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An Enantioselective Synthesis of Spirobilactams through Copper-
Catalyzed Intramolecular Double N-Arylation and Phase Separation
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Abstract: Spirobicyclic structures are versatile building blocks
for functional chiral molecules. An enantioselective synthesis
of chiral spirobilactams via a copper-catalyzed double N-
arylation was developed. Amplification of solution ee by in situ
precipitation of the racemate was observed with this method
and enantioenriched spirobilactams were obtained with excel-
lent ee values through simple solid—solution phase separation.

The spirobicyclic framework is a key structural unit found in
many natural products, pharmaceuticals, materials, and chiral
ligands.?) The preparation of optically active spirocyclic
compounds has attracted much attention from the synthetic
community owing to their unique structural features and
synthetic challenges. With the development of asymmetric
organometallic chemistry and organocatalysis, a variety of
methods for the asymmetric synthesis of spirobicyclic com-
pounds have been realized.”* However, the development of
novel methods for the practical and efficient synthesis of
chiral spirocyclic compounds is still of great interest.
N-containing spirobicyclic compounds® such as spirobi-
lactams and dibenzospriodiamines are versatile building
blocks for functional chiral molecules, such as ionophores or
potential chiral auxiliaries.”! In our continuous efforts
towards the development of enantioselective desymmetric
aryl C—N coupling reactions for the synthesis of N-hetero-
cycles,™®l the products obtained in these reactions were
further utilized for the synthesis of a variety of N-spirobicyclic
compounds through later-stage transformations.’*® Even
though these transformations are simple, multiple steps are
necessary and we believed that such structures could be
formed more efficiently through copper-catalyzed double N-
arylation, as shown in Scheme 1. There is only one similar
example for this kind of reaction, a Pd-catalyzed method
reported by Sasai in 2009.”! In their work, excellent yields but
only low to moderate enantioselectivities were obtained in
most cases. The low enantioselectivity may be a consequence
of the strong background reactions of the 2,2-bis(2-haloben-
zyl)-N,N’-dimethylmalonamide substrates themselves.
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Scheme 1. Highly enantioselective synthesis of spirobilactams.

Enantiocontrol may also be a problem in copper-cata-
lyzed double N-arylation with 2,2-bis(2-halobenzyl)malona-
mides, as observed in our previous enantioselective desym-
metric N-arylation of maloamides for the synthesis of
tetrahydroquinolines.™ It remains a challenge to improve
the enantioselectivity of such reactions simply by modifying
the chiral ligands.

The physical and chemical properties of racemic com-
pounds may be very different from those of enantiomers.
These differences have been exploited in the isolation of an
enantioenriched isomer from scalemic compositions,"”! either
through controlled crystallization, distillation, or sublimation.
A variety of examples for enantioenrichment through phase
separation have been reported by Morowitz,'!! Black-
mond,">"! Bleslow,'™ Feringa,'™ Cooks!'" and other
groups,l'” ¥ and such processes are well known in prebiotic
chemistry for understanding the origin of homochirality.!"”
Crystallization represents an ideal separation technology in
terms of simplicity and cost effectiveness and is a practical
and efficient method for enantioenhancement from scalemic
compositions. Many compounds, such as amino acids, sugars,
and tartaric acids, have been reported to be less soluble as
racemates than as the pure enantiomers."”! The amplification
of solution ee may thus be realized through crystallization or
precipitation of racemates from their enantiomeric counter-
parts.

In this work, we observed an amplification of solution ee
through in situ precipitation of the racemates. Highly enan-
tioenriched spirobilactams were produced with good yields
and excellent ee values through the combination of a copper-
catalyzed reaction and simple insitu crystallization of the
products.

L1 was initially chosen as the ligand to explore the model
reaction of 2,2-bis(2-iodobenzyl)malonamide (1a). The reac-
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tion was performed in MeCN at 70°C for 24 h with Cs,CO; as
the base (Scheme 2). A higher concentration of 1a benefits
the reaction efficiency and leads to the starting material being

NH,  CullL1*

Cs,CO3, MeCN
70°C, 24 h
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99% ee from the solution
69% from the solid
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Scheme 2. Copper-catalyzed double N-arylation for the formation of

spirobilactams.

completely transformed into the spirobicyclic product 2a,
while a small amount of monocyclization byproduct was
detected at a relatively lower concentration. After the
reaction was complete, some precipitates were produced.
After filtering off the solid, the double N-arylation product 2a
from both the solid and the solution was isolated through
regular workup and the ee values were measured by HPLC by
reducing the lactam into its corresponding benzospirodiamine
3ain order to minimize measurement errors as a result of the
poor solubility of 2a. We were surprised to find that 99 % ee
was obtained for 2a from the solution (13 % yield) but only
69 % ee for 2a from the solid (86 % yield).

Obviously, an amplification of solution ee existed in the
model reaction as a result of the crystallization or precip-
itation of the racemate from the solution. To take advantage
of this phenomenon, a highly enantioselective synthetic
method for the formation of spirobilactams was developed.

First, for better evaluation of the efficiency of enantio-
control by chiral ligands, we directly reduced 2a into its
spirodiamine 3a after the double N-arylation was complete.
Compound 3a is soluble in organic solvents and determina-
tion of the ee value by HPLC is straightforward. With L1 as
the ligand, other solvents like dioxane, toluene, and DMF
were first screened and gave inferior results (Table 1,
entries 2-4). Furthermore, bases and several 1,2-diamine-
derived ligands were explored, with L4 giving slightly better
enantioselectivity at 70°C with Cs,COj; as the base (Table 1,
entry 9). Lower reaction temperature (55°C) improved the
enantioselectivity (Table 1, entry 10). However, at this tem-
perature, the starting material was not completely trans-
formed into the double N-arylation product, and monocycl-
ized byproduct was detected.

With the best chiral ligand and optimized reaction
conditions in hand (Table 1, entry9), we then designed
a practical process for the highly enantioselective formation
of spirobilactams from 1a through double N-arylation. Since
most of the enantiopure product was also precipitated
together with the racemate during the reaction, we added
more solvent into the mixture, stirring for 1 hour to bring
most of the desired solid product into solution at a relatively
small cost in terms of ee values after the reaction was
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Table 1: Screening Reaction Conditions."!

1) Cul/L* conditions
2) LiAlH,4, THF

Entry L*  Solvent  Base Yield [%6]®  ee [%]
1 L1 MeCN  Cs,CO, 70 93 73
2 L1 dioxane Cs,CO;4 70 82 63
3 L1 toluene Cs,CO;, 70 45 72
4 L1 DMF Cs,CO, 70 67 73
5 L1 MeCN K,CO, 70 60 70
6 L1 MeCN K;PO, 70 85 72
7 L2 MeCN  Cs,CO, 70 89 68
8 13 MeCN  Cs,CO, 70 94 70
9 L4 MeCN Cs,CO;4 70 96 77
10 l4 MeCN  Cs,CO, 55 82 82

[a] Reagents and conditions: Ta (0.20 mmol, 1.0 equiv), Cul (0.04 mmol,
20 mol %), ligand (0.05 mmol, 25 mol %), base, (0.5 mmol, 2.5 equiv),
solvent (2 mL), stated temperature, 24 h. DMF = N,N-dimethylforma-
mide. [b] Isolated yields. [c] Determined by HPLC analysis from reduced
product 3a.

complete. The precipitate was removed from the solution.
Compound 2a was obtained in 78 % yield and with 95% ee
from the filtrate through a regular workup process.

This approach provides a simple and efficient method for
the enantioselective synthesis of chiral spirobilactams. We
then explored the substrate scope with a variety of substrates
(Table 2). All of the reactions proceeded very well and
afforded the desired double N-arylation products in high
yields and with excellent enantioselectivity. Substituents such
as alkyl, methoxyl, halogen, and ester groups on the aryl ring
were well tolerated. An exception is compound 21i, which has
a trifluoromethyl group on the aryl ring. In this case, the solid
obtained from the precipitation of the reaction showed higher
ee than from the solution. Therefore, after the reaction was
complete and the solid-solution equilibrium was established,
the mixture was directly filtered and the solid was purified
through a regular workup process to afford 2h in 62 % yield
and with 99% ee.

As previously reported® and observed in our experi-
ments, such double N-arylation proceeds through a two-step
process (Scheme 3). The enantioselectivity is established in
the first desymmetric cyclization and no obvious kinetic
resolution is observed in the second cyclization, as confirmed
by a control experiment (see the Supporting Information).
The cyclization/reduction of racemic monocyclic compound
4a afforded the coupling product and the recovered starting
material without enantioselectivity. The absolute configura-
tion of compound 2 a obtained in the reaction was assigned as
S by comparing its reduction product benzospirodiamine 3a
with our reported data.™ The absolute configurations of
other products and monocyclized intermediates were
assigned by analogy to that of compound 2a.
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[a] Reagents and conditions: 1 (0.2 mmol, 1.0 equiv), Cul (0.04 mmol,
20 mol %), L4 (0.05 mmol, 25 mol %), Cs,CO;, (0.5 mmol, 2.5 equiv),
MeCN (2 mL), 70°C, 24 h. Yields of isolated product are given. The ee
values were determined by HPLC analysis after reduction. [b] Data
obtained for the solid after filtration.
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Scheme 3. The reaction process and assignment of absolute configu-
ration.

Based on this understanding of the reaction process, we
envisioned that the enantioselective synthesis of C1-symmet-
ric spirobilactams should be feasible with this method. As
shown in Table 3, although the first cyclization afforded
a mixture of two monocyclization products, both of them
furnished the same spirobilactams in the subgequent cycliza-
tion. The desired spirobilactam products were obtained in
good yields and with excellent enantioselectivity through the
combination of this copper-catalyzed method and phase
separation. Different substituents on the aryl ring were well
tolerated. Note that compound 8d, which shows good
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Table 3: Enantioselective synthesis of C1-symmetric spirobilactams.?!
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[a] Reagents and reaction conditions: 1 (0.2 mmol, 1.0 equiv), Cul
(0.04 mmol, 20 mol %), L4 (0.05 mmol, 25 mol %), Cs,CO;, (0.5 mmol,
2.5 equiv), MeCN (2 mL), 70°C, 24 h. Yields of isolated product are
given. The ee values were determined by HPLC analysis after reduction.
[b] Without phase separation and the ee value was measured directly
with 8d through HPLC.

solubility in this system, provided no obvious amplification
of solution ee.

In summary, we have developed a highly efficient and
enantioselective synthesis of spirobilactams through copper-
catalyzed double N-arylation and manipulation of the phase
behavior. The precipitation of racemates greatly amplifies the
solution ee and makes this process simple and practical. A
wide range of substrates worked well with this method,
affording the desired products in high yields and with
excellent enantioselectivity. Further exploration and applica-
tion of this method in organic synthesis is in progress in our
laboratory.
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