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Abstract: The asymmetric catalytic aziridination reaction (AZ reaction) of N-dianisylmethylimines (N-DAM-
imines) with ethyl diazoacetate is developed with chiral catalysts prepared from triphenylborate and both
the vaulted binaphthol (VANOL) and vaulted biphenanthrol (VAPOL) ligands. Catalysts derived from both
ligands were equally effective in terms of asymmetric induction, but the VANOL catalyst was slightly faster.
Up to 400 turnovers could be achieved with the VANOL catalyst while still maintaining =90% ee in the
aziridine product. The ligand could be recovered in 95% yield with no loss in optical purity. Excellent
asymmetric inductions were observed with arylimines, and although slightly lower inductions were observed
for alkyl-substituted imines, the optical purity of the aziridines from all of the imine substrates could be
enhanced to =99% ee with a single crystallization. Methods were developed for deprotection of the N-DAM-
aziridines under acidic conditions without causing an acid-promoted opening of the ring. Excellent yields
of the N-H-aziridines could be obtained with both alkyl- and aryl-substituted aziridines. Finally, activation
of the N-H-aziridines was achieved with Boc, tosyl, and Fmoc groups. The activated aziridines can be
converted to 3-amino esters, and unexpectedly, the N-Boc-protected aziridine-2-carboxylate 16b with a
phenyl substituent in the 3-position cis to the ester group was found to undergo ring expansion to a mixture
of cis- and trans-oxazolidinones.

Introduction Scheme 1

The strain energy of an aziridine plays a lead role in the M=N_R2 | 4 .
interest in this class of compounds as synthetic intermediates. J\ — N R' N/R
As a consequence, a substantial body of work has been R "H A(
accumulated that addresses both their synthesis and ring-opening 1 2 R 3
reactions: One aspect of their synthesis that is still lacking is
reliable methods for their asymmetric synthesis from nonchiral M\N’R2
precursorg* There are three different strategies that have been \
pursued with regard to the development of asymmetric catalytic
methods for the synthesis of aziridines (Scheme 1). The first
success in the metal nitrene approach was reported simulta- o)
neously by Evans et &tand Jacobsen and co-work&dsThe X" R
scope of these reactions was limited, with each report including 4
only a single substrate that gave greater than 90% ee. Although
several ligand modifications have been made that resulted in
different substrate specificity, no general asymmetric aziridi-
nation reactions have been developed around the Jacobsen
Evans systems. The best system developed to date around th
metal nitrene approach is that by Katsuki and co-workiéveho

recently reported that a highly modified salen ligand could be
used to provide high asymmetric inductions {@9% ee) with

R number of vinyl arenes. Aliphatic alkenes gave good induc-
gons but low yields (26-30%). Thus the development of a
catalyst with broader substrate scope remains an actively pursued
goal. A second and complementary approach involves the

(1) For recent reviews, see (a) Tanner,Ahgew. Chem., Int. EAL994 33, asymmetric addition of a carbene to an imine. The first and
599. (b) McCoull, W. M.; Davis, F. ASynthesi200Q 10, 1347. (c) Kolb, i i i i
H. C.; Finn, M. G.; Sharpless, K. BAngew. Chem., Int. EQR00J, 40, Only r.ea.l SUCCE.SS \.Nlth this approach !nvolves an y“de trgnsfer
2004. (d) Hu, X. ETetrahedror2004 60, 2701. (e) Pineschi, MEur. J. to an imine, which is part of an exceptionally cleverly designed
$rg. Chem.2006 4979. (f) Sweeney, J. EChem. Soc. Re 2002 31. double-catalytic cycle developed by Aggarwal and co-workers,

(2) For a review of catalytic asymmetric aziridinations up to 2003, see Muller, involving the intermediacy of a chiral sulfur ylide. High
P.; Fruit, C.Chem. Re. 2003 103 2905. i ; ; ;

3) For a review of catalytic asymmetric additions to imines, see Vilaivan, T; asymmetrlc inductions could _be obtained by this method. The
Bhanthumnavin, W.; Sritana-Anant, Curr. Org. Chem2005 9, 1315. shortcomings of the method include the fact that only modest
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control of the cis/trans selectivity of the aziridines could be
achieved and 20 mol % of the chiral sulfide is required. A third
approach involves the activation of an imine by a chiral Lewis
or Bronsted acid toward reaction with a carbenoid. It is this

latter approach that has been the focus of this laboratory over

the past few years.

While it has been known for some time that Lewis acids can
effect the formation of aziridines from imines and diazo
compounds, it was not until the work of Brookhart and
Templeton and co-workéisand later by Jorgensen and co-

workersP-cthat the generality of this process was appreciated.
With the information in these reports, it was found that catalysts

derived from triphenylborate and either vaulted binaphthol
(VANOL) or vaulted biphenanthrol (VAPOL) were effective
in catalyzing the formation afis-aziridine-2-carboxylates from
N-benzhydrylimines and ethyl diazoacetate (Schem@ Phis
asymmetric aziridination reaction (AZ reaction) proved to be
general for imines derived from aromatic and aliphatic
aldehydes giving the aziridin@ with high cis/trans ratios in
good to high vyields with excellent enantioselective
induction. A very surprising aspect to this reaction is that the
VANOL- and VAPOL-derived catalysts were essentially equally
effective in providing asymmetric induction for each imine

examined. This is in contrast to other reactions where either py

the VANOL- or VAPOL-derived catalyst was more effective,

(4) For reports of catalytic asymmetric aziridinations that have appeared after

2003, see (a) Suga, H.; Kakehi, A;; Ito, S.; Ibata, T.; Fudo, T.; Watanabe,
Y.; Kinoshita, Y. Bull. Chem. Soc. Jpr2003 76, 189. (b) Omura, K.;
Murakami, M.; Uchida, T.; Irie, R.; Katsuki, TThem. Lett2003 32, 354.

(c) Chanada, B. M.; Vyas, R.; Landge, SJSMol. Catal. A: Chem2004
223 57. (d) Liang, J.-L.; Yuan, S.-X.; Chan, P. W. H.; Che, C.-M.
Tetrahedron Lett2003 44, 5917. (e) Taylor, S.; Gullick, J.; McMorn, P.;
Bethell, D.; Page, P. C. B.; Hancock, F. E.; King, F.; Hutching, G.ap.
Catal. 2003 24, 43. (f) Taylor, S.; Gullick, J.; Galea, N.; McMorn, P.;
Bethell, D.; Page, P. C. B.; Hancock, F. E.; King, F.; Willock, D. J.;
Hutching, G. J.Top. Catal.2003 25, 81. (g) Fraile, J. M.; Garcia, J. |.;
Herrerials, C. I.; Mayoral, J. A.; Harmer, M. Al. Catal.2004 221, 532.

(h) Aggarwal, V. K.; Vasse, J-LOrg. Lett 2003 5, 3987. (i) Solladie-
Cavallo, A.; Roje, M.; Welter, R.; Sunjic, \d. Org. Chem2004 69, 1409.

(@) Li, J.; Liang, J.-L., Chan, P. W. H.; Che, C.-Metrahedron Lett2004

45, 2685. (k) Fruit, C.; Muller, PTetrahedron: Asymmet3004 15, 1019.

() Fraile, J. M.; Garcia, J. |.; Lafuente, G.; Mayoral, J. A.; Salvatella, L.
ARKIVOC2004 iv, 67. (m) Xu, J.; Ma, L.; Jiao, RChem. Commur2004
1616. (n) Saniere, L.; Leman, L.; Bourguignon, J.-J.; Dauban, P.; Dodd,
R. H. Tetrahedron2004 60, 5889. (0) Fioravanti, S.; Mascia, M. G.;
Pellacani, L.; Tardella, P. ATetrahedron2004 60, 8073. (p) Omura, K.;
Uchida, T.; Irie, R.; Katsuki, TChem. Commur2004 2060. (q) Gullick,
J.; Ryan, D.; McMorn, P.; Bethell, D.; King, F.; Hancock, F.; Hutching,
G. New J. Chem2004 28, 1470. (r) Ryan, D.; McMorn, P.; Bethell, D.;
Hutching, G.Org. Biomol. Chem2004 2, 3566. (s) Redlich M.; Hossain,
M. M. Tetrahedron Lett2004 45, 8987. (t) Murugan, E.; Siva, Aynthesis
2005 12, 2022. (u) Ma, L.; Du, D.-M.; Xu, JJ. Org. Chem 2005 70,
10155. (v) Ma, L.; Jiao, P.; Zhang, Q.; Xu, Tetrahedron: Asymmetry
2005 16, 3718. (w) Ma, L.; Du, D.-M.; Xu, JChirality 2006 18, 575. (x)
Kawabata, H.; Omura, K.; Katsuki, Tetrahedron Lett2006 47, 1571.

(y) Wang, X.; Dlng, K.Chem—Eur. J. 2006 12, 4568.

(5) (a) Evans, D. A.; Faul, M. M.; Bilodeau, M. T.; Anderson, B. A.; Barnes,
D. M. J. Am Chem Socl993 115 5328 (b) Li, Z.; Conser K. R.;
Jacobsen, E. NJ. Am. Chem. S0d 993 115 5326.

(6) (a) Aggarwal, V. K.; Thompson, A.; Jones, R. V. H.; Standen, M. CJ.H.
Org. Chem 1996 61, 8368. (b) Aggarwal, V. K.; Derrara, M.; O'Brien,
C. J.; Thompson, A.; Jones, R. V. H.; FieldhouseJRChem. Soc., Perkin
Trans. 12001, 1635. (c) Aggarwal, V. K.; Ferrara, MDrg. Lett.200Q 2,
4107. (d) Unthank, M. G.; Hussain, N.; Aggarwal, V. Kngew. Chem.,
Int. Ed.2006 45, 7066. (e) Aggarwal, V. K.; Alonso, E.; Ferrara, M.; Spey,
S. E.J. Org. Chem2002 67, 2335. (f) Aggarwal, V. K.; Alonso, E.; Fang,
G.; Ferrara, M.; Hynd, G.; Porcelloni, MAngew. Chem., Int. EQ200],
40, 1433.

(7) (a) Antilla, J. C.; Wulff, W. D.J. Am. Chem. S0d.999 121, 5099. (b)
Antilla, J. C.; Wulff, W. D. Angew. Chem., Int. E®00Q 39, 4518. (c)
Loncaric, C.; Wulff, W. D.Org. Lett.2001, 3, 3675. (d) Patwardhan, A
P.; Pulgam, V. R.; Zhang, Y.; Wulff, W. DAngew. Chem., Int. E@005
44, 6169.

(8) (a) Casarrubios, L.; Perez, J. A.; Brookhart, M.; Templeton, J. IOrg.
Chem 1996 61, 8358. (b) Rasmussen, K. G.; Jorgensen, KJAChem.
Soc., Perkin Trans. 1997, 1287. (c) Rasmussen, K. G.; Juhl, K.; Hazell,
R. G.; Jorgensen, K. Al. Chem. Soc., Perkin Trans.1®98 1347.
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and in no other case was such a nearly identical profile
observed:1°

Many of the optically active benzhydrylaziridinshat we
have considered for various synthetic applications would require
removal of theN-benzhydryl group to fornN-H-aziridine 13
(Scheme 3) and reprotection with an electron-withdrawing group
on the nitrogen. Thus, for maximum versatility, there would be
a need for deprotection methods that would allow for the clean
conversion of benzhydrylaziridineg to N-H-aziridines 13.
Alternatively, a better solution would be to perform the reaction
with an imine already bearing an electron-withdrawing group
on the nitrogen. However, it was found that the benzhydryl
group was essential for achieving high asymmetric inductions
in these reactions. Efforts to replace the benzhydryl on the imine
with a benzyl group, a trityl group, or to employ diphenylphos-
phinoylimines or diphenylhydrazones led to either low reactivity
or low asymmetric induction.

The most common method for deprotectioriNsbenzhydry-
lamines is treatment with acid, and this is also viable for certain
N-benzhydrylaziridine! However, aryl-substituted-benzhy-

(9) The VANOL and VAPOL ligands are now commercially available from

Sigma-Aldrich Corp. and Strem Chemicals, Inc.

(10) (a) Bao, J.; Wulff, W. D.; Rheingold, A. L1. Am. Chem. S0d.993 115,
3814. (b) Bao, J.; Wulff, W. DTetrahedron Lett1995 36, 3321. (c) Heller,
D. P.; Goldberg, D. R.; Wulff, W. DJ. Am. Chem. S0d997, 119, 10551.
(d) Xue, S.; Yu, S.; Deng, Y.; Wulff, W. DAngew. Chem., Int. EQ00],
40, 2271. (e) Bolm, C.; Frison, J.-C.; Zhang, Y.; Wulff, W. Bynlett2004
9.1619. (f) Heller, D. P.; Goldberg, D. R.; Wu, H.; Wulff, W. [Zan. J.
Chem 2006 84, 1487.

(11) (a) Greene, T. W.; Wuts, P. G. M. Rrotective groups in organic synthesis
3nd ed.; John Wiley & Sons, Inc.: New York, 1999 583. (b) Hanson,
R. W.; Law, H. D.J. Chem. Soc1965 7285.
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Scheme 4 Table 1. Asymmetric Aziridination of N-DAM-Imines 21 with
VAPOL Catalyst in CH,Cl,2

MeO. OMe
o} 10 mol% (S)VAPOL ~ DAM DAM.\-H
H A, ,.DAM 4 H\[HL catalyst N .
- [ et A E
N ' R™ N OBt “Ch,Cl, 25°C,24h /7\ S COE

N H(R)
- No R CO.Et R(H)
21 6 15 22 (23)
R COzEt R COsEt DAM = dianisylmethyl
15 13
% yield % yield % yield
O X / \ EWG entry series R cis-15° % ee cis-15¢  cisitrans-15¢ 228 23¢
N N 1  a cCeHu 65 67 2511 3 1
/u\ 2 b tBu 58 80 33:1 1 1
R  COEt R  COEt 3 c nPr 10 nd nd nd nd
18 16 4 d Ph 83 91 33:1 1 1
5 e 0-MeGsH4 76 79 33:1 4 1
j j 6 f  p-BrCsHa 87 87 25:1 1 1
X 7 g pP-NOCeHs 81 85 15:1 1 1
1 OH EWG. 8 h  p-OMeGH; 45 89 50:1 1 1
O — & J_cogt NH 9 i 1lnaphthyl 83 93 20:1 1 1
| : R)\/CogEt
5 COLEt NH, a2 Unless otherwise specified, all reactions were performed with 10 mol
19 20 17 % catalyst in CHCI, at 0.5 M in21 with 1.1 equiv of6 at 25°C for 24 h.

nd = not determined® Isolated yield after silica gel chromatography.
L ) ) ¢ Determined on purifiectis-15 by HPLC on a Chiralpak AD column.
drylaziridines are much more susceptible to acid-promoted ¢ Ratio determined by integration of the methine protons of tie

aziridine opening®¢ For example, treatment of ethid-ben- and trans-aziridines in the*H NMR spectrum of the crude reaction
P g P M mixture. ® Determined by integration of the NH signals2fand23relative

zhydryl-3-phenylaziridine-2-carboxylat& with trifluoroacetic to the methine proton ofis-15 in the tH NMR spectrum of the crude
acid resulted in the isolation of a single diastereomer of the reaction mixture! Reaction time was 72 h, at which time 50% conversion

ring-opened product1 and some of the deacylated prodaet wéals observed. Purification @fs-15h was achieved on B\l-treated silica
(Scheme 3). Formation dfl resulted from inversion at the C-3 get
carbon as revealed by an X-ray structure of the saltofvith shown that these aziridines can be activated with the proper
TFA (see Supporting Information}. In previous work, we  N-substituent and induced to undergo a Lewis acid-mediated
reported that the method of choice for removal of the benzhydryl ring expansion to give oxazolidinorfésand a Smy-mediated
group from 3-alkyl-substituted aziridines was reductive cleavage C2-reductive ring opening to give-amino esters.
with Pearlman’s cataly$é However, as with other hydroge-
native methods, the cleavage of the benzhydryl group from the
3-arylaziridine7a (R = Ph) could not be effected without also Asymmetric Aziridination. The series ofN-DAM-imines
opening the aziridine ring to givé4 (Scheme 3). 21a—i were prepared and surveyed in a study of the AZ

In an endeavor to find a protecting group for the nitrogen of reaction with ethyl diazoacetate, and the results are presented
aziridines that could be globally effective for all aziridines, in Table 1. The catalyst was prepared from VAPOL and

Results and Discussion

allowing for its removal in high yield and for access NeH- triphenylborate according to our previously published procedure
aziridines without any ring-opening side reactions, attention was (Scheme 2) (see Supporting Informatidh)The asymmetric
turned to the dianisylmethyl (DAM) protecting grodiplt was inductions observed were slightly lower for aryl-substituted

anticipated that the acid-mediated cleavage of the DAM group imines than they were for the corresponding benzhydrylimines
would be much more facile than that of the benzhydryl group and even lower for aliphatic-substituted imines. The cis/trans
from a consideration of relative stabilityof the two diaryl- selectivities were comparable, as were the yields, except for
methyl cations that would be formed. Two questions arise from those observed for the reactions of the aliphatic imines,
this consideration: (1) Would the increased electron stabilization especially the imine of butanal, where a very slow reaction was
of the DAM cation be enough to overcome the natural tendency observed (Table 1, entry 3). The amount of enamine side
of an aryl-substituted aziridine to undergo ring opening upon products was less than was observed with the benzhydrylimines.
treatment with acid? (2) Would the AZ reaction wkhRDAM- The AZ reaction of imin€1h derived fromp-methoxybenzal-
imines still provide high yields and asymmetric inductions? We dehyde was quite slow, requiring 72 h for 50% completion. The
report herein a highly enantio- and diastereoselective aziridi- resulting aziridinel5h was sensitive to hydrolysis and could
nation reaction oN-DAM-protected imines with ethyl diaz-  be purified only if the silica gel was pretreated with triethy-
oacetate mediated with either VANOL- or VAPOL-derived lamine.

catalysts. Cleavage of the DAM group can be achieved under In an effort to improve the asymmetric inductions for the
mildly acidic conditions to give cis-substitutéttH-aziridines AZ reaction of theN-DAM-imines, reaction of the cyclohexyl

in excellent yield and with no erosion of stereochemistry or and phenyl derivative8laand21d were examined in various
evidence of ring-opened products (Scheme 4). It will also be

(15) (a) Tomasini, C.; Vecchione, Qrg. Lett.1999 1, 2153. (b) Lucarini, S.;
Tomasini, CJ. Org. Chem2001, 66.727. (c) Papa, C.; Tomasini, Eur.

(12) We suspect that produt® resulted from hydrolysis during the silica gel J. Org. Chem200Q 1569. (d) Cox, C.; Ferraris, D.; Murthy, N. N.; Lectka,
chromatographic purification dfl. See Supporting Information for details. T.J. Am. Chem. S0d.996 118 5332. (e) Ferraris, D.; Drury, W. J., llI;
(13) Patwardhan, A. P.; Lu, Z.; Pulgam, V. R.; Wulff, W. Drg. Lett.2005 Cox, C.; Lectka, TJ. Org. Chem1998 63, 4568. (f) Hori, K.; Nishiguchi,
7, 2201. T.; Nabeya, AJ. Org. Chem1997, 62, 3081. (g) Cardillo, G.; Gentilucci,
(14) (a) Mayr, H.; Minegishi, SAngew. Chem., Int. EQR002 41, 4493. (b) L.; Mohr, G. P.Eur. J. Org. Chem2001, 3545.
Minegishi, S.; Loos, R.; Kobayashi, S.; Mayr, .Am. Chem. So2005 (16) The imines were prepared and purified by crystallization except the imine
127, 2641. 21¢ which was used in crude form. See Supporting Information for details.

J. AM. CHEM. SOC. = VOL. 129, NO. 22, 2007 7187



ARTICLES

Lu et al.

Table 2. Optimization for Asymmetric Aziridination of N-DAM-Imines 21a and 21d?

Q  1omo (SKvAPOL DAM DAM.\-H
X, -DAM 4 H _ catalyst .
RN %OB Solvent, Temp, 24 h A HR)™ ™ CO-Et
N R  CO.Et R(H)
21 6 15 22 (23)
temp % yield % ee % yield % yield
entry series R solvent (°C) Cis-15° cis-15¢ cis.trans-15¢ 22¢ 23¢
1 a c-CeH11 CH2C|2 25 65 67 25:1 3 1
2f a c-CeHi1 toluene 25 58 52 25:1 12 7
3 a c-CgHi1 CCly 25 69 77 50:1 3 1
4f a c-CeH11 CCly 0 45 19 33:1 4 1
5 d Ph CHClI, 25 83 91 33:1 1 1
6 d Ph toluene 25 88 95 50:1 1 1
7 d Ph CC} 25 91 96 50:1 1 1
8 d Ph CCl 0 91 97 33:1 1 1

aUnless otherwise specified, all reactions were performed with 10 mol % catalyst at 0.2 Mniith 1.1 equiv of6 for 24 h.b~¢ See footnotes in Table

1. fImine 21awas not completely dissolved.

Table 3. Asymmetric Aziridination of N-DAM-Imines 21 with
VAPOL Catalyst in CCl,?

0 10 mol% (SFVAPOL ~ DAM DAM. .H
talyst
RSO+ B g A v (R))y002Et
Ny CCly25°C,24h 4}, ookt Yo
21 6 15 22 (23)
%yield %ee % yield % yield
entry  series R cis-15°  cis-15¢  cis:trans-157 22¢ 23¢
1 a c-CgHur 69 77 50:1 3 1
2 b t-Bu 47 75 50:1 1 1
3 b  tBu 74 87 50:1 1 1
4 c n-Pr 11 63 nd nd nd
5 d Ph 91 96 50:1 1 1
6 e 0-MeGCgHs 86 89 50:1 1 1
7 f p-BrCesHa 92 93 50:1 1 1
8 f p-BrCsHa 8% 97 331 1 1
9 g pP-NOCeHs 88 96 20:1 1 1
10 h  p-MeOGH; 49 nd nd nd nd
11 i 1-naphthyl 92 94 50:1 1 1

aUnless otherwise specified, all reactions were performed iy @ClI
0.1-0.5 M in imine with 10 mol % catalyst and 1.1 equiv®&t 25°C for
24 h. nd= not determined?~¢ See footnotes in Table 1Reaction in 3:1
CCIly/CH,Cl,. 9 Reaction in 7:1 CGICH.Cl,. " Reaction time was 3 days,
which gave 70% conversion. Isolation was achieved witghiEteated silica
gel. The isolated yield was'10% with untreated silica gel.

solvents (Table 2). Each imine was screened in toluene,

methylene chloride, and carbon tetrachloride at room temper-

ature or 0°C. There was significant improvement in the
asymmetric induction of cyclohexylimin2lain carbon tetra-
chloride as compared to methylene chloride; however, the
induction dropped dramatically in entries 2 and 4 for those
reactions where the imin2la was not completely dissolved.
The reaction of phenylimin1d in toluene gives 95% ee and
the induction with this imine in carbon tetrachloride could be
increased over that of the reaction in methylene chloride and
toluene, and the yield was slightly improved as well. The
reactions with phenylimin®1d in both toluene and carbon
tetrachloride gave very high diastereoselectivity, and the overall
formation of the noncyclized enamine produ2®&and23 was
2% in each case.

The AZ reaction oN-DAM-imines 21a—h with the VAPOL

catalyst was reexamined in carbon tetrachloride, and the results
are presented in Table 3. The asymmetric inductions were

uniformly improved over those in methylene chloride, and the

yields are better in each case as well (Table 1 vs Table 3). The(17

cis/trans selectivities are also higher in GCThis type of

7188 J. AM. CHEM. SOC. = VOL. 129, NO. 22, 2007

observation is normally the case for these aziridination reac-
tions: the cis/trans selectivity usually increases as the asym-
metric induction increases. Of importance to note from the data
in Table 3 is that the asymmetric inductions for the aryl-
substituted imines are excellent, however, the inductions for the
aliphatic imines are lower and, in addition, the reaction with
the imine of n-butanal is very slow. Reaction of thp-
methoxyphenylimin€1h is also slow but is slightly faster in
CCl, than in CHCI, (Table 3, entry 10, vs Table 1, entry 8).
The imines in many cases are less soluble in toluene and carbon
tetrachloride than they are in methylene chloride; therefore, some
reactions were also examined in a mixed solvent of carbon
tetrachloride and methylene chloride (Table 3, entries 3 afd 8).

The AZ reaction of benzhydrylimines with the catalyst
prepared from triphenylborate and the VAPOL ligand gives a
profile for asymmetric induction that is nearly identical to that
for the same catalyst generated from the VANOL ligand. This
also proved to be the case for the aziridination VNHDAM-
imines in carbon tetrachloride (Table 4). However, it was noted
that the reactions with the VANOL catalyst appear to be slightly
faster. For example, reaction of thanethoxyphenylimin@1h
went to completion in 24 h with the VANOL catalyst (Table 4,
entry 9), whereas the same imine with the VAPOL catalyst went
to only 70% conversion in 3 days (Table 3, entry 10). In
addition, the yields and diastereoselectivities were typically
higher for VANOL-catalyzed reactions of aryl-substituted
imines. The asymmetric induction dropped febromophenyl-
and 1-naphthylimines, but this could be recovered if the
reactions were performed at lower temperatures (Table 4, entries
6, 7, and 11). EaciN-DAM-aziridine in Table 4 could be
crystallized to>99% ee with a single crystallization from
methylene chloride and hexanes. For example, the cyclohexyl-
substituted aziridindé5acould be obtained ir 99% ee in 68%
overall yield from the imine2la and the phenyl-substituted
aziridine 15d could be obtained ir»99% ee in 85% overall
yield from the imine21d.

The rate of reaction gi-methoxyphenyl-substitutdd-DAM-
imine 21h was faster with the VANOL catalyst than with the
VAPOL catalyst (Table 4, entry 9, vs Table 3, entry 10). This
makes sense if the rate-limiting step is the attack of the diazo
compound on the imine, which is activated by coordination to

) In each case, just enough methylene chloride was added to effect complete
dissolution of the imine and the concentration was adjusted accordingly.
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Table 4. Asymmetric Aziridination of N-DAM-Imines 21 with VANOL Catalyst in CCl,?

O 10mol% (SVANOL ZAM DAM.-H
X, .DAM H catalyst
RTN ¥ OBt Coi, 25°C. 240 /\ TRy OO
N2 R  COEt R(H)
21 6 15 22 (23)
% yield % ee % yield % ee % yield % yield
entry series R cis-15° cis-15¢ cis-154 cis-15¢%¢ cis:trans-15° 229 239
1 a c-CeH11 86 84 68 >99 33:1 7 2
2 b t-Bu 70 75 39 99 50:1 6 19
3 d Ph 92 95 85 >99 331 1 1
4 e 0-MeCsH4 80 89 75 99 50:1 3 1
5 f p-BrCsHa 89 80 nd nd 50:1 1 1
6h f p-BrCeH4 95 90 nd nd 50:1 1 1
7 f p-BrCeHs4 95 93 86 >99 50:1 1 1
8 g p-NO2CgH4 97 97 76 >9gk 50:1 1 1
9 h p-MeOGsH4 80 95 nd nd 50:1 1 1
10 i 1-naphthyl 98 86 nd nd 50:1 1 1
11h i 1-naphthyl 91 97 82 >99 50:1 2 1

aUnless otherwise specified, all reactions were performed with 10 mol % catalyst with 1.1 eduat 86°C for 24 h. nd= not determined® Isolated
yield after silica gel chromatographyDetermined on purifiectis-15 by HPLC on a Chiralpak AD columr.Overall yield after chromatography and a
single crystallization from CkCly/hexanes (see text for detail§)This % ee was determined after chromatography and a single crystallization fre@iZLH
hexanes (see text for detail§Ratio determined by integration of the methine protons ofciseandtrans-aziridines in the'H NMR spectrum of the crude
reaction mixtured Determined by integration of the NH signals2# and 23 relative to the methine proton ofs-15 in the 'H NMR spectrum of the crude
reaction mixtureM Reaction temperature was°C for 5 h and then 25C for 19 h.! Reaction temperature wasl10 °C for 5 h and then 28C for 19 h.
i Overall yield and % ee were determined after chromatographic purificatiaafafnd then conversion tb3f and crystallizationk Overall yield and % ee
were determined after chromatographic purificatiorl6§ and subsequent conversion to the unprotected aziritBgefollowed by protection as its Boc-
protected aziridine, and finally a crystallization.

Scheme 5

MeO. OMe MeO. OMe MeO OMe
1 equiv. EDA O O O O
0.05 equiv. (S)-VAPOL
_N catalyst and 0.05 equiv. N N
(R)-VANOL catalyst + AN
CCly, 25°C, 24 h CO,Et @ CO,Et
NOQ 02N 02N
21g 15¢g 33:67 ent-15g
(from (S)-VAPOL) (from (R)-VANOL )
eVea
N . N
r/ 0.2 equiv. EDA / \
Ph ~_ 0.05 equiv. VANOL
21d (1 equiv.) or VAPOL catalyst Ph CO.Et 454

+ B —— +

| | CCly, 25 °C, 24 h Il Il

< A\

d

Ph 5d (1 equiv.) Ph CO.Et 74
15d :7d = 3.8 : 1 (VAPOL); 15d : 7d =3.0 : 1 (VANOL)

the catalyst. An experiment was designed to quantify this rate effects and thus each catalyst is deemed likely to contain only
difference between the two ligands and is shown in Scheme 5.one molecule of the ligan¥. Information was also sought on
The aziridination ofp-nitrophenyl-substituted imin@1g was the relative reactivity of theN-DAM-imines 21 versus the
carried out with a mixture of 5 mol % catalyst derived from benzhydryliminess. To this end, a competition was set up
(R)-VANOL and 5 mol % catalyst derived fron5(-VAPOL. between the two imines. To a 1:1 mixture of the imirgdigl
Imine 21gwas chosen for this competition because it gave very and5d were added 0.2 equiv of ethyl diazoacetate and 5 mol
high induction with both catalysts (9®7% ee; Table 3, entry % of either VANOL or VAPOL catalyst. Surprisingiyy-DAM-

9, and Table 4, entry 8). This competition produced a 1:2 imine 21dreacted 3.8 times faster than benzhydrylinbdevith
mixture of 15gandent15g thus revealing that the catalyst from the VAPOL catalyst and 3.0 times faster with the VANOL
VANOL is twice as fast as the VAPOL catalyst. This experiment catalyst (Scheme 5). One might have expected that the more
was designed with the knowledge that neither VANOL nor
VAPOL catalyst formed with B(OPB)exhibits any nonlinear (18) zhang, Y.; Wulff, W. D., unpublished results.

J. AM. CHEM. SOC. = VOL. 129, NO. 22, 2007 7189



ARTICLES Lu et al.

Table 5. Catalyst Loading Study of N-DAM Imine 21d with VANOL or VAPOL Catalysts?@

o (S)-VANOL or (S)-VAPOL EAM
_,..DAM H \’HJ\ catalyst
PR N * OBt —Cel,25°C, 24n A
N2 Ph  COEt
21d 6 15d
crystallized 15d recrystallized 15d overall (15d)

entry 21d (mmol) ligand loading (mol %) yield® (%) ee’ (%) yield? (%) ee (%) ee of mother liquor®® (%) yield" (%) eed (%)
1 1 (S-VAPOL 10 nd nd nd nd nd 91 96
2 1 (S-VANOL 10 nd nd nd nd nd 92 95
3h 20 (S-VAPOL 2 79 >99 nd nd 73 95 96
4 10 S-VAPOL 1.0 89 92 76 98 81 89 96
5 10 ©-VANOL 1.0 90 93 78 98 81 92 96
6 20 ©S-VAPOL 0.5 79 96 72 98 73 82 95
7 30 ©S-VANOL 0.5 79 91 68 98 72 92 92
8 40 (S-VAPOL 0.25 69 86 54 89 82 72 87
9 35 ©S-VANOL 0.25 76 90 66 97 65 89 90

aUnless otherwise specified, all reactions were performed iy @030.5 M in21d with 1.1 equiv of6 at 25°C for 24 h;cis-15d'trans 15d > 33:1, nd
= not determined® Yield based or21d after crystallization from a 1:5 mixture of GBl/hexanes¢ Determined by HPLC on a Chiralpak AD column.
dYield based or21d after two crystallizations from a 1:5 mixture of GEl/hexanes® Measured on the produd6d obtained by silica gel purification of
residue obtained from the combined mother liquors from the first and second crystallizaGamsbined yield of recrystallized produttd and of 15d
obtained by silica gel chromatographic purification of residue obtained from the combined mother liqDalsulated from the combined data of the
recrystallized product and the product that was obtained by silica gel chromatographic purification of residue obtained from the combinegumsther li
h 95% recovery of §-VAPOL (see Supporting Information)80% conversion after 48 h.

electron-richN-DAM-imine would have been more sluggish. 15d (entry 9). This is the highest turnover reported for an AZ
An explanation of the increased reactivity N DAM imines reaction of an imine. This was the limit, however, since lowering
relative to the benzhydrylimines will have to await further the catalyst loading to 0.1 mol % with the VANOL catalyst
studies focused on the structure and mechanism of the catalystgave only 10% conversion in 48 h. Finally, it was demonstrated
The reason for the increased rate of reaction with the VANOL that the VAPOL ligand was recovered in 95% yield an@9%
catalyst versus the VAPOL catalyst is also not clear at this point; ee from the reaction in entry 3. This required that the crude
however, it suggests that lower catalyst loadings may be possiblemixture be subjected to high vacuum before crystallization to
for the VANOL catalyst. remove the excess ethyl diazoacetate. If vacuum is not applied
The above results prompted a study on catalyst loading to to the crude reaction mixture, the recovery of VAPOL is only
determine the maximum turnover for these catalysts. The study10% and a 73% yield of the mono- insertior® product24
was undertaken on phenylimirgdd with both VANOL- and was isolated, which resulted from the reaction of the ligand with
VAPOL-derived catalysts. The reactions were carried out in excess EDA.
carbon tetrachloride at room temperature for 24 h, and all of  Acid-Mediated Deprotection. Cyclohexyl-substituted aziri-
the reactions indicated in Table 5 except entry 8 (80% dine 15awas used as a model system for the optimization of
conversion) went to completion under these conditions. It was conditions for the cleavage of the dianisylmethyl from the
found that the amount of both the VANOL and VAPOL nitrogen, with the hope that these conditions would be general
catalysts could be reduced to 1 mol % and there was no effectfor all of the aziridinesLl5a—i. The standard conditions for the
on the yield or asymmetric induction. Most of the reactions in cleavage of the dianisylmethyl group from amines involve
Table 5 were performed with the same number of moles of the exposure to 80% HOAc at 8TC for 5 min120 Treatment of
catalyst, and thus the reactions with decreased loadings werel5ato these conditions left the aziridine untouched. This result
carried out by increasing the amounts of the reagents. Foris consistent with the fact that aziridines are less basic than
example, the reaction in entry 9 was performed with 11.6 g (35 noncyclic aliphatic amine¥:2! This led to extensive screening
mmol) of imine 21d and 39 mg (0.09 mmol) of the VANOL  of a variety of different acid@ and the optimization of several
ligand. With these lower catalyst loadings it was found most reaction variables, which are summarized in the Supporting
convenient to purify the aziriding5d by crystallization rather  |nformation. The results of these studies produced three different
than chromatography. Except for entry 8, aziridirtd could sets of conditions for the deprotection of aziridiries
be obtained in 9798% ee by two crystallizations from Deprotection of eight different substitutéBDAM-aziridines
methylene chloride/hexanes. In an effort to determine the overall 15 was examined under these conditions and also, for a point
yield and asymmetric inductions for these reactions, the aziridine of comparison, hydrogenolysis condition. Specifically, these
remaining in the mother liquors from the two crystallizations

was purified by silica gel chromatography. As can be seen from (19) For leading references, see Muthusamy, S.: Arulananda, S.; Babu, A.;

i ianifi i i i i Gunanathan, CTetrahedron Lett2002 43, 3133.
the data in the Table 5, no significant loss in yield or induction (20) Hanaon. R W Law. H. 0. Ghem. Soci065 7285.

was observed for either ligand when the catalyst loading was (21% Ohwada, T.; Hirao, H.; Ogawa, A. Org. Chem2004 69, 7486.
)

reduced to 0.5 mol %. At 0.25 mol % Ioading the reaction with (22) Among the screened methods, the condition of 80% HOAc at’Cor
i : ’ ! 1 hresulted in only 20% conversion and the formation of a complex mixture

the VANOL catalyst was complete but that with VAPOL only of products, none of which was the deprotected aziridiBa Treatment

0 i - of 15awith 100% HOAc at 100C for 0.5 h resulted in complete conversion
Wer_]t to 80% conv_erS|on. Even a_t 400 turnovers, the VA_N_O_L but no detectable amount df3a Other reagents such as HBr, gH
derived catalyst gives an 89% vyield and 90% ee for aziridine CHCIOCOCI, and CAN gave either complex mixtures or recoveirsa
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Table 6. Deprotection of N-DAM-Aziridines 152 Scheme 6
0 i. 10 mol% (S)-VANOL catalyst H
MeO O O OMe . _DAM . H m)j\ CCly, 25 °C, 24 h N
DAM ol o R™ "N’ * OEt i’ 5 equiv. triflic acid, anisole
AN A . Ne 25 °C, 40 min COLEt
A-D 21 6 13a R = c-CgHyq, 89% overall yield, 83% ee
R COEt R COft 13d R=Ph,  92% overall yield, 94% ee
15 13 25
ove PAM 2 equiv. LDA DAM ':‘
entry series R method®  NMR yield of 13 (%) isolated yield® of 13 (%) N THF, -78 °C 5 equiv. triflic acid N
hen 3 Mel / \ Me le, 25 °C \'Me
1 a cCu A 95 96 o "o mbie el Yo it 0.kt
g a c-gan g 93 36 15d 27 91% 28 84%
-CoH 5 . , . . .
1 : ECEHE o rr]'d 76 15awith Pearlman’s catalyst did not give as good a yield of
5 b tBu A nd 88 13aas did any of the other methods, and this was also true for
6 b tBu D nd 75 thetert-butyl-substituted aziridin@5b. It is difficult to separate
; g EE 'g % gg the aziridinel3b from anisole by rotary evaporator due to the
9 d Ph c nd 81 volatility of this aziridine. Instead, the crude reaction mixture
10 d Ph D 0 ] was loaded directly onto a silica gel column without concentra-
E ‘;—‘ 0"\B"eccf_|H4 2 182 gg tion (Table 6, entry 5). The optimized methods A, B, and C are
13 g B:NED;CJ-L; A o5 99 not successful with the benzhydrylaziridinds(Scheme 2).
14 h pOMeGHs; A 0 o Complex mixtures were observed for the attempted deprotection
15 i l-napﬂtﬂy: A 83 72 of 7 with these methods. The absolute stereochemistry of the
16 i  1-naphthyl B 94 92 N asiridi
17 i 1-naphthyl p nd 99 N-DAM-aziridines (R,3R) was shown to be the same as that

aUnless otherwise specified, all reactions were carried out with 0.5 mmol
in 15 and all reactions went to completion. me not determined. 95
100% yield of25 observed for methods A and BMethod A: anisole
solvent at 0.09 M irll5, 5 equiv of triflic acid, 25°C for 40 min. Method
B: anisole solvent at 0.09 M il5, 10 equiv of trifluoroacetic acid
containing 8% (by volume) k804, 25 °C for 40 min. Method C: anisole
solvent at 0.09 M inl5, 10 equiv of HSOy, 25 °C, 40 min. Method D:
methanol solvent at 0.012 M it5, 10 mol % Pd(OHYC, 1 atm H, 25°C
for 4—24 h. ¢ Isolated yield after purification by silica gel chromatography.
d Reaction was carried out on 45-mmol scé&lé 66% yield of 14 was
isolated.f A 72% yield of 26 was isolated.

HoN._COEt

MeO' 2 OMe

conditions are as follows: method A, 5 equiv of triflic acid at
25 °C for 40 min; method B, 10 equiv of trifluoroacetic acid
containing 8% HSO, (by volume) at 25C for 40 min; method
C, 10 equiv of sulfuric acid at 25C for 40 min; and method
D, hydrogenation with Pearlman’s cataly&T he results of these

of aziridines produced from the corresponding reaction with
benzhydrylimines. This was confirmed when it was found that
the optical rotation ol 3aobtained froml5a(99% ee) prepared
with the SVANOL ligand had the same sign as the optical
rotation of (&R,3R)-13a obtained from the hydrogenolysis of
(2R,3R)-cis-1-N-benzhydryl-2-carboxylethyl-3-cyclohexylaziri-
dine (7 in Scheme 2, R= cyclohexyl), which was in turn was
prepared by the AZ reaction of the corresponding benzhy-
drylimine 5 with SVAPOL ligand’®

Generation ofN-H-aziridines by the AZ reaction with
N-DAM-imines and ethyl diazoacetate can be greatly simplified
by cleavage of the DAM group without purification of the
intermediateN-DAM-aziridine 15. This one-pot process was
investigated with the phenyl- and cyclohexylimirgaand21d
(Scheme 6). After the aziridination reaction was finished, the
crude reaction mixture was dissolved in anisole and treated with
5 equiv of triflic acid. Purification gave thi-H-aziridines13a
and13d with the same asymmetric inductions and the same or
slightly better overall yields (Tables 4 and 7). Thus purification

studies are presented in Table 6 and indicate that method Aof theN-DAM-aziridine becomes unnecessary. Triflic acid was

gives very high yields of the deprotected aziridit®for most
examples. 1-Naphthylaziriding5i was deprotected in higher
yield with TFA and HSO, (method B) or with HSO, alone
(method C) than with just triflic acid (method A) (Table 6,
entries 15-17). Thep-methoxyphenyl-substituted aziridid®h
could not be deprotected without also effecting opening of the

also found to be effective for deprotecting the trisubstituted
N-DAM-aziridine 27, which gave thé\-H-aziridine28in 84%
yield. Trisubstituted aziridin@7 was prepared from aziridine
15d by a highly diastereoselective alkylation. The alkylation
of aziridine-2-carboxylates is a rare event, which had previously
been observed only under special circumstadzétowever,

ring. Treatment ofil5h by method A led to a 72% yield of the ~ we recently reported that this process is quite general for
amino este6 that results from acid-mediated opening of the N-benzhydryl-substituted aziridines, where the steric bulk of this
aziridine with anisole (Table 6, entry 14). The phenyl-substituted group apparently blocks the normally predominant Claisen
N-DAM-aziridine 15d, like the phenyl-substituted benzhydry- condensation pathway.The alkylation ofl5d reveals that this
laziridine 7 (Scheme 3), could not be deprotected by hydrogena- highly diastereoselective alkylation process can be extended to
tion with Pearlman’s catalyst without also reductively opening N-DAM-aziridines, and in fact it occurs in higher yield than
the aziridine, where a 66% yield d# was isolated (Table 6, the corresponding benzhydrylaziridine.

entry 10). Methods A and B are comparable for the pheny- Formation of Activated Aziridines and Their Applications.
laziridine 15d, and for this aziridine a large-scale deprotection Activation of aziridines toward ring opening is usually achieved
was performed with method B, which gave a 95% vyield of
aziridine 13d from 18.8 g (45 mmol) ofL5d. Methods A, B,
and C give comparable results with the cyclohexyl-substituted
aziridinel5a(Table 6, entries 43). Hydrogenation of aziridine

(23) (a) Seebach, D.; Haner, Rhem. Lett1987 49. (b) Haner, R.; Olano, B.;
Seebach, DHelv. Chim. Acta.1987, 70, 1676. (c) Alezra, V.; Bonin, M.;
Micouin, L.; Husson, H.-PTetrahedron Lett200Q 41, 651. (d) Alezra,
V.; Bonin, M.; Micouin, L; Policar, C.; Husson, H.-fEur. J. Org. Chem.
2001, 2589.
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Table 7. Protection of N-H-Aziridines with Activating Groups Scheme 7

i EWG
N Method N Q

Ay Py

: : (oo N
R CO,Et R COEt O “ Smi,, DMEA _N

Fmoc CO,Et
13 16 N THF, 0 °C
13 R R method? EWG 16 % yield 16 vo,et (DMEA: dimethylethanolamine)
13a  c-CeHus H A Boc 16a 99
13d  Ph H A Boc  16b 98 169 29 89%
13g  p-NOCeHs H A Boc 16c 95
13i 1-naphthyl H A Boc 16d 98 R
13i  1l-naphthyl H A Boc  16d 90 N _CO,Et
13a  c-CeHur H B Ts 16e 100 Smi;, DMEA COEt |
13d  Ph H B Ts 16f 93 Yo,gt THF.0 THF,0°C
13a  c-CeHyy H C Fmoc 169 92 2
13d Ph H C Fmoc  16h 94
28 Ph Me C Fmoc  16i 100 16h: R = Fmoc 30: R = Fmoc, 45% 31: R = Fmoc, 46%
16f: R=Ts 32:R=Ts, 93%
aMethod A: 1.5 equiv of (BogO, 3 equiv of NaHC@, MeOH, 25°C,
ultrasound, 2 h. Method B: 1.6 equiv of TsCl, 3 equiv o§NEt CH,Cly/ Scheme 8
CHCI3 (1:1), 0°C, 48 h. Method C: 1 equiv of 9-fluorenylmethylchloro-
formate, 2 equiv of NaHC§ acetone/HO (3:1), 25°C, 24 h.” Overall OYO-I‘-BU Cu(OTf o Oy O-t-Bu
yield for the two steps froni5i cleaved with method B in Table 7. N or gfw(o'lzfz)z o)LN’H T\I/
. . . (Ref:15a) >—<
by installation of carbonyl o_r_St_JIfonyI groups on the nitroden. Ayl COMe Ayl CO.Me 1Q\002Me
Sglected examples &¥-H-aziridines13 and28 were protected 33 34 Alkyl = Me, i-Pr 35
with Boc, Fmoc, and tosyl groups, and the results are presented 85-99% yield
in Table 7. Of the many metho#isfor introduction of the Boc
group, that involving NaHC®in methanol with ultrasound was OYO"'B“ 0.5 equiv. j\ )OL
found to be most efficiert*@ Thermal methods that involved N _Lewisacd ~ o”>N-H . o7 N-H
triethylamine or sodium hydride gave comparable yields but {\ 2500'%2(23’,1 H
; T CO,R s PR CO,R PH  CO,R
the procedures were less convenient and the reaction times were
- ; 16bR = Et 36a R = Et 37aR =Et
Ionger._lt_ was als_o found t_hat _|t was not necessary to purify the 16 R = Me 36b R = Mo 37 = Me
N-H-aziridine prior to activation. The overall yield of Boc-
aziridine 16d from N-DAM-aziridine 15i is the same whether R Lewisacid % Yield 36 +37 Ratio36:37
or not the intermediat®l-H-aziridine 13i is purified. A check Et  BFyOEt, 84 3.2:1
of the consequences of deprotectiorNsDAM-aziridines and Bt Cu(OTf), 99 0.7:1
protection ofN-H-aziridines on optical purity was performed Me BF,-OEt, 75 21:1
for aziridines15d and15gand their conversion th6b and16¢, Me  Cu(OTi), 85 0.5:1

and it was found that there was no erosion of the percent Fmoc-protected aziridiné8and we were thus eager to examine
enantiomeric excess and no evidence for isomerization to trans P A g

isomers for the deprotection and reprotection reactions with the first example of this reductive opening of monocyclic
activating groups. Introduction of the tosyand Fmoé® groups aziridines with a .CIS 2,3-disubstitution pattern. As ghqwn in
was achieved in excellent yields with methods B and C, Spheme 7 redUCt.'.On .ofthe cyclqhexyl-substltuted azmdg

respectively, as indicated in Table 7. with samarium diiodide gave rise to the clean formation of

i o : o .
Reductive opening of aziridine-2-carboxylates at theNC En:azcinprgﬁliteeqﬁ;nmll-ns%bes?ittirtzesc)i angg.ﬂ)ro){fé?é dziﬁ%?:;e
bond next to the carboxyl group is a very convenient method P 9 pheny P

. > . . o on the other hand, occurred with both-8 and C-C bond
for access t@-amino esterd’ We were interested in examining . - .
- ; : L . cleavage to give a mixture of the andS-amino ester80 and
the possibility of developing the AZ reaction of imines with

the VAPOL and VANOL catalysts as a direct entry to Fmoc- 31in a 1.1 ratio. Clearly, the presence of the aryl group is

. . L facilitating the undesirable cleavage of the C bond. However,
protecte@3-amino esters. Samarium diiodide has been developed ;. . e
. . - - this would not restrict access to the majority g¥analogues
as a reliable method for this type of reductive opening on a

variety of aziridines, largely wittN-Boc or N-tosy! activating of the naturally occurrings-amino acids, which have alkyl

groups on the nitrogen. Few examples have been reported for substituents on thg-position. The C-C bond cleavage could
'be completely avoided if the Fmoc group was replaced by the

(24) (a) Einhomn, J.; Einhorn, C.; Luche, J. Synlett1991, 37. (b) Greene, T. tosyl gr(_)Up- Re_dUCtion O_f the _aZirideﬁf gave theB-amino
W.; Wuts, P. G. MProtectie groups in organic synthesisnd ed.; John ester32in 93% isolated yield with no detectable amount of the
Wiley & Sons, Inc.: New York, 1999; p 518. (c) Hernandez, J. N.; Ramirez,
M. A.; Martin, V. S.J. Org. Chem2003 68, 743. C—C bond cleavage product.

(25) (a) Fujii, N.; Nakai, K.; Habashita, H.; Hotta, Y.; Tamamura, H.; Otaka, i id- i i i -aziridi
A.; Ibuka, T.Chem. Pharm. Bull1994 42,2241, (b) Palacios, F.; Aparicio, The Leyv!s acid .medlatEd rng e.xpan3|or.i‘danc az.lrldlnes
D.; Retana, A. M. O.: Santos, J. M.: Gil, J. I.: Munain, R Tletrahedron: to oxazolidinones is a very attractive reaction since it can occur
Asymmetry2003 14. 689. (c) Massah, A. R.; Kazemi, F.; Azadi, D.; i i i i i H i
Fatzaneh S.: Aliyan, H. Naghash J Momani, A LRit. Org. Ghem with high yl_e[d_s and ste_reoretennon at_ the migrating (_:a_rbon with
2006 3, 235. stereospecificity for cis and trans isométsTomasini and

(26) (a) Schon, I.; Kisfaludy, LSynthesisl986 4, 303. (b) Carpino, L. A.; i 5a - - i iridine-
Han. G. Y.J. Org, Chem1972 37, 3404, Vecchioné>2demonstrated thais-3-alkyl-substituted aziridine

(27) Juaristi, E.; Soloshonok, \Enantioselectie Synthesis g§-Amino Acids
2nd ed.; John Wiley & Sons, Inc.: New York, 2005. (28) Molander, G. A.; Stengel, P. Jetrahedron1997 53, 8887.
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Scheme 9

H
(0] 0]
pathway | O@ 2 )J\ L )J\
0~ °NH fpimerization o Syy

S (/rg\ i

P ot PR COEt PN COEt
OYO Lewis 38 36 ent-37
N acid T
Ph  COEt o o Hj7< H o
16b patshh\::ay" Qﬁ’ 6 (5 ) O)LNH
- ICA‘\*L.A - o)\N,L.A - o)\ LA [T =1
PH  COEt H'-)@—("H L CR PR COEt
PH  CO.Et H CO,Et
39 a0 a1 37
. . . . Scheme 10

2-carboxylates of the typ@&3 will undergo Lewis acid-mediated
ring expansion to give the oxazolidinoBd in excellent yields i )OL )OL
and with complete retention of stereochemistry (Scheme 8). 0" °NH 29-KOH ¢ D SOC - 5"y
They also found the corresponding trans ison3&mwill undergo H EtOH )—/ 2) EtOH )—/
ring expansion with retention of stereochemistry to gizms- Ph COEt  Ph COM P COoEt
oxazolidinones. In the trans seri8s, this included examples % ® 81;,";3;6,"
where the Rgroup was both aryl and alkyl, but only reactions
of alkyl derivatives were reported for the cis seri@3 To O P 10 mol Ph
complete the series, we thus examined the reaction of ring T Cu(OTf), N)\O
expansion oN-Boc-aziridinel6b with boron trifluoride etherate LN (Ref:15b) \_/
and with copper(ll) triflate. To our surprise, this ring expansion Ph Ph
was nonselective with both Lewis acids, giving good chemical 43 44

yields but mixtures o€is- andtrans-oxazolidinone86 and37.

To compare directly with the alkyl-substitutei-aziridines33,

the methyl estet6j was also prepared,and like the ethyl ester
16b, it gave a mixture of cis and trans isomers of the ring-
expanded products.

The source of the loss of stereochemical information in the
ring expansion of phenyl-substituted azirididéb has two
reasonable origins (Scheme 9). The first is that the ring
expansion occurs with retention of configuration at the benzylic
carbon in38 via a concerted @ mechanism, giving the cis-

were resulted from rotation about a carbaarbon (C2-C3)
bond in the carbocatiodQ. There is evidence to support both
Syl and &i mechanisms in the ring expansion lfacylaziri-
dines?!® Lectka and co-worket#&have found that ring expansion

of the N-benzoylaziridinet3 gives oxazolidingl4 with complete
retention of configuration and proposed that it occurs via an
Syl mechanism in which the carbocation undergoes closure
faster than bond rotation. The difference in the present case may
be attributable to the eclipsing interaction of the phenyl and

. . . - ester groups in catiod0, which leads to more rapid bond
e B o DITer{e8ion. TH Suggests i e ng exansio of s
conditions, which would Iea% to trans igorrmf)nt%? athwa aziridine 35, with R" equal to phenyl, also occurs via aR1s
) Asecor;d is that the reaction proceeds by af S\(epchanis?/n mechanism and that selective formation of thens-oxazoli-
g . i pr Y& dinone is just a consequence of the more stable conformation
involving the benzylic catiod0 which can close on oxygen to : . .

. o . of the intermediate carbocation.
give the cis isomeB6 or through the €C bond rotation to
give the trans isome37 (pathway Il). These two pathways can  Conclusion

be distinguished since they would lead to enantiomeric forms N-DAM-imines have been shown to be excellent substrates

of the trans isome87. for the AZ reaction with ethyl diazoacetate mediated by boron
To determine which mechanism was operative, the cis isomer catalysts derived from either the VANOL or VAPOL ligand.
36that was isolated from the ring expansionlébwas treated  These reactions producéDAM-protected 3-substituted aziri-
with KOH in ethanol, which resulted in both hydrolysis and  ginyl-2-carboxylate esters with high yields and high asymmetric
complete epimerization at the C2 position (Scheme®10). inductions and also with high diastereoselectivity for tie

Esterification of acidt2 gave the trans isomer eht37, which aziridines. Up to 97% ee was observed for the aziridines, and
was determined to have a rotation opposite to that of the for each substrate examined, the optical purity of the aziridine
compound isolated from the ring expansionldfb. Thus, it could be enhanced t299% ee with a single crystallization.
can be concluded that the ring openingléb proceeds by an  Both catalysts are highly enantioselective, and the catalyst
Svl mechanism and that the cis and trans ison3&rand 37 loading can be lowered to 1 mol % with no loss in the

asymmetric induction of 95% ee for thd-DAM-imine of

(29) (a) Otera, IChem. Re. 1993 93, 1449. (b) Otera, J.; Dan-Oh, N.; Nozaki, i i P
H. 3 Org. Chem 1991, 56, 5307. benzaldehyde. With the same imine, loading of the VANOL

(30) (a) Hamersak, Z.; Sepac, D.; Ziher, D.; Sunjic,Synthesi£003 3, 375. catalyst can be lowered to 0.25 mol % and still provide the
(b) Monache, G.; Giovanni, M. C. D.; Misiti, D.; Zappia, Getrahedron: ividing i i ; 0, i
Asymmetry1 997 8, 231. (c) Tanaka, H.; Sawayama, A. M.; Wandless, T. aziridine in exce"er_]t yield ar_]d Wlth 90% ee. T_he VA_POL “g_a_nd
J.J. Am. Chem. So@003 125, 6864. can be recovered in 95% yield with no loss in optical activity.
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Competition studies with th&l-DAM-imine of benzaldehyde oxazolidinones via ring expansion of their N-acyl derivatives.
revealed that the catalyst derived from the VANOL ligand was In the case of the latter, it was shown that ring expansion of a
twice as fast as that from the VAPOL ligand. Similar competi- 3-phenyl-substituted derivative occurs via agl $nechanism.
tion studies withN-DAM-imine shows that it reacts 3.8 times

as fast as the corresponding benzhydrylimine with the VAPOL ~ Acknowledgment. This work was supported by a grant from
catalyst and 3.0 times faster with the VANOL catalyst. Several the National Institutes of Health (GM 63019).

methods for acid cleavage of the DAM group from the aziridine ) ) ) . .
were optimized and were shown to give excellent yields of the Supporting Information Available: Crystallograp.hlc details
unprotected\-H-aziridines with a number of substrates, includ- fOF compound 11, procedures for the preparation of new
ing both 3-aryl- and 3-alkyl-substituted aziridines. The unpro- €0mpounds, and characterization data for all new compounds.
tectedN-H-aziridines could be converted to activated aziridines, 1Mis material is available free of charge via the Internet at
which were shown to be valuable synthetic intermediates for http:/pubs.acs.org.

the preparation gfi-amino acids via samarium diiodide reduc-

tive opening of the aziridine ring and for the preparation of JA069371R
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