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Marian Dryzhakov,‡ Malik Hellal,‡ Eleńa Wolf, Florian C. Falk, and Joseph Moran*

ISIS & icFRC, Universite ́ de Strasbourg & CNRS, 8 alleé Gaspard Monge, 67000 Strasbourg, France
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ABSTRACT: A cocatalytic effect of nitro compounds is
described for the B(C6F5)3·H2O catalyzed azidation of
tertiary aliphatic alcohols, enabling catalyst turnover for
the first time and with a broad range of substrates. Kinetic
investigations into this surprising effect reveal that nitro
compounds induce a switch from first order concentration
dependence in Brønsted acid to second order concen-
tration dependence in Brønsted acid and second order
dependence in the nitro compounds. Kinetic, electronic,
and spectroscopic evidence suggests that higher order
hydrogen-bonded aggregates of nitro compounds and
acids are the kinetically competent Brønsted acid catalysts.
Specific weak H-bond accepting additives may offer a new
general approach to accelerating Brønsted acid catalysis in
solution.

Hydrogen bond catalysis and Brønsted acid catalysis are
arguably the most common activation modes in synthetic

and biological reactions.1 One of the simplest ways to increase
the acidity, and hence the catalytic ability, of such catalysts is to
cause them to interact with other hydrogen bond donating
groups,2 an approach well-known to lead to dramatic rate
acceleration and impressive selectivity within the molecular
scaffolds of enzymes, enzyme mimics, and some organo-
catalysts.3,4 In solution, aggregation of two or more hydrogen
bond donating molecules is likewise known to cause rate
acceleration, but the strict concentration dependence means
that the catalyst must effectively also be the solvent.5 In
contrast, intermolecular interactions between hydrogen bond
donating catalysts and weak hydrogen bond accepting additives
can occur at low concentrations but typically attenuate the
acidity of the former, leading to slower but better controlled
catalysis.6 Herein, we report a case where weak hydrogen bond
accepting additives dramatically increase the rate of a Brønsted
acid catalyzed reaction. Specifically, electron-rich nitro com-
pounds, even when present as substoichiometric additives, act
as cocatalysts in the Brønsted acid catalyzed azidation of tertiary
aliphatic alcohols, enabling a rapid reaction with catalytic
turnover for the first time.7−10 Kinetic, electronic, and
spectroscopic investigations suggest that hydrogen bonding
between the nitro compound and the acid generates aggregates
that are the kinetically competent Brønsted acid catalysts.
Taken more broadly, weak H-bond accepting cocatalysts may
constitute a new general approach to modulating Brønsted acid
catalysis in solution.

We initially became intrigued by Pocker’s report that the
hydrochlorination of olefins proceeds more rapidly and displays
unusual second order concentration dependence in HCl when
the reaction is carried out in nitromethane.11,12 Though it was
concluded that cooperative effects between two molecules of
HCl were responsible for the observed concentration depend-
ence, no efforts were made to uncover the role of nitromethane,
a well-known weak dual H-bond acceptor.13,14 Speculating that
the solvent might play a more active role, we elected to
investigate the effect of nitro compounds in a Brønsted acid
catalyzed reaction where the acid catalyst and reagents could be
independently varied. We selected the azidation of tertiary
aliphatic alcohols with TMSN3, a useful but sluggish and low-
yielding transformation that thus far has not been achieved with
catalytic turnover.7,8 We first investigated the azidation of
alcohol 1a catalyzed by B(C6F5)3·H2O, an easily weighable
solid Lewis acid hydrate that is a strong Brønsted acid.15

Gratifyingly, the use of nitromethane as solvent led to
immediate formation of silyl ether 2a followed by complete
conversion of 2a to azide 3a in <1 h at room temperature in
80% isolated yield, eq 1.16

Direct submission of silyl ether 2a to the reaction conditions
also yielded 3a with similar efficiency. Attempts in 11 other
common polar and nonpolar aprotic solvents either did not
result in any reaction or produced silyl ether 2a but gave <5%
azide 3a after 1 h, though detectable amounts (<10%) of 3a
were found in CH2Cl2 and (CH2Cl)2. In contrast, all five other
solvents tested that contained a nitro group led to rapid
progression of the reaction after 1 h, even though in some cases
their dielectric constants are much lower than nitromethane
(Table S1).17 Azidation could even be carried out in
“unreactive” solvents when nitro compounds were employed
as additives. To our delight, 50 mol % p-nitroanisole was an
effective cocatalyst for the azidation of alcohol 1e in benzene,
giving 65% isolated yield after 24 h compared to <5% in the
absence of cocatalyst, eq 2.
A wide variety of tertiary aliphatic alcohols were surveyed

using nitromethane as solvent or using 50 mol % p-nitroanisole
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in C6H6 (Table 1). Moderate to excellent yields could be
obtained in most cases. Reactions were completed in 5−60 min

when nitromethane was the solvent. Reactions employing 50
mol % p-nitroanisole in C6H6 completed in <24 h and were
typically less efficient due to faster competing elimination in
that solvent. Notably, acid-sensitive functional groups such as
OTIPS (3g) and OTES (3h) ethers survive under the reaction
conditions. Nitro-containing substrate 3i reacts even in the
absence of nitro additive. Azidation dominates over intra-
molecular carbocation capture for alcohols bearing pendant
indoles (3j, 3k). No bis-azidation was observed in alcohols

bearing alkenes (3m−3q, 3s). Finally, diols undergo azidation
selectively at the tertiary position even when competing
cyclization is possible (3x, 3y). The utility of the method is
emphasized by the fact that, despite the apparent simplicity of
the azides reported herein, 18 of 25 are new compounds.
Electronic effects and kinetic concentration dependencies

were studied to probe the origin of the accelerating effect of the
nitro compounds. A study of the initial rate of the azidation of
silyl ether 2e as a function of the electronics of the nitro
cocatalyst (100 mol %) in benzene shows that electron-rich
nitrobenzenes have a much larger promoting effect than
electron-poor analogues (Figure 1). This trend is opposite to

the expected outcome if small changes in dielectric constant
due to the additive were responsible for the faster rates since p-
methoxynitrobenzene (ε = 27.5) is less polar than nitrobenzene
(ε = 36.1).17 The method of initial rates was used to determine
the order of the individual components for the reaction of 2e in
benzene. The slow background reaction that occurs in the
absence of nitro additive is first order in acid (0.98 ± 0.02). In
contrast, reactions in benzene in the presence of nitromethane
reveal a second-order (1.96 ± 0.04) rate dependence on the
concentration of nitro compound, an approximately second-
order (1.8 ± 0.1) rate dependence on the concentration of acid,
an approximately first-order (0.83 ± 0.02) rate dependence on
the concentration of silyl ether, and a zero-order (−0.025 ±
0.002) rate dependence on the concentration of TMSN3,
demonstrating that the nitro compound is a cocatalyst and
induces a change in the concentration dependence of the
Brønsted acid.
IR experiments show evidence of hydrogen bonding between

the OH of B(C6F5)3·H2O and the nitro compounds. The
magnitudes of the changes in frequency and broadness of the
OH stretch increase with greater electron-rich character of the
nitro compound, correlating with their cocatalytic activity. The
B(C6F5)3·H2O OH stretch at 3546 cm−1 in toluene shifts to
3523, 3480, and 3465 cm−1 in the presence of p-CF3-
nitrobenzene, PhNO2, and p-nitroanisole, respectively. The
observed peak broadening in the case of electron-rich nitro
compounds indicates that a larger number of intermolecular
interactions between B(C6F5)3·H2O and the nitro compounds
are accessible, an observation characteristic of aggregation

Table 1. Substoichiometric Catalytic Dehydroazidation of
Tertiary Aliphatic Alcoholsa,b

aConditions: Alcohol (2 M in MeNO2), 5−60 min. bIsolated yields
after silica gel chromatography. c50 mol % p-nitroanisole, C6H6, 24 h.
d1 mol % B(C6F5)3·H2O.

eYield estimated by 1H NMR using 1.0 equiv
of anisole as internal standard. fNeat, 1 h. gReaction carried out at 0
°C. hReaction carried out at 90 °C.

Figure 1. Initial rate dependence on the electronics of the nitro
compound. Acid loading was reduced to slow the reaction for GC−MS
analysis, resulting in a smaller rate increase relative to the background
reaction.
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(Figure 2a). NMR experiments (1H, 19F, 29Si, and 11B) in C6D6
also support the existence of hydrogen-bonding between

B(C6F5)3·H2O and nitro compounds. Most notably in the 19F
NMR, the signal corresponding to the para-F resonance of
B(C6F5)3·H2O shifts significantly in the presence of nitro
compounds (see SI). The influence of nitro compounds on the
activation of TMSN3 by B(C6F5)3·H2O can be observed by
monitoring the azide stretch of the latter at 2136 cm−1. Mixing
catalytic amounts of B(C6F5)3·H2O and 1 equiv of TMSN3 in
toluene results in a slight decrease of intensity of the peak at
2136 cm−1 and the appearance of a new peak at 2200 cm−1. In
the presence of PhNO2, the new peak shifts slightly to 2207
cm−1. The peak grows with increasing concentration of
B(C6F5)3·H2O at the expense of the peak at 2136 cm−1

(Figure 2b). No interactions between PhNO2 and TMSN3
were observed in the absence of acid. Mixing all three
components had no effect on the N−O stretch of PhNO2,
ruling out the possibility that the nitro compound becomes
silylated and functions as a silyl transfer catalyst. Taken
together, the kinetic, electronic, and spectroscopic evidence
suggest that mixed hydrogen-bonded aggregates of Brønsted
acid and nitro compound catalyze the reaction and that the
catalytically competent Brønsted acid likely contains two
molecules of each component. We suspect that a similar
phenomenon may be responsible for the second order
concentration dependence on HCl in Pocker’s olefin hydro-
chlorination in nitromethane11 and may account for the high
specificity for that solvent in other acid-catalyzed reactions.18

In conclusion, we have uncovered an unprecedented example
of cocatalysis between nitro compounds and Brønsted acids,
resulting in the first azidation of tertiary aliphatic alcohols with

catalytic turnover. Our results serve as a reminder that “simple”
Brønsted acid catalysis can be surprisingly complex in solution,
illustrating the need for mechanistic investigations. Further-
more, aggregation between weak H-bond acceptors and
Brønsted acids may constitute a new modular and tunable
approach to accelerating Brønsted acid catalysis in solution.
Theoretical calculations are underway to gain insight into the
nature of the aggregated species. Ongoing experimental efforts
are aimed at applications to other reactions and the design of
second-generation cocatalysts.
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