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ABSTRACT: This manuscript describes asymmetric synthesis of chiral aziridinoquinoxalines using (R)-TRIP-catalyzed par-
allel kinetic resolution under transfer hydrogenation conditions. This resolution was successfully accomplished for 16 differ-
ent substrates and led to highly enantioenriched diasteromers with (R)-configuration of the newly formed stereocenter (32-
61% yield, 64-99% ee, for the (R R R)-diastereomers and 7-46% yield, 97-99% ee for the (S,S,R)-diastereomers). This process
could be coupled with ring-opening of the (S,S,R)-diastereomer with thiophenol to produce chiral tetrahydroquinoxalines
with three contiguous stereocenters.

Nitrogen-containing heterocycles are essential struc-
tural motifs present in a variety of biomolecules, natural
products and pharmaceuticals.! Nitrogen-containing heter-
ocycles have been of great importance to drug discovery,
and their preparation and exploration has been a driving
force for numerous recent studies in asymmetric synthesis
and catalysis. The rich chemistry of the aziridine ring has
attracted particular attention of the synthetic community.2
The aziridine-containing substrates are key to the synthesis
of nitrogen-containing compounds including cyclic and bi-
cyclic nitrogen containing heterocycles, and numerous re-
cent efforts have been focused on addressing various as-
pects associated with the synthesis and activation of the
aziridine rings.3

In contrast to simple aziridines, only few asymmetric
methods are available for the synthesis of the heterocyclic
systems containing fused aziridine rings such as aziridino-
quinoxaline 6 (Figure 1). The seminal studies by Gaunt and
coworkers#* have resulted in streamlined synthesis of fused
aziridines via sp3-C-H functionalization; however, no simi-
lar asymmetric methods are available for the synthesis of
benzene ring-containing heterocycles such as 6.35 This is
surprising considering that both the aziridine-containing
compounds such as mitomycin C (1), and compounds with
tetrahydroquinoxaline motifs, such as the Merck CETP in-
hibitor 27 and Glaxo-Smith-Klain BET bromodomain inhib-
itor GSK340 (3),8 have been extensively explored in drug
discovery (cf. Figure 1A). Although the racemic

aziridinoquinaxoline (z)-6 is readily accessible by a direct
condensation of brominated chalcone 4 and 1,2-benzenedi-
amine 5, its reactivity is not well-defined, and only few re-
actions of 6 leading to cycloadducts such as 7 and 8 have
been reported in the literature (Figure 1B).°
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Our group has long-standing interest in developing
asymmetric methods for accessing chiral oxygen- and



nitrogen-containing heterocyclic systems.l® Our recent
work highlighted the use of immobilized chiral phosphoric
acid, PS-Ad-TRIP, for continuous flow asymmetric transfer
hydrogenation of quinolines, 2H-1,4-benzoxazines, and 2H-
1,4-benzoxazin-2-ones.19411 Interested in extending these
transformations to more complex heterocyclic systems 6,
we investigated the possibility of achieving asymmetric
synthesis of chiral aziridinoquinoxalines 9 and 10 from the
readily available racemic materials (£)-6 via parallel kinetic
resolution (Figure 1C). Chiral phosphoric acids have been
previously used to achieve kinetic!2 and dynamic kinetic!3
resolutions; however, successful examples of utilizing these
transformations for the CPA-catalyzed parallel kinetic reso-
lution of racemic imines via transfer hydrogenation has not
been realized. The aziridine ring present in (£)-6 next to the
prochiral center presents a significant obstacle for achiev-
ing catalyst-based control, and a successful parallel kinetic
resolution protocol involving (£)-6 requires overcoming
this inherent challenge. This manuscript presents our de-
velopment of highly selective parallel kinetic resolutions us-
ing commercially available catalyst (R)-TRIP. This process
leads to novel chiral scaffolds 9 and 10 with excellent selec-
tivities and could be used to produce complex quinoxaline
derivatives 11 and 12 containing three contiguous stereo-
centers, which are not readily available by other meth-
ods.1415

Table 1. Catalyst evaluation for the parallel Kkinetic res-
olution of (1)-6a.2
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catalyst (5 mol %)

()-6a CHCly, rt, 18 h
entry catalyst R d.r.  9a,yield (%) 9a, ee (%)

1 BPPA Et 3411 76 0
2 BPPA t-Bu 14.4 1 61 0
3 (R)-1a t-Bu 1.0:0 49 19
4 (R)-1b t-Bu 1.0:0 54 8
5b (S)>-1¢ t-Bu 1.0:0 36 12
6b (S)-1d t-Bu 95:1 58 36
7 (R)-TRIP Et 2.9:1 61 85
8 (R)-TRIP t-Bu 2.1:1 46 93
9 (R)-TCYP t-Bu 25:1 40 89
10  (R)-PS-Ad-TRIP t-Bu 2.0:1 55 81
1 (R)-1e t-Bu 23:1 42 78
12 (R)-1f t-Bu 6.6:1 53 49

TRIP, Ar = 2,4,6-(i-Pr);CeHp, R = H, X = POH
TCYP, Ar = 2,4,6-(Cy)sCgHz, R = H, X = POH

R AT PS.Ad-TRIP, Ar = 2,6-(i-Pr),-4-(Ad)-CgHa, R = Styryl, X = PO,H
OO 1a, Ar = 3,5-(CF3),CeHa. R = H, X = PO,H
0.0 1b, Ar = 3,5-(-Pr),CeHa, R = H, X = PO,H
o™ x 1c, Ar = 3,5-(+Bu),CeH3, R = H, X = PO,H
OO 1d, Ar = CgFs, R = H, X = PO,H
R Ar 1e, Ar = 2,4,6-(-Pr);CgHa, R = NO,, X = PO,H

1f, Ar = 2,4,6-(-Pr)3CeHy, R = H, X = PO(NHTf)

aAll of the reactions were carried on 100 pmol scale in 2 mL of
the solvent. The enantioselectivity was determined by chiral
HPLC analysis. b(1S,1aS,2S)-enantiomer of 9a was favored.

Our studies commenced with subjecting known aziridi-
noquinoxaline (£)-6a to the standard ethyl- and t-butyl-
substituted Hantzsch esters in the presence of 5 mol% of
achiral biphenyl hydrogen phosphate (BPPA) as the catalyst
at room temperature (entries 1 and 2, Table 1). Both reac-
tion conditions led to highly diastereoselective reduction of

(£)-64a, providing 9a as the major product along with only
trace amounts of 10a (76% yield, 34:1 d.r. for R=Et, and
61% yield, 14.4:1 d.r. for X=t-Bu). These results suggested
that there is a significant impact of the 3-membered ring sit-
uated next to the imine functionality, and that the reduction
is inherently preferred from the face opposite to the aziri-
dine moiety. Our subsequent studies were focused on ex-
ploring various chiral phosphoric acids as the catalysts that
override this inherent substrate bias and dictate the reduc-
tion selectivity thus resulting in parallel kinetic resolution
of two enantiomeric forms 6 leading to both 9 and 10. The
exploration of (R)-BINOL-based CPAs containing meta-sub-
stituted 3,3’-aryl groups with t-butyl substituted Hantzsch
ester resulted in slow, but selective formation of 9a and no
diastereomer 10a was observed (entries 3-5). The moder-
ate enantioselectivities (19% ee for Ar = 3,5-(CF3)2CeHs, 8%
ee for Ar = 3,5-(i-Pr)2CéHs, and 12% ee for Ar = 3,5-(t-
Bu)2CsH3 coupled with the exclusive formation of 9a indi-
cate that these reductions proceed under substrate control
and the catalyst chirality has little impact on the facial selec-
tivity of the reduction. Similarly, the reaction with pen-
tafluorophenyl substituted catalyst 1d (entry 6) favored the
formation of 9a (9.5:1 d.r., 58% yield, 36% ee). In contrast,
the exploration of (R)-TRIP CPA containing 2,4,6-(i-
Pr)sCsHz groups at the 3,3’-positions of the BINOL scaffold
led to the significant improvement in enantioselectivity of
9a (entries 7 and 8). Thus, with (R)-TRIP as the catalyst, the
reduction of (£)-6a with the ethyl-substituted Hatzsch ester
produced 9a in 85% ee, 61% yield and 2.9:1 d.r. (entry 7).

Scheme 1. Detailed analysis of parallel kinetic resolu-
tion of (£)-6a leading to 9a and 10a.
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The use of t-butyl (instead of ethyl) Hantzsch ester has
resulted in a slower, but more selective reaction yielding
46% of 9a in 93% ee, and 2.1:1 d.r. (entry 8). With these re-
sults in hand, our further efforts focused on evaluating var-
iants of TRIP (entries 9-12) that included using TCYP, PS-
Ad-TRIP,10 6,6’-dinitrosubstituted TRIP (1e) as well as N-
triflyl phosphoramidate catalyst 1f. These further attempts
did not lead to the improvements in the enantioselectivity



of this reaction and the subsequent studies were carried out
with standard TRIP catalyst.

The observed results for the (R)-TRIP-catalyzed reduc-
tion suggest that not only product 9a, but also diastereomer
10a and starting material 6a may undergo enantioenrich-
ment. Indeed, a more detailed analysis of the reaction mix-
ture (cf. Scheme 1A) indicated that the reduction with ethyl
substituted Hantzsch ester (2 equiv.) resulted in enantioen-
riched 6a (21% yield, 92% ee), 9a (52% yield, 86% ee) and
10a (23% yield, 99% ee). Similarly, the use of the t-butyl
substituted Hantzsch ester (1.2 equiv.) also resulted in en-
antioenriched 6a (24% yield, 43% ee), 9a (46% yield, 93%
ee), and 10a (22% yield, 99% ee). Based on the X-ray crys-
tallographic analysis of the related derivatives 9g and 10g
(Scheme 2), and prior observations for the transfer hydro-
genation of quinolines and quinoxalines with (R)-enantio-
mer of CPA,1116 the stereoisomer distribution summarized
in Scheme 1B was calculated. (R)-TRIP favors formation of
(R)-configuration at the newly formed stereocenter. In the
case of substrate (1R,1aS)-6a, the selectivity imposed by
(R)-TRIP could be matched with the selectivity imposed by
the aziridine ring, and the resultant product (1R,1aR,2R)-
9a is expected to be the most favored product among the
four potential stereoisomers formed in this reaction. In
contrast, the reduction from the Si-face would provide a
double mismatched product (1R,1aR,25)-10a, which is ob-
served in only trace quantities in both cases. Therefore, the
formation of (IR,1aR,2R)-9a and (1R,1aR,2S)-10a from
(1R, 1aS)-6a proceeds with significant rate differences
(kar1ar2ry; Kuriarzs) = 191 for ethyl and 43.3 for t-butyl
Hantzsch esters). In contrast, the reduction of the enantio-
mer (1S,1aR)-6a has a mismatch between the catalyst-im-
posed and substrate-imposed selectivities. The observed
selectivities suggest that the catalyst-controlled product
(1S,1aS,2R)-10a formation is favored over the substrate-
controlled formation of (1S,1aS$,25)-9a (Ks1as2r); Kis,1as,25)
= 3.4 for ethyl and 5.2 for t-butyl Hantzsch esters). Con-
sistent with this model, (1R,1aS)-6a enantiomer is more re-
active than (1S,1aR)-6a, and kinetic resolution of these en-
antiomers is also observed under the reduction conditions
(S = 4.5 for ethyl Hantzsch ester, and S = 2.1 for t-butyl
Hantzsch ester).

Using the optimal conditions for the parallel kinetic reso-
lution (entry 6, Table 1), our subsequent studies focused on
exploring the substrate scope (Scheme 2). In addition to
9a/10a, the reduction conditions could be used to produce
1a-p-nitrophenyl-substituted products 9b/10b and 1a-p-
trifluoromethyl-substituted products 9¢/10c. The mixtures
of 9b/10b and 9¢/10c could not be readily separated by
flash chromatography, and one-pot functionalization proto-
col converting 10b and 10c to produce easily separable 11b
and 11c was used to carry out the analysis (cf. Scheme 3).
Remarkably, the introduction of electronwithdrawing
groups resulted in significant enantioselectivity enhance-
ment, and products 9b, 11b, and 9c and 11c were obtained
with excellent enantioselectivities (99% ee). In contrast, the
introduction of the C2-B-naphthyl substituent in substrate
6d resulted in a significant selectivity erosion for the major
diastereomeric product 9d (61% yield, 64% ee). The for-
mation of the diastereomer 10d was slower, but still

happened with excellent enantioselectivity (7% yield, 99%
ee). The previously unknown substrates 6e-61 carrying the
t-butyl substitution at the aziridine ring were explored next.
It is noteworthy that the significant steric bulk exhibited by
the t-butyl group did not impact the balance between the
catalyst vs. substrate control, and products 9 and 10 were
obtained in excellent selectivities and yields and were read-
ily separable by column chromatography for the subse-
quent analysis. Thus, C2-phenyl substituted products 9e
and 10e were obtained in 50% yield (95% ee) and 40%
yield (99% ee), correspondingly. The introduction of the p-
methoxyphenyl substituent at the C2-position of the
quinoxaline ring resulted in a significantly lower selectivity,
and diastereomer 9f was isolated in 48% yield, and 71% ee,
while 10f was formed in 38% yield and 99% ee.

Scheme 2. Substrate scope for the parallel kinetic reso-
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aThe reactions were run on 100 umol scale using Hatzsch es-
ter (1.2 equiv) 5 mol% of (R)-TRIP in CHCls for 18 h. bThe reac-
tions with 6a and 6e were performed on 1.0 mmol scale. <The
inseparable crude mixture of 9b and10b was subjected to one-
pot resolution with PhSH (cf Scheme 3A). The resultant prod-
uct was obtained as a 3:1 mixture of 9b:10b along with 27%,
99% ee of functionalized product 11b resulting from 10b. dThe



inseparable crude mixture of 9c and 10c was subjected to one-
pot reaction with PhSH (cf. Scheme 3A). The resultant product
was obtained as a 5.5:1 mixture of 9c:10c along with 15%, 99%
ee of ring-opening product 11c resulting from 10c.

At the same time, the diastereomer 10e was produced
in 40% yield and excellent selectivity (99% ee). In contrast,
placing electron-withdrawing groups such as cyano-,
fluoro-, trifluoromethyl- or carbomethoxy onto the C2-phe-
nyl substituent had a beneficial effect, and substrates 9g-9j
were obtained with good yields and excellent enantioselec-
tivities (49%-51% yield, 93-99% ee). Similarly, minor dia-
stereomers 10g-10j were obtained in 42-46% yield and
97-99% ee. Importantly, the structures of the reduction
products 9g and 10g were confirmed by the X-ray crystal-
lographic analysis, and their absolute and relative configu-
rations were consistent with the model depicted in Scheme
1. As in the case of substrate 6d, changing the C2-substitu-
tion to the B-napthyl (6k) or 2-thiophenyl (61) groups re-
sulted in eroded selectivity for the formation of major dia-
stereomers 9K (59% yield, 71% ee), and 91 (54% yield, 73%
ee); however, 10k and 101 were still formed with excellent
selectivity (99% ee). The use of previously unknown cyclo-
hexyl-substituted substrates 6m-60 resulted in excellent
yields and selectivities for both diastereomers (45-50%
yield, 97-99% ee for 9m-9o0, and 33-43% yield, 99% ee for
10m-100). Finally, subjecting ethyl-substituted substrate
6p led to the formation of overlapping products 9p/10p in
good enantioselectivities (88% ee and 99% ee) and 32%
yield and 13% yield, correspondingly. These results suggest
that this resolution method is tolerant to the structural
modifications at the aziridine ring; however, the selectivity
for the formation of diastereomer 9 depended on the nature
of the C2-substituent. At the same time, the selectivity for
the formation of 10 was independent on the substitution,
and all products 10 were obtained with excellent selectivi-
ties (97-99%).

Scheme 3. Exploring the reactivity of 9 and 10 with thi-
ophenol.
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The DFT studies of diastereomers 9a and 10a (cf. SI-
section III), suggest that diastereomer 10a carries excessive
strain energy (1.5 kcal/mol) relative to 9a. Surmising that
this feature might be used to selectively functionalize 10

and thus simplify the purification of the mixtures of 9 and
10, we investigated the possibility of a selective one-pot
parallel kinetic resolution leading to 9 and 11 (Scheme 3A).
Indeed, the aryl-substituted aziridines 10a-10c were found
to be significantly more reactive with thiophenol than their
diastereomers 9a-9c. Thus, simple addition of thiophenol to
the reaction mixture at the end of the reduction leads to
quantitative and selective formation of the ring-opened
product 11a in 99% ee. The resulting reaction mixture
could be conveniently purified to separate 9 from 11. It is
also noteworthy that major diastereomer 9a could also un-
dergo a ring-opening reaction with thiophenol to produce
diastereomeric product 12 (Scheme 3B); however, this is a
significantly slower process that requires elevated temper-
ature (65 2C). To the best of our knowledge, this is the first
example for the formation of chiral quinoxialines such as 11
or 12 and that contain three contiguous stereocenters, and
our protocol offers a streamlined synthesis of such com-
pounds from the readily available materials and catalysts.

In summary, a highly selective parallel kinetic resolution
leading to valuable and previously unknown aziridino-
quinoxalines 9 and 10 from readily available racemic fused
heterocycles 6 has been developed. This resolution was
achieved using transfer hydrogenation conditions with the
Hantzsch ester and commercially available (R)-TRIP as the
catalyst. The use of (R)-TRIP CPA was essential for over-
coming the selectivity imposed by the aziridine ring. The de-
tailed analysis of the product and starting material distribu-
tion suggests a complex interplay of the catalyst- and sub-
strate-imposed factors effecting the enantio- and diastere-
oselectivities. Thus, a highly enantioselective formation of
the diastereomer 10 (97-99% ee) was observed in all cases
as the enantiomer (1R,1aR,25)-10 would result from a dou-
ble mismatched reaction. Similarly, high enantioselectivi-
ties for 9 (64-99% ee) are due to the faster formation of the
double-matched enantiomer (1R,1aR,2R)-9 in comparison
to the mismatched enantiomer (1S,1as,25)-9, which suffers
from the opposing catalyst and substrate-dictated selectivi-
ties. The chiral aziridinoquinoxalines could be readily func-
tionalized by reactions with thiophenol to produce previ-
ously inaccessible tetrahydroquinoxalines 11 and 12 con-
taining three contiguous stereocenter.!’
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