the
coordination of |-."?

We then examined the reactions of [L,PdBu]l™ with further
substrates. With PrBr, the heteroleptic product complex
[LPdBu,Pr]~ was formed again, although more slowly than in
the reaction with Prl as a comparison of the signal intensity of
the product ion relative to that of [L,PdBu]” indicated (Figur-
es S60 and S61). In contrast, no reaction took place with PrCl
(Figure S62). With the sterically more hindered iPrBr, the
[LPdBu,iPr]~ product ion could be observed, but only in very
low signal intensities (Figure S63). The addition of (2-phenyl)-
ethyl bromide also led to the expected product ion when L
was used as a ligand (Figures S64-566). In contrast, no oxida-
tive addition reaction could be observed upon treatment of in
situ formed palladium complexes of the less electron-with-
drawing L™ with BuMgCl and (2-phenyl)ethyl bromide.

When allyl bromide was added to solutions of [L,PdBu], the
yellow reaction mixture rapidly turned colorless, thus, suggest-
ing the occurrence of a chemical reaction. However, the result-
ing negative-ion mode ESI mass spectrum displayed only poor
signal intensities and did not show the expected allyl-contain-
ing heteroleptic palladate(ll) ions, possibly due to the opera-
tion of fast consecutive reactions (Figure S67). Analogous ex-
periments with ethyl 4-bromobenzoate (ArBr) as substrate af-
forded the heteroleptic product ions [LPdBu,Ar]~ and
[LPAAr"BuAr]™ together with further ligand decomposition
products, which again exhibited the highest signal intensities
(Figures S68-580).

In a different type of experiment, we subjected mass-select-
ed [L,PdBu] " ions to gas-phase reactions with different organyl
iodides Rl (R"=Me, Et, allyl, vinyl, Ph) for times of up to 2s. In
no case, the product of an oxidative addition could be ob-
served, which implies that such reactions, if proceeding at all,
were relatively inefficient and slower than the time scale of our
experiment (Figure S81 for the example of vinyl iodide). Alter-
natively, the [L,PdBu]™ ions might also react with the R'l sub-
strates in an Sy2-type fashion to afford neutral heteroleptic pal-
ladium(ll) complexes along with I7. Although we did not ob-
serve the formation of |7, this negative result does not rigor-
ously rule out the occurrence of S\2-type reactions because
the low-mass cut-off of the used quadrupole-ion trap mass
spectrometer renders the detection of light product ions (rela-
tive to the precursor ion) notoriously difficult.

For comparison, we also analyzed the bimolecular gas-phase
reactivity of [Pd(PAr,)]", a species detected among the various
ions originating from the decomposition of the phosphine
ligand L. [Pd(PAr",)]~ underwent a fast oxidative addition of Phl
[Eq. (6)] (Figures S82 and S83). Due to the relatively low signal
intensity of the precursor ion and a competing reaction with
residual traces of O, present in the vacuum system of the mass
spectrometer, no reliable determination of the rate constant of
this reaction was feasible.

mlz
[Pd(PAr",)]” + Phl — [PhPd(PAr",)I]~ (6)
Figure 3. Negative-ion mode ESI mass spectrum of a solution of [Pd(PAr",),]
(LsPd, 3 mm), PAMgCl (12 mm), and Etl (12 mm) in THF.
Chem. Eur. J. 2020, 26, 12212 -12218 www.chemeurj.org 12214 © 2020 The Authors. Published by Wiley-VCH GmbH
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Gas-phase fragmentation of heteroleptic organopalladates

Upon CID, the putative heteroleptic organopalladate anions
[LPdR,RT™ (for the possible involvement of different isomers,
see below) produced inter alia [LPdR]™ fragment ions (Figure 4,
Table S4, Figures S84-S97). Most likely, the neutral byproduct
of this reaction corresponded to the cross-coupling product
RR’' [Eq. (7)] and not to separate R and R” radicals. The step-
wise release of such radicals would not only be energetically
strongly disfavored, but should also give rise to intermediates
resulting from the loss of only a single organyl radical, which
in no case were detected, however. Likewise, the liberation of
the homo-coupling product R, was not observed either.

[LPdR,R]"~ — [LPAR]™ + RR' (7)
100
[PAArBu-H] | [PdAr,0]
ab c [LPdBu.Pr]
| 2
F- _
[PdAr] [LPdBuU]

Relative signal intensity

0 200 400 600 800
mlz

1000

Figure 4. Mass spectrum of mass-selected [LPdBu,Pr]~ and its fragment ions
produced upon collision-induced dissociation (E ;3= 15 eV, a=unknown,
b=I[Pd,Ar,0,]~, c=[PdAr"Pr— H]").

Further fragmentation reactions, several of which were quite
prominent, again involved the decomposition of the phos-
phine ligand as well as the loss of alkanes RH and R'H. In addi-
tion, the observation of oxygen-containing product ions once
more pointed to the operation of reactions with traces of O,
present in the mass spectrometer.

Analysis of neutral reaction products

For obtaining further insight, we used gas chromatography to
analyze the neutral products formed in the reactions of
Grignard reagents with alkyl halides in the presence of 2 mol %
of the palladium catalyst L;Pd under synthetic conditions. In
the reactions of BuMgCl with decyl iodide and (2-phenyl)ethyl
iodide as well as that of HexMgCl with ethyl bromide, we did
observe the cross-coupling products. However, control experi-
ments showed that these products also formed in the absence
of the palladium catalyst. In contrast, no cross-coupling prod-
uct could be detected for the reaction of BuMgCl with (2-phe-
nyl)ethyl bromide, not even when the more reactive so-called
turbo-Grignard reagent BuMgCI-LiCl was used.”® In all experi-
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ments with the L;Pd catalyst, we observed decomposition
products of the electron-poor phosphine ligand, such as the
cleaved-off arene moiety 1,3-bis(trifluoromethyl)benzene.

Discussion
Transmetalation

As our experiments have shown, the reactions between the
palladium complex L;Pd and Grignard reagents RMgCl, R=Bu
and Ph, or the organolithium compound BulLi furnish the
anionic transmetalation products [L,PdR]™; these species re-
semble the previously observed organyl-free palladates
[L,PdX]~, X=Cl, Br, I, OAc."? The fact that the organozinc re-
agent BuZnCI-LiCl failed to afford the corresponding organo-
palladate(0) complex suggests that only highly reactive orga-
nometallics, such as RMgCl and RLi, are capable of transferring
their organyl group to the palladium(0) center of L,Pd. This be-
havior resembles the transmetalation of palladium diene com-
plexes,"*! but contrasts that of typical palladium(ll) complexes,
whose reactivity toward organozinc compounds and even
milder transmetalation reagents is well known and forms the
basis of synthetically most useful transformations, for example,
Negishi and Suzuki-Miyaura cross-coupling reactions.*?*!

Besides the organometallic reagent, the phosphine ligand is
also of crucial importance for the formation and stabilization
of anionic alkylpalladate(0) complexes. These complexes could
only be observed for the particularly electron-poor phosphine
L, but not for the less electron-poor L™ or for PPh,. Apparent-
ly, only the former sufficiently stabilizes the anionic palladi-
um(0) by a m back donation from the occupied d orbitals of
the metal center into the empty o* orbitals of the C—P bonds
of the phosphine. In this context, a comparison with the or-
ganyl-free palladate(0) complexes [(phosphine),PdX]~, X=Cl,
Br, I, n=1-3, is of interest. These species proved to be stable
not only for phosphine=L, but also for phosphine =L"". This
behavior is indicative of the organyl-free palladate(0) com-
plexes [(phosphine),PdX]™ having an electron density at the
palladium center not quite as high as that of their organopalla-
date(0) counterparts. Indeed, it appears plausible that the
binding of a carbanion R™ raises the electron density of a palla-
dium center more than that of a halide X~ does. Moreover, the
organyl-free palladates typically bear three phosphine ligands
instead of the two observed for the organopalladates. The co-
ordination of the additional electron-poor phosphine suppos-
edly further stabilizes the anionic palladium(0) center by ab-
stracting more electron density. The different coordination
numbers found for [L,PdR]™ on the one hand and for [L;PdX]™
on the other presumably reflect the larger size of the carban-
ion R™ in comparison to the halide X, which renders the coor-
dination of an additional ligand unfavorable.

Differences between the organopalladates(0) and their or-
ganyl-free counterparts also manifested themselves in their un-
imolecular reactivity. The former reacted mainly via ligand de-
composition whereas the latter preferentially lost intact phos-
phine ligands L. This comparison again shows the stronger
binding of the phosphine L to the palladium center in the

© 2020 The Authors. Published by Wiley-VCH GmbH
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[L,PdR]™ than in the [L;PdX]™ complexes. Moreover, it specifi-
cally points to the importance of the wt back donation in the
organopalladates, which transfers electron density from the
metal-centered d orbitals into the anti-bonding C—P o* orbital
of the ligand. In this way, the C—P bond of the phosphine is ac-
tivated for its dissociation.

Oxidative addition

The observation of heteroleptic organopalladates [LPdR,R]™
formed in the reactions of [L,PdR]™ with alkyl halides R'X (for
the possible involvement of different isomers, see below)
points to the occurrence of an oxidative addition or related
process followed by a second transmetalation along with a
ligand dissociation (Scheme 2). The dissociation of one of the
two phosphine ligands reflects the relatively low stability of
penta-coordinated palladium(ll) complexes.’?*~2

R'—X RMgCI
[LLPAR] ——=> [L,PdRR] + X ———— [LPdR,RY
~ MgCIX

=L

Scheme 2. Oxidative addition of an alkyl halide to [L,PdR]™ with subsequent
transmetalation.

The absence of an analogous heteroleptic palladium(ll) com-
plex in the control experiment without added Grignard re-
agent indicates that the latter is required for the reaction. Ap-
parently, the electron-poor neutral L;Pd complex is not suffi-
ciently nucleophilic to undergo oxidative additions of sub-
strates R'X, but becomes activated by its transformation into
an anionic palladate [L,PdR]". Likewise, organyl-free palladates
[L,PdX]™ do not appear to react with alkyl halides efficiently.

In solution, heteroleptic organopalladate products form
both for sp*- and sp*-hybridized organic halides R'X. The latter,
but not the former, are typical substrates for classical oxidative
additions. The situation is just the opposite for Sy2-type reac-
tions, which Kambe and co-workers proposed to occur for
diene-containing palladate(0) anions."M Hence, the observed
reactivity pattern does not allow for a straightforward distinc-
tion between the two mechanistic pathways in the present
case. The higher efficiency of the reactions with Rl than of
those with R'Br does not permit a differentiation either be-
cause this result is expected for both pathways. In general, the
two pathways could be distinguished by analyzing the stereo-
chemical outcome of a cross-coupling reaction with an enan-
tiopure chiral substrate R'’X. Inversion of the stereochemistry at
the reactive center would point to the operation of an S;2-
type reaction, whereas retention would be consistent with a
classical oxidative addition. However, such experiments would
be rather difficult in the present case owing to the occurrence
of the uncatalyzed background reaction.

The failure of the gaseous [L,PdR]™ complexes to react with
various substrates R’l at measurable rates implies that these
gas-phase reactions must be rather slow. Addition processes,
such as classical oxidative additions, often proceed only slug-
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gishly in the diluted gas phase because the exothermicity of
these reactions cannot be efficiently carried away by third-
body collisions, but remains in the formed adducts and causes
them to re-dissociate easily. In contrast, S\2 reactions in the
gas phase do not suffer from this constraint because the exo-
thermicity can be effectively released as kinetic energy of the
two reaction products.” Indeed, Sy2 reactions are commonly
found to proceed much faster in the gas phase than in solu-
tion.2>3" In the present case, the technical difficulties of de-
tecting the possibly formed |~ ions again prevent an unambig-
uous mechanistic assignment.

Reductive elimination

The gas-phase fragmentation of the heteroleptic organopalla-
date(ll) complexes [LPdR,R’]” afforded evidence for the forma-
tion of the cross-coupling products RR'. These reactions corre-
spond to reductive eliminations, which regenerate the palladi-
um(0) catalyst. However, the occurrence of several competing
reactions results in a rather low selectivity of the reductive
eliminations.

A remarkable feature of the reductive elimination from the
putative [LPdBu,R']” complexes, R'=Et and Pr, is the non-oc-
currence of homo-coupling reactions. Given the electronic sim-
ilarities of the alkyl groups, it is not clear how the catalyst
could differentiate between them. A possible explanation of
this behavior could be the involvement of a different isomer. If
the reactant palladate(0) complex did not correspond to
[L,PdBul”, but to the isomerized species [LPd(Ar",PBu)Ar]
(see above), its reaction with the substrates R'’X and subse-
quent transmetalation would afford [LPd(Ar",PBu)Ar"'BuR71". In
these heteroleptic complexes, the electronic properties of the
palladium-bound Arf group on the one hand and of the alkyl
residues on the other strongly differ, which could rationalize
the selectivity of the gas-phase fragmentation with the exclu-
sive formation of the BuR’ cross-coupling product.

Catalytic cycle and catalyst stability

The present results demonstrate that anionic organopalladate
complexes can react in a catalytic cycle that differs from that
of conventional palladium-catalyzed cross-coupling reactions
in that the order of the transmetalation and oxidative addition
is reversed (Scheme 3). For the product-forming step of the re-
ductive elimination, we consider two different possibilities:
() The reductive elimination occurs for [L,PdRR], that is, the
same type of complex also invoked in the conventional catalyt-
ic cycle. (ii) Alternatively, this complex may first undergo a fur-
ther transmetalation to afford an anionic palladate(ll) species,
which then can release the cross-coupling product in a reduc-
tive elimination and, thus, directly regenerates the reactive or-
ganopalladate(0) intermediate. Presumably, the two alternative
modes of reductive elimination compete with each other, with
their relative weights depending on the reaction conditions
(e.g., nature and concentration of the transmetalating re-
agent).

© 2020 The Authors. Published by Wiley-VCH GmbH
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R'-R LnPdo R—M
[L,Pd"RR|~ M
R ™~
N R—M R'-R
LnPdl [L,Pd-R]|-M*
-
X-M R'-X

Scheme 3. Alternative catalytic cycle of a Pd-catalyzed cross-coupling reac-
tion: formation of an organopalladate(0) intermediate by transmetalation
with an organometallic reagent R-M, subsequent oxidative addition of an or-
ganyl halide R’X, and reductive elimination of the cross-coupling product
from the resulting neutral intermediate or after a further transmetalation.

Although the separate elementary steps of this cycle are all
feasible, the overall cross-coupling reaction proceeds only very
sluggishly. The low efficiency of the catalyzed reactions results
from the facile decomposition of the electron-poor ligand L,
which opens up competing processes and, even more impor-
tantly, reduces the concentration of the active catalyst. The
degradation of phosphine ligands in palladium-catalyzed reac-
tions has previously been observed in numerous instan-
ces.P221:3233 However, the combination of a particularly elec-
tron-poor phosphine with a highly nucleophilic organometallic
reagent in the present case severely aggravates this problem.

Conclusions

The use of negative-ion mode ESI mass spectrometry permits
the observation of organopalladates(0) [L,PdR]™ formed from
the electron-poor palladium complex [L;Pd] and Grignard or
organolithium reagents, RMgX or RLi, respectively. Thus, the
present study extends the scope of known palladate(0) anions.
The fact that reactions with less electron-poor phosphines or
with RZnX as milder transmetalation reagents do not afford
the analogous palladates points to the considerable reluctance,
with which the very electron-rich [L,PdR]™ complexes form.

The high electron density and, thus, nucleophilicity of the
[L,PdR]™ palladates can be exploited for their reaction with or-
ganyl halides and, in particular, alkyl halides R'’X. As gas-phase
fragmentation experiments show, the resulting heteroleptic or-
ganopalladate(ll) complexes undergo reductive eliminations
and release cross-coupling products R'R. Overall, this reaction
sequence corresponds to a catalytic cycle, in which the ele-
mentary step of transmetalation precedes that of oxidative ad-
dition and which therefore differs from that of conventional
palladium-catalyzed cross-coupling reactions. An analogous
mechanism has previously been found for reactions catalyzed
by palladate anions containing dienes, but not for those medi-
ated by phosphine-coordinated palladium complexes.
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Despite the potential of the present organopalladates for
catalyzing challenging alkyl-alkyl cross-coupling reactions and
the significant interest in these transformations, these systems
themselves are not suited for practical applications because of
the facile catalyst degradation under the reaction conditions.
This problem arises from the electron-poor character of the
phosphine, which is needed for stabilizing the electron-rich
palladate center by a m back donation to the ligand. The par-
tial occupation of the anti-bonding C—P orbital weakens this
bond and activates it for degradation reactions with the highly
reactive organometallics present in the reaction mixture. Thus,
the practical utilization of the new catalytic pathway requires
the development of phosphines that combine an electron-
poor character with a high stability.

Experimental Section

General: All experiments were carried out under standard Schlenk
conditions to exclude moisture and oxygen. THF was dried over
sodium/benzophenone and freshly distilled before use. L™ was
synthesized according to literature procedures (see the Supporting
Information)."3¥ BnMgCl was synthesized according to standard
procedures. BuZnCI-LiCl was prepared in situ from ZnCl, and Buli.
All other organometallic reagents as well as the palladium com-
plexes PdL;, Pd(PPh;),, and Pd(dba), were purchased. The concen-
trations of the organometallic reagents were determined by iodo-
metric titration.>”

Sample solutions were prepared by dissolving the palladium cata-
lyst and, if necessary, an additional phosphine ligand in dry THF.
The organometallic reagent and, in some experiments, the organyl
halide were added at 195 K. The resulting solutions were analyzed
immediately.

ESI mass spectrometry: Sample solutions were fed into the ESI
source of a micrOTOF-Q Il mass spectrometer (Bruker Daltonik)
with gas-tight syringes at typical flow rates of 8 uyLmin~". The ESI
source was operated at a voltage of 3500 V. N, was used as nebu-
lizer gas (flow rate of 5Lmin"") and drying gas (0.7 bar backing
pressure, temperature of 333 K). In simple MS' experiments, all
generated ions with 50 <m/z<3000 were allowed to pass the
quadrupole mass filter of the instrument. In gas-phase fragmenta-
tion experiments, ions of interest were mass-selected in the quad-
rupole-mass filter, subjected to a kinetic energy E s and allowed
to collide with N, gas. Residual precursor ions and fragment ions
were then detected after passage through the TOF analyzer. An ex-
ternal calibration with a mixture of CF;COOH and phosphazenes in
H,O/CH,CN allowed for typical accuracies of the measured m/z
ratios of <25 ppm. In some cases, an additional internal calibration
had to be applied. To this end, the m/z scale was adjusted to
match the theoretical m/z ratio of an ion, whose identity could be
independently established with certainty (indicated for each ex-
periment). Theoretical exact m/z ratios and isotope patterns were
calculated with the Compass DataAnalysis software package
(Bruker Daltonik).

lon-molecule reactions in the gas phase were analyzed by means
of an HCT quadrupole-ion trap mass spectrometer (Bruker Dalto-
nik). Defined mixtures of neutral reactants and helium were pre-
pared and introduced into the three-dimensional quadrupole ion
trap using a mixing device, which has been described in detail pre-
viously.®
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GC analysis: The Grignard reagent (1.5 mmol) and the organyl
halide (1.0 mmol) were added dropwise to solutions of L;Pd
(0.02 mmol) in THF (5 mL) held at 195 K. After warming up, the re-
sulting mixtures were stirred for reaction times ranging from 3 h to
48 h before they were treated with brine (2 mL) and extracted with
THF (3x2mL). The combined organic layers were dried over
Na,SO, and filtrated through silica gel. The resulting solutions were
analyzed by GC-MS with a Trace DSQ instrument (Thermo Finni-
gan) equipped with a VF-5 ms column (Agilent).
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