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The phosphonium ylidic diesters, methyl and ethyl isopropyl and, methyl and ethyl
t-butyl triphenylphosphoranylidene malonates, 1a,b and 2a,b, respectively, have
the syn-anti conformation in solution, as in the crystal, and the bulkier alkoxy
group is oriented towards phosphorus. The 1H NMR spectra show that in 1a,b, the
isopropyl group is oriented towards the face of a phenyl group, consistent with π

shielding in the 1H signals, and examination of the 1H coupled 13C NMR spectra
allows assignment of the acyl carbon signals. Computed bond lengths and angles
for isolated molecules are similar to those in the crystal, and the geometry and the
NMR spectra indicate extensive ylidic resonance. Estimated partial atomic charges
on the ester oxygens are more negative when they are oriented towards, rather than
away from, phosphorus.

Keywords Conformations; NMR spectra; optimized structures; phosphonium ylides

INTRODUCTION

Conformations of triphenyl phosphonium ylides stabilized by two
electron-withdrawing carbonyl groups1,2 have been examined by X-ray
crystallography, infrared spectroscopy, and in solution by NMR spec-
troscopy. The classical structures are shown in Scheme 1 where con-
formers are designated syn- and anti- in terms of the orientation of the
acyl oxygens relative to phosphorus. These classical structures, with
double bonds between the acyl and ylidic carbons and with phospho-
rus, are an inadequate description because there is extensive electronic
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Triphenyl Phosphonium Ylidic Diesters 2153

delocalization involving the ylidic moiety, as shown in Scheme 2 for a
syn-anti conformer.3,4

SCHEME 1 R = R′ ; R �= R′. 1a: syn Me anti i-Pr ; 1b: syn Et anti i-Pr; 2a: syn
Me anti t-Bu; 2b: syn Et anti t-Bu; 3: equimolar mixture of anti Me anti Me
and syn Me anti Me; 4: anti Et anti Et; 5: syn Me anti Et.

The various conformers of a number of distabilized ylides have been
examined by ab initio optimization, generally at the HF/6-31G(d) or
B3LYP/6-31G(d) levels.2,5 Estimated bond lengths and angles are in
reasonable agreement with those from X-ray crystallography,6 but com-
putation indicates that for diesters syn-syn conformers should be en-
ergetically preferred because of favorable interactions between acyl
oxygens and phosphorus.5 However, so far as we know they never are
in the solid, and probably not in solution, because computations for

SCHEME 2 Syn-anti conformers of ylidic diesters.
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2154 F. Castañeda et al.

isolated molecules with static structures do not adequately allow for
unfavorable, noncovalent interactions involving bulky trigonal ester
residues with alkoxy groups positioned anti- to phosphorus.

Conformations of ylidic diesters in the crystal are sensitive to small
changes in the size of the alkoxy groups.6,7 For example, in the crystal
the diethyl diester, 4, is anti-anti-, but the dimethyl diester, 3, is a 1:1
mixture of anti-anti- and syn-anti- conformers, and in the methyl ethyl
diester, 5, the acyl oxygen of the methyl ester group is syn- and that
of the ethyl ester group is anti- to phosphorus (Scheme 1). It therefore
seemed that bulky isopropoxy or t-butoxy groups might significantly
affect conformations of ylidic diesters.

Computations had indicated that the various conformers of reso-
nance stabilized ylidic diesters have similar relative energies, generally
within 3 kcal.mole−1, and that a conformer with one ester group orthog-
onal to the ylidic plane should be disfavored by no more than another
2 kcal.mole−1, because rotation of only one acyl group out of the ylidic
plane does not eliminate ylidic resonance stabilization.5 Therefore even
small changes in the alkyl groups may change the conformation in the
solid, and possibly also in solution, but rotational barriers to conversion
of conformers should not be large. This behavior is very different from
that of the otherwise similar ylides stabilized by only one acyl group,
where conformational conversion involves the energetically costly ro-
tation of that stabilizing group out of the ylidic plane and a consequent
decrease of ylidic resonance.3

The 1H, 13C, and 31P NMR signals are as expected for charge de-
localized structures, for example, 13C signals of the ylidic carbons are
significantly upfield, as compared with those of other ylides, and π-
shielding of 1H signals of terminal methyl groups in the ester moieties
of some triphenyl phosphonium derivatives indicates their orientation
towards the face of a phenyl group.1,2,8 The 13C signals of organic com-
pounds are often obtained with elimination of 1H spin–spin coupling,
which for these ylides simplifies observation of coupling with 31P, but
considerable additional information can sometimes be obtained by ex-
amining the 1H coupled 13C NMR spectrum.9

In the present article, we examined triphenyl phosphonium ylidic
diesters with one small and one large alkoxy group, viz., one methoxy
or ethoxy and one isopropoxy or t-butoxy group. In the crystalline di-
esters, the acyl oxygen of the methyl or ethyl ester group is syn to
phosphorus and that of the bulky ester group is anti, i.e., as in Scheme
1. Geometries of the ylidic diesters (1a,b and 2a,b) have been deter-
mined by X-ray crystallography, as described elsewhere,10 and for both
the isopropyl and t-butyl derivatives, the bulkier alkoxy group is syn to
phosphorus, as is the acyl oxygen of the smaller ester group (Scheme 1).
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Triphenyl Phosphonium Ylidic Diesters 2155

Crystal structures of ylidic keto esters had also been determined, and
the keto oxygen is syn and the acyl oxygen of the ester group is anti
to phosphorus,1,2 and NMR spectroscopy showed that this was also the
conformation in solution, and results with mixed diester ylides indicate
that the bulkier alkoxy groups are oriented towards phosphorus.7,10

However, the observation that in the crystal the dimethyl diester, 3,
is an equimolar mixture of different conformers7 (Scheme 1) indicates
that here conformations may differ in the crystal and in solution.

RESULTS AND DISCUSSION

NMR Spectroscopy

The 1H chemical shifts and coupling constants in the ylidic moieties and
31P and 1H decoupled 13C signals in solution are as expected for ylidic
diesters (Table I). The π-shielding of 1H signals of CH3 of the isopropoxy
groups shows that, as in the crystal, this group is syn to phosphorus,
as for the corresponding keto ester.1,2 This shielding apparently does
not affect the 13C signals. The situation is less obvious for the t-butyl
derivatives, because any shielding is averaged over nine hydrogens, but
the 1H chemical shift is very similar to that in the corresponding keto
ester,2 which, like the t-butyl diesters in the crystal, has the t-butoxy
group syn to phosphorus. The 1H chemical shifts of the methyl and
ethyl isopropyl diesters 1a,b are similar with π-shielding of CH3 in the
isopropyl group. The other 1H NMR signals in the ylidic groups of 1a,b
and 2a,b are as expected, with chemical shifts and coupling constants
similar to those observed in other stabilized triphenyl phosphonium
ylides.1,2,5

The 13C NMR spectra with and without 1H coupling provide evi-
dence on the geometries of the acyl groups, and on the assignment of
the phenyl signals, as considered later. Signals of the ylidic carbons
are significantly upfield, as compared with those of simple ylides (Ta-
ble I), and as expected in terms of the strongly anionoid character
at this position. This behavior is general for these stabilized ylides,
and it has been suggested that their structures should be written as
zwitterionic3,4 (Scheme 2). The 13C signals of the alkyl groups are as
expected, and those of the quaternary t-butyl carbons of 2a and 2b at
78.58 ppm are broad singlets in the 1H decoupled spectrum, but are
broad and partially resolved due to long range coupling in the 1H cou-
pled spectrum. It appears that NMR signals of the t-butyl quaternary
carbons are unaffected by the methoxy or ethoxy group.

In crystalline methyl ethyl diester,7 the acyl group of the methoxy
ester group is syn to phosphorus and that of the ethyl ester group is
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2156 F. Castañeda et al.

TABLE I Chemical Shifts, 1H, 13C, and 31P, and IR Stretching
Frequencies, νc=o of Methyl iso-Propyl 1a, Ethyl iso-Propyl 1b,
Methyl t-Butyl 2a, and Ethyl t-Butyl 2b Diester Phosphonium Ylides

1H NMR (CDCl3) 1a 1b 2a 2b

-OCH3 3.40 s — 3.45 s —
-O-CH2-CH3 — 0.88 t — 0.88 t
-O-CH2-CH3 — 3.86 q — 3.86 q
-O-CH(CH3)2 4.75 m 4.82 m — —
-O-CH(CH3)2 0.70 d 0.76 d — —
-O-C(CH3)3 — — 0.98 s 1.04 s
13C NMR (CDCl3)
-OCH3 49.7 — 50.4 —
-O-CH2-CH3 — 14.1 — 14.2
-O-CH2-CH3 — 58.6 — 58.5
-O-CH(CH3)2 65.0 65.4 — —
-O-CH(CH3)2 21.0 21.6 — —
-O-C(CH3)3 — — 28.2 28.2
-O-C(CH3)3 — — 78.6 78.4
P=C 52.5 52.9 52.9 52.9

(d, J=121.3) (d, J=120.3) (d, J=120.8) (d, J=119.5)
CO2 166.8 167.2 166.6 166.9

(d, J=11) (d, J=12.5) (d, J=10.4) (d, J=12.8)
168.7 168.3 169.0 168.5

(d, J=12.8) (d, J=13.5) (d, J=15.2) (d, J=14.6)
31P NMR (CDCl3) 20.8 20.8 20.9 20.7
Ir νc=o (KBr) 1678 1678 1667 1678

1638 1612 1649 1613

At 25◦C chemical shifts referenced to TMS or external 85% H3PO4. 31P–13C coupling
constants J in Hz with IH decoupling. Carbonyl stretching frequencies νC=O, in cm−1.

anti, and the 13C NMR spectra in CDCl3, without and with, 1H coupling
confirms that the conformation is as in the crystal.10,11 Therefore 1H
coupled 13C NMR spectra provide useful information in solution, and we
first examined the 13C NMR spectrum of the ethyl isopropyl diester with
1H coupling where X-ray crystallography shows that the acyl moiety
of the ethyl group is syn and that of the isopropoxy group is anti to
phosphorus.10

The 13C signals of the two acyl carbons of the ethyl isopropyl diester,
1b, are doublets at 167.24 and 168.27 ppm, and 2JP−C = 12.5 and 13.5
Hz, respectively, in the 1H decoupled spectrum due to coupling with
31P. Elimination of 1H decoupling allows long range coupling with the
α hydrogens of the alkoxy groups. The upfield signal at 167.24 ppm
becomes a doublet of doublets, 3JH−C = 3 Hz, due to coupling with
the α-hydrogen of the isopropyl group, and the downfield signal at

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
0
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



Triphenyl Phosphonium Ylidic Diesters 2157

168.27 ppm becomes a doublet of triplets 3JH−C = 3 Hz due to coupling
with the methylene hydrogens of the ethyl group (Figure 1). As noted,
π-shielding in the isopropyl group indicates that this group is oriented
towards phosphorus. There is no indication of such shielding in the
ethyl group, and we assume that it is oriented away from phosphorus,
as in the crystal. These results are generally similar to those observed
earlier on the acyl groups of the methyl ethyl diester with the bulkier
ethoxy group oriented towards phosphorus.7,11

The 13C signals of the acyl carbons of the methyl isopropyl diester, 1a,
with 1H decoupling at 166.8 ppm, J = 11 Hz and 168.7 ppm, J = 12.8 Hz
are similar to those of the ethyl derivative, but with 1H coupling, the
upfield doublet broadens significantly, although the individual signals
are not fully resolved, and the signal at 168.7 ppm broadens consider-
ably and becomes a distorted doublet of quartets (Figure 1) due to long
range coupling with OCH3. These observations are consistent with sim-
ilar conformations in the methyl and ethyl derivatives. The acyl carbon
NMR signals of the ethyl t-butyl diester, 2b, are doublets at 166.9 ppm,
J = 12.8 Hz and 168.5 ppm, J = 14.6 Hz, with 1H decoupling, and with-
out 1H decoupling the upfield signal at 166.9 ppm is unaffected, except
for slight broadening, and therefore can be assigned to the t-butyl ester
group, but that at 168.5 ppm is broadened significantly and is no longer
resolved to the base line, due to long range coupling with the methylene
1H of the ethyl group, which allows assignment of both acyl 13C signals
(Figure 1).

The 13C NMR spectra of the methyl t-butyl diester, 2a, with and
without, 1H decoupling are as expected in terms of the the spectra
of the other diesters. The signals of the acyl carbons are assigned by
examination of the effects of 1H coupling. The doublet at 166.6 ppm
is unaffected by 1H coupling as is that of the t-butyl ester group. The
doublet at 169.0 ppm is assigned to the methoxy ester group, and with
1H coupling, it approximates to a doublet of quartets, with J ≈ 3 Hz
(Figure 1).

These 13C signals of the acyl carbons without 1H coupling show
that conformations of the syn-anti diesters are the same in the crystal
and in solution, and the bulkier ester group has the upfield 13C sig-
nal with the bulkier alkoxy group oriented towards phosphorus. The
13C signals shown in Figure 1 are consistent with the above assign-
ments, except that the upfield doublet signal of the methyl isopropyl
ester, 1a, and the downfield doublet signal of the ethyl t-butyl ester,
2b, are not fully resolved. Computations of energies of conformers of
triphenyl phosphonium ylides stabilized by two ester groups show that
barriers to interconversion by rotation about the the ylidic bond are
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2158 F. Castañeda et al.

FIGURE 1 13C NMR signals with long range coupling with 31P and 1H for
carbonyl groups of methyl iso-propyl, 1a, ethyl iso-propyl, 1b, methyl t-butyl,
2a, and ethyl t-butyl, 2b, triphenylphosphonium diester ylides.

small, < 5 kcal.mol−1, and energetic differences between conformers
are even smaller.2,5,12 The samples used in the NMR work gave good
X-ray diffraction patterns,10 characteristic of single crystals, and an
earlier study of NMR spectra of keto esters over a wide temperature
range gave no evidence for interconversion of conformers,2 but with the
diesters we cannot exclude contributions from small amounts of minor
conformers.
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Triphenyl Phosphonium Ylidic Diesters 2159

The whole 13C spectral range was scanned with 1H coupling, and,
except as noted above, the results do not provide evidence on confor-
mations more useful than those given with 1H decoupling, but over the
whole range signal multiplicities, due to 1H coupling and separated by
ca. 3 Hz, were easily detected. It appears that our results were not
limited by lack of resolving power.

The other 13C signals, including those of quaternary carbons, are
similar. Signals of methyl carbons are quartets in the 1H coupled spec-
trum, but those of the t-butyl methyl groups are split further by long
range 1H coupling. The signals of the phenyl and ylidic carbons are
also very similar for these diesters. The changes in the 13C signals of
the acyl groups on removal of 1H decoupling are consistent with our
conclusion that the bulkier alkoxy group is attached to the carbonyl
carbon with the upfield chemical shift (Table I).

The 1H and 13C NMR spectra of triphenyl phosphonium ylides in-
dicate that in solution, at room temperature, the phenyl groups are
equivalent on the NMR time scale. In the 1H decoupled 13C spectra,
the magnitude of phosphorus–carbon coupling is expected to decrease
with increasing bond distance, and on this assumption 13C chemical
shifts follow the sequence ipso < ortho < para < meta. This assign-
ment is confirmed by examining the spectrum without 1H decoupling,
which gives additional strong splitting due to the adjacent hydrogens
and weaker splitting due to two neighboring hydrogens for the meta
and para carbons, and only one for the ortho carbon. In the 13C NMR
spectrum of the ethyl isopropyl diester, 1b, there is overlap between
part of the signals of the para and meta carbons, but the form of the
signals fits the expected assignment. The pattern is similar for the
phenyl signals of the methyl and ethyl t-butyl diesters, except that
here there is overlap between parts of the signals of the ortho and ipso
carbons in the 1H coupled NMR spectrum. The 13C NMR spectra with-
out 1H decoupling are very similar to those seen earlier for other ylidic
diesters,5,12 and NMR signals of phenyl groups of these ylides are not
very sensitive to the structures of the ylidic moieties.

Geometrical Optimization

Geometries of the phosphonium ylides were optimized with the HF/6-
31G(d) basis set, and energies of the four possible conformations
(syn-syn, anti-anti, and two syn-anti conformers) were estimated by
B3LYP/6-31G(d) computations.13 Geometries of the syn-anti conform-
ers were also estimated from BLYP/6-31G(d) and B3LYP/6-31G(d) com-
putations. Results from the latter (in Tables II–V) are similar to those
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2160 F. Castañeda et al.

TABLE II Selected Computed and X-Ray Geometric Parameters (Å,◦)
for Methyl, Isopropyl-2-triphenyl Phosphoranylidene Malonate (1a)

Bond Lengths

(Å) HF DFT X-Ray HF DFT X-Ray
P1-C1 1.75 1.76 [1.74] C2-O2 1.20 1.22 [1.21]
C1-C3 1.45 1.45 [1.44] C2-O1 1.35 1.38 [1.36]
C3-O4 1.21 1.24 [1.21] C4-O1 1.43 1.38 [1.44]
C3-O3 1.32 1.35 C7-O3 1.41 1.38

{
[1.36]

[1.36]

{
[1.43]

[1.44]C3-O3′
C7′

-O3′

C1-C2 1.46 1.46 [1.44]
Bond Angles (◦)

C3-C1-C2 122 123 [122] O4-C3-O3 121 121
{

[125]

[113]C3-C1-P1 113 111 [118] O4-C3-O3′

C2-C1-P1 125 125 [119] O4-C3-C1 122 123 [126]
O2-C2-O1 121 121 [121] C1-C3-O3 116 116

{
[109]

[120]O1-C2-C1 113 112 [110] C1-C3-O3′

O2-C2-C1 126 122 [128]
Torsion Angles (◦)

P1-C1-C3-O4 −11 −11 [−17] P1-C1-C3-O3 170 169 [160]
P1-C1-C2-O2 −162 −170 [−168]

Two parts, i.e., C7-O3 and C7′
-O3′

, of the slightly disordered O3-C7H3 group are
shown by X-ray crystallography. X-ray crystallographic values in this and later tables
are in parentheses.

from BLYP/6-31G(d) computation, data not shown. As seems to be gen-
eral for these distabilized ylides, energy differences between conform-
ers are small, unlike the situation for monostabilized triphenyl phos-
phonium ylides.14 The computations are for isolated molecules with
static structures, and, in both solution and the solid, structures should
be sensitive to intra- and intermolecular interactions. Typically these
computations indicate that syn-syn- conformers of diesters should be
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Triphenyl Phosphonium Ylidic Diesters 2161

TABLE III Selected Computed and X-Ray Geometric Parameters (Å,◦)
for Ethyl, Isopropyl-2-triphenyl Phosphoranylidene Malonate (1b)

Bond Lengths

(Å) HF DFT X-Ray HF DFT X-Ray
P1-C1 1.74 1.76 [1.74] C7-O3 1.42 1.35

{
[1.45]

[1.45]C1-C3 1.45 1.45 [1.43] C7′
-O3′

C3-O4 1.21 1.24 [1.23] C2-O2 1.19 1.22 [1.19]
C3-O3 1.32 1.35 C2-O1 1.34 1.38 [1.32]

{
[1.38]

[1.37]C3-O3′
C4-O1 1.43 1.46 [1.44]

C1-C2 1.47 1.46 [1.44]
Bond Angles (◦)

C3-C1-C2 122 123 [123] O1-C2-C1 113 112 [112]
C3-C1-P1 117 111 [112] O4-C3-O3 121 122 [121]
C2-C1-P1 125 125 [125] O4-C3-C1 123 122 [123]
O2-C2-O1 122 121 [120] C1-C3-O3 116 115 [115]
O2-C2-C1 125 126 [128]

Torsion Angles (◦)
P1-C1-C3-O4 −12 −12 [−7] P1-C1-C2-O2 −162 −167 [−170]

aTwo parts of the disordered ethoxylic group, i.e., C3-O3 and C3-O3′
or C7-O3 and

C7-O3′
, are shown by X-ray crystallography.

preferred, because of interactions between anionoid acyl oxygens and
cationoid phosphorus, but, so far as we know, they are not observed
in the crystal, and there is no evidence for their existence in solution,
although NMR spectroscopy indicates that for some ylides conforma-
tions apparently differ in solution and in the crystal.15 For hypothet-
ical syn-syn ylidic diesters with two bulky trigonal ester groups with
alkoxy groups anti to phosphorus, there will be unfavorable interac-
tions between them and with neighboring molecules in the solid, and
probably in solution; due to the high molecular weights of these phos-
phonium ylides, intermolecular distances should be small, even with
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2162 F. Castañeda et al.

TABLE IV Selected Computed and X-Ray Geometric Parameters (Å,◦)
for Methyl, t-Butyl-2-triphenyl Phosphoranylidene Malonate (2a)

Bond Lengths

(Å) HF DFT X-Ray HF DFT X-Ray
P1-C1 1.74 1.75 [1.74] C2-O2 1.19 1.22 [1.21]
C1-C3 1.44 1.45 [1.43] C2-O1 1.34 1.37 [1.36]
C3-O4 1.21 1.24 [1.19] C4-O1 1.44 1.47 [1.46]
C3-O3 1.33 1.35 [1.33] C8-O3 1.41 1.43 [1.43]
C1-C2 1.47 1.46 [1.45]

Bond Angles (◦)
C3-C1-C2 122 123 [122] O2-C2-C1 125 125 [128]
C3-C1-P1 114 111 [117] O4-C3-O3 121 121 [119]
C2-C1-P1 125 126 [119] O4-C3-C1 123 123 [125]
O2-C2-O1 122 125 [121] C1-C3-O3 116 116 [116]
O1-C2-C1 113 112 [110]

Torsion Angles (◦)
P1-C1-C3-O4 −8.2 24 [10] P1-C1-C2-O2 −147 −157 [−179]

(This structure does not indicate disorder in the methoxy group as shown in the
X-Ray crystallography).

dilute (0.1 M) solutions. Triphenyl phosphonium ylides stabilized by
cyano and keto or ester groups have syn conformations because the lin-
ear cyano group does not interfere with trigonal acyl groups.12 We have
usually given computed energies for different conformers as relative
to the generally, but incorrectly, predicted lowest energy syn-syn- con-
former, although there is no physical evidence for it being the preferred
structure,5,15 but results of trapping experiments on diketo ylides16 can
be interpreted in terms the existence of syn-syn conformers. However,
for the ethyl isopropyl diester, 1b, our computation indicates that the
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Triphenyl Phosphonium Ylidic Diesters 2163

TABLE V Selected Computed and X-Ray Geometric Parameters (Å,◦)
for Ethyl, t-Butyl-2-triphenyl Phosphoranylidene Malonate (2b)

Bond Lengths

(Å) HF DFT X-Ray HF DFT X-Ray
P1-C1 1.74 1.75 [1.74] C2-O2 1.19 1.22 [1.21]
C1-C3 1.44 1.45 [1.43] C2-O1 1.34 1.38 [1.36]
C3-O4 1.21 1.24 [1.22] C4-O1 1.44 1.47 [1.48]
C3-O3 1.32 1.35 C8-O3 1.42 1.44

{
[1.39]

[1.29]

{
[1.46]

[1.46]C3-O3′
C8′

-O3′

C1-C2 1.47 1.46 [1.45]
Bond Angles (◦)

C3-C1-C2 122 123 [123] O2-C2-C1 125 125 [127]
C3-C1-P1 113 111 [114] O4-C3-O3 122 122

{
[122]

[114]C2-C1-P1 125 125 [122] O4-C3-O3′

O2-C2-O1 122 123 [122] O4-C3-C1 122 122 [124]
O1-C2-C1 113 112 [110] C1-C3-O3 116 116

{
[113]

[120]C1-C3-O3′

Torsion Angles (◦)
P1-C1-C3-O4 9 11 [4] P1-C1-C2-O2 147 157 [162]

Two parts, i. e. C8-O3 and C8′
-O3′

, of the disordered ethoxy group are shown by
X-Ray crystallography.

syn-ethyl anti-isopropyl conformer should be slightly preferred, as in
the crystal, and probably also in solution.

Bond lengths and angles from ab initio computations, at various lev-
els, are similar to those from X-ray crystallography (Tables II–V and
ref.10). For some of the crystalline ylides, there is minor disorder in some
alkoxy groups as shown in Tables II, III, and V. The small differences in
computed energies of conformers are understandable, because changes
in conformation involve changes in torsional angles, which are energet-
ically less costly than changes in bond lengths and angles. Predicted
bond lengths are as expected in terms of extensive ylidic resonance
and sums of bond angles at the ylidic and acyl carbons are close to the
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2164 F. Castañeda et al.

TABLE VI Selected Computed and X-Ray Short
Contact Distances (Å) for Methyl iso-Propyl, 1a, Ethyl
iso-Propyl, 1b, Methyl t-Butyl, 2a, and Ethyl t-Butyl, 2b,
Diester Phosphonium Ylides, Ph3P1 =C(COO1R′)CO4OR

P1—O1 P1—O4 O2—O3

1a 3.02 [2.80] 2.85 [3.03] 2.70 [2.62]
1b 3.02 [2.95] 2.84 [2.81] 2.71 [2.69]
2a 3.08 [2.73] 2.86 [2.99] 2.73 [2.70]
2b 3.08 [2.88] 2.74 [2.88] 2.74 [2.70]

X-ray crytallographic values10 are in parentheses [ ]. The carbonyl
oxygen, CO4, and the alkoxy oxygen –O1R′, are syn to phosphorus.
The carbonyl oxygen, CO2, and the alkoxy oxygen –O3R, are anti to
phosphorus. Atoms are numbered as in Tables II–V.

expected value of 360 degrees for trigonal carbons. The alkoxy groups of
the esters appear to adopt the Z- conformation with respect to the bond
to the alkoxy group, as for simple esters,17 and as in the crystals. Bond
lengths and angles and some torsional angles in the crystal10 are com-
pared with those from ab initio geometrical optimization (Tables II–V).
Computed bond lengths and angles for the methyl and ethyl t-butyl
diesters are similar to those for the corresponding isopropyl diesters,
indicating that the geometry of the ylidic moiety is not very sensitive
to substituent effects.

There are a number of noncovalent contact interactions in the crys-
tal (Table VI), which are not very different from those estimated for
isolated molecules.

Partial Atomic Charges

The extensive electronic delocalization in distabilized phosphonium
ylides makes it difficult to show classical organic structures of these
compounds. Structures of nonstabilized ylides with only one electron-
withdrawing group are generally written with a double bond between
to the ylidic and acyl carbons. However, a classical zwitterionic struc-
ture can be written for a diester, with charge delocalization involving
the acyl groups.3,4

Ph3P+ − C−(CO2R)2

Partial charges for individual atoms can be estimated by making
simplifying assumptions, and we apply the natural population analy-
sis scheme to the computed structures.13,18 This treatment gives larger
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absolute charges than those given by the Mulliken analysis, and numer-
ical values are useful qualitatively rather than quantitatively. Values
of B3LYP/6-31G(d) Natural atomic charges for various conformers of
the ethyl isopropyl and t-butyl diesters are in Table VII, together with
relative energies. Values for the methyl isopropyl and t-butyl diesters
are not shown because they are the same, to the second decimal place,
as those in Table VII.

The trend in numerical values is similar to those for other ylidic
diesters indicating strongly anionoid ylidic and cationoid acyl carbons,
consistent with the 13C NMR chemical shifts, but with little apparent
dependence on conformation. The ester oxygens are predicted to be an-
ionoid, especially when they are oriented towards phosphorus, but the
estimated negative charges on the alkoxy oxygens are not very much
lower than those on the acyl oxygens, indicating that interaction of the
alkoxy groups with phosphorus cannot be neglected. Interaction of an
acyl oxygen with phosphorus is less important than might be expected
in predicting conformations, because on rotation about the ester group
this interaction is replaced by one with the anionoid alkoxy oxygen.
The extent of negative charge on an oxygen is sensitive to both orienta-
tion towards phosphorus and chemical bonding. For otherwise similar
carbonyl groups the increasing estimated negative charge on oxygen
should correspond to an increase in the C-O bond length. Evidence
on diesters supports this conclusion,10 and bonds to a syn acyl oxygen
are generally slightly longer than to an otherwise similar anti oxygen
(Tables II–V).

CONCLUSIONS

The diester geometries are predicted from ab initio computation to
have the acyl oxygen of the methyl and ethyl ester group syn- and
that of the isopropyl or t-butoxy ester group anti- to phosphorus, in
agreement with X-ray crystallographic evidence.10 Evidence from NMR
spectroscopy and computation indicates that conformations of both iso-
propyl diesters are similar, consistent with the generalization that in
mixed syn-anti ylidic diesters, the bulkier alkoxy group is always ori-
ented towards phosphorus. Estimated atomic charges are as expected
in terms of extended ylidic reasonance. Conformations of the syn-anti
ylidic diesters, 1a,b, 2a,b, are unaffected by size changes in the ester
groups, although changes from methyl to ethyl ester groups in 3, 4, and
5 change conformations between anti-anti and syn-anti.11
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Triphenyl Phosphonium Ylidic Diesters 2167

EXPERIMENTAL

Spectra

The 1H, 13C, and 31P NMR spectra in CDCl3 were recorded either on a
Bruker DRX 300 or a Varian Inova spectrometer at 300 or 500 MHz,
respectively, for 1H, 75 or 125 MHz for 13C, and 121 MHz for 31P, and
are referenced to internal TMS or external 85% H3PO4. 13C spectra
were obtained with and without 1H decoupling. Infrared spectra were
monitored on a Bruker IFS 56 FT spectrometer with a KBr disk and
carbonyl ester stretching frequencies, wave numbers, are in cm−1.

Structural Optimization

Computations for structural optimization were with Spartan 06 for
Windows (Wavefunction) software and geometries were optimized with
the HF/6-31G(d) basis set, or occasionally with the HF/6-311G(d) ba-
sis set with almost identical results, and with BLYP/6-31G(d) and
B3LYP/6-31G(d) methods. Energies and atomic charges were estimated
at B3LYP/6-31G(d) levels.

Synthesis

Methyl and ethyl isopropyl diesters, 1a,b, and methyl and ethyl t-
butyl diesters, 2a,b, triphenylphosphonium ylides, were synthesized
by reactionof isopropyl or t-butyl (triphenylphosphoranylidene)acetate,
Ph3P=CH-CO2CHMe2 and Ph3P=CH-CO2CMe3, with methyl or ethyl
chloroformate, respectively.10
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