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A photoinduced procedure for the intermolecular hydroamination of alkenes using azoles is described.
This reaction occurs in modest to good yield for 6- and 7-membered cyclic alkenes. Upon irradiation at
254 nm in the presence of methyl benzoate and a small amount of triflic acid as an additive (20 mol %),
imidazoles, pyrazoles, triazoles, and tetrazole can react with the alkene to afford complex Markovnikov
adducts. The proposed mechanism involves photoisomerization to generate highly strained (E)-cycloalkene
intermediates and (E)-cycloalkene protonation followed by reaction with the azole nucleophile. Alkene
isomerization was found to be a competing side reaction under these conditions.

Introduction

Nitrogen-containing motifs are ubiquitous in natural products
and drug discovery. Given the widespread availability of
nitrogen nucleophiles and alkenes, there is substantial interest
in developing efficient C-N bond-forming reactions from
these simple starting materials. Considerable efforts have notably
been directed at hydroamination of electron-rich alkenes, both
in intra- and intermolecular systems.1 Various strategies are
used to overcome the high activation energy associated with
combining two electron-rich reactants, notably transition-
metal and Brønsted acid catalysis.2 While considerable pro-
gress has been made, intermolecular reactions remain limited,
notably with respect to substrate scope and functional group
compatibility. For example, various functionalities are not
compatible with the strength of the Brønsted acids required to
protonate the double bond. On the other hand, various nitrogen

nucleophiles do not lead to hydroamination products due
to an acid-base reaction with the Brønsted acid. This buffer-
ing effect results in both inefficient alkene protonation and
in the deactivation of the nucleophile by the formation of the
conjugate acid. As such, most Brønsted acid-based approaches
are related to the Ritter reaction,3 in which nitriles are used as
the nitrogen nucleophiles (eq 1). Other weakly basic reagents
such as anilines,4 azoles,5 hydrazines,6 sulfonamides,7 and
amides7c can also add efficiently under strongly acidic condi-
tions. It was recently reported that the nature of the counterion
has a profound impact on the efficiency of these reactions
(eq 2).4a
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As highlighted in the example shown in eq 2, strained organic
molecules are typically more reactive due to a higher ground-
state energy.8 In hydroamination reactions, strained alkenes
could potentially allow reactions with more basic nitrogen
nucleophiles due to the increased ability of the olefin to undergo
protonation. In this context, we were inspired by the seminal
work of Kropp9 and Marshall,10 and recent contributions by
Inoue,11 who showed that intermolecular hydroetherification of
strained (E)-cycloalkenes occurs under acid-free conditions (eq
3).12 Under their conditions, sensitized photoisomerization leads
to the formation of short-lived, ground-state (E)-cycloalkenes
possessing approximately 30 kcal/mol of ring strain. These
highly strained intermediates react with the alcohol, typically
used as solvent, under acid-free conditions.13 Herein, we report
that this reactivity can be used to perform intermolecular
hydroaminations using azole nucleophiles (eq 4).

Reported additions of azoles to electron-rich alkenes are
scarce.5 A representative, well-studied system involves the acid-
catalyzed addition of benzotriazole to various alkenes. Katritzky
and co-workers have shown that benzotriazole will form a
mixture of hydroamination products in the presence of a strong
acid additive and excess alkene.5a While styrene affords the
desired hydroamination products in the presence of catalytic
amounts ofp-TsOH at 80°C (eq 5), cyclohexene requires the
use of a stoichiometric amount ofp-TsOH at 120°C (eq 6).
Typically, alkene isomerization (if possible) also occurs under
the latter conditions.

Results and Discussion

We embarked on our search for conditions to perform
intermolecular hydroaminations drawing precedence from the
work of Kropp and Marshall,9,10 in which xylenes (orp-xylene)
are used as a triplet sensitizer and the nucleophile, MeOH, is
used as a solvent (see eq 3). Our initial goal was to identify
conditions in which the nucleophile could be used in near
stoichiometric quantities. For these studies, 1-methyl-1-cyclo-
hexene was used and imidazole was selected as the azole
nucleophile; selected results from the initial screening are
presented in Table 1.

The data presented in Table 1 highlight the key findings of
our initial search for hydroamination reactivity. Initial attempts
to perform photoinduced, direct hydroamination in a variety of
solvents failed, as illustrated in entry 1. The addition of 20 mol
% of an acid additive (leading to the in situ formation of the
imidazolium conjugate acid) to facilitate protonation of the
putative (E)-cycloalkene intermediate provided our initial leads
(entries 2 and 3), and our results are consistent with the
counterion effects documented by Anderson, Arnold, and
Bergman (entry 3).4aWhile encouraging reactivity was observed
in various solvents (entries 3 and 4 are representative examples),
multiple products could be seen in the unpurified reaction
mixture. Inspired by the elegant work of Inoue using benzoates
as singlet sensitizers,11 methyl benzoate-sensitized photoisomer-
ization was explored and led to a similar conversion (entry 5)
but minimized the side reactions associated with the use of
p-xylene as triplet sensitizer. Importantly, irradiation of an
equimolar mixture of 1-methylcyclohexene and imidazole
using PhCO2Me as sensitizer led to a 26% conversion to the
desired product (entry 6) and served as the starting point
for the reaction optimization presented in Table 2. Control
experiments were routinely performed during this investi-
gation, and in all cases, no hydroamination could be
obserVed in the absence of UV irradiation, which is consistent
with the buffering effect of azoles (illustrated by Table 1,
entry 7).

Solvent and counterion effects were briefly reinvestigated
using methyl benzoate as sensitizer, and both the use of
imidazoliumtrifluoromethanesulfonateas a conjugate acid and
EtOAc as solvent were found to be optimal (Table 2, entry 2).
Surprisingly, increasing the ratio in favor of one of the reactants
had only a minimal impact on the reaction outcome (entries 5
and 6). Stimulated by a recent publication by Squillacote and
co-workers suggesting that the (E)-cycloalkene “thermal”
isomerization (i.e., their lability) arises from a bimolecular
pathway involving alkenes,14 we performed the reaction by
adding the excess alkene in five portions over the course of
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approximately 30 h. This new procedure led to a significant
improvement: 72% conversion to the desired hydroamination
product was observed (entry 7 vs entry 6).

With optimized conditions in hand, we could examine the
reaction scope with respect to the azole reacting partner. These
studies were performed using 1-methyl-1-cyclohexene as sub-
strate and are presented in Table 3.

The hydroamination reactivity discovered with imidazole
(Table 3, entry 1) extended well to other azole nucleophiles.
For example, pyrazoles (entries 2 and 3) led to the formation
of the desired adducts, albeit in lower yield with the hindered
2,5-dimethylpyrazole (2c, entry 3). 1,2,4-Triazole (entry 4) and
tetrazole (entry 5) also afforded the desired products in good
yield. An unexpected result was obtained with 1,2,3-triazole,
which afforded the nitrenium salt8 in an unoptimized 20% yield
(eq 7). Such nitrenium salts have been shown by Boche to have
remarkable properties,15 as expected based on their isoelectronic
nature with the related Arduango carbenes.16 Therefore, the

method provides simple access to hindered nitrenium derivatives
such as8.

With the azole scope explored, we turned our attention to
the reaction of other cyclic alkenes with imidazole. These results
are presented in Table 4.

As shown, the hydroamination reactivity observed with
1-methyl-1-cyclohexene and imidazole (Table 4, entry 1) could
also be extended to other alkenes. Variation of the alkene
substituent or of the ring size led to somewhat lower yields, as
shown by the reaction of 1-ethyl-1-cyclohexene (entry 2) and
1-methyl-1-cycloheptene (entry 3). Encouragingly, (-)-limonene
(1d) led to selective hydroamination of the cyclic alkene,17 with
a mixture of diastereoisomers isolated in good yield (entry 4).
The use of cyclohexene (1e) led to the hydroamination product
in modest yield (entry 5). In contrast, 1-methylcyclopentene and
cyclooctene did not lead to product formation under our reaction
conditions. This lack of reactivity suggests that the ring strain
present in (E)-cyclooctene, which is known to be stable at room
temperature, is not sufficient to allow the desired reaction.

(15) Boche, G.; Andrews, P.; Harms, K.; Marsch, M.; Rangappa, K. S.;
Schimeczek, M.; Willeke, C.J. Am. Chem. Soc.1996, 118, 4925.

(16) Arduengo, A. J., III; Harlow, R. L.; Kline, M.J. Am. Chem. Soc.
1991, 113, 361.

(17) This selectivity for the cyclic alkene in limonene, as well as the
lack of reactivity observed with 1-methylcyclopentene, cyclooctene, and
in control experiments performed with other cyclic alkenes (R-pinene and
2-carene, for example) strongly suggest the intermediacy of highly strained
(E)-cycloalkene intermediates. We also prefer this rationale over other
possibilities, including reactivity arising from azole excited states being
more acidic, for example.

TABLE 1. Selected Optimization Data Highlighting the
Importance of Sensitizer and Additives to Achieve Intermolecular
Hydroaminationa

entry additive sensitizer solvent conversionb (%)

1 p-xylene dioxane 0
2 AcOH p-xylene dioxane 4
3 TfOH p-xylene dioxane 13
4 TfOH p-xylene EtOAc 5
5 TfOH PhCO2Me dioxane 14
6 TfOH PhCO2Me dioxane 26c

7 (nohν) TfOH PhCO2Me dioxane 0

a Conditions: 1a (1 equiv) was added to a solution of2a (7.6 equiv),
additive (20 mol %), sensitizer (7% v/v forp-xylene or 1.8 equiv of
PhCO2Me), and solvent (0.05 M) in a quartz tube under N2 and then
irradiated with UVC lamps (254 nm) for 18 h.b Conversions were
determined by1H NMR based on imidazole resonances.c Only 1.0 equiv
of imidazole was used.

TABLE 2. Optimization Using Methyl Benzoate as Sensitizera

entry solvent additive alkene/azole ratio
conversionb

(%)

1 dioxane TfOH 1:1 26
2 EtOAc TfOH 1:1 22
3 EtOAc AcOH 1:1 0
4 EtOAc CF3CO2H 1:1 7
5 EtOAc TfOH 1:2 18
6 EtOAc TfOH 5:1 23
7 EtOAc TfOH 5:1 72

(portionwise addition)

a Conditions: 1a was added to a solution of2a (molar ratio shown),
additive (20 mol %), PhCO2Me (1.8 equiv), and solvent (0.05 M) in a
quartz tube under N2 and then irradiated with UVC lamps (254 nm) for 18
h. b Conversions were determined by1H NMR based on imidazole
resonances.

TABLE 3. Photoinduced Additions of Azoles to
1-Methyl-1-cyclohexenea

a Conditions: 1a (0.41 mmol) was added to a solution of nitrogen
heterocycle (0.41 mmol), TfOH (20 mol %), PhCO2Me (1.8 equiv), and
EtOAc (8 mL) in a quartz tube under N2 and then irradiated with UVC
lamps (254 nm). Additional 1-methyl-1-cyclohexene was added portionwise
over time (1 equiv/6-12 h to a total of 5 equiv) with continued irradiation.
b Isolated yield.
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The variability observed with respect to the alkene structure
can be explained by looking at the efficiency of the hydroami-
nation step. The reaction conditions require the presence of an
excess of alkene to obtain high yields of the hydroamination
product. This excess is necessary due to an unproductive
isomerization step, which leads to the formation of the exocyclic
alkene. For example, if the reaction with (-)-limonene (1d) is
performed using equimolar amounts of alkene and imidazole,
the product distribution favors the isomerization product13over
the hydroamination product11 (eq 8). This control experiment
suggests the formation of highly strained (E)-cycloalkenes under
our reaction conditions is efficient as shown by the total
conversion to11 and 13. However, the tertiary carbocation
formed upon alkene protonation can either react with imidazole
to provide the desired hydroamination product or undergo
deprotonation, which either leads back to the starting material
(with erosion of ee)18 or leads to the formation of an exocyclic
alkene. The latter reaction is irreversible as it cannot lead to
the formation of hydroamination products; this reactivity of (E)-
cycloalkenes is well documented.19

Conclusion

A photoinduced procedure for intermolecular hydroamination
of cyclic alkenes using azoles has been developed. The presence
of a mild acid and sequential addition of the alkene over time
were found to be crucial to obtain good yields of the complex
N-alkylazole products. Highly strainedtrans-cycloalkenes,
formed in situ via sensitized photoisomerization using methyl
benzoate at 254 nm, are likely reaction intermediates.

Experimental Section

General Procedure for Photoinduced Hydroamination of
Cycloalkenes (Tables 3 and 4).A 10 mL quartz tube was
charged with a stir bar, methyl benzoate (0.10 g, 0.73 mmol),
nitrogen heterocycle (0.41 mmol), and 8.0 mL of EtOAc,
followed by trifluoromethanesulfonic acid (0.012 g, 0.081
mmol). The mixture was stirred for 10 s. Cycloalkene (0.41
mmol) was added, and the tube was capped with a rubber
septum and purged with a nitrogen balloon and an outlet for 5
min while stirring. The tube was then placed between two
Luzchem exposure panels, each equipped with four ultraviolet
lamps, for 6-12 h while stirring. The reaction was carried out
in a well-ventilated hood, and little, if any, sample warming
occurred. Irradiation was then stopped, a further equivalent of
cycloalkene (0.41 mmol) was added, and the tube was again
purged with nitrogen and subjected to irradiation. This was
continued until 5 equiv of the cycloalkene had been added. The
reaction was monitored by thin layer chromatography. The crude
reaction mixture was concentrated under reduced pressure and
purified by silica gel chromatography to give theN-substituted
heterocycle.
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(18) In agreement with this rationale, the limonene recovered from the
reaction shown in eq 8 was found to be racemic. See the experimental
details.

(19) See ref 12 for a discussion. For an example of application in total
synthesis, see: Marshall, J. A.; Pike, M. T.J. Org. Chem.1968, 33, 435.

TABLE 4. Photoinduced Additions of Imidazole to Cyclic Alkenesa

a Conditions: Cycloalkene (0.41 mmol) was added to a solution of
imidazole (0.41 mmol), TfOH (20 mol %), PhCO2Me (1.8 equiv), and
EtOAc (8 mL) in a quartz tube under N2, then irradiated with UVC lamps
(254 nm). Additional cycloalkene was added portion-wise over time (1
equiv/6-12 h to a total of 5 equiv) with continued irradiation.b Isolated
yield. c 1.3:1 mixture of diastereoisomers.
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