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The potential energy surfaces of the-O cleavage, rotational isomerization, ke&nolic tautomerization,

and dehydration reactions of acetylacetone in the lowest triplet and ground states have been determined using
the complete active space self-consistent field and density functional theory methods. The main photochemical
mechanism obtained indicates that the acetylacetone molecule in(the’$ state can relax to the;zz*)

state via the §-S; vibronic interaction and an 84/T, intersection. The €0 fission pathway is the
predominant dissociation process in th€¢*Z*) state. Rotational isomerization reactions proceed difficultly

in the ground state but very easily in the(*fir*) state. Keto-enolic tautomerization takes place with little
probability for acetylacetone in the gas phase.

1. Introduction and enol forms are 2.767 and 2.381 A, respectiV&lyhe
equilibrium constants of the keteenol tautomerism and the
energy differences of two tautomers were examined by various
techniques’-20.2*An equilibrium constantkeq = enol/keto) of
2.6 was obtained at 419 K from gas-phase NMR measure-
ments?? An equilibrium constant of 9 was obtained at 373 K
from gas-phase IR spectroscopy measurentéaisg a constant
of 32 was found at 290 K from an earlier electron diffraction
study!® However, a UV spectroscopic study at 298 K did not
detect absorption from the keto fordhwhich was further
CHsCOCH,COCH; may exist as an asymmetri€d or sym- confirmed by X-ray photoelectron spectra at temperatures
metric (C,) structure in the ground state, and the asymmetric etween 323 and 423 R.All these data demonstrate that the
structure may interconvert via a hydrogen shift between the two €Nl form of AcAc is a stable isomer in the gas phase and the
oxygen atom§: 13 Recently, ultrafast electron diffraction experi- keto form may exist in solutioffs*
ments determined that the ground-state structure of AcAc has Intensive experimental studi€s** have been conducted to
Cs symmetry!* There is an “abnormally” strong resonance- study the UV and IR photoisomerization of AcAc. It was
assisted hydrogen bond in the enolic form of AcAc, which is a observed that upon UV irradiation the intramolecular hydrogen
model of the synergistic interplay betweemelocalization and bond was broken, leading to formation of nonchelated isoffers.
hydrogen-bond strengthenif®y'é Dannenberg and Ribsdem- Roubin and co-workers investigated the UV-induced isomer-
onstrated that the enolic form of AcAc was stabilized via a ization reaction in xenon matrixes and observed infrared bands
strong intramolecular hydrogen bonding in its cyclic conjugated of at least three new species, which were assigned to be the
system, of which the stabilization energy had been predicted to CCT, TCC, and TCT isomerd:#2Nakata’s group observed the
be 12.0 kcal/mol at the MP2/D95** level of theory. A value of  jsomers of CTC and TCT using low-temperature matrix-isolation
13.1 kcal/mol was determined for the stabilization energy by infrared spectroscopy aided by DFT calculatiéhsRoubin
Gilli et al.,'® which is much higher than the usual H-bond energy revisited the photoisomerization reaction of AcAc and observed
of 4 to ~6 kcal/mol. In addition, electron delocalization and 5 pack-conversion of nonchelated to chelated isomers. This back-
resonance in the enolic form considerably influences its reactiv- qnversion was only observed after laser irradiation at 230 nm
ity. The strl_JcturaI co_mplexity of AcAc makes_ its the_rmal and 5nd was not observed after annealing or IR irradiatideveral
photo_chem|cal reactions _become_a challenging topic for both rgan experiments have examined the photodissociation dynam-
experimental and theoretical studies. ics of AcAc. UV and electron-impact spectroscopic studies
The keto-enol tautomerization has been investigated exten- ghowed a broad structureless absorption with a maximum at
sively by spectroscopic experimetits”*” and theoretical g6 nm, which is assigned to the first* transition of the
calculations®®29 An electron diffraction experiment confirmed enolic-acetylacetone (enolic-AcAc) speci@ds Upon 266 nm
that the G--O distances in the gas-phase geometries of the keto excitation, it is revealed that although AcAc is initially prepared
in thelzr* state, OH fragmentation is produced from the lowest
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The structure and reactivity of the acetylacetone (AcAcgCH
COCH,COCH;s) molecule have been important issues in many
fields of sciencé * Particular attention has been devoted to
(1) the structural characteristics of the tautomers, (2) theketo
enol tautomerization and UV-induced photoisomerization reac-
tions, and (3) the photodissociation dynamics associated with
this molecule. Although CRECOCHCOCH; is a prototype of
p-diketones, it also belongs to the category @f3-enone
systems, due to the existence of an enolic fériin principle,
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product state distributiorf$. The exit barrier for the formation  at the CAS(10,8)/cc-pVDZ level of theory. This result clearly

of the OH radical is assumed to be 16.0 kcal/fét indicates that enolic-AcAc exhibits some-delocalization
Although extensive investigations have been separately character, leading to shorter €23, C7—C10 and longer &
devoted to the nature of three aspects of AéAtmuch is still C, C=0 bonds compared to the normal distances typically found

not resolved. We have made progress in better understandingn enols!>16 The 03--O11 distance is confirmed to be 2.512
the excited-state processes and reactions taking place in a rangé at the B3LYP/cc-pVDZ level of theory, and this value agrees
of related carbonyl-containing compoufgissing the complete  well with those previously reported by an electron diffraction
active space self-consistent field (CASSCF) and density func- experiment at room temperature (2.512)%and X-ray crystal-
tional theory (DFT) methods and we will use a similar approach lography experiments (2.535 and 2.54%:89. To clarify the
here. In the present study, much effort has been put towardcontroversy about the enol structures of AcAc in the ground
refining the simultaneous understanding of the mechanism(s) statel®>*we optimized theC,, structure at the B3LYP and the
of formation of the OH fragment, photoinduced isomerization, CAS(10,8) levels of theory, respectively. These results show
and dehydration reactions. To gain more insight into the that theC,, structure in the ground state is the first-order saddle
photochemistry and photophysics of photoinduced processes point, which connects the two equivalent minima of g&-he

we calculated the potential energy surface for the photodisso- present calculation results provide support thatGhestructure
ciation of the C-O bond as well as the photoinduced isomer- is less stable than th&; structure by 1.7 kcal/mol, which agrees
ization and dehydration reactions at the CASSCF and DFT levelswith Nagashima et al.’s energy order from the results of B3LYP

of theory. calculations®® This suggests that the two equival€gtminimum
structures of AcAc (O3H8---O11 and O3-H8—011) may
2. Computational Details interconvert via the transition state of ti@, structure with

Stationary structures for the enol form of AcAc in its five VETY low barrier.
lowest electronic states {SSi, S, T1, and ) and the keto When the G-H, CH;CO, and CHCOH groups rotate around
form in its $, Sy, and T; states have been fully optimized by the C2-03, C7-C10, and C2-C7 bonds of E-§ respectively,
means of the CASSCF method. For comparison, the B3LYP and these rotations are proceeded in turn, seven more conformers
procedure was used to determine stationary structures inthe Swere obtained, namely, CCT{STCC(S), CTC(S), TCT(S),
and T, states. All calculations were performed with the cc-pvDzZ CTT(S), TTC(S), and TTT($), according to the relative
basis set. Once convergence is reached, the harmonic frequenciggosition (T for trans and C for cis). The seven conformers have
are examined at this point to confirm the geometry obtained to been confirmed to be minima by CAS(10,8) and B3LYP
be a true minimum or first-order saddle point. The active space calculations. The detailed computational results are given in the
for the present CASSCF calculations is composed of 10 Supporting Information, and the relative energies of the eight
electrons in 8 orbitals, referred to as CAS(10,8). For the isomers have been summarized in Table 1. Similar to the
equilibrium geometries of the enolic form on thg Sy, S, Ta, geometric structure of EegSthe seven isomers in the ground
and T states, ther andzr* orbitals of the G=0 double bond, state also exhibiCs symmetry. The order of relative energies
the G=C x and=* orbitals, and the nonbonding orbitals of the IS E(S) < TCT(S) < CTT(S) < CTC(S) < TCC(S) < TTC-
two oxygen atoms should be included in the active space. In (So) < TTT(S) < CCT(S) at the CAS(10,8) level of theory,
optimizing the structure of the transition state (TS) of the@  Which differs somewhat from the results of the B3LYP
bond cleavage, the-60 ¢ ando* orbitals are used as the active ~ calculations.
orbitals. A (10,8) active space is also employed in the calcula-  The distance of 01:1-H8 is 1.890 A in E-Swhere the strong
tions of the keto form. The lowest energy points of the surface intramolecular hydrogen bond was found. But there is no
crossings were determined by the state-averaged CASSCFhydrogen bonding between H8 and O11 in the structure of CCT-
optimization with the same (10,8) active space. All calculations (Sy). So, the energy difference between Ee®d CCT(9) is
were carried out using the Gaussian 98 progfapackage in considered to be the stabilization energy of the hydrogen bond

either a Linux or Windows operating system. in E-S. The stabilization energy of the H-bond has been
determined to be 12.1 kcal/mol at the CAS(10,8) level of theory.
3. Results and Discussion This is in agreement with values previously reported to be 12.0

The results of our theoretical study of AcAc will be discussed and 13.1 kcal/mol (refs 17 and 18).
as follows. The AcAc geometric structures will be presented in ~ The ground-state geometric structure of AcAc for the keto
section 3.1 for the ground state and in section 3.2 for the excited form (denoted here as KoSvhere K stands for keto) has also
state. Section 3.3 will discuss the computation results for the been determined by both B3LYP and CAS(10,8) calculations,
adiabatic excitation energy. The isomerization reactions will be and the optimized geometry is depicted in Figure 1. TheoK-S
discussed in section 3.4, including the rotational isomerization Minimum has aC, symmetry structure. In comparison with
of enolic-AcAc and the keteenolic tautomerization. In section ~ Structures previously reportééii°the present calculations have
3.5, the dehydration reaction will be examined. The formation @ relatively large O8-O11 distance, which was determined to
pathway of the OH product is also described for thead T, be respectively 4.1 and 4.0 A at the CAS(10,8) and B3LYP
states in section 3.6. levels of theory. The keto form of AcAc is less stable than the

3.1. Geometric Structures of Enol and Keto Forms in the enolic form by 6.8 kcal/mol at the B3LYP level of theory with
Ground State. The Cs structure of enolic-AcAc in the ground ~ the zero-point correction included, and this value is close to
state was confirmed to be a global minimum at the CAS(10,8) the experimental value of 8.3 kcal/mBl*2%8E-S is a global
and B3LYP levels of theory. This structure is referred to as Minimum in the potential energy surface of the ground state,
E-S (Where E stands for eno"C_AcAc) and is depicted in Figure and it is considered to be the Starting reactant for the- Q2
1 with selected bond parameters and an atom-labeling schemefission process as well as for the photoinduced isomerization
The geometric structure of Ex® an open six-membered ring ~ and dehydration reactions.
where the lengths of the €23, C7—C10, C2=C7, and C16- 3.2. Geometric Structures of Enol and Keto Forms in the
011 bonds are 1.334, 1.475, 1.354, and 1.215 A, respectively,Excited States.The geometric structures of the enolic form in
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Figure 1. Schematic structures of stationary and intersection points in the lowest five electronic states of AcAc, along with the atom-labeling
scheme in the §Sstructures and the selected bond parameters at the levels of CAS(10,8)/cc-pVDZ and B3LYP/cc-pVDZ (in parentheses).

TABLE 1: Relative Energies for Isomers in the $ and T,
States at the CAS(10,8)/cc-pVDZ and B3LYP/cc-pVDZ (the

Values in Parentheses) Levels

species relative energy species relative energy
E-S 0.0(0.0) CCT(9 12.1(17.2)
CTC(S) 6.8(11.8) CTT(9 6.7(12.9)
TCC(S) 8.4(14.3) TCT(9 2.3(15.5)
TTC(S) 8.4(16.7) TTT(9) 11.7(19.3)
E-Ty 56.7(68.0) CCT(D) 58.4(73.8)
CTC(Tw) (72.8) CTT(T) 58.3(73.2)
TCC(Tw) 58.7(72.7) TCT(D) (73.7)

as E-T,, E-T,, E-S;, and E-$ and are depicted in Figure 1. The
T, state of the enolic form of AcAc is assigned to be=sCx

elongated to 1.490 A at the CAS(10,8) level of theory, compared
to 1.354 A in the E-$minimum at the same level of theory.
Thex — 7* excitation leads to a nonplanar and non-hydrogen-
bonded E-T minimum in which the distance of O11H8 is
2.729 A and the dihedral angle of ©82—C7—C10 is 80.2

at the CAS(10,8) level of theory. Meanwhile, the conformers
of TCT, CTT, CTC, CCT, and TCC in the;zz*) state have
also been determined by the CAS(10,8) and B3LYP calculations,
and these structures are depicted in the Supporting Information.
Similar to the geometric structures of g;The TCT(T), CTT-

(T1), CTC(Ty), CCT(Ty), and TCC(T) minima exhibit nonplanar
the Ty, T2, Si, and $ states have been characterized by the CAS- structures and have an elongated-C bond length compared
(10,8) calculations. These structures are labeled, respectivelyto that of the corresponding values in the rBinima. These

isomers also originate from the=€C & — z* transition, which
is responsible for the changes in their structures. In comparison

— qr* transition based on an analysis of the molecular orbitals with the E-T; minimum structure, the differences in the

and their populations. The length of the ©27 bond is

structures of the conformers comes from the rotation of the- CH
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CO, CHCOH, and G-H moieties. As listed in Table 1, there
were slight differences in energy among the isomers of the T
sate.

The CAS(10,8) calculations confirmed that the EATinimum
originated from an n— s* excitation, where one electron is
promoted from the O11 nonbonding orbital to the €111
m* orbital. The length of the C16011 bond in the E-T
structure is elongated to 1.351 A at the CAS(10,8) level of
theory and exhibits some single-bond character. The geometric
structure of E-F is nearly planar with the O3C2—-C7—C10
dihedral angle of-1.6° at the CAS(10,8) level of theory. The
7 electrons located in the GZ7 bond in the ground state of
enolic-AcAc are delocalized to the region of the-827—C10
moiety in the E-F minimum structure. Similar to E-Jthe E-S
also originates from the f~ &* transition. Like the geometric
structure of E-§ the E-S(*nz*) minimum has aCs symmetry
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structure, where the H4, H8, H9, H13, and all heavy atoms are Figure 2. Schematic potential energy surfaces for the-Ci3 fission

coplanar. The distance of H8011 was found to be 2.097 A,
which shows that the planar &inimum is a weak hydrogen-
bonded structure. Upadhyaya ef@teported a CIS calculation
of the S(zr*) geometric structure for enolic-AcAc, and@,
structure was predicted to be minimum on thes8rface of
enolic-AcAc. We reoptimize the Sstructure of the enol form

at the CAS(10,8) level, as shown in Figure 1. With respect to
the E-$ minimum, the bond length of C2C7 in the $ structure

is elongated to 1.441 A and the bond length of-@710 is

and kete-enolic tautomerization reactions in the &d the T (3z*)
states along with the CAS(10,8)/cc-pVDZ-computed relative energies
(kcal/mol).

adiabatic excitation energies from B-® E-S(*nz*), E-Ty-
(Bnr*), and E-T, (3nz*), but the adiabatic excitation energy
from E-S to E-S(rr*) may be overestimated by a few kcal/
mol.

3.4. Isomerization Reactions3.4.1. Rotational Isomerization

slightly shortened.

Reactions.The O-H, CH;COH, and CHCO groups of E-&
rotate around the C203, C2-C7, and C#C10 axes, leading

The lowest triplet and singlet excited states for the keto form 4 the jsomers of CCT($ CTC(S), and TCC($), respectively.
have also been optimized by the CAS(10,8) calculations, and p transition state was found and is referred to as TS-TGC(S

these structures are referred to as Kand K-S, respectively.
The K-T; state originates from the +# z* excitation where
one electron is promoted from the O11 nonbonding orbital to
the C16=011 n* orbital. In comparison with the geometric

in Figure 1. TS-TCC(§ has been confirmed to connect the
E-S and TCC(9) by the IRC calculations at the B3LYP level
of theory. The dihedral angle of EZ7—-C10-C12in TS-TCC-
(Sp) was determined to be 84.@énd 76.2 at the B3LYP and

structure of K-g, the C10-O11 bond is elongated, which is

CAS(10,8) levels of theory, respectively, while it is 180i0

accompanied with the formation of a pyramidal acetyl group. g.g and 0.0 in TCC(S). With respect to the Ex3ninimum,

The K-S structure also originates from then z* transition,
which has been plotted in Figure 1.

3.3. Adiabatic Excitation Energies.The electronic structures
and spectra of AcAc were measured by Nakanishi ét &he
relatively strong bands observed at 38 020 and 56 800'cm
for the enol form were assigned to the first and secand
excitations, respectivez Various spectral techniques have

around 266 nm (37 594 cm) is assigned to be the firstr*
transition of the enolic formé—4° Walzl et al. reported electron-
impact spectra for various diketone compouffidt was
established that therr* excitation in the enolic form of AcAc
was 4.70 eV (37 907 cnd), and the first spin-allowed and spin-
forbidden n— z* transitions were determined to be 4.04 eV
(32584 cnt) and 3.57 eV (28 793 cm), respectively.

The adiabatic excitation energies from g8 E-S(*nz*)
and E-T (nz*) were determined to be 3.68 and 3.34 eV,

the barrier height to the rotational isomerization is 16.2 kcal/
mol at the CAS(10,8) level of theory with the zero-point
correction included, and the value changed to 21.7 kcal/mol at
the B3LYP level of theory with the zero-point correction
included. Similar rotational isomerization processes frompE-S
to CCT(S) and CTC(9) have been investigated at the B3LYP
level of theory. The barrier heights were determined to be 21.2
further confirmed that the relatively strong band with a peak at and 55.2 kcal/mol, respectively. Structures of the related
transition states and potential energy profiles for the rotational
isomerization processes are plotted in Figures 1 and 2, respec-
tively.
The two-step process for formation of CTH{S$s depicted
in Scheme 1. Transition states of TS-CCg)(&d TS-CTT(9)
have been determined by CAS(10,8) and B3LYP computations.
In the first step, the ©H rotation around the C203 bond
leads to the dihedral angle of H®3—C2—C7 increasing from
0°in E-S to about 110in TS-CCT(S) and 180 in CCT(S).

respectively, by the present CAS(10,8) calculations, which is, In the second step, the rotation of the {HH group is
respectively, 0.36 and 0.23 eV lower than the vertical excitation accompanied by the dihedral angle of -822—C7-C10

energies® The CAS(10,8) calculations give a value of 56.7 kcal/

decreasing from 180n CCT(S) to about 78 in TS-CTT(S),

mol for the E-$ — E-T1(3z7*) transition, and this agrees well
with the value of 56.0 kcal/mol reported previousiyWith

and then it goes to 020n CTT(Sy). The barrier height in the
second step from CCT{pto CTT(S) is determined to be 46.6

respect to the zero point of the ground state, the position of and 45.5 kcal/mol by the B3LYP and CAS(10,8) calculations,

E-S(zz*) in energy is 106.5 kcal/mol at the CAS(10,8) level

respectively. In the rotational process of the {C®H group,

of theory with the zero-point correction included. Experimen- the C2=C7 s bond is broken, which is responsible for a high
tally, it was well established that the vertical excitation energy barrier on the pathway. As described in Scheme 2, the TCT-

is around 108.4 kcal/mol from the ground state to the,E-S

(Sp) isomer can be formed via a two-step process with a barrier

(Lzz*) state. In comparison to the experimental findings, the of 21.2 kcal/mol in the first step. Since rotational isomerization
present calculations provide a reasonable description of theprocesses in ESinvolve a breakage of the intramolecular
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TABLE 2: Barrier Height (kcal/mol) for Rotational structure in Figure 1. The present calculations reveal that no
|30m9“2at|03 in the %and Ty Stﬁtes alt the_CAS(lO,E)/ cis-keto minimum exists for AcAc in the gas phase. The UV
cc-pVDZ and B3LYP/cc-pVDZ (the Values in Parentheses) spectroscopic study at 298 K did not detect absorption from
Levels . . )
_ — _ - the cis-keto forn?* which was further confirmed by X-ray
items transition state _ barrier height  photoelectron spectra at temperatures between 323 and 223 K.
O—H rotation for E-$ TS-CCT () 16.8(21.2) The cis-keto form was suggested to exist in solufori!
CH:COH rotation for E-5 TS-CTC(9) (55.2) It can be seen from the structures of Ea®d K-S in Figure
CHsCO rotation for E-$ TS-TCC(S) 16.2(21.7) 1 that ket | taut ization i | tali Ui
CH4COH rotation for CCT(§ ~ TS-CTT(S) 45.5(46.6) 1 that kete-enol tautomerization involves rotational isomer-
CHsCO rotation for CCT(§ TS-TCT(S) (5.7) ization and hydrogen transfer. The first step is a rotation of the
O—H rotation for E-T TS-CCT(Th) 1.9(6.3) CHsCO group around the CHXC7 bond to produce the TCC-
CHyCOH rotation for E-T TS-CTC(T) (5.1) (So) isomer, which has been discussed in section 3.4.1. The
g?gg;f:&g% ;OfrolrE_CICT @ %E??((R 8?%26'?) second step can take place via a four-centered transition state,
3 - 1 . . . .
CH,CO rotation for CCT(T) TS-TCT(TY (10.1) TSH(S), which involves the H8 transfers from O3 to C7. The

IRC calculations at the B3LYP level confirmed that TSE)(S

O—H-+-O hydrogen bond or breaking the=C = bond, these is the transition state that connects TCg(&8nd K-S. With
processes do not proceed easily in the ground state. respect to the E¢3ninimum, the position of TSH(in energy
The same theoretical approaches were employed to deal with!S: 'éSpectively, 63.9 and 61.9 kcal/mol at the CAS(10,8) and
the rotational isomerization processes in the State. The  B3LYP levels of theory with the zero-point correction included.
geometric structures of the transition state are shown in Figure | N€ high barrier in the rate-determining step indicates that the
1, and the barrier heights are presented in Table 2. As pointedKeto—enol tautomerization in the ground state takes place with
out before, the T state of enolic AcAc originates from the little probability. Direct kete-enolic tautomerization reaction
— 7% transition of the G=C double bond. The G2C7 bond ~ Nas been studied for malonaldehyde (HCQCBH)>® The
exhibits single-bond character in the EFructure, and the G barrier height was determined to be 59.99_ kcal/mol, Wh_lch is
COH moiety rotates about 8With respect to the E-Sstructure. close to that for AcAc (CHCOCHCOCH;). Since the reaction
As a result of these, the intramolecular-&-+-O hydrogen bond involves a highly strained four-centered transition state, which
does not exist in E-T and the G-H, CHsCOH, and CHCO leads to a very high barrier, the direct ketenolic tautomer-
groups can rotate around the-C or C—O single bond freely.  12&tion proceeds very difficultly for CeCOCHCOCH; and
It is reasonable to expect that the rotational isomerization HCOCH,COH in the gas phase. In aqueous solution, however,
reactions take place more easily in thestate than in the S water molecules function as a relay and enable the tautomer-

state, which is confirmed by the calculated barrier heights on ization reaction to _proceed ea_sily: DFT calculations indicated
the T, pathways. that the kete-enolic tautomerization proceeded by a small

The B3LYP calculations predict that the barrier heights are barrier due to the enhanced reactivity of water hydrogen-bonded
6.3, 5.1, and 12.0 kcal/mol for the isomerization processes from Networks:?
E-T, to CCT(Ty), CTC(T1), and TCC(T), respectively. Similar The same two-step mechanism was found for the-ketmlic
to formation of CTT(Q) and TCT(S) in the ground state, the ~ tautomerization in the lowest triplet state, which can be
CTT(T:) and TCT(T) isomers can be produced by the two- represented as E;F~ TS-TCC(T,) — TCC(T1) — TSH(T)
step processes of Et7 TS-CCT(Ty) — CCT(T,) — TS-CTT- — K-T1. The IRC calculations at the B3LYP level confirm that
(Ty) — CTT(Ty) and E-T, — TS-CCT(T;) — CCT(Ty) — TS- TSH(Ty) connects the corresponding reactant and product. As
TCT(T,) — TCT(Ty), respectively. There is nearly no barrier ~depicted in Figure 1, the bond parameters for the four-centered
for formation of CTT(T) from CCT(Ty), while the barrier height ~ transition state, TSH(J, differs from those of TSH(§. The
is about 10 kcal/mol on the second step from CGY(® TCT- distance of H8-C7 is shortened from 1.514 A in TSH{Sto

(T1). The calculated barrier heights reveal that £-GCT(Ty), 1.355 Ain TSH(T) at the B3LYP level of theory. With respect
and CTC(T) are the predominant isomers in the Jtate of to the zero level of the TCC¢J minimum, the barrier height
enolic AcAc. was determined to be 31.4 kcal/mol at the B3LYP level of theory

3.4.2. Keto-Enol TautomerizatioWe attempted to optimize ~ With the zero-point correction included. The relatively high
a cis-keto structure of AcAc witfls symmetry. But the obtained  barrier indicates that the ket@nol tautomerization in the triplet
structure was confirmed to the second-order saddle point by state takes place difficultly.
frequency calculations. Starting from the initial cis-keto struc-  3.5. Dehydration Reaction. As shown in Figure 3, the
ture, the B3LYP optimization was performed without any dehydration reaction of EgSs a three-step process: B-S
symmetry constraint, which leads to formation of the trans-keto TS-CCT(SQ) — CCT(S) — TS-CTT(S) — CTT(S) — TSHO-
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Figure 3. Schematic potential energy surfaces for the dehydration
reaction in the $and the T(3zz*) states along with the CAS(10,8)/
cc-pVDZ-computed relative energies (kcal/mol).

(Sy) — CH3sC=CCOCH(X) + H,O(X). We found a four-
centered transition state on the [®tential energy surface by
the B3LYP and CAS(10,8) calculations. The transition state is
referred to as TSHD(S) and is depicted in Figure 1. The IRC
calculations at the B3LYP level of theory gave evidence that
TSHO(S) connected the CTTEP in the direction of the
reactant and CEC=CCOCH;(X) + HO(X) in the direction

of the product. With respect to the E-8&inimum, TSHO(S)

has an energy of 89.6 kcal/mol at the B3LYP level of theory
with the zero-point correction included. The calculated barrier
height predicts that the dehydration reaction of Fd8es not
take place under normal condition.

Like the dehydration reaction in the ground state, the three-
step mechanism has also been determined in {tstafe, which
is represented as Ex > TS-CCT(T;) — CCT(T;) — TS-CTT-
(T1) — CTT(T1) — TSHO(T;) — CH3C=CCOCH;(3za*) +
H,O(X). As depicted in Figure 1, the structure of TSMT,)
is similar to that of TSHO(S). The main difference between
the two structures is associated with the distance of the C2
C7 bond, which is 1.479 A in TS}(T;) and 1.317 A in
TSHO(S) at the CAS (10,8) level of theory. This structural
difference in the transition state provides a clue that 7J&H
(So) leads to formation of CEC=CCOCH(X) in the ground
state, while TSHO(T,) is correlated with the triplet-state product
of CH;C=CCOCH(3nr*). The energy gap between GE=
CCOCH(X) and CHC=CCOCH;(3zr*) has been determined
to be 86.5 kcal/mol by the CAS(10,8) calculations with the zero-
point correction included. With respect to the zero level ofgE-S
the position of TSHO(T3) in energy was determined to be 142.3
kcal/mol at the B3LYP level of theory. This predicts that the
dehydration reaction in the;IState does not take place even
with excitation at a wavelength of 193 nm. The dehydration
reaction along the ;Spathway leads to products in an excited
singlet state. In addition, the dehydration reaction involves a
breakage of the €0 and C-H bonds and formation of the
O—H ¢ and C-C & bonds simultaneously. One can expect that
the barrier to the Sdehydration is much higher than that on
the T; pathway. Thus, the ;Sathway for CHCOCH,COCH;
dehydration is not optimized in the present work.

3.6. Formation of the OH Radicals.The OH radical has
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COCHCCH(X2A) + OH(X2II). This suggests that no potential
barrier exists above endothermicity on thgo8thway. The C2

O3 cleavage was predicted to be endothermic by 89.8 kcal/mol
by supermolecular optimization at the CAS(10,8) level of theory
with the zero-point correction included. The dissociation energy
for the C2-0O3 bond cleavage has been estimated to be 90.3
kcal/mol from the measured OH product state distributitSns.

A transition state for the C203 scission on the (3r7*)
potential energy surface, referred to as TSOhl(has been
determined by the CAS(10,8) calculations. As shown in Figure
2, the TSOH(T) transition state connects the gEOCHCCH-
(X2A) + OH(X2IT) products and the E1@zr*) minimum. This
was confirmed by IRC calculations. Further evidence comes
from the transition vector of TSOH(Ywith the direction toward
the formation of the radicals of GBOCHCCH(X2A) and OH-
(X2IT) in the ground state. The €23 bond in TSOH(T) is
elongated to 2.050 A, which is 0.681 A longer than that in the
E-T; minimum, and the C2C7 bond length in TSOH(@) is
shortened to 1.370 A from 1.490 A in the B-fhinimum. The
departure of the OH group leads to some double-bond character
of the C2-C7 bond in TSOH(T). With respect to the E4T
minimum, the barrier height of the €23 bond fission on the
E-T,(3zn*) potential energy surface was determined to be 46.8
kcal/mol at the CAS(10,8) level of theory.

The dissociation energy for the €03 bond cleavage has
been estimated to be 90.3 kcal/mol from the measured OH
product state distributiorf§. The experimental value for the
translational energy that is released into the OH photofragment
is 16.0 kcal/mol? which is assumed to be the exit barriér.
Thus, the position of TSOH() in energy was experimentally
inferred to be 106.3 kcal/mol above the E+8inimum. With
respect to the E3ninimum, TSOH(T) has its relative energy
of 103.5 kcal/mol at the CAS(10,8) level of theory with the
zero-point energy correction included. In comparison to the
experimental value, the CAS(10,8) calculations gave a good
description of the C203 bond dissociation on the; Btate.

We attempted to optimize a transition state for-23 bond
scission from the E-%'n*) state but were unsuccessful.

4. Mechanistic Aspects

Upon photoexcitation of CECOCH,COCH; at 250 nm or
shorter wavelengths, the enolic-AcAc molecule is located on
the S(tza*) state. Experimentally, no fluorescence was ob-
served from the §rz*) state?648 and the rat®¥ of the OH
radical formation is greater than 86 1. This suggests that the
ot — * transition is followed by a very fast nonradiative decay
process. As shown in Figure 1, the E*G7*) molecule adopts
C,, symmetry but E-§'nz*) has a planar structure. Once the
H8 atom deviates from the center of the O3 and O11 atoms in
the S(ln*) state this easily leads to the system ig(187*)
state. The normal modes are not only distorted but also mixed
with each other in the S~ S; relaxation process. The frequency
change and mode mixing make the-S S; internal conversion
(IC) occur with high efficiency through increasing the vibrational
part of the IC rate constaf.Experimentally, it was observed
that the energy difference between thea®d S states is not
large®%61The present CAS(10,8) calculations predict the energy
difference between the,&nd § minimum to be 21.7 kcal/
mol. All the preceding evidence suggests that IC to thet&te
from the S state is the predominant ultrafast process responsible

been observed as one of the main products after UV irradiation for depopulating $following 250 nm excitation of &

of enolic-AcAc in several experiment&:4° We attempted to
optimize a transition state for the €3 fission in the ground
state, but our efforts led to the dissociation limit of £€H

From the $(*nz*) state, the enolic-AcAc molecule can relax
via two nonradiative channels in addition to a radiation decay.
They are IC to the ground state and intersystem crossing (ISC)
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calculated potential energy surfaces and their intersection points.
The enolic-AcAc molecule is initially promoted to the Franck
Condon (FC) region of the,8nxr*) state by 250 nm excitation.
Decay to the 'nz*) state takes place in a short period via a
vibronic interaction, and finally it relaxes to the B{¥rz*)
minimum through the $T4/T, three-surface intersection. Ro-
tational isomerization proceeds easily on th€#r*) state, and

the six isomers may coexist. But the predominant decomposition
process on the [(37r*) state is the C203 cleavage, forming

the fragments of CRCOCHCCH(X2A) and OH(II) in the
ground state. These processes are summarized in Figure 4. Since
rotational isomerization processes involve a breakage of the
intramolecular G-H---O hydrogen bond or breaking the=©C

7 bond, these processes proceed difficultly in the ground state.
The keto-enol tautomerization reaction does not take place for
AcAc in the gas phase.

CH3COCHCCH3(X)
+ +OH(X)

CCT(So)
TCC(So)

E-Sp
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Figure 4. Schematic diagram of the most possible pathways upon
photoexcitation of AcAc in the UV regions.

to the lower triplet state. The geometric structure for the S
(*nzr*), To(3nz*) surface intersection has been optimized by
searching for the lowest energy point of the two-surface crossing  sypporting Information Available: - Structures and energies
seam with the state-averaged CAS(10,8) calculations. Mean-fo; | stationary points reported in the present work. This

while, the intersection for the two lowest triplet states/Th) ~ material is available free of charge via the Internet at hitp://
was also determined with the state-averaged CAS(10,8) Opt"pubs.acs.org.

mizations. When the geometric structures and energies of the
Si/T, and T/Tz intersections were compared, it was found that References and Notes

there is little difference between the two intersections. Actually,
the three surfaces {ST1, and T,) intersect at the same region,
and this triple curve crossing region is referred to a3 &7,
and is depicted in Figure 1. The/$/T, intersection and the
E-S; minimum haveCs symmetry structures. The €10, C2-

C7, and C16-011 bond lengths are respectively 1.371, 1.439,
and 1.352 A in the $T4/T, structure. The corresponding values

for these bond lengths are 1.386, 1.396, and 1.364 A for the

E-S; minimum. This indicates the:S1/T» intersection and the
E-S; minimum are very close in structure. With respect to the
E-S. minimum, the position of @T1/T, is only 0.5 kcal/mol
higher in energy at the CAS(10,8) level of theory. The structural
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undergoes C203 scission.

5. Summary
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