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The complete-active-space self-consistent field (CASSCF) and density functional theory (DFT) approaches
have been used to study the mechanistic details of Norrish type | and Il reactions of aromatic carbonyl
compounds, with butyrophenone (PhCOLH,CH;) as a representative. A minimum energy crossing point
was found to exist among three potential energy surfacgsT¢Sand T;), and the three-surface crossing
allows the T, state to act as a relay that enables the intersystem crossing (ISC) frimTSto occur with

a high efficiency for PhCOCKCH,CHs;. Once the molecule is in the, Btate, the 1,5-H shift reaction is the
predominant reaction pathway and yields a triplet 1,4-biradical of PhC(OK)8KCH, as an intermediate
species. Since the formation of excited triplet products is energetically improbable, the subsequent
decomposition, cyclicization, and disproportionation of the 1,4-biradical proceed after intersystem crossing
from the triplet to singlet state. The singlet 1,4-biradical was found to have three isomers, which determine
to a certain extent the branching ratios of the subsequent reactions. The study given here provides new insights
into the S relaxation dynamics of aromatic carbonyl compounds and their subsequent reaction mechanisms.

Introduction molecules in the Sstate can also undergo intersystem crossing
from the § Franck-Condon region to the {Tstate, followed

by a C—C cleavage along the; pathway to form radical pairs.
Whether thexx C—C bond cleavage proceeds along the singlet
or triplet naz* pathway for aliphatic ketones is dependent on

Photoexcitationr{ — z*) of a ketone from the ground state
(Sp) to its first excited singlet state {fmay lead to breakage
of the o bond (Norrish type | reactiord).* When a ketone
containsy C—H bonds, the 1,5-hydrogen shift reaction (Norrish o 2610 .
type Il reaction) can also take plate forming a 1,4-biradical. € €xcitation wavelength>°1°These experimental conclu-
There are three competing pathways following the primary SIONS were supported by recent theoretical stutfes.'>*?
hydrogen abstraction. The first pathway is the cyclization of ~ The conjugation interaction between the aromatic ring and
the biradical to give the cyclobutanol product (Norristiang the carbonyl group has a noticeable influence on the relative
cyclization). The second pathway is the cleavage of theCC ~ energies of thewr* andzz* states as well as their chemical
single bond to give an enol and the corresponding alkene reactivity. Therefore, the relaxation dynamics and dissociation
products (Norrish Il cleavage). The third pathway is the mechanisms for the excited aromatic carbonyl molecules are
hydrogen back-transfer to reconstitute the starting material in different from those for the corresponding aliphatic carbonyl
its electronic ground state. The mechanistic details and the compounds. Numerous experimental stutiéd have been done
related dynamics of these Norrish type | and Il reactions are to explore laser photoexcitation spectra, properties of the
essential to understanding the photochemistry of ketones andintramolecular excited charge-transfer states, hydrogen abstrac-
related carbonyl compounds. tion from hydrogen-donating compounds, structural differences

The photochemistry of aliphatic ketones has been the subjectbetween thewt* ands* triplet states, excited-state lifetimes,
of numerous studies over many decades. A classic example isand photoinduced reactions for benzaldehyde, acetophenone,
the photodissociation of acetone, which has been reviewed bybutyrophenone, and valerophenone. Experimentally, it has been
Zewail and co-workers in recent wotk? A general picture for well established that aromatic carbonyl compounds have certain
the observed Sdynamics of acetone and related aliphatic similarities. First, the §state lifetime for aromatic ketones
ketones (RCOR, where Rand R= methyl, ethyl, isopropyl, (ArCOR) was found to be much shorter than that for aliphatic
andtert-butyl) has been determined in previous studigg51° ketones in the gas and condensed phases. Second, aromatic
Upon n — z* excitation, the molecules in the; State can carbonyl compounds are highly phosphorescent but only weakly
overcome the barrier on the Surface down to the;&, conical fluorescent molecules. Third, both singlet and triplet states
region, where the molecules go back to the ground state, leadingcan undergo type | and Il Norrish reactions for aliphatic ketones,
to eithera cleavage radical pairs or hot parent molecules. The but both reactions occur from the lowest triplet state for most

c g . WAHF) fa0)10-6220-5352 | aromatic ketones or aldehydes.
* Corresponding authors: .-H.F.) fax-86)-10- - , e-mai . .
fangwh@bnu.edu.cn; (D.L.P.) fax+852)-2857-1586, e-mail phillips@ Although some rules of thumb were obtained for Norrish type

hkucc.hku.hk. | and Il reactions of aromatic ketones on the basis of numerous
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experimental observation$,ab initio calculations have been CHART 1
done mainly for aliphatic carbonyl compountds?” To our @
knowledge, there are only two repcg°that involve ab initio P
studies on the mechanistic photochemistry of aromatic carbonyl
compounds. We recently observed that several aromatic carbonyl(s)
compounds have a triple potential energy crossing point between
the §, Ti, and T, states; this was reported in a short
communicatior?® Experimentally, it has been found that buty-
rophenone bearing a leaving group on ¢hearbon can produce
benzoylcyclopropane with a reasonable yield upor> 7*
excitation?® We have explored this new cyclopropanation
pathway from a theoretical perspectife.

Here we report a systematic theoretical examination of
Norrish | and Il reactions of butyrophenone (PhCOCH.,-
CHs) uponn — z* excitation, which serves as a representative
of aromatic ketone containingyaC—H bond. The Ty, and  criteria: a maximum element of the gradient of less than
T2 potential energy surfaces were found to intersect in the 0.000 45 hartree/bohr (0.54 kcal mdlA-2) and a RMS of
Franck-Condon region, which gives a reasonable explanation gradient element of less than 0.0003 hartree/bohr (0.36 kcal
for why the intersystem crossing (ISC) to the State is s0  mol-1 A-2). The 6-31G, 6-31G*, and 6-311G** basis sets were
efficient in isolated molecules of aromatic ketones. A minimum- used to op[imize the structures and to calculate the energies_ A
energy crossing point between the two lowest singlet-state factor of 0.98 was used to scale the B3LYP calculated zero-
surfaces (8S) was determined, which is similar to the 1,4-  point energies in the calculation of barrier heights and the
biradical in structure. The singlet/singlet internal conversion and dissociation energie§.The CASSCF and DFT calculations were

the triplet/singlet intersystem crossing were found to play an performed with the Gaussian 98 package of progréms.
important role in the subsequent cyclization, elimination, and

disproportionation of the 1,4-biradical. We believe that the Results and Discussion
results reported here provide new insights into the interesting

and complex photochemistry of aromatic carbonyl compounds. _ Structures and Relative Energies of the Low-Lying
Electronic States The conformational situation at the ground-

state level can be correlated with its photochemical behavior if
the reactions proceed directly on short-lived excited states. As
The complete-active-space self-consistent field (CASSCF) shown in Chart 1, eight possible conformations exist for
wave function has sufficient flexibility to model the changes in  PhCOCHCH,CH; under a constraint dfs symmetry. However,
electronic structure upon electronic excitatimn conjunction the B3LYP/6-311G** calculations predict that only conforma-
with a proper basis set, the CASSCF method can provide ation 1is an energy minimum in the ground state. Conformations
balanced description of the minimum-energy structures on the 2, 4, and 6 have been confirmed to be the first-order saddle
So, T1, S, T, and S states of PhCOCHCH,CHs. 1t is also points governing rotations of the terminal €group around
worth mentioning that the CASSCF method is appropriate in the C9-C10 single bond, of the CHCHj; group around the
this case because the relative differential dynamic correlation C8—C9 single bond, and of the GHCH,—CHjz group around
of the excited states with respect to the ground state is fairly the C7-C8 single bond, respectively. The other conformations
constant. In principle, all of the valence electrons and orbitals are the second-, third-, or fourth-order saddle points. With
of a system should be included in the active space for the respect to structurg, the saddle pointg, 4, and6 have energy
CASSCEF optimizations. In practice, this is not feasible for the of 2.8, 7.9, and 6.9 kcal/mol, respectively. The structure of
systems investigated here, because of our limited computationaPhCOCHCH,CHjs in the ground state was reoptimized without
capability. Thus, the selection of the active space becomes aany symmetry constraint. A nonplanar minimum was found from
crucial step for the CASSCF calculation. The active space is the B3LYP/6-311G** optimization that is energetically equal
composed of 10 electrons distributed in nine orbitals, hereafter to structurel. As shown schematically in Chart 2, the nonplanar
referred to as CAS(10,9). From the viewpoint of the localized minimum has an anti conformation with respect to the-C®
picture of the molecular orbitals, the active space is composedand C9-C10 single bonds.
of the threesr and threer* orbitals in the aromatic ring, the The T; equilibrium geometry was found to be nonplanar for
C—O & andz* orbitals, and the oxygen nonbonding orbital. PhCOCHCH,CHs. With respect to the fequilibrium geometry,
The state-averaged (SA) CASSCF metffodvas used to  the Cesymmetric T structure has a relative energy of 0.9 kcal/
determine geometry on the intersection space of two different mol at the UB3LYP/6-311G** level of theory. TheCs
electronic states. One* orbital with an occupation very close  symmetric §, Sy, T1, S, and T; structures for PhnCOCHH,-
to 0.0 was not included in the active space for the SA-CASSCF CHj, which correspond to the grounthr*, 3nr*, Lrz*, and
optimizations. Sgm* states, were optimized at the CAS(10,8) and CAS(10,9)
The equilibrium geometries and transition-state structures onlevels of theory with the 6-31G and 6-31G* basis sets. The
the § and T, surfaces have been optimized by the B3LYP resulting structures and energies are given in the Supporting
method. The B3LYP method has been demonstrated to belnformation. The CAS(10,9)/6-31G* structures for PhCOEH
computationally efficient and can give a satisfactory reproduc- CH,CHszinthe §, S, T1, S, and T, states are depicted in Figure
tion of the observed structures, barrier heights, and transition 1 with the atom-labeling scheme illustrated in thes8ucture.
energieg344 The nature of the critical points (equilibrium  Inthe ground state, the aromatic ring is almost a regular hexagon
geometries and transition states) was confirmed by an analyticalwith the C-C—C angle in the range of 119:820.3 and the
frequency computation at the B3LYP level of theory. Geometry largest difference of 0.012 A in the-6C bond length. With
optimizations were carried out to the standard convergencerespect to the §Sstructure, the most striking change in the T

=

Computational Methods
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C1 and C4 atoms (the—y plane is the symmetric plane). The
CAS(10,9)/6-31G* structure and molecular orbitals clearly
reveal that the T state is a biradical with the two unpaired
electrons in the C1 and C4 atoms and two double bonds in the
C2—C3 and C5-C6 regions. The structural features of the T
state are shown in Chart 3. In theSate, two unpaired electrons
are delocalized into the whole aromatic ring, which results in
an uniform increase of the ring-€C bonds from~1.40 A in
Soto ~1.43 Ain S. Ther — * transition is mainly localized

in the aromatic ring. One can expect that this transition has a
large influence on structures of the aromatic ring, but the
carbonyl group is less influenced by the— z* transition.

The adiabatic excitation energies tg, 5;, T», and $ were
calculated to be 75.9, 78.8, 75.5, and 105.9 kcal/mol, respec-
tively, at the CAS(10,9)/6-31G* level of theory. In comparison
with the corresponding experimentat0 energy values of 72.0
(25 183 cnT?), 76.9 (26 919 cm1),*7 76.1 (3.3 eV)¥and 100.6
(35 191 cnY)9kcal/mol for PhACHO and 73.7 (25 791 ch),*8
77.9 (27 279 cmb),*” and 101.2 kcal/mol (35 402 cri)*® to
the Ty, S, and S states of PhCOCH respectively, the present
computations give a reasonably good estimation of the relative
energies for the low-lying electronic states of PhCQCH,-

CHs. Thesr ando orbitals are well separated in energy for the
aromatic carbonyl compounds that contain relatively large
conjugation systems. The near-degenerate orbitals are included
in the (10,9) active space of the CASSCF calculations given
here, and this is one of the reasons why the relative energies
predicted by the CAS(10,9) calculations are close to the
experimental values.

Si/T,/T; Three-Surface Intersection.To investigate the S
relaxation dynamics, we searched for the minimum energy
crossing points between the singlet- and triplet-state surfaces
and the crossing points between the two triplet surfaces,
respectively. The detailed structures and energies for the
intersections are available in the Supporting Information. The
singlet and triplet surface crossing was determined by use of
Slater determinants in the state-averaged CASSCF calculations
and was identified as the;8nz*) and T, (3zn*) surface

Figure 1. Schematic structures for the selected stationary and Crossing (¥T2). Similarly, the intersection between the two
intersection points, along with the key bond parameters (bond lengths triplet surfaces was identified as one between thedd T;-
in angstroms, bond angles in degrees) and the atom-labeling schemg3ns*) surfaces (¥/T1). The optimized structures show thai S

illustrated in the $structure.

CHART 3

(o]

i )i
@79_(:3“7 C_C3H7 C_C3H7

Sjor Ty Si/Ty/T, T,

or S structure is associated with the-© bond length. As
shown in Figure 1, the €0 bond length is 1.210 A in the

ground state, and it becomes 1.354 and 1.363 A in thend
S, structures, respectively. The— z* transition of carbonyl
compounds is dominated by progressing in tlke@stretching
mode that reflects substantial change in theGCbond length.

It is reasonable to expect that the— 7* transition only has a

little influence on the structure of the aromatic ring.

The S and T; electronic states are of similar biradical

T, and T/T; are indistinguishable from one another in structure
and the two crossing points have the same energy. In fact, the
Si, T1, and T surfaces intersect in the same regiow/ 9 T1)

for PhCOCHCH,CHjs. The geometric and electronic structures
of the S/To/T; intersection are described in Figure 1 and Chart
3. An analogous three-surface intersection was found for PhCHO
and PhCOCH?®8 It has been found that the structure of the
PhCO moiety is very similar in the;8,/T; intersections for

all of the aromatic carbonyl compounds investigated so far. The
S,/T,/T; three-surface intersection has been reported for ac-
rolein®® and this molecular system can serve as a useful
prototype or model for PhCOR molecular systems. Th&$

T1 surface intersection is likely a common feature for many
aromatic carbonyl compounds with a nearly constant structure.

In the S or T structure, two unpaired electrons are populated
mainly in the carbonyl C and O atoms, while the two singly

character, which is described in Chart 3. However, there is a occupied electrons are mainly in the aromatic ring in the T

large difference in the Sand T, structures. In the Jstate, the

structure. As shown in Chart 3, the/S,/T structure is located

C2—C3 and C5-C6 bond distances are about 1.36 A, and the between T;) and T, with the two unpaired electrons

two bonds are mainly of double-bond character. The othe€C

bond distances in the aromatic ring are close to th&€€Gingle-

distributed in the O atom and the aromatic ring, respectively.
The differences in the;Sand S/T,/T; structures mainly result

bond length. Natural orbital analysis shows that two singly from the redistribution of the conjugationelectrons and thus

occupiedr orbitals are mainly composed of the,2pbitals of

would not be expected to give rise to a substantial change in
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the energy. The &T,/T; structure is 6.9 and 85 kcal/mol above a barrier height of 18.0 kcal/mol, while the barrier height for
the § and $ minima, respectively. The,S~ S; absorption of the a Ph-COCHCH,CHj3 bond cleavage is 28.3 kcal/mol.

ArCOR has a large predominant progression in theQC It is well-known thatn — 7* excitation results in a pyramidal
stretching mode with a broad peak centered-825 nn¥? and T, equilibrium structure for aliphatic carbonyl compounds such
the corresponding vertical excitation energy is about 90 kcal/ as HCO, CHCHO, and CHCOCH;. This is due to the &0
mol. After photoexcitation, the relaxation from the Sanck- 7 bond being weakened by the excitation and the* state

Condon (FC) geometry to thei/J,/T;1 region only involves becomingsp*-hybridized at the carbonyl C atom. However, the
deformation of the conjugation PhCO moiety and this takes aromatic ring and the €0 moiety are actually coplanar in the
place easily. In view of the structures and the energies found T, equilibrium geometry for aromatic carbonyl compounds and
here for the FC point, the;&nd the $T,/T; intersection, the this primarily results from the conjugation interaction between
initially excited wave packet starts from the FC geometry on the aromatic ring and the=80 moiety that stabilizes these types

the S surface and can readily travel to reach thgTgT; of molecules. The conjugation interaction between the aromatic
intersection. ring and the carbonyl group makes the-RBOCHCH,CHs
As discussed in our recent communicat®uljrect S(tn*) bond stronger than the PhG@H,CH,CHs bond, and this is

— T1(3nr*) intersystem crossing for PACOR would be expected the main reason that a relatively low barrier exists on the T
to occur with a low efficiency or rate because there is no first- Pathway of PhC& CH,CH,CH; bond cleavage. The dissocia-
order spir-orbit coupling for the $— T transition. However, ~ tion reaction of PACOCKCH,CH; — PhCO+ CH,CH,CHs is
the S(nt*) — T.(n7*) ISC process happens with high endothermlg by 6.2 kcal/mol, while thg PhCO@HZQHg
efficiency due to a strong spiforbit interactior?® The To/T; decomposition into PR- COCHCH,CHs is endothermic by
crossing point is a conical intersection between thafd T, 21.4 kcal/mol. The relatively high endothermicity for the latter
surfaces, and the time scale for the-F T, internal conversion reaction is another reason that a relatively high barrier exists
(IC) process via the conical intersection may be expected to beOCrL'tg?_' PhCO.C'ZCHZiHE‘ decomposition into PR- COCH-

on the order of a vibrational peridd.Therefore, the existence 2~ reaction pat WaY'_ . _

of the S/TJ/T1 intersection results in the; S~ T, process to With respect to the gminimum, the barrier height of the, T
take place via the Fstate. The T state functions as a relay ~PhCO-CHCH,CH;z bond fission is 85.4 kcal/mol for PhCOGH
and enables the;S~ T, ISC to take place with a high rate. It  CHz2CHs. Electronic excitation to the;State of PhACOCECH,-
has been well-established experimentally that the magnitude of CHa gives rise to the-320 nm absorption band manifold with

intersystem crossing rateksf) are about 18 s~ for aromatic a vertical excitation energy of about 90 kcal/mol. It is evident
ketones?52-56 while thekst values for aliphatic ketones are in  that the PhCE&-CH,CH,CH; bond cleavage reaction along the

the range of 10°10F s"L5758 The existence of the :&,/T, T, pathway is accessible with320 nm excitation. Kinetic
. : et —1
intersection can help explain the 1000-fold difference in the analysis suggested a triplet-state .rate constantdf s fqr
ISC rates between aromatic and aliphatic ketones. the a-cleavage reaction of substituted PhCQCH,CHs in
Norrish Type | Reactions, Theo. C—C bond cleavage may different solvent2?:31In comparison with the experimental rate

. of reaction, the barrier (18.0 kcal/mol) for the-cleavage
occur along the Sreaction pathway. The fragments of PhCO- o4 tign of PhCOCKHCH,CH; appears somewhat overestimated

(X2A") and CHCH,CHz(X?2A) are nondegenerate in the ground by our present UB3LYP/6-311G** calculations.
state. When the two fragments approach each other, they can The 1,5-H Shift Reactions.Once the PhCOCKH,CHs
;?1[jr?rlieglitictj:tlgsatlgilgit\gtlit\?eIshtcl:agg—eg %%':g getg\?ag;o;gﬂg molecules relax to theiBurface, the 1,5-H shift can take place.
the S pathway gi.ves fise to fra,gments of PhCGHA) + CHy- The stationary structures on the gotential energy surface for

. ) . v T2 the 1,5-H shift reaction have been optimized by the DFT method
CHZCHy(X?A) in an excited electronic state, which is different 10" jg3| yp/6-311G** level of theory. The transition state
from thea C—C bond cleavage along the pathway that leads for the 1,5-H shift, referred to as Ti1) in Figures 1 and 2,

to fragments in the ground state. This qualitative analysis W ; . : ;
: as obtained and confirmed to be the first-order saddle point
predicts that the. C—C bond cleavage for PNCOGBH,CH; on the T; potential energy surface. Rotation and deformation

has a high barrier on the, athway. The Stransition staté ot the terminal CHCH; group takes place prior to the H atom
was optimized at the CAS(10,8) level of theory with the 6-31G* yansfer. As shown in Figure 2, the 1,5-H shift reaction has a
basis set. The barrier height to theRhCO-CH,CH,CHsbond — parrier of 6.2 keal/mol. This barrier is much lower than that of
cleavage was estimated to be about 35 kcal/mol at the CAS-1g  kcal/mol found on the. C—C bond cleavage pathway.
(10,8)/6-31G* level of theory. As pointed out before, the The 1 5.H shift reaction is the predominant pathway from the
S)/T,T; intersection is only 6.9 kcal/mol above therBinimum, T, state of PACOCKCH,CHa. In comparison with the experi-
and the T state functions as a relay and enables the-ST, mental rate consta?#® of (8 x 109~(1 x 108) s1, the
ISC to take place with a high rate. Therefore, th€—C bond  calculated barrier of 6.2 kcal/mol is reasonable for thé 5-H
cleavage along the;$athway is not in competition with the  ghift reaction.
Sy relaxation to the T state via the 8T2/T, intersection. The triplet lifetime of valerophenone in water was estimated
The PhCOCHCH,CH; molecules in the Tstate can dis-  to be about 7 times longer than that observed in hydrocarbon
sociate into PhCOF CH,CH,CH; and Ph+ COCH,CH,CHs; solvents® Since the triplet lifetime is controlled by the 1,5-H
along the T pathways. Transition states for the two reactions shift reaction, these results indicate that the rate constant for
were determined from the UB3LYP/6-311G** optimizations the 1,5-H shift reaction is significantly lowered in aqueous
[labeled TS1(T) and TS2(T), respectively]. The EC distances  media. The CAS(10,9)/6-31G* calculations predict that the
are 2.144 and 2.204 A in TSLrand TS2(T), respectively. planarinz* and3zz* states of PhCOCHCH,CHs are nearly
Thea C—C bond cleavages are accompanied by a decrease inequal in energy. However, a large difference exists in the dipole
the C-0 bond length in order to form the ground-state radical moment of the two triplet states. The dipole moments are 1.49
of COCH,CH,CHz or PhCO with the Ph or C#€H,CHs radical D for the®nz* state and 2.81 D for th&r* state at the CAS-
as a coproduct. The PhCO-CH,CH,CHjs bond cleavage has  (10,9)/6-31G* level of theory. Thérz* state is stabilized more
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Figure 2. Detailed processes for the Norrish type Il reaction of butyrophenone and schematic structures of the stationary and intersection points
on the reaction pathways. The relative energies (kilocalories per mole) are given in parentheses.

than the’nr* state when the solvent is changed from a nonpolar

organic medium to water. This greater stabilization of%ne*
state in a polar solvent is likely mainly responsible for the longer

Norrish 1l Cleavage, Norrish—Yang Cyclization, and
Disproportionation Reactions. With respect to théBR14-2
zero-level point, the UB3LYP/6-311G** calculations obtain a

lifetimes observed for aromatic alkyl ketones in aqueous media barrier of 26.9 kcal/mol for the decomposition reaction along

compared to their lifetimes in nonpolar organic solvents.
Solvent-induced changes in the relative levels of reactiwe
and unreactivérz* states of aromatic alkyl ketones are known
to affect their triplet reactivities.

Structure of the 1,4-Biradical. As shown in Figure 2, there
are three competing pathways following the 1,5-H shift reaction
that leads to formation of a 1,4-biradical of PhC(OH }{CHH,-
CH,. The 1,4-biradical can decompose into PhC(OH)CH
CH,CH, (Norrish 1l cleavage), undergo a cyclization reaction
(Norrish—Yang cyclization) to form the cyclobutanol product,

the triplet pathway. The calculated barrier height reveals that
the triplet-state decomposition into PhC(OH)CH CH,CH,

is very difficult for the 1,4-biradical. If the NorrishYang
cyclization proceeds along the spin-conservatiarpathway,

the cyclobutanol derivative is formed in its excited triplet
electronic state. The jTcyclization process requires a large
amount of energy to overcome the high endothermicity of this
reaction and probably occurs with little probability. The lifetime
of about 107 s found for the triplet 1,4-biradical in soluti®pf-60
eliminates any reasonable possibility that a major reaction

and disproportionate back to the ground-state ketone. Threepathway for the triplet biradical has a large barrier or high

minimum-energy structures were found for the biradical in the
lowest triplet state, which are label€é8R14-1,°BR14-2, and
3BR14-3, respectively. Th#8BR14-1 structure is the most stable
with relative energies of 0.8 and 1.4 kcal/mol f&R14-2 and
SBR14-3, respectively, at the UB3LYP/6-311G** level of

endothermicity.

Since the spin-conservation triplet state reactions take place
with less probability for the triplet 1,4-biradical, intersystem
crossing from the triplet to the singlet state plays a predominant
role in the subsequent reactions. In conjunction with the state-

theory. The isomerization processes among the three isomersaveraged CAS(10,8)/6-31G* wave functions, a one-electron

involve only a rotation of the CiHor CH,CH, group around
the C-C single bond, and the barrier was estimated to bé 2
kcal/mol by the UB3LYP/6-311G** calculations.

spin—orbit Hamiltonian with effective nuclear charges was used
to calculate the spinorbit coupling (SOC) matrix elements
between the triplet and the singlet 1,4-biradicals. The calculated

Three structures for the singlet 1,4-biradical were determined SOC values are respectively 0.4, 0.2, and 0.2 cfor the 3-

by the CAS(10,8)/6-31G* optimizations, which are respectively
labeled!BR14-1,'BR14-2, andBR14-3 in Figure 2!BR14-1

BR14-1,°BR14-2, andPBR14-3 structures. On the basis of the
calculated SOC value and the differences of the energy gradients

is the most stable with relative energies of 2.3 and 2.8 kcal/ at the intersection point region, the probability factor (a transition

mol for 1BR14-2 and'BR14-3, respectively. For comparison,
the3BR14-1,3BR14-2, andBR14-3 structures were reoptimized

probability per passage through the crossing seam) from the
triplet to singlet state is estimated to be>5 1074 by the

at the CAS(10,8)/6-31G* level. The resulting bond lengths and Landau-Zener lawf! The rate of the tripletsinglet ISC is

angles for the triplet 1,4-biradical are very close to those for
the corresponding singlet 1,4-biradici8R14-1,'BR14-2, and
1BR14-3 are 0.8, 0.1, and 0.5 kcal/mol lower thiBR14-1,
SBR14-2, anc®BR14-3, respectively. By use of Slater determi-

nants in the state-averaged CAS(10,8)/6-31G* calculations, the

reduced by a factor of abouts 1074, as compared with that
(~10" s for the spin-allowed process. This is consistent with
the lifetime of about 107 s found for the triplet 1,4-biradical
in the solution phase.

It can be seen from the structures of the three isomers (Figure

intersection points between the triplet and singlet surfaces were2) that'BR14-2 gives exclusively cleavage products, while
determined for the 1,4-biradical. There is no change in structure BR14-1 and'BR14-3 are favorable conformers for dispropor-

from the triplet 1,4-biradical to the corresponding intersection
point, except for a small deformation of the gEH,CH, moiety
of the biradical. The triplet/singlet intersection point and the

tionation to the ground state and Norrisfiang cyclization,
respectively. No barrier exists on the singlet Norridtang
cyclization pathway, and this predicts that cyclization proceeds

triplet and singlet 1,4-biradicals are very close to each other in very fast. However, there are some other factors that should
energy. If the triplet/singlet intersystem crossing can be treated also be considered and these can significantly reduce the rate
as a spin-allowed process, the time scale for the process isof cyclization. The singlet biradical isp-hybridized at the C

expected to be on the order of a rotational peried@ 1! s) of
the CH; group around the €C single bond.

atom bonded to the aromatic ring, whereas the cyclobutanol to
be formed issp*-hybridized at this carbon atom. A large



Photochemistry of Butyrophenone J. Phys. Chem. A, Vol. 108, No. 25, 2008391

deformation takes place for the formation of the cyclobutanol triplet products is energetically improbable, the subsequent
and this requires some additional energy. The entropy value cyclization, decomposition, and disproportionation reactions
decreases by-9.0 cal mot! K=1in the cyclization process, proceed from the singlet 1,4-biradical. On the basis of the
which reduces the rate constant significantly for this reaction. optimized structures, the calculated energies and SOC values,
Although these factors hinder the formation of the cyclobutanol the triplet-singlet ISC process is predicted to occur with a rate
product, the singlet 1,4-biradical dBR14-3 can undergo  of about 13 s™! and this value is consistent with the lifetime
cyclization with reasonably high efficiency. of about 107 s found for the triplet 1,4-biradical in the solution
The singlet 1,4-biradical can decompose into PnC(OH)CH phase. The singlet 1,4-biradical was found to have three isomers,
+ CH,=CH; along the singlet pathway. A transition state was !BR14-1,'BR14-2, and'BR14-3, that determine to a certain
found on the decomposition pathway'®R14-2. With respect ~ extent the branch ratios of the subsequent reactitBR14-2
to the zero level otBR14-2, the barrier to the decomposition gives exclusively cleavage products, whilBR14-1 and?-
was estimated to be 11.5 kcal/mol by the CAS(10,8)/6-31G* BR14-3 are favorable conformers for the disproportionation to
calculations and the singlet 1,4-biradical decomposition to PhC- the ground state and the Norrislfang cyclization reactions,
(OH)CH, + CH,=CH, is predicted to take place easily along respectively. The detailed mechanism for the Norrish type Il

the singlet pathway. Once the singlet PhC(OH)Cedical is reactions of butyrophenone is summarized in Figure 2.
formed, it isomerizes very easily to PhCOgH the ground
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