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ABSTRACT

Proton NMR spectroscopy and x-ray crystallographic
studies demonstrate the predominance of the axial
conformer of 2-(diphenylphosphinoyl)-1,3-dithiane
(1). Chemical equilibration of anancomeric models (3
= 9 allows quantitative determination of the confor-
mational free energy in 1, 1.0 kcal/mol, which corre-
sponds to an anomeric effect of 2.64-3.74 kcal/mol,
depending on the method used for estimating it. This
value indicates that the anomeric effect operative in 1
may be among the largest yet measured.

Five distinct rationalizations are considered to
account for such a strong S-C-P(0) anomeric effect:
(a) dipole-dipole interactions, (b) electrostatic, attrac-
tive interaction between the phosphoryl oxygen and
the syn-axial hydrogens in 1-axial, (c) delocalization
of the lone pair on the endocyclic heteroatom into the
antiperiplanar (axial) adjacent polar C-P bond, (d)
through-space 3p-3d electron donation from sulfur to
phosphorus, and (e) repulsive interaction between the
lone pairs on sulfur and on the phosphoryl oxygen. All
these hypotheses have some experimental and/or the-
oretical support, but evidence contrary to expectation
can be found also to argue against each one of them.

The conformational preference of the diphe-
nylthiophosphinoyl group in the 1,3-dithian-2-yl ring
was determined by nuclear magnetic resonance
(NMR) analysis and by chemical equilibration of
diastereomeric models. The slight predominance of
axial 2-(diphenylthiophosphinoyl)-1,3-dithiane (13-
ax) over 13-eq reflects nonetheless the influence of a
strong S-C-P anomeric interaction, worth ca. 2.3
kcal/mol.

Spectroscopic evidence for the predominance of
the equatorial conformers in 2-(diphenylphosphi-

© 1990 VCH Publishers, Inc.

noyl)-1,3-oxathiane (19) and 2-(diphenylphosphi-
noyl)-1,3-dioxane (22) was confirmed by the study
of derivatives containing counterpoise substituents,
or by chemical equilibration on anancomeric models.
ADSr. [P(O)Ph;]= —3.23 kcal/mol was determined
for the dioxane (chloroform solution), and AGSsc
[P(O)Ph,)= —1.42 kcallmol for the oxathiane (etha-
nolic solution). Nevertheless, evaluation of the differ-
ent steric requirements in 1, 13 and 22 reveals that the
magnitude of the O-C-P(O) and S-C-P(O) anomeric
effects in the heterocycles is, in fact, quite similar,
close to kcallmol.

DISCOVERY OF THE S-C-P(O) ANOMERIC
EFFECT

2-[1,3]Dithianyldiphenylphosphine oxide (1) was
prepared in our laboratory as a potential precursor
of ketene dithioketals [1] (Scheme 1). Treatment of
1,3-dithiane with #n-butyllithium and chloro-
diphenylphosphine, followed by spontaneous oxi-
dation during workup afforded 1 in 40% isolated
yield [2, 3].

Assignment of the proton NMR spectrum of 1
indicated a very large (ca. 1.2 ppm) chemical shift
difference between axial and equatorial protons at
C(4, 6). That the signals at 3.70 and 2.50 ppm corre-
spond to the axial and equatorial protons, respec-
tively, was confirmed by double-irradiation experi-
ments [2]. These spectroscopic observations are
evidence for a deshielding effect of a predominantly
axial phosphoryl group on the syn-axial H(4, 6)
(Equation 1).
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Support for this hypothesis came from the ob-
servation that the downfield shift produced by the
addition of Eu(fod); is in the order H(4, 6 axial) >
H(2) > H(4, 6 equatorial) > H(5). Observation of
Dreiding models indicates that this result is rea-
sonable only if one assumes the axial orientation
for the phosphinoyl group, with the P-O bond
above the dithiane ring.

Definitive proof for the conformation of 1 was
obtained by single-crystal x-ray diffraction [2]. A
perspective view of the molecular structure is
shown in Figure 1. The heterocyclic six-membered
ring exists in a somewhat flattened chair conforma-
tion with the substituent being axial.

There was, therefore, clear evidence for a
strong anomeric interaction between the second-
row elements sulfur and phosphorus (S-C-P=0).
While much work has been dedicated to studies of
the anomeric effect involving first-row elements
[4-6], this work constituted the first account of a
S-C-P anomeric interaction [2, 3].

Soon thereafter, Mikolajczyk et al. {7, 8] re-
ported NMR evidence suggesting that the 2-di-

FIGURE 1 Perspective view of the molecular structure
of 1.

methoxyphosphoryl-1,3,5-trithiane analogue also
adopts an axial conformation (Equation 2). An x-
ray crystallographic structure of 2-axial confirmed
this [7].
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QUANTIFICATION OF THE AXIAL
PREFERENCE OF THE
DIPHENYLPHOSPHINOYL GROUP IN 1

To quantify the conformational effect operativein1,
the conformationally fixed (anancomeric) deriva-
tives 3 and 4 were prepared, and their proton NMR
spectra were compared with that of 1 (all three in
CDCl;). Most interestingly, the coupling constants
of H(2) to phosphorus in 1, 3, and 4 vary considera-
bly: 6, 15, and 4.2 Hz, respectively. On the assump-
tion that 2Jygp in the mobile dithiane 1 is the
weighted average of those for the model diaste-
reomers 3 and 4, then K = (J,x — J)/(J — Jeq) = 1/5,
which yields AGjg.c = 1.0 kcal/mol for the free en-
ergy difference favoring 1-axial over 1-equatorial
[2] (Equation 3).

P(0)Ph,
-+
s% o EtO Na s P(0)Ph,
@S i /g\j\ 3)
3 4

2JH(2)[P = 4,2 Hz 2JH(2)/p =15 Hz
Chemical equilibration 3 == 4 was successfully
effected with basic catalysis using ethanolic so-
dium ethoxide (Equation 3). Integration of the sig-
nals for H(2) in the proton NMR spectra served for
the analysis of the diastereomer ratio and afforded
an average value of 0.99 = 0.03 kcal/mol for the
conformational free energy difference [3]; this
result is in excellent agreement with that obtained



by the
method.

weighted-average coupling constant

ESTIMATION OF THE MAGNITUDE OF
THE ANOMERIC EFFECT IN 1

Because the magnitude of the anomeric effect is
frequently defined as the difference between the
free energy difference for the equilibrium studied
and the conformational energy value for the same
substituent in cyclohexane [5], a study was under-
taken to estimate the conformational preference of
the diphenylphosphinoy! group in cyclohexane [9]
(Equation 4).
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Carbon-13 NMR spectroscopic comparison of 5
with anancomeric 6 and 7 by means of Eliel’s equa-
tion [K = (8eq — Smobile)/(Bmobile — 8ax)] indicated the
equilibrium 5-axial = 5-equatorial to be highly bi-
ased, with a predominance of the equatorial con-
former too large to quantify.
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Equilibrium constants closer to unity were ob-
served for 8 and 9 which incorporate counterpoise
substituents, thus permitting a more precise calcu-
lation of AG® (Equation 5).
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With 8, the 3C chemical shifts for the methyl
group and C(1) were convenient for use in Eliel’s
equation, giving an average —AG°[P(O)(C¢Hs),] =
2.74 *= 0.08 kcal/mol at ambient temperature in
solvent chloroform; this —AG® value refers to the
process in Equation 4 [9].
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Direct observation of the two conformers 9-ax-
ial and 9-equatorial was possible at low tempera-
ture, and the equilibrium constant was then read-
ily obtained by measurement of signal intensities.
In this way, the equilibrium constant for 9 was
found to be 2.9, favoring equatorial phenyl; this
implies —AG°[P(O)C¢Hs)] = 2.46 kcal/mol at
—~80°C in deuterated dichloromethane. The smaller
value at low temperature is probably due to an
entropy effect: an axial diphenylphosphinoyl group
is conformationally constrained to rotamers with
the P-O bond above the cyclohexane ring, whereas
an equatorial diphenylphosphinoyl substituent is
apparently free to rotate fully around the C-P bond;
therefore, the TAS® term increasingly favors the
equatorial conformer as the temperature becomes
higher. From the conformational free energy differ-
ences at room temperature (27°C) and at —80°C, a
AS° = +2.6 cal/deg - mol and —AH® = 1.96 kcal/mol
are obtained [9].

When the magnitude of the S-C-P(0) anomeric
effect is expressed as the difference of AG® in cyclo-
hexane (—2.74 kcal/mol) and the system studied (1;
+ 1.0 kcal/mol), a value equal to 3.74 kcal/mol is
estimated. There is, of course, a well-recognized
difficulty with evaluation of the anomeric effect in
this fashion [10]. In the system at hand, the steric
requirement of a group at the two position of the
1,3-dithiane is generally smaller (because of the
long C-S bonds) than the steric requirement in a
cyclohexane.

Theoretical estimation of the purely steric in-
teractions in the axial conformation of 1 was ac-
complished in two ways:

1. Application of the Hill equation [11] to the
precise structural data of 1-axial provided AH® =
1.25 kcal/mol, to which was added the entropy
term, TAS® = (298°K) (2.6 cal/deg - °K) = 0.78 kcal/
mol; therefore, the reference AG® (steric AG®) from
which to estimate the magnitude of the anomeric
effect (Equation 6) was estimated as —2.03 kcal/
mol. Then, since

anomeric effect = ~AGic + AGlpserved  (6)

the magnitude of the anomeric effect would
amount to 3.03 kcal/mol [9].

2. It has been shown [12] that the AG® (2-tert-
butyl) in 1,3-dithianes is about 60% of AG® (tert-
butyl) in cyclohexane. Thus, applying Franck’s
methodology [13], the expected size of the
diphenylphosphinoyl group in 1 is 60% of 2.74 kcal/
mol [9], which affords an anomeric effect equal to
1.0 + (0.60 x 2.74) = 2.64 kcal/mol [14, 15].

In conclusion, estimates (1) and (2), although
admittedly crude, afford quite similar values for
the magnitude of the anomeric effect present in 1:
close to 3 kcal/mol, which is one of the largest yet
recorded [16].
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SCHEME 2

INTERPRETATION OF THE S-C-P(O)
ANOMERIC EFFECT OPERATIVE IN
2-(DIPHENYLPHOSPHINOYL)-1,3-DITHIANE

Five distinct mechanisms have been examined to
explain the strong anomeric effect present in 1. All
these hypotheses have some experimental or theo-
retical backing, but all are also suspect because of
evidence contrary to expectation. (Of course, no ar-
gument can be advanced in favor or against the
theory no one has thought of yet!)

1. Most commonly, the anomeric effect has
been rationalized in terms of stabilization by di-
pole-dipole interaction [17]. According to this inter-
pretation, electrostatic dipole/dipole repulsion dis-
favors the equatorial conformer while the
dipole/dipole attraction should favor the axial con-
former in the equilibrium such as that depicted in
Scheme 2. Thus, if dipole/dipole interactions were
dominant in the conformational equilibria of 1
(and 3 = 4), it would be expected that the contribu-
tion of the equatorial form should increase with
increasing dielectric constant of the medium {10].
In fact, the results did not show the expected sol-
vent effect (Table 1 [3]); rather, they gave an erratic
trend, which hints at the simultaneous participa-
tion of several effects.

In contrast with our results, Mikolajczyk’s
group [7] reported a good inverse correlation be-
tween the dielectric constant of the solvent and
Ad,yeq for the C(4, 6) methylene protons: A8 in-
creased in less polar solvents. Assuming a direct
relationship between A8(H;gaxeq] and the amount
of axial 1 [2, 3], this could be evidence supporting
the dipole/dipole interaction.

In this respect, it is interesting that the 1.0 kcal/
mol preference for axial 1 decreases to 0.53 kcal/
mol in the analogous dithiazine 11 [18] (Equa-
tion 7).
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The smaller anomeric effect in the dithiazine
vis-a-vis the dithiane is not due to increased steric
repulsion between the axial substituent at C(2) and

the methylene groups at C(4, 6) [19]. Because the
axial disposition of the N-alkyl group in the
dithiazine [20] causes some cancellation of the ring
dipole encountered in the 1,3-dithiane ring
(Mdithiazine = 147 D vs. Mdithiane = 2.09 D): it can be
argued that the smaller anomeric effect observed in
11 is the consequence of a less important dipole/
dipole component stabilizing the axial conformer
(Equation 8). In addition, the P==0 and N dipoles
are nearly parallel and therefore repulsive for axial
P, as shown in Equation 8.
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2. It is remarkable that the axial preference of
the diphenylphosphinoyl group decreases substan-
tially in trifluoroacetic acid (Table 1). This very

TABLE 1 Solvent Effect on the Conformational
Energies (AG°) in trans-2-(Diphenylphosphinoyl)-5-
methyl-1,3-dithiane (10)?
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CH,
Solvent € AGg,? (kcal/mol)
CDCl; 4.7 1.07
CF,CO,D 8.2 0.30
CD.Cl; 8.9 1.12
CD;COCD;4 20.7 1.74
CDsCN 375 1.06
CD3;SOCD; 48.9 1.78

2 The methyl group in 10 serves as a counterpoise, so that the
equilibrium constant is close to unity, permitting a more precise
calculation of AG® than would be possible in 1.

b These values were estimated by taking into account the con-
formational preference of the 5-methyl group: 1.07 kcal/mol
[12]).




acidic solvent is likely to transfer a proton to the
phosphoryl oxygen, and the stability present in 1-
ax is thereby evidently lost. It seems possible that
protonation abolishes some electrostatic attractive
interaction between the phosphoryl oxygen and the
axial hydrogens in 1-ax [2]. This argument has been
advanced based on the nonbonded distances be-
tween the phosphoryl oxygen and the axial hydro-
gens H(4,6,,) in axial 1,3,5-trithiane 2-ax [7], and
from the estimation of the attractive Coulombic in-
teraction in 1-ax [21].
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Experimental support for this hypothesis
comes from the conformational behavior of 2-
(diphenylphosphinoyl)-1,3,5-trithiane (12), which
shows an even higher predominance of the axial
conformer [3]. This result is particularly interest-
ing in view of the fact that the anomeric effect ob-
served in trithianes is generally smaller than that
in dithianes [16, 22]. The result can be rationalized
in terms of a stronger electrostatic interaction in
12-ax with its more acidic H(4,6) (Equation 9).
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Contrary to this argument stands, however, the
decreased axial preference in 11 (see above), where
the 5-aza group should also lead to increased acid-
ity of H(4,6).

The hypothesis cannot explain either the rather
large effects of dimethylsulfoxide (DMSO) and ace-
tone favoring the axial isomer. In fact, these sol-
vents could be expected to compete for the H(4,6)
hydrogens, causing a weakened electrostatic at-
traction in axial P(O)Ph,, contrary to observation
(Table 1).

3. More recently, the anomeric effect has been
rationalized in terms of delocalization of the lone
pair on the endocyclic heteroatom into the antiperi-
planar (axial) adjacent polar bonds [23]. According
to this interpretation, in gauche (axial) C-X-C'-Y
systems the C’-X distances are significantly shorter
than normal while the C’-Y bond lengths are longer
than normal (Equation 10).
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TABLE 2 Selected Interatomic Distances in 1-Axial
and 4 (Equatorial) with Standard Deviations in
Parentheses [24]

1-Axial 4 (Equatorial)
S(1)-C(2) 1.809(3) 1.810(4)
C(2)-P 1.825(3) 1.840(4)
P-O 1.486(2) 1.481(3)

Comparison of the structural data of 1 (axial)
[2] and 4 (equatorial) was made in order to exam-
ine the possible importance of ng — of, interac-
tions which, if significant, would be manifested in
shortened C-S and elongated C-P distances in the
axial vs. equatorial isomer. Selected bond lengths
for 1 and 4 are given in Table 2. The observation
[24] that the C-P distance in 4 (equatorial) appears
to be significantly longer than that in 1 (axial), as
well as the lack of any significant difference in the
mean S(1)-C(2) lengths, is contrary to expectations
if an ng — o interaction makes an important con-
tribution to the preferred axial conformation in 1.

Additional structural evidence against the im-
portance of ns — o, hyperconjugation was ob-
served in 2-axial {7] and cis-2-(diphenylphosphi-
noyl)-5-¢-butyl-1,3-dithiane [25]; these compounds
exhibited normal C-P and C-S bond lengths.

4. A most interesting observation suggests,
however, some form of electron transfer to the axial
phosphinoyl group. Indeed, the aromatic ring '*C
chemical shifts for the ortho and para carbons in
the axial isomers 1 and 3 appear at significantly
higher fields than those in equatorial 4 [3] (Table
3). By contrast, the signal for the meta carbonsin 1,
3, and 4 are essentially constant. These results are
indicative of increased electron density at phos-
phorus in the axial isomers. Because the crystallo-
graphic data are contrary to a ns — o p mechanism
(see above), an alternative explanation is called for.

In view of the importance of through-space 2p-
3d overlap effects between methoxy or dimethyl-
amino groups and phosphorus in various or-
ganophosphorus compounds [26], through-space
3p-3d electron donation from sulfur to phosphorus
might help to account for the preferred axial orien-
tation of the phosphorus moiety in 1 and 3. Indeed,
the P-S distance of ca. 3.0 A in 1-ax is much less

TABLE 3 Room Temperature '*C NMR Signals for the
Aromatic Carbons in Compounds 1, 3, and 4

Compound Cipso Cortho Creta Cpara
1 132.17 131.07 128.30 131.69
3 —a 130.94 128.28 131.49
4 —a 131.83 128.16 132.25

# Obscured by baseline noise.
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than the sum of the van der Waals radii (3.75 A) of P
and S, and therefore a bonding interaction may be
operative.

A condition implicit in this proposition is that
the orientation of the S3, and P34 orbitals is such
that overlap is favorable in 1-ax but not so in 1-eq.

The observation that 2-(triphenylphospho-
nium)-1,3-dithiane exists largely in the equatorial
conformation, has been interpreted by Mikolajczyk
et al. [27] as inconsistent with the 3p-3d through-
space orbital interaction. However, the steric de-
mands of an axial triphenylphosphonium group
must be so large that such a model is probably
inadequate.

5. Of course, the predominance of 1-axial over
1-equatorial may not be due to a stabilizing effect
in the axial isomer but rather to a destabilizing
interaction in the equatorial isomer. In fact, Miko-
lajczyk et al. [28] have proposed a repulsive interac-
tion between the lone pairs on sulfur and on the phos-
phoryl oxygen in the equatorial conformation. It
should be pointed out that such an effect would be
a particular example of the repulsive gauche effect

[29, 30].
s P(C.H)
LT
O o°c

In this respect, the experimental evidence [29,
30] indicates that such a gauche effect is expected
to be repulsive in S/O and particularly S/S seg-
ments. It is therefore surprising that equatorial 4
[24] as well as equatorial 2-(diphenylthiophosphi-
noyl)-1,3,5-trithiane [31] adopt a gauche orienta-
tion among heteroatoms (I) rather than one in
which the presumed repulsion could be avoided, at
least in part (II).
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AP S A~
o(s) 0¢(s)
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This finding may be hard to reconcile with the
proposed repulsive gauche effect in 1-equatorial.

EVALUATION OF THE S-C-P(S) ANOMERIC
EFFECT

2-(Diphenylthiophosphinoyl)-1,3-dithiane (13) was
prepared from 1,3-dithiane, n-butyllithium and
chlorodiphenylphosphine under nitrogen atmo-
sphere; the phosphine intermediate was then

treated with 1 equivalent of elemental sulfur. As-
signment of the proton NMR spectrum of 13 indi-
cated a large (ca. 0.8 ppm) chemical shift difference
between axial and equatorial protons at C(4,6) [32].
This observation is important because finding
Abaxieq (H(4,6)) = 1.2 ppm in 1 led to the discovery of
the strong S-C-P(O) anomeric effect [2].

To quantify the 13-ax = 13-eq equilibrium, the
conformationally fixed derivatives 14 and 15
(Scheme 3) were prepared and equilibrated with
ethanolic sodium ethoxide; an average value of
0.05 = 0.03 kcal/mol for the conformational free
energy difference was calculated. This result was
then averaged with that obtained by the weighted
average coupling constant method (AG® = 0.24
kcal/mol), and therefore a AG® [(C¢Hs),P(S)] = 0.15
#+ 0.1 kcal/mol was obtained at ambient tempera-
ture [32]. This value is somewhat smaller than the
AG35:c[(CeHs),P(S)] = 0.50 kcal/mol obtained by
Mikolajczyk et al. from the equilibration (MeONa/
MeOH) of cis- and trans-2-diphenylthiophosphi-
noyl)-5-tert-butyl-1,3-dithiane [27].

S~
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P(c6H5)2
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13-axial

S
!
s P(C6H5)2

13-equatorial

For comparison, the conformational energy of
the diphenylthiophosphinoyl group in cyclohexane
(its A-value) was determined from NMR spectro-
scopic comparison of mobile (cis-4-phenylcyclo-
hexyl)diphenylphosphine sulfide (16) with ananco-
meric 17 and 18 by means of Eliel’s equation [33];
this permitted a calculation of AG® for equation 11:
AG°(16eq — 16ax) = 0.74 kcal/mol, and therefore
~AG?° [Ph,P(S)] = 3.61 kcal/mol at 27°C in solvent
chloroform {32, 34].

P(S)Ph, N Ph
—

Ph P(S)Ph2

11

16-equatorial 16-axial

The conformational energy (A-value) for the
diphenylthiophosphinoyl group of 3.61 kcal/mol is
remarkably large and falls in the scarcely popu-
lated region between phenyl (—~AG® = 2.87 kcal/mol
[34]) and tert-butyl (—AG°® = 4.9 kcal/mol [35]).
Nevertheless, variable temperature NMR, Eu(fod);
experiments, and single-crystal x-ray diffraction
studies showed that the axial thiophosphinoyl sub-
stituent in 18 does not engender a palpable equilib-
rium between chair and flexible (boat, twist) con-
formations [32].
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When the magnitude of the anomeric effect
present in dithiane 13 is estimated according to
Franck’s methodology [13], then 60% of 3.61 kcal/
mol (estimated pure steric effect of axial diphenyl-
thiohosphinoyl group) must be added to 0.15
kcal/mol (AG® of 13-ax = 13-eq equilibrium) to af-
ford a value of 2.32 kcal/mol, for the anomeric ef-
fect originated from the S-C-P(S) segments in 13.
This value is somewhat smaller than the one found
for S-C-P(0) in 1 (see above).

CONFORMATIONAL PREFERENCE OF THE
2-DIPHENYLPHOSPHINOYL GROUP IN
1,3-OXATHIANE

This section describes the conformational analysis
of 2-(diphenylphosphinoyl)-1,3-oxathiane (19),
which incorporates the O-C-P(O) segment (Equa-
tion 12). This study is of interest from several
points of view: (a) the evaluation of the relative
ability of first- and second-row elements on ano-
meric interactions is just beginning to be explored
[36], (b) O-C-P segment are ubiquitous in biomole-
cules, and have been shown to give rise to remark-
able stereoelectronic effects [37], and (¢) the at-
tained information is relevant to the
comprehension of the S-C-P anomeric effect [3, 28].

P (0) Ph,
O% N 0
&s N KA/p (0)Ph,
(12)
19-axial 19-equatorial

Both the Mikolajczyk [38] and Juaristi [39]
groups have reported spectroscopic and crystallo-
graphic evidence for a lack of manifestation of an
anomeric effect in 19; i.e., the equatorial conformer
predominates.

Distinct features of the proton NMR spectrum
of 19 are a doublet of triplets at 4.27 ppm, and a
doublet of doublets at 3.64 ppm; both signals corre-
spond to one proton each. These chemical shifts
and coupling patterns indicate that the higher-field
signal must be assigned to H(4) in a predominantly
equatorial conformer of 19; i.e., the deshielding ef-
fect expected from an axial diphenylphosphinoyl
group on syn-diaxial protons [2, 3] is absent. Also
missing is evidence of a y-gauche upshielding effect
at C(4) [38, 39].

A quantitative determination of the conforma-
tional energy of the diphenylphosphinoyl group
was obtained by Juaristi et al. [40] by chemical
equilibration of the anancomeric models 20 and 21
(Equation 13). Ethanolic sodium ethoxide 20 = 21
equilibration, and integration of the H(4) and H(6)
signals in the proton NMR spectra afforded an
21:20ratio, K = 8.85 * 1.75, and therefore a AGSs.¢
[P(O)Ph;] = —1.42 = 0.12 kcal/mol [40].

07\9(0) Ph,
s
1

(13)

P(O)Ph2

O_j) EtO
S

20

CONFORMATIONAL PREFERENCE OF THE
2-DIPHENYLPHOSPHINOYL GROUP IN
1,3-DIOXANE. IS THERE AN O-C-P(0O)
ANOMERIC EFFECT?

Recently, the lack of manifestation of an anomeric
effect in 2-(diphenylphosphinoyl)-1,3-dioxane (22)
was reported [25, 39-41]; i.e., the equatorial con-
former predominates (Equation 14).
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P(0)Ph,
o% __>
QO ' tA/p (0)Ph,
22-axial 22-equatorial
(14)

This result is in contrast again with the strong
axial preference of the 2-diphenylphosphinoyl
group in 1,3-dithiane, AG® [P(O)Ph,] = +1.0 kcal/
mol (Equation 1) [2, 3], and could be surprising
because anomeric effects involving second-row ele-
ments have been predicted to be much less impor-
tant than those with first-row elements [36].

Nevertheless, because of the shorter C-O bonds
(ca. 1.43 A) relative to the C-S bonds (ca. 1.82 A), the
steric repulsion of the axial diphenylphosphinoyl
group (A-value = 2.74 kcal/mol) could dominate
over the O-C-P(0O) anomeric effect in 1. A quantita-
tive evaluation of the conformational preference of
the phosphorus substituent was therefore neces-
sary to establish the contribution of an anomeric
effect, if any.

cis- and trans-2-(Diphenylphosphinoyl)-5-tert-
butyl-1,3-dioxanes (cis- and trans-23) were pre-
pared as shown in Scheme 4 [42]. 13C and 3'P NMR
data for cis- and trans-23 indicate that the tert-butyl
group is completely (95%) equatorial in trans-23,
but completely axial in the cis isomer (Equation
15). Because the conformational energy of the 5-
tert-Bu in 1,3-dioxane is 1.4 kcal/mol [43], and be-
cause —AG® > 1.7 kcal/mol in Equation 15, a mini-
mum AG° [P(O)Ph;] =3.1 kcal/mol, favoring 22-eq
was determined [42].

O~
\PPh

<56% >95%
cis-23 (15)

More definitive results were achieved in the 4-
methyl series, where the methyl group acts as a
more demanding counterpoise (2.87 kcal/mol) [43].
The synthesis of cis- and trans-2-diphenylphosphi-
noyl-4-methyi-1,3-dioxane (cis- and trans-24) was
carried out as shown in Scheme 4. Most useful is
the 13C NMR chemical shift for the methyl group
(in CDCl5): 21.67 and 18.29 ppm in the cis and trans
isomers, respectively. By comparison, 8(CH;) =
16.41 ppm in the pure axial methyl model trans-2-
tert—butyl 4-methyl-1,3-dioxane (trans-25). Applica-
tion of Eliel’s equation [33] [K = (Aeq = Smobile)/
(Omobitle — 8ax) = (21.67 — 18.29)/(18.29 — 16.41) =
1.80] provided AG®3p7x = +0.36 kcal/mol (Equation
16), and therefore AG®;07x [P(O)Ph,] = —3.23 kcal/
mol in the absence of the 4-methyl group (Equation

14) [42].
0
o P(C_H_)
ﬁj\u o tdl
—=F(Celg),

trans-24

(16)

Manifestation of an anomeric effect in 1 would
require that the magnitude of such an effect over-

SCHEME 4

HC (OCH )

H
OH

RS 07\ PPh
1 2
R o) u

R' = t+-Bu, R2 =H:

R'=H, R2 = CHs:

N 07\ﬁph2

trans-23 + cis-23 (4:1)

cis-24 + trans-24 (5:1)



comes the steric hindrance experienced by axial 2-
substituents. For example, the equatorial prefer-
ence of a methyl group in cyclohexane amounts to
1.74 kcal/mol [44], whereas it increases (by a factor
of 2.2) to 3.9 kcal/mol in 2-methyl-1,3-dioxane [43].
Thus, the expected size of the diphenylphosphinoyl
group in 1 is ca. 2.2 X 2.74 kcal/mol = 6.0 kcal/mol
[13, 15]. The difference between this value and the
one experimentally obtained, ca. 3.2 kcal/mol, af-
fords an anomeric effect worth ca. 2.8 kcal/mol!
[42].

It is of interest to compare this value with that
estimated in 1 (see Estimation of the Anomeric Ef-
fect in 1, above), which affords an anomeric effect
equal to 1.0 + (0.60 x 2.74) = 2.64 kcal/mol [15,
42].

By the same token, a 2-methyl group in 1,3-
oxathiane shows an equatorial preference of 3.25
kcal/mol [45], larger by a factor of 1.87 than its A-
value. The expected equatorial preference of the 2-
diphenylphosphinoyl group in 1,3-oxathiane is
therefore 1.87 x 2.74 = 5.12 kcal/mol. The experi-
mental value, 1.42 kcal/mol [40], suggests an ano-
meric effect of ca. 3.7 kcal/mol [15, 42].

Seen in this light, it appears that the anomeric
effects operative in O-C-P(0O) and S-C-P(O) seg-
ments are of similar magnitude, close to 3 kcal/mol
[16]; nevertheless, the nature of the O-C-P(O) and
S-C-P(0) anomeric interactions could be different.

CLOSING REMARKS

The finding of a very strong S-C-P(0) anomeric ef-
fect in 1982 [2] has provided a driving force for
renewed efforts directed to the understanding of
the anomeric effect, particularly when involving
second- and lower-row elements. The fact that no
sinigle interpretation of the nature of the X-C-P ano-
meric interactions seems to fit all experimental
facts points to the need of more ingenious models
and experiments, as well as additional theoretical
studies to evaluate the relative contribution of the
factors responsible for the anomeric effect.
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