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Abstract: Boronic acid catalysis has emerged as a mild method for
promoting a wide variety of reactions. It has been proposed that the
mode of catalysis involves Lewis acid or covalent activation of
hydroxyl groups by boron, but limited mechanistic evidence exists.
Here, we reinvestigate representative boronic acid-catalyzed
reactions of alcohols and oximes. We interpret a series of control
experiments with boronic and Brgnsted acids along with correlations
between their reactivity and their acidity measured by the Gutmann-
Beckett method. Overall, we conclude that the major modes of
catalysis involve either dual H-bond catalysis or Brgnsted acid
catalysis. We show that strong Brgnsted acids are generated in situ
from covalent assembly of the boronic acids with
hexafluoroisopropanol, explaining why the solvent had such a major
impact on the reactivity. This new insight should guide the future
development of boronic acid catalysis, where the diverse and solvent-
specific nature of catalytic modes has been overlooked.

Boronic acids have emerged as a promising class of catalysts™!
that enable dehydrative nucleophilic  substitution  or
rearrangements of alcohols,” Beckmann rearrangement  of
oximes,® and various reactions involving either carboxylic acids!!
or epoxides® under mild conditions. In depth studies into the
catalytic mechanism have been performed in the case of
carboxylic acids,e*" whereas only preliminary mechanistic
evidence exists for the reactions of alcohols and oximes. 292301
The arylboronic acid catalyst systems required for reactions
involving alcohols and oximes (B1-B3, Scheme 1) are
substantially more electrophilic than those used for the activation
of carboxylic acids, the former requiring either multiple electron-
withdrawing groups, cationic boronic acids or complexation with
highly electronically deactivated diols. Another critical parameter
in these reactions is the solvent. Our group as well as many others
have pointed out the enabling effect of solvents, such as
hexafluoroisopropanol (HFIP)®-71 and nitromethane (MeNO,),® on
Brgnsted and Lewis acid-catalyzed reactions through the
formation of an H-bond network. In the case of HFIP, we
emphasized that the role of the catalysts was to significantly
increase the acidity of an H-bond cluster of HFIP, which was the
true catalytically active species.’"™ Our reflections on the
reactivity of arylboronic acids started during our investigations on
the TfOH-catalyzed arylative ring-opening of unactivated
cyclopropanes in HFIP (Table 1, entry 1.1).'™ We were puzzled
by the reactivity of two catalyst systems typically used for
activation of alcohols and oximes (B1 and B3), as they were able
to trigger the ring-opening of phenylcyclopropane to generate
product 1 (entries 1.2 and 1.5). Given the absence of an OH
functional group in the substrate and the lack of Frustrated Lewis
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(J. Am. Chem. Soc. 2018, 140, 5264-5271 - Ref [3b])

NE B3 (5 mol%) N

L, — ry™
R?2 HFIP/MeNO, (4:1) o

R1

¢) Carbo- and heterocyclization of allylic alcohols
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Scheme 1. Representative boronic acid catalyzed transformations of alcohols
and oximes.

Pairs,®! we surmised that it would be unlikely that this reaction
features covalent or Lewis acid catalysis. One plausible
mechanism would entail catalysis by a Brgnsted acid, which
would be generated through the coordination of the boronic acid
(in the case of B1) or the boronate ester (in the case of B3) with
HFIP.9 Indeed, the presence of 2,6-di-tert-butylpyridine, a bulky
Bransted base commonly used to distinguish between Lewis and
Bransted acid catalysis,*Y completely shut down the reactivity in
both cases, consistent with Brgnsted acid catalysis (entries 1.3
and 1.6). Additionally, Brgnsted acids weaker than TfOH were not
effective catalysts (entries 1.10-1.13), leading us to suspect that
very strong Brgnsted acids might have been produced from the
boronic acids under the reaction conditions. These observations
led us to wonder whether certain previously reported boronic acid
catalyzed reactions might also be the result of Brgnsted acid



Table 1. Comparison between boronic and Brgnsted acids for the catalytic ring-

opening hydroarylation of phenylcyclopropane.

OMe
ph—] +

Catalyst (10 mol%) "0

HFIP (2 M), 80 °C, 20 h

1 Ph

Entry Catalyst Yield [%]®
1.1 TfOH 97

1.2 B1 68

1.3 B1 <1l

1.4 B2 <1

1.5 B3 96

1.6 B3 <1l

1.7 HCI 94

1.8 H2S04 92

1.9 CSA 95

1.10 CFsCOzH 36

1.11 (COOH)2 12

1.12 CH3CO2H <5

1.13 B(OH)s <5

[a] Yields were determined by *H NMR using hexamethyldisiloxane as an
external standard. [b] In the presence of 15 mol% 2,6-di-tert-butylpyridine. CSA
= camphorsulfonic acid.

catalysis.

Herein, we address the above issues by comparing boronic and
Brgnsted acid catalysts with nine formerly disclosed boronic acid
catalyzed reactions spanning the four representative studies
summarized in Scheme 1. We will provide a correlation between
the reactivity profiles generated by the various boronic and
Brgnsted acids and their influence on triethylphosphine oxide
(Gutmann-Beckett method).*? We found that in eight of the nine
reactions that were probed, Brgnsted acid or H-bond catalysis,
rather than a Lewis acid or covalent activation mechanism, is
likely the main source of reactivity.

At the outset, to correlate the catalytic effects observed for boronic
and Brgnsted acids with their physicochemical properties, we
elected to compare their interaction with triethylphosphine oxide
(TEPO), a representative weak Lewis base, in various solvents
(Figure 1). The strength of the interaction between the additive and
TEPO can be inferred from the change in chemical shift in the
corresponding P NMR spectrum, compared to that obtained from
a control experiment performed in the absence of additive and
HFIP (i.e., 46.1 ppm in toluene-dg). The control experiments
confirmed our hypothesis regarding the pivotal role of the solvent.
Indeed, in the presence of MeNO, or HFIP/MeNO, (4:1), we
observed substantial shifts in the 3P NMR signal (53.0 and 67.1
ppm, respectively), indicating that the solvents are non-innocent in
the activation of alcohols, even in the absence of Lewis or
Brgnsted acids. This does not come as a surprise since we and
others have noticed similar reactivity trends in the past for HFIP
and MeNO,. The former solvent forms aggregates that are
excellent H-bond donors,”® while the latter templates the
formation of similar aggregates through interactions with
molecules such as water.®23 |n the case of the HFIP/MeNO;
mixture, adding 2,6-di-tert-butylpyridine did not affect the 3'P NMR
shift, confirming that, without catalyst, no Brgnsted acid is
generated. Mixing catalyst system B3 with TEPO gave rise to a
few new resonances, the highest frequency of which (90.3 ppm) is
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12.1 ppm further downfield than the signal generated due to the
same experiment carried out with B(CsFs)3*H,O (78.2 ppm). The
influence of B3 in HFIP/MeNO; (4:1) thus appears to be stronger
than B(CsFs)s*H20, and comparable to that of HCI (90.7 ppm) or
CSA (91.3 ppm), in close agreement with the ability of B3 to
promote the opening of unactivated cyclopropanes (see Table 1).
This is very different from the situation in toluene, where CSA shifts
the signal of TEPO nearly 20 ppm further downfield than B3. At
least one species produced from the components of B3,
presumably a highly electrophilic hexafluoropinacol boronate ester,
can serve to generate a strong Brgnsted acid in HFIP. It should be
highlighted that the diol component of B3 is essential here, as no
shift was observed with the boronic acid alone (B3’). In line with
these suggestions, it was established that a strongly Brgnsted
acidic species is formed from the covalent assembly of
pentafluorophenylboronic acid and oxalic acid, another electron-
poor bidentate species. Likewise, the shift produced by the
addition of B1 (84.5 ppm) is significantly higher than that produced
by B(CeFs)3*H20, congruent with its demonstrated reactivity (see
Table 1). Although this experiment does not distinguish whether
Bragnsted or Lewis acids are causing the observed shifts per se,
strong boron Lewis acids such as B(CeFs); are well known to
rapidly react with adventitious water to form hydrates that are
strong Brensted acids.*® In a similar way, the large magnitude of
the observed shift in the 3P NMR means that strong Brensted
acids are almost certainly produced by B1 and B3 in HFIP. For
these reasons, the mild pK, values established for these boronic
acids in DMSO or water cannot be transposed to reactions carried
out in HFIP and HFIP/MeNO: in order to predict reactivity. Indeed,
none of the shifts corresponding to the boronic acids in the
absence of HFIP exceeded 61.5 ppm (see the Supporting
Information for details). Lastly, we found that boronic acid B2 (66.8
ppm in HFIP/MeNO, 4:1) induces a shift in the 3P NMR
comparable to oxalic acid (69.5 ppm), in agreement with the lack
of reactivity observed in the ring-opening transformation. Of note,
in the absence of the diol component of B3, the shift is similar to
that of B2 (66.9 ppm).

50 H;50,T"oH

CSA
. g3 HCl
40
35
‘t;,é TFA *o
- 30 % o % "/,o
o o"'o' %0, Oas, %%
a o T "0,0 %
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Figure 1. Gutmann-Beckett plot showing the influence of an additive (3 equiv)
on TEPO (1 equiv) in HFIP/MeNO:2 (4:1) as expressed by the variations in
chemical shift of the highest frequency signal observed in the 3P NMR spectrum
when compared to the reference TEPO in toluene-ds. B3’ = B3 in the absence
of diol.

Based on these results, the first set of transformations examined
was the Friedel-Crafts reaction of primary benzylic alcohols 2a-2¢
catalyzed by hexafluoroantimonate salt B1 in HFIP/MeNO;



(4:1).29 The three substrates reacted as previously described
(Table 2, entry 2.1) but not in the presence of 2,6-di-tert-
butylpyridine (entry 2.2).1®l Replacing the cationic boronic acid by
Brgnsted acids spanning a wide pK, range revealed that, in all
cases, the boronic acid may be substituted with a Brgnsted acid
with similar results, although the strength of the required acid
varies with the nature of the electronic substituents on the
benzylic alcohol. The conjugate acid of the boronic acid catalyst,
HSbFs, catalyzed the reaction of all three substrates (entry 2.3),
albeit in lower yields. In the case of benzylic alcohols 2a and 2b,
the weak Brgnsted acid oxalic acid was surprisingly able to
promote the reaction under otherwise identical conditions (entries
2.9-2.11). Electronically deactivated alcohol 2c needed a stronger
Brognsted acid but its transformation could still be effectively
catalyzed by H,SO. (entry 2.6). Previously, the possibility of
Brgnsted acid catalysis was ruled out on the basis of: 1) the lack
of reactivity of 2b with CF3CO;H and 2) the fact that a different
boronic acid (B2), which has a comparable pK, in H,O and DMSO
to the catalyst used (B1),2"'"] does not facilitate the reaction in
HFIP/MeNO,. However, as the data provided in Figure 1
emphasized, B2 and CF;CO;H do not produce a suitably strong
Bransted acid in HFIP/MeNO; and thus are not suitable points of
reference. The reduced reactivity of B3 compared to B1, can be
explained by the sequestration of the diol component of B3 by H-
bonding with an excess of benzylic alcohol substrate,8! leaving
behind boronic acid B3’ as a much weaker catalyst as expected
from Figure 1.

Table 2. Comparison between boronic and Brgnsted acids for the catalytic

/@/\Ar
X

3a-3c

dehydrative Friedel-Crafts reactions of benzylic alcohols.!

/©/\OH +  Ar—H
X

(5 equiv)

catalyst
—_—
HFIP/MeNO, (4:1)

2a-2c
2a: X=H, Ar= m-xylene 2b: X= Br, Ar= mesitylene 2c: X= NO,, Ar= p-xylene

Entry Catalyst Yield 3a Yield 3b Yield 3c
[o]" [%]"! (o6
2.1 B1 95 94 40
2.2 Bl <1 <1l <1lel
2.3 B2 <1 <1 <1
2.4 B3 62 19 5
25 HSbFe-6H20 79 40 45
2.6 TfOH 98 98 95
2.7 HCI 90 92 <1
2.8 H2S04 95 94 90
2.9 CSA 95 96 <1
2.10 CF3COzH 92 <1 <1
2.11 (COOH)2 92 47 <1
2.12 CHsCOzH 85 <1 <1
2.13 B(OH)3 15 <1 <1

[a] Yields were determined by *H NMR using hexamethyldisiloxane as an
external standard.. [b] 10 mol% catalyst, 50 °C, 24 h. [c] 20 mol% catalyst, 80
°C, 48 h. [d] With 15 mol% 2,6-di-tert-butylpyridine. [e] With 30 mol% 2,6-di-tert-
butylpyridine.

The second transformation that we examined was the Beckmann
rearrangement of oximes to amides catalyzed by B3. Previous
studies on acetophenone oxime (4a) supported a mechanism
involving slow formation of a catalytically competent O-boronyl
oxime ester.’® We tested three representative aryl-alkyl (4b),
aryl-aryl (4c) and alkyl-alkyl oximes (4d) from the original
publication, as well as 4a, all under the reported conditions. The
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transformations catalyzed by B3 were efficient in each instance
(Table 3, entry 3.3) but not in the presence of 2,6-di-tert-
butylpyridine (entry 3.4). In the case of 4a, none of the Brgnsted
acids tested promoted the rearrangement. In the catalytic
experiments with B3, the reaction kinetics for 4a did display an
induction period consistent with a slow catalyst formation and the
previously proposed covalent mechanism. However, since all
prior optimization and mechanistic studies were conducted on 4a,
this might have led the authors to conclusions about the
mechanism which do not hold for other substrates. For substrates
4b-4d, a screen of Brgnsted acids revealed several to be capable
of promoting the reaction with either a similar efficiency or even
more effectively than the B3 catalyst system (entries 3.5-3.9).
CSA proved to be particularly effective in the case of substrates
4b and 4c, while CFsCO,H was able to promote the reaction with
4d (entries 3.8-3.9). Indeed, the kinetic profile of the reaction of
oxime 4b catalyzed by B3 proved to be nearly identical to that
catalyzed by CSA, with no observation of an induction period
expected for a mechanism involving slow formation of a
catalytically —active acyl oxime species (see Supporting
Information for details). These experiments thus support Brgnsted
acid catalysis, rather than covalent catalysis, being the dominant
mechanism for substrates 4b-4d. Covalent activation and
Brensted acid catalysis therefore appear to be competitive
catalytic mechanisms in the Beckmann rearrangement, with three
of the four representative substrates dominated by Brgnsted acid
catalysis.

Table 3. Comparison between boronic acids and Brgnsted acids for the catalytic
Beckmann rearrangement. (@

catalyst

N’OH perfluoropinacol )OL
| —_— Ri~
R1)\R2 HFIP/MeNO, (4:1) N R
4a-4d 5a-5d

4a: Ry = CgHs, R, = Me

4b: R, = 4-OH-(CgH,), R, = Me

4c: Ry =Ph, Ry=Ph

4d: Ry = R, = -(CHy)s5-

Catal Yield 5a Yield 5b Yield 5¢ Yield 5d

Entry atalyst 96! (06! o] o]
3.1 B1 <1 20 <10 <1
3.2 B2 <1 <1 <1 <1
3.3 B3 98 94 85 45
3.4 B3 <1 <qlel <1l <1
35 TfOH <1 40 96 <1
3.6 HCI <1 16 26 <1
3.7 H2S04 <1 <1 <1 <1
3.8 CSA <1 90 86 20
39 CF3COzH <1 36 21 78
3.10 (COOH): <1 <1 <1 <1
3.11 CH3CO2H <1 <1l <1 <1
3.12 B(OH)3 <1 <1 <1 <1

[a] Yields were determined by 'H NMR using hexamethyldisiloxane as an
external standard. [b] 30 mol% catalyst and perfluoropinacol, 80 °C, 24 h. [c] 5
mol% catalyst and perfluoropinacol, 25 °C, 24 h. [b] 30 mol% catalyst and
perfluoropinacol, 80 °C, 24 h. [d] With 45 mol% 2,6-di-tert-butylpyridine. [e] With
7.5 mol% 2,6-di-tert-butylpyridine.

The third reaction that we analyzed was the carbocyclization of
allylic alcohols, reported to be catalyzed by boronic acid B2 in
MeNO,.?1 The transformation occurred as described (Table 4,



entry 4.2), but was inefficient in the presence of 2,6-di-tert-
butylpyridine (entry 4.3). Likewise, B1 and B3 have a relatively
similar efficacy (entries 4.1 and 4.4). In contrast, a Brgnsted acid
as weak as oxalic acid enabled the reaction under otherwise
identical conditions (entries 4.11). Both oxalic acid and boronic
acids are known to act as dual H-bond donors,*¥ and likely act as
H-bond catalysts here. The possibility of H-bond activation may
have been previously overlooked, since in the original disclosure,
control experiments designed to compare B2 to Brgnsted acids
were performed with p-TsOH only (entry 4.8).

Table 4. Comparison between boronic acids and Brgnsted acids for the catalytic
carbocyclization of allylic alcohols.

catalyst (20 mol%)
_—

Ph MeNO,, 50 °C, 48h Pho
HO Ph Ph
6 7

Entry Catalyst Yield [%]
4.1 B1 72

4.2 B2 52

4.3 B2 <1@

4.4 B3 67

4.5 TfOH 81

4.6 HCI <1

4.7 H2S04 36

4.8 p-TsOH 24

49 CSA <1

4.10 CFsCOzH 12

4.11 (COOH)2 50

4.12 CH3CO2H 12

413 B(OH)s <1

[a] Yields were determined by *H NMR using hexamethyldisiloxane as an
external standard. [b] In the presence of 15 mol% 2,6-di-tert-butylpyridine.

The last process explored was the 1,3-allylic transposition of 1,1-
diphenyl allyl alcohol, also reported to be catalyzed by B2 (Table
5).2d This reaction proved to be more challenging to rationalize
as we faced a major hurdle to reproduce the published results.
Using either commercially available or freshly prepared and
recrystallized catalyst B2, yields never exceeded 20%. We
suspect that the reported success of this transformation might
result from the presence of an impurity in the way that B2 was
synthesized (a borinic acid or traces of another acid, for instance).
Even a trace impurity might not be negligible given the catalyst
loading of 20 mol%. In turn, stronger Brgnsted acids enabled the
reaction to a limited extent (entries 5.5-5.7), but CSA was highly
effective, delivering the product in 85% vyield (entry 5.8). This
result is similar to those reported in the literature, which again
strongly suggest Brgnsted acid catalysis.

Table 5. Comparison between boronic acids and Brgnsted acids for the catalytic
1,3-allylic transposition of allylic alcohols.®

OH catalyst (20 mol%) Ph
W —-w . )\/\
gh ., Toluene, 25°C, 24h  Ph OH
8 9
Entry Catalyst Yield [%]
51 B1 46
5.2 B2 20 (80)™

53 B2 <1
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5.4 B3 <1
55 TfOH 6

5.6 HCI 16
57 H2S04 44
5.8 CSA 85
5.9 CFsCO2H 18
5.10 (COOH): 11
5.11 CH3CO2H <1
5.12 B(OH)3 <1

[a] Yields were determined by *H NMR using hexamethyldisiloxane as an
external standard. [b] Yield reported in reference 2d. [c] In the presence of 15
mol% 2,6-di-tert-butylpyridine.

To summarize, this study sheds light on the activation mode of
boronic acid catalysis of alcohols and oximes, showing that
Brensted acid and H-bond catalysis, rather than Lewis acid or
covalent activation, are likely responsible for the observed
reactivity in nearly all the representative examples studied.
Specifically, catalysts B1 and B3 produce strong Bragnsted acids
in the presence of HFIP, and catalyst B2 likely acts as a H-bond
catalyst in MeNO,. We have concluded the above on the basis of
the following key findings: 1) Boronic acids B1 and B3 are able to
rupture unactivated cyclopropanes in HFIP. 2) The hindered
Brensted base 2,6-di-tert-butylpyridine entirely inhibits reactivity
of the boronic acids in the reactions investigated. 3) Boronic acid
catalyzed reactions of alcohols and oximes can be promoted by
Bregnsted acids or H-bond catalysts. 4) Brgnsted acids that
facilitate those transformations exert a deshielding influence on
TEPO comparable to the boronic acids that promote the same
transformations. 5) For three of the four representative oximes
studied, the data collected are inconsistent with a covalent
mechanism. Moving forward, these insights should be useful for
the rational design of second-generation catalysts for dehydrative
nucleophilic substitution or for oxime rearrangements, whether or
not they are based on boron. Finally, this work cautions that,
before novel catalytic mechanisms are proposed, a wide range of
control experiments are necessary to rule out a catalytic role for
Bransted acid and H-bond donors, taking into consideration the
important numerous roles played by the solvent.
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