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A chiral zirconium catalyst prepared from Zr(O'Bu), and a
chiral tridentate BINOL was found to be effective for
asymmetric meso-aziridine ring-opening reactions with aniline
derivatives. The N-benzhydryl group on the product obtained
was easily cleaved to give the corresponding amine in high yield
under reductive conditions.

Regioselective ring-opening reactions of meso-aziridines with
amines are an efficient methodology for providing chiral
1,2-diamine derivatives, which are useful building blocks for
the synthesis of natural products, as well as chiral organo-
catalysts and chiral ligands for enantioselective reactions.'
While asymmetric meso-epoxide ring-opening reactions have
been relatively well investigated,” the corresponding reactions
with aziridines have been less progressed.® Recently, some
successful examples using highly reactive nucleophiles such as
TMSCN, MeMgBr and TMSNj; have been reported.4

On the other hand, less reactive amine nucleophiles such as
aniline derivatives have not been well studied. Our group has
already disclosed that asymmetric ring-opening reactions of
meso-aziridines with aniline derivatives proceeded smoothly
using a chiral niobium catalyst, but that enantioselectivities
were not satisfactory (up to 84% ee).” We also found that a
chiral titanium catalyst promoted the ring-opening reactions
of meso-aziridines with high enantioselectivities.® In both
cases, o-methoxyphenyl group was employed as a N-protecting
group, however successful removal of this group from the
product in oxidative conditions was sometimes difficult. On
the other hand, in the course of our investigations to develop
more efficient catalysts for the activation of aziridines, we
focused on possibilities of Zr and Hf.” Herein we report
asymmetric ring-opening reactions of meso-N-benzhydryl
aziridines with anilines catalyzed by a Zr-BINOLate complex
(Scheme 1).

First, we conducted several ring-opening reactions using
cyclohexene oxide-derived aziridines bearing N-tosyl and
N-benzoyl groups in the presence of a chiral Nb or Ti catalyst.
In these aziridines their basicities are lower, which might
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Scheme 1 Asymmetric meso-aziridine ring-opening reaction of aniline.

facilitate catalytic Lewis acid activations. However, unexpectedly,
the reactions did not proceed at all in each case. Next, we
turned our attention to aziridines bearing N-benzyl and related
groups. While the aziridine bearing an N-benzyl group showed
poor reactivity, the aziridine bearing an N-benzhydryl group
gave the desired ring-opening product in good yield.
We further surveyed the catalysts and finally found that
zirconium-BINOLate complexes were promising, and a high
yield and moderate enantioselectivity were obtained when a
catalyst prepared from Zr(OPr), and (R)-tridentate BINOL 1
was employed (Table 1, entry 1).

Table 1 Asymmetric meso-aziridine ring-opening reaction of aniline”

Yield ee
Entry M(OR’), L’ Additives/mol% Temp./°C (%) (%)
1 Zr(OPr), 1 — rt 70 50
2 Zr(O'Bu), 1 — rt 54 29
3 Zr(O"Pr), 1 — rt 73 69
4 Zr(O"Pr); 1 — 0 76 73
5 Zr(O'Bu); 1  EtOH (100) 0 83 73
6 Zr(O'Bu), 1 "CsH;;OH (100) 0 82 75
7 Zr(O'Bu); 2 "CsH,,OH (100) rt 58 29
8 Zr(O'Bu), 3  "CsH;;OH (100) rt 69 9
9¢ Zr(O'Bu), 1 "CsH,;OH (50) 0 quant 73
10  Zr(O'Bu); 1 "CsH;;OH (50) —20 54 77
11 Hf(O'Bu); 1 — rt 96 20
12 Hf(O'Bu), 1 "CsH;,OH (100) rt 86 62
13 Hf(O'Bu), 1 EtOH (50) 0 83 71

“ The reaction was performed using aziridine 4a and aniline 5a
(1.2 equiv.) in toluene (0.1 M) at 0 °C for 48 h in the presence of a
chiral catalyst prepared from M(OR")4 (20 mol%), (R)-ligand (22 mol%)
and an additive unless otherwise noted. The absolute configuration of
the product has not been determined yet. ® (R)-Ligand. ¢ Catalyst
loading was 10 mol%, and concentration was 0.3 M. ¢ Catalyst
loading was 10 mol%, and concentration was 0.5 M.
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We then optimized the reaction conditions using the
aziridine 4a derived from cyclohexene oxide and aniline (5a)
as models. It was found that the alkoxide part of the Zr
catalyst influenced the reactivity and selectivity significantly.
While a complex of zirconium tert-butoxide and chiral ligand
1 showed poor enantioselectivity, the complex prepared from
zirconium primary alkoxide gave a higher selectivity (entries 2
and 3). Furthermore, the length of the alkoxide moiety was
investigated, and finally the zirconium complex prepared from
n-pentanol via exchange of the remaining fert-butoxy part was
found to be the best (entries 4-6). We also employed tridentate
BINOL 2 and tetradentate BINOL 3; however, the selectivities
were not satisfactory (entries 7 and 8). While the reaction
at lower temperature showed higher selectivities, and good
enantioselectivities were obtained (73 and 77% ee), the yields
were also moderate to high, even in the presence of 10 mol%
of the catalyst (entries 9 and 10). On the other hand,
Hf(O'Bu), was investigated instead of Zr(O'Bu),, and a similar
tendency was observed as a result, except that the Hf catalyst
was less stable and showed a higher selectivity when using
ethanol as an alcohol additive (entries 11-13).

Next, we investigated the substrate scope of the aziridine
ring opening reaction, and the results are summarized in
Table 2. It was found that aniline derivatives bearing
electron-withdrawing groups such as halogen atoms on the
benzene ring showed high yields and high enantioselectivities,
regardless of their less nucleophilic nature. When 3-halogen
and 3,4-dihalogen substituted aniline derivatives were used,
high enantioselectivities of over 80% ee were obtained
(entries 2-5). Other aniline derivatives containing electron-
withdrawing groups were also examined, and anilines bearing

Table 2 Substrate scope”

Entry 4 Ar Yield (%) ee (%)
1 4a Ph (5a) quant 73
2° 4a 3-CICgH, (5b) 80 86
3b 4a 3-BrCqH, (5¢) 80 83
4P 4a 3-IC¢H, (5d) 75 83
5 4a 3,4-ClL,C¢H; (5e) 90 85
6 4a 3-NCCgH, (5) 86 80
7 4a 3-0,NCgH, (5g) 55 84
8 4a 3-(EtOCO)CeHy (5h) 94 80
9 4a 3-MeOCgH, (5i) 92 80
10 4a 4-MeC¢Hy, (5) 86 73
11 4a 3-MeCgH, (5k) 72 76
12 4a 2-MeCgH, (51) 54 65
13° 4a 4-CF3C¢Hy4 (5m) 77 83
14 4a 3-CF5CgH, (5n) 73 86
15¢ 4a 3,5-(CF3)>CeH3 (50) 81 92
16% 4b 3,5-(CF3),CeHj3 (50) 96 93
17% 4c 3,5-(CF3)>CeHj; (50) 93 92
18 4d 3,5-(CF3),CgHj; (50) 51 86
19¢ 4e 3,5-(CF5),CeHj3 (50) 77 93
20/ af 3-CIC¢H,4 (5b) 56 80

“ The reaction was performed using aziridine 4 and aniline derivative 5
in toluene (0.3 M) at 0 °C for 48 h in the presence of the chiral Zr
catalyst prepared from Zr(O'Bu) (10 mol%), (R)-1 (11 mol%) and
n-pentanol (50 mol%) unless otherwise noted. The absolute
configurations of the products have not been determined yet.
b Reaction runs for 24 h. ¢ 3.0 equiv. of aniline derivatives were used.
Reaction time was 68 h. ¢ Reaction runs at —10 °C. ¢ Concentration
was 0.5 M./ 20 mol% catalyst was used. Concentration was 1.0 M.

cyano, nitro and ester groups gave high enantioselectivities
(entries 6-8). On the other hand, 3-methoxyaniline showed
good selectivity in spite of its electron-donating nature
(entry 9). However, selectivities slightly decreased when
methylanilines were used, and 2-substituted aniline did not
give a good result (entries 10—12). The trifluoromethyl group, a
strong electron-withdrawing group, was also a promising
substituent, and high enantioselectivities were obtained
(entries 13 and 14). Notably, 92% ee was obtained when
3,5-bis(trifluoromethyl)aniline was used (entry 15).

We also examined the reactions with other meso-aziridines
using 3,5-bis(trifluoromethyl)aniline as a nucleophile. Other
aziridines containing 6-membered ring systems gave high
yields and high enantioselectivities (entries 16 and 17). The
aziridine containing a 5-membered ring system worked well to
afford the desired diamine in high selectivity (entry 18). The
monocyclic aziridines derived from cis-butene oxide and
cis-hexene oxide also reacted with the aniline derivatives
in moderate to high yields with high enantioselectivities
(entries 19 and 20).

For cleavage of the benzhydryl group from the product,
Pd/C-H, or Et;SiH/TFA reduction® was found to be effective,
and the desired monoamine-free diamine was obtained in high
yield. In this reaction, recoverable and reusable polymer-
incarcerated palladium catalyst (PI-Pd)’ also worked well,
and an excellent yield was obtained (Scheme 2), which was
successfully employed in hydrogenation and Suzuki coupling
reactions.

Finally, we investigated amplification of the optical yield to
get information of structure of the Zr catalyst (Fig. 1). First,
we conducted the ring-opening reaction of 4a with 5a using
(R)-1 with low optical purity (op) that was prepared by mixing

PI Pd (5 mol%)
O:NHCHPI'IZ Hy, (1 atm) (:\L\\NHZ
NHPh EtOH, 70 °C, 36 h NHPh

quant

Scheme 2 Cleavage of the N-protecting group.

method A

method B

e ~ ®
=] o o
[=3) ~ o
o o (=1

i
o

wn

=1

product ee (%)
s
S

product ee (%)
L P
o

=}
w
(=}

20 20:F @ stirring
for 0.5 h
10 =@=cc of product 10 A stirring
for3.0h
0 0
0 20 40 60 80 100 0 20 40 60 80 100
ligand ee (%) catalyst ee (%)

method A: (R)-1 + (S)-1 + Zr(0OBu); —>
method B: (R)-Zr catalyst+ (S)-Zr catalyst

low op ligand catalyst

——> mixed catalyst
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Fig. 2 Assumed structures of the chiral zirconium complex.

optically pure (R)-1 ligand and (S)-1 ligand in proper ratio
(method A).

In this case, higher ees were nevertheless observed the less
optically pure ligands were used. This significant positive
non-linear effect (NLE) on the product ee could be explained
based on an assumption that some catalytically inactive
species containing an equal amount of R and S ligands formed
in the reaction system. Next, we conducted the reaction using
“mixed catalyst” prepared by mixing two optically pure
zirconium catalysts ((R)-catalyst and (S)-catalyst) that were
already prepared (method B). In method B, we performed two
types of experiments; the difference between the experiments
was only the ‘“catalyst mixing time”. One reaction was
conducted using the mixed catalyst, which was prepared by
30 min mixing of (R)-catalyst and (S)-catalyst (method B-1)
and the other was conducted using the catalyst prepared by 3 h
mixing (method B-2). In each case, while a significant NLE on
the product ee was observed, the degree of the NLE was a little
different; the NLE of B-2 was stronger than that of B-1. These
results indicated that the (R)- and (S)-Zr catalyst prepared
from each optically pure 1 could also form the inactive species
containing an equal amount of R and S ligands, easily. We
have already reported that the Zr catalyst prepared from
Zr(O'Bu),, ligand 1 and N-methylimidazole was efficient for
an asymmetric Mannich-type reaction, and elucidated that the
proposed structure of this catalyst was a monomeric form
according to DFT calculations, and NLE and NMR studies.'”
Based on those experiments, we firstly assumed that the Zr
catalyst consisted of a 1 : 1 complex of Zr and ligand 1, and
that it mainly existed as a monomer. However, the NLE
experiments of method A, method B-1 and B-2 showed
different curves on the graphs, which meant that the inactive
RS dimer or oligomer complex gradually generated. Considering
those results, the current Zr complex could form a dimer or
oligomer structure in the solution state. The main difference
from the complex for the Mannich-type reaction is absence
of N-methylimidazole, a coordinative Lewis base, which
could control the whole aggregation structure. The assumed
structures of the Zr complexes are shown in Fig. 2, although, it
is still unclear whether the real active species as a catalyst is
monomeric, or a dimeric or oligomeric form of the complex.

In conclusion, we have found that the chiral Zr-tridentate
BINOL complex was successfully employed for meso-aziridine
ring-opening reactions with a variety of aniline derivatives in
good yields with high enantioselectivities. The N-benzhydryl
group on the product obtained was easily cleaved in high yield
under reductive conditions. Furthermore, it was revealed that
the zirconium complex could exist mainly in dimer or oligomer
form according to investigations of the relationship between

optical purity of the BINOL and the ee of the product. Further
investigation of structure of the active species is now in
progress.
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