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stirred for 1.5 h at 0 °C. Workup was effected by addition of ether (10 mL),
neutralization with aqueous sodium bicarbonate solution, and extraction.
Concentration of the organic phase gave an oil (128 mg) which was purified
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11 was <5% as revealed by GLC.
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of 2h at 40 °C. The resulting mixture was stirred for 24 h. Usual workup
followed by purification of the crude product by short column chromatog-
raphy on silica gel gave the adduct 1b (two of the four possible racemic
isomers were separable, but the mixture of the isomers was used for the
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(d,3H, y=6.0Hz), 1.10 (s, 3 H), 5.3-5.5 (m, 1 H); mass spectrum m/e 178
(M*)) which was isomerized to § under acidic conditions (5% H,SO4-THF
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(1:1), room temperature, 2 h, 73%). The 'H NMR spectrum (CDCl3) of 5
showed a bridgehead methyl signal at 4 1.08 (s) identical with that of the
authentic sample'4 and was clearly distinguished from that of the cis iso-
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Nonchair Conformations in Phosphorus-Containing
Cyclohexanes. Crystal and Molecular Structures of
cis- and trans-2-Phenyl-2-oxo0-5-tert-butyl-
1,3,2-dithiaphosphorinanes and
cis-2-Phenyl-5-tert-butyl-1,3,2-dithiaphosphorinane
Sir:

Saturated homocyclic and heterocyclic six-membered rings
generally exhibit a strong preference for the chair conformation
over nonchair forms (AH® = ~3-8 kcal/mol).! Although
special ring modifications or severe steric biasing influences
afford a predisposition for the twist or other nonchair struc-
tures, molecules that inherently favor a twist conformation in
unstrained situations are rare.'*2 In a recent '"H NMR study
on the stereochemical properties of la and 1b in solution, we
found that, although 1b assumes predominantly a chair con-
formation (2), 1a populates considerably a twist form (3).3

i

S/P\CH
L

1a; R1=CgHgi Rp= 0O
bi Ry = 0iRy= CeHg

I

¢i Ry= CgHgi Ry=lone pair

= \ S\P/CéHs

;cHs
S
% \/\ks

3 3

Since the free-energy difference between the chair and twist
forms was estimated to be as low as 0.5 kcal/mol,? the 1,3,2-
dithiaphosphorinane ring system appeared to be a good can-
didate for obtaining unconstrained twist structures. To find
out whether the twist conformation for 1a would be manifested
in the solid state, X-ray crystallographic analyses were per-
formed on 1a and, for comparison, on 1b and Ie. Surprisingly,
both 1a and 1b adopt a twist conformation in the solid state,
which represents an unusual case where two configurational
isomers of a six-membered ring assume twist forms.

Crystals of 1a, 1b, and 1¢ all belong to the monoclinic sys-
tem, space group P2,/c. All three crystal structures were
solved by direct methods using MULTAN.# Atomic positional®
and thermal parameters (anisotropic C, O, P, S; isotropic H)
were refined by full-matrix least-squares calculationsto R =
0.054 (1a), 0.050 (1b), and 0.040 (1¢) over 2433, 1876, and
1270, respectively, statistically significant (7 > 2.00 (I)) re-
flections measured on an Enraf-Nonius CAD-3 automated
diffractometer (Ni-filtered Cu Ko radiation, A = 1.5418 A;
6-26 scans).

Views of the solid-state conformations for 1a® and 1b are
shown in Figures 1 and 2;32 endocyclic torsion angles defining
the heterocyclic ring shapes of 1a—c are in Table 1. Although
the endocyclic torsion angles for 1a and 1b depart significantly
from ideal symmetry-related values characterizing a twist (D)
form, it is quite apparent that the six-membered rings in each
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Cho

ou7)
Figure 1. Atom numbering scheme and solid-state conformation of 1a.
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cu3)
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C(1®)
Figure 2. Atom numbering scheme and solid-state conformation of 1b.

Table I. Endocyclic Torsion Angles (Degrees) for 1a, 1b, and 1¢¢

angle 1a?® b CeHpp¢ 1cf
S(1)-P(2)-S(3)-C(4) —39.5(—41.7) —-19.5 =332 476
P(2)-S(3)-C(4)-C(5) 79.1 (799) 698 706 —62.8
S(3)-C(4)-C(5)-C(6) —34.5(—34.4) —40.6 -33.2 74.7
C(4)-C(5)-C(6)-S(1) —49.2(—47.7) —42.1 =332 =743
C(5)-C(6)-S(1)-P(2) 73.4 (70.3) 81.0 70.6 62.0
C(6)-S(1)-P(2)-S(3) —17.8(-149) =375 =332 -474

@ The torsion angle A~-B-C-D is defined as positive if, when viewed
along the B-C bond, atom A must be rotated clockwise to eclipse atom
D. & Unprimed molecule; values for the primed molecule are in pa-
rentheses. ¢ D, twist cyclohexane values were taken from J. B. Hen-
drickson. J. Am. Chem. Soc., 83, 4537 (1961). 4 Atom numbering
scheme is the same as in 1a and 1b.

of these compounds do approximate such a form. In contrast
to this conformational preference, the corresponding ring of
1¢, the tricoordinate analogue of 1a, has a chair form (4),
slightly flattened at phosphorus, with axial 2-phenyl and
equatorial 5-rert-butyl groups.’-8 It is noteworthy, especially
in relation to a diminished AG® (chair-twist) for dithiaphos-
phorinanes, that both 1a and 1b adopt twist forms.

Other nonchair conformations have been observed for the
related 1,3,2-dioxaphosphorinanes under conditions of mod-
erate steric stress. Thus, 5 possesses a twist conformation in
the solid state,!° presumably to escape severe 1,3 syn-axial
interactions present in both possible chair forms, 6 adopts a
highly flattened (“chaise lounge”) conformation in the solid
state,''2 and 7a'? was assigned a boat conformation in solution
on the basis of '"H NMR data.!'® X-ray diffraction data for
7b'2.14 indicated a slightly distorted chair conformation with
equatorial 5-rerr-butyl and axial 2-methyl groups,'* and data
for 8'2 showed a flattened chair conformation with axial 5-
tert-butyl and axial 2-methoxy groups.'® Thus, the 1,3,2-
dioxaphosphorinane ring has a lower propensity to assume a
twist disposition, and this has been borne out in a solution study
of 7¢,'? the oxygen isostere of 1a.!17 X-ray analysis of the car-
bon isostere of 1b showed a chair conformation with equatorial
4-tert-butyl and 1-phenyl substituents.'8

Replacement of methylene groups of cyclohexane by sulfur

1601

atoms can lower the chair-twist energy difference. For ex-
ample, while cyclohexane has a AH® (chair-twist) of ~5.3-6.0
kcal/mol,'>¢ the value for 1,3-dithiane drops to ~3.4-4.0
kcal/mol.'®19.20 Furthermore, an entropy term (AS®) fa-
voring the twist form lowers the free-energy difference such
that AG®°, (298 K) for 1,3-dithiane is only ~1.7-2.6 kcal/
mol.'b19 Likewise, AG® for the 1,2,4,5-tetrathiane ring
system is lowered to such an extent that the twist form can be
preferred,’s-22 and this is supported by empirical force-field
calculations.’® Although the relatively small AG®, for the
2-oxo-1,3,2-dithiaphosphorinane system is probably imparted
by the 1,3 sulfur atoms, analogous to 1,3-dithiane, the presence
of a phosphorus atom could further diminished AG®.2? In-
terestingly, molecules of 92° and 3,3,6,6-tetramethyl-
1,2,4,5-tetrathiane’c exhibit a twist conformation in the solid
state.

The fact that the twist form is adopted by 1a and 1b in the
solid state suggests that AG°., may be very low (<1 kcal/mol),
but the influence of crystal-packing forces cannot be accurately
estimated.2628 Future solution studies on derivatives not biased
by carbon substitution should help to define AG®,.

The X-ray analysis of 1¢ represents the first determination
of molecular structure for a tricoordinate 1,3,2-dithiaphos-
phorinane and, more importantly, one of the few determina-
tions for a tricoordinate phosphorus-containing cyclohexane.'3
The result for 1c not only confirms the stereochemistry arrived
at earlier,3 but, coupled with the results for 1a and 1b, also
establishes that peroxide oxidation of tricoordinate phosphorus
in this system occurs with retention of configuration.
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Supplementary Material Available: Crystal data. exocyclic torsion
angles. and table of atomic coordinates for 1a, 1b, and 1¢ and Figure
3 showing atom numbering scheme and solid-state conformation of
1c (9 pages). Ordering information is given on any current masthead
page.
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X-ray and NMR Studies of a Cyclophosphamide-like
Molecule, cis-2-Oxo-2-dimethylamino-3-phenyl-
5-tert-butyl-1,3,2-oxazaphosphorinane. Twist
Conformation in Both Solid Phase and in Solution
Sir:

The 1,3,2-oxazaphosphorinanes cyclophosphamide (1),
isophosphamide (2), and trophosphamide (3) are clinically
useful anticancer drugs.! In vivo oxidation activates these
molecules and gives the 4-hydroxy derivatives (4) in which the
OH and Z may be related either cis or trans. Because of the
expected relationship of molecular configuration and confor-
mation to ease of oxidative microsomal potentiation and sub-
sequent efficacy, X-ray studies of a number of such systems
have been completed. These include 1,2 2,3 and 3;% 4-peroxy-1;°
the 4-hydroperoxy derivatives of 16 and 2;4t and 4-keto-1.7 In
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addition the enantiomers of 1 have recently been resolved® and
their absolute configurations assigned by X-ray anomalous
dispersion techniques.® Indeed, important differences in effi-
cacies and rates of metabolism in humans and mice were as-
cribed to the two enantiomers.'? Currently, investigations of

6 1
Y
5 ;p
N\
3
b E Z
1 R=H; 2 = N(CHZCHZC])Z
2 R= CH,CH,Cl; Z = NHCH,CH,CI
3 R=CHCHCl; Z = N(CHZCHZCI)Z
0
\ O
P
N\
N 2
X R
4 X = OH; R Z based on ]-3
5 X =Me; R=H; Z= N(CHZCHZCI)Z

the in vivo activities of the cis- and trans-4-methylcyclo-
phosphamides (5) are being pursued.!’

All of the above systems studied by X-ray crystallographic
techniques were shown to possess chair-form conformations.
It has been suggested that in solution both cyclophosphamide
itself!2 and trans-5 (Me and N(CH,CH,Cl), trans)!}2 pop-
ulate more than one conformation. We report here that closely
related 1,3,2-oxazaphosphorinane 6 is in a twist conformation
both in solid state and in solution. Thus, twist forms should
receive important consideration in conformational equilibra
involving 1-8.

0\1 //010 lilMez
t~Bu 5 P P
X 3/2\7/EH \0/, \\O
L N N 3 7L h(
9 Ph
6 2

A mixture of diastereomeric 2-dimethylamino-2-oxo-3-
phenyl-5-tert-butyl-1,3,2-oxazaphosphorinanes was synthe-
sized by the N,O4 oxidation of the corresponding trivalent
phosphorus precursor. The latter was prepared by condensation
of the required amino alcohol with (Me,N);P in a refluxing
50:50 mixture of ethyl acetate and toluene as solvent (6 h). The
mixture of oxides was separated by column chromatography
on silica gel eluted with anhydrous ether. Recrystallization of
the cis isomer (6) from benzene gave white crystals, mp
165-166 °C (uncorrected). C, H, and P analyses within £0.3
of calculated values were obtained.  _

Crystals of 6 belong to space group P1 with Z = 2 (pcated =
1.206, pmeasd = 1.213 g/cm?3) and cell dimensions a = 6.143
(2),b=11273(4),c =12.423 (3) A;a =102.3(1),8=95.3
(1), ¥ = 102.3 (1)°. Data were collected on an Enraf-Nonius
CAD-4 diffractometer using Mo K& X-radiation with a
graphite monochromator and w-26 scan technique. The
structure was solved by direct methods with the use of MUL-
TAN! and refined to R = 0.046 (R,, = 0.035) by full-matrix
least squares using the 1754 unique nonzero diffraction max-
ima. All hydrogen atoms were located and refined isotropically.
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