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ABSTRACT: A reaction exemplifying migration of
boron-substituted carbon is described. We show that α-
boroalkyl groups of transient boroalkyl acyl azide
intermediates readily migrate from carbon to nitrogen.
This process allows access to a new class of stable
molecules, α-boryl isocyanates, from α-borylcarboxylic acid
precursors. The methodology facilitates synthesis of a wide
range of α-aminoboronic acid derivatives, including α,α-
disubstituted analogues.

Organoboron compounds are widely used in material
science and medicinal chemistry,1 but their efficient

preparation remains a long-term challenge. Over the past
decade, the use of boronic acids containing a unique gem-
aminoboron motif has drawn attention both in academia and in
the pharmaceutical industry. A number of studies have
documented the utility of aminoboronic acid derivatives as
biochemical probes of protein function.2 These studies hinge
on reversible covalent interactions that are possible between
boron and nucleophilic protein residues. The realization of gem-
aminoboronic acids as promising drug candidates culminated in
the recent success of Bortezomib (Velcade), an FDA-approved
boropeptide used for the treatment of multiple myeloma.3 Such
studies have resulted in increased interest in the design of
boron-containing peptides. The emergence of biotechnology
companies that are focused on the boropeptide platform further
underscores the growing interest in this area.4

Despite the significance of the gem-aminoboron functionality,
the application of these molecules in chemical biology and drug
discovery programs is made difficult by the lack of methods
adaptable to synthesis under mild reaction conditions.5 The
vast majority of established synthetic routes to organoboron
reagents involve late-stage installation of a new carbon−boron
σ-bond, which presents chemoselectivity challenges. We have
been interested in developing reactions that transpose carbon−
boron bonds under mild conditions (Figure 1). If successful,

reactions of this type can be used in skeletal rearrangement of
boron-containing precursors. To the best of our knowledge,
reactions accompanied by migration of boron-substituted
carbon are presently unknown. Here we show that the
migration of an α-boroalkyl group from carbon to nitrogen
occurs under mild conditions, allowing access to a class of
hitherto unknown bench-stable α-boryl isocyanates.6 α-Boryl
isocyanates were found to afford new opportunities to
efficiently prepare a range of α-amino boronic acid derivatives,
including urea-containing boronic acids, boropeptides, and α,α-
disubstituted variants.
Recent reports from our laboratory and from that of Martin

Burke disclosed the synthesis of α-boryl aldehydes.7 As part of
our efforts aimed at demonstrating synthetic applications of
these molecules, we showcased their oxidative conversion into
configurationally stable α-borylcarboxylic acids. With these
molecules in hand, we questioned the possibility of α-boroalkyl
migration as a general means of assembling gem-aminoboron
compounds. When 1a was subjected to one-pot diphenylphos-
phoryl azide (DPPA)/Et3N-mediated Curtius rearrangement
conditions (50 °C, 1 h),8,9 we detected a clean conversion of
the starting material to α-boryl isocyanate 2a, which exhibited
an IR stretch of 2244 cm−1 and a 13C NMR chemical shift of
122.9 ppm, consistent with the presence of isocyanate
functionality. 2a was isolated in 71% yield as a white powder
after silica gel chromatography and was found to be stable to
storage at ambient temperature. This result prompted us to test
the generality of the preparation of stable α-boryl isocyanates. A
range of monosubstituted α-borylcarboxylic acids 1a−i were
subjected to one-pot Curtius rearrangement conditions (Table
1). The reaction worked well with aryl substrates 1a,b. Primary
and secondary alkyl-substituted α-borylcarboxylic acids 1d−h
also afforded the desired isocyanates in good to excellent yields.
To obtain stereochemical insight into this novel migratory

process, α-borylcarboxylic acids 3a,b were prepared as single
diastereomers (dr > 95:5) using diastereoselective epoxidation
of vinyl boronates7b followed by stereospecific rearrangement
and oxidation (see Supporting Information). 3a,b were
subjected to one-pot Curtius rearrangement conditions
(Scheme 1). 1H NMR analysis revealed that α-boryl isocyanate
4b was produced from alkyl-substituted acid 3b with complete
retention of stereochemistry (dr > 95:5). The rearrangement of
phenyl-substituted acid 3a resulted in the isocyanate product 4a
with a slightly eroded diastereomeric ratio (dr = 85:15). This
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Figure 1. Migration of an α-boroalkyl group.
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could be attributed to the vulnerability of the acidic α-proton in
either the acid starting material or the isocyanate product to the
basic reaction conditions.
The facile preparation of α-boryl isocyanates encouraged us

to investigate their downstream transformations to generate α-
aminoboronic acid derivatives. To explore this possibility, we
first tried to generate the free amino group from α-boryl
isocyanates by direct acid hydrolysis. Treatment of α-boryl
isocyanate 2d with 3.0 M HCl aqueous solution in MeCN
afforded α-aminoboronic acid 5 (eq 1). The hydrolysis not only

resulted in the formation of an amine from the isocyanate
functional group but also converted the N-methyliminodiacetyl
boronate (MIDA boronate) to the free boronic acid.
We then explored the reactivity of boryl isocyanates toward

amines and alcohols with the ultimate goal of preparing α-boryl
ureas and carbamates, respectively. We had initially suspected
that conditions required for nucleophilic attack at the
isocyanate would be incompatible with the adjacent boronate

functionality. Interestingly, reactions between α-boryl isocya-
nates and different types of amines were found to occur
smoothly at room temperature in THF with retention of the
boronate groups. A series of α-boryl urea products 6 (α-ureido
MIDA boronates) were obtained in good to excellent yields
(Scheme 2). All aliphatic amines afforded the desired products

in full conversion within 1−5 h, although reactions with
aromatic amines, such as aniline, reached 50% completion only
after 12 h (Scheme 2, 6e). In contrast to the facile reactions
between amines and α-boryl isocyanates, alcohols were found
to be reactive only in the presence of CuCl in DMF.10 By
choosing different alkoxy nucleophiles, a series of α-amino
MIDA boronates 7 with representative amino-protecting
groups were obtained (Scheme 3). In view of the wide use of

ureas and carbamates in medicinal chemistry and material
science, these borylated analogues are expected to find utility in
solid-phase peptide synthesis. The orthogonality of protecting
groups in these building blocks will be useful in the synthesis of
complex boron-containing compounds.

Table 1. Preparation of α-Boryl Isocyanates via Curtius
Rearrangementa

aThe reactions were carried out using 1.0 equiv of α-boryl acid, 1.1
equiv of DPPA, and 1.1 equiv of Et3N in anhydrous MeCN at 50 °C
for 1 h. bIsolated yields after silica gel chromatography.

Scheme 1. Stereochemical Investigation of the α-Boroalkyl
Migrationa

aDiastereomeric ratios (dr) were determined by 1H NMR analysis of
crude reaction mixtures.

Scheme 2. Preparation of α-Boryl Ureasa

aThe reactions were carried out using 1.0 equiv of α-boryl isocyanate
and 1.5 equiv of amine in anhydrous THF at 23 °C for 1−12 h. bAll
yields in parentheses are isolated yields after silica gel chromatography.

Scheme 3. Preparation of α-Boryl Carbamatesa

aUnless specified otherwise, reactions were carried out using 1.0 equiv
of α-boryl isocyanate, 3.0 equiv of alcohol, and 1.0 equiv of CuCl in
anhydrous DMF at 23 °C for 3 h. bAll yields in parentheses are
isolated yields after silica gel chromatography. cThe reaction was
carried out using 10.0 equiv of t-BuOH at 70 °C for 24 h.
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A range of deprotection conditions were tested in the hopes
of chemoselective release of the free boronic acid or amino
group. For instance, treating 6c with 1.0 M aqueous NaOH in
THF at room temperature selectively removed the MIDA
protecting group to afford the α-ureidoboronic acid 8 (eq 2).

The combination of boronic acid and urea functionality in the
same molecule has potential for applications in organocatalysis
and molecular recognition.11−14 A Pd(PPh3)4-catalyzed deal-
lylation of carbamate 7d gave stable α-amino boronate 9,
leaving the (MIDA)boryl group intact (Scheme 4).15 To the

best of our knowledge, stable α-aminoboronic acid derivatives
containing an unsubstituted primary α-amino group are
presently unknown.16 Subsequent coupling of 9 with N-Cbz-
leucine successfully afforded the MIDA-protected boro-
dipepetide 10 as a mixture of two diastereomers, which were
easily separated by flash silica gel chromatography in good
yields.
The successful preparation of monosubstituted α-amino-

boronic acids via boryl isocyanates encouraged us to further
pursue the synthesis of α,α-disubstituted derivatives. This type
of α-aminoboronic acid analogue is not easy to obtain due to
the difficulties in installing a quaternary α-carbon center using
known methodologies.17 To evaluate the feasibility of α-
boroalkyl migration for the synthesis of α,α-disubstituted
aminoboronic acids, we chose α-borylcarboxylic acid 12 as a
testing ground (Scheme 5). 12 can be prepared from the
corresponding monosubstituted α-boryl aldehyde by a
sequence of transformations involving palladium-catalyzed α-
allylation and oxidation.18 Gratifyingly, the Curtius rearrange-
ment of 12 occurred smoothly at 50 °C in MeCN. Although a
longer reaction time was required for full conversion, α-boryl
isocyanate product 13 was afforded in good yield. Further
transformations of 13, such as acidic hydrolysis and
nucleophilic attack, were conducted. The final α,α-disubstituted
aminoboronic acid products 14 and 15 were thus successfully
obtained.
In summary, we have realized the first example of an α-

boroalkyl group migration and accessed a range of α-boryl
isocyanates. These novel bench-stable molecules have enabled
mild and convenient access to a wide range of α-aminoboronic
acid derivatives, including carbamates, ureas, and peptides.
Additionally, this methodology allows for the facile preparation
of α,α-disubstituted analogues. Given the advances in
isocyanate chemistry19,20 and the recent developments in
cross-coupling applications of organoboron compounds,21 we

expect that our discovery will find utility in synthesis and
medicinal chemistry.
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T.; Whiting, A.; Zawatzky, K. Chem. Commun. 2008, 3879. (d) Arnold,
K.; Batsanov, A. S.; Davies, B.; Whiting, A. Green Chem. 2008, 10, 124.
(e) Arnold, K.; Davies, B.; Giles, R. L.; Grosjean, C.; Smith, G. E.;
Whiting, A. Adv. Synth. Catal. 2006, 348, 813. (f) Rao, G.; Philipp, M.
J. Org. Chem. 1991, 56, 1505. (g) Letsinger, R. L.; Dandegaonker, S.;
Vullo, W. J.; Morrison, J. D. J. Am. Chem. Soc. 1963, 85, 2223.
(h) Letsinger, R. L.; Morrison, J. D. J. Am. Chem. Soc. 1963, 85, 2227.
(i) Letsinger, R. L.; MacLean, D. B. J. Am. Chem. Soc. 1963, 85, 2230.
(j) Letsinger, R. L.; Dandegaonker, S. H. J. Am. Chem. Soc. 1959, 81,
498.
(15) An alternative approach to access 9, involving direct treatment
of α-boryl isocyanate 2a with a mild aqueous base (e.g., 5% NaHCO3,
sat. NaHCO3, and 5% Na2CO3) in polar solvents (e.g., MeCN, THF)
for various periods of time, did not afford the desired product. The
reactions resulted in decomposition of 2a to intractable mixtures.
(16) α-Aminoboronic acid derivatives containing free primary or
secondary α-amino groups are usually unstable due to the fast 1,2-
migration of the boron group from carbon to nitrogen: (a) Matteson,

D. S.; Sadhu, K. M. Organometallics 1984, 3, 614. (b) Laplante, C.;
Hall, D. G. Org. Lett. 2001, 3, 1487.

(17) Preparation of α,α-disubstituted aminoboronic acids with poor
yields was documented: Priestley, E. S.; Decicco, C. P. Org. Lett. 2000,
2, 3095.
(18) St. Denis, J. D.; He, Z.; Yudin, A. K. Chem. Commun. 2012,
under revision.
(19) Review: Braunstein, P.; Nobel, D. Chem. Rev. 1989, 89, 1927.
(20) Selected recent examples: (a) Onodera, G.; Suto, M.; Takeuchi,
R. J. Org. Chem. 2012, 77, 908. (b) Lee, Y.-H.; Chen, Y.-C.; Hsieh, J.-
C. Eur. J. Org. Chem. 2012, 247. (c) Hesp, K. D.; Bergman, R. G.;
Ellman, J. A. J. Am. Chem. Soc. 2011, 133, 11430. (d) Oberg, K. M.;
Rovis, T. J. Am. Chem. Soc. 2011, 133, 4785. (e) Miura, T.; Mikano, Y.;
Murakami, M. Org. Lett. 2011, 13, 3560. (f) Sasaki, K.; Crich, D. Org.
Lett. 2011, 13, 2256. (g) Miura, T.; Morimoto, M.; Murakami, M. J.
Am. Chem. Soc. 2010, 132, 15836. (h) Shintani, R.; Tsuji, T.; Park, S.;
Hayashi, T. J. Am. Chem. Soc. 2010, 132, 7508. (i) Dalton, D. M.;
Oberg, K. M.; Yu, R. T.; Lee, E. E.; Perreault, S.; Oinen, M. E.; Pease,
M. L.; Malik, G.; Rovis, T. J. Am. Chem. Soc. 2009, 131, 15717. (j) Yu,
R. T.; Friedman, R. K.; Rovis, T. J. Am. Chem. Soc. 2009, 131, 13250.
(k) Friedman, R. K.; Rovis, T. J. Am. Chem. Soc. 2009, 131, 10775.
(l) Koya, S.; Yamanoi, K.; Yamasaki, R.; Azumaya, I.; Masu, H.; Saito,
S. Org. Lett. 2009, 11, 5438. (m) Oberg, K. M.; Lee, E. E.; Rovis, T.
Tetrahedron 2009, 65, 5056. (n) Shintani, R.; Park, S.; Shirozu, F.;
Murakami, M.; Hayashi, T. J. Am. Chem. Soc. 2008, 130, 16174.
(o) Church, T. L.; Byrne, C. M.; Lobkovsky, E. B.; Coates, G. W. J.
Am. Chem. Soc. 2007, 129, 8156. (p) Kondo, T.; Nomura, M.; Ura, Y.;
Wada, K.; Mitsudo, T.-A. J. Am. Chem. Soc. 2006, 128, 14816. (q) Yu,
R. T.; Rovis, T. J. Am. Chem. Soc. 2006, 128, 12370. (r) Tanaka, K.;
Hagiwara, Y.; Hirano, M. Angew. Chem., Int. Ed. 2006, 45, 2734. (s) Yu,
R. T.; Rovis, T. J. Am. Chem. Soc. 2006, 128, 2782. (t) Duong, H. A.;
Cross, M. J.; Louie, J. J. Am. Chem. Soc. 2004, 126, 11438. (u) Trost, B.
M.; Fandrick, D. R. J. Am. Chem. Soc. 2003, 125, 11836.
(21) Recent examples of Suzuki−Miyaura cross-coupling involving
secondary alkyl (non-cyclopropyl) boronates: (a) Lee, J. C. H.;
McDonald, R.; Hall, D. G. Nat. Chem. 2011, 3, 894. (b) Sandrock, D.
L.; Jean-Gerard, L.; Chen, C.-Y.; Dreher, S. D.; Molander, G. A. J. Am.
Chem. Soc. 2010, 132, 17108. (c) Ohmura, T.; Awano, T.; Suginome,
M. J. Am. Chem. Soc. 2010, 132, 13191. (d) Owston, N. A.; Fu, G. C. J.
Am. Chem. Soc. 2010, 132, 11908. (e) Endo, K.; Ohkubo, T.;
Hirokami, M.; Shibata, T. J. Am. Chem. Soc. 2010, 132, 11033.
(f) Lundin, P. M.; Fu, G. C. J. Am. Chem. Soc. 2010, 132, 11027.
(g) Imao, D.; Glasspole, B. W.; Laberge, V. S.; Crudden, C. M. J. Am.
Chem. Soc. 2009, 131, 5024. (h) van den Hoogenband, A.; Lange, J. H.
M.; Terpstra, J. W.; Koch, M.; Visser, G. M.; Visser, M.; Korstanje, T.
J.; Jastrzebski, J. T. B. H. Tetrahedron Lett. 2008, 49, 4122. (i) Ohmura,
T.; Awano, T.; Suginome, M. Chem. Lett. 2009, 38, 664. (j) Dreher, S.
D.; Dormer, P. G.; Sandrock, D. L.; Molander, G. A. J. Am. Chem. Soc.
2008, 130, 9257. (k) Saito, B.; Fu, G. C. J. Am. Chem. Soc. 2008, 130,
6694. (l) Molander, G. A.; Gormisky, P. E. J. Org. Chem. 2008, 73,
7481.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja304173d | J. Am. Chem. Soc. 2012, 134, 9926−99299929


