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A catalyst-free and efficient method for simultaneous olefin
hydrogenation and oxidation of arylboronate esters to phen-
ols with hydrazine hydrate and molecular oxygen is pre-
sented. The process is based on the utilization of a readily
available Lewis acidic arylboron compound, which evades
common problems associated with the catalyst-free aerobic

Introduction

Transfer hydrogenation involving diimide (N2H2) repre-
sents a very useful alternative to established technology for
hydrogenation with hydrogen gas (H2).[1,2] This approach is
particularly attractive because diimide is able to carry out
the hydrogenation of unsaturated carbon–carbon bonds
with extremely high selectivity.[1] Furthermore, diimide is
particularly easy to synthesize either from hydrazine deriva-
tives[3] or by oxidation of hydrazine hydrate (N2H4·H2O)
with different nonhazardous and inexpensive oxidants,[4] in-
cluding molecular oxygen (O2).[1]

The generation of diimide by oxidation of hydrazine hy-
drate with molecular oxygen typically requires a catalyst to
enhance the rate of the transformation. Accordingly, several
catalytic approaches for the aerobic diimide reduction of
olefins have been developed.[5,6] Olefin hydrogenation with
the use of hydrazine hydrate and oxygen gas has also been
achieved without the use of catalysts, although it requires
prolonged reaction times and an excess amount of hydraz-
ine hydrate.[7] Recently, the noncatalytic aerobic diimide re-
duction of olefins has been developed by using continuous-
flow technology.[8] This approach has shortened the reac-
tion time of this transformation; however, an elevated reac-
tion temperature and a high pressure of oxygen gas are
needed. Therefore, the search for an efficient, mild, and op-
erationally simple method for the catalyst-free reduction of
olefins with hydrazine hydrate and O2 remains highly desir-
able.
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hydrogenation of olefins with diimide. Using an operationally
simple procedure, the protocol smoothly delivers phenol de-
rivatives and various alkanes in excellent yields with remark-
able functional group compatibility. The method allows the
reaction to be scaled up to 1 g of the starting materials.

In the course of diimide generation by oxidation of
hydrazine hydrate with O2, the formation of a substantial
quantity of hydrogen peroxide (H2O2) has been reported.[9]

This reactive species may be capable of decomposing di-
imide, which results in sluggish reactivity of the aerobic di-
imide reduction process in the absence of a catalyst. We
therefore envisioned that effective trapping of in situ gener-
ated H2O2 with a suitable reagent could improve the reac-
tion efficiency. Furthermore, it may also offer the opportu-
nity to develop an aerobic oxygenation method. With the
known reactivity of H2O2 toward Lewis acidic arylboron
compounds,[10] we anticipated that an efficient protocol for
the aerobic diimide reduction of olefins could be designed
by employing a stoichiometric amount of an arylboron spe-
cies, which may eventually lead to the formation of the cor-
responding aromatic alcohols (Scheme 1).[11] Herein, we re-
port an efficient olefin hydrogenation method with hydraz-
ine hydrate and O2 in the presence of arylboronate esters
without the use of any catalyst at room temperature. The
process does not require a longer reaction time or a large
excess amount of the reagent. Furthermore, it proceeds with

Scheme 1. Concept of the simultaneous aerobic hydrogenation of
olefins and oxygenation of arylboronic compounds.
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concomitant formation of phenols, which are pharmaceuti-
cally important compounds and frequently serve as versa-
tile synthetic intermediates.[12]

Results and Discussion

In accordance with our concept presented in Scheme 1,
we began our study by investigating the hydrogenation of
olefin 1a by employing hydrazine hydrate and atmospheric
pressure of O2 at 32 °C in the presence of various aryl-
boronic compounds (Table 1). Arylboronic acid 2a indeed
promoted the hydrogenation of 1a, although a long reaction
time (16 h) and an excess amount of hydrazine hydrate were
required to obtain good yields of corresponding alkane 3a
and substituted phenol 4 (Table 1, entries 1 and 2). With
this initial result, various readily available arylboronic com-
pounds were examined for the transformation. Interestingly,
a significant rate acceleration was observed by using a neu-
tral catechol complex of arylboronic acid 2a, and this could
be attributed to the enhanced Lewis acidity of the neutral
cyclic arylboronate compound.[13] Accordingly, the hyd-
rogenation of olefin 1a in combination with ester 2b was
completed in 2.5 h by using 4.0 equivalents of hydrazine hy-
drate, which delivered the desired products in nearly quanti-
tative yields (Table 1, entry 3). Importantly, the reaction
could be performed by reducing the amount of hydrazine
hydrate even further, although alkane 3a and phenol 4 were
isolated in slightly lower yields after a fairly long reaction
time (Table 1, entries 4 and 5). Comparable results were ob-
tained with ester 2c and with potassium phenyltrifluoro-
borate 2d (Table 1, entries 6 and 7). However, only moder-
ate yields of the expected products were obtained with
boronate ester 2e (Table 1, entry 8). Arylboronate ester 2f
rendered rather unsatisfactory results (Table 1, entry 9). The
use of pure oxygen gas was essential, as both the alkane
and phenol were obtained in much lower yields in the pres-
ence of air (Table 1, entry 10).

We then directed our focus toward exploring the sub-
strate scope with various olefins and arylboronate ester 2b
or 2c under the optimized reaction conditions. A wide
range of terminal and internal olefins were readily trans-
formed into the corresponding alkanes in excellent yields in
the presence of a several sensitive functional groups
(Table 2). Substituted styrenes having nitro, bromo, meth-
oxy, and tert-butyl groups were readily converted into cor-
responding alkanes 3b–e in excellent yields (89–94%). A
C�C bond was also hydrogenated in nearly quantitative
yield to afford alkane 3f. Substituted allyl aryl ethers under-
went smooth hydrogenation through this process. Excellent
yields of expected alkanes 3g–k were obtained with free
amine, nitro, alcohol, and protected amine functionalities.
Importantly, the benzyloxycarbonyl (Cbz, see product 3l)
protecting group was well tolerated in this method,
even though it is labile to the transition-metal-catalyzed
hydrogenation process. Although a slightly modified reac-
tion procedure was necessary (see the Supporting Infor-
mation), ketone- and aldehyde-functionalized alkanes 3m
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Table 1. Evaluation of boron compounds and optimization of the
reaction.[a]

Entry Boron N2H4·H2O Time Yield [%] Yield [%]
compound [equiv.] [h] 3a phenol

1[b] 2a 8.0 16.0 72 91
2[b] 2a 12.0 16.0 81 98
3 2b 4.0 2.5 98 98
4 2b 3.0 7.0 84 87
5 2b 2.0 7.0 72 83
6 2c 4.0 2.5 92 90
7 2d 4.0 2.5 95 92
8 2e 4.0 3.0 73 60
9 2f 4.0 3.0 44 40
10[c] 2b 4.0 7.0 49 62

[a] Reaction conditions: Olefin (0.1 mmol), arylboronic compound
2b–f (0.1 mmol), acetonitrile (0.3 m), 32 °C; yields of the isolated
products are given. [b] Reaction was performed on 0.2 mmol scale.
[c] Reaction was performed in air.

and 3n were obtained in good yields. Allyl sulfide and
allylamine furnished products 3o and 3p in yields of 94 and
93 %, respectively. N,N-Diallylaniline underwent complete
hydrogenation to afford the product in good yield (3q,
85%). Gratifyingly, α,β- and α,α-disubstituted olefins bear-
ing methoxy, alcohol, and ester groups furnished hydroge-
nated products 3r–w in excellent yields (92–95%). Interest-
ingly, an azide-substituted olefin was converted into corre-
sponding alkane 3x in 91 % yield, and the azide moiety re-
mained intact. Heteroaromatic functionalities were equally
tolerated in this method. Accordingly, 2-vinylpyridine was
fully converted into 2-ethylpyridine (3y), and quinine fur-
nished hydrogenated product 3z in moderate yield. It is
noteworthy that the aerobic oxygenation of arylboronate
ester 2b or 2c took place concomitantly to deliver corre-
sponding phenol 4 or 5, respectively, in nearly quantitative
yield for almost all of the substrates (see the Supporting
Information). The isolation of both products (i.e., alkane
and phenol) was performed by using regular column
chromatography without any difficulties.

To demonstrate the practical synthetic potential of this
methodology, the reaction was performed on a preparative
scale. Accordingly, 1.1 g of olefin 1a and 1.2 g of ester 2c
were subjected to the one-pot aerobic hydrogenation/oxy-
genation protocol, for which 1.0 g of corresponding alkane
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Table 2. Substrate scope.[a,b]

[a] Reaction conditions: Olefin (0.1 mmol), boronate ester 2b
(0.1 mmol), hydrazine hydrate (0.4 mmol), acetonitrile (0.3 m),
32 °C. [b] Yields of the isolated products are given. [c] Conversion
(indicated in parentheses) was determined by analysis of the crude
mixture by 1H NMR spectroscopy upon performing the reaction
in the absence of boronate ester. [d] Reaction was performed with
boronate ester 2c. [e] Hydrazine hydrate (5.0 equiv.). [f] Hydrazine
hydrate (6.0 equiv.). [g] Reaction was conducted on 0.2 mmol scale.
[h] Hydrazine hydrate (9.0 equiv.). [i] Conversion was determined
by analysis of the crude mixture by 1H NMR spectroscopy.
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3a was isolated in 92 % yield in combination with 0.52 g of
phenol 5 in 90% yield [Equation (1)].[14]

To obtain insight into the reaction mechanism, several
control experiments were performed (see the Supporting In-
formation). Accordingly, the reduction of olefin 1a was per-
formed under an argon atmosphere with the use of hydraz-
ine hydrate and H2O2 and by varying their mol ratios.
Whereas complete consumption of olefin 1a was achieved
with 2.0 equivalents of hydrazine hydrate and 3.0 equiva-
lents of H2O2, the use of an excess amount of H2O2 essen-
tially inhibited the reaction, which suggests that H2O2 plays
a role in the diimide decomposition process. On the con-
trary, upon repeating this experiment in the presence of
boronate ester 2b, an improved result was obtained. Also,
very sluggish reactivity was realized if the aerobic diimide
reduction was performed in the absence of ester 2b.[15]

Furthermore, time-dependent 1H NMR spectroscopy ex-
periments revealed that the reduction of olefin 1a with di-
imide in the presence of arylboronate ester 2b took place
at a much faster rate than that with arylboronic acid 2a.
Presumably, arylboronate ester 2b contributes to the olefin
hydrogenation step of the process. On the basis of these
observations, we propose a cooperative mechanism in which
in situ generated H2O2 initially forms Lewis adduct I with
the arylboronate ester (Scheme 2). Complex I then interacts
with diimide through hydrogen bonding to form reactive
species II.[6e] Subsequent hydrogen transfer from activated
diimide complex II to the olefin delivers the corresponding
alkane with the expulsion of N2. Finally, the H2O2–aryl-
boronate complex furnishes the corresponding phenol de-
rivative and the diol that could be reused in boronate ester
synthesis.

Scheme 2. Proposed reaction mechanism.
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Conclusions

In conclusion, we developed an efficient method for a
one-pot hydrogenation/oxygenation process to give access
to functionalized alkanes and phenol derivatives. Several
relatively inactive terminal and internal olefins with varying
substituents were hydrogenated in excellent yields, and aryl-
boronate compounds were simultaneously oxidized to sub-
stituted phenols with equal efficiency. The use of O2 as the
oxidant and the formation of the ultimately safe byproducts
N2 and B(OH)3 make the process environmentally attract-
ive. The practical utility of this method was further demon-
strated by performing a gram-scale experiment. Remarkable
rate acceleration of the aerobic diimide reduction of olefins
in the presence of a mild Lewis acidic arylboronate ester
is an attractive feature of this transformation. Hydrogen-
bonding activation of diimide was implicated in the reaction
pathway. Further studies toward expanding the scope of
this transformation with other classes of substrates are cur-
rently being pursued in our group.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details, characterization data, and copies of the
1H NMR and 13C NMR spectra of all key intermediates and final
products.
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