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In this study we describe the results of the application of several ab initio methods to the reactions in the gas
phase of four unstabilized ylides {P=CH,, H,MeP=CH,, HMe,P=CH,, and MgP=CH,) with formaldehyde

to form their respective oxaphosphetanes. At the HF levgP=+CH, and HMeP=CH, proceeded to the
formation of oxaphosphetane. However, at the B3LYP, MP2, and QCISD levels, these ylides react by a
nucleophilic attack of the ylidic carbon on the carbonyl group, concomitant with the proton abstraction from
the phosphorus atom to form 2-phosphinoethanol. This unusual dependence of the reaction path on the level
of theory indicates that $#=CH,, the most popular ylide for modeling the Wittig reaction, is atypical and
raises questions regarding its use as a suitable model for more realistic systems. At all levels of theory (HF,
B3LYP, and MP2), the reactions of Hie=CH, and MeP=CH, with formaldehyde proceed in a
cycloaddition-like fashion to yield oxaphosphetanes. The calculated barriers for these processes varied
considerably with the level of correlation and the basis sets employed. The geometries of reactants,
intermediates, transition states, and products did not change significantly with the level of theory or basis set
employed. The use of B3LYP or MP2 calculations with the 6-31G* basis set is a reasonable compromise
between computational expense and level of rigor to describe the Wittig reaction. Our results suggest that
for alkyl-substituted ylides, HF geometries along the reaction profile resemble the ones obtained with B3YLP
and MP2 methods. Therefore, the Wittig reaction can be properly described at the ab initio level using
B3YLP or MP2 single-point energies on the respective HF geometries.

Introduction calls for betaines as mandatory intermediates in order to explain
the observed stereochemistiyhowever, betaine involvement
along the reaction path has been questidied.

There are several long-standing controvefsiegarding the
mechanism of the Wittig olefination reaction. Many lines of
evidence indicate that the first step in the reaction is a
nucleophilic attack of the ylidic carbon on the carbonyl group
of the aldehyde or ketone. Whether this attack leads to a stable
zwitterionic intermediate such as an “anti” or “syn” betaine has
not been completely resolvéfl* The formation of oxaphos-

Ab initio molecular orbital, MO, methods have been exten-
sively applied to the study of mechanisms of reactibns,
particularly for reactions where the experimental evidence has
led to several interpretations of the possible reaction paths
between the reactants and the products.

The reaction of a phosphorus ylid&) (with an aldehyde or
ketone to form an alkene and a phosphine ox#eg known
as the Wittig olefination reaction (Scheme 1). The Wittig

reaction is one of the most important methods for the formation phetanes is the next step along the pathway of the olefination.

of carbon-carbon bonds in synthetic organic chemistry. During the course of this paper, we will refer to the step where
Several mechanistic hypotheses that include intermediates such 9 Paper, P

) . 5 an ylide reacts with formaldehyde to afford the oxaphosphetane,
asgxap?}ospf;etan@ (ahnd begalnesag)have Zebe nNc:/lnFs;deré'ﬂ‘.‘ as the “Wittig half-reaction”. Pseudorotation around the
xaphosphetanes have been observed by Spe.Ct.roscom()hosphorus atom, placing the oxygen atom in an equatorial
for the reactions of unstabilized ylides{(R alkyl). For Wittig position, has been postulated as a necessary step toward the
reactions involving semistabilized {R= phenyl, vinyl, pro- '

pargyl) or stabilized ylides (R= —COOCH;, —CN) oxaphos- tﬁ)énreigggi?/goghtggé*?;?g so)t(ci)dtge formation of the alkene and

phetanes have not been observed spectroscogipatigumably . ' - .

because in these cases, oxaphosphetanes are only transient Several mechanisms for the. W|tt|g reaction hgvg been
intermediates whose lifetimes are too short compared with the postu‘!ated thrpt;ghout the years including stepwise ionic path-
NMR time scale. Betaines have been isolated as stable3salts, V&S Vedejs? and Schiossét have postulated one-step

but they have not been observed spectroscopically. The originalgﬁggiicgtio&gig:‘?:ﬁ?ii \‘;g:\mz (2;egItggtrrrgr?t'i(r);ng;xg%hc?iin
hani d by Witt-Pand refined by othe#sc9 ' )
mechanism proposed by Wittig:*and refined by othe have been proposed by Ofatand Yamataka® McEwert’

proposed a mechanism that calls for a spin-paired diradical as
* To whom correspondence should be addressed. . . .
t Florida Atlantic University. an intermediate. All these proposed mechanisms represent
* National Institute of Standards and Technology. attempts to accommodate the experimental evidence. Unfor-
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tunately, one way or the other, some aspects in all of them of theory (HF, B3LYP, MP2, and QCISD) and different basis
remain essentially unsubstantiated. sets (6-31G*, 6-3+G*, and 6-3%G**) on the geometries and
There is no direct experimental evidence that indicates what energetics of the reaction. We have systematically replaced the
is the most likely nature of the transition state involved in the H substituents on the phosphorus atom in the mythical reaction
Wittig half-reaction. In addition, the lack of spectroscopic by methyl groups in order to develop a more realistic model of
detection of possible transient intermediates such as betainesthe Wittig reaction. The results of this study show that the use
spin-paired diradicals, or charge-transfer compl&®gannot of the widely studied mythical Wittig half-reaction in the gas
rule out their involvement in the Wittig reaction. Theoretical phase, HP=CH, + CH,O — oxaphosphetane, is not adequate
methods constitute a means to determine and characterize théo describe the general reaction. Instead, the results from the
stationary points involved in chemical processes, including reaction of methylidenetrimethylphosphorane, @zF=CH;,
reactants, transition states, and products. with formaldehyde are a more realistic model of Wittig-like
Several theoretical studies have been reported on the Wittig Cycloaddition processes.
reaction using different levels of theot§.2* The first theoreti-

cal method to be applied was CNDO by Trindle et%alSince Methodology

then MNDO?2° HF/STO-3G?! HF/4-31G*?2 MNDO-PM3,20.23 i
HF/3-21G*23 HF/6-31G*24 HF/DZ+d2 and MP2/DZ+d24 The model reactions selected for the present study are those

have been applied to the study of the prototype reaction of Of the unstabilized ylides methylidenephosphorangXtCH,),
HsP=CH, (methylidenephosphorane) with formaldehyde to Methylidenemethylphosphorane #eP=CHy), methylidene-
yield the respective oxaphosphetane (we have named thisdimethylphosphorane (HME=CH,), and methylidenetrimeth-
process the “mythical Wittig half-reaction”). In addition, Y/Phosphorane (M@=CH;,) with formaldehyde to form their
MNDO-PM3® and MNDC calculations have been done on respective oxaphosphetanes (Scheme 2).

larger systems that bear phenyl substituents on the phosphorus We have already justified the importance of such Wittig half-
atom. More recently, we have carried out MP2//HF/6-31G* reactions as models for attempting to explain mechanistically
calculations in a series of model reactions of unstabilized the experimental observations for the overall olefination reac-
(MesP=CH—CHz), semistabilized (MgP=CH—C=CH), and tion22 The model reactions used for this study are based on
stabilized (MgP—=CH—C=N) ylides with acetaldehyde in order ~ the assumption that the ylide and the aldehyde are aligned
to compare their reactivity’ properly for a one-step cycloaddition reaction.

Other theoretical studies have been recently carried on the All geometry optimizations and energy calculations were
analogous Wittig-Horner reactio??2° (also known as the  carried out using the Gaussian 94 suite of progréii3.For
Horner-Wadsworth-Emmons reaction). This reaction involves the reactions of EP=CH, and MegP=CH, the reactants,
the cycloaddition of phosphonate reagents with aldehydes.intermediates, transition states, and products were fully opti-
These studies include HF/6-31G*, B3LYP/6-31G*, and MP2// mized with the 6-31G*, 6-3tG*, and 6-3H1-G** basis sets at
B3LYP/6-31G* calculations in the gas pha%and B3LYP/6- the Hartree-Fock (HF) and MP2(Full) levels of theory.
311+G**//B3LYP/6-31G* in conjuntion with the PCM/DIR Calculations using density functional theory methodology
formalism for calculations in solutio?f. Metal ion effects on were carried out using the three-parameter hybrid functional
the Wittig—Horner reaction have also been investigated at ab B3LYP:33
initio?®20 and semiempirica? levels of theory.

The mythical Wittig half-reaction is an appealing model to g ®3-YF = (1 — a))E """ + g E " + a AEP®® +
describe the formation of the oxaphosphetane; it is the smallest LYP VWN
system that can, in principle, undergo the Wittig reaction. ak " +(1-a)E 1)
Furthermore, it does not exhibit conformational changes that
would complicate the analysis of the mechanisms involved in whereag = 0.20,a, = 0.72, anda. = 0.81.
these processes. These features allow the theoretical treatment In this equationE,-SPA is the local Slater exchange energy,
of the model at reasonably high levels of correlation while EHF is the exact exchange energy given by the Hartiéeck
keeping the computational expense within reach. formalism, AEB®® is Becke's gradient-corrected exchange

In this work, we use several ab initio molecular orbital energy3* E;-YP is the gradient-corrected correlation energy
calculations to study the mechanism and energetics of the Wittig developed by Lee, Yang, and Pé&trand E;YWN is the local
half-reaction of unstabilized ylides with formaldehyde in the correlation energy of Vosko, Wilk, and Nusséfir.Expression
gas phase. Our aim is to analyze the effect of different levels 1 is a variant of Becke’s original hybrid functional designed to
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rectify the fallu.re. of Conve.ntlon.al DFT ”,1 reproducing the Figure 1. Calculated geometries of the reactants (contact complex),

exchange-only limit of the adiabatic connection method, ACM.  ransition states, and products (oxaphosphetanes and 2-phosphinoet-
In the case of the reaction of methylidenephosphorane hanol) for the reactions of ##=CH, (A and B), HMeP=CH, (C),

(H3sP=CH,), full optimization was also carried out at the QCISD and MgP=CH; (D) at different levels of theory using the 6-31G* basis

level of theory with the basis sets described above. For the set.

reactions of HMeP=CH, and HMeP=CH,, calculations were  \jiye and the level of theory employed. For the reaction of

carried out at the MP2/6-31G* level. As a test for the reliability HaP=CH, two substantially different pathways were observed.
of the structural predictions in this work, geometry optimizations a: the HE level, a classical Wittig-like cycloaddition affording

were performed on triisopropylphosphonium isopropylylide he respective oxaphosphetane is obtained (Figure 1A). How-
(I-PEP=CMe,), \évhose structure ha_s been determined by X-ray ever, reaction paths computed with the better correlated formal-
crystallography® Further comparison can be drawn from g¢ B3| YP, MP2, and QCISD indicate that ylide carbon
methylidenetrimethylphosphorane, one of the reactants in one ucleophilically attacks the carbonyl group while a proton

gf Oll” modedl_f:ceact_loggs, V\k/]hosel st:ruqture has been getermme ransfers from the phosphorus atom to the carbonylic oxygen
y electron diffractiort” The calculations were carried out on ¢, tom 2 _phosphinoethanol (see Figure 1b). This reaction

DEC Alpha AS/600 computers, which are 333 MHz compdters pathway obtained at the HF level was observed regardless of

at the.MuIti.discipIinary Research Computer Facility at Florida 4 pasis set employed and indicates that HF might be predicting
Atlantic Umvers_|ty. N . the wrong mechanism governing these reactions.

The geometrical optimizations for all model reactions were — poi11" apstraction is also observed for the reaction of
performed using the Berny qlgorith‘fﬁ.AII §t.ationary points H,CHsP—=CH, (methylidenemethylphosphorane) with formal-
were characterized as minima or transition states, TS, by dehyde using the MP2/6-31G* level of theory (not shown in
analytical frequency calculations at HF and MPZ2 levels. ciqire 1) \whereas a Wittig-like cycloaddition is predicted for
Reaction paths were computed using the IRC r_nethod developeqa reaction of HMgP—=CH, (methylidenedimethylphosphorane)
by Gonzalez and Schlegl. Reli1£|ve energies \i\iere also it formaldehyde at the same level of theory (Figure 1c). Since
computed at the QCISD(T)/6-3%**//MP2/6-31+G** level proton abstractions are not possible for the reaction of

for the reactions of P=CH, and MeP=CH, and at the ¢y p—CH, with formaldehyde, Wittig-like cylcloadditions

QCISD(T)/6-31G*//QCISD/6-31+G** level for the reaction  are ghtained instead at all levels of theory (HF, B3LYP, and

of HsP=CH,. MP2 zero-po!nt energy cor.rections were also MP2) with all basis sets (Figure 1d).

computed and used to obtain the energetics of the reaction. All these model reactions proceed through a stepwise process

where the first step involves the formation of a contact complex.

This contact complex undergoes cycloaddition or proton ab-
Figure 1shows the geometries of the intermediates, transitionstraction depending upon the level of theory employed and the

states, and products of the model reactions used in this study.specific reacting ylide as discussed above.

The paths for the model reactions (Scheme 2) vary dramatically The contact complex is likely to be formed by electrostatic

depending upon the substituents on the phosphorus atom of thenteractions between the ylide and the dipole of the aldehyde.

Results and Discussion
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TABLE 1: Relevant Geometrical Parameters for the Transition States and Relative Energiésto the Reactants of the
Half-Reaction HzP=CH, + H,C=0 — Product

contact

level comple® TS oxaphosphetane  2-phosphinoethanol  bédrieC—C¢ O—P¢ PCCCO O—Hbe
HF/6-31G* —12.51 37.70 —108.99 —253.01 50.21 2.06 269 —-0.71
HF/6-31+G* —-11.13 36.15 —98.83 —242.17 47.28 2.08 272 —0.07
HF/6-314+G** —-11.17 37.28 —94.93 —249.78 48.45 2.08 2.71 0.04
MP2/6-31G* —=17.32 —-1.63 —151.38 —262.71 15.69 2.13 2.86 25.60 1.91
MP2/6-3H-G* —18.62 —8.16 —146.44 —254.18 10.46 2.18 2.92 27.19 2.04
MP2/6-3HG** —18.79 —12.38 —144.64 —260.54 6.40 2.17 2.9 24.47 2.00
B3LYP/6-31+G** —-13.97 —6.95 —116.48 —241.92 7.03 2.19 291 -—22.49 1.98
QCISD/6-31G* —13.39 12.80 —133.43 —264.89 26.19 2.08 2.86 22.57 1.93
QCISD/6-3H-G*® —14.94 4.64 —129.20 —259.03 19.58 2.13 291 25.10 2.06
QCISD/6-31G**e —-14.77 1.42 —129.66 —263.34 16.19 2.12 2.89 24.76 2.03
QCISD(T)/IMP2/6-31G* —14.52 6.86 —134.64 —260.66 21.34
QCISD(T)/IMP2/6-3%-G* —16.65 —-1.76 —132.26 —255.10 14.89
QCISD(T)/IMP2/6-31#G** —16.61 —5.44 —130.83 —260.70 11.17
QCISD(T)//IB3LYP/6-31G —15.02 —-1.38 —131.71 —260.91 13.68
QCISD(T)/IQCISD/6-31G* —14.52 7.07 —134.52 —260.62 21.59
QCISD(T)//QCISD/6-3%G* -16.65  —1.59 —-130.41 —255.10 15.06
QCISD(T)/IQCISD/6-3%G** —16.65 —-5.27 —130.88 —260.83 11.34

aEnergies in kJ/mol? Species correspond to the mythical Wittig reaction at the HF level and to the proton abstraction reaction at the B3LYP,
MP2, and QCISD levels. Barriers computed from adduct to transition states (intrinsic barri€B)nd distances in angstroms and dihedral angle
in degrees® All QCISD and QCISD(T) profiles using MP2 zero-point corrections with the corresponding basis set.

TABLE 2: Relevant Geometrical Parameters for the Transition States and Relative Energiésto the Reactants of the
Half-Reaction MesP=CH, + H,C=0 — Oxaphosphetane

contact

level complex T8 oxaphosphetane barrier P o—P° PCCCO
HF/6-31G* —30.58 6.94 —88.66 37.53 2.07 3.07 0.00
HF/6-31+G* —14.06 24.39 —62.76 38.45 2.09 3.11 —9.35
HF/6-31+G** —14.10 25.69 —58.24 39.79 2.09 3.10 —8.51
MP2/6-31G* —31.46 —24.85 —134.39 6.61 2.15 3.13 —0.04
MP2/6-3HG* —-27.11 —21.25 —124.64 5.81 2.24 3.20 —15.83
MP2/6-3HG** —28.45 —21.84 —124.60 6.61 2.21 3.18 —-17.74
B3LYP/6-31+G** —20.96 —16.15 —88.24 4.81 2.16 3.17 0.00
QCISD(T)/IMP2/6-31G*# —27.28 -16.78 -119.87 10.54
QCISD(T)/IMP2/6-3%G*¢ —24.89 —15.78 —112.42 9.12
QCISD(T)/IMP2/6-33G**¢ —26.02 -15.73 —~112.09 10.29

aEnergies in kJ/molP Bond distances in angstroms and bond dihedral angles in degreQCISD(T) profiles using MP2 zero-point corrections
with the corresponding basis set.

There is no evidence of covalent bonding between the reactingThus, a transition state is formed in which five centers are
fragments at this stage. The complexes then proceed to form ainvolved in the bond-forming/bond-breaking process.
transition state, which, depending upon the level of theory, will  Geometries Tables 1 and 2 show the relevant geometrical
acquire a cycloaddition-like (oxaphosphetane-like) conformation parameters at the TS and the relative energies of the different
or an abstraction-like (phosphinoethanol-like) conformation. For species involved in the Wittig half-reaction of the mythical
either mechanism we found only one transition state. By use ynstabilized ylide HP=CH, and (CH;)sP=CH,, respectively.

of eigen-following techniques and the IRC mettéd; was For the Wittig type reactions (involving 4#=CH, at HF and
confirmed that all transition states were connected to their (CHz);P=CH; at all levels) these tables show that adding diffuse
corresponding reactants (complexes) and products (oxaphosfunctions on the heavy atoms increases thedCand the O-P
phetane or 2-phosphinoethanol, depending on the level of distances at the TS by ca. 0:66.08 A. Similar trends are

theory). observed in the case of the hydrogen abstraction involving
For the cycloaddition processes (parts A, C, and D of Figure HsP=CH, as predicted by MP2, B3LYP, and QCISD, where
1), as the GC formation proceeds, subsequent® bond addition of diffuse functions on the heavy atoms lengthens the

formation requires a rehybridization of the phosphorus atom C—C, O—P, and G-H bonds by at most 0.05, 0.06, and 0.13
where the substituents occupy either an axial or an equatoriaIA respectively. In addition, inclusion of a set of polarization
position on the trigonal-bipyramidal geometry. The TS is a four- functions on the hydrogens decreases theHCbond lengths
centered moiety, where the phosphorus atom, the ylidic carbon,by ca. 0.03-0.04 A. In general, the results obtained from
the carbonylic carbon, and the oxygen atom are involved in the B3LYP computations are in very good agreement with those
concerted bond-forming/bond-breaking process. For the protonfrom the more computationally demanding MP2 and QCISD
abstraction path (Figure 1B), we started with the geometries of levels of theory.

the cycloaddition-like path predicted by the HF calculations, In the case of Wittig-like cycloadditions (HF entry in Table
where the phosphorus atom, the ylidic carbon, and the carbonyll and all entries in Table 2), a relatively smal-8—C—-0O
group lie on the same plane. However, as the proton abstractiondihedral angle is obtained for the transition state. The degree
proceeds, a rotation around the-@ and the G-C axis (to a of puckering seems to be affected by the flexibility of the basis
lesser extent) brings one of the equatorial protons nearly planarsets used. Thus, although completely planar transition states
with the phosphorus atom, ylidic carbon, and carbonyl group. were found at HF/6-31G* and MP2/6-31G*, some degree of
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f <H-C=P
! —*rH-Cv

<C-P-C +\_
rP-C
r P=C
Parameter Exp. Level Basis Set Parameter Exp. HF/6-31G*
6-31G* 6-31+G* 6-31+G**
<C-P-C 116.5 HF 115.0 1147 114.6 <C-P-C 1221 111.2
MP2 1152 1149 1149 < C-C=P 111.2 121.6
<H-C=P 120.0 HF 1184 118.8 1188 rP-C 1.83 1.88
MP2 116.9 117.7 117.4 r P=C 1.73 1.69
r P=C 1.81 HF 1.87 1.68 1.68 rC-C 1.50 1.52
MP2 1.67 1.68 1.68
rP-C 1.64 HF 1.83 1.83 1.83
MP2 1.83 1.83 1.83
r H-Cy 1.06 HF 1.08 1.08 1.08
MP2 1.09 1.09 1.08

Figure 2. Calculated geometries for methylidenetrimethylphosphosphorang@H,) and triisopropylphosphonium isopropylylideRsP=CMe,)
at the HF/6-31G* level. The calculated geometrical parameters at the various basis sets are compared with the known experimental (B3§3.) values.

puckering was found when larger basis sets were employed. Energetics Relative energies associated with the reactions
The most puckering was found with MP2/6-BG** calcula- of H3P=CH, and (CH)3sP=CH, are given in Tables 1 and 2,
tions (JPCCO = —17.74). A planar transition state is  respectively. The results obtained at the various levels of theory
predicted by B3LYP/6-31G** (Table 2). The relatively used in this study show that the initial contact complexes are
long P-O distances observed in the case of the reaction of predicted to lie 12.518.8 kJ/mol below the isolated reactants
(CH3)sP=CH, clearly suggest that these model Wittig half- for the reaction involving BP=CH, and to be 14.631.5 kJ/
reactions become more asynchronous when methyl groups aremol for the reaction of (CgsP=CH,. The relative energies
attached to the phosphorus atom. of these complexes seem to be dependent upon the level of
As in the case of MgP=CH,, Wittig-like cycloadditions are theory but are unaffected by the basis set. The greatest deviation
obtained for the reaction of HMB=CH,. Itis noticeable that  with respect to the QCISD and QCISD(T) results is observed
for these reactions HF calculations provide the same geometriedn the case of HF, which underestimates the stabilization energy
that are obtained at higher levels. In addition, HF geometries of the contact complexes by a almost a factor of 2 (Table 2).
are comparable to the ones obtained experimentally for MP2 and B3LYP predict relative energies for the complexes in
methylidenedimethylphosphorane (Me=CH,) by electron significantly better agreement with the QCISD data.
diffraction®® and for triisopropylphosphonium isopropylylide More pronounced energetic differences are observed in the
(i-PrsP=CMe,) by X-ray crystallography® Figure 2 showsthe  case of the transition states and products (oxaphosphetanes and
calculated geometries of Me=CH, andi-Pr;P=CMe; at the 2-phosphino-ethanol); although HF predicts transition states
HF/6-31G* level. A comparison of the relevant geometrical lying above the reactants (ca. 37.3 kJ/mol foPHCH, and
parameters calculated at several levels of theory with the 25.7 kJ/mol for (CH)sP=CH,), B3LYP, MP2, and QCISD
experimental ones is also included. results show the opposite, indicating the importance of electron
As previously reported by Bachrach for other ylidéshe correlation in these processes.
use of basis sets larger than 6-31G* or higher levels of theory Figure 3 shows the profiles for the reaction of {#eCH,
resulted in little geometric change. However, unlike Bachrach’s calculated at different levels of theory. For HF calculations
ylides, which bear only hydrogen atoms as substituents on thethere is a considerable overestimation of the energies when
phosphorus atom, our calculations are on ylides that bear alkylcompared with QCISD(T). On the other hand, the energetics
substituents on the phosphorus atom. The calculated structurepredicted using B3LYP/6-3tG* and MP2/6-3%#G* are slightly
are in agreement with the experimental geometries of underestimated when compared to results of QCISD(T) calcula-
these ylides. Bond distance deviations of less than 0.03 A for tions. These profiles show that the energetics predicted by
MesP=CH, and less than 0.04 A fofrPr;P=CMe, are obtained. B3LYP/6-31+G** are in good agreement with the more
p-Alkyl-substituted unstabilized ylides have nonplanar ylidic computationally demanding correlated ab initio methods MP2
carbon geometries, which indicates that the ylide form (ionic and QCISD, and this suggests the possibility of adopting this
species) is predominafit. The excellent agreement between methodology in the treatment of even larger unstabilized ylides
the experimental and calculated geometries of these ylidesundergoing Wittig-like reactions
should not be extended to the rest of the Wittig reaction.  Table 1 also shows the calculated QCISD(T) energies on the
Profound effects on the reaction path and energetics (see belowpptimized B3LYP, MP2, and QCISD geometries of the reaction
are noticed when larger basis sets and higher levels of theoryof methylidenephosphorane with formaldehyde. For the proton
are used. abstraction reaction yielding 2-phosphinoethanol, the relative
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. lculated at | level incl t .threaction leading to formation of oxaphosphetane takes place in
energies calculated at lower |eVels are In close agreement With, ', jerjess fashion. Both reactions might be competitive;

those calculated using QCISD(T). However, the energy barriers h T ppos : . :

\ . owever, it will be difficult to determine which one is favored
calculated by QCl.SD.(T) are shghtly lower than _those p_red_lcted by examining purely energetic models. The use of methods
by QCISD, Wh'Ch indicates the Importance of triple excitations. g0 a5 the canonical variational transition-state tH€ory
For the reaction of Mg>=CH, with _for_maldehyde giving the (CVTST) or the RRKM theory’ might be useful in answer-
corresponding oxaphosphetane, similar trends are observed. ing this question. The possibility of proton abstraction as

Proton Abstraction vs Cycloaddition. Previous ab initio 5 giternative pathway for the reaction ofR+CH, and
studies on the Wittig reaction have l214$ed the reaction of 1} \jep=CH, is a consequence of using these particular ylides
HsP=CH; with formaldehyde as a mod&#.?* All these studies  ¢or oyr model reaction. Dual pathways are not possible in more

have been carried out by using HF calculations, except for a \ejistic Wittig reactions, since proton abstraction is not viable
recent study by Naito and co-workéfs The use of higher levels  {q the reaction of alkylidene or phenylidene phosphoranes, the
of theory (B3LYP, MP2, and QCISD) presents a different 1,5t common case in experimental Wittig chemistry.

scenario for the reaction ofJA=CH, with formaldehyde; proton The proton abstraction process is not limited to the reac-

abstraction to afford 2-phosphinoethanol is an alternative g of methylidenephosphorane 4P=CH,); the reaction of
pathway for the reaction of the mythical ylide. H.MeP=CH, proceeds to proton abstraction at MP2/6+&**.

Our MP2 results are in contrast to those presented by Naito However, when the same calculations are performed on the
et al?* These workers, using the MP2 formalism in conjunction reaction of HMeP=CH, with formaldehyde, a Wittig cycload-
with a mixture of the DA-d basis for the first-row atoms and  gition is predicted.
effective core potentials for the heavier atothpredicted that Figure 5 shows two perspectives of the geometries of two
HsP=CH, undergoes a Wittig-like cycloaddition when it reacts possible transition states for the reaction of HRteCH, with
with formaldehyde. In our case, only HF calculations predicted formaldehyde. Cycloaddition is favored over the proton
the existence of a transition state for the cycloaddition reactions gpstraction even when the starting geometry is such that the
of HsP=CH,. B3LYP, MP2, and QCISD predicted the proton  oxygen and the proton are forced to be close to each other.
abstraction process described above. Attempts to obtain arigure SA shows the geometry of a transition state where the
cycloaddition-like transition state for the mythical Wittig proton lies in a pseudoequatorial position; this transition state
half-reaction at the MP2 level always led to the proton stj| |eads to cycloaddition. Starting geometries that place the
abstraction process that produces 2-phosphinoethanol. Thes@ydrogen in a pseudoaxial position (Figure 5B) are likely to
attempts included a series of constrained optimizations at thefgyor cycloaddition, since rotation around the @ axis would
MP2/6-31G*, MP2/6-3%+G*, and MP2/6-3%G** levels where e required for proton abstraction. The products of these two
the only fixed variable was the interfragment distance and where possible pathways would yield two different oxaphosphetanes,
the geometry reported by Naito et’dlwas used as a starting  one with the proton in the equatorial position and the other one
point. The same results were obtained using calculations at theyith the proton in the axial position of the trigonal-bipiramid
B3LYP and QCISD levels. geometry around the phosphorus atom. Pseudorotation around

The surprising difference between our results and the MP2/ the phosphorus atom can interconvert these two isomeric
DZ-+d calculations by Naito et &f could be attributed to the  oxaphosphetanes.
use of effective core potentials for the phosphorus atom in their  These results indicate that proton abstraction depends on
computations. Studies dealing with the applicability of the the substituents on the phosphorus atom. The substituents are
effective core potential approaches have been well documentedikely to affect the polarization of the electronic density on
in the literature®® the phosphorus atom. Thus, in the case of the reaction of

Figure 4 shows the energy profiles for the reaction of H3P=CH,, the positively charged phosphorus atom contains
HsP=CH, as predicted by QCISD/6-31G** calculations. It most of the electron density in the moiety, making it reasonably
can be observed that proton abstraction leading to 2-phosphi-acidic. Under these circumstances, proton abstraction is favored.
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Figure 5. Calculated geometries for the two possible transition states
of the reaction of methylidenedimethylphosphoranegife=CH,) with

J. Phys. Chem. A, Vol. 102, No. 35, 1998999

Herminsul Cano for his help in the preparation of the manu-
script. The authors thank the Science and Hispanity Foundation
for a fellowship to A.A.R.

References and Notes

(1) (a) Molecular modeling of the Wittig reaction 5. (b) Previous
publication on this topic: McEwen, W. E.; Marf.; Lahti, P. M.;
Baughman, L. L.; Ward, W. J. IRhosphorus Chemistry: Delopments
in American SciencéVNalsh, E. N., Griffith, E. J., Quin, L. D., Parry, R.
W., Eds.; ACS Symposium Series 486; American Chemical Society;
Washington, DC, 1992; Chapter 12.

(2) (a) Hehre, W. J.; Radom, L.; Schleyer, P. von R.; Pople, AA.
initio Molecular Orbital Theory Wiley: New York, 1986. (b) Skancke, P.
N. Acta Chem. Scand.993 47, 629. (c) Houk, K. N.Pure Appl. Chem
1989 61, 643. (d) Dewar, M. J. 9nt. J. Quantum Chen1988 22, 557.

(e) Wiest, O.; Montiel, D. C.; Houk, K. NJ. Phys. Chem. A997 101,
8378.

(3) For recent reviews of the Wittig reaction see the following. (a)
Walker B. J.Organophosphorus Cherhi996 27, 264. (b) Johnson, A. W.
Ylides and Imines of Phosphor\iley: New York, 1993. (c) Maryanoff,

formaldehyde. In part A the hydrogen substituent on the phosphorus B.; Reitz, A. E.Chem. Re. 1989 89, 863.

atom is close to the oxygen atom (this proton occupies a pseudoequa-

(4) For recent reviews of the mechanism and stereoselectivity of the

torial position in the forming pentavalent geometry around the Wittig reaction see the following. (a) Vedejs, E.; Peterson, MTdp.
phosphorus). In part B the hydrogen substituent on the phosphorus atomStereochemi994 21, 1. (b) Vedejs, E.; Peterson, M. Adv. Carbanion

occupies a pseudoaxial position and is away from the oxygen atom.

Two perspectives are shown for sake of clarity.

Chem 1994 2, 1.

(5) For recent contributions see the following. (a) Nishizawa, M.;
Komatsu, Y.; Garcia, D. M.; Noguchi, Y.; Imagawa, H.; Yamada, H.
Tetrahedrom Lett1997 38, 1215. (b) Reynolds, K. A.; Finn, M. Gl.

As the number of methyl substituents increases, the acidic Org. Chem 1997 62, 2574. (c) Kojima, S.; Kawaguchi, K.; Akiba, K.

character on the phosphorus atom decreases. This scenariiﬁg

rahedrom Lett1997 38, 7753. (d) Kojima, S.; Takagi, R.; Akiba, K.
. Chem. Soc1997 119 5970. (e) Klar, U.; Deicke, PTetrahedrom

disfavors proton abstraction, as in the case of the reaction of| ey 1996 37, 4141. (f) Yamataka, H.; Takatsuka, T.; Hanafusal.TOrg,

HMe,P=CH,.

Conclusions

We summarize the findings of our current ab initio study as
follows. (1) The mythical Wittig reaction ($=CH, + HCHO

Chem 1996 61, 722. (g) Bojin, M. L.; Barkallah, S.; Evans, S. A. Am.
Chem. Soc1996 118 1549. (h) Takeuchi, K.; Paschal, J. W.; Loncharich,
R. J.J. Org. Chem1995 60, 156.

(6) The observation of unusually stable oxaphosphetanes for one that
is semistabilizetland one that is stabiliz8thas been recently reported. In
the semistabilized case, a dibenzophosphole-substituted phosphorus atom
in the oxaphosphetane is stabilized relative to the phosphine oxide product;

— oxaphosphetane) in the gas phase is not an adequate modelence, the decomposition rate is retarded. In the stabilized case, resistance
for describing the reaction of most real systems, since a to oxaphosphetane decomposition is provided by the stabilizing effects of

competitive reaction (proton abstraction) is predicted as a likely
reaction path. (2) For the reactions of alkylidene phosphoranes,

electron-withdrawing groups and ring strain on the phosphorus atom.
(7) Vedejs, E.; Fleck, T. . Am. Chem. Sod 989 111, 5861.
(8) Kawashima, T.; Kato, K.; Okasaki, Rngew. Chem., Int. Ed. Engl

HF calculations yield geometries that are consistent with the 1993 32, 869.

results obtained with B3LYP, MP2, and QCISD. However,

significant differences in the energies of the reactants, inter-

(9) Deleted in proof.
(10) Deleted in proof.
(11) (a) Wittig, G.; Schollkopf, U..Chem. Ber 1954 87, 1318. (b)

mediates, and transition states along the reaction paths can bq\,img G.. Haag, W.Chem. Ber1955 88, 1654. () House, H. O.: Jones

found at this level when compared to the results from B3LYP,
MP2, QCISD, and QCISD(T), indicating the importance of

correlation corrections in the energetics. (3) Basis sets larger

V. K.; Frank, G. A.J. Org. Chem1964 29, 3327. (d) Bergelson, L. D.;
Shemyakin, M. M.Tetrahedron1963 19, 149. (e) Bergelson, L. D;
Shemyakin, M. MAngew. Chem., Int. EE&Engl. 1964 3, 250. (f) Bergelson,
L. D.; Vaver, V. A,; Barsukov, L. |.; Shemyakin, M. Mletrahedron Lett

than 6-31G* have little effect on the energetics and geometries 1964 38, 2669. (g) Bergelson, L. D.; Barsukov, L. I.; Shemyakin, M. M.

of the model reactions studied here. (4) B3LYP calculations

Tetrahedron 1967 23, 2709.

using the 6-31G* basis set seem to be a reasonable compromise (12) Vedejs, E.; Marth, C. K. Am. Chem. S0d990 112 3905.

between computational expense and level of rigor in the
treatment of the mechanisms governing the Wittig reaction.

(13) (a) Vedejs, E.; Marth, C. H. Am. Chem. Sod 988 110, 3948.
(b) Vedejs, E.; Fleck, T. . Am. Chem. Soc1989 111, 5861.
(14) (a) Schlosser, M.; Schaub, B.Am. Chem. Sod 982 104, 3989.

The results presented here are from computations on the(b) Schiosser, M.; Oi, R.; Schaub, Bhosphorus Sulfur Relat. Elet983
simplest unstabilized ylides when they react in the gas phasel8 171.

with formaldehyde. This model very likely requires modifica-
tions when applied to the real world of Wittig reactions carried

(15) Olah, G. A.; Krishnamurthy, V. VJ. Am. Chem. Sod 982 104,
3987.
(16) Yamataka, H.; Nagareda, K.; Takatsuka, T.; Ando, K.; Hanafusa,

out in moderately polar solvents. Factors such as solvation andT.; Nagase, SJ. Am. Chem. Sod993 115 8570.

the presence of other ionic species in the reaction environment
must be considered in order to have a more realistic model of

the Wittig cycloaddition process. We are in the process of
applying the IPCM formalism to study the reactions of larger
unstabilized ylides with aldehydes in solution. The results of
these findings will be described elsewhere.

The Z matrix of the optimized molecular structures is

(17) (a) McEwen, W. E.; Beaver, B. D.; Cooney, JRhosphorus Sulfur
Relat. Elem1985 25, 255. (b) Ward, W. J.; McEwen, W. FPhosphorus
Sulfur Relat. Elem1989 41, 393. (c) Ward, W. J.; McEwen, W. E.
Org. Chem 199Q 55, 493.

(18) Yamataka, H.; Nagareda, K.; Hanafusa, T.; NagasEet®ahedron
Lett. 1989 30, 7187.

(19) Trindle, C.; Hwang, J. T.; Carey, F. A. Org. Chem1973 38,
2664.

(20) Mari, F.; Lahti, P. M.; McEwen, W. Bdeteroatom Chenil991,

available from the authors (contact the authors for a suitable 2. 265.

media of data transferring).

Acknowledgment. This work was supported in part by the
National Science Foundation (CDA-9512266). We thank Mr.

(21) Hdler, R.; Lischka, H.J. Am. Chem. Sod98Q 102 4632.

(22) Volatron, F.; Eisenstein, Q. Am. Chem. Sod.987, 109, 1.

(23) Rzepa, H. SJ. Chem. Soc., Perkin Trans.1®89 2115.

(24) Naito, T.; Nagase, S.; Yamataka, HAm. Chem. S0d994 116,
10080.



7000 J. Phys. Chem. A, Vol. 102, No. 35, 1998 Restrepo-Cossio et al.

(25) Mari, F.; Lahti, P. M.; McEwen, W. EJ. Am. Chem. Sod 992 (33) Stevens, P. J.; Devlin, F. G.; Chablowski, C. F.; Frisch, M. J.
114 813. Phys. Chem1994 80, 11623.

(26) Yamataka, H.; Hanafusa, T.; Nagase, S.; Kurakakeleteroatom (34) Becke, A. D.Phys. Re. A 1988 38, 3098.
Chem 1991, 2, 465. (35) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 198§ 37, 785.

(27) Restrepo-Cossio, A. A.; Cano, H.; Gonzalez, C. A.; Mari, F.

Heteroatom Chem997 8. 557 (36) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

. . S DA (37) (a) Harris, J.; Jones, R. @.Phys 1974 F4, 1170. (b) Gunnarson,

63’%2)803.ra”dt’ P.; Norrby, P. O.; Martin, I.; Rein, J. Org. Chem1998 0.; Lundavist, B. 1.Phys. Re. B 1976 13, 4274. (c) Harris, JPhys. Re.

(29) (a) Armstrong, D. R.; Barr, D.; Davidson, M. G.; Hutton, G.; A 1948 29, 16,48' .
O'Brien, P.; Snaith, R.; Warren, S. Organomet. Chent997, 529, 29. (38) Schmibaur, H.; Schier, A.; Frazao, C. M. F.; Muller, &.Am.
(b) Armstrong, D. R.; Davidson, M. G.; Davies, R. P.; Mitchell, H. J.; Chem. Sac1985 108§ 976.
Oakley, R. M.; Raithby, P. R.; Snaith, R.; Warren,Agew. Chem., Int. (39) Ebsworth, E. A. V.; Fraser, T. E.; Rankin, D. W. Bhem. Ber
Ed. Engl.1996 35, 1942. 1977 110, 3494.

(30) Koch, R.; Anders, EJ. Org. Chem1995 60, 5861. (40) Schlegel, H. BJ. Comput. Chenl982 3, 214.

(31) Frisch, M. J.; Trucks, G.W.; Schlegel, H. B.; Gill, P. M. W.; (41) Gonzalez, C. A.; Schlegel, H. B. Chem. Phys1989 90, 2154.

Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.  (42) Bachrach, SJ. Org. Chem1992 57, 4367.

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, (43) Issues regarding the electronic nature of phosphonium ylides have

V. G; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; : ; : :
Nanayakkara, A.. Challacombe, M.; Peng, C. Y : Ayala, P. Y.. Chen, W ESSZ Szteln:gsé\éely revised, see the following. Gilheany, DCGem. Re.

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; .
Fox, D. J.; Binkley, J. S.: Defrees, D, J.: Baker, J.; Stewart, J. P.; Head-  (44) Wadt, W. R.; Hay, P. JI. Chem. Phys1985 82, 284.

Gordon, M.; Gonzalez, C.; Pople, J. SAUSSIAN 94Gaussian, Inc.: (45) Bachelet, J. B.; Hamann, D. R.; Schiuter, Rhys. Re. B. 1982
Pittsburgh, PA, 1995. 26, 4199.

(32) Certain commercial materials and equipment are identified in this _ (46) Truhlar, D. G.; Isaacson, A. D.; Garret, B. CTheory of Chemical
paper in order to specify procedures completely. In no case does suchReaction DynamicsBaer, M., Ed.; CRC Press: Boca Raton, FL, 1985.
identification imply recommendation or endorsement by the National (47) Kreevoy, M. M.; Truhlar, D. G. Innyestigations of Rates and
Institute of Standards and Technology nor does it imply that the material Mechanims of Reaction8ernasconi, C. F., Ed.; John Wiley: New York,
or equipment identified is necessarily the best available for the purpose. 1986.



