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A chiral 6-membered annulated N-heterocyclic (6-NHC) copper complex that catalyzes B-borylations with high yield and enantioselectivity was
developed. The chiral 6-NHC copper complex is easy to prepare on the gram scale and is very active, showing 10 000 turnovers at 0.01 mol
% of catalyst without significant decrease of enantioselectivity and with useful reaction rates.

N-Heterocyclic carbenes (NHCs) are excellent organocata-
lysts and ligands.® 6-Membered N-heterocyclic carbene
(6-NHC) metal complexes have unique electronic and
steric properties’ and show improved properties over
5-NHCs in some cases.®®®' In surprising contrast to
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organocatalytic carbenes,® however, no fused cyclic NHC-
metal catalysts with rigid chiral groups have exhibited high
enantioselectivity.* Recognizing the strengths of both 6-N-
HCs and annulated NHCs, we designed a 6-NHC with arigid
core (imidazoquinazoline) formed by segments B and C,
steric blockade D, and chiral group A (Figure 1). Here, we
present the synthesis of this new ligand and its rhodium and
copper(l) complex. We also demonstrate that copper(l)
complex can induce high enantioselectivity in a known
reaction.
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Figure 1. Design of the 6-NHC ligand.

Ligand precursor 1 was prepared as shown in Scheme 1.
Fluoroimidazoline was synthesized via a known method>

Scheme 1. Synthesis of the 6-NHC Precursor 1
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and the mesityl group was installed by using a nucleophilic
aromatic substitution in 99% yield.>® Subsequent annulation
with NH4BF,/triethyl orthoformate provided the carbene
ligand precursor in 95% yield.

Salt 1 is a shelf-stable compound that is readily converted
into metal complexes by two standard approaches. The first
approach is to generate a carbene via addition of a suitable
base such as lithium hexamethyldisilazide followed by
addition of an appropriate metal salt.>*™ We used this
method to synthesize a 1-Rh complex that manifests itself
as a mixture that includes a 1:1 rhodium:1 and a 2:1
rhodium:1 species. The *H NMR spectrum shown in Figure
2 exhibits two sets of peaks that we have assigned as the
mono- and dirhodium species. The monorhodium species can
be produced by treating the mixture with supported or free
pyridine.

The stucture established by X-ray single-crystal diffraction
confirms our assignment of the NMR data as both the
dirhodium [(COD)Rh(u2—1)Rh(COD)] species (2) species
and monorhodium [(COD)Rh(1)] species (3) (COD = 1,5
cyclooctadiene) are cocrystallized in the unit cell of the
complex (Figure 3). The structures also enable an analysis
of the ligand geometry. It is evident from the data that the
annulated ligand 1 is planar and that the centra ring is
aromatic as indicated by the near 120° bond angles and
symmetric bond lengths. The crystal structure also demon-
trates that the mesityl group provides a steric blockade on
one side of the ligand and the diaminodiphenylethylene
moiety provides a chiral pocket.

The second method used to make metal-1 complexes
combines 1 with ametal salt followed by addition of a base.
The title copper(l) complex was made in this way>® and
though a crystal structure of this species has alluded us thus
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Figure 2. *"H NMR data of a mixture of 2 and 3 (top) and only 3
(bottom).
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Figure 3. Dirhodium (2) and monorhodium (3) species cocrystal-
lized in the structure of the 1-Rh complex.

far, the resulting compound is an orange, shelf-stable solid
that exhibits NMR and elemental analysis consistent with
complex 4 (Scheme 2). This copper(l) species was explored

Scheme 2. Synthesis of the 6-NHC Copper Chloride 4
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for catalytic activity and, as we discuss below, the catalyst
shows excellent properties, suggesting that our 6-NHC ligand
provides the necessary electronic and steric characteristics.

The conjugate addition of boron to electron-poor alkenes
(B-borylation) provides access to intermediates useful in the
construction of complex products. Prior studies reveal that
copper(l) catalystsyield 5-borylations with greater selectivity
than other transition metals,®’ presumably via a Cu—B
species.®® Though both chiral phosphine and 5-NHCs are
competent ligands for copper(l)-catalyzed [-borylations,
phosphine catalysts generally have exhibited higher enanti-
oselectivity.” Hoveyda's group, however, used a 5-NHC-
copper complex to hydroborate trisubstituted electron-poor
alkenes and styrenic akenes with high yield and
selectivity,”*1%? and aso demonstrated an organocatalytic
method requiring only a NHC to catalyze j3-borylations.*®
Thus far, no 6-NHC-copper complexes induce high enanti-
oselectivity for -borylation reactions. On the basis of the
reported success of copper(l)-catalyzed f-borylations, we
chose this reaction as amodel for determining if our 6-NHC
ligand could induce high enantioselection.

Exploratory studies'* revealed that 4 is a highly active
catalyst for 3-borylations, providing complete consumption
of starting materials within 1 min (1 mol % catalyst; 0 °C)
in diethyl ether to give 78% ee of the desired product.
Optimization revealed that higher selectivity could berealized
at —55 °C and that methanol was a necessary additive.

Complex 4 was successful at transforming a variety of
aliphatic and aromatic o, 3-unsaturated estersto 5-borylated
productsin high yield and enantioselectivity (Table 1). Linear
aliphatic substrates such as ethyl hexenoate and ethyl
octenoate had high enantioselectivities of 90% and 91%,
respectively (entries 2 and 3). Increased y-branching was
also well tolerated (entries 4—6). Methyl cinnamate gave the
highest ee (87% ee) among the methyl, ethyl, and isobutyl
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Table 1. Substrate Scope for 3-Borylated Ester Synthesis®

Q 4 (1 mol %) BPin O
/\)J\
Ry OR;y Et,0, NaOtBu (30 mol %), -55 °C R{ OR,
BoPing (1.1 equiv), MeOH (2 equiv), 6 h
entry substrate yield (%) ee (%)
o)
I A~ 93 90 (R)
(e)
2 2
o~ 9 90
3 /\/\/\)ok 90 91
OEt
o
4 Y\)LOB 91 96 (S)
o]
5 O/\)koa 95 90
o]
6 ﬁ/\*oa 92 91
(o)
7de @/\*om 88 87
o

gie /@/Vkoiau 91 82
o]

94! oiBu 95 96

104 oigu 90 92

a Reactions run under N atm and repeated more than 2 times. ® I solated
yields. ¢ Determined by GC or HPL C after oxidizing the boronate to alcohol
by the treatment with H,O,/NaOH. 9 Toluene as solvent. © 3 mol % catalyst
was used. f Reactions run at —30 °C.

esters of cinnamic acid, which is opposite to the crotonate
esters (90% ee) (entries 1 and 7).} Ortho-substituted
cinnamate esters also showed high selectivity (entries 9 and
10). These dataindicate that the 6-NHC ligand induces high
enantiosel ectivity.

To quantify the activity of 4, we reduced the catalyst
loading (Table 2). At 0.01 moal % of 4, the reaction proceeded

Table 2. Catalyst Loading Experiment

A Q 4 (X mol %) BPin O
@:\)\O'B“ BPin; (1.1 equiv), MeOH (2 equiv) @:‘\)Lomu
Toluene, NaOtBu (30 mol %), 0 °C

entry ester mol % time (min) convn (%)? ee (%) TON

1 44mg 10 <1 >99 92 10
2% 44mg 1 <1 >99 91 100
3 044g 0.1 3 >99 88 1000
4* 044g 0.05 80 >99 87 2000
5 20g 0.01 100 >99 (93)° 88 10 000

20.2 M. P04 M. ©0.8 M. 9 Determined by GC. ©lsolated yield.

within 100 min with high yield and enantiosel ectivity (entry
5). Though NHC-copper catalysts are known to provide very
high turnover numbers (TONS),*? we are unfamiliar with an
asymmetric case with this activity.
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In summary, we have synthesized a new annulated, chiral
carbene precursor (1) and produced two new metal com-
plexes using this ligand. The 6-NHC-rhodium complexes
yield acrystal structure that reveals the 6-NHC to be planar
about the carbene and the central ring to be aromatic. The
6-NHC-copper(l) complex (4) catalyzes -borylations with
high yield and enantiosel ectivity illustrating that the 6-NHC
ligand provides an excellent chiral environment. The catalyst
isalso very active, showing 10 000 turnovers at 0.01 mol %
of catalyst without significant decrease of enantioselectivity
and with useful reaction rates indicating that the 6-NHC
ligand provides an electronic environment about copper that
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enables high reactivity. Further studies concerning the
mechanism and expansion of reaction scope are underway.
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