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Abstract: When activated by an acylating agent, pyridine
boronic esters react with organometallic reagents to form
a dihydropyridine boronic ester. This intermediate allows
access to a number of valuable substituted pyridine, dihydro-
pyridine, and piperidine products.

Pyridines and their derivatives are common motifs found in
drugs and natural products. Current FDA-approved drugs
include 62 pyridines, 10 dihydropyridines, and 72 piperi-
dines.[1] For this reason, methods for their preparation are
valuable for drug discovery and natural products synthesis.
Traditional Chichibabin reactions involve the addition of
nucleophiles to activated pyridines, although they generally
show poor regioselectivity (Scheme 1a).[2–4] Enhanced regio-
selectivity has been observed by Knochel and co-workers by
using substrates with electron-withdrawing groups at C3.[5]

Alternatively, Minisci reactions feature addition of alkyl or

aryl radicals to a heteroarene. Poor regioselectivity is usually
observed, and the 2-substituted products generally predom-
inate (Scheme 1b).[6] Transition metal catalyzed coupling
reactions can also generate substituted pyridines, but they do
not provide dearomatized products.[7] Recently, C¢H func-
tionalization strategies have emerged as attractive routes to
the pyridine scaffold.[8]

We became interested in exploring the utility of boronic
esters in the synthesis of nitrogen heterocycles.[9] By way of
background, Matteson demonstrated the ability of a-chloro
boronic esters to undergo homologation upon treatment with
lithiated reagents.[10] In these reactions, an alkyl group
migrates from boron to an adjacent electrophile. Building
on this mechanistic platform, the group of Aggarwal devel-
oped an ingenious coupling of aryl lithium reagents with
boronic esters (Scheme 1c). Thus, addition of an aryl lithium
to the boronic ester with subsequent halogenation-induced
1,2-alkyl migration forms the new C¢C bond (1). Loss of
(pin)BBr formed the aromatic product 2.[11] We recognized
that a similar mechanism could be accessible with pyridines,
but that the dearomatized intermediates might be isolable.
Thus, acylation of boronate 4 could prompt a 1,2-migration to
form a new C¢C bond (Scheme 1d). Importantly, this
sequence would retain the boron moiety (5) and allow
subsequent functionalization. Unlike prior work, the trans-
formation would allow access to both the aromatic and
dearomatized products. As we were preparing this manu-
script, the group of Aggarwal described a synthesis of
substituted heteroarenes from boronic esters and heteroaryl
lithium reagents using a related strategy.[12] Prompted by their
disclosure, herein we describe a method for the preparation of
pyridines, dihydropyridines, and piperidines. It shows wide
scope with regard to the organometallic nucleophile and leads
to complex dearomatized products.

We began our studies with the addition of tert-BuLi to 4-
pyridineboronic acid pinacol ester (Scheme 2). Upon activa-
tion of the pyridine, the desired dihydropyridines 6–12 were
formed in good yield. The reaction worked well to yield
amides, carbamates, and sulfonamides. Likewise, both anhy-
drides and acid chlorides generated amides with equal facility.

Scheme 1. Selected functionalization of pyridines. NBS= N-bromo-
succinimide, THF = tetrahydrofuran.

Scheme 2. Generation of dihydropyridines. Yield is that of isolated
product. Boc= tert-butoxycarbonyl, Bz =benzoyl, Cbz=carboxybenzyl,
TFAA = trifluoroacetic anhydride, Ts = 4-toluenesulfonyl.
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As shown, the ability to incorporate diverse N-activating
groups allows subsequent derivatization of the dihydropyr-
idine. The structure of the amide 11 was confirmed by X-ray
analysis.

Upon treatment of the dihydropyridine with oxygen and
base, rapid formation of the substituted pyridine was
observed.[13] A broad range of substituted pyridines and
quinolones were synthesized as highlighted in Table 1.
Primary, secondary, and tertiary alkyl lithium reagents were
successfully used, as were aryl and alkynyl lithium species.
Optically active lithiated Boc-pyrrolidine was an excellent
substrate, thus leading to the pyridines 26–28 in high yields
and high enatiomeric ratios.[14] To introduce functionalized
nucleophiles, we explored the use of aryl and alkyl zinc
reagents. Ester, bromo, and cyano groups were all accom-
modated (29–31). Although the reaction worked well with
aryl zinc halides, the analogous reaction using alkyl zinc
reagents proved more difficult. Accordingly, we used a mixed
zinc reagent derived from the zinc chloride and tert-butyl
magnesium chloride and achieved good yields of the ester
32.[5] Additionally, alkyl, aryl, and vinyl Grignard reagents
provided the pyridines in high yields. Two cyclopropyl
Grignard reagents were incorporated without any evidence
of ring opening (41, 42). Overall, the reaction is notable for its
ability to 1) incorporate sp3-, sp2-, and sp-hybridized carbon
nucleophiles, 2) accommodate organolithium, organozinc,
and organomagnesium reagents, and 3) introduce electro-
philic functional groups including nitriles and esters.

This coupling not influenced by the substitution on the
pyridine ring itself. Electron-donating and electron-with-
drawing groups were tolerated at the 2- and 3-positions (17–
20, 27–28, 34–35, 43–46). The observation that the 2-chloro-

pyridine was a suitable substrate is particularly noteworthy
since these reagents readily participate in cross-coupling
reactions. Thus their successful application highlights the
mildness of the method while retaining the 2-chloro group for
subsequent chemistry. This reaction was also applied to
quinoline 4-boronic esters, giving good yields for these
substrates (21, 36, 48). Expansion of this methodology to 5-
and 7-borono-quinolines and 6-borono-isoquinoline was only
modestly successful (49–51). Additionally, the 2-pyridyl
boronic esters were too unstable for the current reaction
conditions,[7b] thus providing large amounts of protodebory-
lated pyridines.

Typical oxidations of boronic esters require peroxides, so
the facile oxidation shown in Table 1 was surprising.[12] The
rate of this oxidation is insensitive to the nature of activating
group (both steric and electronic), but qualitatively depen-
dent on the substituent at the 4-position (Ph> primary alkyl>
tertiary alkyl). These observations suggest a radical mecha-
nism. Indeed, trialkyl boranes are known to react with oxygen
to generate alkyl radicals.[15] However, we observed no ring
opening of the cyclopropyl ring in 42, which indicates that the
lifetime of any radical must be short.

Hall and co-workers previously prepared tetrahydropyr-
idines featuring an allylic boronic ester, and they showed that
such compounds participated in allylation reactions.[16] By
contrast, the 4-boryl-4-dihydropyridine products described
here are unknown reagents. Therefore we next explored their
synthetic utility. For example, addition of the allyl boronate to
benzaldehyde generated the desired homoallylic alcohol (�)-
52 with good yield and diastereoselectivity (Scheme 3 a).[17]

Hydrogenation of (�)-52 gave the trisubstituted piperidine
(�)-53 while oxidation provided the disubstituted pyridine 54,

Table 1: Substrate scope for preparation of substituted pyridines.[a]

[a] Typical conditions: het-B(pin) (1 equiv, 0.3 mmol), R-M (1.1 equiv), ¢78 88C, CCl3COCl (2 equiv), ¢78 to ¢40 88C; 10% NaOH (aq.), RT, O2 balloon.
[b] Yield of isolated product. [c] Typical conditions: (¢)sparteine (1.3 equiv, 0.39 mmol), sBuLi (1.3 equiv, 0.39 mmol), N-Boc pyrrolidine (1.3 equiv,
0.39 mmol); het-B(pin) (1 equiv, 0.3 mmol), ¢78 88C, CCl3COCl (3.5 equiv), ¢78 88C; saturated aq. Na2CO3 RT, O2 balloon. het-B(pin) =heteroaryl
pinacol boronic ester.
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in which the benzoyl group migrated from N to O. In this way
the (pin)B moiety was used to functionalize both C2 and C4 of
the pyridine ring, a distinguishing characteristic of the current
method relative to Suzuki couplings and related reactions.[7,12]

In addition to trapping the allyl boronic ester, we also
investigated reduction of the crude dihydropyridine (Sche-
me 3b). Surprisingly, upon treatment with Pd/C in methanol
under a hydrogen atmosphere, the deborylated 4-substituted
piperidines were the predominant products (56, 57). How-
ever, when the unpurified dihydropyridine was treated with
an acidic resin prior to hydrogenation, we obtained the
tetrahydropyridines 58 and 59. Longer reaction times yielded
the piperidine boronic esters 63 and 64. We hypothesized that
a base that is present in the reaction medium, could be
promoting protodeborylation, and that Amberlyst 15 could
be quenching this base.[18] Indeed, addition of LiOH in the
reduction of the tetrahydropyridine 58 generated the debory-
lated product 56.[13] Finally, both the tetrahydropyridines and
the piperidines could be oxidized with peroxide to form
tertiary alcohols (60, 61 and 65, 66). Alternatively, 58 added to
benzaldehyde to furnish the alcohol 62.

Our initial studies demonstrated that a variety of activat-
ing groups could be used in the dearomatization (Scheme 2).
Building on this observation, we considered whether the
acylating group could incorporate functionality to initiate
a radical cyclization (Scheme 4a). In this context, we found
that SmI2 affected the desired ring-closing reaction of the aryl
iodide 67.[19] Unexpectedly, C¢C bond formation was accom-

panied by a 1,2-boron shift and olefin transposition to give the
allyl boronic esters (�)-68–73. Various additives were
screened to improve the yield the reaction including
HMPA, water, methanol, and trimethylamine. The addition
of water (2–3 equiv relative to Sm) proved essential to obtain
good yields.[20] This reaction incorporated aryl, tertiary,
secondary, and primary alkyl groups derived from organo-
lithium, organomagnesium, and organozinc reagents. Addi-
tionally DIBALH transferred hydride to provide (�)-73,
which was unstable but could be isolated after oxidation [(�)-
84]. While only modest diastereoselectivity was observed for
the cyclization, the diastereomers could readily be separated
by silica gel chromatography in high yield.

The tricyclic allyl boronic esters (�)-68–73 emerged as
versatile synthetic intermediates (Scheme 4 b). Thus, addition
to benzaldehyde afforded the desired homoallylic alcohols
(�)-74–78 stereoselectively. Alternatively, oxidation of the
boronic esters with sodium perborate gave the corresponding

Scheme 3. Functionalization of dihydropyridine intermediates.
[a] nBuLi (1 equiv), BzCl (1.1 equiv); then PhCHO (4 equiv).

Scheme 4. Cyclization of dihydropyridines with SmI2. DIBAL= iBu2AlH.
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secondary alcohols (�)-79–84 in high yield and complete
stereospecificity. Amination of the allyl boronic ester (�)-69
with nitrosobenzene followed by reduction with [Mo(CO)6]/
NaBH4 generated the enamide (�)-85 with very high
diastereoselectivity.[21] X-ray crystallography confirmed the
surprising observation that [Mo(CO)6]/NaBH4 isomerized the
olefin to form the conjugated (�)-85.[22] Alternatively, hydro-
genation with Pd/C gave the tetrasubstituted piperidine (�)-
86 with a d.r. value of 12:1. Interestingly, addition of
allylboronates to nitrosobenzenes are generally O-selecti-
ve.[19b] By contrast, we observed complete N-selectivity to
afford the indicated amine products instead of alcohols.

The dearomatization/SmI2-mediated cyclization of 2-sub-
stituted pyridine 87 led to two noteworthy observations. First,
cyclization favored the more hindered product possessing
a quaternary stereocenter (88/89 5:1). Second, unlike the 2-
unsubstitued pyridines, this substrate cyclized with high
diastereoselectivity (10:1). The relative stereochemistry was
initially assigned by comparison of experimental 1H and 13C
chemical shifts with those computed for possible diastereo-
mers using quantum chemical methods [mPW1PW91/6-311 +

G(2d,p)//M06-2X/6-31 + G(d,p), scaled].[23] The structure was
later confirmed by X-ray crystallography, thus indicating that
DFT methods can be used for other products for which
crystallography is not feasible.

The SmI2-mediated cyclization of the 67 presumably
involves reductive generation of an aryl radical. Next, 5-
exo-trig cyclization might be accompanied by migration of the
B(pin) moiety. We are unaware of previous examples of
radical migrations of boronic esters. Current efforts aim to
characterize this process more completely and determine its
generality. Of note, performing the cyclization in the presence
of D2O formed (�)-[D]68 with deuterium incorporation at
C6. Finally, we remain uncertain why the 2-substituted
pyridine 87 cyclized with high regio- and diastereoselectivity.
The ground-state conformation of this substrate orients the
large aryl ring towards the unsubstituted C6. Clearly, cycliza-
tion occurs from an alternative conformation. Understanding
these provocative observations, and expanding the synthetic
applications of the dihydropyridine boronic esters are the
subjects of ongoing studies.
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