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Electrospray lonization Mass Spectrometry Detection of
Intermediates in the Palladium-Catalyzed Oxidative Self-Coupling
of Areneboronic Acids
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Several intermediates of the oxidative coupling of areneboronic acids to afford biaryls have been
identified by electrospray ionization mass spectrometry. Knowledge has been gained about the
steps occurring after the biaryl formation and leading to the recovery of the catalytic species.

Introduction

The palladium-catalyzed preparation of biphenyl by
oxidative coupling of phenylboronic acid was reported by
Suzuki in 1987.! The reaction was performed in the
presence of palladium(l1) and copper(ll) acetates. Later,
this self-coupling was further developed by others.? The
coupling can be performed whether in the presence of
dibromo compounds?2d or Cu(ll),% or in the absence of
any added oxidizing agent, but the inert atmosphere is
then detrimental.>* The Pd-catalyzed self-coupling of
4-(trifluoromethyl)phenylboronic acid, 3b (Scheme 1),
was studied by some of us under different experimental
conditions and monitoring the reaction by 1°F NMR. As
a result, we proposed a mechanistic cycle® which is
reproduced in more detail in Figure 1. Formation of
biaryls X-Ph-Ph by phenyl scrambling from triphenylphos-
phine ligand was also discussed® and will not be consid-
ered here. Oxidative addition of areneboronic acids to
Pd(0) species (2 + 3 to 5) was considered to be achieved
by an initial acid—base reaction (2 + 3 to 4) followed by
1,2 arene migration to an electron-deficient palladium
atom (4 to 5). From 5 + 3 to 7 the same sequence of steps
occurs. Then, intermediate 7 gives very fast reductive
elimination to afford biaryls and intermediate 9. Recovery
of the catalytic species PdL,, 2, from 9 was not detailed
in our first paper,® but we suggested that this could be
the slow step of the catalytic cycle. Nevertheless, step 4
to 5 (and 6 to 7) is reminiscent of the Wagner—Meerwein
rearrangement. Therefore, electron-withdrawing substit-
uents should slow it down, this step being also a
candidate to be rate-determining for certain substituents
at the arene ring.

A more-detailed consideration of the recovery of 2 from
9 suggests that it takes place in three steps (9 to 11, 11
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Scheme 1. Studied Pd-Catalyzed Self-Coupling
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to 12, and 12 to 2). As a matter of fact, conventional
chemical knowledge suggests that thermodynamics do
not favor mechanistic steps involving direct (HO),B—
B(OH), elimination with respect to other requiring borate
elimination.

On the other hand, electrospray ionization mass spec-
trometry (ESI-MS) has become a powerful tool in the
identification of organic and organometallic reaction
intermediates.* The very mild ionization conditions per-
mit data to be acquired directly from solutions where
reactions are taking place. They also allow the detection
of molecular peaks without fragmentation, thus making
intermediate identification possible. ESI-MS has been
applied to intermediate detection of palladium-catalyzed
reactions such as cross-couplings® and the Heck reaction.®

Results and Discussion

We decided to perform the self-couplings shown in
Scheme 1. Our procedure was to monitor the reactions
by sampling at different times and analysis with ESI-
MS (positive ionization, see Experimental Section for
conditions). Peaks due to intermediates containing pal-
ladium are immediately detected by the characteristic
isotope distribution of the metal. Isotopic abundance of
clusters was compared with calculated values.

First of all, reaction 1 (Table 1) was studied at 15, 30,
45, 60, 105, and 135 min. There was only one palladium-
containing species detected by a cluster of peaks at m/z
= 734—744. This intermediate was observed between 30

(4) Wilson, S. R.; Pérez, J.; Pasternak, A. J. Am. Chem. Soc. 1993,
115, 1994.

(5) Aliprantis, A. O.; Canary, J. W. J. Am. Chem. Soc. 1994, 116,
6985.

(6) (a) Ripa, L.; Hallberg, A. J. Org. Chem. 1996, 61, 7147. (b) Brown,
J. M,; Hii, K. K. Angew. Chem., Int. Ed. Engl. 1996, 35, 657. (c) Hii,
K. K.; Claridge, T. D. W.; Brown, J. M. Angew. Chem., Int. Ed. Engl.
1997, 36, 984.

© 1999 American Chemical Society

Published on Web 04/27/1999



Oxidative Self-Coupling of Arenebornonic Acids

J. Org. Chem., Vol. 64, No. 10, 1999 3593

e
Ar-B(OH); <Ar>B(OH) L
3 (OH), \.I( 2——»Ar—l?‘d-B(OH)z Ar-B(OH),
start] 3\ GPdL, v 3
here oL /_‘ 4 L ‘/
o D
PdLy2- PdLy EER(OH); =
1 z Ar*PY:BIOH) 7L
LY e
e 1a
13 /j
L L
H—Pd-H Ar
| L ®
L 12 Ar—Pd-B(OH), = I
B(OH), SV
X L
7
v i 15
HO),B—Pd-H HO),B~Pd-B(OH),
1 L Ar—Ar
O=B(OH) 0-B(OH) 8
10 10

Figure 1. Mechanistic cycle for Pd-catalyzed self-coupling reactions.

Table 1. Intermediates Detected in Reactions of Scheme
1 by Electrospray lonization Mass Spectrometry

detected

expta 3 (mol/L) % PdP t intermediates
1 3a (0.022) 22 reflux 15a
2 3a (0.045) 7 reflux 14a, 15a, 11
3 3a (0.035) 100 reflux 9, 14a
4 3b (0.065) 20 re 14b, 15b

5¢ 3b (0.030) 100 rt 14b, 9, 4b or 5b

a All reactions in toluene. In all instances clusters due to the
catalyst Pd(PPhg)s were also observed at m/z = 579 [(OPPhs), +
Na],® m/z = 627—-637 [Pd(PPh3);], and m/z = 857 [(OPPhsz)s + Na].
b As Pd(PPhg),. ¢ After quenching the sample with trifluoroacetic
acid.

and 105 min, and structure 15a was assigned to it. This
intermediate does not belong to the cycle of Figure 1, but
it is surely related to the formation of phenols in a side
reaction,?®? known to be produced only in the initial
stages of these oxidative cross-couplings.® The required
reductive elimination in order to form the C—0O bond has
some precedents.’

Reaction 2 (Table 1) was studied at 20, 45, and 65 min.
A new and unique cluster at m/z = 718-728 was
observed at 20 min, and it was totally consistent with
structure 14a. Although this cluster is not included in
our proposed catalytic cycle (Figure 1), it could, however,
arise from intermediate 5a by cleavage, despite mild
ionization conditions. Cations of type 14 have been
observed by others®%2 in reactions where covalent ArPd-
(Ly)—halogen complexes were postulated. Therefore, the
presence of 14a is an indication of the presence of 5a. At
45 min, 14a persisted and the cluster due to 15a was
already present. However, the most remarkable feature
of this reaction was the formation of new clusters at m/z
= 673—683, 687—697, and 710—720. The cluster at m/z
= 673—683 is assigned to protonated intermediate 11,
in which the first postulated Pd—H bond has been formed
in the way between 9 and 2. The clusters at m/z 687—
697 and 710—720 differ from (11+H) by 14 and 14+23
units. Treatment of samples includes dilution with
methanol, and sodium incorporation is also a normal
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event in these experiments® (see Experimental Section).
Therefore both clusters can arise from methylation of the
boronic acid moiety and sodium incorporation. Interme-
diate 11 is the most advanced intermediate of the
catalytic cycle, and its presence explains why the oxida-
tive coupling still operates in the absence of added
oxidizing agents.

Reaction 3 (Table 1), performed in the presence of 100%
molar of 1, was the most informative, since it accelerated
steps previous to the rate-determining one. This reaction
was monitored at shorter times: 2, 7, and 15 min. At 2
min a very intense cluster at m/z = 739—-749 was
observed assigned to ion (9 + Na). Moreover, a less
intense cluster at m/z = 717—727 corresponds to the
related (9 + H). Intermediate 9 was also detected in
reaction 5 with a different areneboronic acid, so its
presence is independent of the nature of 3. The ion (9 +
Na) persisted at 7 and 15 min. Besides, at 7 min
intermediate 14a was also present as in reaction 2.

Reactions of areneboronic acid 3b featuring a substitu-
ent (4-CF3) electronically very different from 3-NH, in
3a were also monitored with time. Reaction 4 (Table 1)
is similar to reaction 1, but in this case the cluster of
14b at m/z = 771-781 was observed at 10 min and
persisted at 20, 30, and 50 min. This is indirect evidence
of the presence of 5b. Furthermore, weak persisting
signals of a cluster at m/z = 787—797 were assigned to
15b, likely to be the precursor of 4-(trifluoromethyl)-
phenol.?

Again, for 3b use of 100% of 1 gave the most informa-
tive reaction (reaction 5, Table 1): intermediate 14b gave
strong cluster signals at 2 min. At 9 min the analyzed
sample showed diminished signals for 14b, and common
intermediate 9, already detected in reaction 3 (different
areneboronic acid), was already present. Another sample
taken at 9 min was quenched with trifluoroacetic acid
for protonation and better detection of protonable inter-
mediates. This made possible the detection of 5b (or 4b)
as a cluster at m/z = 835-845 (5b + H + H;0).
Intermediate 14b, in turn, gave only weak signals at 14
min, but intermediate 9 persisted. The accumulation of
the latter indicates that the rate-determining is situated
in the recovery of 2 from 9. Table 2 shows a summary of
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Figure 2. Ruled out pathways from 5 and 14.
Table 2. Summary of Observed Clusters in Each of the
Reactions of Scheme 1
from 3a (X = 3-NHy) from 3b (X = 4-CF3)
(9 + H)t m/z=717-727 (4b or 5b + H30)*

(9 + Na)™ 2m/z = 739—749 m/z = 835—844
(11 + H)" m/z = 673—683 O+ Na)tam/z=
739—749

(11 + H + CH30 — OH)*
m/z = 687—-697

(11 +H + CH3z0 — OH + Na)* 2
m/z = 710-720

(14a)* m/z = 718—-728

(15a)* m/z = 734—-744

(14b)* m/z = 771-781

(15b)* m/z = 787797

a Intermediates 9 and 11 add adventitious quantities of Na*,
most likely leached from glassware.®

observed clusters in each of the experimental reactions
of Scheme 1.

The formation of intermediate 14 from Ar—Pd(L;)—I
has some precedents.>% The facile, required cleavage of
the Pd—B bond suggests that 14 could be an intermediate
in the catalytic cycle. In such a case, its logical continu-
ation would be the oxidative addition of a second molecule
of areneboronic acid to afford intermediate 16, the
precursor of biphenyls 8 (plus 17) (Figure 2). ESI-MS
evidence for possible intermediates 16 and 17, however,
could not be obtained. On the other hand, the easy
decomposition of 5 could alternatively occur by loss of
one ligand to form 18, but again ESI-MS signals assign-
able to either 18 or 19 were not observed. Therefore, we
believe that the cycle suggested in Figure 1 is a close
approximation to the mechanistic cycle.

Conclusions

In summary, the following conclusions can be drawn:
(i) Intermediates 5 are not detected unless acid quenching
is performed. (ii) Cations 14 are detected both in reactions
of 3a and 3b. They are probably formed by ionization of
5. (iii) Cations 15 are formed from 14 since 15 appear
when 14 disappear. Cations 15 are probably related to a
side reaction affording phenols. (iv) Intermediates 7 are
never detected, indicating that reductive elimination to
afford biaryls 8 and intermediate 9 is fast. (v) Intermedi-
ate 9 accumulates in both cases, and therefore the rate-
determining step is between 9 and 2. (vi) Intermediate
11a has only been detected in one case. This shows the
evolution of intermediate 9 giving rise to the recovery of
2, even in the absence of added oxidizing agents.
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Experimental Section

General. Mass spectrometry analyses were performed using
a VG Platform single quadrupole mass spectrometer (Micro-
mass) equipped with an electrospray ion source. A diaxial
electrospray probe was used for direct infusion of samples. The
instrument was operated in the positive ion mode (ES+) at a
probe tip voltage of 3 kV. The extraction cone voltage was 30
V in order to obtain low fragmentation ions. Nitrogen was used
as both the electrospray nebulizing gas (10 L/h) and the drying
gas (200 L/h). Source temperature was set at 60 °C. Samples
were introduced into the mass spectrometer ion source by
direct injection via a Rheodyne injection valve with a 10 uL
loop. The mobile phase flow (10 xL/min of methanol) was
delivered by an LKB HPLC pump. Mass spectrometer was
scanned from m/z 100 to m/z 900, at a rate of 8 s per scan.
Mass calibration was carried out with a mixture of Nal and
Csl in 2-propanol—water (50:50).

4.4'-Bis(trifluoromethyl)biphenyl (8b) was prepared as
previously described.®

3,3'-Diaminobiphenyl (8a). A mixture of 3-aminoben-
zeneboronic acid monohydrate, 3a (0.50 g, 3.23 mmol), tet-
rakis(triphenylphosphine)palladium(0) (0.19 g, 0.16 mmol) and
toluene (50 mL) was refluxed for 20 h (TLC monitoring). The
solvent was evaporated, and the residue was chromatographed
through a column of silica gel. 3-Aminobiphenyl was obtained
(0.03 g, 5%) with hexanes—ethyl acetate (6:4) as eluent: mp
29—30 °C; MS (70 eV) (m/z) 169 (M*, 100). 3-Aminophenol was
eluted with hexanes—ethyl acetate (5:5) (0.05 g, 14%), mp 123—
124 °C; MS (70 eV) (m/z) 109 (100, M*), 80 (48). 3,3'-
Diaminobiphenyl, 8a, was eluted with hexanes—ethyl acetate
(4:6) (0.13 g, 44%): H NMR (250 MHz, CDCls) 6 3.70 (broad
s, 4H; two NHy), 6.64 (dd, J = 8.0 Hz, J = 2.2 Hz, 2H; aromatic
H), 6.85 (m, 2H; aromatic H), 6.91—6.97 (m, 2H; aromatic H),
7.19 (apparent t, J = 8.0 Hz, 2H; aromatic H); MS (70 eV)
(m/z) 184 (100, M*), 167 (10), 92 (9).

All three compounds obtained showed mp’s coincident with
those reported in the Handbook of Chemistry and Physics and
commercial catalogues.
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