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ABSTRACT: Boronic acids are an increasingly important
compound class for many applications, including C−C bond
formation reactions, medicinal chemistry, and diagnostics.
The deprotection of boronic ester intermediates is frequently
a problematic and inefficient step in boronic acid syntheses.
We describe an approach that highly facilitates this trans-
formation by leveraging the volatility of methylboronic acid
and its diol esters. The method is performed under mild
conditions, provides high yields, and eliminates cumbersome
and problematic purification steps.

Various synthetic procedures, such as metal-catalyzed CH-
activations,1 asymmetric hydroborations,2−4 or decarbox-

ylative borylations,5−7 have been recently developed to provide
access to a promising chemical space.8 Most modern
procedures rely on diboron compounds, such as B2pin2, to
afford stable boronic esters as key intermediates after C−B
bond formation. Stereoselective borylations like the well-
known Matteson homologation use the pinanediol group as a
protecting group and chiral auxiliary.9 However, the depro-
tection of those intermediates can be very troublesome. The
recently emerged borylation reactions and the increasingly
recognized value of boronic acid derivatives in medicine and
diagnostics provide considerable incentive to develop efficient,
versatile, and technically feasible deprotection approaches.
Established deprotection methods for boronic esters can be

classified into the “harsh deprotections” and “biphasic
transesterifications” (Scheme 1). The harsh approaches include
the transborylation with boron trichloride,10−13 reductive
cleavage with lithium aluminum hydride,14,15 oxidative
cleavage with sodium periodate,16,17 or the hydrolysis with
potassium hydrogen difluoride.18−23 However, these reagents
are hazardous and not tolerant of many functional groups,
causing limitations in scope and technical applicability. In
addition, subsequent purification steps by chromatography can
be problematic because of limited on-column stability and
polarity of the products.
Similar difficulties are inherent to biphasic transesterification

methods that involve phenylboronic acid or isobutylboronic
acid, whose application is limited to polar reactants, because
substrate and product must be soluble in the aqueous or
methanolic phase.16,24 However, even during synthesis of polar
peptide boronic acids, e.g. the proteasome inhibitor
bortezomib or ixazomib, the yields can be low.25−27

Transesterifications with diethanolamine are highly depend-
ent on polarity differences between the corresponding

diethanolamine salt and the free boronic acid, which results
in a narrow substrate scope.28−30 A solid-phase trans-
esterification using polystyrene-boronic acid has also been
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Scheme 1. Representative Procedures for the Deprotection
of Boronic Esters
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reported, but an excess of expensive resin is required and the
protocol is mainly restricted to aromatic substrates.31

In an ongoing project that involves the synthesis of boronic
acid building blocks for drug discovery,32,33 we recently
struggled with the deprotection of boronic acid pinacol esters.
Neither the biphasic transesterification with phenylboronic
acid nor the transborylation with boron trichloride or the
diethanolamine protocol gave the desired products, mostly due
to polarity issues or functional group incompatibilities. In order
to circumvent these issues, we investigated other possibilities
to develop a protocol that should be applicable to a wide range
of pinacol and pinanediol esters. The aim was to devise a mild
and efficient method that does not require any chromato-
graphic purification or time-consuming workup procedures.
We focused on the transesterification strategy, keeping in mind
that the method should be insensitive to choice of solvent to
ensure wide applicability. One idea was to involve a separation
procedure, such as evaporation, that is orthogonal to other
approaches. This could be realized by introducing a volatile
transesterification reagent whose volatility is increased upon
esterification with a pinacol unit. We reasoned that this should
drive the equilibrium to completion by consecutive evapo-
ration of byproducts and excess reagent. A convenient reagent
was found in the form of the inexpensive (∼1 $/€ per gram;
see the SI for details) and nonhazardous methylboronic acid, a
semivolatile solid. The corresponding pinacol ester was
described as a liquid with a boiling point of 120−122 °C
under atmospheric pressure.34 For the exploration of this idea,
we chose phenylboronic acid pinacol ester and its meta-
substituted amino derivative as model compounds due to their

stability and suitability for NMR reaction controls (see Figure
S-1 in the SI for further details).
On first attempts, DMF was chosen as solvent with a high

boiling point to allow evaporation of the methylboronic
pinacol ester from a liquid phase. Unfortunately, no significant
conversion under neutral conditions was observed (Table 1,
entries 1−2). However, the addition of small amounts of 2,4,6-
trimethylpyridine (TMP) increased the conversion rate
considerably (Table 1, entries 3−4). The use of DIPEA
resulted in lower conversions (Table 1, entry 5), but switching
to methylene chloride as solvent resulted in conversion rates
up to 95% (Table 1, entries 6−9), indicating that the choice of
base is not crucial. It was also shown that an increase of
reaction temperature accelerates the transesterification process
without influencing the equilibrium (Table 1, entries 10−11).
However, under basic conditions, workup steps would have to
be introduced since methylboronic acid and the product itself
would be prone to salt formation with the respective base.
Therefore, acidic conditions were tested, and almost

complete conversion was achieved using 5% trifluoroacetic
acid in methylene chloride after 2 h (Table 1, entries 14−15).
Without the addition of TFA, transesterification remained
negligible (Table 1, entry 13). No conversion occurred in
TFA/DCM in the absence of methylboronic acid (Table 1,
entry 12), demonstrating that transesterification is indeed the
underlying mechanism. The equilibrium was usually reached
within a few hours as exemplified in Figure 1. Since
methylboronic acid is less volatile than its pinacol ester, the
reaction was driven to completeness during the evaporation
process, providing the pure desired product after removal of

Table 1. Optimization of Reaction Parametersa

entry R equiv of MeB(OH)2 solvent conditions conversionb (%)

1 H 0 DMF rt, on 0
2 H 3 DMF rt, on 2
3 H 2 5% TMP/DMF rt, 2 h 56
4 H 2 5% TMP/DMF rt, on 75
5 H 3 5% DIPEA/DMF rt, on 15
6 H 1 5% DIPEA/DCM rt, on 40
7 H 3 5% DIPEA/DCM rt, on 80
8 H 5 5% DIPEA/DCM rt, on 95
9 NH2 2 5% DIPEA/DCM rt, on 49
10 NH2 10 5% TMP/DMF rt, 17 h 40

rt, 23 h 57
rt, 42 h 76
rt, 50 h 89

11 NH2 10 5% TMP/DMF 40 °C, 17 h 80
40 °C, 23 h 86
40 °C, 42 h 89
40 °C, 50 h 89

12 NH2 0 5% TFA/DCM rt, on 0
13 NH2 5 DCM rt, on 7
14 NH2 2 5% TFA/DCM rt, 2 h 83
15 NH2 3 5% TFA/DCM rt, 2 h 95
16 H 3 5% TFA/DCM rt, on 99 (97)c

17 NH2 3 5% TFA/DCM rt, on 99 (99)c

aReactions were performed on 0.2 mmol scale. bDetermined by proton NMR of the crude reaction mixture. cIsolated yield, based on free boronic
acid; on: overnight.
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excess methylboronic acid, the byproduct, and the solvent from
the reaction vessel.
Occasionally, NMR signals that resembled residual methyl-

boronic acid, resistant to evaporation, persisted in the product.
We hypothesized that these signals originate from mixed
anhydrides, such as heteroboroxines,35 that are formed during
the evaporation process. Fortunately, this issue could easily be
resolved by adding 0.1 N hydrochloric acid to the crude
product and repeated evaporation. This led to the disappear-
ance of contaminant methyl group signals, indicating−as
expected−complete reversibility of the anhydride formation
and removal of residual methylboronic acid without
chromatography or extraction. It was therefore straightforward
to deprotect both model compounds in quantitative yields with
no further purification steps (Table 1, entries 16−17). Final
compounds were therefore obtained as hydrochloride salts if
they contained basic groups.
With suitable reaction conditions in hand, the scope of the

protocol was examined. Aromatic derivatives 1a, 2a, 3a, 4a, 5a,
and 6a could be transformed easily and quantitatively into their
corresponding acids (Table 2, conditions A). No difference in
efficacy was observed between ortho-, meta-, and para-
substituted aromatic compounds. Moreover, compound 1a
was transesterified quantitatively in a gram-scale experiment,
thereby demonstrating the utility of the reaction for technical
processes. Aliphatic compound 7a was deprotected exception-
ally fast, since the product was insoluble in methylene chloride,
driving the equilibrium to completion within 30 min. Boronic
ester 8a could also be transesterified completely, but the
isolated yield was slightly lower due to product volatility. For
the deprotection of thiophene-2-boronic acid pinacol ester
(9a) under conditions A, only degradation products were
obtained (data not shown). We reasoned that trifluoroacetic
acid might promote protodeboronation and therefore switched
the solvent system to a binary mixture of 0.1 N hydrochloric
acid and acetone (conditions B). With these conditions, the
desired product 9 could be isolated in 96% yield. Similar

results were achieved with the deprotection of vinylic
compound 10a and α-aminoboronic ester 11a.

Figure 1. Time dependency of the transesterification progress.
Reactions were performed on 0.2 mmol scale in the respective solvent
(100 mM) at room temperature. Quantification was done by proton
NMR of the crude reaction mixture.

Table 2. Scope of the Monophasic Transesterification

aIsolated yield, based on free boronic acid. A: 5% TFA/DCM. B: 0.1
N HCl/acetone (1:1, v/v). C: 0.1 N NaOH/acetone (1:1, v/v). pin:
pinacol; pnd: (+)-pinanediol. Detailed synthetic procedures are
provided in the Supporting Information.
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Since the synthesis of peptide boronic acids recently became
a prominent field, especially in medicinal chemistry, we
included the synthesis of the approved proteasome inhibitors
bortezomib (12) and ixazomib (13) in our studies. The
pinacol and pinanediol esters of both peptides were
synthesized and deprotected using conditions B in excellent
yields. Even the exceptionally stable pinanediol esters 12b and
13b could be readily deprotected, however with slightly longer
reaction times compared to the respective pinacol esters 12a
and 13a. If done on scale, valuable chiral auxiliaries like the
pinanediol group could also be recovered by employing
literature-known methods.36 However, we did not attempt or
pursue this for the examples in Table 2.
Using the new deprotection procedure, we did not

encounter any problems deprotecting the initially desired
building blocks N-Fmoc-(2-aminoethyl)boronic acid pinacol
ester (14a) and N-Fmoc-(4-aminobenzyl)boronic acid pinacol
ester (15a) in excellent yields. It should be noted that our
efforts to generate tertiary aliphatic boronic acids failed, likely
due to their limited stability and high susceptibility to
autoxidation processes.
To gain access to the deprotection of acid-sensitive

substrates we also developed a protocol using basic conditions.
Using a binary solvent mixture of 0.1 N sodium hydroxide
solution and acetone, the Boc protected derivative 16a was
transesterified completely overnight. The solution was carefully
neutralized with 0.1 N hydrochloric acid and concentrated to
dryness. The remaining residue was resuspended in acetone,
allowing the sodium chloride precipitate to be easily filtered off
to obtain the pure product in 97% yield after solvent
evaporation (Table 2).
To investigate the behavior of diboron compounds, B2pin2

was treated with methylboronic acid under conditions A. It was
shown that B2pin2 can be converted into 2 equiv of water-
soluble boric acid, presumably via tetrahydroxydiboron as an
intermediate that readily decomposes in aqueous acidic media
under ambient atmosphere (Scheme 2). The transesterification

can therefore facilitate the purification after borylation
reactions, since diboron compounds are being used in excess
throughout modern borylation reactions, but often remain
persistent as impurities even after column chromatography.
In conclusion, we have developed a versatile protocol for the

deprotection of boronic esters that can be adapted to its
substrate in terms of solvent choice, equivalents of
methylboronic acid, and reaction time, leading to exceptionally
high yields. Due to the easy workup procedure, it can also be
implemented into high-throughput synthesis protocols. It is
expected that the monophasic transesterification approach
described here will facilitate the synthesis of boronic acids and
thereby augment their utility in cross-coupling reactions and
for the identification of new lead structures in medicinal
chemistry.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.9b00584.

Full synthetic procedures and analytical data of all
intermediates and final compounds; 1H, 13C, and 11B
NMR spectra (PDF)

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: c.klein@uni-heidelberg.de.
ORCID

Christian D. P. Klein: 0000-0003-3522-9182
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are grateful to Tobias Timmermann for NMR support and
Heiko Rudy (IPMB, Heidelberg University) for measuring
high resolution mass spectra. We also thank Lena Bender,
Lennart Brack, and Tim Sarter (IPMB, Heidelberg University)
for their participation in the synthesis of intermediates.

■ REFERENCES
(1) Mkhalid, I. A. I.; Barnard, J. H.; Marder, T. B.; Murphy, J. M.;
Hartwig, J. F. C−H Activation for the Construction of C−B Bonds.
Chem. Rev. 2010, 110, 890−931.
(2) Beenen, M. A.; An, C.; Ellman, J. A. Asymmetric Copper-
Catalyzed Synthesis of α-Amino Boronate Esters from N-tert-
Butanesulfinyl Aldimines. J. Am. Chem. Soc. 2008, 130, 6910−6911.
(3) Wen, K.; Chen, J.; Gao, F.; Bhadury, P. S.; Fan, E.; Sun, Z. Metal
free catalytic hydroboration of multiple bonds in methanol using N-
heterocyclic carbenes under open atmosphere. Org. Biomol. Chem.
2013, 11, 6350−6356.
(4) Buesking, A. W.; Bacauanu, V.; Cai, I.; Ellman, J. A. Asymmetric
synthesis of protected alpha-amino boronic acid derivatives with an
air- and moisture-stable Cu(II) catalyst. J. Org. Chem. 2014, 79,
3671−3677.
(5) Xu, L. Decarboxylative Borylation: New Avenues for the
Preparation of Organoboron Compounds. Eur. J. Org. Chem. 2018,
2018, 3884−3890.
(6) Li, C.; Wang, J.; Barton, L. M.; Yu, S.; Tian, M.; Peters, D. S.;
Kumar, M.; Yu, A. W.; Johnson, K. A.; Chatterjee, A. K.; Yan, M.;
Baran, P. S. Decarboxylative borylation. Science 2017, 356,
No. eaam7355.
(7) Wang, J.; Shang, M.; Lundberg, H.; Feu, K. S.; Hecker, S. J.; Qin,
T.; Blackmond, D. G.; Baran, P. S. Cu-Catalyzed Decarboxylative
Borylation. ACS Catal. 2018, 8, 9537−9542.
(8) For a general overview of the field, see: Hall, D. G. Boronic Acids:
Preparation and Applications in Organic Synthesis, Medicine and
Materials, 2nd ed.; Wiley-VCH: Weinheim, 2011; pp 1−133.
(9) Matteson, D. S.; Majumdar, D. Alpha-chloro boronic esters from
homologation of boronic esters. J. Am. Chem. Soc. 1980, 102, 7588−
7590.
(10) Matteson, D. S.; Ray, R. Directed chiral synthesis with
pinanediol boronic esters. J. Am. Chem. Soc. 1980, 102, 7590−7591.
(11) Matteson, D. S.; Ray, R.; Rocks, R. R.; Tsai, D. J. S. Directed
chiral synthesis by way of alpha-chloro boronic esters. Organometallics
1983, 2, 1536−1543.
(12) Matteson, D. S.; Michnick, T. J.; Willett, R. D.; Patterson, C. D.
[(1R)-1-acetamido-3-(methylthio)propyl]boronic acid and the x-ray
structure of its ethylene glycol ester. Organometallics 1989, 8, 726−
729.

Scheme 2. Double Transesterification of B2pin2 Yields Boric
Acid Which Is Easily Removable from Crude Reaction
Mixtures

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b00584
Org. Lett. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00584
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00584
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b00584/suppl_file/ol9b00584_si_001.pdf
mailto:c.klein@uni-heidelberg.de
http://orcid.org/0000-0003-3522-9182
http://dx.doi.org/10.1021/acs.orglett.9b00584


(13) Jego, J. M.; Carboni, B.; Vaultier, M. A simple convenient
preparation of ω-aminoboronic acids and esters. J. Organomet. Chem.
1992, 435, 1−8.
(14) Brown, H. C.; Rangaishenvi, M. V. Organoboranes: LI.
Convenient procedures for the recovery of pinanediol in asymmetric
synthesis via one-carbon homologation of boronic esters. J. Organo-
met. Chem. 1988, 358, 15−30.
(15) Diemer, V.; Chaumeil, H.; Defoin, A.; Carre,́ C. Syntheses of
extreme sterically hindered 4-methoxyboronic acids. Tetrahedron
2010, 66, 918−929.
(16) Coutts, S. J.; Adams, J.; Krolikowski, D.; Snow, R. J. Two
efficient methods for the cleavage of pinanediol boronate esters
yielding the free boronic acids. Tetrahedron Lett. 1994, 35, 5109−
5112.
(17) Falck, J. R.; Bondlela, M.; Venkataraman, S. K.; Srinivas, D.
Bromo-Boronolactonization of Olefins. J. Org. Chem. 2001, 66, 7148−
7150.
(18) Matteson, D. S.; Kim, G. Y. Asymmetric Alkyldifluoro-boranes
and Their Use in Secondary Amine Synthesis. Org. Lett. 2002, 4,
2153−2155.
(19) Yuen, A. K. L.; Hutton, C. A. Deprotection of pinacolyl
boronate esters via hydrolysis of intermediate potassium trifluor-
oborates. Tetrahedron Lett. 2005, 46, 7899−7903.
(20) Murphy, J. M.; Tzschucke, C. C.; Hartwig, J. F. One-Pot
Synthesis of Arylboronic Acids and Aryl Trifluoroborates by Ir-
Catalyzed Borylation of Arenes. Org. Lett. 2007, 9, 757−760.
(21) Inglis, S. R.; Woon, E. C. Y.; Thompson, A. L.; Schofield, C. J.
Observations on the Deprotection of Pinanediol and Pinacol
Boronate Esters via Fluorinated Intermediates. J. Org. Chem. 2010,
75, 468−471.
(22) Molander, G. A.; Ito, T. Cross-Coupling Reactions of
Potassium Alkyltrifluoroborates with Aryl and 1-Alkenyl Trifluor-
omethanesulfonates. Org. Lett. 2001, 3, 393−396.
(23) Molander, G. A.; Rivero, M. R. Suzuki Cross-Coupling
Reactions of Potassium Alkenyltrifluoroborates. Org. Lett. 2002, 4,
107−109.
(24) Wityak, J.; Earl, R. A.; Abelman, M. M.; Bethel, Y. B.; Fisher, B.
N.; Kauffman, G. S.; Kettner, C. A.; Ma, P.; McMillan, J. L. Synthesis
of Thrombin Inhibitor DuP 714. J. Org. Chem. 1995, 60, 3717−3722.
(25) Zhu, Y.; Zhao, X.; Zhu, X.; Wu, G.; Li, Y.; Ma, Y.; Yuan, Y.;
Yang, J.; Hu, Y.; Ai, L.; Gao, Q. Design, Synthesis, Biological
Evaluation, and Structure−Activity Relationship (SAR) Discussion of
Dipeptidyl Boronate Proteasome Inhibitors, Part I: Comprehensive
Understanding of the SAR of α-Amino Acid Boronates. J. Med. Chem.
2009, 52, 4192−4199.
(26) Pickersgill, I. F.; Bishop, J. E.; Koellner, C.; Gomez, J.-M.;
Geiser, A.; Hett, R.; Ammoscato, V.; Munk, S.; Lo, Y.; Chiu, F.-T.;
Kulkarni, V. R. Synthesis of boronic ester and acid compounds. 2005,
Patent No. US 2005/0240047 A1.
(27) Elliott, E. L.; Ferdous, A. J.; Kaufman, M. J.; Komar, S. A.;
Mazaik, D. L.; McCubbin, Q. J.; Nguyen, P. M.; Palaniappan, V.;
Skwierczynski, R. D. Boronate ester compounds and pharmaceutical
compositions thereof. 2009, Patent No. WO 2009/154737 A1.
(28) Matteson, D. S.; Arne, K. H. Carbanions from alpha-phenylthio
boronic esters as synthetic intermediates. Organometallics 1982, 1,
280−288.
(29) Kinder, D. H.; Ames, M. M. Synthesis of 2-amino-3-
boronopropionic acid: a boron-containing analog of aspartic acid. J.
Org. Chem. 1987, 52, 2452−2454.
(30) Sun, J.; Perfetti, M. T.; Santos, W. L. A method for the
deprotection of alkylpinacolyl boronate esters. J. Org. Chem. 2011, 76,
3571−5.
(31) Pennington, T. E.; Kardiman, C.; Hutton, C. A. Deprotection
of pinacolyl boronate esters by transesterification with polystyrene−
boronic acid. Tetrahedron Lett. 2004, 45, 6657−6660.
(32) Lei, J.; Hansen, G.; Nitsche, C.; Klein, C. D.; Zhang, L.;
Hilgenfeld, R. Crystal structure of Zika virus NS2B-NS3 protease in
complex with a boronate inhibitor. Science 2016, 353, 503−5.

(33) Nitsche, C.; Zhang, L.; Weigel, L. F.; Schilz, J.; Graf, D.;
Bartenschlager, R.; Hilgenfeld, R.; Klein, C. D. Peptide−Boronic Acid
Inhibitors of Flaviviral Proteases: Medicinal Chemistry and Structural
Biology. J. Med. Chem. 2017, 60, 511−516.
(34) Brown, H. C.; Park, W. S.; Cha, J. S.; Cho, B. T.; Brown, C. A.
Addition compounds of alkali metal hydrides. 28. Preparation of
potassium dialkoxymonoalkylborohydrides from cyclic boronic esters.
A new class of reducing agents. J. Org. Chem. 1986, 51, 337−342.
(35) Korich, A. L.; Iovine, P. M. Boroxine chemistry and
applications: A perspective. Dalton Transactions 2010, 39, 1423−
1431.
(36) Brown, H. C.; Rangaishenvi, M. V. Organoboranes: LI.
Convenient procedures for the recovery of pinanediol in asymmetric
synthesis via one-carbon homologation of boronic esters. J. Organo-
met. Chem. 1988, 358, 15−30.

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b00584
Org. Lett. XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acs.orglett.9b00584

