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An ab initio computational study of the reaction pathways for methaftwmaldehyde complexation is
presented. This study serves as a prototype for novel dihydrogen exchange between the alcohol and ketone
structures, such that the reactants and products are mirror images. The donated hydrogen atoms, both from
the alcohol, are the hydroxyl group hydrogen and one of the carbon hydrogen atoms. Whereas the motion of
the former hydrogen atom is known to be facile, as facilitated by formation of a hydrogen bond, the barrier
to the latter hydrogen atom transfer was not known. In the present work, the barrier for the dihydrogen
transfer is determined to be 33.1 kcal/mol, with the reaction proceeding via a hexagonal transition state structure.
By contrast, the second excited singlet state is characterized by a potential well at the geometry corresponding
to that of the transition state on the ground state surface and manifests the facile donation of both hydrogen
atoms. The presence of a sufficiently high ground state surface barrier, coupled with an excited state potential
well, is a prerequisite for the coherently controlled interconversion of a chiral alcohol to the analogous ketone
and that of the ketone to a chiral alcohol of thgpositehandedness. Dihydrogen exchange reactions of this
type could, therefore, serve as prototypes for coherently controlled racemic purification.

Introduction configuration. This approach yields a remarkable degree of
The existence of enantiomers is one of the fundamental enantioselectivity and is controllablg by varying a variety .Of
laser parameters. An extension of this scenario to nonpolarized

broken symmetries in natute? It is also one of great practical . . :
. . . ... media using three perpendicular lasers has also been devel-
importance because biological processes are often stereospecific

13 i
motivating a long-standing interest in asymmetric synthesis. In ofs\f:éjinFugz)?]%ri’tignrseﬁﬁgttarpv?ﬁ rt|10;%V;?\(teizr?eﬂilirrilrér\?v?t;etrae
recent years we’ and others 10 have shown that controlled p 9

enantioselective dissociatibrf and racemic purificatiohcan electric dipole-electric field interaction is possible.

be accomplished by optical means, using coherent control In all scenarios that we have thus far devgldbédhe .
techniques:1.12 Specifically, we have demonstrated that it is molecule under consideration must be characterized by a chiral

possible to use the strong electric dipoetdectric field interac- %rount:ltljlgctroglc statei atndd ?l: zta(éhwalts)icﬁed e(Ije_zctrlonlctﬁtate.
tion to discriminate between enantiomers and to selectively ecently,”we demonstrated that dimetnylallene dispiays these

increase the concentration of a desired enantiomer in a racemlcfe"ﬂ.ures gnd that over .90/° enantlomgrlc excesses can be
mixture achieved inM -polarized dimethylallene using lasers of reason-

For example, in ref 6 we considered the two-photon dis- able powers. Studies on control in nonpolarized dimethylallene

sociation of a single quantum state of & B—B' molecule to are In progress. . - )

yield BA + B' and B+ AB’, where B and Bare enantiomers. The first step in assessing the utility of a partlcul_ar molecu_lar
We demonstrated that coherent control techniques can be usedystem for laser dlstll_lapon is, therefore, to dete_rmlne the chiral
to control the yield of the right-handed (B) vs the left-handed or achiral chgracterlst!cs of ground and excited states. The
(B") fragment, provided that a specific fragment polarization, purpose of this paper is to carry out such a study for a novel

i.e., the projectioM of the total angular momentum along the set of reactions for which the “laser distillation” scheme may
bollérization axis. is selected. Further. in ref 7 we introduced a P€ realizable. These reactions involve the synchronous donation

coherent control scheme fauurifying a statistical racemic of two hydrogens from a chiral alcohol to the analogous ketone

mixture of polarized M -selected) molecules. In this scheme, Lhrough arrl] el>(<C|ted ele(;:trhon:(c statet.) As a result,l thﬁ Flﬁohﬁl
called “laser distillation”, a racemic mixture was repeatedly C€COMes the ketone and the ketone becomes an alcohol of either

excited optically and allowed to relax, using a specific laser handed.n.ess. ) o
Specifically, we previously suggestethat laser distillation

* Current address: Department of Chemistry and Chemical Biology, COUld be achieved in this system if the ground state were
Harvard University, 12 Oxford St., Cambridge, MA, 02139. characterized by a stable complex between the ketone and the
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chiral alcohol and by an achiral minimum resulting from the ;) Reactants: CH,0H + HC(O)H
synchronous donation of two hydrogens on the excited electronic
state. What is particularly intriguing about this scenario is that H

; H
a small quantity of ketone would serve as a catalyst for (i) H-bond complex: 1—\ Lo~y /C‘
c ]

converting a racemic mixture of polarized alcohols to the
essentially pure enantiomer of choice. We examine the char-
acteristics of the potential surfaces in this paper for a simplified H
model, demonstrating the desired characteristics. Note that

initially we deal, for simplicity, with an achiral alcohol and then

provide preliminary results on a chiral alcohol system. (iiif) Transition State, G,

The alcohol plus ketone reaction is an analogue of the more -Cf

classic metal-catalyzed Meerweionndorf-Verley (MVP) \Q\\*‘" l ""“'.%%
reduction reaction, which has been studied experimentally since H 74
the early 194018 as a method for the reduction of carbonyl H Ty H
compounds. Asymmetric representations of this reduction reac-
tion involving ketones have been widely studied through the
use of optically active alcohols as chiral sources, although the
potential for high enantioselectivity has not been realized.

The reaction under investigation in this work serves as a
prototype for novel dihydrogen exchange between alcohol and H C/
ketone structures, such that the reactants and products are mirror H
images. As an important class of hydrogenation and dehydro- Figure 1. Methanot-formaldehyde complexation structures.
genation reactions, those involving intermolecular concerted
dihydrogen transfer have been considered for their obvious of correlation effects to determine accurate energetics for
mechanistic importance both theoretically and experimeritafy. experimental purposes. Characteristics of the hydrogen-bonded
Classical examples of such studies include dihydrogen transfercomplex are compared to those found in other dihydrogen
from 1,2-diazene to olefins, acetylenes, and azo compotinds, transfer reactions.
which have been shown experimentally to have very large
driving forces®* dihydrogen donation to an aromatic system, Theoretical Considerations
reactions that also have sizable driving foréé42°and dihy-
drogen transfer from a saturated carbaarbon linkage to an

(iv) Hemi-acetal complex:

The molecular structures for the alcoh@ietone system have
: 29832 - been determined using a variety of theoretical methods to
olefin grou$*2**(dyotropic rearrangemen_ts)%ggrhaps the most ggiapiish self-consistency in terms of basis sets as well as to
studied being the ethanethylene reactioft?** Activation explore the effects of dynamic correlation. We report results
energetics for dihydrogen exchange reactions range from ¢om restricted HartreeFock (RHF), hybrid density functional
essentially thermoneutral to having substantial barrierS0( (HDFT)*® Moller—Plesset perturbation (MP2, MP¥),and
kcal/mol), depending on the nature of the species involved. As ¢ pled cluster theory with all single and double substitutions
has been pointed out in several of the previous theoretical 5 ,gmented by a quasiperturbative accounting of triple excitations
;tud_les, the inclusion of (_alect_ron correla_ltlor_l of suff|0|e_nt level (CCSD(T))3® These calculations were performed using the
is critical for accurate estimations of activation energy in these gradients and search algorithms contained in the GAMESS
types of reactions. and GAUSSIAN98! programs. In addition, we employed a

Our own interest lies in the general characterization of such number of different basis sets to ascertain the effects of basis
prototypes for coherently controlled racemic purification. In  sets on structure and energetic properties. These include 6-31G-
particular, the detailed reaction profile of the ground and excited (nd,mp)#2-45 DZV(2d,p) and DZ(2d,p}® TZV(2d,p)A"8 cc-
states including the understanding of the mechanism and thepvdz#® cc-pvtz3° aug-cc-pvdZ? and aug-cc-pvt2? wheren =
nature of the kinetic barrier for the methandbrmaldehyde 0—2, m= 0—1. The HDFT method employed Becke’s three-
reaction is the focus of the first phase of study. In the parameter hybrid exchange functiodah combination with the
consideration of the methanelormaldehyde reaction, there are  nonlocal correlation provided by the Perdew (1991) expres3ion,
several minimum energy structures (Figure 1) and possible B3PW9153 We have determined optimal basis set convergence
mechanisms to consider. These include the reactants [(i) inby exploring this large variety of basis seigvestigations that
Figure 1] combining to form a hydrogen-bonded complex (ii), are adequately performed at the RHF level of thédfy.
the symmetric exchange of H’s through a symmetric transition Subsequently, we have investigated the extent of correlation
state (i), and an uncatalyzed hemi-acetal (iv) reaction. Early necessary for prediction. As discussed, the importance of
theoretical studies of the dihydrogen transfer in the methanol dynamic electron correlation has been illustrated in the literature
formaldehyde system were carried out using semiempirical andand is further investigated in this work through the methods
modest levels of ab initio theoR?. McKee et al. considered  laid out above. In addition, careful preliminary study, as well
the enthalpic barrier between the reactant species and symmetri@s several other literature investigatichd’-28-3%indicate that
transition state structures, illustrating the serious overestimationsthe likelihood of needing a multiconfigurational method for this
provided by semiempirical methods %0 kcal/mol), as well reaction is small. A sufficiently closed-shell representation is
the importance of electron correlation for prediction of energetics determined through preliminary MCSCF computations using the
of such a process. The current work expands on the earlierappropriate active space.
investigations in two ways: the first is a more detailed look at  Effects of basis set superposition error (BSSE) were inves-
the potential energy surface for this reaction, most importantly tigated using SCF-Mf and found to be negligible. The SCF-
including structure (ii) and considerations of excited state MI method is a modification of the Roothaan equations that
surfaces, and second, it includes a more substantial investigatioravoids BSSE in intermolecular interaction calculations, by
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a TABLE 1: Geometric Parameters for the
= Methanol—Formaldehyde H—Bonded Complex at a Variety
of Levels of Theory
D H
Y,
B \ \:H\
s‘:\/ E B g c
g
level A B C D E

RHF/6-31G(d) 0.949 2101 1.189 101.2 109.8
RHF/6-31G(2d,p) 0.944 2.114 1.183 101.3 109.7
RHF/DzV(2d,p) 0.944 2.092 1.188 119.2 109.6

b RHF/DZ(2d,p) 0.945 2117 1.189 105.0 109.8
RHF/cc-pvDZ 0.948 2.120 1.186 100.9 109.5
RHF/aug-cc-pvDZ 0.945 2.131 1.188 104.1 110.2
RHF/TZV(2d,p) 0.943 2.137 1.182 104.3 110.1
RHF/cc-pvVTZ 0.642 2.168 1.182 102.32 1104
RHF/aug-cc-pVTZ 0.943 2.136 1.182 104.2 110.5
MP2/cc-pVDZ 0.971 1.983 1.222 97.9 105.8
MP2/DZ(2d,p) 0.969 1.968 1.226 100.6 107.5
MP2/aug-cc-pvDZ 0.972 1.985 1.228 99.2 108.2
MP2/aug-cc-pVTZ 0.968 1.969 1.218 98.8 108.3
B3PW91/DZ(2d,p) 0.970 1.970 1.211 108.5 108.6

B3PW91l/aug-cc-pvDZ 0.970 1.974 1.209 108.2 109.0
B3PW91l/aug-cc-pVTZ 0.966 1.984 1.202 108.0 109.1

aBond lengths are in angstroms; angles are in degrees.

TABLE 2: Geometric Parameters for the _
Figure 2. (a) Methanot-formaldehyde transition state. The letters Methanol—Formaldehyde Transition State at a Variety of
correspond to those in Table 2. Here and below, large gray balls are Lévels of Theory*
carbon, small green balls are hydrogen atoms, and large red balls are
oxygen atoms. (b) Methaneformaldehyde transition state with
imaginary mode depicted.

expanding the orbitals of each using only its own basis set. The
nature of each stationary point was uniquely characterized by
analytically calculating and diagonalizing the matrix of energy

second derivatives (Hessian) to determine the number of level A B € D E
imaginary frequencies and was then depicted using QMVew. RHF/6-31G(d) 1185 1275 1355 106.4 106.3
Molecular orbital contour plots, used as an aid in the discussion RHF/6-31G(2d,p) 1178 1271 1.350 1056 107.2
tth it ted tsing th aD.pLTERR.  RHF/DZV(2d.p) 1178 1275 1.343 1055 107.3
ofthe results, were generated using the program sbL- ' RHF/cc-pVDZ 1179 1.273 1.351 1054 107.3
and depicted using QMView. RHF/aug-cc-pVDZ 1.180 1.277 1.346 1055 107.5
Once the fully characterized transition state structures were RHF/TZV(2d,p) 1180 1.272 1.347 1055 107.4
located, the intrinsic reaction coordinate (IRC) was followed RHF;CC'F’VTZ 1179 1270 1.347 1056 107.4
down to the reactants (note that the path is symmetric about MP2/cc-pvVDZ 1183 1297 1333 1051 10538
e . . MP2/DZ(2d,p) 1.185 1.303 1.321 1059 105.3
the transition state) using the one-step Euler Method with MP2/aug-cc-pVDZ 1194 1.307 1.329 1056 1056
reaction path stabilizatiot. 62 The IRC is the path of steepest  MP2/aug-cc-pVTZ 1.188 1.296 1.322 105.6 105.6

descent in mass-weighted coordinates and provides a convenientB3PW91/DZ(2d,p) 1.184 1.295 1.334 106.0 105.6
definition of the reaction path. Because the gradient at the saddle B3PW9l/aug-cc-pvDZ  1.190 1.295 1.334 106.0 105.8
point is zero, the IRC is initiated by making a small displacement B3PW9l/aug-cc-pvTZ  1.189 1.290 1.333 1059 105.8
of 1074 hartrees in the direction of the single imaginary normal
mode®3

Configuration interactiolf computations were performed Process. That this optimal geometry (Table 2) is indeed a saddle
using the CISD methd8 together with the DZV(2d,p) basis ~ Point on the molecular hypersurface was verified by diagonal-
set, to investigate the first and second excited state surface foriZing the mass-weighted Hessian matrix, giving all normal
the reaction. Specifically, these calculations provided the excited M0des and corresponding frequencies. This yielded one negative
state energies at geometries corresponding to the points amndorce constant, as is characteristic of a transition state. The

aBond lengths are in angstroms; angles are in degrees.

the ground state reaction surface. corresponding imaginary frequency is found to be approximately
—1500 cnt?! (variations from—1360 to—1530 cnT! across
Discussion the most accurate HDFT and MP2 methodologies), indicating

a rather sharply curved energy surface in the direction of the
The degenerate dihydrogen exchange between formaldehydeeaction coordinate. This imaginary mode is of §mmetry,

and methanol is an example of a Woodward and Hoffthan which consists of the set of atomic displacements displayed in
symmetry-allowed reaction. The determination of the transition Figure 2b. One can clearly see that the primary motion is one
state of this reaction is simplified under the assumptioCHf of the symmetric hydrogens to form methanol, demonstrating
symmetry (Figure 2). Other possible transition states were the concerted exchange of both hydrogens.
located and found to present high barriers to reaction. Thus, Structurally, the CO bonds of the transition state complex
the symmetric path was found to best describe the reactionare intermediate in length (1.290 A) between formaldehyde
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(1.198 A) and methanol (1.416 A). The four central H bonds O HQ),
are quite long (1.189 and 1.333 A), and the peripheral CH bonds <
remain at 1.099 A. The peripheral hydrogens are bent back, Y N
again being intermediate between formaldehyde and methanol. E, Ho Sy
The primary goal of the calculations is to achieve a degree
of accuracy of structural surface characteristics and associated
energetics that will be chemically meaningful to guide future
experimental studies. An acceptable level of basis set adequacy
is given by structural invariance with increasing basis set size o ‘"’
at conventional closed shell HartreEock levels, subsequently é Ao
supplemented by dynamic correlation, in this case, to access B I ‘
the most accurate energetic information. We have employed a H

large number of basis sets to identify structural convergence f,./\

for all features of the surface studied in this work and determined H
that no less than the doubleplus polarization level provides 'c’H
the overall best accuracy for our purposes. Given that, the effects H\C/o \H\o/
of basis set on the particular geometry of the transition state =
are very small, although the-@ and G-H bond lengths do HH  H.bonded complex
Change_byV_Z pm and the &H bond distance by-1 pm Whgn Figure 3. Reaction profile schematic for the methanrmaldehyde
correlation is added. The values of the angles are not noticeablycomplexation process. The IRC from the transition state leads directly
affected. to the van der Waals complex, as discussed in the text. Further

Additionally, the need for multiconfigurational SCF (MC-  €longation of the inter-carbon distance leads to the bimolecular state.
SCFY7 treatments, particularly for the transition state structure, Alternatively, following the negative eigenvalue of the van der Waals

. ; . complex leads to the hydrogen-bonded structure.

needs to be considered. Such considerations have been made
on analogous dihydrogen exchange reactions and found to be
unnecessary. As well, preliminary MCSCF calculations with
the appropriate active space reveal coefficients of the SCF
configuration in the MCSCF expansion that indicate that the
transition state structure is well represented by the SCF
configuration, and therefore dynamic correlation treatments,
which in this work have been investigated using a variety of
methods, will be adequate.

Following the single imaginary mode of the transition state
enables a broader investigation of the reaction process, givingFigure 4. Hydrogen-bonded methanelormaldehyde complex. The
the intrinsic reaction coordinate (IRC) path, which we have letters correspond to those in Table 1.
computed at both uncorrelated (RHF) and correlated (MP2 and
HDFT) levels of theory. The effects of basis set choice on the B, is very sensitive, changing as much as 15 pm. In addition,
qualitative features of the reaction process are modest. Howeverthe bond angles, particularly the COH value, are sensitive to
inclusion of dynamic correlation greatly influences the energetic the inclusion of correlation, increasing by4°.
features, depending on the particular method of choice. In general, hydrogen bond complexes span a large range of

The search for stationary points from the point of the strengths (340 kcal/mol), dependent on the net charge and
transition state complex and along the IRC yields the two highly polarity of the accepting lone pair involved in the particular
stable reactant structures, methanol §OH) and formaldehyde  complex. Clearly, the stability of such a complex for dihydrogen
(CH;0), at large intermolecular distances, i.e., the “bimolecular exchange reactions varies according to donors and acceptors
state”. In addition one finds along the reaction path (even at that affect the balance of intermolecular energy and internal
the RHF/6-31G(d) level) a structure resembling a weak Van energy for the complex. Structurally, in this case, we see a
der Waal's complex, with one imaginary mode, which, when |aiively weak hydrogen bond complex; that is, a lengthening
followed, Ieads. to a hydrogen-.bono.led complex !ess than 0.5 5t the O-H—0 distance and a lengthening of the donating OH
kcal/mol lower in energy and with slightly shorter internuclear bond, as compared to a totally symmetric transition state

distances (Figure 3). This hydro_gen-bonded structure Is 'nde.edstructure (1.1851t0 1.913 A and 1.185 to 1.983 A, respectively).
a stable structure, as characterized by calculating the Hessian,

which is positive and definite, and is believed to be the overall AS mentiqned, the energeti_c feat_ures of the rgaction process
minimum energy structure considered (Figure 4). Although an re greatly influenced by the inclusion of dynamic correlation.
exhaustive search of the potential energy hypersurface is notWe have computed both the energy difference between the

feasible, a number of investigations were carried out to confirm hydrogen-bonded complex and reactants and the energy differ-
that no other minima exist in the vicinity. ence between the hydrogen-bonded complex and the transition

Table 1 summarizes the structural information for the State (Table 3). To access the most accurate values for these
hydrogen-bonded complex at a variety of levels of theory. Parameters, we have investigated a variety of basis sets as well
Although the bimolecular state does not display great sensitivity @ methods of dynamic correlation. The most extensive basis
to the choice of basis set or to the inclusion of electron Setinvestigations were performed at the RHF level, which can
correlation, the H-bonded structure clearly does, as evident frombe used as a gauge of basis set limits. This was then followed
the Table 1 parameters. It is of interest to note that, though the by MP2, MP4, HDFT, and CCSD(T) computations as well as
OH bond length shows modest variation with inclusion of select single point computations at what was determined to be
dynamic correlation (calculated2.5 pm), the hydrogen bond, the optimal basis set for the species involved, aug-cc-pVTZ.
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TABLE 3: Activation Energy and H —Bonded Complexation 30 . T T . .

Energy (Including ZPE) for the Reaction Process Shown in

Figure 3 at Several Levels of Theory (kcal/mol)

basis set AE2 AE» #
RHF/6-31G(d) 57.4 3.73
RHF/6-31G(2d,p) 55.8 3.60 2
RHF/DZV(2d,p) 55.0 3.01 _
RHF/DZ(2d,p) 52.0 2.86 g
RHF/cc-pVDZ 55.3 3.91 I,
RHF/aug-cc-pvVDZ 54.8 2.64 5
RHF/TZV(2d,p) 56.0 2.92 2
RHF/cc-pVTZ 55.5 2.66 0
RHF/aug-cc-pVTZ 55.3 2.20
MP2/cc-pvDZ 32.6 6.23
MP2/DZ(2d,p) 314 4.64
MP2/aug-cc-pVDZ 31.1 4.32 °
MP2/aug-cc-pVTZ 295 4.18
MP4(SDQ)/cc-pVDZ//A* 37.1 4.47
MP4(SDQ)/cc-pVDZ//B* 39.8 4,57 % 2 7 o s m 12
M P4(SDQ)/aug—cc—pVDZ//A* 36.1 3.74 Mass Weighted Hyper-Radius (a.u.)
MP4(SDQ)/aug-cc-pVDZ//B* 36.4 3.88 Figure 5. Plot of energy vs reaction coordinate for the methanol
mgiggg;jcc-pVDZVDz %7676 431501 formaldehyde complexation process at the B3PW91/aug-cc-pVDZ level.
aug-cc-p . .
B3PW91/DZ(2d, 18.8 3.13 . . .
ngwgl,aué_cchVDz 22 3 248 numbers. Overall, the data show that inclusion of dynamic
B3PW91/aug-cc-pVTZ 23.4 2.08 correlation such as MP2 decreases (increagds) (AEy),
CCSD(T)/cc-pVDz/I4 (38.0¥33.8 (4.44) 4.68 whereas more extensive correlative treatments, either via MP4
ggggggﬁﬁ'p.\c/gz%z/m\ 8573‘21; 2‘21-2 8;;3 i-gg or CCSD(T), then again increase (decreas&) (AE,) over
CCSD(T)/aug-cc-EVDZ//B (37'5) 331 (3.86) 429 MP2 values. It is interesting to note that the contributions of a
_ ! ' ] ' triple over a double split in the valence set provides over 1 kcal

CCSD(T)/cc-pvVDZ 34.6 4.24 pie p p .
CCSD(T)/aug-cc-pvVDZ 33.2 3.62 lowering of energy at the correlated levels, and yet no difference
a AE; = E(TS) — E(H-bond complex)? AE, = E(reactants)- E(H- at the RHF level, and the additional augmentation of either the

bond complex)¢ Single point energy calculated at either geometry A double or triple split provides nearly a full kilocalorie lowering

= B3PW91l/aug-cc-pVTZ or B= MP2/aug-cc-pVTZd Value in of energy. One can see the large contribution of the triples

parentheses is without triples contribution. substitution by the comparison of the CCSD vs CCSD(T) data,

which is on the order of 4 kcal/mol. This is also clear if one

At the highest level of theory considered, CCSD(T) predicts compares the MP4(SDQ) numbers, which are missing the triples

a complexation energy of 3.62 kcal/mol and an activation energy contribution, which are on par with the CCSD numbers, again

of 33.2 kcal/mol. One sees fairly dramatic differences across both without the contribution of triples substitutions in the

RHF, MP2, MP4, and CCSD(T), as is best demonstrated by dynamic estimates.

comparisons across parallel basis sets for the three methods. In - s mentioned, the qualitative comparison of the IRC among

any of these comparisons, one sees that the RHF predictionspe various methods (RHF, MP2, and B3PW91) confirmed that
for AE, are about twice those of MP2 and two and a half times ) of the major structural features along the path were as those

those of HDFT. In the case &E; values, the range is much
smaller and so the differences among methods less obvious
but still significant. At any of the highest levels of theory
considered, the reactants and the H-bonded complex all lie
within a 4 kcal/mol range.

As has been noted, for comparisons of energy differences
calculated by MP2 vs HDFT, MP2 typically overshoots the . L .
“true” barrier by some degree, whereas HDFT underestimatestheagl_ass'c_ ethareethylene reaction mves‘glgateql by Fellt_ar et
the “true” barrier. Here one sees that HDFT results are in fact al.”™ implying that n_ondynamlcal correlation will have little
quite low for this reaction process. Several single point energy effect on the proper.tles of the. alcohdietone system. Never-
computations were performed using both the B3PW91/aug-cc- theless, fully o_ptlmlzed reaction space methodqlogles could
pPVTZ and MP2/aug-cc-pVTZ optimized geometries, which were potentially provide fur;her insight into the electronic rearrange-
determined to be optimally converged basis sets for this reaction™eNts that occur during the reaction. Regardless, as the first
process. As the structural predictions were very close with theseSteP 10 such an orbital analysis, and to identify clearly the
two basis sets, the respective energetic comparisons show als§SSential changes along the reaction path, we have generated
very similar results, being well within a 0.5 kcal/mol range, both con\_/ent|onal MO_s as well as MOs that are localized inside
and additionally bring the HDFT energetic predictions back into @nd outside the reaction zone.

a better agreement with all the other data. The utility of HDFT  In the o frame of this activated complex one can identify a
for accurate geometries followed by single point energy series of six cyclic MOs as arising from 1s orbital contributions
computations performed with more traditional dynamic cor- of the hydrogens and pnixed orbitals from the heavy atoms,
relation treatments has been previously noted by one of us incarbon and oxygen. The energetic ordering of these cyclic MOs
the literature. is analogous to the classical benzene Huckel orbitals with 0, 1,

The most extensive correlative treatments, MP4 and CCSD- 2, and 3 nodes. In particular, HOMO-8, HOMO-2, and HOMO-3
(T), were carried out for more accurate determination of (Figure 6a-c) represent the filled members of this set and
energetic predictions, as well as a better convergence of LUMO, LUMO+1, and LUMO+6 (Figure 6d-f) are the

predicted by the RHF level of theory. A plot of energy versus
reaction coordinate at the B3PW91/aug-cc-pVDZ computational
level is given as a representative illustration in Figure 5.
Having characterized the reaction processes, molecular orbital
analyses (Figure 6) enabled further elucidation of the reaction
mechanism. The present reaction bears definite similarities to



Alcohol—Ketone Interconversion J. Phys. Chem. A, Vol. 106, No. 41, 2002517

a b G

Figure 6. Contour plots of molecular orbitals (as designated) of the methdoohaldehyde B3PW91/aug-cc-pVDZ transition state structure. The

plots were generated using the program 3D-PLTORB and depicted using QMView, with contour values of approximately 0.02 au for both phases.
The positive phase is green, the negative phase is red. (a) HOMO-2. (b) HOMO-3. (c) HOMO-8. (d) LUMO. (e)+UNRDLUMO+6. (g)—(i)

Localized MOs of the activated complex. (j) Schematic diagram of orbital deformation corresponding to the intermediate stages illustrated in
Figure 6e-g.

virtuals. Unlike the ethaneethane system in which the high (HOMO-8) can be viewed as a fully symmetrical setsof
symmetry of the activated comple®4,) leads to symmetry- orbitals bridged by hydrogens.

required degeneracies and well-defined nodal planes, the lower  An alternative SCF MO interpretation of the transition state
symmetry of the methaneformaldehyde system splits that can be obtained by generating molecular orbitals that are
degeneracy and results in less well-defined nodal planes. Thelocalized inside and outside the reaction zone. This can be done
highest of these in-plane orbitals (HOMO-2) displays a node by following the Edmistor-Ruendenberg localization proce-
perpendicular to the principal, axis of the molecule and  dure® When this is done, one obtains a slightly different look
resembles twor* orbitals in symmetric combination bridged  at the reaction zone (Figure 6§. The SCF wave function

by the 1s of the hydrogens. The next highest of these (HOMO- formed with the MOs of Figure 6eg can be thought of as

3) in-planeo orbitals has a clear node along one of the geometric representing the intermediate stage of the continuous and
mirror planes of the molecule that passes through the hydrogensiconcerted orbital shifts and deformations from the reactants to
this contribution most closely resembles CO orbitals in the products, summarized by the schematic diagram of Figure
antisymmetric combination. The lowest in this sebadrbitals 6j. Each of the activated complex depictions is localized into a
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Figure 7. Energy as a function of the reaction coordinate for the same
process and level of theory as in Figure 5. The lowest curve is the
ground electronic state; the two upper curves are the first two excited
states.
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Figure 8. Schematic of substituted dihydrogen transfer system.
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Figure 9. (a) C; transition state structure for the dihydrogen transfer

from 1-flouro-1-methylmethanol to 1-flouro-1-methylformaldehyde.
Atom identity is as above, with the addition that intermediate size dark

balls denote fluorine atoms. (b) “Bottom” view of the complex shown

three-center bond covering three adjacent atoms (e.g., 6, OHOjn part (a). Here the twist that reduces steric hindrance and breaks the

6f, HCO, 6g, OCH).
Having completed the characterization of the ground state
we consider the results of configuration interaction computations

used to probe the excited state surfaces for this process.

Specifically, the behavior of the excited state surfaces was
studied along the geometries of the ground state minimum
energy path at the CISD/aug-cc-pVDZ level of theory. Although

the first excited state surface shows features not unlike those
of the ground state, the second excited state surface displays

some interesting properties (Figure 7). In particular, the
minimum energy structure along the IRC exists at the ground

Cz symmetry is evident.

!

—e

state surface saddle point, with higher energy structures at the
geometries of the ground state reactants and van der Waals

complex. Thus, even at this relatively modest level of theory,

we note the required structure for coherent control via laser
distillation,” i.e., the existence of minima in the excited state at

the geometry of the ground state maximum along the reaction
path.

The system explored above lacks one feature central to the

laser control. That is, the alcohol in the above computation is
achiral. For this reason we began a study of the effects of
substitution on the prototype reaction. In particular, we con-
sidered dihydrogen transfer from 1-fluoro-1-methylformaldehyde

Figure 10. H-bonded complex for the dihydrogen transfer from
1-flouro-1-methylmethanol to 1-flouro-1-methylformaldehyde.

except that it displayed an additional twist that reduces steric
hindrance. The minimum energy structure (Figure 10) in this
reaction process was found to be similar to the methanol
formaldehyde complexation reaction but differs from the
analogous unsubstituted complex by a dihedral twist, which
again serves to reduce steric interactions.

This considerable change in the geometry of the global

to 1-fluoro-1-methylmethanol (Figure 8), a system that allowed Minimum is significant for coherent control because it increases
us to observe the effects of substitution and chirality, without the possible overlap between the minimum energy structure on
breaking the reactasproduct symmetry. In this case the the ground state surface and the structure on the excited state
products do not have to have the same stereochemistry as theurface corresponding to the ground state transition state
reactants and can thus lead to racemization. geometry. This should significantly enhance the Franck

One interesting effect of substitution is the possible existence Condon factors for excitation from the ground to excited state,
of two transition states: one with, symmetry (with the methyl providing a coherent control enabled process that is much more
groups cis to one another) and one@fsymmetry (with the feasible, and much more interesting, than the unsubstituted
methyl groups trans to one another). The latter, lower energy reaction. These results also motivated additional studies of
configuration, is shown in Figure 9. Ti@ transition state was  alternative substituents to further enhance the wave function
found to be very similar to that of the unsubstituted system, overlap.
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Conclusions

We have investigated the methanébrmaldehyde dihydro-

genic donation reaction process in the ground electronic state 9
to a high degree of accuracy. The general features of the excited"
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