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ABSTRACT: Catalytic reduction of carboxylic acid to the
corresponding alcohol is a challenging task of great
importance for the production of a variety of value-added
chemicals. Herein, a manganese-catalyzed chemoselective
hydroboration of carboxylic acids has been developed with a
high turnover number (>99 000) and turnover frequency
(>2000 h−1) at 25 °C. This method displayed tolerance of
electronically and sterically differentiated substrates with high
chemoselectivity. Importantly, aliphatic long-chain fatty acids, including biomass-derived compounds, can efficiently be reduced.
Mechanistic studies revealed that the reaction occurs through the formation of active manganese−hydride species via an
insertion and bond metathesis type mechanism.

■ INTRODUCTION

The catalytic reduction of carboxylic acids is of great interest
among the pharmaceutical and fine chemical industries for
making value-added chemicals.1 It not only allows the novel
functional group manipulations in organic synthesis but also
enables the utilization of the biomass feedstock to high-value
oxygen-containing chemicals.2 Traditional stoichiometric
metal−hydride-based reductions of carboxylic acids are
intrinsically hazardous.3 On the other hand, the catalytic
hydrogenations of carboxylic acids were executed under high
temperature and pressure largely to overcome their low
reactivity and/or strong interactions with the metals catalysts.4

The catalytic hydroboration reactions of CC5 or CX5e,6

bonds are gaining attention because of their mild reaction
conditions. The resulting organoborane species are often
important building blocks for further synthetic manipulations.7

Although, there are several reports available for the hydro-
boration and hydrosilylation of ketones8 and esters,8a,c,9 the
transition-metal-catalyzed hydroboration of acids is largely
elusive.10 Very recently, Gunanathan and co-workers have
elegantly reported the only ruthenium-catalyzed hydroboration
of acids with pinacolborane with a turnover number (TON) of
up to 970 (Scheme 1).11

Sustainable chemistry relies on strategies to avoid the use of
the earth’s critical resources and to utilize abundant elements
in the production of ubiquitous materials. In homogeneous
catalysis, where the reusability of the catalyst is challenging,
catalysis with the earth’s abundant first-row transition metals is
a suitable alternative. In this regard, manganese is emerging as
one of the appealing novel metal replacements due to its
favorable properties, less toxicity, and abundance.12 Recently, a
series of homogeneous manganese catalysts were established
for catalytic hydrogenation13 and dehydrogenation14 reactions.
We have developed the manganese-catalyzed direct olefination

of methyl-substituted heteroarenes and α-alkylations of
carbonyls and nitriles using primary alcohols.15 Trovitch and
co-workers have developed bis(imino)pyridine manganese
catalysts for the hydrosilylations of aldehydes and ketones.8e,16

Turculet and co-workers have reported an (N -
phosphinoamidinate)manganese catalyst for the hydrosilyla-
tions of aldehydes, ketones, esters, and amides.8c Recently,
manganese-catalyzed enantioselective hydroboration of ke-
tones was established by Gade and co-workers.17 Encouraged
by these advancements, herein we report the manganese-
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Scheme 1. Transition-Metal-Catalyzed Reductions of Free
Carboxylic Acids
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catalyzed deoxygenative hydroboration of free carboxylic acids.
Notably, this robust catalyst achieves the highest turnover
number (>99 000) and turnover frequency (>2000 h−1) at 25
°C among the all homogeneous catalysts known for such a
process (Scheme 1).

■ RESULTS AND DISCUSSION
The hydroboration of benzoic acid was chosen as the model
reaction to establish broadly applicable reactions condition
(Table 1). In a typical reaction, a manganese catalyst (50 μL

from a stock solution in toluene), benzoic acid (0.2 mmol),
and pinacolborane (HBpin) (0.8 mmol) were mixed and
allowed to stir at 25 °C for 6 h under argon, and the reaction
mixture was analyzed by 1H NMR. The hydrazone-based Mn
catalysts Mn-1−3 developed in our lab displayed very high
catalytic activity, reaching a TON of up to 990 (entries 1−
3).15,18 Similarly, high catalytic activities were observed when
the triazine-based PNP Mn catalysts Mn-4,5 were used
(entries 4, 5).13e,19 Importantly, the catalyst loading could be
reduced without any loss of catalytic activity [entries 6, 7 and
Table S2 of the Supporting Information (SI)], and decreasing
the loading to 0.001 mol % resulted in the highest TON of
99 000, with an overall turnover frequency (TOF) of 2062 h−1

at 25 °C.
Control experiments demonstrated that Mn(CO)5Br gave

only 37% of the desired product with 1 mol % catalyst loading
after 12 h (entry 9). Alternative organic solvents such as
benzene, toluene, and THF were also employed instead of neat
conditions with different molar concentrations, but no major
effect on the reactivity was observed (see Table S3, SI).
Further screenings in terms of HBpin loading and the effects of

concentration, time, and temperature are listed in Tables S4−
S7 (SI).
After the optimization of the reaction parameters, the

conditions in entry 4 of Table 1 were conveniently used to
explore the scope and limitations of this catalytic system. As
shown in Table 2, a broad range of aromatic, as well as
aliphatic, carboxylic acids underwent efficient hydroboration
with excellent yields and selectivities. Aromatic carboxylic acid
derivatives bearing electron-donating or -withdrawing group
such as methoxy (1b), ethoxy (1c), tert-butyl (1d), halogens
(1e−1i), nitro (1h), cyano (1j), and ester (1m) groups at
different positions underwent successful hydroboration in
excellent yields (Table 2, 1a−1n). Corresponding alcohols
have been isolated after hydrolysis of the boronate esters in
SiO2/methanol at 60 °C. Interestingly, the heteroaromatic
carboxylic acids, such as furan (1k) and thiophene (1l)
carboxylic acids, were also hydroborated in high yields and
selectivities.
The manganese-catalyzed hydroboration reactions of

aliphatic carboxylic acids underwent smoothly to give the
corresponding boronate esters (Table 2, 1o−1an). Phenyl-
acetic acid (1o), phenylpropionic acid (1p), and diphenyl-
acetic acid (1q) displayed similar reactivity, and the reduced
products were obtained quantitatively (1o−1q). The hydro-
boration reaction of 2-(1H-indol-3-yl)acetic acid 1r yielded the
desired boronated alcohol in 86% yield. In the case of
conjugated cinnamic acid 1s, some CC hydroboration
product (22%) was observed along with 78% of the desired
product. Moreover, cyclic aliphatic carboxylic acids such as the
cyclobutane carboxylic acid 1t and cyclopropane carboxylic
acid 1u also underwent a smooth hydroboration reaction to
the corresponding boronated products in 99% and 91% yields,
respectively, and the strained cyclopropane ring is retained
under such conditions. Sterically hindered pivalic acid 1v,
unhindered acetic acid 1w, and even the C1 compound formic
acid 1x reacted smoothly with HBpin in quantitative yields.
Long-chain fatty acids comprise an attractive class of

renewable feedstocks for the productions of lubricants, fuels,
polymers, surfactants, etc.2 The manganese catalyst developed
in this work displayed excellent catalytic activity for the
conversion of short-chain to long-chain carboxylic acids (1ab−
1ak).
The hydroboration of different drug molecules and bile acid

were also successful under these conditions. The anti-
inflammatory drug naproxen (1al) and ibuprofen (1am)
were quantitatively reacted with HBpin under the standard
conditions. Similarly, lithocholic acid 1an was effectively
converted to its respective boronated product in quantitative
yields.
Being one of the least reactive functional group, the

carboxylic acids reductions often suffer from the chemo-
selectivity issue. In this regard, we have demonstrated that our
catalyst system could efficiently be employed for the
chemoselective hydroboration of acid in the presence of
other reducible functional groups (Table 2). Intramolecular
competition experiments demonstrated that the halogens (F,
Cl, Br, and I) at different position of the aryl ring and alkyl
bromides were tolerated under the reaction conditions (1e−
1n, Table 2). Similarly, the reducible nitro (1h), nitrile (1j,
1am), and ester (1m, 1n) groups could also be retained under
these conditions without compromising the reactivity. While
the carboxylic acid 1ae with a terminal double bond got
reduced, the carboxylic acids containing internal Z-olefins (1aj,

Table 1. Optimization of the Reaction Condition for
Manganese Catalyzed Hydroboration of Carboxylic Acida

entry cat.b mol % time (h) yield (%) TON

1 Mn-1 0.1 6 92 920
2 Mn-2 0.1 6 97 970
3 Mn-3 0.1 6 99 990
4 Mn-4 0.1 6 99 990
5 Mn-5 0.1 6 99 990
6 Mn-4 0.01 24 99 9900
7 Mn-4 0.001 48 99 99000
8c − 0.1 6 trace
9 Mn(CO)5Br

d 1.0 12 37 37
aReaction conditions: catalyst (x mol %, 50 μL from stock solution in
toluene), benzoic acid (0.2 mmol), HBpin (0.8 mmol), 6 h at 25 °C.
The yield of 3a was determined by 1H NMR using cyclohexane as an
internal standard. TON = number of moles of desired product
formed/number of moles of catalyst used. TOF = TON/time of
reaction. bStructure of catalysts:

cFrom ref 11a. dIn 0.2 mL of toluene.
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1ak) were uneffected in terms of the integrity and stereo-
chemistry of the double bonds.
To further investigate the functional group tolerance of this

manganese catalyst system, we have performed an intermo-
lecular robustness screen as previously described by the
Glorius group.20 In such an experiment, hydroboration of 1a
was carried out in the presence of an additive, and after the
reaction, the yields of 2a and the additive were calculated by
1H NMR analysis using cyclohexane as an internal standard,
and the results are summarized in Table 3. We found that aryl
halides (chlorides, bromides, iodides), cyanides, nitro, ester,

amide, internal and terminal alkynes, and sulfones were
tolerated. However, aldehydes and ketones got reduced
under such conditions and aniline, pyridine, and imidazole
deteriorate the reaction outcome.
Then to get insight into the reaction mechanism, the

following experiments were performed. As it has previously
been observed by Gunanathan and co-workers, benzoic acid
reacts rapidly with HBpin to form the corresponding boryl
ester.11a The overall progress of this manganese-catalyzed
reaction was monitored by 1H NMR. As shown in the
Supporting Information, the initially formed boryl ester of

Table 2. Substrate Scope Studies

aReaction conditions:Mn-4 (0.1 mol %, 50 μL from stock solution in toluene), HBpin (0.8 mmol), carboxylic acid (0.2 mmol), 6 h at 25 °C under
Ar. The yield was determined by 1H NMR using cyclohexane as an internal standard. The isolated yield of the alcohols after hydrolysis with
MeOH/SiO2 (cat.) at 60 °C for 3 h is in the parentheses. bSide product (14%) was detected. cCC hydroboration product (22%) was detected.
d1z (45%) remains unreacted. eReduced product formed. fAt 60 °C, 12 h.
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benzoic acid disappears with time with the concurrent
appearance of the benzylboronate ester (the characteristic
singlet signal appeared at δ 4.9 ppm). Further, several 30 min
experiments with 1a and HBpin were performed in order to
gain insight into the concentration dependence of each
component. The yield of 2a was found to be independent of
the initial concentration of 1a while the other components
were kept constant, whereas the yield increased with the
increased Mn-4 and HBpin loading. A logarithmic plot of yield
(after 30 min) vs concentration of the individual components
is found to be linear, from which the approximate partial order
with respect to 1a, Mn-4, and HBpin were determined to be 0,
1, and 2, respectively (see the Supporting Information).
Then the reactivity of the manganese complex toward

HBpin was investigated. Thus, the manganese complex Mn-4
was treated with a 10-fold excess of HBpin in THF-d8 at room
temperature. After 2 h, we obtained a yellow solution that
revealed a new signal at δ −5.97 ppm and −161.3 ppm in 1H
and 31P{1H} NMR (see the Supporting Information for
details). This can be attributed to the Mn-4 hydride complex,
as previously reported by Kempe and co-workers.19a

On the basis of the recent studies on the ruthenium-
catalyzed reduction of carboxylic acids,11a on manganese
catalysis,17 and on our experimental findings, herewith we are

proposing an insertion/bond metathesis type mechanism
(Scheme 2). The initial reaction of the manganese precatalyst
with HBpin led to the formation of a Mn−hydride complex I,

Table 3. Robustness Screeninga

aReaction conditions: 1a (0.1 mmol) and corresponding additive (0.1 mmol), Mn-4 (0.1 mol %, 50 μL from 2 mL stock solution, stock solution
was prepared in toluene), HBpin (0.4 mmol), 6 h, 25 °C, The yield was determined by 1H NMR using cyclohexane as an internal standard.

Scheme 2. Proposed Mechanism for the Hydroboration of
Carboxylic Acid
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as detected by 1H and 31P NMR. The hydride complex I then
could react with the boryl ester PhC(O)OBpin (derived from
noncatalytic reaction of carboxylic acid with HBpin) to form
the alkoxy intermediate II. The resulting intermediate II then
underwent a σ-bond metathesis with HBpin to produce the
manganese hydride I and the diboronated intermediate III,
which subsequently converted to the alkoxy intermediate IV
with the release of (Bpin)2O as a byproduct. Alternatively, the
intermediate III could produce an aldehyde with the release of
(Bpin)2O and that aldehyde could undergo hydroboration
with the manganese hydride I to generate the intermediate IV.
Finally, the alkoxy intermediate IV underwent another σ-bond
metathesis with HBpin to release the product 2a and to close
the catalytic cycle.

■ CONCLUSION

In summary, we have developed an unprecedented base-metal-
catalyzed hydroboration of carboxylic acids which proceeded
with excellent yields and selectivities. The catalyst operates
under very mild reaction conditions, reaching the highest TON
(99 000), with TOF >2000 h−1, achieved up to date. Successful
catalytic studies showed more than 40 substrates bearing
different functional groups, different short- and long-chain fatty
acids, drugs, and bile acids. More importantly, intra- and
intermolecular chemoselectivities have been demonstrated
effectively. On the basis of the kinetic studies and in situ
NMR experiments, a possible insertion/bond metathesis type
mechanism is proposed. The synthetic protocol and mecha-
nistic understanding of this work will help for future research
on base-metal catalysis for the sustainable reduction of
unsaturated compounds.

■ EXPERIMENTAL SECTION
General. Unless otherwise noted, all reactions were carried out

under an atmosphere of argon/nitrogen in oven-dried glassware, using
a standard Schlenk line or nitrogen-filled glovebox. Reaction
temperatures are reported as the temperature of the bath surrounding
the vessel unless otherwise stated.
Analytics. 1H, 13C, 31P, and 11B NMR spectra were recorded on

Bruker (1H, 500 MHz; 13C{1H}, 126 MHz) and JEOL (1H, 400
MHz; 13C{1H}, 101 MHz; 11B{1H}, 161 MHz; 31P{1H}, 202 MHz)
instruments and were referenced to the resonances of the solvent
used. Multiplicities are indicated as br (broad), s (singlet), d
(doublet), t (triplet), dd (doublet of doublet), or m (multiplet).
Coupling constants (J) are reported in hertz (Hz). For thin-layer
chromatography (TLC) analysis, Merck precoated TLC plates (silica
gel 60 F254 0.25 mm) were used. Visualization was accomplished by
UV light (254 nm).
Chemicals. Commercially available chemicals were purchased and

used without further purification. Dry solvents were prepared
according to the standard procedure and degassed by freeze−
pump−thaw cycles prior to use. Catalysts (Mn-1−Mn-5) were
prepared according to the literature procedures.13h,15,18,19a,b

General Procedure for the Hydroboration of Carboxylic
Acid. In a 5 mL reaction tube, carboxylic acid (0.2 mmol), Mn-4 (0.1
mol %, 50 μL from 2 mL stock solution, stock solution was prepared
in toluene), and HBpin (0.8 mmol) were added under an argon
atmosphere. The reaction tube was closed and stirred at room
temperature (25 °C) for 6 h. After completion of the reaction,
cyclohexane (0.2 mmol) and CDCl3 were added, and the reaction
stirred for 5 min before 1H NMR spectra were collected. Further, the
reaction mixture was evaporated to remove the cyclohexane, any
solvent, and unreacted HBpin and was characterized by 1H and 13C
spectroscopy.

2-(Benzyloxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2a).2

NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.32 (d, J =
6.4 Hz, 5H), 4.92 (s, 2H), 1.26 (s, 36H).

2-((4-Methoxybenzyl)oxy)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane (2b).6e NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.25
(d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H), 4.82 (s, 2H), 3.77 (s,
3H), 1.25 (s, 24H), 1.24 (s, 12H). 13C NMR (101 MHz, CDCl3): δ
159.1, 131.6, 128.6, 113.8, 83.3, 83.0, 66.6, 55.4, 24.7, 24.6.

2-((4-Ethoxybenzyl)oxy)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane (2c).11a NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.23
(d, J = 7.3 Hz, 2H), 6.82 (d, J = 7.0 Hz, 2H), 4.81 (s, 2H), 4.02−3.97
(m, 2H), 1.37 (t, J = 6.9 Hz, 3H), 1.24 (s, 36H). 13C NMR (101
MHz, CDCl3): δ 158.5, 131.4, 128.6, 114.4, 83.2, 83.0, 66.6, 63.5,
24.7, 24.6, 14.9.

2-((4-(tert-Butyl)benzyl)oxy)-4,4,5,5-tetramethyl-1,3,2-dioxabor-
olane (2d):11a NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ
7.35 (d, J = 8.3 Hz, 2H), 7.28 (d, J = 8.3 Hz, 2H), 4.90 (s, 2H), 1.31
(s, 9H), 1.26 (s, 36H). 13C NMR (101 MHz, CDCl3): δ 150.4, 136.3,
126.7, 125.2, 83.1, 82.9, 66.6, 34.5, 31.4, 24.6, 24.5.

2-((4-Fluorobenzyl)oxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(2e).11a NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.34−
7.26 (m, 2H), 6.99 (dd, J = 12.0, 5.4 Hz, 2H), 4.86 (s, 2H), 1.25 (s,
36H). 13C NMR (101 MHz, CDCl3): δ 162.3 (d, J = 246.4 Hz),
135.07 (d, J = 2.9 Hz), 128.7 (d, J = 8.0 Hz), 115.2 (d, J = 21.6 Hz),
83.2, 83.1, 66.1, 24.7, 24.6.

2-((4-Bromobenzyl)oxy)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane (2f).11a NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.45
(d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.3 Hz, 2H), 4.87 (s, 2H), 1.27 (s,
24H), 1.26 (s, 12H). 13C NMR (126 MHz, CDCl3): δ 138.4, 131.5,
128.5, 121.32, 83.3, 83.2, 66.1, 24.7, 24.6.

2-((2-Bromobenzyl)oxy)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane (2g).11a NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.50
(d, J = 7.9 Hz, 2H), 7.31 (t, J = 7.5 Hz, 1H), 7.12 (t, J = 7.6 Hz, 1H),
4.97 (s, 2H), 1.27 (s, 24H), 1.26 (s, 12H). 13C NMR (101 MHz,
CDCl3): δ 138.5, 132.4, 128.7, 127.9, 127.5, 121.6, 83.3, 83.2, 66.4,
24.7, 24.6.

2-((4-Chloro-3-nitrobenzyl)oxy)-4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane (2h). NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ
7.82 (s, 1H), 7.45 (s, 2H), 4.90 (s, 2H), 1.22 (s, 36H). 13C NMR
(101 MHz, CDCl3): δ 147.9, 139.8, 131.8, 131.1, 125.7, 123.6, 83.6,
83.2, 64.9, 24.6, 24.5.

2-((2-Iodobenzyl)oxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(2i). NMR yield: >99%. 1H NMR (500 MHz, CDCl3): δ 7.77 (d, J =
7.7 Hz, 1H), 7.44 (d, J = 7.5 Hz, 1H), 7.32 (t, J = 7.4 Hz, 1H), 6.95
(t, J = 7.3 Hz, 1H), 4.85 (s, 2H), 1.25 (S, 36H). 13C NMR (126 MHz,
CDCl3): δ 141.1, 138.9, 128.9, 128.2, 127.6, 96.3, 83.2, 83.1, 70.8,
24.6, 24.5.

4-(((4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)oxy)methyl)-
benzonitrile (2j).21 NMR yield: >99%. 1H NMR (400 MHz, CDCl3):
δ 7.59 (s, 2H), 7.41 (s, 2H), 4.93 (s, 2H), 1.22 (s, 36H). 13C NMR
(101 MHz, CDCl3): δ 144.6, 132.2, 126.9, 118.9, 111.1, 83.4, 83.1,
65.8, 24.6, 24.5.

2-(Furan-2-ylmethoxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(2k).21 NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.33 (s,
1H), 6.26 (s, 2H), 4.78 (s, 2H), 1.23 (s, 36H). 13C NMR (101 MHz,
CDCl3): δ 152.5, 142.5, 110.3, 108.3, 83.2, 83.1, 59.2, 24.6, 24.5.

4,4,5,5-Tetramethyl-2-(thiophen-2-ylmethoxy)-1,3,2-dioxaboro-
lane (2l).6e NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.23
(d, J = 4.8 Hz, 1H), 6.99 (s, 1H), 6.93 (d, J = 3.2 Hz, 1H), 5.02 (s,
2H), 1.24 (s, 36H). 13C NMR (101 MHz, CDCl3): δ 142.0, 126.6,
125.9, 125.6, 83.2, 83.1 61.7, 24.7, 24.6.

Methyl 4-(((4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)oxy)-
methyl)benzoate (2m). NMR yield: >99%. 1H NMR (400 MHz,
CDCl3): δ 7.96 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 4.94 (s,
2H), 3.86 (s, 3H), 1.22 (s, 36H). 13C NMR (126 MHz, CDCl3): δ
167.0, 144.4, 129.7, 129.2, 126.2, 83.2, 83.1, 66.1, 52.1, 24.6, 24.5.

4-(((4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)oxy)methyl)-
phenyl Benzoate (2n). NMR yield: >99%. 1H NMR (400 MHz,
CDCl3): δ 8.19 (d, J = 7.7 Hz, 2H), 7.62 (t, J = 7.3 Hz, 1H), 7.50 (t, J
= 7.6 Hz, 2H), 7.41 (d, J = 8.3 Hz, 2H), 7.18 (d, J = 8.3 Hz, 2H), 4.94
(s, 2H), 1.26 (s, 36H). 13C NMR (101 MHz, CDCl3): δ 165.3, 150.3,
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136.99, 133.7, 130.2, 129.6, 128.6, 127.9, 121.6, 83.2, 83.1, 66.2, 24.7,
24.6.
4,4,5,5-Tetramethyl-2-phenethoxy-1,3,2-dioxaborolane (2o).11a

NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.27−7.15 (m,
5H), 4.03 (t, J = 6.7 Hz, 2H), 2.85 (t, J = 6.6 Hz, 2H), 1.24 (s, 24H),
1.16 (s, 12H). 13C NMR (101 MHz, CDCl3): δ 138.5, 129.2, 128.3,
126.3, 83.2, 82.7, 65.7, 38.1, 24.6.
4,4,5,5-Tetramethyl-2-(3-phenylpropoxy)-1,3,2-dioxaborolane

(2p).11a NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.25 (t, J
= 6.9 Hz, 2H), 7.17 (d, J = 6.6 Hz, 3H), 3.85 (t, J = 5.7 Hz, 2H), 2.67
(t, J = 7.5 Hz, 2H), 1.90−1.83 (m, 2H), 1.24 (s, 36H). 13C NMR
(101 MHz, CDCl3): δ 141.9, 128.6, 128.4, 125.8, 83.2, 82.8, 64.2,
33.2, 31.9, 24.7, 24.6.
2-(2,2-Diphenylethoxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

(2q).11a NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 7.28−
7.22 (m, 8H), 7.22−7.12 (m, 2H), 4.39 (d, J = 7.1 Hz, 2H), 4.22 (t, J
= 7.2 Hz, 1H), 1.26 (s, 24H), 1.13 (s, 12H). 13C NMR (101 MHz,
CDCl3): δ 141.9, 128.6, 128.5, 126.6, 83.3, 82.8, 67.9, 52.6, 24.6.
3-(2-((4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)oxy)ethyl)-

1H-indole (2r).11a NMR yield: 86%. 1H NMR (400 MHz, CDCl3): δ
7.99 (d, J = 8.0 Hz, 2H), 7.68 (d, J = 8.0 Hz, 1H), 7.62 (d, J = 7.6 Hz,
2H), 4.22 (t, J = 7.0 Hz, 7H), 3.06 (t, J = 6.9 Hz, 8H), 1.31 (s).
2-(Cyclobutylmethoxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

(2t). NMR yield: >99%. 1H NMR (500 MHz, CDCl3): δ 3.78 (d, J =
6.3 Hz, 2H), 2.54−2.48 (m, 1H), 1.97 (d, J = 6.4 Hz, 2H), 1.86−1.72
(m, 4H), 1.25 (s, 24H), 1.23 (s, 12H). 13C NMR (126 MHz, CDCl3):
δ 83.3, 82.8, 68.9, 36.5, 24.6, 24.30, 18.4.
2-(Cyclopropylmethoxy)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-

lane (2u). NMR yield: 91%. 1H NMR (400 MHz, CDCl3): δ 3.64 (d,
J = 6.9 Hz, 2H), 1.39 (d, J = 4.5 Hz, 1H), 0.49−0.41 (m, 2H), 0.20
(q, J = 5.0 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 83.1, 83.0, 82.6,
69.3, 24.5, 12.3, 2.7.
4,4,5,5-Tetramethyl-2-(neopentyloxy)-1,3,2-dioxaborolane

(2v).11a NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 3.50 (s,
2H), 1.25 (s, 36H), 0.88 (s, 9H).
2-Ethoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2w):11a NMR

yield: >99%. 1H NMR (400 MHz, CDCl3): δ 3.88 (q, J = 7.0 Hz,
1H), 1.24 (s, 36H), 1.20 (t, J = 6.9 Hz, 2H).
2-Methoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2x).22

NMR yield: >99%. 1H NMR (500 MHz, CDCl3): δ 3.61 (s, 3H),
1.27 (s, 36H).
1,2-Bis((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)oxy)ethane

(2y). NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 3.85 (s,
4H), 1.18 (s, 48H). 13C NMR (101 MHz, CDCl3): δ 83.0, 82.7, 64.9,
24.4.
3-((4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)oxy)-

propanenitrile (2z). NMR yield: >99%. 1H NMR (400 MHz,
CDCl3): δ 4.04 (t, J = 6.0 Hz, 2H), 2.60 (t, J = 6.1 Hz, 2H), 1.24 (s,
48H). 13C NMR (101 MHz, CDCl3): δ 117.3, 83.6, 83.3, 59.9, 24.6,
20.5. 11B NMR (161 MHz, CDCl3): δ 22.5 (−CH2OBpin), 21.4
((Bpin)2O).
2-(3-Bromopropoxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

(2aa). NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 3.95 (t, J =
5.7 Hz, 2H), 3.48 (t, J = 6.5 Hz, 2H), 2.10−2.04 (m, 2H), 1.24 (s,
36H). 13C NMR (101 MHz, CDCl3): δ 83.2, 83.0, 62.6, 34.4, 29.9,
24.6, 24.5. 11B NMR (161 MHz, CDCl3): δ 22.3 (−CH2OBpin), 21.3
((Bpin)2O).
2-(Hexyloxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2ab).9b

NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ 3.82 (t, J = 6.5
Hz, 2H), 1.57−1.51 (m, 2H), 1.26 (s, 30H), 1.24 (s, 12H), 0.87 (t, J
= 6.2 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 83.3, 82.7, 65.1, 31.6,
31.5, 25.4, 24.7, 24.6, 22.7, 14.2.
1,6-Bis((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)oxy)hexane

(2ac).11a NMR yield: >99%. 1H NMR (500 MHz, CDCl3): δ 3.82 (t,
J = 6.5 Hz, 4H), 1.58−1.53 (m, 4H), 1.37−1.32 (m, 4H), 1.27 (s,
48H), 1.24 (s, 24H). 13C NMR (126 MHz, CDCl3): δ 83.4, 82.8,
65.0, 31.6, 25.5, 24.7, 24.6.
2-(Decyloxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2ad).6e

Reaction time: 12 h. NMR yield: >99%. 1H NMR (400 MHz,
CDCl3): δ 3.76 (t, J = 6.5 Hz, 2H), 1.56−1.40 (m, 2H), 1.20 (s,
38H), 1.19 (s, 12H), 0.81 (t, J = 6.2 Hz, 3H). 13C NMR (101 MHz,

CDCl3): δ 83.1, 82.6, 64.9, 31.9, 31.5, 29.6, 29.5, 29.3, 25.6, 24.5,
24.4, 22.7, 14.1.

2-(Dodecyloxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2af).
Reaction time: 12 h. NMR yield: 99%. 1H NMR (400 MHz,
CDCl3): δ 3.80 (t, J = 6.5 Hz, 2H), 1.50−1.46 (m, 2H), 1.24 (s,
42H), 1.22 (s, 12H), 0.85 (t, J = 6.4 Hz, 3H). 13C NMR (101 MHz,
CDCl3): δ 83.2, 82.7, 65.1, 32.0, 31.5, 29.7, 29.6, 29.4, 25.7, 24.64,
24.60, 24.5, 22.8, 14.2. 11B NMR (161 MHz, CDCl3): δ 22.4
(−CH2OBpin), 21.3 ((Bpin)2O).

4,4,5,5-Tetramethyl-2-(tetradecyloxy)-1,3,2-dioxaborolane
(2ag). Reaction time: 12 h. NMR yield: 99%. 1H NMR (500 MHz,
CDCl3): δ 3.82 (br, 2H), 1.56 (br, 2H), 1.26 (br, 58H), 0.88 (br,
3H). 11B NMR (161 MHz, CDCl3): δ 22.4 (−CH2OBpin), 21.3
((Bpin)2O).

2-(Hexadecyloxy)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(2ah).7 Reaction time: 12 h. NMR yield: 99%. 1H NMR (400 MHz,
CDCl3): δ 3.82 (t, J = 6.6 Hz, 2H), 1.58−1.53 (m, 2H), 1.27 (s,
50H), 1.24−1.23 (m, 12H), 0.87 (t, J = 6.6 Hz, 3H).

4,4,5,5-Tetramethyl-2-(octadecyloxy)-1,3,2-dioxaborolane
(2ai).11b Reaction time: 12 h. NMR yield: 99%. 1H NMR (400 MHz,
CDCl3): δ 3.82 (t, J = 6.5 Hz, 2H), 1.56−1.52 (m, 2H), 1.27 (s,
24H), 1.25 (s, 42H), 0.88 (d, J = 6.2 Hz, 3H).

(Z)-4,4,5,5-Tetramethyl-2-(octadec-9-en-1-yloxy)-1,3,2-dioxa-
borolane (2aj).11b Reaction time: 12 h. NMR yield: 99%. 1H NMR
(400 MHz, CDCl3): δ 5.32 (br, 2H), 3.81 (br, 2H), 1.99 (br, 4H),
1.54 (br, 2H), 1.25 (br, 59H), 0.86 (br, 3H). 13C NMR (101 MHz,
CDCl3): δ 129.9, 83.3, 82.7, 65.1, 32.0, 31.6, 29.9, 29.8, 29.7, 29.6.
29.4, 29.3, 27.3, 25.7, 25.6, 24.6, 22.8, 14.2.

2-((8Z,11Z)-Heptadeca-8,11-dien-1-yloxy)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (2ak). Reaction time: 12 h. NMR yield: 88%.
1H NMR (400 MHz, CDCl3): δ 5.38−5.37 (m, 4H), 3.82 (t, 2H),
2.76 (t, 2H), 2.07−2.0 (m, 4H), 1.63−1.5 (m, 3H), 1.36−1.28 (m,
20H), 1.25 (br, 36H), 0.88 (t, 3H). 11B NMR (161 MHz, CDCl3): δ
22.4 (−CH2OBpin), 21.3 ((Bpin)2O).

(S)-2-(2-(6-Methoxynaphthalen-2-yl)propoxy)-4,4,5,5-tetrameth-
yl-1,3,2-dioxaborolane (2al). NMR yield: >99%. 1H NMR (400
MHz, CDCl3): δ 7.65 (dd, J = 8.5, 4.3 Hz, 2H), 7.58 (s, 1H), 7.33 (d,
J = 8.4 Hz, 1H), 7.11−7.06 (m, 2H), 4.03 (dd, J = 10.2, 6.5 Hz, 1H),
3.93 (dd, J = 10.2, 7.1 Hz, 1H), 3.87 (s, 3H), 3.10 (h, J = 6.9 Hz, 1H),
1.34 (d, J = 7.0 Hz, 3H), 1.25 (s, 24H), 1.12 (s, 12H). 13C NMR (101
MHz, CDCl3): δ 157.3, 138.9, 133.5, 129.2, 129.1, 126.8, 126.7,
125.7, 118.6, 105.6, 83.2, 82.7, 70.4, 55.3, 41.3, 24.6, 24.5, 17.7. 11B
NMR (161 MHz, CDCl3): δ 22.5 (−CH2OBpin), 21.3 ((Bpin)2O).

2-(2-(4-Isobutylphenyl)propoxy)-4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane (2am). NMR yield: >99%. 1H NMR (400 MHz, CDCl3): δ
7.11 (br, 4H), 3.91 (br, 2H), 2.96 (br, 1H), 2.40 (br, 2H), 1.84 (br,
1H), 1.44 (br, 3H), 1.29 (s, 24H), 1.20 (s, 12H), 0.91 (br, 6H). 13C
NMR (101 MHz, CDCl3): δ 141.0, 139.7, 129.1, 127.3, 83.2, 82.7,
70.6, 45.2, 41.0, 30.3, 27.0, 24.6, 22.5, 17.7. 11B NMR (161 MHz,
CDCl3): δ 22.5 (−CH2OBpin), 21.3 ((Bpin)2O).

2-(((3R,8R,9S,10S,13R,14S,17R)-10,13-Dimethyl-17-((R)-5-
((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)oxy)pentan-2-yl)-
hexadecahydro-1H-cyclopenta[a]phenanthren-3-yl)oxy)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (2an). NMR yield: >99%. 1H
NMR (400 MHz, CDCl3): δ 3.97−3.92 (m, 1H), 3.77−3.71(m,
2H), 1.93−1.91 (m, 1H), 1.85−1.79 (m, 4H), 1.64−1.56 (m, 2H),
1.45−1.36 (m, 8 H), 1.24 (s, 10 H), 1.22 (s, 24H), 1.13−0.94 (m,
6H), 0.87 (s, 3H), 0.60 (s, 3H). 13C NMR (101 MHz, CDCl3): δ
83.0, 82.5, 82.4, 74.2, 65.4, 56.4, 56.2, 42.6, 41.8, 40.2, 40.1, 35.8,
35.4, 35.1, 34.9, 34.4, 31.6, 29.1, 28.2, 28.0, 27.1, 26.3, 24.54, 24.5,
24.1, 23.3, 20.7, 18.5, 12.0. 11B NMR (161 MHz, CDCl3): δ 22.5
(−CH2OBpin), 21.3 ((Bpin)2O).

General Procedure for the Hydrolysis of 2. After completion
of the hydroboration reaction, the solvent and unreacted HBpin were
removed in a vacuum, and the resulted boronate ester residue was
hydrolyzed with silica gel (1 g)/methanol (5 mL) for 3−5 h at 60 °C.
An aliquot was then removed in a vacuum and the residue was
purified by column chromatography over silica gel (100−200 mesh)
with a hexane/ethyl acetate (8:2) mixture as eluent, which provided
the pure primary alcohol.
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(4-Methoxyphenyl)methanol (3b).6e Yield: 25.1 mg (0.182 mmol,
91%). 1H NMR (400 MHz, CDCl3): δ 7.31−7.21 (m, 2H), 6.87 (d, J
= 8.4 Hz, 2H), 4.58 (s, 2H), 3.78 (s, 3H), 1.86 (br, 1H, OH). 13C
NMR (101 MHz, CDCl3): δ 159.3, 133.2, 128.8, 114.1, 65.1, 55.4.
(4-Ethoxyphenyl)methanol (3c).11a Yield: 27.1 mg (0.178 mmol,

89%). 1H NMR (400 MHz, CDCl3): δ 7.25 (d, J = 8.4 Hz, 2H), 6.86
(d, J = 8.6 Hz, 2H), 4.58 (s, 2H), 4.01 (q, J = 7.0 Hz, 2H), 1.79 (br,
1H, OH), 1.40 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ
158.7, 133.1, 128.8, 114.7, 65.2, 63.6, 14.9.
(4-(tert-Butyl)phenyl)methanol (3d).23 Yield: 29.6 mg (0.180

mmol, 90%). 1H NMR (400 MHz, CDCl3): δ 7.42−7.37 (m, 2H),
7.31 (d, J = 6.5 Hz, 2H), 4.66 (s, 2H), 1.73 (br, 1H, OH), 1.33 (s,
9H). 13C NMR (101 MHz, CDCl3): δ 150.9, 138.1, 127.1, 125.6,
65.3, 34.7, 31.5.
(4-Fluorophenyl)methanol (3e).6e Yield: 21.4 mg (0.170 mmol,

85%). 1H NMR (400 MHz, CDCl3): δ 7.34−7.28 (m, 2H), 7.07−
6.99 (m, 2H), 4.63 (s, 2H), 2.10 (br, 1H, OH). 13C NMR (126 MHz,
CDCl3): δ 162.4 (d, J = 245.7), 136.7 (d, J = 3.0 Hz), 128.9 (d, J =
8.2 Hz), 115.5 (d, J = 21.4 Hz), 64.7.
(4-Bromophenyl)methanol (3f).6e Yield: 33.7 mg (0.180 mmol,

90%). 1H NMR (400 MHz, CDCl3): δ 7.46 (d, J = 8.3 Hz, 2H), 7.19
(d, J = 8.3 Hz, 2H), 4.59 (s, 2H), 2.38 (br, 1H, OH). 13C NMR (101
MHz, CDCl3): δ 139.8, 131.7, 128.7, 121.5, 64.5.
(4-Methoxyphenyl)methanol (3g).11a Yield: 32.2 mg (0.172

mmol, 86%). 1H NMR (400 MHz, CDCl3): δ 7.54 (d, J = 7.7 Hz,
1H), 7.47 (d, J = 7.6 Hz, 1H), 7.32 (t, J = 7.6 Hz, 1H), 7.16 (t, J = 7.6
Hz, 1H), 4.73 (s, 2H), 2.28 (br, 1H, OH). 13C NMR (101 MHz,
CDCl3): δ 139.8, 132.7, 129.2, 128.9, 127.8, 122.7, 65.1.
(4-Chloro-3-nitrophenyl)methanol (3h).24 Yield: 33.8 mg (0.180

mmol, 90%). 1H NMR (400 MHz, CDCl3): δ 7.87 (s, 1H), 7.53−
7.47 (m, 2H), 4.75 (s, 2H), 2.34 (br, 1H, OH). 13C NMR (101 MHz,
CDCl3): δ 147.9, 141.5, 131.9, 131.2, 125.8, 123.5, 63.3.
(2-Iodophenyl)methanol (3i).25 Yield: 44 mg (0.188 mmol, 94%).

1H NMR (400 MHz, CDCl3): δ 7.82 (d, J = 7.5 Hz, 1H), 7.45 (d, J =
7.6 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 7.01−6.97 (m, 1H), 4.66 (s,
2H), 2.32 (br, 1H, OH). 13C NMR (101 MHz, CDCl3): δ 142.7,
139.3, 129.4, 128.6, 128.5, 97.6, 69.4.
4-(Hydroxymethyl)benzonitrile (3j).21 Yield: 24.2 mg (0.182

mmol, 91%). 1H NMR (400 MHz, CDCl3): δ 7.62 (d, J = 8.2 Hz,
2H), 7.46 (d, J = 8.2 Hz, 2H), 4.76 (s, 2H), 2.29 (br, 1H, OH). 13C
NMR (101 MHz, CDCl3): δ 146.4, 132.4, 127.1), 119.0, 111.2, 64.3.
Furan-2-ylmethanol (3k).6e Yield: 17.3 mg (0.176 mmol, 88%).

1H NMR (500 MHz, CDCl3): δ 7.39 (s, 1H), 6.31 (d, J = 25.2 Hz,
2H), 4.60 (s, 2H), 2.07 (br, 1H, OH). 13C NMR (126 MHz, CDCl3):
δ 154.1, 142.7, 110.5, 107.9, 57.6.
Thiophen-2-ylmethanol (3l).21 Yield: 20.1 mg (0.176 mmol,

88%). 1H NMR (400 MHz, CDCl3): δ 7.28 (d, J = 4.0 Hz, 1H), 7.02
(d, J = 2.9 Hz, 1H), 7.00−6.96 (m, 1H), 4.83 (s, 2H), 1.92 (br, 1H,
OH). 13C NMR (101 MHz, CDCl3): δ 144.1, 127.0, 125.8, 125.6,
60.2.
Methyl 4-(Hydroxymethyl)benzoate (3m).26 Yield: 30.2 mg

(0.182 mmol, 91%). 1H NMR (400 MHz, CDCl3): δ 7.96 (d, J =
8.2 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 4.70 (s, 2H), 3.87 (s, 3H), 2.58
(br, 1H, OH). 13C NMR (101 MHz, CDCl3): δ 167.2, 146.2, 129.9,
129.2, 126.5, 64.6, 52.2.
4-(Hydroxymethyl)phenyl benzoate (3n).27 Yield: 41.5 mg (0.182

mmol, 91%). 1H NMR (400 MHz, CDCl3): δ 8.21 (d, J = 7.5 Hz,
2H), 7.64 (t, J = 7.3 Hz, 1H), 7.52 (t, J = 7.7 Hz, 2H), 7.42 (d, J = 8.3
Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H), 4.69 (s, 2H), 2.13 (br, 1H, OH).
13C NMR (101 MHz, CDCl3): δ 165.4, 150.4, 138.7, 133.8, 130.3,
129.6, 128.7, 128.2, 121.9, 64.8.
2-Phenylethan-1-ol (3o).6e Yield: 21.7 mg (0.178 mmol, 89%). 1H

NMR (400 MHz, CDCl3): δ 7.37−7.32 (m, 2H), 7.26 (t, J = 6.5 Hz,
3H), 3.87 (t, J = 6.6 Hz, 2H), 2.89 (t, J = 6.6 Hz, 2H), 1.65 (br, 1H,
OH). 13C NMR (126 MHz, CDCl3): δ 138.6, 129.2, 128.7, 126.6,
63.8, 39.3.
3-Phenylpropan-1-ol (3p).13j Yield: 24 mg (0.176 mmol, 88%). 1H

NMR (400 MHz, CDCl3): δ 7.34−7.27 (m, 2H), 7.24−7.17 (m, 3H),
3.68 (t, J = 6.4 Hz, 2H), 2.72 (t, J = 6.4 Hz, 2H), 1.91 (m, 2H), 1.69

(br, 1H, OH). 13C NMR (101 MHz, CDCl3): δ 141.9, 128.53,
128.51, 125.9, 62.3, 34.3, 32.2.

2,2-Diphenylethan-1-ol (3q).11a Yield: 36.1 mg (0.182 mmol,
91%). 1H NMR (400 MHz, CDCl3): δ 7.37−7.29 (m, 4H), 7.29−
7.21 (m, 6H), 4.21 (dd, J = 8.4, 5.9 Hz, 1H), 4.16 (d, J = 6.1 Hz, 2H),
1.66 (br, 1H, OH). 13C NMR (101 MHz, CDCl3): δ 141.5, 128.8,
128.4, 126.9, 66.2, 53.7.

(E)-3-Phenylprop-2-en-1-ol (3s).25 Yield: 19.1 mg (0.142 mmol,
71%). 1H NMR (400 MHz, CDCl3): δ 7.37 (d, J = 7.2 Hz, 2H), 7.31
(t, J = 7.6 Hz, 2H), 7.23 (dd, J = 8.7, 4.9 Hz, 1H), 6.60 (d, J = 15.9
Hz, 1H), 6.35 (dt, J = 15.8, 5.6 Hz, 1H), 4.30 (d, J = 5.5 Hz, 2H),
1.86 (br, 1H, OH). 13C NMR (126 MHz, CDCl3): δ 136.8, 131.3,
128.7, 128.6, 127.8, 126.6, 63.8.

Decan-1-ol (3ad).6e Yield: 29.1 mg (0.184 mmol, 92%). 1H NMR
(500 MHz, CDCl3): δ 3.61 (t, J = 6.7 Hz, 2H), 1.75 (br, 1H, OH),
1.58−1.51 (m, 2H), 1.34−1.24 (m, 14H), 0.86 (t, J = 7.0 Hz, 3H).
13C NMR (126 MHz, CDCl3): δ 63.1, 32.9, 32.0, 29.8, 29.7, 29.6,
29.4, 25.9, 22.8, 14.20.

Dodecan-1-ol (3af).28 Yield: 33.9 mg (0.182 mmol, 91%). 1H
NMR (400 MHz, CDCl3): δ 3.62 (t, J = 6.7 Hz, 2H), 1.65 (br, 1H,
OH), 1.59−1.52 (m, 2H), 1.33−1.24 (m, 18H), 0.87 (t, J = 6.8 Hz,
3H). 13C NMR (126 MHz, CDCl3): δ 63.2, 32.9, 32.1, 29.8, 29.77,
29.75, 29.6, 29.5, 25.9, 22.8, 14.2.

Tetradecan-1-ol (3ag).28 Yield: 38.2 mg (0.178 mmol, 89%). 1H
NMR (500 MHz, CDCl3): δ 3.64 (t, J = 6.6 Hz, 2H), 1.59−1.55 (m,
2H), 1.43 (br, 1H, OH), 1.26 (s, 22H), 0.88 (t, J = 6.6 Hz, 3H). 13C
NMR (126 MHz, CDCl3): δ 63.3, 33.0, 32.1, 29.84, 29.81, 29.8, 29.7,
29.6, 29.5, 25.9, 22.8, 14.3.

Hexadecan-1-ol (3ah).28 Yield: 43.7 mg (0.180 mmol, 90%). 1H
NMR (400 MHz, CDCl3): δ 3.60 (t, J = 6.7 Hz, 2H), 1.56−1.50 (m,
2H), 1.22 (s, 26H), 0.84 (t, J = 6.5 Hz, 3H). 13C NMR (126 MHz,
CDCl3): δ 63.2, 32.9, 32.1, 29.84, 29.8, 29.76, 29.75, 29.6, 29.5, 25.9,
22.8, 14.3.

Octadecan-1-ol (3ai).28 Yield: 48.1 mg (0.178 mmol, 89%). 1H
NMR (500 MHz, CDCl3): δ 3.64 (t, J = 6.6 Hz, 2H), 1.59−1.54 (m,
2H), 1.26 (s, 30H), 0.88 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz,
CDCl3): δ 63.3, 33.0, 32.1, 29.9, 29.8, 29.77, 29.75, 29.6, 29.5, 25.9,
22.8, 14.3.

(Z)-Octadec-9-en-1-ol (3aj).29 Yield: 50.5 mg (0.188 mmol, 94%).
1H NMR (400 MHz, CDCl3): δ 5.42−5.27 (m, 2H), 3.63 (t, J = 6.7
Hz, 2H), 2.01 (dd, J = 12.3, 6.5 Hz, 4H), 1.58−1.54 (m, 2H), 1.37−
1.22 (m, 23H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz,
CDCl3): δ 130.1, 129.9, 63.2, 32.9, 32.1, 29.9, 29.8, 29.7, 29.6, 29.5,
29.4, 27.4, 27.3, 25.9, 22.8, 14.3.

(S)-2-(6-Methoxynaphthalen-2-yl)propan-1-ol (3al).13j Yield:
40.2 mg (0.186 mmol, 93%). 1H NMR (500 MHz, CDCl3): δ 7.71
(t, J = 7.9 Hz, 2H), 7.61 (s, 1H), 7.35 (dd, J = 8.5, 1.4 Hz, 1H), 7.18−
7.10 (m, 2H), 3.92 (s, 3H), 3.77 (d, J = 6.6 Hz, 2H), 3.08 (h, J = 6.9
Hz, 1H), 1.56 (br, 1H, OH), 1.36 (d, J = 7.0 Hz, 3H). 13C NMR (126
MHz, CDCl3): δ 157.6, 138.8, 133.7, 129.2, 129.1, 127.3, 126.4,
126.0, 119.0, 105.8, 68.7, 55.4, 42.5, 17.8. Optical rotation: [α]D

22

−9.80 (c = 0.255, CHCl3), lit. [α]D
22 −8.23 (c = 0.255, CHCl3).

30

2-(4-Isobutylphenyl)propan-1-ol (3am).4b Yield: 36.5 mg (0.190
mmol, 95%). 1H NMR (400 MHz, CDCl3): δ 7.15 (d, J = 8.2 Hz,
2H), 7.11 (d, J = 8.1 Hz, 2H), 3.69 (d, J = 6.8 Hz, 2H), 2.97−2.88
(m, 1H), 2.45 (d, J = 7.2 Hz, 2H), 1.90−1.80 (m, 1H), 1.61 (br, 1H,
OH), 1.27 (d, J = 7.0 Hz, 3H), 0.91 (d, J = 6.6 Hz, 6H).

General Procedure for the Robustness Screening. To a 5 mL
reaction tube were added carboxylic acid (0.1 mmol) and
corresponding additive (0.1 mmol), catalyst Mn-4 (0.1 mol %, 50
μL from 2 mL stock solution; stock solution was prepared in toluene),
and pinacolborane (0.4 mmol) under an argon atmosphere. The
reaction tube was closed and stirred at room temperature for 6 h. 1H
NMR was recorded in CDCl3, and yields were calculated using
cyclohexane as an internal standard.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.8b03108
J. Org. Chem. 2019, 84, 1570−1579

1576

http://dx.doi.org/10.1021/acs.joc.8b03108


■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.joc.8b03108.

Detailed optimizations, NMR spectra of the products,
and procedures for mechanistic experiments (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: bm@iiserkol.ac.in
ORCID
Biplab Maji: 0000-0001-5034-423X
Author Contributions
†M.K.B and K.D. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
B.M. thanks IISER Kolkata (start-up grant) and SERB (ECR/
2016/001654) for financial support. M.K.B. thanks SERB
(PDF/2016/001952) for an NPDF fellowship. K.D. thanks
CSIR for a Ph.D. fellowship.

■ REFERENCES
(1) (a) Torres, G. M.; Frauenlob, R.; Franke, R.; Boerner, A.
Production of alcohols via hydroformylation. Catal. Sci. Technol. 2015,
5, 34−54. (b) Yuki, Y.; Takahashi, K.; Tanaka, Y.; Nozaki, K. Tandem
Isomerization/Hydroformylation/Hydrogenation of Internal Alkenes
to n-Alcohols Using Rh/Ru Dual- or Ternary-Catalyst Systems. J. Am.
Chem. Soc. 2013, 135, 17393−17400. (c) Fleischer, I.; Dyballa, K. M.;
Jennerjahn, R.; Jackstell, R.; Franke, R.; Spannenberg, A.; Beller, M.
From Olefins to Alcohols: Efficient and Regioselective Ruthenium-
Catalyzed Domino Hydroformylation/Reduction Sequence. Angew.
Chem., Int. Ed. 2013, 52, 2949−2953. (d) Takahashi, K.; Yamashita,
M.; Ichihara, T.; Nakano, K.; Nozaki, K. High-yielding tandem
hydroformylation/hydrogenation of a terminal olefin to produce a
linear alcohol using a Rh/Ru dual catalyst system. Angew. Chem., Int.
Ed. 2010, 49, 4488−4490. (e) Boogaerts, I. I. F.; White, D. F. S.;
Cole-Hamilton, D. J. High chemo and regioselective formation of
alcohols from the hydrocarbonylation of alkenes using cooperative
ligand effects. Chem. Commun. 2010, 46, 2194−2196. (f) Bouziane,
A.; Helou, M.; Carboni, B.; Carreaux, F.; Demerseman, B.; Bruneau,
C.; Renaud, J.-L. Ruthenium-catalyzed synthesis of allylic alcohols:
boronic acid as a hydroxide source. Chem. - Eur. J. 2008, 14, 5630−
5637. (g) Eilbracht, P.; Baerfacker, L.; Buss, C.; Hollmann, C.; Kitsos-
Rzychon, B. E.; Kranemann, C. L.; Rische, T.; Roggenbuck, R.;
Schmidt, A. Tandem Reaction Sequences under Hydroformylation
Conditions: New Synthetic Applications of Transition Metal
Catalysis. Chem. Rev. 1999, 99, 3329−3365. (h) Gladiali, S.;
Alberico, E. Asymmetric transfer hydrogenation: chiral ligands and
applications. Chem. Soc. Rev. 2006, 35, 226−236.
(2) (a) Corma, A.; Iborra, S.; Velty, A. Chemical Routes for the
Transformation of Biomass into Chemicals. Chem. Rev. 2007, 107,
2411−2502. (b) Tuck, C. O.; Perez, E.; Horvath, I. T.; Sheldon, R. A.;
Poliakoff, M. Valorization of Biomass: Deriving More Value from
Waste. Science 2012, 337, 695−699. (c) Leitner, W.; Klankermayer, J.;
Pischinger, S.; Pitsch, H.; Kohse-Hoeinghaus, K. Advanced Biofuels
and Beyond: Chemistry Solutions for Propulsion and Production.
Angew. Chem., Int. Ed. 2017, 56, 5412−5452.
(3) Seyden-Penne, J. Reductions by the Alumino- and Borohydrides in
Organic Synthesis, 2nd ed.; Wiley-VCH: New York, 1997; pp 357−
362.
(4) (a) Turek, T.; Trimm, D. L.; Cant, N. W. The catalytic
hydrogenolysis of esters to alcohols. Catal. Rev.: Sci. Eng. 1994, 36,
645−83. (b) Cui, X.; Li, Y.; Topf, C.; Junge, K.; Beller, M. Direct

Ruthenium-catalyzed Hydrogenation of Carboxylic Acids to Alcohols.
Angew. Chem., Int. Ed. 2015, 54, 10596−10599. (c) Korstanje, T. J.;
Ivar van der Vlugt, J.; Elsevier, C. J.; de Bruin, B. Hydrogenation of
carboxylic acids with a homogeneous cobalt catalyst. Science 2015,
350, 298−302. (d) Naruto, M.; Saito, S. Cationic mononuclear
ruthenium carboxylates as catalyst prototypes for self-induced
hydrogenation of carboxylic acids. Nat. Commun. 2015, 6, 8140.
(e) vom Stein, T.; Meuresch, M.; Limper, D.; Schmitz, M.; Hölscher,
M.; Coetzee, J.; Cole-Hamilton, D. J.; Klankermayer, J.; Leitner, W.
Highly Versatile Catalytic Hydrogenation of Carboxylic and Carbonic
Acid Derivatives using a Ru-Triphos Complex: Molecular Control
over Selectivity and Substrate Scope. J. Am. Chem. Soc. 2014, 136,
13217−13225. (f) Naruto, M.; Agrawal, S.; Toda, K.; Saito, S.
Catalytic transformation of functionalized carboxylic acids using
multifunctional rhenium complexes. Sci. Rep. 2017, 7, 3425.
(5) (a) Bismuto, A.; Cowley, M. J.; Thomas, S. P. Aluminum-
Catalyzed Hydroboration of Alkenes. ACS Catal. 2018, 8, 2001−
2005. (b) Ibrahim, A. D.; Entsminger, S. W.; Fout, A. R. Insights into
a Chemoselective Cobalt Catalyst for the Hydroboration of Alkenes
and Nitriles. ACS Catal. 2017, 7, 3730−3734. (c) Kisan, S.;
Krishnakumar, V.; Gunanathan, C. Ruthenium-Catalyzed Anti-
Markovnikov Selective Hydroboration of Olefins. ACS Catal. 2017,
7, 5950−5954. (d) Tseng, K.-N. T.; Kampf, J. W.; Szymczak, N. K.
Regulation of Iron-Catalyzed Olefin Hydroboration by Ligand
Modifications at a Remote Site. ACS Catal. 2015, 5, 411−415.
(e) Zhang, G.; Zeng, H.; Wu, J.; Yin, Z.; Zheng, S.; Fettinger, J. C.
Highly Selective Hydroboration of Alkenes, Ketones and Aldehydes
Catalyzed by a Well-Defined Manganese Complex. Angew. Chem., Int.
Ed. 2016, 55, 14369−14372. (f) Li, J.-F.; Wei, Z.-Z.; Wang, Y.-Q.; Ye,
M. Base-free nickel-catalyzed hydroboration of simple alkenes with
bis(pinacolato)diboron in an alcoholic solvent. Green Chem. 2017, 19,
4498−4502. (g) Yamamoto, Y.; Fujikawa, R.; Umemoto, T.; Miyaura,
N. Iridium-catalyzed hydroboration of alkenes with pinacolborane.
Tetrahedron 2004, 60, 10695−10700.
(6) (a) Das, U. K.; Higman, C. S.; Gabidullin, B.; Hein, J. E.; Baker,
R. T. Efficient and Selective Iron-Complex-Catalyzed Hydroboration
of Aldehydes. ACS Catal. 2018, 8, 1076−1081. (b) Arrowsmith, M.;
Hadlington, T. J.; Hill, M. S.; Kociok-Koehn, G. Magnesium-catalyzed
hydroboration of aldehydes and ketones. Chem. Commun. 2012, 48,
4567−4569. (c) Bagherzadeh, S.; Mankad, N. P. Extremely efficient
hydroboration of ketones and aldehydes by copper carbene catalysis.
Chem. Commun. 2016, 52, 3844−3846. (d) Casey, C. P.; Singer, S.
W.; Powell, D. R.; Hayashi, R. K.; Kavana, M. Hydrogen Transfer to
Carbonyls and Imines from a Hydroxycyclopentadienyl Ruthenium
Hydride: Evidence for Concerted Hydride and Proton Transfer. J.
Am. Chem. Soc. 2001, 123, 1090−1100. (e) Jakhar, V. K.; Barman, M.
K.; Nembenna, S. Aluminum Monohydride Catalyzed Selective
Hydroboration of Carbonyl Compounds. Org. Lett. 2016, 18,
4710−4713. (f) Kaithal, A.; Chatterjee, B.; Gunanathan, C.
Ruthenium Catalyzed Selective Hydroboration of Carbonyl Com-
pounds. Org. Lett. 2015, 17, 4790−4793.
(7) (a) Miyaura, N.; Suzuki, A. Palladium-Catalyzed Cross-Coupling
Reactions of Organoboron Compounds. Chem. Rev. 1995, 95, 2457−
83. (b) Lennox, A. J. J.; Lloyd-Jones, G. C. Selection of boron
reagents for Suzuki-Miyaura coupling. Chem. Soc. Rev. 2014, 43, 412−
443.
(8) (a) Ma, X.; Zuo, Z.; Liu, G.; Huang, Z. Manganese-Catalyzed
Asymmetric Hydrosilylation of Aryl Ketones. ACS Omega 2017, 2,
4688−4692. (b) Zheng, J.; Elangovan, S.; Valyaev, D. A.; Brousses, R.;
Cesar, V.; Sortais, J.-B.; Darcel, C.; Lugan, N.; Lavigne, G.
Hydrosilylation of Aldehydes and Ketones Catalyzed by Half-
Sandwich Manganese(I) N-Heterocyclic Carbene Complexes. Adv.
Synth. Catal. 2014, 356, 1093−1097. (c) Kelly, C. M.; McDonald, R.;
Sydora, O. L.; Stradiotto, M.; Turculet, L. A Manganese Pre-Catalyst:
Mild Reduction of Amides, Ketones, Aldehydes, and Esters. Angew.
Chem., Int. Ed. 2017, 56, 15901−15904. (d) Gregg, B. T.; Hanna, P.
K.; Crawford, E. J.; Cutler, A. R. Hydrosilation of manganese acyls
(CO)5MnCOR (R = CH3, Ph). J. Am. Chem. Soc. 1991, 113, 384−5.
(e) Mukhopadhyay, T. K.; Flores, M.; Groy, T. L.; Trovitch, R. J. A

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.8b03108
J. Org. Chem. 2019, 84, 1570−1579

1577

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.8b03108
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.8b03108/suppl_file/jo8b03108_si_001.pdf
mailto:bm@iiserkol.ac.in
http://orcid.org/0000-0001-5034-423X
http://dx.doi.org/10.1021/acs.joc.8b03108


Highly Active Manganese Precatalyst for the Hydrosilylation of
Ketones and Esters. J. Am. Chem. Soc. 2014, 136, 882−885.
(f) Chidara, V. K.; Du, G. An Efficient Catalyst Based on Manganese
Salen for Hydrosilylation of Carbonyl Compounds. Organometallics
2013, 32, 5034−5037. (g) DiBiase Cavanaugh, M.; Gregg, B. T.;
Cutler, A. R. Manganese Carbonyl Complexes as Catalysts for the
Hydrosilation of Ketones: Comparison with RhCl(PPh3)3. Organo-
metallics 1996, 15, 2764−2769. (h) Son, S. U.; Paik, S.-J.; Lee, I. S.;
Lee, Y.-A.; Chung, Y. K.; Seok, W. K.; Lee, H. N. Chemistry of [(1H-
hydronaphthalene)Mn(CO)3]: The Role of Ring-Slippage in
Substitution, Catalytic Hydrosilylation, and Molecular Crystal
Structure of [(η3-C10H9)Mn(CO)3P(OMe)3]. Organometallics 1999,
18, 4114−4118.
(9) (a) Trovitch, R. J. Comparing well-defined manganese, iron,
cobalt and nickel ketone hydrosilylation catalysts. Synlett 2014, 25,
1638−1642. (b) Barman, M. K.; Baishya, A.; Nembenna, S.
Magnesium amide catalyzed selective hydroboration of esters. Dalton
Trans 2017, 46, 4152−4156. (c) Mukherjee, D.; Ellern, A.; Sadow, A.
D. Magnesium-catalyzed hydroboration of esters: evidence for a new
zwitterionic mechanism. Chem. Sci. 2014, 5, 959−964. (d) Mukherjee,
D.; Shirase, S.; Spaniol, T. P.; Mashima, K.; Okuda, J. Magnesium
hydridotriphenylborate [Mg(thf)6][HBPh3]2: a versatile hydrobora-
tion catalyst. Chem. Commun. 2016, 52, 13155−13158.
(10) (a) Corre, Y.; Rysak, V.; Trivelli, X.; Agbossou-Niedercorn, F.;
Michon, C. A Versatile Iridium(III) Metallacycle Catalyst for the
Effective Hydrosilylation of Carbonyl and Carboxylic Acid Deriva-
tives. Eur. J. Org. Chem. 2017, 2017, 4820−4826. (b) Fernańdez-Salas,
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