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ABSTRACT:Thefirst highly selective catalytic hydro-
boration of alkyl-substituted aldimines to provide
medicinally relevantα-amidoboronates is disclosed. The
Cu(I)-catalyzed borylation proceeds with excellent facial
selectivity when a set of planar-chiral N-heterocyclic
carbenes (NHCs) were employed as ligands. Density
functional theory computations suggest that interactions
between BPin and the planar-chiral catalyst are respon-
sible for the observed stereoselectivity. Important
pharmacophores, such as the boronate analogue of
isoleucine, can be prepared using a chromatography-free
protocol starting from commercially available reagents.
The application of these NHC ligands in these Cu(I)-
catalyzed processes offers a significant contribution to
existing strategies for laboratory-scale preparation of
enantioenrichedα-amidoboronates.

Boronic acids are widely useful reagents in organicsynthesis and constitute an important class of medicinal
pharmacophores.1 Since the discovery of the inhibitory
properties of boronic acids against serine proteases,2 α-
amidoboronic acids have emerged as particularly useful for
selective proteosome inhibition.3 Consequently, the α-
amidoboronate moiety can be used as an electrophilic
“warhead”for covalent protease inhibition, guided by the
peptide to which it is attached.3c,e,4The approval of Velcade
(Figure 1) in 2003 was a breakthrough clinical application of a
boronic acid peptidomimetic,5and since then, a rise in the
number of therapeutics using theα-amidoboronate motif has
been accompanied by increasing efforts toward their efficient
synthesis.6 The majority of therapeutically relevant α-
amidoboronates bear anα-alkyl functionality,7yet surprisingly
there are limited means to access these compounds in a
catalytic enantioselective manner.8In 1980, Matteson reported
the homologation of a chiral pinanediol to yield anα-
chloroboronic ester and subsequent nucleophilic displacement
to yield theα-amino adduct.9Alternatively, the diastereose-
lective borylation ofN-tert-butylsulfinyl aldimines by Ellman
avoids the use of organolithium reagents and is diastereose-
lective in nature (Figure 1).10Very recently, Baran has
reported a decarboxylative approach to install boronic acids
that can accommodateα-amino acid substrates.11In addition
to their therapeutic potential,α-amidoboronates could serve as

potential metal-catalyzed cross-coupling partners, if both aryl-
and alkyl-substitutued species could be accessed with high
levels of efficiency and selectivity.
While enantioselective imine borylations to access alkyl
amidoboronates currently operate at levels below synthetic
utility, some alternative approaches to construct this motif via
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Figure 1.Overview ofα-amidoboronate synthesis strategies.
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alkene functionalization have recently emerged.12For example,
Miura disclosed an elegant Cu(I)-catalyzed hydroamination of
alkenyl boronates to produce tertiary amines,12awhile Tang
accessed enantioenriched tertiary aminoboronates via a Rh(I)-
catalyzed hydroboration.12bGiven the increasing utility ofα-
alkyl amidoboronates and the dearth of processes to produce
them enantioselectively, we sought to develop a system that
could (1) deliverα-alkylamidoboronates directly from imines,
(2) use starting materials readily prepared from commercially
available reagents, and (3) leverage the unique steric and
topological characteristics of our family of planar chiral N-
heterocyclic carbene ligands.
We have been engaged in developing Lewis bases for
organocatalysis and transition-metal-mediated processes,13

with a focus on new classes of N-heterocyclic carbenes
(NHCs). We disclosed the development of a distinct class of
planar-chiral NHCs in 2015,14 which are based on the
pyridine-annulated iron sandwich complexes pioneered by
Fu.15These ferrocene-based imidazolium derivatives possess
tunable elements, allowing for a variety of substituents to be
introduced on either the iron-complexed N-heterocyclic
scaffold and/or the lower cyclopentadienyl (Cp) ring. We
anticipated that the atypical stereochemical environment
presented by these NHCs as ligands could be exploited to
enable asymmetric organometallic transformations that remain
unsolved using the current state of the art. To enhance our
limited understanding of the relevant molecular and structural
interactions present in this otherwise unexplored class of
NHCs, we anticipated that modeling studies (empirical andin
silico) would be crucial to benchmark the reactivity and
selectivity of these NHCs as ligands for asymmetric organo-
metallic catalysis.
A survey of asymmetric transformations facilitated by chiral
Cu(I)-NHC complexes identified that the asymmetric
diboration ofalkylaldimines remains a significant gap in the
knowledge to date. We initiated our studies on this reaction
first with respect to identifying compatible imine substrates for
our catalysts. A preliminary reaction screen using Cu(I)-NHC
catalystA,B2Pin2, and 10 mol % NaOt-Bu in toluene revealed
N-benzoyl-protectedα-tosylamines (e.g.,1a,Figure 2A) as
ideal imine precursors.N-Benzoyl cyclohexylimine generated
in situvia deprotonation of1awith excess Cs2CO3

8cgave
adequate yields of the desiredα-amidoboronate2a(Figure 2A,
entry 2). Further evaluation identified catalystCas capable of
facilitating the reaction with high enantioselectivity (97:3 er).
Surprisingly, catalysts bearing larger substitution on the
wingtipN-aryl ring or the Cp ring of the ferrocene decreased
both enantiomeric ratio (er) and yield (entries 1−7). In the
absence of CuCl, no significant conversion was observed using
the precursor imidazolium chloride toC, thus discounting a
metal-free mechanism.10c In contrast to the analogous
hydroboration of alkenes,16we found that protic additives
completely suppressed the reaction (entry 11). Other alkoxide
bases led to decreased er in all cases (entries 12−14).
Switching from Cs2CO3to K2CO3negatively impacted yield,
presumably due to slower aldimine formation; however er
remained unaffected (entry 16).
We were intrigued by the wide variability in reaction
enantioselectivity among the different Cu(I)-NHC catalysts
screened. For instance, pentaphenyl-Cp-derived catalystsB,D,
andGall gave product with uniformly low yield (∼40%) and
modest er (∼70:30). To gain a better sense of the steric
demand presented by these ligands in comparison to other

known classes of chiral NHC ligands, we calculated buried
volume (%VBur) on a subset of our NHC-metal complexes.
This parameter provides a useful relative assessment of the
overall steric encumbrance around a hypothetical metal center
for a set of ligands.17Our analyses revealed that functionaliza-
tion of the pendant Cp ring (e.g., pentamethyl-CpCvs
pentaphenyl-CpG) had the greatest effect on calculated total
buried volume (Figure 2B). Notably, 51.3% of the simulated
coordination sphere was occupied for NHCG. This value is
extremely large for Arduengo-type NHCs, which typically
range between 20% and 35%.17b Among carbenes, the
extremely large %VBurofGis only approached by Bertrand’s
CAAC-type NHC ligands (51.2%VBur)

18 and Glorius’s
(−)-menthone-derived IBiox NHC (47.8%VBur).

19Examining

Figure 2.(A) Optimization. (B) Buried volume analysis.aSee
Supporting Informationfor details.bDetermined by 1H NMR
spectroscopy.cDetermined by HPLC (chiral stationary phase).
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other Cp*-derived NHCs revealed the wingtipN-aryl group
had minimal impact on calculated %VBur(39.5%VBurforC). All
complexes examined were characterized by a large occupancy
in their“southwest”quadrant (as depicted), where the bulky
Cp rings are positioned. The large difference in %VBurbetween
CandGdemonstrates the potential tunability of these ligands
through either simple modulation of the Cp base of the planar
NHC scaffold or more complex N-aryl substituents.
We next explored the scope of the asymmetric borylation
promoted by catalystCusing our optimized conditions. A
variety of primary and secondaryα-amido-pinacolatoboronate
esters (2) were obtained in excellent enantioselectivity (Table
1). Interestingly, isobutyl-substituted2dwas obtained with
diminished er using catalystC; however substituting catalystH
furnished2din excellent er (99:1). Product2f, possessing a
more sterically encumberedo-bromobenzoyl protecting group,
was also formed with excellent enantioselectivity (99:1). Aryl
substrates (2j−l) required alternative solvents to observe good
enantioselectivities (MTBE and DCM), albeit with lower
isolated yields. Finally, the absolute stereochemistry of2bwas
assigned through X-ray crystallography, revealing catalyst
(−)-Cproduced2bin theS-configuration.
While we identified conditions that could provide a range of
α-amidoboronates with high enantioselectivity, certain prod-
ucts exhibited a large discrepancy between isolated and NMR
spectroscopy-based yields. The diminished mass recovery is
attributed to SiO2-catalyzed protodeborylation of the products
during conventional chromatographic purification. Potassium
trifluoroborate (BF3K) salts typically exhibit markedly
improved stability in relation to their acid and ester analogues,
as well as diminished solubility in organic solvents, which often
allows their isolation to be conducted via simple precip-
itation.20Thus, we sought means to convert the crudeα-
amidoboronates (2) to their BF3K salts (3) in an additional
workup step that might circumvent the need for chromatog-
raphy altogether. Initial attempts at converting some unpurified
pinacol esters to their corresponding salts via exposure to an
aqueous solution of KHF2afforded the desired trifluoroborate
in low yields.21However, milder conditions developed by

Lennox22 allowed for direct conversion of unpurified
enantioenrichedα-amido-BPin esters2to the corresponding
BF3K salts3in a two-step, chromatography-free procedure
with considerably improved yields (Table 1,3a−f).
Cu(I)-mediated borylations are currently understood to
proceed through a four-membered transition state involving
initial alignment of the Cu−B and XC bonds.23With this
foundation, we surmised that in the course of this reaction
copper(I) chloride precatalystCisfirst converted to active
alkoxideI, which can then undergoσ-bond metathesis with
B2Pin2, to yield copper boryl speciesII(Figure 3A).
After deprotonation of sulfinyl species1, the resultant imine
(4) can undergoσ-bond metathesis as depicted in transition
stateIII. Protonolysis of amidateIVwithtert-butanol could
yield the product (2), or exchange ofIVwith an additional
equivalent of B2Pin2 could afford bis(boronate)5; then
subsequent protonolysis would also lead to product2.
A model of the observed selectivity in the aldimine
borylation is depicted inFigure 3B. Analysis of the crystal
structure of catalyst (−)-C, as well as buried volume
calculations (seeFigure 2), reveals a clearly discernible
“open”northwest quadrant. The proposed major transition
state (III) depicts an approach of theE-aldimine via the top
face of the NHC anti to the ferrocene. In this arrangement, the
benzoyl group occupies the open quadrant, minimizing steric
repulsion with the out-of-plane catalysto,o-dimethoxyphenyl
ring, possibly participating in stabilizingπ-stacking with the
ferrocene and its adjacent ring. To fashion a deeper
understanding of the composite energetic factors governing
catalyst selectivity, we initiated density functional theory
(DFT) studies to further elucidate the origins of selectivity
in the borylation reaction. The computed major and minor
borylation transition states of imine4by catalystCare shown
inFigure 4. The major TS leading to the experimentally
favored enantiomeric product is 2.3 kcal/mol more stable than
the minor TS, in good agreement with experiments (ΔG⧧= 2.1
kcal/mol).
Distortion−interaction analyses of the transition states were
performed. The relative imine distortion energies and the

Table 1. Substrate Scopea

aIsolated yields. Enantiomeric ratio was determined by chiral HPLC analysis of the corresponding MIDA boronates. (SeeSIfor details.)bCatalyst
Hwas used instead ofC.cNot isolated (seeSIfor details).dSolvent = MTBE.eSolvent = DCM.

Journal of the American Chemical Society Communication

DOI:10.1021/jacs.8b05045
J. Am. Chem. Soc.2018, 140, 10644−10648

10646

http://dx.doi.org/10.1021/jacs.8b05045


interaction energies are small and inconsequential (ΔG= 0.7
and−1.1 kcal/mol, respectively). The bulk of the selectivity
arises from the differences in distortion energies of the copper-
Bpin species (ΔG= 2.6 kcal/mol).
Overlaying these copper-Bpin species found in the two
transition states reveals two major differences (seeSI): (1) the

ferrocene is eclipsed in the minor TS and staggered in the
major TS; (2) one of the Bpin oxygens is in closer proximity to
the ferrocene in the major TS than the minor TS (O−Fe
distance is 5.1 vs 5.4 Å, two C−H···O interactions vs one,
respectively). We had originally hypothesized that the eclipsed
vs staggered ferrocene conformations may be responsible for
the selectivity. To test this hypothesis, we computed the
eclipsed and staggered conformations of the copper boryl
speciesII. The staggered was indeed found to be more stable
than the eclipsed, but only slightly so (ΔG= 0.5 kcal/mol).
This suggested that the Bpin oxygen ferrocene interaction is
responsible for the bulk of the difference and therefore the bulk
of the stereoselectivity (∼2 kcal/mol).25

In summary, we have developed thefirst highly selective
catalytic hydroboration of alkyl-substituted aldimines. This
approach involves the deployment of new planar-chiral NHC-
copper complexes to control the delivery of the boron
nucleophile to thein situformed imine. This ligand set
provides a distinctive tunable buried volume parameter that
could be advantageous in other transition-metal-catalyzed
processes. DFT computations provide strong evidence for the
stereochemical rationale. The overall synthetic process has
been streamlined to be entirely chromatography-free in most
cases. This platform can now provide the community with
rapid access to a range ofα-amidoboronates with medicinally
relevant properties that could also serve as versatile building
blocks in other metal-catalyzed transformations.
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