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Abstract The phospha-Wittig reaction HP=PH3 ?

O=CHX ? HP=CHX ? O=PH3 (X = H, F, Cl, Me,

OMe, NMe2, CMe3) was examined using the density

functional theory calculations. All of the structures were

completely optimized at the B3LYP/6-311??G** level of

theory. The reactivities of various O=CHX were examined

by estimating their activation energies. The main finding of

this work is that the configuration mixing model can suc-

cessfully predict the relative ordering of the activation

energy and reaction enthalpies of the phospha-Wittig

reaction. It was demonstrated that O=CHX with more

electro-releasing substituents will possess a smaller sin-

glet–triplet splitting. This will facilitate the phospha-Wittig

reaction and will result in a larger exothermicity.

Keywords Phospha-Wittig reaction �
Density functional theory �
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1 Introduction

The Wittig reaction is one of the important methods for the

synthesis of carbon–carbon double bond [1–3]. Alkylidene-

phosphoranes (R02C=PR3), or called phosphorus ylides, are

useful in reacting with a carbonyl compound to form an

olefin and a phosphine oxide so as to be termed as Wittig

reagents. Ylides are dipolar molecules that contain positive

and negative charges on adjacent atoms. The phosphorus

ylide can be viewed as a carbanion directly attached to a

phosphorus atom carrying a substantial degree of positively

charge [4].

Since there is an carbon–phosphorus diagonal relation-

ship widespread recognized [5], the last 20 years has seen

efforts to extend the Wittig reagents to include the phospha-

Wittig reagent, which is the phosphorus analog of the Wittig

reagent [6]. In 1988, Mathey et al. utilized transition metals

and complexation to devise the phospha-Wittig reagent

[(R0O2)P(O)-P-R]W(CO)5 [7–9]. More recently, the

so-called free phosphanylidene-r4-phosphoranes ArP=PR3

were prepared [10]. According to Protasiewicz et al.,

phosphoranylidenephosphines DmpP=PMe3 (Dmp = 2,6-

Mes2C6H3) and Mes*P=PMe3 (Mes* = 2,4,6-Bu3
t C6H2)

can act as the phospha-Wittig reagents to react with alde-

hydes to form phosphaalkenes [ArP=C(H)R] and phosphine

oxides in high yields (Eq. 1) [11].

ArP¼PMe3 þ O¼C Hð ÞR! ArP¼C Hð ÞRþ O¼PMe3:

ð1Þ

When DmpP=PMe3 and Mes*P=PMe3 react with

various aldehydes, Protasiewicz found that the reaction

times and product yields varied with the nature of the

substituent of the aldehydes [11]. In addition, each reaction

exclusively produced E-isomers of the phosphaalkene.

Further, reaction of DmpP=PMe3 with ketone showed no

evidence of phosphaalkene formation [11]. Meanwhile, no
31P-NMR resonances, which indicate the presence of

betaine-like intermediates, have been detected [6]. Thus,

a similar mechanism as proposed for the Wittig reaction is

suggested.

Many studies concerning the mechanism and stereo-

chemistry for the Wittig reaction have been conducted by

theoretical and experimental chemists [12–21]. There is

evidence that phosphorus ylides can react with carbonyl
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compounds via a concerted or nearly concerted cycload-

dition to directly form a four-membered oxaphosphatanes

in vacuum [22]. Then, an elimination step from the oxa-

phosphatanes forms the final products.

There are so far several synthetic applications of the

phospha-Wittig reaction [23–29]. However, to the best of

our knowledge, this is the first computational report con-

cerning a systematic study of the substitution effect on the

mechanism for the phospha-Wittig reaction based on the

more sophisticated theory. Therefore, in this study we

report a theoretical investigation of phospha-Wittig gas-

phase reactions using the density functional theory calcu-

lations. The system we choose to study are the addition of

HP=PH3 to O=CHX (X = H, F, Cl, Me, OMe, NMe2,

CMe3).

The primary purpose of this study is to provide a sys-

tematic theoretical study of the energy profiles for this

reaction and to systematically elucidate the changes in the

kinetic and thermodynamic properties of the phospha-

Wittig reaction when the phospha-Wittig reagent reacts

with various C=O containing molecules. We would like to

demonstrate that the reactivity of O=CHX is strongly

correlated to its singlet–triplet splitting (DEST). These

results will provide insight into the driving force for the

phospha-Wittig reactions.

2 Methodology

The geometries of reactants, intermediates, transition

states, and products were fully optimized using the hybrid

density functional B3LYP method, i.e., Becke’s three-

parameter functional [30–32] with the correlation func-

tional of Lee et al. [33], with the 6-311??G** basis set

[34, 35]. Vibrational frequencies, also calculated at the

B3LYP/6-311??G** level of theory, were used for

characterization of stationary points. All of the stationary

points were positively identified for minima (number of

imaginary frequencies, NIMAG = 0) or transition states

(NIMAG = 1). All calculations were performed with the

GAUSSIAN 03 package [36]. Zero-point vibrational

energies (ZPE) were included in the reported energies.

Orbital energies were determined at the HF/6-

311??G** level of theory. It is known that the HF results

are a useful reference for comparing the experimental

results according to Koopmans’ theorem [37, 38]. In

addition, the orbitals and charges were analyzed by means

of the natural bond orbital (NBO) scheme [39].

To consider the solvent effect on the phospha-Wittig

reaction, the self-consistent isodensity polarizable conti-

nuum model (SCI-PCM) [40] was applied. Tetrahydrofuran

(THF) is chosen as the solvent in this study because it is

one of the most common solvents used in Wittig or phos-

pha-Wittig reactions. The dielectric constant e is set to

7.58, which is the default value in GAUSSIAN 03 package.

3 Results and discussion

The results for five regions on the energy profiles are

presented here: the reactant (HP=PH3 ? O=CHX; R), the

transition state for complexation (TS-C), the intermediate

(IM), the transition state for decomposition (TS-D), and

the product (HP=CHX ? O=PH3; P). The energy profile

for X = H is shown in Fig. 1. As shown in Fig. 1, addition

of phosphorus ylide to formaldehyde leads to the formation

of an intermediate via a four-center approach. Then, the

second transition state (TS-D) is characterized as the

0.0

IM

TS-D

R

2.111

1.493

TS-C

10.1

1.202

P

7.3

-15.4

-3.3

2.184

1.274

2.3992.299

2.299

1.419
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1.563

1.771

1.780
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1.671

Fig. 1 Energy profile for the

phospha-Wittig reaction of

HP=PH3 and O=CH2. The

relative energies (in kcal/mol)

and all bond distances (in Å) are

calculated at the B3LYP/6-

311??G** level of theory
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decomposition of the intermediate which leads to the for-

mation of phosphaalkene (HP=CH2) and phosphine oxide

(O=PH3).

The four-center transition state for complexation (TS-C)

has a slightly asynchronous character. The newly formed

P–C and P–O bond distances are 2.299 and 2.399 Å,

respectively. When comparing d(P–C) = 1.884 Å and

d(P–O) = 1.793 Å for IM, the IM is formed by a con-

certed, asynchronous, double nucleophilic addition of P to

C then O to P (see 1 for charges on each atoms in R).

In the TS-C and IM, the geometry around carbon is

changed from planar triangular shape to tetrahedron (i.e.

rehybridization from sp2 to sp3 on the carbon center). In

addition, the C=O bond distances are both lengthened when

compared to the formaldehyde. That is, the formaldehyde

moiety in the TS-C and IM resemble more closely to the

triplet formaldehyde than the singlet one. Thus, we suggest

that the triplet O=CH2 is involved in the reaction, in other

words, the O=CH2 can be imagined to present in the triplet

valence state with both HOMO (LP(O)) and LUMO

(p*(C=O)) singly occupied (see Fig. 2). To be consistent,

ylide partner should also exist in the triplet valence state,

thus the formation of the two new r bonds between the two

moieties is feasible and the reaction system can keep in the

singlet state. Furthermore, the transition state for decom-

position shows synchronously bond cleavage.

The energy profile of the reaction shows that the barrier

height for complexation is lower than that of decomposi-

tion. In addition, the energy of the IM relative to its

reactants is quite small (-3.3 kcal/mol) and the reaction is

15.4 kcal/mol exothermic at the B3LYP/6-311??G**

level of theory.

In this study, different substituents on OCHX are used to

understand the factors affecting the phospha-Wittig reac-

tion. The geometrical parameters, charges and orbital

energies for OCHX (X = H, F, Cl, Me, OMe, NMe2,

CMe3) are listed in Table 1. As shown in Table 1, when X

is an electron-releasing group (X = Me, CMe3, NMe2), the

C=O bond distance is lengthened as the energy of HOMO

(n(O)) is raising. That is, the more electron-releasing

ability, the longer d(C=O). X = NMe2 is the most electron-

releasing group and thus OCH(NMe2) has the longest C=O

bond. Whereas, when X is an electron-withdrawing group

(X = OMe, Cl, F), the C=O bond distance is shorter than

that of X = H and the energy of HOMO (n(O)) is lower

than that of X = H. For example, OCHF has the shortest

d(C=O) = 1.177 Å.

When OCHX is used in the phospha-Wittig reaction,

two isomers (E/Z isomers) of the phosphaalkene are pos-

sibly formed. The fully optimized geometries for these

stationary points calculated at the B3LYP/6-311??G**

level of theory are given in Figs. 3, 4, and 5, respectively.

The corresponding relative energies at the B3LYP/6-

311??G** level of theory are collected in Table 2. The

energy profiles for the more exothermic isomer for each

substituent are summarized in Fig. 6.

As can be seen in Table 2, reaction paths forming the Z

isomers of the phosphaalkenes are more thermodynamically

stable except X = CMe3 and NMe2. For simplifying our

discussion, we focus on the paths with the more exothermic

isomers since the energy differences between these two

pathways for respective substituents are not significant. As

Ylide

π* *(P P)

LP (P)

LP (O)

(C O)

Aldehyde

7.488 eV

0.805 eV
2.074 eV

11.99 eV

σ

Fig. 2 Frontier orbitals for the phosphorus ylide and formaldehyde.

The orbital energies (in eV) are calculated at the HF/6-311??G**

level of theory

Table 1 B3LYP/6-311??G** calculated C=O bond distances

[d(C=O), in Å], atomic charges (q) (NBO charges) and orbital ener-

gies (in eV) (RHF/6-311??G** calculated results) for OCHX

[X = H, F, Cl, CH3, OCH3, N(CH3)2, C(CH3)3]

X d(C=O) q(C) q(O) n(O) p*(C=O)

H 1.202 0.29 -0.49 -11.99 2.074

CH3 1.206 0.44 -0.52 -11.55 1.803

C(CH3)3 1.205 0.46 -0.53 -11.11 1.492

N(CH3)2 1.217 0.54 -0.62 -10.27 1.684

H 1.202 0.29 -0.49 -11.99 2.074

OCH3 1.201 0.66 -0.58 -12.69 2.038

Cl 1.179 0.39 -0.46 -12.89 2.287

F 1.177 0.74 -0.49 -14.01 2.318
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shown in Fig. 3, the C=O double bond of TS-C is stretched

by 2.7, 5.8, 6.5, 6.7, 6.8, 9.7% for X = Cl, F, CMe3, Me,

OMe, and NMe2, respectively, relative to its value of cor-

responding OCHX. This feature indicates that the transition

state structures with the smaller C=O double bond stretch

show more reactant-like character. That is, the barrier is

encountered earlier in the reaction. Consequently, the order

of barrier height for TS-C follows the trend as this C=O

double bond stretch (Table 2): Cl (5.1 kcal/mol) \ F

(9.1 kcal/mol) \ CMe3 (11.3 kcal/mol) \ Me (12.3 kcal/

mol) \ OMe (19.8 kcal/mol) \ NMe2 (21.4 kcal/mol).

This is consistent with the Hammond’s postulate [41],

which associates an earlier transition state with a smaller

barrier and a more exothermic reaction.

The optimized intermediate geometries (IM) are col-

lected in Fig. 4. The bond distances of two newly formed

bonds in the TS-C are stretched on average by 33, 25, 24,

22, 17, and 8% relative to their corresponding IM equi-

librium values for X = Cl, Me, CMe3, F, OMe, and NMe2,

respectively. The more the bond stretch, the earlier is the

transition state, i.e., the more exothermic intermediate.

Thus, the order of exothermicity is anticipated to follow the

same trend as the percentage of bond stretch: X = Cl

(2.6 kcal/mol) \ Me (2.8 kcal/mol) \ CMe3 (3.3 kcal/

mol) \ F (6.0 kcal/mol) \ OMe (17.7 kcal/mol) \ NMe2

(21.3 kcal/mol).

As we stated earlier, comparing the structures of IM and

their corresponding isolated reactants, we found that the

geometrical parameters of OCHX moiety in the IM resemble

more closely to those of the triplet OCHX. This implies that
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Fig. 3 B3LYP/6-311??G** optimized geometries (in Å) of the

transition states for complexation (TS-C). Structures above the
dashed lines are with the electron-releasing groups and below are with

the electron-withdrawing groups
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Fig. 4 B3LYP/6-311??G** optimized geometries (in Å) of the

intermediates (IM). Structures above the dashed lines are with the

electron-releasing groups and below are with the electron-withdraw-

ing groups
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the triplet OCHX takes part in the singlet energy profile

during the phospha-Wittig reaction. Therefore, we calculate

the singlet–triplet splittings (DEST) for each OCHX (X = H,

F, Cl, Me, OMe, NMe2, CMe3) (see Table 2). The B3LYP/6-

311??G** calculations show an increasing trend in DEST

for X = H (65.5 kcal/mol) \ Me (71.6 kcal/mol) & CMe3

(70.7 kcal/mol) \ NMe2 (85.5 kcal/mol) \ Cl (81.5 kcal/

mol) \ F (93.3 kcal/mol) \ OMe (95.3 kcal/mol). That is,

OCHX with more electro-releasing substituents will possess

a smaller singlet–triplet splitting.

We found that this trend is in accordance with that of

relative energy for the IM, which is X = electron-releasing

group: H (-3.3 kcal/mol) \ Me (2.8 kcal/mol) \ CMe3

(3.3 kcal/mol) \ NMe2 (21.3 kcal/mol) and X = electron-

withdrawing group: H (-3.3 kcal/mol) \ Cl (2.6 kcal/

mol) \ F (6.0 kcal/mol) \ OMe (17.7 kcal/mol). This

feature reminds us of the configuration mixing (CM) model

[42]. The CM model shows that the barrier height and the

reaction enthalpy are strongly influenced by the combined

effect of two singlet–triplet splittings for each of the reac-

tants of the reaction. Since DEST for phosphorus ylide is

constant, a smaller value of DEST for OCHX is expected to

reduce the reaction barrier and to produce a larger exo-

thermicity [43]. All of our computational results are in

excellent agreement with the CM model. First, when we

observe the trend in relative energy for the products (DE),

there is a reasonable correlation between the DE and the

DEST values. As shown in Fig. 7, DE = 0.6866 9 DEST -

58.6 (R2 = 0.9815 from linear regression). A smaller DEST

value corresponds to a larger exothermicity. OCHX with a

more electro-releasing substituent, which possesses a

smaller singlet–triplet splitting, will facilitate the phospha-

Wittig reaction and will result in a larger exothermicity.

Second, as can be seen from Table 2, the activation

energies for complexation and for decomposition can also

be rationalized using the CM model: when X = electron-

releasing group: H (7.3, 10.1 kcal/mol) \ Me (12.3,

E

N(CH3)2
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X

Fig. 5 B3LYP/6-311??G** optimized geometries (in Å) of the

transition states for decomposition (TS-D). Structures above the
dashed lines are with the electron-releasing groups and below are

with the electron-withdrawing groups

Table 2 B3LYP/6-311??G** calculated singlet–triplet splittings

(DEST, in kcal/mol) for OCHX and relative energies (in kcal/mol) for

the reaction of HP=PH3 ? OCHX ? HP=CHX ? O=PH3 [X = H,

F, Cl, CH3, OCH3, N(CH3)2, C(CH3)3]

X Ea-C
a DE-IMb Ea-D

c DEd DEST
e

H 7.3 -3.3 10.1 -15.4 65.5

CH3

E 11.3 3.2 16.6 -9.1 71.6

Z 12.3 2.8 16.4 -9.3

C(CH3)3

E 11.3 3.3 18.5 -8.1 70.7

Z 12.8 3.8 18.6 -7.7

N(CH3)2

E 21.4 21.3 27.1 0.3 85.5

Z 22.6 21.9 28.3 1.3

Cl

E 2.8 2.8 24.6 -2.1 81.5

Z 5.1 2.6 24.8 -2.6

F

E 10.0 6.6 27.6 5.3 93.3

Z 9.1 6.0 28.1 5.2

OCH3

E 21.0 17.5 29.6 7.0 95.3

Z 19.8 17.7 32.1 6.6

Values in italics indicate the data for the more stable isomer
a Ea-C = E[TS-C] - E[HP=PH3] - E[OCHX]
b DE-IM = E[IM] - E[HP=PH3] - E[OCHX]
c Ea-D = E[TS-D] - E[HP=PH3] - E[OCHX]
d DE = E[HP=CHX] ? E[O=PH3] - E[HP=PH3] - E[OCHX]
e DEST = E(triplet) - E(singlet). A positive value indicate a singlet

ground state
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16.4 kcal/mol) & CMe3 (11.3, 18.5 kcal/mol) \ NMe2

(21.4, 27.1 kcal/mol) and X = electron-withdrawing

group: H (7.3, 10.1 kcal/mol) \ Cl (5.1, 24.8 kcal/

mol) \ F (9.1, 28.1 kcal/mol) \ OMe (19.8, 32.1 kcal/

mol). This investigation provides evidence that the singlet–

triplet splitting can be used as a guide to predict the

reactivity for different substituents. These results also

suggest that the complexation step contained in the

mechanism is just like a cycloaddition process. According

to our previous study [43], the computational study on the

cycloaddition reactions of ethylene with 1,3-dipoles

showed that the singlet–triplet splitting of the reactants is

the key factor determining the trend of the activation bar-

rier and the reaction enthalpy. We can also observe that the

similar trends occurred in the present study and the CM

model is verified as a useful tool to describe the reaction

involving cycloaddition–reversion processes.

To validate the system HP=PH3 ? O=CHX as a rea-

sonable model used in describing the experimentally found

phospha-Wittig reaction (ArP=PMe3 ? O=C(H)R ?
ArP=C(H)R ? O=PMe3 [11]), HP=PH3 is replaced by

PhP=PMe3 and an additional X = Ph is calculated to

observe the trend discussed above. The relative energies for

the products are collected in Table 3. As can be seen in

Table 3, comparing to the system of HP=PH3 as the reac-

tant (see Table 2), the PhP=PMe3 ? O=CHX has a larger

exothermicity for respective X, and there is still a corre-

lation between the DE and the DEST values

(DE = 0.7089 9 DEST - 70.0, R2 = 0.9639 from linear

regression). Therefore, we suggest that HP=PH3 ? O=CH2

is a reasonable and efficient model system to discuss the

energy profile for the phospha-Wittig reaction.

As for the stereoselectivity, we found that OCHX with

the larger substituent (X = CMe3 and NMe2) prefer

the E-form products. This conclusion is consistent with the

experimentally known phospha-Wittig reactions [11]. The

phosphorus ylide can be viewed as a donor–acceptor com-

plex with the orbital interaction as shown in 2 [4]. When

OCHX with a small substituent approaches the phosphorus

ylide, the substituent will be trans to the lone pairs so as to

reduce the electrostatic repulsion. Whereas, when OCHX

with a large substituent approaches the phosphorus ylide,

the substituent will prefer the position trans to the P–H bond

so as to reduce the steric hindrance. Thus, when HP=PH3 is

replaced by PhP=PMe3 (see Table 3), all substituent

(except X = OMe) prefer the E-form products. We can also

realize when DmpP=PMe3 and Mes*P=PMe3 react with

aldehydes, Protasiewicz found that each reaction exclu-

sively produced E-isomers of the phosphaalkene [11].
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Fig. 6 B3LYP/6-311??G** calculated energy profiles for the

phospha-Wittig reactions of the phosphorus ylides with OCHX

[X = H, F, Cl, CH3, OCH3, N(CH3)2, C(CH3)3]
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at B3LYP/6-311??G** level of theory
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In addition, we examined the reaction of HP=PH3 with

OC(CH3)2. Comparing to the energy profile of HP=PH3 ?

OCH(CH3) (as can be seen in Table 4), we found that the

reaction of HP=PH3 with OC(CH3)2 is both kinetically and

thermodynamically unfavorable because of the larger

DEST. Therefore, we can realize when DmpP=PMe3 reacts

with ketone, there is no evidence of phosphaalkene for-

mation [11].

Since Ziegler et al. suggested that solvation strongly

influences the middle part of the Wittig reaction of

R2C=PR03 ? OCHR00 in DMSO [22]. We performed the

self-consistent isodensity polarizable continuum model

(SCI-PCM) to realize the solvent effect in this present

study. Tetrahydrofuran (THF), one of the most common

solvents used in Wittig or phospha-Wittig reactions [11], is

chosen as the solvent and the dielectric constant e is set to

7.58. As can be seen in Table 5, when comparing the

system of HP=PH3 ? OCHX in the gas phase (see

Table 2), these calculations in THF do not lead to signifi-

cant changes in the relative energy for the products and

there is still a reasonable correlation between the DE and

the DEST values (DE = 0.6672 9 DEST - 58.0, R2 =

0.9761 from linear regression). Although Ziegler had

suggested that the solvent may have chance to introduce a

different intermediate [22], we still can locate the same

four-membered intermediate for the phospha-Wittig reac-

tion in THF. This conclusion conforms to the experimental

result, which indicated the absence of betaine-like inter-

mediates for the phospha-Wittig reaction [6].

4 Conclusions

In this study, we have investigated the energy profiles

associated with the gas-phase phospha-Wittig reactions

using a B3LYP approach with the 6-311??G** basis set.

We have demonstrated that the computational results can

be rationalized using a simple valence bond model, i.e., the

CM model. In the present investigation, the CM model

indicates the singlet–triplet splitting of OCHX as the key

factor that determines the trend of the activation energies

and the reaction enthalpy. In this study, we have shown that

the singlet–triplet splitting in OCHX strongly correlates

with their chemical reactivity. Furthermore, we have sug-

gested that OCHX with more electro-releasing substituents

Table 3 B3LYP/6-311??G** calculated singlet–triplet splittings

(DEST, in kcal/mol) for OCHX and relative energies for the products

(DE, in kcal/mol) for the reaction of PhP=PMe3 ? OCHX ?
PhP=CHX ? O=PMe3 [X = H, Ph, F, Cl, CH3, OCH3, N(CH3)2,

C(CH3)3]

X DEa DEST
b

H -26.6 65.5

Ph

E -20.8 65.7

Z -17.2

CH3

E -19.6 71.6

Z -18.3

C(CH3)3

E -18.7 70.7

Z -13.2

N(CH3)2

E -8.7 85.5

Z -3.9

Cl

E -12.7 81.5

Z -12.1

F

E -4.3 93.3

Z -4.1

OCH3

E -2.0 95.3

Z -2.2

Values in italics indicate the data for the more stable isomer
a DE = E[PhP=CHX] ? E[O=PMe3] - E[PhP=PMe3] - E[OCHX]
b DEST = E(triplet) - E(singlet). A positive value indicate a singlet

ground state

Table 4 B3LYP/6-311??G** calculated singlet–triplet splittings

(DEST, in kcal/mol) for OCXY and relative energies (in kcal/mol)

for the reaction of HP=PH3 ? OCXY ? HP=CXY ? O=PH3

[X = CH3; Y = H, CH3]

OCXY Ea-C
a DE-IMb Ea-D

c DEd DEST
e

OC(CH3)2 15.61 7.77 21.18 -4.89 74.50

CH3

E 11.33 3.24 16.64 -9.06 71.61

Z 12.34 2.83 16.37 -9.31

Values in italics indicate the data for the more stable isomer
a Ea-C = E[TS-C] - E[HP=PH3] - E[OCXY]
b DE-IM = E[IM] - E[HP=PH3] - E[OCXY]
c Ea-D = E[TS-D] - E[HP=PH3] - E[OCXY]
d DE = E[HP=CXY] ? E[O=PH3] - E[HP=PH3] - E[OCXY]
e DEST = E(triplet) - E(singlet). A positive value indicate a singlet

ground state
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will possess a smaller singlet–triplet splitting. This will

facilitate the phospha-Wittig reaction and will result in a

larger exothermicity. In spite of its simplicity, our approach

provides a deeper insight and promises a solution of

remaining problems.

In addition, the stereoselectivity of this phospha-Wittig

reaction can be realized by the steric effect between the

phosphorus ylide and OCHX. When the substituent on

OCHX is large, E-form isomer is formed since this orien-

tation can have the least steric hinderance between reac-

tants. Moreover, we found that the reaction of HP=PH3

with OC(CH3)2 is both kinetically and thermodynamically

unfavorable because of the larger DEST. Additional inves-

tigations for the phospha-Wittig reactions with other

ketones are currently in progress.
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