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Abstract: Highly correlated ab initio molecular orbital calculations have been used to study the energetics and
mechanism governing the reaction between the radicllb and HO in gas phase and in solution. It was found

that methylene reacts in a barrierless fashion to produce the ylide-like intermediate methyleneoxoeQitv@Hy]

which in turn undergoes a 1,2-hydrogen shift to produce@tl Results obtained at the QCISD(T)/6-31:1G**/
/QCISD/6-311+G** level indicate that in the gas phase, the ylide and the transition state are located 6.4 and 4.9
kcal/mol below reactants, respectively, with an intrinsic barrier for the 1,2-hydrogen shift of 1.4 kcal/mol. In the
presence of the solvent, the ylide remains more stable than reactants by 5.5 kcal/mol, while the energy of the transition
state is now 1.96 kcal/mol higher than reactants giving a barrier of 7.49 kcal/mol for the 1,2-hydrogen shift.

Introduction

Carbenes, FC:, are sp-hybridized divalent species where
two bonding electrons exist in $prbitals and two nonbonding
electrons belong to the central carbon aforithey can exist

in both the singlet and triplet states, the relative stability of these
states being dependent on the substituents bonded to the centr.

atom that is deficient in electrons. In the lowest singlet state,
the nonbonding electrons occupy aA ebital, leaving an empty

p orbital on the central carbon, making these species very
reactive toward nucleophiles. In the triplet state, the nonbonding

electrons have parallel spins and occupy ahaspital as well
as an orbital with large p character, usually behaving as
diradicals.

Methylene, HC:, is the simplest carbene. Experimental
studied have shown that the triplet is in the ground state with
a singlet-triplet gap,S—T, equal to ca. 9 kcal/mol. Results
provided by highly correlated ab initio molecular orbital
calculations are in excellent agreement with this vaite.

Given their relatively high electrophilicity, it is reasonable

to expect that the behavior of the singlet and triplet carbene

radicals would be significantly affected in the presence of polar

solvents as a result of the dipole created by charge transfer.

Even though the use of Polarized Continuum Model$PCM,
together with conventional ab initio molecular orbital theory

of polar solvents on th&—T gaps of carbenes, these models
are not appropriate in the case of protic solvents, due to the
large affinity these species have for such molecules.

It is well-known that singlet carbenes have the tendency to
readily insert into single ©H bonds!? Thus, the reaction
cIdet\m-:‘en singlet methylene and water affording methanol is
expected to be very fast. The mechanism governing this
reaction is the subject of a long-standing controversy. Most of
the theoretical studies to date have proposed a barrierless
mechanism wher§{H,C:] inserts into one of the ©H bonds
in water producing CBDH.13"15 These results have led
theoreticians to conclude that the lifetime of the intermediate
H,C--OH, is too short for its direct experimental observation.
On the other hand, Wesdemiotis et al. have used mass
spectrometric techniqu¥go study the same reaction in the gas
phase and have found the existence of an intermediate with a
molecular weight of 32 amu and a half-life time of s,
indicating the formation of the ylide-like intermediateGt-

OH,. Needless to say, this is an undesirable state of affairs.
In this work, we use highly correlated ab initio molecular
orbital calculations to study the mechanism and energetics of
the reaction'[H,C:] + H,O — CH3;OH. The results of this
study show the formation of the ylide methyleneoxoniursCH
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-OH,, which undergoes a 1,2-hydrogen shift to produce Table 1. Optimized Geometries for Singlet and Triplet Methylene
methanol involving an intrinsic barrier of 1.4 kcal/mol. It is Obtained at the MP2/6-341+G** and QCISD/6-31#+G**

also shown that solvent effects computed by Polarizable “€V&'S

Continuum Models, PCM; 1! have a significant impact on the B H e
stability of this species, leading to the suggestion that methyl- ”C“H(/C
eneoxonium should be stable enough to be detected in solution
under the right experimental conditions. species rew® Ancr
(2) MP2/6-313+G** Level
Theoretical Method ICH;, 1.100 101.8
3CH, 1.080 132.7

All geometry optimizations and gas-phase energy calculations were
carried out with the Gaussian 92 suite of programé&lnless otherwise . (b) QCISD/6-31%-+G* Level
specified, all geometries (reactants, intermediates, transition states, and 32:2 1 cl)ég g%g
products) have been fully optimized with the 6-31G** basis at 2 ' )
the MP2(Full) and QCISD levels of theory. Analytical second aln A. In deg.
derivatives were used to compute vibrational frequencies at MP2/6-
311++G**, while numerical second derivatives were computed in order Table 2. Energies and ZPE for Singlet and Triplet Methylene

to calculate vibrational frequencies at the QCISD/6-831G** level. Computed at QCISD(T)
These frequencies were used to characterize the stationary points as ZPE Te S—Tgap
minima or saddle points. In addition, relative energies were also species Eab (kcal/mol)  (kcal/moly¥  (kcal/moly
computed at the QCISD(T)/6-3%HG**/IMP2/6-311++G** and 1

: CH, —39.0367628 10.46 12.11 11.65
QCISD(T)/6-311+G**//QCISD/6-311++G** levels. Zero point SCH,  —39.056 057 9 10.92

energy corrections were also computed and used to obtain the energetics
of the reaction. Energies in solution were computed using a recent 2 Computed at QCISD(T)/6-3#1+G**. ®In au.©E(CH,) — ECCH,).
implementation of the Isodensity Polarizable Continuum Model, IPCM, ¢Te + ZPE(CH;) — ZPEFCH;).
by Foresman et dP. at MP2/6-31#+G** and QCISD/6-311+G**
in a local version of the Gaussian ab initio package. In order to simulate tion of the species![H,C:] and 3[H,C:] at the QCISD/6-
water as the solvent interacting with the substrate, a dielectric constant311++G** level was carried out (see Table 1, parts a and b).
of 80 was used. In the IPCM model, the solute is placed inside a cavity The geometric parameters obtained at the MP2 and QCISD
surrounded by a continuous medium (the solvent) with a bulk dielectric levels are very similar, and agree with results previously reported
constant. The charge distribution of the solute generates an electric . . ! . . .

by other investigators. The corresponding geometries for singlet

field that induces a dipole density distribution on the solvent. Making . .
use of Gauss'’ law, the virtual charge distributiofts) at pointrs on and triplet methylene obtained at the QCISD/6-8#1G** level

the cavity surface can be written as: were used to calculate ti8-T energy separatiof,, at QCISD-
(T)/6-311++G**. The results shown on Table 2 indicate that
_1-¢cd _l-ep = = the Te value obtained at this level (12.11 kcal/mol) is in excellent
o(ry) = =[P (r) TP (r)] = Ey(ry + Ep(rJ]-n(r € - -
rd 4me on [®,(rd (r)] 4me [Eo(r AT agreement with the value reported by Bauschlicher and Taylor

where®,(rs) and®,(r ) are the electrostatic potential due to the solute (11.96 kcal/mol) using full configuration interaction, FCI, with

charge distribution and the virtual charges, respectiv&lfrs) andEq- a double§ plus pglargaﬂqn basis, DZP. 'Th|.s result is
(ro) are the electric fields of the solute and the virtual charges, and &ncouraging especially in view of the rec_en_t findings reported
n(ry is a unit vector perpendicular to the cavity and pointing in the DY Li and Palduswhere they show that limited CI truncated

outward direction. The solute Hamiltonian in solution is then given methods should include more expensive quadruple excitations

by: in order to get a similar agreement with the FCI value. As
seen in Table 2, th&—T gap obtained at the QCISD(T)/6-
nooo(rgdrg M o(rg drg 311++G**//QCISD/6-311++G** level after zero point energy
H=Ho,~ z f Ir—ry + ZAf IRy — 14 corrections are taken into account is ca. 2.6 kcal/mol higher
| 1 S S

than the experimental value. This could be attributed to lack
whereHj is the gas-phase Hamiltonian, the first summation is over Of €xtension as well as neglect of relativity effects in the one-
electrons, and the second summation is over nuclei. As observed inparticle basis sets used. The use of a basis set accounting for
these expressions, the wave function of the system can be obtainedall these factors could become prohibitively expensive when
from a modified set of HartreeFock equations where an additional mapping potential energy surfaces. Based on the results
level of self-consistency has been included to account for the interde- previously discussed, it seems that the choice of the 6-313**

f’he”da_‘bt'“t{ ththe FOZ'_‘ :’Pbert‘?tor' the Oﬂeie'edrl‘l”l‘( dens'tﬁhm?tg? and pasis offers a good compromise between accuracy and com-
e virtual charge distributions(ry). is well-known that the putational expense.

description of the cavity is central for the performance of the PCM . . . . )

models. In the IPCM method employed in this work, the volume of ~ Geometries. Using eigenfollowing techniquébas well as

the cavity surrounding the solute is computed by an isosurface of the IRC method developed by Gonzalez and Schi&gelyas

electron density obtained from standard quantum chemistry calculationsfound that singlet methylene reacts with water in a barrierless

(in this work QCISD and QCISD(T):** path to produce an intermediate;&4-OH,, with Cs symmetry

where the dipole moments of both fragments@-andiCH,)

are antiparallel to each other. The structure of this intermediate
Methylene S-T Gap. In order to calibrate the methodology is very similar to the one previously reported in the literatdré>

to be used in the determination of the energetics as well as theUsing the same techniques, another minimum was found with

mechanism governing the title reaction, full geometry optimiza- C; symmetry. Even though this minimum is actually 0.16 kcal/
(17) GAUSSIAN 92Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; mol hlgher I.n gnergy .th?m the one wilhs symmetry, IRC .

Gill, P. M. W.; Wong, M. W.. Foresman, J. B.; Johnson, B. G.; Schlegel, Calculations indicate this is the one connected to products via a

H. B.; Robb, M. A.; Replogle, E. S.; Gomperts, R.; Andres, J. L;
Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; (18) (a) Baker, JJ. Comput Chem 1986 7, 385. (b) Baker, JJ.
DeFrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A.; Gaussian, Inc.:Comput Chem 1987, 8, 563.

Pittsburgh, PA, 1992. (19) Gonzalez, C.; Schlegel, H. B. Chem Phys 1989 90, 2154.
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H,
H s
AN He
C; ?{
Hs
(1.a)
- ’—HS.\\
X
i/ Hs
(1.b)
PR,
LA
(1.c)

rci1-04 = 1.778 (1.883)
rci-H2 = 1.099 (1.111)
rc1-H3 = 1.096 (1.078)

r o4-Hs = 0.967 (0.961)
ZHsOiHs = 106.22 (104.35)
£HsQyCy = 97.13 (96.92)
£HgQyCy = 109.78 (107.68)
£HyCyHz = 104.38 (102.76)
ZHyCiQy = 95.86 (93.29)
2ZHaCiQy = 94.16 (91.94)

f o104 = 1.834 (1.891)

¥ ci-He = 1.093 (1.099)
rct.H3 = 1.090 (1.097)
rci-Hs = 1.573 (1.416)
o445 = 1.016 (1.067)

T 04-He = 0.970 (0.964)
ZHgQyHs = 105.90 (103.40)
ZHgQyCy = 58.97 (47.79)
ZHsQyCy = 106.83 (103.61)
2£HCiHs = 107.23 (108.05)
ZHoCiQyHs = 128.08 (127.19)

ZHeCO4H5 = -123.24 (-123.24)

ZHsQuGyHs = 98.79 (95.84)

rcr.os = 1.421 (1.421)
rci-H2 = 1.089 (1.093)
r c1-Hs = 1.095 (1.098)
r 14 = 1.095 (1.098)
r 0s5.He = 0.959 (0.958)
£ZHg GGy = 107.30 (107.59)
£HaCy Gy = 106.60 (106.80)
£HaCyGyHg = 180.0 (180.0)

Gonzalez et al.

Table 4. Relative Energiés(in kcal/mol) for 'CH; + H,O —
CH;OH Computed in Solution Using the IPCM Model

species MP2//MP2 QCISD/IMP2 QCISD/IQCISD
CH, + H,O 0.0 0.0 0.0
H,C--OH, —10.76 —6.25 —5.53
TS —4.38 0.66 1.96
MeOH —89.71 —82.53 —82.13
barriep 6.38 6.92 7.49

aEnergies computed at the 6-3t+G** basis set and corrected
for ZPE. " Barrier for 1,2-hydrogen shift in $€--OH, — TS — MeOH.

predicts lower relative energies than QCISD and QCISD(T).
The inclusion of triple excitations in the QCISD formalism tends
to stabilize the ylide by approximately 1 kcal/mol and the
transition structure by ca. 3 kcal/mol. The values of the Norm-
(A)? obtained for'[H,C:] (1.0412), the ylide (1.0253), and the
transition state (1.0757) were found to be very close to 1.00,
indicating a good correlation correction to the wave function
from the QCISD and QCISD(T) procedures. The energy values
obtained with the highest correlated method used in this work
(QCISD(T)/6-31H-+G**//QCISD/6-311++G**) place the in-
termediate methyleneoxonium ca. 6.4 kcal/mol below reactants.

This result is in excellent agreement with the value of 6.5 kcal/

! 5 —
QCISD/6-311%+G** (in parentheses) for ylide (a), transition state (b), mql Ot.)tamed .by Walch? who performgd ComraCte.d conflgq
and methanol () for the reacticiH, + H,O — CHiOH. Bond ration interaction (CCI) energy calculations on stationary points

lengths in angstroms, and bond angles in degrees. Redundant geometriPtimized with CASSCE using the polarized doublbasis set
parameters have been included for clarity purpose. of Dunning and Hay! On the other hand, the barrier

corresponding to the 1,2-hydrogen shift to afford methanol was
found to be ca. 1.4 kcal/mol at the same level, while Walch'’s
study predicts a barrier of only 0.5 kcal/mol. It is interesting
to notice that Yates et af.have obtained a barrier of 0.96 kcal/

Figure 1. Optimized geometries calculated at MP2/6-3#1G** and

Table 3. Relative Energiés(in kcal/mol) for 1CH; + H,O —
CH;OH Computed in the Gas Phase

MP2// QCISD// QCISD(T)// QCISD/I QCISD(T)/

species MP2  MP2 MP2  QCISD  QCISD mol for the same process at MP4/6-311G(dg,p)//MP2/6-31G*.
CH,+H,O 0.0 0.0 0.0 0.0 0.0 The formation of methanol frolfH,C:] and HO was found
H.C--OH, -9.30 -455  -6.03 502  -6.37 to be an exothermic process with a heat of reaction equal to
-Il\—/ISeOH _;Z-gi _;%-(2)2 _E;é'% _g%-gg _’S‘é'gg —88.2 kcal/mol (see Table 3). This result is in very good
' ’ ’ ’ ' agreement with the value obtained by Walch’s stuehg§.8
barriep 1.64 231 141 3.03 143 kcal/mol) and by the value obtained using experimental heats

of formation from the JANAF tablé3reported in the same work
(—89.5 kcal/mol).

The results on Table 4 show that the relative energy of the
transition state corresponding to a 1,2-hydrogen shift (seeylide is not significantly affected by the solvent. In fact,
below). The optimized geometry corresponding to this inter- comparing with the corresponding results in the gas phase at
mediate is depicted on Figure 1a. QCISD predicts-a&0dbond QCISD(T)/6-31H1+G**//QCISD/6-311++G** (see Table 3)
length approximately 0.1 A larger than the value obtained at it is observed that the ylide is stabilized by less than 1 kcal/
MP2, indicating the importance of correlation in the correct mol when the solvent is present. In the case of the transition
description of the attack of the vacant 2p orbital on the singlet structure, however, the relative energy increases by up to 4 kcal/
methylene by the oxygen’s lone pair. This ylide resembles a mol. This can be attributed to stronger electrostatic interactions
long-range complex between water and singlet methylene wherepetween the reactants and the ylide with the solvent that led to
the geometries of the two moieties do not change considerably.a net stabilization of these species with respect to the transition
Further optimization at the MP2 and QCISD levels led to the state. The gas-phase dipole moment values listed on Table 5
stationary point depicted in Figure 1b. Harmonic vibrational provide evidence supporting this view. As can be seen in this
frequency calculations indicate that this geometry correspondstable, the predicted dipole moment (calculated at the QCISD/
to a first-order saddle-point leading to a 1,2-hydrogen shift from 6-311++G** level) for the transition state (1.79 D) is substan-
the water fragment toward the methylene to afford methanol. tjally lower than the corresponding dipole moments for the ylide
It is interesting to notice that Harding et*&lcould not locate (3.05 D), water (2.25 D), and singlet methylene (2.11 D). The
this transition structure at the MP2 level when using the smaller effect of the solvent on the energetics of the reaction can be
6-31G* basis sets. Even though the geometry of methanol is seen on Figure 2, where the corresponding reaction profiles in
well-known, the corresponding optimized structures obtained the gas phase as well as in the presence of the solvent are shown.
in this work are also shown in Figure 1c for comparison The results obtained at the QCISD/6-31:£G**//QCISD/6-

purposes. — — .
: : : PR (20) Norm@) is defined as the normalization factor for the wave function
Energetics. The relative energies for the reaction in the gas projected into the CISD space. Thus, NoA¥(= WO + W) +

phase are listed in Table 3 while the corresponding energies inya)g
solution are shown in Table 4. The results on Table 3 indicate  (21) Dunning, T. H., Jr.; Hay, P. J. IMethods of Electronic Structure

; i ; Theory Schaeffer, H. F., Ed.; Plenum: New York, 1987.
th.at in the gas phaségHz read!ly re.aCtS with 5O to form the (22) Chase, M. W., Jr.; Davies, J. R.; Downey, J. R., Jr.; Frurip, D. J.;
ylide methyleneoxonium which in turn undergoes a 1,2- \icDonnald, A. A.; Syverud, A. NJ. Phys Chem Ref Data 1985 Supp!.

hydrogen shift to afford methanol. It is observed that MP2 1, 14.

aEnergies computed at the 6-3t+G** basis set and corrected
for ZPE. " Barrier for 1,2-hydrogen shift in $C--OH, — TS— MeOH.
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Figure 2. Energy profiles fo*CH, + H,O — CH;OH computed at
the QCISD/6-31%++G** level of theory: (a) gas phase; (b) in the
presence of a solvent with a dielectric constart= 80. Relative
energies in kcal/mol.

311++G** level using the IPCM model predict the methyl-
eneoxonium to be 5.5 kcal/mol lower than reactants while the
relative energy of the transition state is é& kcal/mol, giving

a barrier for the 1,2-hydrogen shift of 7.49 kcal/mol.

Conclusions

The highly correlated ab initio molecular orbital calculations
used in this work to study the reaction betweei®randCH,
indicate the formation of a stable ylide-like intermediateCH
-OH, (methylenoxonium), that undergoes a 1,2-hydrogen shift

J. Am. Chem. Soc., Vol. 118, No. 23, 19%111

Table 5. Dipole Moments (in D) forCH; + H,O — CH;OH
Computed in the Gas Phase at the MP2 and QCISD Levels

species MP2 QCISD
1CH; 2.11 2.11
H.0 2.26 2.25
ylid 3.64 3.05
TS 2.06 1.79
CH;OH 2.02 2.02

aUsing the 6-31++G** basis set.

to produce CHOH. The stability of this intermediate is
dramatically increased by the presence of a polar solvent and
suggests that these species might actually exist long enough to
be observed under experimental conditions. Even though these
results are very encouraging, they are by no means definitive,
and more studies involving the energetics as well as the
dynamics of these reactions are needed before a final conclusion
can be reached. In particular, it is very important to determine
first solvation shell effects on the potential energy surface of
this reaction. Work is currently under way where extra
molecules of water are treated explicitly in the ab initio geometry
optimization as well as in the energetics of the reaction. The
results will be reported in a future publication.
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