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Abstract: Dissociation reactions of mono- and dicarbonyl compounds, A(CO)B and AEC®), B = H,

OH), to form CO, CQ, H,0, or H,, were studied theoretically by the B3LYP/6-31G** method. We found that

the participation of water can modify the reaction forbiddenness in addition to providing strain relief for the
transition structure. It appeared that the water-assisted reactions are more effective for the monocarbonyl series
than for the dicarbonyl series. Because the bonding of the hydrogen atom is less directional, the transition
structure of a dehydrogenation reaction is less strained and thus receives a less strain relief effect than the

dehydration reaction of the same ring size. A substantial increase in asynchronicity between the two leaving
groups was observed from the water-free to the water-assisted reactions.

Introduction

It is now well-established that in the reactionsQ{g) +
S0s(g) — H2SO4(g) and HO(g) + COx(g) — H2CO5(9), the
presence of a second,® molecule can lower the reaction
barrier effectively, and thus make the reactions more feasibie.
The transition structures with an additional® molecule are
characterized by less strained six-membered ridg&)(
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The second KD molecule serves both as a proton acceptor and
donor to facilitate the reaction. The water-assisted hydration is

(1) Steudel, RAngew. Chem., Int. Ed. Endl995 34, 1313.

(2) Kuczkowski, R. L.; Suenram, R. D.; Loveas, FJJAm. Chem. Soc.
1981, 103 2561.

(3) Chen, T. S.; Plummer, P. L. M. Phys. Chem1985 89, 3689.

(4) Hofmann, M.; Schleyer, P. V. R. Am. Chem. S04994 116, 4947.

(5) Morokuma, K.; Muguruma, Cl. Am. Chem. S0d994 116, 10316.

(6) Miaskiewicz, K.; Steudel, RAngew. Chem1992 104, 87.

(7) Mulller, H.; Sander, U.; Rothe, U.; Kola, Rimanns Encycl. Ind.
Chem 1994 25, 635.

(8) Galvert, J. G.; Lazrus, A.; Kok, G. L.; Heikes, B. G.; Walega, J.;
Lind, G. J.; Cantrell, C. ANature1985 317, 27.

(9) Gleason, J. F.; Sinha, A.; Howard, C.JJ.Phys. Chem1987, 91,
719.

(10) Tso, T.-L.; Lee, E. K. CJ. Phys. Cheml984 88, 2776. Schriver,
L.; Carrere, D.; Schriver, A.; Jaeger, Khem. Phys. Letfl991, 181, 505.

(11) Bondybey, V. E.; English, J. H. Mol. Spectrosc1985,109, 221.

(12) Phillips, J. A.; Canagaratna, M.; Goodfriend, H.; Leopold, KJR.
Phys. Chem1995 99, 501.

(13) Kolb, C. E.; Jayne, J. T.; Worsnop, D. R.; Molina, M. J.; Mends,
R. F.; Viggiano, A. A.J. Am. Chem. S0d.994 116 10314.

(14) Barnes, |.; Becker, K. H.; Patroescu@eophys. Res. Lett994
21, 2389.

(15) Charlson, R. J.; Wigley, T. M. LSci. Am.1994 No. 2 28.

(16) Merz, K. M.J. Am. Chem. Sod.99Q 112 7973.

(17) Nguyen, M. T.; Raspoet, G.; Vanquickenborne, L. G.; Duijnen, P.
T. V. J. Phys. Chem. A997, 101, 7379.

(18) Nguyen, M. T.; Ha, T. KJ. Am. Chem. S0d.984 106, 599.

expected to be rather general if the transition state of the original
hydration reaction is strained. Several groups have found similar
reaction on keteneimin¥ ketene?? formaldehydée! and many
other system&?

Certainly more water molecules can also participate in a chain
relay process. The question of the actual number of water
molecule involved is difficult to answer. NguyEnshowed
theoretically that in the hydration of GOthe second water
lowers the barrier by 17.70 kcal/mol in comparison the third
water of 2.63 kcal/mol. It may be an indication of a convergence
with respect to the third waté?,and it is doubtful the transition
state with one more water molecule is stable enough in the
solvent environment. In this work we restrict our study to the
catalytic effect of the second water on a variety of carbonyl
systems (Chart 1).

The main interest of this work is to examine the catalytic
effects on the transition structure such as asynchronicity and
partial charge for the two leaving groups. We also look into
some differences between the dehydrogenation and the dehydra-
tion reactions such as forbiddenness and strain.

Since the catalytic effect operates in both the forward and
backward directions, we choose to study the reverse reaction,
the dissociation reaction, for the monocarbonyl system [form-
aldehyde (HCO, 3),2* formic acid (HCOOH,4),%>-28 and
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Chart 1 in the optimization process were characterized by frequency calcula-
tions. Zero-point vibrational corrections (ZPE) obtained from frequency

o o o] - -
calculations were added to the total energies.
The bond order used in our analysis is the overlap-weighted NAO
(natural atomic orbital) bond order. It is the sum of off-diagonal NAO
H H H OH HO OH
3 4 5

density matrix elements between atoms multiplied by the corresponding
PNAO overlap integrat*

Results and Discussions
o o o o o o (I) Activation Energy Lowering. The calculated energy
\/ ( \/ { \/ ( profiles for the dissociation reactions of compouBds3, both
with and without the assistance by a, molecule, are
H H H OH HO OH presented graphically in Figure th. The zero-energy is
6 7 8 assigned to the reactarR) (or reactant plus kD at infinite
separation for the water-assisted reaction). A complex is formed
carbonic acid (HCOs, 5)]*¢6718 and the dicarbonyl system between the reactant and water molecules. Relative energies in
[glyoxal (H(CO)(CO)H, 6)2°-32glyoxylic acid (HO(CO)(CO)H, (kcal/mol) are given for the complexX{, transition stateTS),
7),33735 and oxalic acid §)].36-38 Specifically, the dehydration ~ and productsK). The geometries of the transition states are
reactions for compounds 5, 7, and8 and the dehydrogenation ~ shown in comparison with some available published results,
reactions for compound3, 4, 6, and 7 are the focus of this  which were usually obtained by using a comparable basis set,
study. These reactions are nearly isenthalpiel (= 0) for the but with a different approach, such as the MglPiesset
same number of bonds for the dissociation products as for themethod” The agreement between our results and the published
reactants. We will show that for the monocarbonyl systems, results gives us confidence about our B3LYP/6-31G** method.
the HO molecule is indeed an effective catalyst, lowering the Our main interest is to derive some general qualitative rules on
activation energy by more than 20 kcal/mol. However, we find the trends in both series of reactants, especially for the reaction
that the HO molecule is not so helpful for the dicarbonyl with vs without HO. Therefore, we have not carried out the
systems. At first sight this seems surprising since th® H  calculations with a more extended basis, or a more sophisticated
molecule is expected to be similarly effective in strain relief in theory, expecting that it will not significantly modify our
both cases. Therefore we expect that besides the geometricatonclusion.

effect, some electronic effect also plays an important role. The lowering in activation energies, defined A8, = Ex-
(with H,0) — E5(without H,O), is given in Table 1K, is defined
Computational Method with respect to the reactant, not the complex). We use the

. . symbolsX' andX" for the water-assisted dehydrogenation and
All calculations presented here were done with the GAUSSIAN94 dehydration, respectively, for the moleculss as shown in
programs® All equilibrium geometries and transition structures were Y ! P Y,

fully optimized, without any symmetry constraints. The density Char’_[ 2. Th_e two bond angles in e_ach SySte_r_n are for dlscuss_lon

functional method used in this work combines Becke’s hybrid three- 1at€r in section Il. The corresponding quantities of free energies

parameter exchange functional with the gradient-corrected correlation &r€ also given in parentheses. Since the pattexis similar

functional of Lee, Yang, and Parr (B3LYP), which has been shown to to that of AE for the interest of this WOI’k, we will not discuss

be quite reliable in calculating both geometry and energy with AG further.

semiquantitative accurady. The standard 6-31G** basis set that The complex energy between a water molecule and the

includes d- and p-type polarization functions on non-hydrogen and reactant can be significant, especially for an ionic reactant. For

hydrogen atoms, respectively, was used. Therefore, the calculationsthe complex involving the polar neutral reactant s:S@s

are denoted by B3LYP/6-31G**. Also, all stationary points obtained complex with BO and the (HO), cluster is 7.89 and 26.31
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(33) Redington, R. L.; Liang, C. K. J. Mol. Spectroscl984 104, 25. kcal/mol for compoundg and5, respectively. For dehydroge-

(34) Back, R. A.; Yamamoto, SCan. J. Chem1985 63, 542.

(35) Bock. C. W.; Redington. R. L1. Phys. Chem1988 92, 1178. nation reaction, the values ar_e22.47 and—31.40 kcal/rr_10|

(36) Kakumoto, T.; Saito, K.; Imamura, Al. Phys. Chem1987, 91, for compounds3 and4, respectively. However, for the dicar-
2366. , bonyl systems, thAE, values are generally smaller in magni-

(37) Bock, C. W, Redington, R. L1 Chem. Phys1986 85(10) 5391. tude. For the dehydration the values ar#8.37 kcal/mol for7

38) Yamamoto, S.; Back, R. L1. Phys. Chem1985 89, 622. .
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Figure 1. The B3LYP/6-31G** with ZPE correction energy profiles for reactaR),(complex C), transition stateTS), and product ) and
structures foiT'S in comparison with available published results in the frames. The dehydrogenation reactions are represented in (a) for compound
3 and3 (see Charts 1 and 2 for system definitions), (c)4and4', (e) for6 and6', and (g) for7 and7' and the dehydration reactions in (b) for

4 and4", (d) for 5 and5", (f) for 7 and 7", and (h) for8 and8", respectively. (Energy is given in kcal/mol relativeRoand bond distance in A.

For clarity and convenience of illustration, the energy levels were not drawn to scale.)

(I) Ring Strain and Reaction Forbiddenness.To appreciate and the dehydrogenation reaction. Since the bonding of hydro-
the strain relief effect for the transition structure in water-assisted gen with the s orbital is nondirectional, the leaving hydrogen
reaction, it is helpful to distinguish between the dehydration atom can form a new bond along any direction in the transition
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Table 1. The Energy BarriérLowering (AE, = Ex(with H,O) — Ex(without H,O) in kcal/mol) for the Dehydrogenation and Dehydration

Reactions
monocarbonyl dicarbonyl
H.CO HCOOH HC,0, H2C,054
dehydrogenation 3 3 4 4 6 6 7 T
Ea 81.83 59.36 67.51 36.11 57.16 61.37 51.29 43.42
(76.81% (61.01) (56.75) (38.24) (45.66) (56.29) (44.53) (41.30)
AE, —22.47 —31.40 +4.21 —7.87
(—15.80% (—18.51) (10.63) 3.23)
HCOOH HCOs H,C,0s5 H,C,04
dehydration 4 4" 5 5" 7 7' 8 8’
Ea 68.63 42.54 39.08 10.59 65.98 47.61 31.70 19.21
AEq (63.52) (42.80) (33.48) (16.86) (59.68) (44.90) (35.39) (25.09)
—26.09 —28.49 —18.37 —12.49
(—20.72) 16.62) 14.78) ¢10.29)

@ See Charts 1 and 2 for molecule definitions. The quantities in parentheses are the corresponding free energies. The efe/duestare
given in footnotec. E, = E(TS) — E(R). The total electronic energies and zero-point vibrational energies of rea&pmatrd (—114.476483,
0.0267147) hartree foB, (—189.728231, 0.033987) fat, (—264.965060, 0.0398734) fd¥, (—277.784288, 0.0370653) fdd, (—303.031482,
0.0435943) for7, and 378.272182, 0.0489401) f& ® Corresponding quantities of free energie€t@and AE,. ¢ Experimentak, values (all in
the gas phase except the dehydrationSpr (1) dehydrogenation~80.6 kcal/mol for3,22 62—65 kcal/mol for4,?” <62.9 kcal/mol for6.2° (2)
Dehydration: 65-68 kcal/mol for4,2” 14.6 kcal/mol in aqueous solution f&11¢ 32.8 kcal/mol for8.36

Chart 2 Chart 3
[o] fo) [0} (o}
fo) o 0. o (o] (o] (o] o
! [N/ \/ I N/ \_v
H\§40°\H O/O\H /Smo \ / \ H/\H o<\,H / \ 0/ \H
147()'"‘ N i H ‘154”/H ° 161 m”,’H 0.162 0.389 0589 e
W Ok e = Syt
H / H No]
3 H ¢ 6' W7
i 9 o o o 0 [ I N / N\ 7
I N N4 He NC H c—C C=—C
A e o< NN, NN R SN N
H{MZO 0/ 0\ , o 6155’ \O/H 0/ \O/H """""" H .0.340 40 0%;9.».2.87..»H o\_470/o
N 154" 151, H)™ oo ! 159"I o “H ‘H
H/O—KI-; MOEH /0—5; \m;ﬁ 4 5 7 8
4" H/ 5 H il H/ 8"

Chart 3. The BOs for the dehydrogenation reactions given in
state @). In contrast, the bonding of the leaving hydroxyl group  the first row have larger values than the corresponding values
is strongly directional. It can form a new bond only along some of the dehydration reaction of the same ring size given in the
restricted direction approximately tetrahedral to both the cleaved second row. The only exception is the three-membered system
C—0 bond and the ©H bond (L0). The calculated angles can 3 with 0.162, which is smaller than that dfwith 0.180.
be found in Figure 1ah. In other words, the transition structure It is understandable that the dehydrogenation3ofs a
for the dehydrogenation reaction system is generally less strainedorbidden 4-electron reaction involving two-&4 bonds and
than that of the dehydration reaction system for the same ring the dehydration o# is an allowed 6-electron process involving
size. This idea was well documented in inorganic chemistry, C—H, C—0, and an in-plane lone pair on oxygen. Here we use
where the reactivities of reductive elimination for bond forma- the bold lines to indicate the active bonds to be cleaved. The
tion are given in the decreasing order-H > C—H > C—-C. BO value carries the information not only for the strain but
Their bonding energies are comparable and the relative reac-also for the forbiddenness of the reaction. This also explains
tivities were interpreted in terms of the favorable nondirectional that the BO value for the dehydrogenation4fa forbidden
bonding property of the hydrogen atd#lt is understood that  reaction, is not much greater than the value for the dehydration
there is no directionality to the bonding of a hydrogen atom for of 5, an allowed reaction. For the dehydration reaction, a
the case of the covalent bond. In the case of the hydrogen bondnonbonding electron pair is involved, which results in a
due to Coulombic interaction, the linear geometry is prefeffed. disconnection in the cyclic orbital overlap. This transformation

has been termed the pseudopericyclic reactiorhe reaction

/—\ /—\ is allowed regardless of the number of electrons involved.
—H-— Therefore, we can ignore the electron counting in the second
/ \ H/O\ row in Chart 3 and also the water-assisted reactions in Chart 2.

9 10 All of them are considered as allowed reactions.

(42) For example: Siegbahn, P. E. M.; Blomberg, M. R. ATheoretical
P ot Aspects of Homogeneous Catalysasn Leeuwen, P. W. N. M., Morokuma,
To demonstrate this idea qualitatively, we compare the bond K., van Lenthe, J. H., Eds.; Kluwer Academic Publishers: Dordrecht, 1995;
order (BO) based on NA® between the two leaving groups

. : o - p 15 and the reference therein.
for the two types of reactions in the transition states3feB in (43) Scheiner, SAcc. Chem. Res994 27, 402,
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Table 2. The NAC* Bond Order DifferenceABO)° betweenTS andR, andABO Difference between Water-Assisted Reaction and
Water-Free ReactioWABO) . with Approximation AABO*)de

monocarbonyl dicarbonyl
H,CO HCOOH RC,0, H2C;054
dehydrogenation 3 3 4 4 6 6 7 T
ABO —0.1534 0.1243 0.0344 0.2251 —0.2111 —0.1950 0.1142 0.1739
AABO(AABO¥) 0.2777(0.3647) 0.1907(0.1912) 0.0161(0.1515) 0.0597(0.0864)
HCOOH HCO; H.C,0s H2C20,

dehydration 4 4’ 5 5’ 7 7 8 8’
ABO —0.3480 —0.1254 —0.0422 0.1405 —0.4309 —0.3295 —0.0930 —0.0265
AABO(AABO*) 0.2226(0.2241) 0.1827(0.1585) 0.1014(0.2000) 0.0665(0.0916)

2 Natural atomic orbital, see ref 41ABO = BO(TS) — BO(R). ¢ AABO = ABO(with H,O) — ABO(without H,0). ¢ AABO* is an approximation
to AABO considering only the BO between the leaving groups (H- - -H) or (H- - -OH) in water-free reaction and BO involved assisting water
(H- - -H20O- - -H) or (H- - -HO- - -OH) in water-assisted reactiohSee Charts 1 and 2 for molecule definitions.

35 r

30 r

25 r

2
AEa

0 . . . . . A ABO

0 0.05 01 0.2 0.25 03

Figure 2. The correlation between activation loweride, (Eo(with
H,0) — E4 (without HO)) given in Table 1 and the change in bond
orderAABO = ABO(with H,O) — ABO(without HO). ABO is defined

as BOTS) — BO(R). See egs 1 and 2, Table 2, and text. For system
definitions, see Chart 1, and 2.

0.15

Since the sum of the bond order (BO) around the ring in the
transition structure can serve as a measurement of the reaction
forbidenness and ring strain, we have carried out bond order
calculations between the nearest neighbor atoms around the H
reaction ring, including the inactive side chains such as OH
groups and carbonyl groups. We first considered the change in
bond order between the transition structure and the reactant

(ABO):
ABO = BO(TS) — BO(R) 1)
AABO = ABO(with H,0) — ABO(without H,0) (2)

The quantityAABO (see Table 2) is defined as the difference
between theABO value for the reaction with #0 and that

without H,O. The double subtraction eliminates the necessity

to account for the different numbers of atoms involved in the
water-free and water-assisted systexvABO is an indication

of the improvement in reaction forbiddenness and strain relief.

We found a qualitative correlation betwe&E, values and

with the assisting D such as (H---HO---H) or (H---
H,0- - -OH) plus the BO values within the® molecule itself.

For the water-free reaction, tteABO* includes only the BO
between the two leaving group, such as (H- - -H) in dehydro-
genation and (H---OH) for the dehydration. There is a
qualitative correlation betweehABO andAABO* except for

the system8' and6' (see Chart 2). Some reasonable correlations
betweenAE, and AABO, and betweedAABO and AABO*,
imply that the improvements in reaction forbiddenness and strain
relief are due to local interactions involving the assistin®H
The poor correlation betweehABO andAABO* for 3' may

be due to a switch from forbidden to allowed reaction
contributed by all the bonds in the ring, not simply the local
interactions between the leaving hydrogens and the assisting
H,0. When we examine the transition state6bfclosely, we
find the C-C bond stretches to 2.170 A and BO reduces to
0.354 from the values (1.926 A, 0.487) for the transition

(o] [o]

\}: 2.170A C//
I 0.354

157°  H

O
/
H (6"
11 12

O, (0]
\\C 1.926A é/

structure for6 (see structuréland1?). If we add the reduction

in BO contribution of 0.133 from the -€C bond to theAABO*
value, then it agrees well with th& ABO values. Therefore,
the water-assisted effect 81 is nonlocal. We interpret this to
mean that to satisfy the stringent geometry requirement for the
assisting HO molecule, the weak €C bond has to stretch.
Therefore, the participation of water does not reduce, but rather
induce the strain. We also find the two leaving groups A and B
in the water-assisted reaction are arranged with a nearly linear
geometry in the transition state for-&—0(H,0) and (HO)O—
H—B. For example, the two angles are 1%hd 154, shown

AABO values as shown in Figure 2. We do not expect a close in structurell for €'. In all cases it ranges from 14@o 17C¢

correlation betweerhE, and AABO sinceE, involves energy
matrix elements such ad; and BO involves overlap matrix
elements such &. Their equivalence needs a weighting factor
of atomic orbital energy such as in the'tkel approximation
Hij = §; (Hi + Hj)K/2. The light hydrogen atom and the heavy

as shown in Chart 2. Thus there is a considerable modification
in the reaction coordinate. The nearly linear geometry here
means that both €H stretching toward oxygen ¢g&) and G-H
(H20) stretching toward HH formation (structurel1) are the
modified new reaction coordinates, which are in contrast to the

oxygen and carbon atoms should associate with rather differentoriginal C—H bending motion in the water-free reaction

weighting factors.
To examine the local interaction contribution from the
assisting water molecule, we also study the quamtiyBO*,

(structurel?).
A summary of our interpretation on the contributions\tB,
can be given in Chart 4. We assign the water-assisted dehy-

which includes only the BO values between the leaving groups drogenation reaction as an ineffective strain relief process for



Dissociation Reactions of Mono- and Dicarbonyls J. Am. Chem. Soc., Vol. 121, No. 17, 428D

Table 3. The Bond Distance Difference\R:, AR;) between the Transition State and the Reactant for the Two Leaving Groups (See Text for
Details}

water-free water-assisted
Ry(TS) Ry(TS) Ry(TS) Ry(TS)
Ru(R) ARy Rx(R) AR Ru(R) ARy Rx(R) AR
dehydrogenation

H.CO () 1.673 0.562 1.092 —0.017 1.606 0.495 1.412 0.304
1.110 1.110 1.110 1.107

HCOOH @) 1.447 0.339 1.307 0.339 1.413 0.304 1.494 0.509
1.107 0.968 1.108 0.984

H,C;0; (6) 1.437 0.324 1.437 0.324 1.452 0.343 1.463 0.355
1.112 1.112 1.108 1.108

H>C,03 (7) 1.608 0.484 1.371 0.401 1.472 0.361 1.564 0.580
1.116 0.969 1111 0.984

dehydration

HCOOH @) 1.833 0.485 1.161 0.061 1.784 0.425 1.387 0.289
1.347 1.100 1.358 1.097

H.COs (5) 1.669 0.309 1.244 0.275 1.594 0.213 1.411 0.419
1.360 0.969 1.381 0.992

H>C;03 (7) 1.734 0.383 1.280 0.172 1.632 0.270 1.476 0.371
1.351 1.107 1.362 1.105

H>C;04 (8) 1.793 0.433 1.397 0.426 1.732 0.363 1.575 0.583
1.360 0.971 1.369 0.992

aThe values are given for both water-free and water-assisted reactions.

both monocarbonyl and dicarbonyl systems. The ineffectivenesssecond H for the dehydrogenation process). Our discussion has
here is understood only in a sense relative to the dehydrationbeen motivated by the work of Nguyen et Hlwho studied
process for the same ring size, for example, the rings-of 7' the transition structures for the addition reactions of,@@h
and8— 8" (see Chart 2) are both increased from five-membered (H,O),, n = 1, 2, 3. For the dehydration reaction, we usig;

to seven-membered. Because the bonding of hydrogen is lesgo denote the difference in the<€©H bond length between the
directional, the assistance from the water molecule is less helpfultransition state and the reactant afA&, for the C-H bond

for 7 — 7' than for8 — 8". (the CO-H bond for5 and8).
Chart 4 dehydration reaction:
mono-carbonyl di-carbonyl ARl = RC*OH(TS) — RC*OH(R) (3)
dehydrogenation 353 454 656 T-H57
: AR, = Re_(TS) — Re_y(R) (4)
forbidden to allowed  |allowed to allowed
ineffective strain relief [ineffective strain relief For dehydrogenation reactioAR; refers to the €H bond and
dehydration 454 555 757 858 AR, refers to the CG-H bond or the second €H bond for
allowed to allowed allowed to allowed compoundS ands.
effective strain relief  |effective strain relief dehydrogena’[ion reaction:
AR, =R _y(TS) = Re_u(R) ()

Chart 4 explains qualitatively th&— 6' and7 — 7' in the
upper right block for the dehydrogenation of dicarbonyl systems AR, = Reo w(TS) = Reo-n(R) (6)
have the lowesAE, value. It also explains that the other three
blocks have larger values more or less similar to each other. For both dehydration and dehydrogenatiaik, is consistently
Another interesting observation is that the pa8s &), (4', 7'), defined for the negatively charged leaving group, as well as
(4", 7"),and 6", 8") have similarE, values as shown in Table AR for the positively charged one. The quantitie® defined
1. Each pair, as (mono-, di-) carbonyl have the ring sizen( here are similar in spirit to the quantitiéBi, a relative variation
+ 1), differ by only one carbonyl group. All of them are allowed ©f bond index used by Moyano et al. in studying the asychro-
reactions (pseudopericyclic reactions). Some convergerigg of nicity between the two cleaved bonds in the thermolysis of
values is evident with respect to the ring sizéo n + 1 with 2-oxetaone$?
n > 5. The existence of such a boundary condition is reasonable Our interest is to examine the changesAR; and AR; in
and anticipated and should dictate thE, values we observed.  the water-assisted reaction as compared to the water-free
(1) Asynchronicity between the Two Leaving Groups. reaction, shown in Table 3. We find a substantial increase of
We also studied a third effect in the water-assisted reactions ARz and a slight decrease 6R; caused by the additionalB.
besides the strain relief and electronic effects, namely, the Molecule3 is interesting in thaR, is shorter in the transition
asynchronicit§54¢ of the two leaving groups, H and OH (or a  State than in the reactant. It is a forbidden reaction with a
— - zwitterion-like transition structure. With hydride leaving and
19%4292(3?)4332055.5@\;' éAiFneS;I(IjDe.ri/’l.;Rll-l aPrﬁ,LSe.r;nSIﬁrBh:MééE: gr?f%h?r?ﬁ protonated carbon monoxide left behind, there is a strengthening
S0c.1997 119, 4509. (c) Birney, D. M.J. Org. Chem1996 61, 243. (d) in the C-H bond. Figure 3 gives the essential information of
Ham, S.; Bimey, D. MJ. Org. Chem1996 61, 3962. (e) Bimey, D. M.; Table 3, which shows the lines connecting the poliR{, AR,)
Wi?gg;‘iﬁeg%nz E;- Qé?i-cggehr;‘_-; 3‘;%%?‘451_%5;2&@ 1089 54, 573, on the left for the water-free reaction with the corresponding
(46) Houk, K. N.: Li, Y.; Evanseck, J. DAngew. Chem., Int. Ed. Engl.  Point on the right for the water-assisted reaction. The lines all
1992 31, 682. have about the same slope. The only exception is molegule
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06 1 , water-free Table 4. Mulliken Chargé on H (o+) of Water-Free Reaction and
3 o Wwater-assisted on the HO Group pw,0) of Water-Assisted Reaction for Transition
\ - dehydrogenation Structure
05 F 45 dehydration -
Tl monocarbonyl di-carbonyl
04 F .. e H.CO HCOOH H,C;0; H.Cy0s
AR N AR dehydrogenation 3 4 (6) (@]
03 f H OH PH 0.2799 0.2929 0.0149  0.2347
o PHz0 0.3417 0.4706 0.3717  0.4262
R ‘o 5"
o2 . HCOOH  H,CO;  H,C0s  H,CO
ok H o dehydration (4 (5 (7 (8)
' Wi PH 0.3254 0.4084 0.3487 0.4112
. . . . ) : AR1 =RI(TS)= RI(R) PHz0 0.3906 0.5593 0.4625 0.4913
ARz =R2(TS)= R2(R)
0 01 02 03 ,5,04 05 06 aSee ref 47.

Figure 3. The changes ofAR:, AR;) from water-free reaction (left  free reaction, one expects the former has a larger solvent
end of the line) toward water-assisted reaction (right end of the line): glectrostatic stabilization effect. Nguyen found that water-free
(=) for dehydrogenation reaction and (- - -) for dehydration. See text 54 \water-assisted reactions for the QQdration have their

or Table 3 for the definitions and values &R, AR;). See Charts 1 E.lowering of 0.71 and 4.30 kcal/mol, respectively, in the SCRF

and 2 for system definitions.
) o N type solvent model study.
for which H,O participation hardly modifies the bond lengths

of the reaction coordinate at all despite a substantial change inConclusion
structure involving bond angles as discussed previously. We
can compare our DFT results 61(H,CO;3) with the MP2 result

of Nguyen et all’ the only system with available data. Our
(ARy, ARy) for the water-free and water-assisted reactions,
(0.309, 0.275) and (0.213, 0.419), respectively, compared well
with Nguyen’s corresponding values (0.308, 0.265) and (0.212,
0.414), in better than 1% agreement. The substantial shift in
AR; indicates that in the water-assisted reaction, the H atom of
the C-H bond is considerably shifted toward®lto form HO™"

in the transition state. Simultaneously, the OH stretching is
reduced because of easier access to a proton fromgDetdup
intervening between the two leaving groups. The Mulliken
charge®’ for transition states in Table 4 give a consistent
picture: the leaving H atom in the water-free reaction has a
smaller positive charge than the®lgroup in the water-assisted
reaction. The changes are not drastic, ranging fredn36 for

6 to +0.06 for 3, about +0.15 on average. Qualitatively
speaking, one observes a shift in character from hydrogen-like
transfer with smaller positive charge on the H atom in the water-
free reaction toward proton-like transfer with larger positive
char_ge on KO in the Water-as§|_sted reaction. anentioned Acknowledgment. We are grateful to a referee for calling
that in the presence of an additional® a HO molecule can o attention to the pseudopericyclic reaction, deficiencies in
reduce its heterolytic bond dissociation energy effectively, from ne Mulliken charge, and the novel transition structure Jor
H20 — H™ 4+ OH™ with 420 kcal/mol to (HO), — HO™ + We would like to thank the National Center for High-
OH™ with 240 kcal/mol. Therefore, in the water-assisted performance Computing of Taiwan and the Computing Center
reaction, the two leaving groups become more asynchronousat Tsing Hua University for generous allocation of computing

in comparison with the water-free reaction. , time. The National Science Council of Taiwan is also acknowl-
Since the transition state of the water-assisted reaction has %dged for their financial support.

significantly larger charge separation than that in the water-

In the water-assisted reaction, the water has an obvious effect
of geometric strain relief. However, it is useful to distinguish
between dehydrogenation and dehydration reactions. Since the
bonding of the hydrogen atom is less directional, the transition
state of the dehydrogenation is less strained and thus receives
a less strain relief effect than that in the dehydration reaction
with the same ring size. The water-assisted reaction also has
an important electronic effect due to the participation of an
additional electron pair from the €H bond and a lone pair.
This effect can switch the original forbidden reaction to an
allowed pseudopericyclic reaction. The reactions of the dicar-
bonyl series studied here are allowed reactions and the
participation of HO is less helpful, especially for the dehydro-
genation reaction. The water-assisted reaction also amplifies the
asynchronicity between the two leaving groups via the inter-
mediate formation of D™ in a qualitative sense. This is
consistent with an increase of positive charge from the leaving
H atom in the water-free reaction to thg®igroup in the water-
assisted reaction.
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