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Abstract

Ab initio calculations have been used to determine the possible structure of lithium derivatives of phosphine oxides in THF: extension
of these calculations to the docking of a carbonyl compound onto such a lithium derivative suggests an explanation for the anti selectivity

of the Horner-Wittig reaction.
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We have described [1,2] a version of the Horner—
Wittig reaction in which lithium derivatives 2 of alkyl
diphenylphosphine oxides 1 react with aldehydes in a
stereoselective fashion to give predominantly anti alco-
hols 4 (Scheme 1). Purification by chromatography or
crystallisation and stereospecific elimination of Ph, PO~
with a sodium or potassium base completes a synthesis
of Z alkenes 5. In this paper, we provide an explanation
for the observed anti selectivity: this is derived from
some ab initio calculations on a model lithium deriva-
tive and on its reaction with CH, =0, as well as from
more extensive experience of the effects of different
substituents R' and R? on the stereoselectivity of the
reaction.

Three possible structures for lithiated phosphine ox-
ides 2 are 6, 7 and 8 (Scheme 2). Both structures 6 and
7 have an sp® hybridised carbon « to phosphorus,
whilst structure 8 is sp’ hybridised with no carbon—
lithium contact whatsoever. Using X-ray crystallogra-
phy and NMR methods, Denmark and coworkers [3]
(for some ab initio calculations, see Ref. [4]) and Boche
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and coworkers [5] have shown that lithium derivatives
of the closely related phosphonates 9 and 10 and phos-
phonamides 11 and 12 exist with sp? hybridised struc-
tures 2 (equivalent to 8). Unfortunately, we were unable
to obtain crystals of lithiated phosphine oxides 2 of
X-ray quality. Therefore, we decided to use ab initio
calculations to predict their possible solution structures
and to probe the mechanism and stereochemistry of
their reactions with aldehydes.

Initial exploratory calculations were performed on
H,P(O)Me as a model system for phosphine oxides 1

? Lithiated 10, 11 and 12 exist as dimers with a central (LiO), ring
(see Refs. [3,4167C:\JOM\6771\[5)).
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with the 6-31G basis set (plus a set of d orbitals on
phosphorus [6]) at the SCF level by means of the
GAMESS program [7]. Uncomplexed H,P(O)CH, Li opti-
mised to a planar four-membered ring structure 13 (Fig.
1) with lithium bonded to both the oxygen and carbon
atoms (Li—0O, 1.84; Li—-C, 2.20 A). Other possible struc-
tures, such as 14 and 15, were not viable: structure 14 is
26.4kcalmol ' less stable than 13, whilst structure 15
moved to 13 on optimisation. Structure 13 clearly pos-
sesses features of the two structural extremes 14 and 15,
but it is still very polarised (charges: Li, +0.54; O,
—0.78; C, —0.89; P, +0.95).

We then repeated the calculation on uncomplexed
H,P(O)CH,Li at the MP2 level [8] including the core
electrons with the 6-31G* basis set. This was to ascer-
tain what effect the inclusion of correlation energy

Fig. 2. Mono-solvate H, P(O)CH, Li- THF.

would have on our predicted structure. In fact, there was
very little difference in the geometrical features (LiO,
1.85; Li—-C, 2.17; C-P, 1.73; P-0, 1.53 A) and, as we
shall see, the complexation energy at this higher level
(26.9 kcal mol~' for one THF molecule and
19.3kcalmol~! for CH,=0) was essentially the same
as that calculated at the lower level (see below). There-
fore, the remainder of the calculations described in this
paper have been performed with the 6-31G basis set
(plus a set of d orbitals on phosphorus [6]) at the SCF
level by means of the GAMESs program [7].

In the practical system (1 — 2) lithiation is carried
out in THF; so, we optimised the mono-solvate
H,P(O)CH,Li- THF to give, once again, the four-
membered L10PC ring structure (Fig. 2) which is ex-
panded only slightly (Li~O 1.90; Li-C, 2.28 A) from 13
while the charges are essentially the same (Li, +0.51;
0, —0.78; C, —0.86; P, +0.94); there is a net transfer
of only 0.05e” from THF to lithium. The complexation
energy is a substantial 26.3 kcal mol™ ! and is reflected
in a short Li—-O(THF) bond (1.87 A). This illustrates an
important but little appreciated fact. Complexation of a
lithiated organic molecule does very little to reduce the
polarity of that molecule: the complex remains a highly
polar (and reactive) species.

Introduction of a second molecule of THF gave
similar results: di-solvate H,P(O)CH,Li - 2THF opti-
mised to another four-membered ring structure (Fig. 3).

Fig. 1. Bond angles, atom charges, bond lengths and (bond indexes) in the calculated structure for uncomplexed H,P(O)CH, Li.
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Fig. 3. Di-solvate H,P(O)CH,Li- 2THF.

The LiOPC ring is enlarged even further (Li~-O 1.96;
Li-C, 2.45A), the two Li-O(THF) bonds are, as ex-
pected, longer (1.94 A) and the complexation energy of
the second molecule of THF is 14.0 kcal mol ~'. In other
words, the total complexation energy going from the
unsolvated complex H,P(O)CH,Li to the di-solvated
complex H,P(O)CH, Li - 2THF is 40 kcalmol~'. These
ab initio calculations suggest that structure 7 (probably
with one or two complexed THF molecules [9]) is a
possible solution structure for lithiated phosphine oxides
2. % Recent work on lithiated phosphazenes [12] and
phosphonates [13] also suggests similar four-membered
ring structures for these intermediates.

Next, we turned our attention to exploring the reac-
tion between uncomplexed H,P(O)CH,Li 13 and
CH, =0 (Scheme 3). Initially, complexation between
the carbonyl oxygen and lithium occurs to give a ‘loose’
complex 16 in which the plane of the H-C-H unit of
the aldehyde is coplanar with the plane of the LiOPC
ring. The complexation energy is 19.2kcalmol™' and
the alkehyde is barely perturbed: it retains the w-bond
(C=0 1.214 A, bond index 2.07) and can rotate freely
(0.08kcalmol ~' required) about its bond to lithium.
Initial complexes with C-C bonds were not viable:
under optimisation they gave 16.

The aldehyde in 16 is then primed for C—C bond
formation 17 whilst retaining the Li—O interaction:

® Theoretical calculations suggested a similar four-membered
LiOSC ring structure for lithiated sulphones, but X-ray crystallogra-
phy subsequently demonstrated that this was not the case (see Refs.
[10,11D.
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charges in 16 are now CHO, —0.54; CHO, +0.23;
PC, —0.87. A free optimisation (planarity neither as-
sumed nor fixed) gave the folded intermediate complex
18 (Fig. 4) which was found to be 33.3kcalmol ™’
lower in energy than 16. The key changes in bond
lengths and bond indexes as the new C—C bond forms
(16 — 18) are summarised in Table 1. They are all to be
expected during the conversion of 16 to 19. In interme-
diate 18 there is an ‘axial’ and ‘equatorial’ arrangement
of P-H and C-H bonds, although these are perhaps
better described as ‘inside’ (H?) or ‘outside’ (H®) the
folded [2.2.0] hexane structure. The effect of adding a
THF solvent molecule to the results depicted in Scheme
3 was also investigated. (The complexation of CH, =0
to the mono-solvate H,P(O)CH,Li- THF is
14.4kcalmol ™! and the four-membered LiOPC ring
becomes so distorted that the Li-C bond length in-
creases o0 3.95 A (w1th a concomitant shortening of the
P—C bond (1.68 A) and the Li—O(P) bond (1.76 A)). In
this case, the Li—-C bond has broken and the organo-
lithium is truly primed for reaction. The main effect of
an additional coordinating THF solvent molecule on
intermediate 18 was to increase the Li-O(P) bond
length to 2.04 A. This suggests that this will be the bond
to break in the next stage of the reaction. Coordination
of a THF solvent molecule to intermediates 16 and 18
did not alter the relative energies of these species.)

We believe that the anti selectivity observed in the
real version of the reaction can be rationalised using the

Fig. 4. Calculated structure for 18.
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Table 1
Calculated changes in bond length and bond index as new C—C bond is formed (16 — 18)
Bond ‘Loose’ complex 16 Intermediate complex 18 Changes

Bond length (A) Bond index Bond length (A) Bond index
C-C 3.990 0 1.559 1.01 new C-C bond is formed
C-0 1.214 2.07 1.388 1.16 C=0 lengthens and weakens
Li-C 2281 047 3212 0.03 Li—C bond is broken
P-C 1.714 1.32 1.804 1.03 P—C loses double bond character
P- 1.527 1.54 1.508 1.63 strengthens slightly
Li-0O(C) 1.890 0.36 1.706 0.60 strengthens considerably
Li-O(P) 1.882 0.42 1.869 0.39 weakens slightly

results obtained from the ab initio calculations. Our
preferred interpretation is exemplified by the sequence
20 — 21 — anti-4 (Scheme 4). As the new C—C bond is
formed, 20, the substituents R! and R? will prefer the
less sterically demanding outside positions in the inter-
mediate complex 21. The aldehyde substituent R’
prefers the outside position, both because it occupies the
outside position and to avoid severe 1,3-diaxial interac-
tions with one of the phenyl rings of the diphenylphos-
phinoyl group. The substituents R' and R? then appear
on the same side of the intermediate lithium alkoxide 3
as it is first formed and this leads to anti-4.

This new mechanistic description of the Horner—Wit-
tig addition reaction has now been used to interpret the
stereoselectivities observed with different substituents in
both the phosphine oxide (R!) and aldehyde (R?) side
chains. The experimental facts about the reaction may
be summarised as follows.

(1) Lithium is necessary, since other metals (e.g.
sodium and potassium) lead to direct formation of the
alkene; THF is the best solvent since there are solubility
problems in Et,O and the stereoselectivity is lost in
hydrocarbon solvents [1].

(2) Reduced stereoselectivity is observed if the phos-
phine oxide side chain (R') contains heteroatom sub-
stituents (RO or R,N) which are capable of coordinat-
ing to the lithium in the lithiated phosphine oxides 2.
Examples include methyl and silyl ethers, lithium alkox-
ides, ketals, lithiated amines and amides at various
positions along the side chain [14]. Chelating groups in
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the R!' side chain could bond to the lithium atom during
bond formation 20. This chelation across the bottom
face of 21 could make R? move into the inside position
to avoid the R' side chain.

(3) Chelating groups on the aldehyde side chain (R?)
do not, in general, lead to reduced stereoselectivity.
Presumably, the chelating group in R? is too far away
from the lithium atom during bond formation 20 to have
an effect.

(4) Branching in the phosphine oxide side chain (R')
leads to severely reduced stereoselectivity. A more thor-
ough investigation of this effect is presented in Table 2
and can be rationalised by considering intermediate 21.
If R' is large, especially branched at the first carbon
atom, the gauche interactions between it and P—Ph on
the one side and R? on the other may erode the stereose-
lectivity as R' would prefer to end up in the inside
position in 21. An alternative explanation can also
account for the reduced stereoselectvity: if R' is large
then it may prefer to remain in the outside position;
however, the gauche interactions between it and R* may
lead to R? occupying the inside position in 21.(5)
Independently, Kaufmann and Schwartze [15] have re-
ported that replacing the phenyl rings in the
diphenylphosphinoyl group Ph, PO with larger (Ar = o-
tolyl) or chelating (Ar = o-anisyl) substituents on the
phosphinoyl group Ar,PO lead to increased anti selec-
tivity in the formation of 4. Both of these results can be
rationalised using intermediate 21: a chelating o-
MeOC H, group on the phosphorus atom might com-

Table 2
Diastereoselectivity in the Horner—Wittig reaction as a function of
steric hindrance

Aldehyde R*  Ratio anti:syn in product alcohol 4 (yield, %)
R!=Me R'='Pr R' = cyclohexyl
Ph 85:15(94)* 67:33(79) 80:20 (80)
2-MeOC(H, 81:19 (91) — 65:35 (91)
4-MeOC(H, 87:13 (92) 68:32 (87) 75:25 (99)
Et — 50:50 (89) 46:54 (51)
Me 75:25 (93) — 50:50 (87)

* R'="Pr in this case.
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pete with P=0 as a coordinating group for Li, whilst
larger aryl groups on phosphorus will in any case
increase the preference of R?, and to a lesser extent R,
for the outside position.

In summary, the ab initio calculations described in
this paper have shed new light on the possible structure
of lithiated phosphine oxides in THF and on the factors
that are responsible for highly stereoselective Horner—
Wittig addition reactions. Details of the formation of the
lithium derivative have started to emerge from the
crystal structure [16] of the Ph,P(Me)O - LiN(SiMe,),
complex, which may be regarded as a model for the
deprotonation reaction observed with n-butyllithium,
and which shows a definite O-Li bond.
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