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The lH NMR spectra of spirocyclic oxaziridines derived from substituted cyclohexanones and 
benzylamines were studied. Depending on substitution and on stereochemistry, these compounds 
often exhibit a substantial upfield shiR of the cyclohexyl methylene or methine protons with a 
1,3-diaxial relationship to the oxaziridine N-substituent. This effect is ascribed to a conformation 
that places an aromatic group over the plane of the cyclohexane ring. This conformation has also 
been found in the solid state by X-ray crystallography and is supported by molecular mechanics 
calculations. The use of the effect in assigning stereochemistry to this series of compounds is 
discussed. 

N-Alkyl oxaziridinesl are useful intermediates for the 
synthesis of amides and lactams2 and have been used 
more recently to prepare chiral pyrrolidines and aziri- 
dines via nitrogen-centered  radical^.^ The potential of 
oxaziridines as enzyme inhibitors has also been recog- 
n i ~ e d . ~  In each case, the stereochemistry and conforma- 
tion of the oxaziridine and its substituents are ~ r i t i c a l . ~  
Previous work in this laboratory uncovered an interesting 
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NMR observation arising from certain spirocyclic oxaziri- 
dines that subsequently proved useful in gleaning ster- 
eochemical and conformational information in those 
systems.6 Since the NMR-active sectors in spirocyclic 
oxaziridines like 1 are separated by a quaternary carbon 
and a stereogeniclb nitrogen atom, such information is 
unavailable from coupling constants and can rarely be 
obtained from NOE measurements. Moreover, only one 
other NMR method for determining whether the nitrogen 
or oxygen of the oxaziridine occupies an pseduoaxial or 
-equatorial position on the cyclohexyl ring had been 
previously p ~ b l i s h e d . ~ , ~  

6 R 

This full account describes the NMR behavior of 
spirocyclic oxaziridines derived from substituted ben- 
zylamines and cyclohexanones and its consequences vis 
B vis the determination of oxaziridine conformation and 
stereochemistry. In particular, we introduce a new 
method for determining the relative orientation of the 
CN,,,, or CO,,, bonds on a chairlike C g  ring. This 
analysis has been carried out in the context of available 
X-ray crystallographic data and includes a molecular 
modeling study. 

Results and Discussion 

Oxaziridines Derived from a-Methylbenzylamine. 
In a study designed to exploit spirocyclic oxaziridines for 
asymmetric ring-expansion reactions, we were faced with 
the problem of determining the structure of the major 
oxaziridine obtained from a series of 4-alkylcyclohex- 
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N in rear 

Figure 1. Ball-and-stick depiction of la as determined by 
X-ray crystallography.”” Extraneous hydrogen atoms are re- 
moved for clarity. 

anones and a-methylbenzylamine (a-MBA).5h These 
oxaziridines were synthesized by peracid oxidation of the 
corresponding imine. Four possible relative configura- 
tions la-d, in which the amine stereocenter is arbitrarily 
depicted in the S absolute configuration, are  shown 
below. 

1-Bu 1-BU m u  1-Bu 

l a  l b  I C  I d  

(u,  trans) (u, cis) (/, trans) (1, cis) 

Although previous work had established the stereo- 
structure of l a  using X-ray crystallography,5a we wished 
to confirm that  the same predominant isomer was 
obtained from analogous reactions. Examination of the 
NMR spectra of the purified isomers revealed that  a 
cyclohexyl methylene proton appeared at  6 0.22 in 
compound la; however, this signal was not cited in the 
initial report of la.:‘” The signal, which appeared as a n  
apparent doublet of quartets resulting from one small 
(axial-equatorial) and three large and coincidentally 
equivalent couplings (two axial-axial and one geminal), 
was assigned to the C-5 (axial) proton based on the 
published X-ray structure of l a  (Figure 1). In this 
structure, the side-chain phenyl group is poised over the 
cyclohexane ring such tha t  the proton bearing a 1,3- 
diaxial relationship to the oxaziridine nitrogen is in the 
shielding cone of the aromatic group. 

A close examination of spectra obtained from the other 
isomers showed no such upfield signal; instead, the 
corresponding proton was presumably buried among the 
other methylene signals in these isomers (21.12 ppm). 
Assignments of these isomers were made by thermal 
correlations (pairs l d l c  and lb/ld could be equilibrated 
by forcing nitrogen inversion in refluxing toluene) and 
by stereoselectivity arguments (previous work had es- 
tablished the preference for oxaziridines to form with 
unlike vs like stereochemistry9 and from equatorial vs 
axial peracid addition7.xc).“” 

These observations are  consistent with the hypothesis 
that  this oxaziridine preferentially populates a conforma- 
tion wherein the benzylic hydrogen atom occupies an 
“inside” position relative to the oxaziridine ring (Figure 
2). This position should be the most sterically demanding 

(9) (a) Rclzccki, C.; Mostowicz, C. .I. Org. Chcm. 197S, 40, 3878- 
3880. ( h )  I3ucciarclli, M.; Forni, A.; Moretti, I.; Torre, G. J. Ciwm. Soc., 
f’c~rl:in Tmns. 2 197’7, 1339-1346. (c )  Mostowicz, I).; Relzecki, C. J .  
Org. Cfwm. 1977,42,3917-3921. ( d )  Forni, A.; Garuti, G.; Morctti, I.; 
Torrc. G.; Andrcetti, G. D.; Hocelli, G.; Sgarabotto. 1’. J. Ci1c.m. Soc., 
f’crhin Trclns. 2 1978, 401 -405. 

A: inside 
B: antiNo 

R fiC ,. C anti,c 

R 

Figure 2. Proposed nomenclature for oxaziridine N-substitu- 
ent conformations. 

Figure 3. Proposed conformations for (a) oxaziridine lb, (b)  
oxaziridine IC, and (c) oxaziridine Id, each assuming that the 
benzylic hydrogen atom occupies the “inside” position relative 
to the oxaziridine ring. The ball-and-stick depictions do not 
represent crystal structures. 

because of its proximity to the cis alkyl group at C-3 
(oxaziridine numbering). Thus, compounds lb  and Id, 
in which the oxaziridine nitrogen is equatorial, adopt a 
conformation in which the phenyl group is extended away 
from the six-membered ring (Figure 3; see also some 
examples derived from X-ray analyses in a later section 
of this paper). In this case, the only proton able to “feel” 
the anisotropic effect of the phenyl group would be the 
equatorial proton adjacent to the spiro center. Obviously, 
the only other isomer eligible for a n  upfield chemical shiR 
effect at a nonadjacent proton is the Z,trans oxaziridine 
IC. In this case, a conformation wherein the benzylic 
hydrogen is “inside” also swings the phenyl group away 
from the cyclohexyl group (Figure 3). Of course, one 
presumes that  these systems are all in rapid equilibrium 
on the NMR time scale and tha t  the proposed conforma- 
tions are observed due to their high population relative 
to other possibilities. 

The hypotheses derived from this analysis proved 
useful in structure determination in a number of struc- 
turally related compounds. Figure 4 shows oxaziridines 
derived from a-MBA and the chemical shift ascribed to 
the proton explicitly drawn in each compound. Each 
proton shown appears at higher field relative to all other 
methylene protons in the molecule shown. Note the 
slight downfield s h i b  experienced due to adjacent phenyl 
substitution in compound 3. For compounds 2-4, which 
were obtained as isomeric mixtures with the compound 
shown predominating, the signal noted in parentheses 
correctly integrated as belonging to the major diastere- 
omer, and no other signal appeared in a similar region 
of the NMR (compounds 6-9 were isolated in pure form 
and are best compared with each other). These observa- 
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"'Me 

l a  (0.22 ppm) 2 (0.21 ppm) 3 (0.72 ppm) 4 (0.54 ppm) 5 (>1.30 ppm) 

Me'"' "'Me 

X = OCHpCHpO 
6 (0.52 ppm) 7 (0.67 ppm) 8 (0.52 ppm) 9 (0.62 ppm) 

Figure 4. Chemical shifts for hydrogens shown in bold in various oxaziridines obtained at 300 MHz (except for la, which was 
obtained at 500 M H d S d  All compounds are shown in the same antipodal series (Le., as derived from (S)-a-MBA) for clarity; see 
original references for syntheses and actual absolute configurations (la and 2-5,5d 6/7,Sf and W9.9. 

tions are consistant with each compound adopting the 
preferred conformations set forth in Figures 2 and 3. 

No isomer of the benzyloxy-substituted 6 gives rise to 
an upfield methylene hydrogen signal. In analogy to 1-4, 
only the unlike isomer with the N,,,, cis to the benzyloxy 
group (shown in Figure 4) might be expected to do so. 
However, the ability of the 4-benzyloxy group to control 
the six-membered ring conformation should be greatly 
attenuated relative to oxaziridines bearing instead alkyl 
or aryl substituents on the six-membered ring (A-values: 
lo OPh, 0.65 kcal/mol; Me, 1.74 kcaYmo1). We hypoth- 
esize that CN,,,t conformations win out over CN&d ones, 
and therefore no upfield effect is observed (eq 1). An 
equatorial CN bond is preferred in oxaziridines derived 
from cyclohexanone itself.8c 

BnO N-CH(CH3)Ph 

BnO ~ ' N \ C H ( C H ~ ) P h  (1) 

Oxaziridines Derived from Other Amines. To 
assess the generality of this effect, a series of oxaziridines 
derived from achiral derivatives of benzylamine (benzyl- 
amine and diphenylmethylamine) and two positional 
isomers of a-methylnaphthylamine were prepared. The 
former series was designed to both provide further 
evidence for the conformational arguments advanced 
above and because of our need to determine whether 
various imines derived from chiral ketones underwent 
axial or equatorial attack by peracid. In such cases, twice 
as many imine stereoisomers would be formed with 
a-methylbenzylamine as with an  achiral amine, greatly 
complicating product analysis. The replacement of the 
phenyl substituent on the side chain with a naphthyl 
group was originally inspired by our curiosity whether 
the anisotropic effect would be enhanced by "adding 
electrons" to the aromatic system. The compounds 
utilized in this part of the study were all prepared by 
reacting the appropriate ketone with its amine partner 
in benzene or toluene kept at  reflux, followed by oxidation 

(10) Eliel, E. L.; Wilen, S.  H.; Mander, L. N., In Stereochemistry of 
Organic Compounds; John Wiley & Sons: New York, 1994, pp 696- 
697 and references cited. 

with m-CPBA. Yields ranged from 76-96% (both steps) 
for reactions carried out on scales ranging from 2.8-11.2 
mmol (compound 18 was an exception, being obtained 
in 67% yield from 0.6 mmol of 4-phenylcyclohexanone). 
In every example, precedent and the results cited below 
lead us to believe that the major isomer obtained was 
that depicted, i.e., resulting from equatorial attack of 
oxidant and formation of unlike oxaziridine (where 
relevant). The chemical shifts listed in Table 1 can all 
be ascribed to this major isomer by integration. 

NMR examination of N-benzyl and N-diphenylmethyl 
oxaziridines are constant throughout each series. The 
upfield shift attributed to the C-5 proton is absent in the 
former series but present in each example of the latter. 
2-D NMR experiments of 14 were carried out to further 
confirm the assignment of the NMR spectra. The signal 
of the methylene carbon syn to the nitrogen substituent 
is generally found ca. 7-10 ppm upfield from the anti 
carbon.8a Thus, C-4 and C-8 were assigned to 6 27.4 and 
6 36.7, respectively. In the COSY spectrum of 14, four 
cross-peaks from the signal at  6 0.18 were observed (6 
1.01,6 1.45,6 1.95, and 6 2.02). A HETCOR experiment 
confirmed that the signal a t  6 1.01 could be attributed 
to the C-6 methine and that the two protons on C-4 
occurred a t  6 1.95 and 6 2.02, respectively. HETCOR 
also confirmed that two protons (6 0.18 and 6 1.45) were 
connected to the same carbon (6 24.9). These results 
show that the axial C-5 proton should be assigned to 6 
0.18. Note that the two protons attached to the same 
carbon differ in chemical shift by 1.28 ppm. 

Again, the results are most consistent with a picture 
whereby the most populous conformer(s) have a benzylic 
proton occupying the "inside" position of the oxaziridine. 
For an N-benzyl oxaziridine, two such conformations are 
possible, one of which places the phenyl group over the 
six-membered ring and one that does not (Figure 5a). 
Since both conformers place the smallest benzylic sub- 
stituent in presumably the least sterically demanding 
position, they are likely populated to a similar extent. 
The C-5 axial proton does not experience any particular 
shielding and does not stand out in the time-averaged 
NMR spectra in this series. 

On the other hand, only a single benzylic H "inside" 
conformation is possible for the diphenylmethylamine- 
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Table 1. NMR Results from Oxaziridines Derived from 
Various Amines 

7 8  
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R 2 p N "  Ar 
H 5 4 0  2 R, 

entry comp Ar Ri Rz H-56(ppm)a 
1 10 Ph H Me 20.906 
2 11 Ph H t-BU 20.906 
3 12 Ph H Ph 20.90b 
4 13 Ph Ph Me 0.17 
5 14 Ph Ph t-BU 0.18 
6 15 Ph Ph Ph 0.66 
7 16 Ph Ph OCHzPh >1.306,c 
8 17 1-naphthyl Me Me -0.32 

10 19 2-naphthyl Me Me 0.24 
11 20 2-naphthyl Me Ph 0.54 

a Chemical shifts refer to the major stereoisomer (assigned as 
depicted) and were obtained at 300 MHz. No methine protons 
were observed at fields higher than the value noted. Prepared 
as a mixture of isomers. 

9 18 1-naphthyl Me Ph 0.12 

(b) 

Qp 
R2 .&!: 

Figure 5. Proposed conformations of oxaziridines derived 
from 4-substituted cyclohexanones and (a) benzylamine and 
(b) diphenylmethylamine. 

derived oxaziridines (Figure 5b). Here, dramatic shield- 
ing of the C-5 axial proton is expected and, in fact, 
observed (Table 1, entries 4-6). The sole exception is 
again due to a n  equatoridaxial conformational dichot- 
omy in the case of the oxaziridine derived from 4-(ben- 
zy1oxy)cyclohexanone (Table 1, entry 7). This oxaziridine 
was prepared as a very difficult to separate mixture of 
isomers, neither of which gave a methine signal upfield 
of 1.30 ppm: see Experimental Section and cf. eq 1). 

These observations suggest a simple method for de- 
termining whether an  oxaziridine substantially populates 
a conformation with an  axial nitrogen substituent in 
solution. One could first compare the chemistry of 
oxaziridines derived from any given amine, benzylamine, 
and finally, diphenylmethylamine. If similar isomer 
ratios and spectroscopic properties are obtained through- 
out the series, with exception of a substantial upfield shift 
of the C-5 proton in the compound derived from diphen- 
ylmethylamine, chances are that the oxaziridine has a 
pseudoaxial nitrogen atom (or alternatively, arose from 
equatorial attack of oxidant). Note the comparisons in 
Table 1 of the following pairs of entries: 114, 215, and 
316. In the absence of this phenomenon, alternative 
conformations should be considered (and unfortunately, 
other means to address the structural issues must be 
attempted). 

8ph 
22a 

0- 
0 60 120 180 240 300 360 

Dihedral Angle (deg) 

Me& 

ph?5 
22b 

Dihedral Angle (deg) 

Figure 6. Compounds used for molecular modeling calcula- 
tions and relative energies obtained by driving the dihedral 
angle noted. (a) Results for oxaziridines 21a (unlike) and 21b 
(like); the C-N bond was constrained into the pseudoaxial 
position. (b) Results obtained from the analogous epoxides 22a 
and 22b; the Cspiro-Cepo~de bond was constrained into the 
pseudoaxial position. 

Oxaziridines were prepared using a-(1'-naphthyl)- 
ethylamine and a-(2'-naphthyl)ethylamine (Table 1, en- 
tries 8-11) to determine whether other aromatic groups 
exert a similar effect. The oxaziridines were prepared 
using similar techniques as described above. The ox- 
aziridines bearing a 1-naphthyl substituent experienced 
much greater upfield shifts relative to their a-methyl- 
benzylamine counterparts (-Ad = 0.44-0.59). However, 
switching the aromatic functionality to its 2'-naphthyl 
isomer caused the chemical shifts to return to values close 
to those from the simple phenyl series. These results 
effectively rule out explanations based on the number of 
the aromatic electrons. I t  is more likely that the aro- 
matic unit in the 1-naphthyl oxaziridines can more 
closely approach the C-5 axial proton than in the C-2'- 
connected isomers. 

Molecular Modeling. To gain further insight into 
this system, we performed molecular mechanics calcula- 
tions on oxaziridines conceptually derived from cyclohex- 
anone itself and a-methylbenzylamine, namely the un- 
like and like isomers 21a and 21b, respectively (Figure 
6). The calculations were carried out using the MM2* 
force field implemented by Macromodel version 4.5; 
default parameters were used. The models were built 
from cyclohexane, and the oxaziridine was constrained 
with the Cspiro-Noxaz bond in the axial orientation. 
Since we were primarily interested in the rotational 
behavior of the N-Cawlic bond, calculations were carried 
out by driving the dihedral angle Coxaz-Noxaz-Cbenzylic- 
Cipso (defined here as 4) with 10" increments. A plot of 
this dihedral angle versus relative energy is given in 
Figure 6a. 

Two clear mimina were found at 4 = 290" and 70", plus 
a much shallower dip at 4 = 210". The former two 
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Me 

c: c 

A 8 

Figure 7. Low energy conformations of 21a obtained from 
Macromodel (MM2"). Structure A is the global minimum with 
respect to the Nnxaz-Chnrylic bond. 

h 

I' 
/' 

C 

0 0 

E 

Figure 8. Low energy conformations of 21b obtained from 
Macromodel (MMZ"). Structure D is the global minimum with 
respect to the Nnxaz-Cbnzylic bond. Aromatic hydrogens have 
been removed for clarity. 

mimina were further optimized to afford the structures 
shown in Figure 7. Structure A is the global minimum 
structure for this molecule, having a final @ value of 293", 
i.e., with the benzylic proton taking up the "inside" 
position. Structure B (@ = 74.7') puts the phenyl group 
"inside" and the hydrogen atom anti to the C-N bond; 
this structure lies about 5.7 kcal/mol higher than the 
minimum. Although the energy differences are almost 
certainly numerically exaggerated, they are qualitatively 
in line with the predictions put forth earlier in this paper 
for the preferred conformations of these oxaziridines. 

A similar study was carried out on the stereoisomeric 
Like oxaziridine 21b (Figures 6a and 8). In this case, 
three clear minima were found and were further mini- 
mized to afford structures C-E. Structures C (@ = 
199.2') and D (@ = 271.2') differed in energy by only 0.2 
kcaVmol favoring C (the global minimum in this case). 
Although C has the benzylic hydrogen in the "inside" 
position, neither C nor D places the aromatic group over 
the cyclohexyl ring. Conformer E does, but is disfavored 
according to these calculations by 1.5-1.7 kcavmol. 
Overall, these calculations support our supposition that  
the like isomer should not show an upfield C-5 proton 
even when the oxaziridine C-N bond is pseudoaxial. 
Interestingly, the global minima for 21a and 21b differ 

Me,,,, dPh 
23 

26 

24 

27 28 
(Ar = 3'-indolyl) 

Me Me 

29a 29b 

Figure 9. Structures of oxaziridines cited in Table 2. Refer- 
ences: 23-25,5f 26 and 27,5d 28,2s and 29.9h All compounds 
are drawn in the same absolute configuration with respect to 
the oxaziridine for clarity; see original papers for actual 
absolute configurations prepared. 

substantially in energy according to this model (ca. 2.7 
kcal/mol). A comparable energy difference encountered 
en route from imine to oxaziridine may well explain the 
preference of unlike vs Like oxaziridine formation;9 how- 
ever, such a study would require high-quality modeling 
well beyond the scope of this paper. 

Since the MM2* force field was not parameterized for 
oxaziridines, we sought reassurance that the results from 
the molecular modeling study were qualitatively relevant. 
First, the nitrogen atom was replaced with a carbon, 
resulting in the corresponding epoxides 22a and 22b; 
fully parameterized in the MM2* force field, these 
structures were subjected to a similar exercise (Figure 
6b). Comparison of the results obtained by driving the 
benzylic dihedral angle (@ defined here as Cspiro-Ccpc,xidc- 
Chnzylic-Cjpno, see structures in Figure 6) showed that the 
epoxides were subject to similar conformational restraints 
in both isomers, although energy differences were smaller. 
Survey of Crystallographic Conformations. In 

addition, the bond lengths and angles, as well as  the 
torsion angle about the Noxat-Chnzylic bond were compared 
to the values obtained from X-ray crystallographic studies 
of a total of nine previously reported oxaziridines: com- 
pounds la  (Figure 1) and 23-29 (Figure 9). Only 
oxaziridines la and 23 crystallized in conformations with 
an axial C-N substituent (although the latter adopted 
the alternative chairlike conformation in solution5d), with 
24-26 having an axial spiro oxygen atom. The point, of 
course, does not pertain to either the five-membered ring 
oxaziridines or to the two stereoisomers obtained from 
benzophenone. 

The crystal structures show that  the various oxaziri- 
dines are quite similar throughout the three types of 
compounds represented (Table 2). Despite the fact that  
Macromodel is not parameterized for oxaziridines, it  
came remarkably close to reproducing the values from 
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Table 2. Comparison of Selected Bond Lengths, Bond Angles, and Dihedral Angles of Oxaziridines Minimized by MM2* 
(Macromodel) and X-ray Cryetallographic Structure@ 

Bond Lengths, A 
01-C3 1.483 1.485 1.428 1.417 1.425 1.421 1.424 1.419 1.418 1.433 1.419 
01-N2 1.528 1.528 1.535 1.502 1.511 1.528 1.522 1.525 1.517 1.544 1.519 
N2-C3 1.477 1.478 1.456 1.418 1.442 1.432 1.444 1.457 1.439 1.473 1.464 
N2-C‘ 1.444 1.445 1.453 1.485 1.490 1.467 1.469 1.486 1.456 1.485 1.475 
c3-c,, 1.525 1.527 1.529 1.512 1.495 1.510 1.507 1.489 1.514 1.515 1.491 
C3-Canti 1.525 1.527 1.521 1.519 1.520 1.495 1.502 1.509 1.518 1.504 1.506 

Bond Angles (deg) 
01-N2-C3 59.0 59.2 57.0 58.0 57.6 57.3 57.3 56.8 57.3 56.7 56.8 
01 -C3 -N2 62.2 62.1 64.3 64.0 63.6 64.8 64.1 64.1 64.1 64.2 63.6 
N2-01-C3 58.2 58.7 58.7 58.0 58.8 57.9 58.6 59.2 58.6 59.2 59.7 
01-C3-Csp 110.3 109.5 116.4 117.2 115.0 115.7 115.8 120.2 116.7 115.3 115.2 
Ol-C3-C,nti 110.2 108.7 115.2 114.1 113.3 114.6 118.8 118.2 116.9 114.1 113.1 
N2-C3-Cs, 124.0 124.6 125.4 124.4 126.3 123.5 124.5 124.4 127.0 120.0 122.2 
N2 -C3 -Canti 116.5 116.7 111.0 113.0 114.8 115.7 113.2 116.8 117.4 114.4 112.7 
C3-N2-C’ 119.8 122.0 118.2 119.4 119.4 119.6 118.7 116.6 117.1 116.9 118.3 

Cs,-C3-N2-C’ 7.2 5.1 12 10.9 6.3 10.0 5.5 12.8 9.4 12.8 9.2 
C3-N2-C’-Cip, (9) 293.1 199.2 266 266.6 258.5 274.4 248.0 267.4 246.6b 259.2 218.5 

a Definitions: C,, is the carbon attached to C-3 of the oxaziridine and syn to the N,,,, substituent; Canti is the other carbon attached 
to (3-3. C’ is the carbon attached to N-2 of the oxaziridine. All compounds are assumed to be in the same enantiomeric series-that 
containing (S)-a-methylbenzylamine or its equivalent-for ease of comparison; see original papers for actual absolute stereostructures 
(Figure 9). b For compound 28, the C-2 carbon of the indolylethyl substituent takes the Cipao position in this measurement. 

A C la 23 24 26 26 27 28 29a 29b 

Dihedral Angles (deg) 

the crystal structures. The most notable differences 
occurred in the bond angles, with the computer-generated 
structures systematical1 overestimating the 01-C3 

a smaller amount. In addition, the N2-C’ (benzylic) 
distances were slightly longer in the MM2* structures 
than in  the X-ray data. Bond angles were within 2” for 
the most part. Overall, these agreements combined with 
the similar energy curves obtained from oxaziridines 21 
and epoxide analogues 22 lend credence to the modeling 
results vis & vis the Noxaz-C’ (benzylic) torsion angles. 

Referring back to Figure 2, we wish to further define 
the “inside” position as being bounded by conformations 
wherein the Chnzylic-substituent bond (A in Figure 2) 
eclipses the N-0  or N-C bonds of the oxaziridine. This 
corresponds to dihedral angles q5 of 240-300” for unlike 
oxaziridine stereoisomers (e.g., 21a, 23-27, and 29a) and 
q5 = 180-240” for like oxaziridines (e.g., 21b and 29b). 
As Table 2 shows, all of the oxaziridines examined fall 
nicely into these categories, although the calculated 
values fall decidedly on the low end of the scales as 
opposed to the crystallographically determined struc- 
tures. There is a paucity of information on oxaziridines 
not bearing an a-methylbenzyl substituent, but 28 does 
serve as one example. It is comforting that the trend 
seems to apply to oxaziridines derived from substituted 
cyclopentanones and at least two acyclic examples, as 
well. 

Summary. Overall, the tendency of chiral oxaziri- 
dines to exhibit a conformation with the C-H bond on 
the “inside” seems to be general as seen through crystal- 
lography and the NMR and theoretical methods exam- 
ined herein. These features may be relevant to various 
aspects of oxaziridine chemistry, such as their rearrange- 
ment chemistry. For the moment, the utility of the C-5 
upfield proton effect in  determining the structures of 
spirocyclic oxaziridines is worthy of mention. 

distances by about 0.06 i and the N2-C3 distances by 

Experimental Section 
Methods and Materials. HPLC was carried out isocrati- 

cally using a UV detector set on 254 nm; CN bonded (4.6 x 
250 mm) or silica gel (7.8 x 300 mm) columns were used. 

Unless otherwise noted, starting materials were obtained from 
commercial suppliers and used without further purification. 
4-(Benzyloxy)cyclohexanone11 and l-(2’-naphthyl)ethylamine12 
were prepared according to literature procedures. Com- 
mercially available m-CPBA (Aldrich, 5746%) was purified 
by extraction with phosphonate buffer.13 

General Procedure for Synthesis of Oxaziridines. A 
solution of ketone (1.0 equiv) and amine (1.2-1.5 equiv) in 
toluene was refluxed for 5-7 h in a round-bottomed flask 
which was equipped with a condenser connected via a Dean- 
Stark trap. After cooling to room temperature, the crude 
toluene solution of imine was transferred via a cannula or an 
addition funnel dropwise under nitrogen atmosphere to a 
round-bottomed flask which contained a suspension of m- 
CPBA (1.2-1.5 equiv) in dichloromethane at -78 “C. The 
oxidation reaction was usually completed within 20 min (TLC 
analysis, 5-25% EtOAdhex) and quenched with saturated 
aqueous NazS203 at -78 “C. The resulting mixture was 
allowed to warm to room temperature and poured into a 
separatory funnel to be partitioned between saturated NazS203 
and Et2O. The organic layer was washed with saturated 
aqueous NaHC03 and brine and dried over Na2S04. Flash 
column chromatography with 230-400 mesh.silica gel and the 
indicated solvent system afforded the product. 
trane-2-Benzyl-6-methyl- l-oxa-2-azaspiro[ 2.Sloctane 

(10) and isomer. 4-Methylcyclohexanone (1.251 g, 11.2 
mmol) was reacted with benzylamine (1.560 g, 14.6 mmol) 
followed by m-CPBA (2.343 g, 13.4 mmol). Column chroma- 
tography (10% EtOAdhex) afforded the title compound (mix- 
ture of isomers) as an oil (2.470 g, 96%): ‘H NMR (300 MHz, 
CDCl3) 6 0.91 (d, J = 6.2 Hz, 3 H), 0.99-1.09 (m, 1 HI, 1.25 
(m, 1 H), 1.47 (m, 1 H), 1.54 (m, 1 H), 1.76-1.84 (m, 3 H), 
1.93-1.99 (m, 2 H), 3.96 (AB q, J = 14.4 Hz, Au = 14.8 Hz, 2 
H), 7.22-7.41 (m, 5 H); 13C NMR (75.4 MHz, CDC13) 6 21.0, 

3032,2919,1495 cm-’; MS (FAB) mle 218 (M+ + 11,202 (1001, 
106,91; HRMS (FAB) calcd for C14H2oNO (M+ + H) 218.1545, 
found 218.1538. cie-10 (diagnostic peaks only): ‘H NMR (300 
MHz, CDC13) 6 0.96 (d, J = 6.4 Hz, 3 H); 13C NMR (75.4 MHz, 
CDC13) 6 56.9, 84.5. 
trane-2-Benzyl-6-tert-butyl-l-oxa-2-azaspiro[2.S]- 

octane (11). 4-tert-Butylcyclohexanone (800 mg, 5.07 mmol) 

26,6,31.0,32.7,35.4,57.7,84.9,127.4,128.5,137.1; IR(CDCl3) 

(11) Jones, E. R. H.; Sondheimer, F. J. Chem. Soc. 1949,615-618. 
(12) Blicke, F. F.; Maxwell, C. E. J. Am. Chem. Soc. 1939,61,1780- 

(13) Bortolini, 0.; Campestrini, S.; Di Furia, F.; Modena, G. J. O g .  
1782. 

Chem. 1987,52,5093-5095. 
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was reacted with benzylamine (830 mg, 7.58 mmol) followed 
by m-CPBA (1.308 g, 7.58 mmol). Flash column chromatog- 
raphy (8% EtOAJhex) afforded the title compound as a pale 
yellow solid (1.190 g, 89%). An analytically pure sample was 
prepared by recrystallization from hexane-dichloromethane: 
mp 57.5-59 "C; 'H NMR (300 MHz, CDC13) 6 0.81 (9, 9 H), 
0.86-1.48 (m, 4 H), 1.82-1.92 (m, 3 H), 1.96-2.06 (m, 2 H), 
3.98 (AB q, J = 14.2 Hz, AY = 22.2 Hz, 2 HI, 7.24-7.43 (m, 5 

30.2, 32.2, 36.4, 46.8, 57.9, 85.2, 125.4, 127.3, 128.39, 128.43, 
136.7; IR (CC14) 3020,2950,1485 cm-'; MS (CI) mle 260 (M' + l), 106 (100); HRMS (FAB) calcd for C17Hz$JO (M+ + H): 
260.2014, found 260.1993. Anal. Calcd for CnH26NO: C, 
78.72; H, 9.71; N, 5.40. Found: C, 78.90; H, 10.00; N, 5.38. 
truns-2-Benzyl-6-phenyl-1-oxa-2-azaspiro[2.5loctane 

(12) and Isomer. 4-Phenylcyclohexanone (1.080 g, 6.2 mmol) 
was reacted with benzylamine (0.861 g, 8.1 mmol), and the 
crude imine solution was oxidized with m-CPBA (0.594 g, 7.4 
mmol). Column chromatography (10% EtOAdhex) afforded 
the title compound (mixture of isomers) as a solid (1.520 g, 
87%): mp 112-113 "C; lH NMR (300 MHz, CDC13) 6 1.62 
(apparent qd, J = 11.9, 3.3 Hz, 1 H), 1.69 (m, 1 H), 1.89 (m, 1 
H), 2.09-2.38 (m, 5 H), 2.81 (tt, J = 12.1, 3.5 Hz, lH),  4.12 
(AB q, J = 14.2 Hz, Av = 20.6 Hz, 2 H), 7.21-7.62 (m, 10 HI; 

57.9, 84.7, 126.4, 126.8, 127.7, 128.57, 128.68, 128.75, 136.9, 
145.7; IR (CDC13) 3030, 2936, 1494, 1451 cm-l. Anal. Calcd 
for C19H2lNO: C, 81.68; H, 7.58; N, 5.01. Found C, 81.77; 
H, 7.60; N, 5.12. cis-la (diagnostic peaks only): 13C NMR (75.4 

truns-2-(Diphenylmethyl)-6-methyl-l-oxa-2-azaspiro- 
[2.5]octane (13). 4-Methylcyclohexanone (562 mg, 5.01 m o l )  
was reacted with diphenylmethylamine (1.390 g, 7.58 mmol) 
followed by m-CPBA (1.309 g, 7.58 mmol). Flash column 
chromatography (5% EtOAJhex) afforded the title compound 
as a white solid (1.108 g, 75%). An analytically pure sample 
was prepared by recrystallization from hexane-dichloro- 
methane: mp 84-86 "C; 'H NMR (300 MHz, CDC13) 6 0.17 
(m, 1 H), 0.66 (d, J = 4.7 Hz, 3 H), 0.88-1.98 (m, 8 H), 4.64 (s, 
1 H), 7.18-7.36 (m, 6 H), 7.44-7.51 (m, 4 H); 13C NMR (75.4 

127.1, 127.3, 127.67, 127.71, 128.4, 128.7, 140.1, 142.2; IR 
(CC14) 3020, 2920, 1485, 1395 cm-l; MS (CI) mle 294 (M+ + 
I), 167 (100); HRMS (FAB) calcd for CzoH24NO (M+ + HI: 
294.1858, found 294.1872. Anal. Calcd for CzoH23NO: C, 
81.87; H, 7.90; N, 4.77. Found: C, 82.00; H, 8.20; N, 4.68. 
trane-6-tert-Butyl-2-(diphenylmethyl)- l-oxa-2-azaspiro- 

[2.5]octane (14). 4-tert-Butylcyclohexanone (781 mg, 5.07 
mmol) was reacted with diphenylmethylamine (1.388 g, 7.58 
mmol) followed by m-CPBA (1.309 g, 7.58 mmol). Flash 
column chromatography (3% EtOAJhex) afforded the title 
compound as a white solid (1.634 g, 96%). An analytically pure 
sample was prepared by recrystallization from hexane-di- 
chloromethane: mp 125-126.5 "C; 'H NMR (300 MHz, CDCl3) 
6 0.18 (apparent qd, J =  12.8,4.3 Hz, 1 H), 0.61 (s,9 H), 0.82- 
2.07 (m, 8 H), 4.63 (6, 1 H), 7.17-7.34 (m, 6 H), 7.45-7.51 (m, 

36.7, 46.4, 70.5, 85.8, 127.1, 127.3, 127.6, 127.7, 128.4, 128.7, 
140.0, 142.1; IR (cc14) 3020, 2950, 1485 cm-l; MS (CI) mle 
336 (M+ + l), 167 (100); HRMS (FAB) calcd for C23H30NO (M+ 
+ H): 336.2327, found 336.2304. Anal. Calcd for C23H29NO: 
C, 82.34; H, 8.71; N, 4.18. Found: C, 82.27; H, 8.60; N, 4.20. 
truns-2-(Diphenylmethyl)-6-phenyl-l-oxa-2-azaspiro- 

[2.5]octane (15). 4-Phenylcyclohexanone (889 mg, 5.10 "01) 
was reacted with diphenylmethylamine (1.390 g, 7.59 mmol) 
followed by m-CPBA (1.309 g, 7.58 mmol). Flash column 
chromatography (5-10% EtOAdhex) afforded the title com- 
pound as a white solid (1.371 g, 76%). An analytically pure 
sample was prepared by recrystallization from hexane-di- 
chloromethane: mp 140-142 "C; lH NMR (300 MHz, CDCl3) 
6 0.66 (m, 1 H), 1.41-2.52 (m, 8 H), 4.68 (s, 1 H), 6.78 (d, J =  
7.1 Hz, 2 H), 7.10-7.39 (m, 9 H), 7.50-7.55 (m, 4 H); 13C NMR 

126.0, 126.5, 127.1, 127.2, 127.7, 127.8, 128.2, 128.4, 128.8, 
140.1, 142.0, 145.6; IR (ccl4) 3020, 2920, 1485 cm-'; MS (CI) 
mle 356 (M+ + 11, 167 (100); HRMS (FAB) calcd for C25H26- 

H); 13C NMR (75.4 MHz, CDC13) 6 25.6, 25.7, 27.3, 27.4, 27.5, 

'3C NMR (75.4 MHz, CDC13) 6 27.2, 32.06, 32.14, 36.2, 42.8, 

MHz, CDC13) 6 84.6. 

MHz, CDC13) 6 21.3, 26.9, 30.9, 32.3, 32.6, 36.0, 70.4, 85.7, 

4 H); 13C NMR (75.4 MHz, CDC13) 6 24.9,25.3,27.3,27.4,32.0, 

(75.4 MHz, CDC13) 6 27.4, 31.5, 32.3, 36.6, 42.8, 70.5, 85.2, 

NO (M+ + H): 356.2014, found 356.2019. Anal. Calcd for 
C ~ ~ H ~ E N O :  C, 84.47; H, 7.09; N, 3.94. Found: C, 84.41; H, 
7.20; N, 3.91. 
6-(Benzylogy)-2-(diphenylmethyl)-l-oxa-2-azaspiro- 

[2.5]octane (16). 4-(Benzyloxy)cyclohexanone (377 mg, 1.84 
mmol) was reacted with diphenylmethylamine (507 mg, 2.77 
mmol) followed by m-CPBA (478 mg, 2.77 mmol). Flash 
column chromatography (2% EtOAJhex) afforded the title 
compound as a mixture of two diastereomers (603 mg, 85%). 
The less polar isomer was partially isolated as a white solid 
by preparative HPLC on a 30 x 300 mm pPorasil column 
(Waters) with 0.5% 2-propanolhexane (retention time 24.0 
min). Isomer 1: mp 99-101 "C; 'H NMR (300 MHz, CDC13) 
6 1.38 (m, 1 H), 1.60-1.97 (m, 6 H), 2.21 (m, 1 H), 3.39 (m, 1 
H), 4.49 (AB q, J = 11.9 Hz, AY = 9.9 Hz, 2 H), 4.70 (6, 1 HI, 
7.21-7.49 (m, 15 H); 13C NMR (75.4 MHz, CDCl3) 6 24.0,28.4, 
29.1, 32.1, 69.7, 70.0, 73.1, 84.9, 127.0, 127.2, 127.3, 127.4, 
127.6, 128.2, 128.2, 128.6, 138.5, 139.8, 141.9; IR (neat) 3020, 
2920,1485 cm-'; MS (FAB) mle 386 (M+ + 11,167 (100). Anal. 
Calcd for C26H27N02: C, 81.01; H, 7.06; N, 3.63. Found: C, 
80.70; H, 7.01; N, 3.89. Isomer 2 (diagnostic peaks only): lH 
NMR (300 MHz, CDC13) 6 1.54 (m, 1 H), 2.05 (m, 1 H), 3.54 
(m, 1 H), 4.40 (AB q, J = 12.2 Hz, AY = 8.1 Hz, 2 H), 4.73 (s, 
1 H); 13C NMR (75.4 MHz, CDCl3) 6 23.5,28.1,28.8,31.6,69.6, 
69.7, 72.8, 85.4, 127.11, 127.43, 128.62, 139.5, 142.0. 
[2S*(R*),3(trans)]-6-Methyl-2-(1-( 1'-naphthy1)ethyl)-1- 

oxa-2-azaspiro[2.5]octane (17) and Isomers. 4-Methylcy- 
clohexanone (0.313 g, 2.8 mmol) was reacted with 141'- 
naphthy1)ethylamine (0.633 g, 3.7 mmol), and the crude imine 
solution oxidized with m-CPBA (0.271 g, 3.4 mmol). Column 
chromatography (10% EtOAJhex) afforded the title compound 
(mixture of isomers) as an oil (0.677 g, 86%). Compound 17. 
Crystallization at ca. -20 "C in Et20 afforded the major isomer 
as colorless crystals: mp 99-101 "C; 'H NMR (300 MHz, 
CDC13) 6 -0.32 (apparent qd, J = 11.7, 5.4 Hz, 1 H), 0.49 (d, J 
= 6.5 Hz, 3 H), 0.89-2.14 (m, 8 H), 1.74 (d, J = 6.4 Hz, 3 H), 
4.34 (9, J = 6.4 Hz, 1 H), 7.44-8.18 (m, 7 H); 13C NMR (75.4 

85.6, 122.9, 124.2, 125.5, 126.1, 127.6, 128.9, 130.0, 133.7, 
138.5; IR (CC14) 3054,2926,1451 cm-l; MS(E1) mle 281 (M+), 
265,208,155 (1001,127. Anal. Calcd for ClgH23NO: C, 81.10 
H, 8.24; N, 4.98. Fond:  C, 80.91; H, 8.22; N, 5.01. 2R*(S*),3- 
(cis)-17 (diagnostic peaks only): 'H NMR (300 MHz, CDC13) 
6 4.44 (4, J = 6.5 Hz, 1 H); 13C NMR (75.4 MHz, CDC13) 6 
58.7, 85.3. 2R*(R*),3(trane)-17 (diagnostic peaks only): lH 
NMR (300 MHz, CDC13) 6 4.57 (9, J = 6.7 Hz, 1 HI. 
[2S*(R*),S(trans)] -24 1-( l'-Naphthyl)ethyl)-6-phenyl-l- 

oxa-2-azaspiro[2.5loctane (18) and Isomer. 4-Phenylcy- 
clohexanone (0.097 g, 0.6 mmol) was reacted with 141'- 
naphthy1)ethylamine (0.154 g, 0.9 mmol), and the crude imine 
solution was oxidized with m-CPBA (0.057 g, 0.7 mmol). 
Column chromatography afforded (10% EtOAJhex) the title 
compound (mixture of isomers) as a solid (0.128 g, 67%): mp 
106-108 'C; lH NMR (300 MHz, CDC13) 6 0.12 (apparent qd, 
J = 12.3, 5.3 Hz, 1 H), 0.93 (m, 1 H), 1.21 (m, 1 H), 1.52 (m, 
1 H), 1.65 (m, 1 H), 1.78 (d, J =  6.4 Hz, 3 H), 1.79-1.99 (m, 3 
H), 2.38 (m, 1 H), 4.38 (9, J = 6.4 Hz, 1 H), 6.45 (m, 1 HI, 
7.04-8.20 (m, 11 H); 13C NMR (75.4 MHz, CDC13) 6 23.1,27.3, 
31.2, 32.4, 36.6, 42.8, 58.3, 85.3, 125.5, 125.6, 125.7, 125.9, 
126.3, 126.4, 126.6, 127.8, 128.0, 128.3, 129.0, 133.9, 138.6, 
145.5; IR (CC4) 3050,2920,1450 cm-'; MS mle  343 (M+), 327, 
244, 223, 208, 155 (loo), 127, 91; HRMS calcd for C24H25NO 
343.1936, found 343.1936. Anal. Calcd for C24H25NO: C, 
83.93; H, 7.34; N, 4.08. Found: C, 84.07; H, 7.13; N, 4.10. 
2R*(S*),3(cis)-lS (diagnostic peaks only): lH N M B  (300 MHz, 

6 84.8. 
[2S*(R*),3(trans)]-6-Methyl-2-( 1-(2'-naphthyl)ethyl)-l- 

oxa-2-azaspiro[2.5]octane (19) and Isomer. 4-Methylcy- 
clohexanone (0.407 g, 3.6 mmol) was reacted with 142'- 
naphthy1)ethylamine (0.823 g, 4.8 mmol), and the crude imine 
solution was oxidized with m-CPBA (0.353 g, 4.4 mmol). 
Column chromatography (10% EtOAJhex) afforded the title 
compound (mixture of isomers) as an oil (0.921 g, 90%). 'H 
NMR (300 MHz, CDC13) 6 0.24 (m, 1 H), 0.50 (d, J = 6.4 Hz, 
3 H), 0.89-1.01 (m, 2 H), 1.31-1.94 (m, 6 H), 1.66 (d, J = 6.4 

MHz, CDC13) 6 21.1, 23.1, 26.7, 30.8, 31.9, 32.6, 36.0, 58.2, 

CDC13) 6 4.49 (9, J = 6.4 Hz, 1 H); 13C NMR (75.4 MHz, CDC13) 
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Hz, 3 H), 3.80 (q, J = 6.4 Hz, 1 H), 7.44-7.68 (m, 3 H), 7.78- 
7.89 (m, 4 H); 13C NMR (75.4 MHz, CDCl3) 6 21.0, 23.8, 26.7, 
30.8, 32.4, 32.6, 35.9, 62.3, 85.7, 124.9, 125.6, 125.7, 126.0, 
127.6 (2 signals), 128.2, 132.7, 133.3, 139.2; IR (CCL) 3080, 
2921, 1451 cm-l; MS (EI) m l e  281 (M+), 169, 155 (loo), 127; 
HRMS calcd for C1gH23NO 281.1780, found 281.1789. 2R*- 
(S*),3(cis)-19 (diagnostic peaks only): 'H NMR (300 MHz, 

6 85.3. 
[2S*(R*),3(trans)]-2-( 1-(2'-Naphthyl)ethy1)-6-phenyl-l- 

oxa-2-azaspiro[2.5]octane (20). 4-Phenylcyclohexanone 
(1.001 g, 5.7 mmol) was reacted with 1-(2'-naphthy1)ethylamine 
(1.000 g, 5.8 mmol), and the crude imine solution was oxidized 
with m-CPBA (1.202 g, 6.9 mmol). Column chromatography 
(10% EtOAdhex) afforded the title compound (mixture of 
isomers) as a solid (1.800 g, 91%): mp 107-109 'C; lH NMR 
(400 MHz, CDC13) 6 0.56 (apparent qd, J = 12.5, 5.2 Hz, 1 H), 
1.41 (qd, J = 2.3, 12.6 Hz, 1 H), 1.49-1.62 (m, 2 H), 1.71 (d, 
J = 6.4 Hz, 3 H), 1.80 (m, 1 H), 1.91-2.11 (m, 3 H), 2.39 (tt, 
J = 3.7, 12.5 Hz, 1 H), 3.83 (q, J = 6.4 Hz, 1 H), 6.34 (d, J = 
6.9 Hz, 2 H), 6.86 (t, J = 7.4 Hz, 2 H), 6.89 (m, 1 H), 7.54 (m, 

CDC13) 6 3.91 (9, J = 6.4 Hz, 1 H); 13C NMR (75.4 MHz, CDCl3) 

J. Org. Chem., Vol. 60, No. 24, 1995 8035 

3 H), 7.87 (m, 3 H), 7.97 (s, 1 HI; 13C NMR (50.3 MHz, CDC13) 
6 23.8, 27.3, 31.5, 32.6, 36.6, 42.7, 62.8, 85.3, 125.2, 125.8, 
126.0, 126.3, 126.6, 127.7, 127.8, 127.9, 128.0, 128.5, 132.8, 
133.4, 139.4, 145.4; IR (CDCla) 3060, 2934, 1451 cm-l. Anal. 
Calcd for C ~ ~ H Z ~ N O :  C, 83.93; H, 7.34; N, 4.08. Found: C, 
84.07; H, 7.37; N, 4.23. 2S*(R*),3(cis)-20 (diagnostic peaks 
only): 1H NMR (CDC13, 400 MHz) 6 3.89 (4, J = 7.1 Hz, 1 H). 
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