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Exploiting Boron–Zinc Transmetallation for the Arylation of Benzyl
Halides: What are the Reactive Species?**
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Following pioneering work by Bolm and co-workers,[1] B–Zn
transmetallation reactions between arylboronic acids and
diethylzinc have been exploited in a range of asymmetric
nucleophilic addition reactions to carbonyl and related
compounds in the presence of catalytic amounts of chiral
ligands and, in some cases, transition-metal catalysts.[2–7]

These reactions usually require a pre-activation step, in
which ArB(OH)2 and Et2Zn are heated in the absence of the
electrophile, and it is presumed that the active species thus
obtained are the mixed alkyl-aryl zinc reagents, EtZnAr, 1.

We have recently examined the catalytic formation of
diarylmethanes from benzyl halides[8,9] and wondered
whether species 1 would be sufficiently reactive to give the
arylation of these substrates in the absence of catalyst.
Gratifyingly, this proved to be the case and Scheme 1
highlights representative examples.[10]

Reactions in dioxane gave the best results, but 1,2-
dimethoxyethane (glyme) could also be used, although the
reaction was slower, whereas the use of toluene gave
competing Friedel–Crafts benzylation of the solvent. Aryl
boroxines 4 could also be exploited as the boron reagent.[3c,11]

The reagent 1a (Ar = Ph) can also be generated in situ by
the reaction of Ph2Zn with Et2Zn.[12] Therefore we were

highly surprised to find that under these conditions, very little
of the desired product 3a was produced, instead substantial
ethylation occurred, giving 5 (Scheme 1).[13] Diarylzinc
reagents are more reactive than the mixed species 1, yet
Ph2Zn also performed very poorly. If neither 1 nor Ar2Zn can
account for the reactivity alone, what other species are
present in the B–Zn mixture that might?

Figure 1a–d shows the 11B NMR spectra obtained upon
mixing Et2Zn with PhB(OH)2 in a range of solvents. Clearly,
several boron-containing products are formed in a solvent-

dependent manner. The spectrum of the reaction mixture
formed in toluene (Figure 1a) shows peaks at d = 85.7, 77.4,
and 71.9 ppm, assigned as BEt3,

[14] BEt2Ph,[15] and BEtPh2,
respectively. Triphenylboron has been shown to act as a useful
aryl source in B–Zn transmetallation processes,[ 7a, 16] thus the
observed arylboranes may well act as “reservoirs” for the aryl
nucleophile. A very similar spectrum was obtained when
triphenylboroxine, 4a, was used as the boron source,[10]

demonstrating that the species obtained in the equilibria are
independent of the “ArB(OY)2” precursor.

The reaction in tetrahydrofuran (THF), another solvent
used in B–Zn transmetallations, gave the spectrum shown in
Figure 1b which shows a broad peak at 28 ppm, consistent
with an RB(OY)2 (R = Et or Ph) species and a smaller peak at
d = 52.3 ppm assigned as an “Et2B(OY)” intermediate, prob-

Scheme 1. Selected examples of the arylation of benzyl halides[10] in
dioxane at 60 8C for 18 h. [a] 1H NMR spectroscopic yields.

Figure 1. 11B NMR spectra (rt) of the reactions between PhB(OH)2 and
3–3.2 equivalents of Et2Zn at 60 8C after 30 min under various con-
ditions: a) in toluene, b) in THF, c) in glyme, d) in DMF, and e) in
toluene with PMDETA (1 equivalent per PhB(OH)2).
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ably Et2B(OZnR).[17,18] A particularly intriguing peak was
observed at d =�10.8 ppm, consistent with a tetraorganobo-
rate anion. When the reaction was repeated in glyme, another
solvent exploited in B–Zn transmetallation reactions,[6] a sub-
stantial quantity of ZnO precipitated and the 11B NMR
spectrum of the supernatant (Figure 1 c) showed five peaks in
this region, between d =�7.5 and �17.1 ppm, corresponding
to all five possible organoborates: [BPh4]

� (trace); [BEtPh3]
� ;

[BEt2Ph2]
� ; [BEt3Ph]� (major species) and [BEt4]

� , respec-
tively. This necessitates the concomitant formation of a coun-
terion, most likely [RZn(solv)x]

+ (R = Et, Ph).[19] Presumably
the glyme acts as a good ligand for the organozinc cation,
shifting the equilibrium entirely in favor of the ion pairs
[RZn(solv)x][BR4], 6. Similarly the use of dimethylforma-
mide (DMF), a solvent known to stabilize alkyl zinc
cations,[20] gave substantial borate peaks (Figure 1d).

While no borates were detected in toluene solution
(Figure 1a), the ion pairs 6 may still be present at concen-
trations too low to be observed by 11B NMR spectroscopy. If
this is the case then, according to the Curtin–Hammett
principle,[21] they may still be expected to play a significant
role in subsequent reactions. Pentamethyldiethylenetriamine
(PMDETA) should react with the organozinc cation in 6 and
thus shift the equilibrium in favor of triamine coordinated
analogues 7 (Scheme 2).[22] The results in Figure 1 e show that
this is indeed the case: on addition of PMDETA the only
boron-containing species in the reaction mixture were borate
anions.

While 11B NMR spectroscopy can only reveal the pres-
ence of the borate anions of 6, evidence for the existence of
the [RZn(solv)x]

+ counterion in solution was provided by
high-resolution electrospray ionization mass spectrometry of
the reaction mixture in DMF, which showed a peak at
239.0733, precisely that expected for [EtZn(DMF)2]

+.[23]

Furthermore cooling a THF solution of a 1:2 mixture of
PhB(OH)2 and Et2Zn gave crystals of [EtZn(THF)3][BPh4],
6a, suitable for X-ray crystallography (Figure 2).[10] The
structure obtained is broadly similar to that of the closely
related complex [EtZn(OEt2)3][B(C6F5)4],[24] except that the
smaller anion in 6a allows considerably closer contact
between the ions (Zn···B separation of 6.55 vs. 7.63 �).

Maseras, Peric�s, and co-workers recently probed the
mechanism of the B–Zn transmetallation of phenylboroxine
(or PhB(OZnR)2, 8) with Et2Zn using a combined exper-
imental and computational approach. The results from their
study are summarized in Scheme 3.[3c] While this mechanism
elegantly describes the initial transmetallation step between
PhB(OY)2 and Et2Zn, it needs to be extended to account for
the presence of R2B(OY), R3B, and [RZn(solv)x][BR4]. We

suggest that this occurs through the equilibria shown in
Scheme 4. Our NMR results suggest that these steps can occur
with both boroxine 4a and PhB(OH)2 as the precursors.

B3LYP-D3 DFT calculations[25] predict that the DrG
0 for

formation of PhBEt2 from ZnEt2(THF)2 and either 4a or
PhB(OH)2 is negative. Formation of one plausible intermedi-

ate, PhB(Et)(OZn(Et)(THF)2), is mildly uphill in free energy
terms.

Figure 3 shows the calculated free-energy profile for the
ensuing transmetallation between Me2Zn(OMe2)2 and
PhBMe2 (in these calculations, Me was used instead of Et
for convenience).[25] The transmetallation is modeled as
occurring through an ion pair species 9. The calculated
barriers for formation and reaction of 9 are low, consistent
with the rapid exchange processes that are observed exper-
imentally. Formation of 6b is predicted to be unfavorable in
free energy terms. This appears to be due to the use of

Scheme 2. Trapping ion-pairs, 6, with PMDETA.

Figure 2. Crystal structure of [ZnEt(THF)3][BPh4], 6a. Thermal ellip-
soids set at 30 % probability. Disorder of the ethyl and one of the THF
ligands omitted for clarity.

Scheme 3. Proposed mechanism for the formation of 1.[3c]

Scheme 4. Extending the equilibria beyond the formation of 1.
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a truncated model: at the same level of theory,[25] the
calculated DrG

0 for formation of 6a from BPh3 and EtZnPh-
(THF)2 is just + 0.5 kcalmol�1. The B–Zn distance in the
optimized full system 6a was found to be 6.36 �, and the sum
of the Mulliken charges for the Zn fragment was calculated as
+ 0.85.[26]

Having observed both BR2Ph and [BR3Ph]� as potential
alternative nucleophiles in the B–Zn transmetallation pro-
cesses we next investigated whether isolated representative
examples of these nucleophiles would react directly with
benzyl halides and found that the reaction of 2a with BPh3,
Na[BPh]4, Li[BPhEt3], or Li[BPh3Et] again gave little or no
3a. The lack of arylation with either Zn- or B-based
nucleophiles implies that a halophilic species that can activate
the benzyl halide is also necessary and it seems highly likely
that the Lewis acid [RZn(solv)x]

+ plays this role (Scheme 5).

Finally we were interested to see whether the results
obtained had significance beyond the arylation of benzyl
halides. The asymmetric arylation of aldehydes, the arche-
typal B–Zn transmetallation reaction, usually exploits cata-
lytic amounts of chiral aminoalcohols, such as 1,1,2-triphenyl-
2-(piperidin-1-yl)ethanol 11,[12c] as ligands. When the reaction
described in Figure 1a was repeated in the presence of
8 mol% of (S)-11, the 11B NMR spectrum obtained was
essentially identical.[10] Adding PMDETA to this reaction
mixture gave a very similar spectrum to that shown in
Figure 1e.[10] This shows that both the ion pairs 6 and BR2Ph
species form even in the presence of aminoalcohols and
therefore that they must be present in most if not all of the B–
Zn transmetallation reactions reported. However, given the
propensity of aldehydes to react with arylzinc and ArBR2

species, both of which are present in the complex reaction
mixture, it is not feasible at this stage to delineate the precise
role of the ion pairs 6 in aldehyde arylation.

In conclusion, we have exploited B–Zn transmetallation
as a method for arylating benzyl halides in the absence of
added catalyst. Probing the B–Zn mixtures showed that the
transmetallation reactions between ArB(OH)2 or Ar3B3O3

and Et2Zn give complex solvent- and condition-dependent
equilibria. These mixtures not only contain the boroxines (or
RB(OY)2) suggested previously but also R2B(OY) and BR3

species and the ion pairs [RZn(solv)x][BR4]. Given the
complex mixtures observed, it should not be assumed that
the simple organozinc species 1 are the sole nucleophiles
responsible for the reported activity in B–Zn arylation
reactions.
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Exploiting Boron–Zinc Transmetallation
for the Arylation of Benzyl Halides: What
are the Reactive Species?

One step Beyond : The transmetallation
reactions of ArB(OH)2 and Ar3B3O3 with
Et2Zn are far more complicated than
previously supposed, with solvent-de-
pendent equilibria between ArB(OY)2 at
one side and [RZn(solv)3][BR4] at the
other (see picture). While the role of the
highly reactive organozinc cation has not
been implicated before, its importance
for the activation of an otherwise sluggish
class of electrophiles is shown.
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