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The mechanism of phosphine-catalyzed hydroalkoxylation of the methyl vinyl ketone has been investigated
by the second-order MglletPlesset perturbation theory and the conductor-like polarized continuum model.
The free energy reaction profiles of the reaction in both gas phase and solution phase are explored and compared.
Our results suggest that the first stage of the studied reaction is the generation of the base (the methoxide
anion) with the help of trialkylphosphine, and the second stage is the hydroalkoxylation of the methyl vinyl
ketone catalyzed by this base. In the first stage, trialkylphosphine first adds to the methyl vinyl ketone to
form a phosphonium enolate intermediate and then this species deprotonates a methanol molecule to generate
a methoxide anion. Both steps involve free energy barriers of about 20 kcal/mol. In the second stage, both
the addition of the methoxide anion to the methyl vinyl ketone and the proton transfer process from methanol
to the methoxyl enolate anion intermediate have activation free energies of about 16 kcal/mol. The reaction
in the second stage is exothermic by 10.2 kcal/mol at room temperature. A comparison of the free energy
reaction profiles in the gas phase and the solution phase demonstrated that the generation of the methoxide
anion could only occur in the presence of the polar solvents. The mechanism proposed in the present work
is in reasonable agreement with the known experimental facts.

1. Introduction SCHEME 1
The preparation g8-hydroxy ketones and-alkoxy ketones, i
the important intermediates and targets in organic chenfistry, 5% PMe
is a challenge in organic synthesis. Usugliyhydroxy ketones N
could be prepared via the Aldol reaction or sequential epoxi- ROH R
dation and reduction of enonésThere also existed several i R, Me, Pb ' R
1 >

methods for the synthesis pfalkoxy ketoned:* Compared with
these typical methods, the direct Michael addition of water or employed to probe the possible mechanisms of this reatton,
alcohol to enones provides an attractive and practical syntheticdetailed theoretical investigation on this reaction is still valuable.
method. However, such a direct addition has not been generallyTo the best of our knowledge, this has not been done so far. In
realized under mild reaction conditions with simple catal§sts. this paper, we report a theoretical investigation on the mecha-
Very recently, Stewart, Bergman, and Tdstported a general  nism of this phosphine-catalyzed reaction. The model reaction
method for the hydration and hydroalkoxylation of enones and we chose is the hydroalkoxylation of methyl vinyl ketone
othera,S-unsaturated substrateScheme 1). Interestingly, in  catalyzed by trimethylphosphine (Pie The possible low-
the presence of trialkylphosphine, the direct catalytic addition energy pathways are explored and the bulk solvent effects on
of water and alcohols tax,5-unsaturated compounds was the reaction are discussed.

observed with 5685% conversion at ambient temperature.

Little retro-aldol or ketalization products were produced in this 2. Computational Details

reaction, although in analogous base-catalyzed systems the rates p|| the calculations are performed with the second-order

of_the retro-aldol regction are competitive with hydr_aﬂo'fhus, Mgller—Plesset perturbation theory (MP2)sing the Gaussian
this approach provided an excellent method for direct prepara- 53 packagd® The 6-31G(d) basis set (basis set I) is used for

tion of 3-alkoxy ketones in the absence of transition metals, or 4 geometry optimizations, then more accurate energetics of
strong lamds or_bases. (kg]u(ljtelrecefntlthonnon S gro_l;?kdeve|0ped?eaction energy profiles are obtained by performing single point
anovel convenient methodology for the preparatiofi-afkoxy- calculations with the 6-3HG(2df,2p) (basis set Il) basis set.
carbonyl compounds with the amine-catalyzed hydroalkoxyla- £qr each species, the harmonic vibrational frequencies are
tion process. _ _ ~ calculated with basis set | to obtain the zero point energies (ZPE)
Clearly, the mechanisms of phosphine-catalyzed oramine- and verify whether it is a minimum or a transition state. Unless
catalyzed hydroalkoxylation reactions are very interesting stated specifically, the energies of all species discussed in the
because they should be different from the general based-following sections are calculated with basis set I, including
catalyzed mechanismhAlthough some experiments have been the thermal corrections obtained with basis set |.
In the studied reaction, ionic complexes and anions are
* Address cprrespondence to this author. E-mail: shuhua@netra.nju.edu.cnpossible intermediates. Recent investigatidrshiow that the
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SCHEME 2: Proposed Catalytic Cycle MeO™H~ pge,
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solvent has little effect on the optimized structures of the neutral Reaction coordinate

species, but has a significant effect on the geometries of ionic Figure 1. Free energy profiles of the pathways | and Il in stage 1 at
species. To better estimate the bulk solvent effects on thethe CPCM-MP2/6-311G(2d,2p)//CPCM-MP2/6-3tG(d) level. Spe-
reaction, each stationary point has been optimized in methanolcies2, 5, and7, denoted by short thin lines, are moleculaolecule

at the MP2/6-33+G(d) level, using the conductor-like polarized ~Or ion—molecule complexes, and should not be considered as “real”
continuum model (CPCM§ with UAHF parametrization (de- intermediates for the studied reaction in solution.

noted CPCM-MP2/6-31G(d)). In the Gaussian 03 program,

the calculated solvation free engrgies use a reference state of vestigate four possible reaction pathways in stage 1 and stage
mol/L (M), but the calculated Gibbs free energi€ for gas- 5 44 shown in Scheme 3. In stage 1, the formation of the

phase species use a reference state of 1 atm. To obtain the freg,o1hoxide anion may occur via the phosphine-induced base-

energy in the solution phase, it is necessary to convert the gast,rmation mechanism (pathway 1) or the direct base-formation
phase free energies with the reference state of 1 atm into the,,achanism (pathway I1). In stage 2, the catalytic cycle may

corresponding free energies with the reference state of 1 M, yroceed through the base-catalyzed mechanism (pathway 11y
which can be done by using the following equatidrGyad1 or the 2 mechanism (pathway 1V).

M) = ,Ggas(l atm) + RT In(24.46). This additional term IS In this section, we will discuss the free energy reaction
numerically equal to 1.90 kcal/mol at 298 K. Throughout this qfjjes in the solution phase and correlate our results with
paper, the Gibbs free energies with the reference state of 1 Mg |ated experimental results in subsection 3.1, and then discuss
at 298 K will be used in discussing the reactivity in the solution o solvent effects on the reaction in subsection 3.2.
phase. 3.1. Free Energy Reaction Profiles in the Solution Phase.
3 Results and Discussion The fre(_a energy reaction profiles of the reaction in solution are
' shown in Figures 1, 2, and 3. The MP2 energies and thermal
On the basis of the related experiments, a possible mechanismgorrections to Gibbs free energies for all species in the reaction
which is shown in Scheme 2, has been suggested for the studiedre given in the Supporting Information. The optimized geom-
reaction® The whole reaction can be divided into two stages. etries of intermediates, transition states, and products are dis-
In stage 1, a strong base, an alkoxide anion, is generated. Inplayed in Figure 4. The calculated relative electronic energies,
stage 2, the formed base acts as a catalyst and catalyzes ththe enthalpies, and the free energies at 298 K for all stationary

reaction to yield theS-alkoxy carbonyl product. We will

SCHEME 3: Possible Pathways of the Reaction

o Pathway I: phosphine-induced base-formation mechanism
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o these encounter complexes should not be considered as “real’
Ao intermediates in the studied reaction, which are in accord with
o Some the generally accepted viewpqint that thgse Weakly bount ion
hmwts ; MeOl 8Lmm 0  ~OMe molecule complexes are not important in protic solvents. For

)
=3
|

— / \

'R H this reason, we will not discuss the role of these weakly bound

MeO™ /L 3\ complexes for the studied reaction in the following section.

107~ 3

/9 neon! Y )\L 8757 2= Nevertheless, it should be pointed out that the-iorolecule
1

I

3
|

y Med™ A t—ome or molecule-molecule interaction may still play a role in
0 7 1.9 OMe L _ accelerating the reaction between an ion and a molecule (or
oy 11+ MeOH OMe \15:MeO
1+MeO+MeOH 0 o7 between two molecules).
)KL Along pathway I, a trialkylphosphine molecule deprotonates
15 . . . .
OMe_ a methanol directly to form a methoxide anion. Since the free
Reaction coordinate energy of the transition state in this step is significantly higher
Figure 2. Free energy profile of pathway IIl in stage 2 at the CPCM- than those of transition states along path I, the reaction in stage
MP2/6-31H-G(2d,2p)//CPCM-MP2/6-3£G(d) level. Specie®, 12, 1 is more likely to proceed through pathway I.
and14, denoted by_short thinﬂline",s_, are iem_olecule complex.es, and ) 3.1.2. Pathways Il and IV in Stage Eollowing pathway
_should not be considered as “real” intermediates for the studied reactlon”L the MeO~ anion generated from stage 1 could add to the
in solution. . .
methyl vinyl ketonel to form a methoxyl enolate aniohl
through a transition statiOtswith a free energy barrier of 16.4
kcal/mol. Then,11 would deprotonate a methanol molecule
through a transition stat&3ts to yield thes-alkoxy carbonyl
productl5 and regenerate a MeCanion, which completes the
catalytic cycle. The activation free energy for this proton-transfer
step is calculated to be 16.2 kcal/mol. Thus, the two steps have
comparable activation free energies.
y Along pathway 1V, the phosphonium ketone cati®rmcon-
\ verts into theS-alkoxy carbonyl compound5 directly by an
! | S\2 pathwayt@ The free energy barrier of this step is 47.3
/ \ kcal/mol, which is much higher than those in pathway lll. Thus,
J 3 the reaction in stage 2 would take place along pathway IlI.
! | 3.1.3. Correlation of Our Results with Experimental Results.
8iMeD” 5 From the results above, one can see that the overall reaction
0.0 \ may proceed through the phosphine-induced base-formation
; pathway in stage 1 and the base-catalyzed pathway in stage 2.

[

=3
|

Relative Gibbs free energies (kcal/mol)

Pl L In stage 1, both the nucleophilic addition of trialkylphosphine
Figure 3. Free energy profile of pathway IV in stage 2 and t01and the proton transfer from a methanol moleculé have
the transition-state structure obtained at the CPCM-MP2/6+33G- comparable free energy barriers (about 20 kcal/mol), while the
(2d,2p)//CPCM-MP2/6-3tG(d) level. The bond distances are in  similar two steps in stage 2 have activation free energies of
angstroms. about 16 kcal/mol. Trialkylphosphine plays a very important

role in generating the base (the methoxide anion), which acts
as a catalyst in stage 2. The results shown in Figure 2 and Table
2 show that the catalytic reaction in stage 2 is exothermic with
AHagg 0f 10.2 kcal/mol, but entropically unfavorable. The free
energy change in stage 2 is slightly negative, indicating that
the catalytic reaction is thermodynamically possible. These
results are in good agreement with the experimental facts.
However, one can also notice that in stage 1 the transition state
6ts and the products8(+ MeO~) along pathway | have
relatively high Gibbs free energies relative to the reactants,
which are not quite consistent with the fact that the studied
reaction would occur under mild conditiohsin fact, this

points are collected in Tables 1 and 2. Hereafter we will discuss
the reactivity of the studied reaction using the Gibbs free
energies with the reference statieloM at 298 K.

3.1.1. Pathways | and Il in Stage [h pathway |, initially, a
trialkylphosphine molecule (PMgis added to the methyl vinyl
ketonel to form the phosphonium enolathrough a 1,4-
Michael addition. Our geometry optimizations also located an
encounter comple®, whose electronic energy is 3.1 kcal/mol
below that of the reactants. Since its Gibbs free energy is 7.9
kcal/mol higher than those of the reactants in solution, this
weakly bound encounter complex is thermodynamically unstable
in solution. As a result, the activation free energy from the . . - LT
reactants tet through a transition statétsis 19.9 kcal/mol. In  Inconsistency may be ascribed to the underestimation of the
the transition stat8ts, the distance between the phosphorus CPCM method for the solvation free energiesGg,)'* of
atom and the carbon atom is 2.29 A. By comparing the natural SOCMe ionic species. Previous theoretical stdéi’éé'_lﬁshowed
charges on the phosphorus and oxygen atoms in the reactantfiat AG, of neutral molecules could be obtained by the
and4, we found that the charges are transferred from trialkyl- CPCM method with good accuracy (noticeably less than 1.0
phosphine to ketone. Aftet is formed, it will deprotonate a  kcal/mol), butAG, of anions or cations may be underesti-
methanol molecule to generate a methoxide anion ghglzos- mated by several kcal/mol in some cases. For example, for
phonium ketone catio through a transition stagits. The free MeO™ in water Takano and Hodk! showed that itsAGg,,
energy barrier for the generation of Me@nd8 should be 19.7 computed by the CPCM model is 7.5 kcal/mol below the
kcal/mol. During this step two other encounter complesies, — corresponding experimental data (95.2 kcalAf)phwhile our
and 7, could also be located on the potential energy surface, calculations indicate that itAG, is also underestimated by
but their calculated free energies are significantly higher than 4.7 kcal/mol at the CPCM-MP2/6-3315(2df,2p)//CPCM-MP2/
those of the corresponding separated species in solution. Thusp-31+G(d) level. Since the reactants ¢ PMe; + MeOH) on
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16ts MeO~

Figure 4. Optimized structures of intermediates and transition states involved in the studied reaction. The bond distances are in angstroms. The
geometrical parameters in the solution phase and the gas phase are denoted in bold and underlined, respectively. For all species, their CPCM-
optimized geometries in Cartesian coordinates can be found in the Supporting Information.

pathway | are all neutral species, while the speéissand the ketalization products were observeth addition, it is worth-
products 8 + MeO~) contain weakly bound MeOor MeO-, while to make a comparison between the results described above
it can be expected that the Gibbs free energiedt®tind 8 + with theoretical results from others for some similar reactiéris.
MeO~) (shown in Figure 1) are overestimated by approximately For example, the reaction energy profiles for the nucleophilic
5.0 kcal/mol (or even more). By taking the significant errors addition of cyanide anion to acrolein explored by Wong and
for AGg,, of MeO™ into account, the relative free energies of co-workerd® are also similar to our results on the reaction in
6ts with respect to the reactants could be reduced to about 21stage 2. In the present reaction, some-idipole complexes
kcal/mol, and the free energy change from the reactants to thesuch a¥/, 9, and12 are thermodynamically unstable in solution.
products 8 + MeO™) could be reduced to about 5.0 kcal/mol.  Similar situations were also observed in the theoretical inves-
Therefore, the reconciliation between the resulting free energy tigation on nucleophilic substitutions by a hydroxide ion at
profile of pathway | with the observed experimental facts is vinylic carbons'® The optimized transition structurOts is
much improved. If more accurate solvation energies can be structurally analogous to that of the addition of Metd acrolein
obtained soon, better agreement could be achieved. in a previous theoretical investigatiéh.

To conclude, our calculations have verified the base-genera- 3.2. The Solvent Effects on the ReactiorBince the solvent
tion mechanism (Scheme 2) derived from related experintents. has a strong influence on the structures and energetics of ionic
This mechanism is different from that of the base-catalyzed species, which are intermediates in the studied reaction, it is
hydration ofa,S-unsaturated ketones, in which retro-aldol or helpful to provide a detailed analysis of the solvents of the



10774 J. Phys. Chem. A, Vol. 109, No. 47, 2005 Wang et al.

TABLE 1: Calculated Relative ZPE-Corrected Energies? 8 +MeO

Enthalpies, and Gibbs Free Energies for All Species in Stage fooFs6
1 at 298 K
solution phase as phase =
species Bo  Hxs Gos Eo Haes  Gaos G| 6ts
~
1+PMe+MeOH 00 00 00 00 00 00 < 3ts AMeOH o
2+ MeOH -31 -29 79 -27 -27 42 g? " s MOl / 24
3ts+ MeOH 7.8 7.3 19.9 16.0 16.0 25.7 & 257 2‘%@\/0 f 7
4+ MeOH -56 —61 69 141 141 239 E \O“MeOH/ 238 0%
5 93 -95 133 43 43 228 100 o
6ts 37 32 266 220 220 424 = ¥ 3tsMeOH 2.6}_29.7
7 53 45 293 363 363 99 o N 133 6 PN s
8+ MeO" ~17 -17 98 1153 1153 1256 E 00/7-2/193‘\2?/; \. _
& ’ 4+MeOH 8+MeO
2 The Eg, Hzes andGggs 0f 1 + PMe; + MeOH are taken to be zero. reactant 2 MEOH
b The calculations are performed at the CPCM-MP2/6-3G{2df,2p)//
CPCM-MP2/6-31#G(d) level.© The calculations are performed at the
MP2/6-31HG(2df,2p)//MP2/6-3%G(d) level. Stage 1 Reaction Coordinate
TABLE 2: Calculated Relative ZPE-Corrected Energies?
Enthalpies, and Gibbs Free Energies for All Species in Stage
2 at 298 K
solution phase gas phase ~ 0.0 15,+Me0,
g ° 10ts +MeOH h

species Eo Has Goos Eo Haos  Goos % \3 R " o © 1.7
1+MeO +MeOH 00 00 00 00 00 00 < o TIN y1 aneon, 138, M
9+ MeOH 23 25 10.7-226 —22.6 —13.2 & 9,+MeOH, Fo, 1 o
10ts+ MeOH 6.1 53 16.4-189 —-194 -7.8 u% ~ _243’ {3
11+ MeOH -7.8 —87 19 —353 —-36.0 —24.3 P 106stMeOH 289 13ts
12 —-11.0 —11.9 87 —49.1 —49.6 —28.9 = 9+MeOH ~ & NELNT
13ts -18 —24 181 —39.8 —40.9 —18.1 2w S07 9 A . _
14 -93 —98 9.0 —37.3 —37.9 —16.9 S| oo o 90" \15:MeO
15+ MeO_ _98 _102 _02 _133 _143 _17 % reactant 11+MeOH 0.2

aThe Eo, Hags, and Gyeg of 1 + MeO~ + MeOH are taken to be &

zero.P The calculations are performed at the CPCM-MP2/6-8G1

(2df,2p)//ICPCM-MP2/6-3+G(d) level.c The calculations are per- Stage 2 Reactioin Coordinate

formed at the MP2/6-312G(2df,2p)//MP2/6-3% G(d) level. Figure 5. Free energy profiles for pathways | and Il in the gas phase

and the solution phase.

reaction. For this purpose, the optimized structures of all species
in the gas phase and in the solution phase are shown in Figuregeneration of the methoxide anion is thermodynamically very
4, and the free energy reaction profiles in the gas phase forunfavorable in the gas phase. The presence of the solvent leads
pathways | and Il are depicted in Figure 5. As seen from Figure to a drastic increase in the thermodynamical stabilities of the
4, the solvent effect has little effect on the structures of neutral methoxide anion and other ionic species, which makes the
species such ds 8, and15, but has significant effects on those  reaction in stage 1 become thermodynamically possible in
of some anions (MeQ 10ts) and some zwitterionic species  solution. For the reaction in stage 2, one can see that the free
(3ts, 6ts). For instance, the ©C bond (connecting the oxygen  energies of all species are all significantly lower than that of
atom of MeO with the terminal carbon atom (3pybridized) the reactants in the gas phase. The free energy change for this
in 10t9) is 2.12 A in the solvent, but 2.64 A in the gas phase. stage is a small negative value in the gas phase, similar to that
Nevertheless, as discussed below, the structural changes in thén the solution phase. However, in the solvent the shape of the
two phases are not mainly responsible for the difference in the free energy profile of this stage is quite different from that in
free energy profiles in the two phases. the gas phase, because the intermedisteH MeOH) and two

As shown in Figure 5, the free energy profile in the gas phase transition states (and other encounter complexes) all have
is much different from that in the solution phase. For instance, positive free energies relative to the reactants. This can be
in stage 1 the free energy barrier froth{ PMe;) to 4 is 25.7 ascribed to the fact that relative to the reactafits- MeO~ +
kcal/mol in the gas phase, but 19.9 kcal/mol in solution. Thus, MeOH) other species in this stage have relatively smaller
the solvent effects appreciably reduce the barrier of this step. solvation free energies. To conclude, for the studied reaction a
As expected, those anions and zwitterionic species have quitelarge difference in the solvation free energies of intermediates
large solvation free energieAGS,), but those neutral species and transition states is responsible for quite different free energy
have significantly smalAG?,. The solvation free energies of ~ reaction profiles in the gas phase and the solution phase. The
all species are provided in Table S1 in the Supporting Informa- Studied reaction should be sensitive to the solvents.
tion. For example, theAGJ, values of MeO and 6ts are )
—89.5 and—31.2 kcal/mol, respectively, being much larger than 4- Conclusions

the —6.9 kcal/mol value for methanol. The totalG, of MP2 calculations have been carried out to investigate the
MeO~ and8 is —135.1 kcal/mol, being 118.8 kcal/mol lower mechanism of thephosphine-catalyzed hydroalkoxylation of the
than that of the reactants. The free energy change from themethyl vinyl ketone. Four reaction pathways have been exam-
reactants to§ + MeO~) is 125.6 kcal/mol in the gas phase, ined, and the geometries of intermediates, transition states, and
while it is only 9.8 kcal/mol (if the underestimation &G, products along these pathways have been optimized in the gas

for MeO™ is not corrected) in the solution phase. Thus, the phase and in methanol with the conductor-like polarized
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continuum model, respectively. Our results suggest that trialkyl- (¢) Wood, J. L.; Stoltz, B. M.; Dietrich, H.-Jl. Am. Chem. Sod 995

; ; ; ; 117, 10413.
phosphine plays a very important role in generating the base-+"
. . . (2) See, for examples: (a) Ryberg, P.; MatssonJ. @GAm. Chem. Soc.
(the methoxide anion), and the hydroalkoxylation of methyl 2001 123,2712. (b) Corey, E. J.; Zhang, F.~Qrg. Lett. 1999 1, 1287.

vinyl ketone catalyzed by this ba_se follows a gene_ral ba_se' (3) (a) Titova, T. F.; Krysin, A. P.; Shakirov, M. M.; Mamatyuk, \.. |
catalyzed pathway. In the generation of the methoxide anion, J. Org. Chehm- USSEEngl-hTrdansl) 1984 20, 294. (b) Duf(fy), J. L.; Kurth,

i i ; i J. A,; Kurth, M. J.Tetrahedron Lett1993 34, 1259. (c) Dumez, E
tnall;ylphﬁsphme first Iadds.to the mgthyl vinyl khetoneht.o fprm Rodriguez, J.; Dulae, J.-P.J. Chem. SocChem. Commuril997, 1831.
a phosphonium enolate intermediate and then this inter- ) Nikitin, A. V.; Kholuiskaya, S. N.; Rubailo, V. LJ. Chem. Biochem.
mediate deprotonates a methanol molecule to generate a methkinet. 1997, 3, 37. (e) Nikitin, A. V.; Kholuiskaya, S. N.; Rubailo, V. L.
oxide anion. Both steps have free energy barriers of about 20J- Chem. Res., Synop994 9, 358. o _
kcal/mol. For the subsequent catalytic reaction the addition of |IanIgﬁ)l"n';?;r:e%eh}:z;?e%{isgtol\\/llvér\(jearkga%r;er?lE;eotrpgd’ciiem 2'%862‘”(??' P.B.
the methoxide anion to the methyl vinyl ketone and the proton 3555 T T Y '
transfer process from methanol to the methoxyl enolate anion  (5) Stewart, I. C.; Bergman, R. G.; Toste, F. D.Am. Chem. Soc.
intermediate have comparable free energy barriers of about 16200?6)1255 8?96. e @) Girahedron2002 56, 4311, (0

: H ee 1or example: (a) Jenner, ranearo 3 .
kcal/mol. The hydroalkqula’upn Qf the methyl vinyl ketone _ Kumbhar, P. S.: Sanchez-Valente, J.: Figuera€tiem. Commuri 998
catalyzed by the methoxide anion is calculated to be exothermic 1091. (c) Kabashima, H.; Hattori, KCatal. Today1998 44, 277.
by 10.2 kcal/mol at room temperature. An analysis of the solvent  (7) For an example of retro-aldol reactions in related systems, see:
effects on the reaction demonstrated that the generation of theJenig)ny(J)- t-;IHaSgtf?:l:dh H. Oég-MChgmlWG glj3(§99~ Chem?2004
i H i a) Faltin, C.; Fleming, E. M.; Connon, S.J1.0rg. em
methoxide anion could. only occur in the presence of the polar 69, 6496, (b) Murtagh, J. E.: Mccooey. S. H.; Connon, Sem. Commun
solvents. The mechanism suggested from the present work isygp5 227.
in reasonable agreement with the known experimental facts. (9) Maller, C.; Plesset, M. hys. Re. 1934 46, 618.
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