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ABSTRACT

Laser flash photolysis of ketone 1 in argon-saturated methanol yields triplet biradical 1BR (1 =
63 ns) that intersystem crosses to form photoenols Z-1P (A... = 350 nm, t ~ 10 ps) and E-1P (A...
=350 nm, T > 6 ms). The activation barrier for Z-1P re-forming ketone 1 through a 1,5-H shift
was determined as 7.7 + 0.3 kcal mol". In contrast, for ketone 2, which has a less sterically
hindered carbonyl moiety, laser flash photolysis in argon-saturated methanol revealed the
formation of biradical 2BR (A... =330 nm, t ~ 303 ns) that intersystem crosses to form photoenol
E-2P (A...=350 nm, t > 42 us), but photoenol Z-2P was not detected. However, in more viscous
basic H-bond acceptor (BHA) solvents, such as hexamethylphosphoramide, triplet 2BR
intersystem crosses to form both Z-2P (A... = 370 nm, T ~ 1.5 ps) and E-2P. Thus, laser flash
photolysis of 2 in methanol reveals that that intersystem crossing from 2BR to form Z-2P is
slower than the 1,5-H shift of Z-2P, whereas in viscous BHA solvents the 1,5-H shift becomes
slower than the intersystem crossing from 2BR to Z-2P. Density functional theory and coupled
cluster calculations were performed to support the reaction mechanisms for photoenolization of

ketones 1 and 2.
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INTRODUCTION

Photoenolization is a light-initiated keto—enol tautomerization process, and the resulting
photoenols are high-energy ground-state intermediates that are highly reactive (1, 2). Efficient
photoenol reactivity has been captured in applications such as synthesizing complex natural
products and pharmaceutical drugs, and initiating release from photoremovable protecting
groups (3-14). The mechanism of photoenolization, which has been determined using transient
spectroscopy, can be outlined as follows: Upon excitation ortho-substituted arylketones form
the singlet excited state of the ketone chromophore, which undergoes efficient intersystem
crossing to form its triplet configuration (<Scheme 1)(15-19). The triplet ketone decays by
intramolecular H-atom abstraction to form a triplet 1,4-biradical. Intersystem crossing of the
biradical results in the formation of both Z- and E-photoenols. Generally, E-photoenols are long-
lived intermediates that can re-form the starting material via a relatively slow solvent-mediated
proton transfer, and they are long lived enough to undergo electrocyclic ring closure or be
trapped in bimolecular reactions. In contrast, Z-photoenols are short-lived intermediates that
regenerate the starting material through efficient intramolecular 1,5-H shifts. It should be noted
that ortho-substituted arylketones that do not undergo efficient intersystem crossing can undergo
photoenolization from their singlet ketone to form Z-photoenols. Because the lifetimes of Z-
photoenols are generally on the order of a few nanoseconds, they are too short lived to undergo
electrocyclic ring closure or be trapped in bimolecular reactions. Thus, the formation of Z-
photoenols causes reactions that capture E-photoenols in synthetical applications to be less
effective, but does not affect reaction selectivity. Thus, a better understanding of the
reketonization of Z-photoenols has the potential to lead to more efficient use of E-photoenols in

various applications.
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<Scheme 1>

In this study, we compared the photoenolization process for ketones 1 and 2 (<Scheme
2) to determine how photoenolization is affected by substituents. Ketone 1 has two bulky
isopropyl groups, whereas ketone 2 has two ortho methyl groups. We investigated how the steric
demand of the ortho substituents affects the 1,5-H shifts in Z-photoenols Z-1P and Z-2P to re-
form the corresponding starting materials, as well as the rate of intersystem crossing of triplet

1 4-biradicals 1BR and 2BR to form photoenols Z-1P and Z-2P, respectively.

<Scheme 2>

MATERIALS AND METHODS

Laser flash photolysis

Transient UV-Vis spectra and corresponding Kinetic traces were acquired using an excimer laser
(308 nm, 17 ns) (20). The stock solutions of ketones 1 and 2 were prepared in spectroscopic-
grade solvents, such as methanol, acetonitrile, hexamethylphosphoramide (HMPA) and
dimethyl sulfoxide (DMSO), so that the absorbance was between 0.2 and 0.8 at 308 nm.
Typically, ~1.5 mL of stock solution was placed in a quartz cuvette (10 mm x 10 mm cross-
section and 48 mm length). As required, the solution was then purged with argon or oxygen for

5 min. The reaction rates were obtained by fitting an average of 3-8 kinetic traces.

Arrhenius plots. The laser flash photolysis system (YAG laser, 266 nm, 10 ns) has been
described in detail elsewhere (21). Methanol solutions of ketones 1 and 2 were prepared in
spectroscopic-grade methanol so that the absorbance was ~0.5 at 266 nm. All solutions were

purged with N, gas before the decays were recorded. The decay rate constants were collected
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between 313.15 and 253.15 K for 1 and 313.15 to 233.15 K for 2. For 1 in methanol, the laser
flash photolysis experiment presented some uncertainty as to the baseline. Decays measured
with and without the collection of a baseline yielded similar lifetimes. The data obtained from
both these experiments were fit simultaneously to yield the parameters reported for the analysis
of Arrhenius plots. The kinetic traces obtained from the 266 nm and 308 nm laser irradiation

gave similar results.
Calculations

All geometries were optimized using density functional theory (DFT) calculations in
Gaussian09 at the B3LYP level of theory with the 6-31+G(d) basis set (22-24), M062X (25),
and coupled cluster (26, 27). Time-dependent density functional theory (TD-DFT) calculations
were performed to locate the energies of the excited singlet and triplet states of the optimized
ground states (28-32). Analysis of the second derivative of the energy with respect to the internal
coordinates confirmed that all transition states had one imaginary vibrational frequency. The
intrinsic reaction coordinate (IRC) was calculated to verify that the located transition states

corresponded to the respective reactant and products (33, 34).
Phosphorescence

Phosphorescence spectra of ketones 1 and 2 were obtained in frozen ethanol matrices at 77 K

using a spectrophotometer that has been described in the literature (35).
Synthesis of starting materials
Ketone 2 was purchased from Sigma-Aldrich. Ketone 1 was synthesized as described below.

Ketone 1 was obtained using a procedure similar to that reported by Murphy and Prager (36).

1,3,5-Triisopropylbenzene (1.0 mg, 4.8 mmol) was mixed with acetic anhydride (50 mg, 4.9
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mmol) in 10 mL of dichloromethane. After cooling the mixture to 0 °C, AICI, (1.3 g, 10 mmol)
was added in four portions. The mixture was gradually warmed to room temperature while
stirring, and then refluxed for 4 h. Three cubes of ice (~30 mL) were added to the cooled reaction
mixture. Once the ice melted, 20 drops of 1 M HCI was added, and the resulting mixture was
extracted three times with dichloromethane (20 mL). The organic layer was washed with brine
and dried over anhydrous MgSO.,,followed by solvent removal under vacuum. The residue was
purified by column chromatography using a silica column eluted with a mixture of ethyl acetate
and n-hexane (20:80, v/v), and ketone 1 was obtained after crystallization from diethyl ether
(300 mg, 1.2 mmol, 25% yield). The obtained NMR spectrum was consistent with the reported

one in the literature (37).

'H NMR (CDCl,, 400 MHz): 6 7.0 (s, 2H), 2.94-2.83 (m, 1H), 2.77-2.67 (m, 2H), 2.49

(s,3H), 1.25-1.23 (m, 18H) ppm.

Product studies

A solution of ketone 2 in isopropanol (15 mL, 0.2 mmol, 0.01 M) in a Pyrex round-bottom
flask was purged with argon for 20 min, and a rubber cap was fitted to the flask and sealed
with parafilm. The resulting solution was irradiated with stirring for ~38 h using a medium-

pressure mercury arc lamp. Cyclobutanol S was formed in 92% yield.

'H NMR (400 MHz, CDCL.): & 7.03 (s, 2H), 3.31-3.27 (d, J = 16 Hz, 1H), 3.16-3.12 (d,
J =16 Hz, 1H), 2.29 (s, 3H), 1.69 (s, 3H), 1.30 (s, 9H) ppm. “C NMR (75 MHz, CDCL):

5 152.8,1459,1405,131.5,1255,118.0,78.2,48.1,35.1,31.7,24 .8, 16.8 ppm.

RESULTS
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Laser flash photolysis in solution

We performed laser flash photolysis (excimer laser, A = 308 nm, 17 ns) (20) experiments to
detect and measure the lifetimes of the 1,4-biradicals and Z-photoenols formed by intramolecular
H-atom abstraction in ketones 1 and 2. Laser flash photolysis of ketone 1 in argon-saturated
methanol showed broad transient absorption between 310 and 390 nm (<Figure 1A). This
absorption was not quenched in oxygen-saturated methanol and thus, it is assigned to photoenols
Z-1P and E-1P. This assignment is further supported by comparison to the TD-DFT calculated
spectra (Figure 1b), which show major electronic transitions at 382 nm (f=0.1453) and 371 nm
(f = 0.1665) for Z-1P and E-1P, respectively. Analysis of the kinetics at 350 nm revealed that
the transient is formed with a rate constant of 1.58 x 10" s* (t = 63 ns, Figure 2a) on a shorter
timescale, whereas on a longer timescale the decay can be fitted as a mono-exponential function
to yield a rate constant of 1 x 10° s* (t ~ 10 us, Figure 2b). The decay rate constant was not
affected by oxygen, which further supports the assignment of the transient absorption to
photoenol Z-1P. On the shorter timescale, the absorption did not decay fully. The small amount
of residual absorption decayed on a millisecond timescale and hence, it is assigned to photoenol
E-1P, which has a lifetime of >6 ms. Furthermore, the rate of forming the transient at 350 nm
increased in oxygen-saturated methanol to 1.91 x 107 s* (t = 52 ns), which indicates that the
precursor of Z-1P decays faster in oxygen-saturated methanol. Thus, the precursor of Z-1P and
E-1P, triplet 1 4-biradical 1BR, has a lifetime of ~63 ns in argon-saturated methanol and ~52 ns

in oxygen-saturated methanol.
<Figure 1>

<Figure 2>
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Laser flash photolysis of ketone 2 in argon-saturated methanol produced a transient
spectrum with broad absorption between ~330 and 420 nm (Figure 3a). The two major bands,
located at 330 and 350 nm, each exhibited a different kinetic profile. TD-DFT calculations
showed that the major electronic transitions for 2BR are at 413 nm (f = 0.0292), 354 nm (f =
0.0312), and 327 nm (f = 0.0353 nm, Figure 3b), which correlate well with the transient
absorbance with A, at 330 nm. Kinetic analysis of the decay at 330 nm showed that biradical
2BR decays with a rate constant of 3.4 x 10° s (t = 303 ns) in argon-saturated methanol. In
comparison, the transient absorption with A, at 390 nm can be attributed to either photoenol Z-
2P or E-2P, or both, as TD-DFT calculations revealed that their major electronic transitions are
at 403 nm (f = 0.1189) and 385 nm (f = 0.1359, Figure 3b) for Z-2P and E-2P, respectively.
Kinetic analysis of the decays at 370 and 390 nm on shorter timescales showed a mono-
exponential decay attributed to 2BR. In contrast, on longer timescales, the decay rate constant
was determined to be slower than 2.4 x 10 s* (T >42 ps), which is assigned to E-2P. No transient
absorption was observed that can be assigned to Z-2P in methanol. Hence, we theorize that
biradical 2BR must be longer lived than Z-2P; which explains why the only photoenol observed
is E-2P. This notion that the shorter decay rate constant is due to 2BR and not Z-2P is further
supported by the analysis of the decay in air- and oxygen-saturated methanol. The decay rate
constant of 2BR increased to 1.03 x 10's* (t ~ 97 ns) and 2.5 x 10" s* (T ~ 40 ns) in air- and

oxygen-saturated methanol, respectively (Figure 3c).

On the contrary, in viscous BHA- solvents, such as DMSO and HMPA, laser flash
photolysis of ketone 2 allowed direct observation of both photoenols Z-2P and E-2P. Laser flash
photolysis of ketone 2 in DMSO and HMPA resulted in transient spectra with A... at 390 nm

(Figure 4a). Kinetic analysis at shorter timescales yielded decay rate constants of 3.8 x 10° and
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7.8 x 10° (~300 ns and ~1.5 us, Figure 4b) for Z-2P in DMSO and HMPA, respectively. On
longer timescales, E-2P was also detected, decaying on the millisecond timescale. The rate
constants for forming Z-2P and E-2P were 1.69 x 10’ s* (t = 52 ns) in argon-saturated HMPA
and 2.17 x 10" s' (1 = 46 ns) in oxygen-saturated HMPA, which are attributed to the decay rate
of 2BR. Thus, viscous BHA solvents have the ability to reduce the rate of the 1,5-H shift in Z-
2P, making this process slower than intersystem crossing, and thus, Z-2P can be detected

directly. For laser flash photolysis data summary see Table S3.
<Figure 3>
<Figure 4>

The formation of E-2P was further supported by quenching studies in the presence of
NaN.,,(38) which assists its reketonization to ketone 2. Kinetic analysis revealed that the lifetime
of E-2P gradually decreases with the addition of NaN. (Figure 5), confirming the formation of

E-2P and its reketonization to 2 can be increased by base in the solvent.

<Figure 5>

Arrhenius plot

Using the Arrhenius equation, In(k,) = -E/RT + In(A), the decay rate constants of Z-1P and 2BR,
measured as a function of temperature, were used to determine the activation barriers for the
1,5-H shift in Z-1P and for 2BR to twist and intersystem cross to form Z-2P. The decay rate
constant (k,) of Z-1P in nitrogen-saturated methanol was monitored at 350 nm. From the slope

of the Arrhenius plot (Figure 6), we obtained a transition state barrier of 7.7. + 0.3 kcal mol-.
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Similarly, the decay rate constant of 2BR in nitrogen-saturated methanol was monitored
at 330 nm as a function of temperature. From the slope of the Arrhenius plot (Figure 6), we
obtained a transition state barrier of 4.7 + 0.1 kcal mol+, which reflects the barrier for 2BR to

achieve the correct conformation to intersystem cross to photoenols E-2P and Z-2P.

<Figure 6>

These results demonstrate that in nitrogen-saturated methanol, the transition state barrier
for the 1,5-H shift in Z-1P is significantly larger than the barrier for intersystem crossing in 1BR,
whereas the 1,5-H shift in Z-2P must has a smaller transition state barrier than the barrier for

intersystem crossing of 2BR.

Product studies

Photolysis of ketones 1 yields the corresponding cyclobutanol 4, as reported in previous product
studies (39), owing to electrocyclic ring closure of E-1P (Scheme 3). Similarly, photolysis of
ketone 2 in argon-saturated isopropanol forms cyclobutanol 5 via electrocyclic ring closure on

E-2P (Scheme 3).

<Scheme 3>

Calculations

To compare and explain the relative stabilities of the Z-enols obtained from ketones 1 and 2, we
performed calculations in Gaussian09 at the B3LYP, M062X, and CBS-QB3 levels of theory

using the 6-31+G(d) basis set (22-27). For B3LYP calculations, DFT was used to optimize the

10



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

ground states (S,) of ketones 1 and 2 and their respective triplet excited states, biradicals, and

photoenols.

The optimized geometry of the ground state (S,) of 1 reveals that the carbonyl group is
orthogonal to the benzene ring plane owing to steric hindrance created by the two bulky ortho
isopropyl groups (Figure 7). This configuration leads to a torsional angle of 88° between the
C=0 and the phenyl ring, revealing that the ketone and phenyl are not conjugated with each
other. The optimized geometry is in agreement with the X-ray structure of ketone 1,(40) which
has a torsional angle of 80° between the C=0 and the phenyl ring, highlighting the out-of-plane
geometry of the carbonyl group. TD-DFT calculations on the optimized S,of 1 located its first
and second triplet excited states (T« and T..of 1) at 83 and 84 kcal mol' above S,of 1. These
values are considerably higher than the reported energy of the triplet ketone of acetophenone
(74 kcal mol")(41), but more similar to the energies of the triplet ketones of aliphatic ketones
such as acetone (79 kcal mol*) (42), as the C=0 chromophore is not conjugated to the phenyl

ring.

In comparison, the optimized structure of T, of 1 is located 72 kcal mol" above its S,,
which is considerably lower than the energy obtained from the TD-DFT calculations. The
torsional angle between the C=0 and the phenyl ring is 66° in the optimized structure of T of
1, demonstrating that the C=0 and the phenyl group are also not fully conjugated in the T of 1.
The C=0 bond length in the optimized structure of T, of 1 is 1.33 A and the carbon—carbon
bonds in the phenyl ring have lengths between 1.39 and 143 A, which suggest a (n,¥)
configuration. This configuration is confirmed by spin-density calculations (Scheme 4), which

show that the unpaired spin is mainly located on the carbonyl carbon and oxygen atoms.

<Scheme 4>

11



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

The optimized structure of 1BR is located 62 kcal mol'above the S, of 1, and spin-density
calculations show that the unpaired electron density is mainly localized on the ortho-carbon and
the ketyl carbon atoms, indicating that the radical has a localized 1,4-biradical character. The
OH-C-C-CH., and (CH,).C-C-C—C(OH)(CH.) torsional angles in 1BR are 42° and 10°,

respectively, and thus 1BR is less sterically congested than S, and T, of 1.

<Figure 7>

The optimized structures of Z-1P and E-1P are located 38 and 40 kcal mol, respectively,
above the S, of 1. Z-1P and E-1P are twisted (CH,).C=C—C=C(OH)(CH.) torsional angles of 56°
and 55°, respectively) owing to the steric demand of the isopropyl group. Photoenols E-1P and

Z-1P are more twisted than their precursor 1BR.

Figure 8 displays the calculated stationary points on the energy surface of ketone 1 to
form photoenols E-1P and Z-1P on the triplet surface. The calculated transition state for
hydrogen atom abstraction to form 1BR is located less than 1 kcal mol* above T\, of 1, which is
consistent with the spectroscopic observation that intramolecular H-atom abstraction is efficient

in 1.

<Figure 8>

In the optimized structure of ketone 2, the carbonyl group is not fully conjugated with
the phenyl ring owing to presence of two ortho methyl substituents (Figure 7). The dihedral
angle between the C=0 and the phenyl ring is only 51° in S, of 2, confirming that the carbonyl
moiety is not fully conjugated with the phenyl ring. However, because the steric demand of the
two ortho methyl groups in ketone 2 is less than that of the isopropyl groups in ketone 1, the

extent of conjugation between the carbonyl group and the phenyl ring is greater in ketone 2. The

12
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X-ray structure of ketone 2 also demonstrates that the carbonyl group is not conjugated with the
phenyl ring, as the torsional angle between these groups is 80°(43). However, the optimized
minimal energy structure of ketone 2 is different from the structure adopted in the crystal lattice,
presumably because the best packing arrangement of ketone 2 is achieved with a conformer

rather than the minimal energy structure.

TD-DFT calculations estimate that T.of 2 is located 75 kcal mol" above its S,. In
comparison, the optimized structure of T..of 2 is located 70 kcal mol" above its ground state
(Figure 8). Further, the optimized structure of T..of 2 possesses a torsional angle of only 47°
between the C=0 and the phenyl ring, and spin-density calculations support that T..of 2 has a

(n,7t*) configuration (Scheme 4).

The optimized structure of 2BR is located 63 kcal mol above S, of 2, and the spin density
is mainly localized on the ortho and C—OH carbon atoms, with a small contribution on the phenyl
ring. As the OH-C—C-CH. torsional angle is 48°, the extent of twisting in 2BR and T, of 2 is
similar. The optimized structures of photoenols Z-2P and E-2P are located 40 and 38 kcal mol
', respectively, above S, of 2. The dienyl moieties are twisted ~40° from planar in both Z-2P and

E-2P.

The transition state for y-H atom abstraction by T..of 2 to form 1,4-biradical 2BR is
located 7 kcal mol' above T.of 2. The calculations show that the steric demand of the ortho
isopropyl group is significantly larger than that of the ortho methyl groups; therefore, 1, T, of 1,

1BR, Z-1P, and E-1P are less planar than 2, T, of 2, 2BR, Z-2P, and E-2P, respectively.

The calculated transition state barriers for 1,5-H shifts in Z-1P and Z-2P to re-form

ketones 1 and 2, respectively, using various levels of theory are shown in Table 1, along with

13



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

the measured barriers obtained from the Arrhenius plots. It should be noted that the energies
were calculated with respect to the Z-enol conformers, in which the O-H bond points towards
the ortho methylene. The transition state energies obtained from the B3LYP calculations are not
corrected for the zero-point energy, whereas those obtained from the CBS-QB3 calculations are
corrected for the zero-point energy. The CBS-QB3 and B3LYP calculated transition state
barriers for the 1,5-H shift in Z-1P correspond well to the experimental value, whereas M062X
over estimates it. In comparison, the calculated transition state barrier for the 1,5-H shift in Z-
2P to re-form ketone 2 is smaller than that for Z-1P re-form ketone 1, with B3LYP yielding the
smallest barrier and M062X the largest. The measured barrier for intersystem crossing (4.8 kcal

mol") is similar, within experimental error, to the calculated barrier for the 1,5-H shift.
<Table 1>

In addition, we calculated the transition state barrier for photoenols E-1P and E-2P to
undergo electrocyclic ring closure to form products 4 and 5, respectively. These transition states
were located 19 and 20 kcal mol" above photoenols E-1P and E-2P, respectively. Thus, the ortho
substituents do not strongly affect the electrocyclic ring closure reactions of E-1P and E-2P (44,

45).

Phosphorescence

The phosphorescence of ketones 1 and 2 was investigated in frozen ethanol glass at 77 K. The
phosphorescence spectra of ketones 1 and 2 show vibrational bands characteristic of triplet
ketones with (n,7t*) configurations, indicating that T.. of 1 and 2 have (n,7t*) configurations.

However, the vibrational bands are not as well resolved as those for acetophenone derivatives

14
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without ortho substituents (Figure 9). Thus, we assigned the [0,0] emission band to the onset of

the emission for each ketone to calculate the energies of T, of 1 and 2 (<Table 2).

<Table 2>

<Figure 9>

We compared the energies of T.. of 1 and 2 obtained from the phosphorescence spectra
to those obtained from calculations using B3LYP and M062X hybrid functions. The energies
from the TD-DFT calculations are in excellent agreement with the energies obtained from the
phosphorescence spectra. In contrast, the energies obtained from the optimized structures of T,
of 1 and 2 using both M062X and B3LYP are somewhat lower than the experimentally obtained

values.

DISCUSSION

Ketone 1 undergoes efficient H-atom abstraction on the triplet surface and forms both Z- and E-
photoenols. The measured transition state barrier for Z-1P to re-form ketone 1 through a 1,5-H
shift is 7.7 = 0.3 kcal mol", and this step is slower than intersystem crossing to form Z-1P.
Because the CH.C=C-C=COHCH. torsional angle in photoenol Z-1P significantly deviates from
planarity to accommodate the steric demand of the isopropyl group, Z-1P must untwist to
generate a planar conformer with good orbital alignment for the 1,5-H shift. In contrast, there is
less steric congestion around the carbonyl moiety of ketone 2, and therefore the rate-determining
step for its photoenolization is the intersystem crossing of 2BR to form photoenols 2P.
Photoenol Z-2P, which is well aligned for undergoing a 1,5-H shift to re-form ketone 2, reacts

faster than it is formed and therefore, it is not observed. The calculated transition state barrier

15
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for the 1,5-H shift in Z-2P is considerably less than that for Z-1P. However, the measured barrier
for intersystem crossing of 2BR is on the same order as the calculated transition state barrier for
the 1,5-H shift in 2BR, and therefore, it is possible to influence the rate of photoenolization and

re-ketonization, so in viscous BHA solvents the 1,5-H shift of becomes the slowest step.

Haag et al. previously demonstrated that in the photoenolization of o-
methylacetophenone, intersystem crossing to form photoenols is the slowest step in solvents,
such as cyclohexane, methanol, and isopropanol. whereas in more viscous BHA solvents, such
as HMPA and DMSO, the 1,5-H shift is sufficiently restricted to become slower than intersystem
crossing of the triplet biradical precursor(1). Thus, our results mirror those of Haag and co-
workers for the photoenolization of o-methylacetophenone. In comparison, we have shown that
Z-photoenols from o-methyl substituted valerophenone and butyrophenone ester derivatives re-
ketonize slower than their biradical precursors.(18,19) Similarly, 2,5-dimethylphenacyl ester
derivatives also form Z-photoenols that are longer-lived than their triplet biradical
precursors.(46) Thus, it is not well understood what factors control the intersystem crossing rates

of triplet biradicals involved in photoenolization of o-methylacetophenone derivatives.

Interestingly, it has been proposed that the formation of cyclobutanols from ortho-
substituted arylketones in the solid state do not occur through photoenolization, but rather
through direct intersystem crossing of the biradicals to form cyclobutanols (47, 48). This notion
was supported by laser flash photolysis of nanocrystals, which revealed that E-photoenols are
not observed. Because the energies and the structures of biradicals 1BR and 2BR are similar to
the energies and structures of the calculated transition state barrier for forming cyclobutanols 4
and 5, respectively, it is possible that in some media, it is favorable to cross over from the triplet

surface of the biradical to that of the cyclobutanol through a conical intersection (Figure 10). As
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354

the energy gap between biradicals 1BR and 2BR and the calculated transition state barriers for
the 1,5-H shifts is larger, it is unlikely that the biradicals can intersystem cross to re-form the

corresponding ketones directly, without first forming Z-1P and Z-2P.

<Figure 10>

CONCLUSION

In this work, we demonstrated that steric crowding around the carbonyl group in ortho-
substituted aryl ketones affects the photoenolization process. For photoenol Z-2P, the transition
state barrier for the 1,5-H shift is on the same order as the rotation barrier required for
intersystem crossing from its precursor 2BR. Therefore, the reaction environment controls
whether intersystem crossing of 2BR or the 1,5-H shift of Z-2P is the slowest process. In
contrast, as photoenol Z-1P has more steric crowding, the transition state barrier to re-form

ketone 1 through the 1,5-H shift is significantly larger than the rate for intersystem crossing from
1BR.
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487

488  Table 1. Calculated transition state barriers for 1,5-H shifts in Z-photoenols and experimental

489  transition state barriers.

Calculated transition state barrier Experimentally measured transition state

for 1,5-H shift (kcal mol) barrier (kcal mol-)
B3LYP MO062X  CBS-QB3 1,5-H shift Intersystem
crossing
Z-1P 7.60 10.57 8.35 7703
Z-2P 4.79 7.22 6.299 47+0.1
490
491
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492  Table 2. Experimental and calculated energies (kcal mol") of T, of 1 and 2.

Ketone Phosphorescence B3LYP M062X
TD-DFT Optimization TD-DFT Optimization
1 82 (350 nm) 83 72 81 73
2 77 (373 nm) 75 70 77 74
493
494
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FIGURE CAPTIONS

Figure 1. A) Transient spectra obtained by laser flash photolysis of 1 in argon-saturated

methanol. B) TD-DFT calculated spectra of 1BR, Z-1P, and E-1P.

Figure 2. A) Kinetic trace obtained from laser flash photolysis of ketone 1 in argon-saturated

methanol at 350 nm. B) Kinetic traces for the decay of Z-1P in argon- (red) and oxygen-saturated

methanol (black) at 350 nm.

Figure 3. Transient spectra obtained by laser flash photolysis of 2 in argon-saturated methanol.
B) TD-DFT calculated spectra of 2BR, Z-2P, and E-2P. C) Kinetic trace obtained by laser flash

photolysis of ketone 2 in argon- (red) and oxygen-saturated methanol (black) at 350 nm.

Figure 4. A) Transient spectra obtained by laser flash photolysis of 2 in argon-saturated HMPA.

B) Kinetic traces obtained at 330 nm in argon- and oxygen-saturated HMPA.

Figure 5. Kinetic traces at 330 nm obtained by laser flash photolysis of 1 in argon-saturated

methanol as a function of added of NaN, (1 M).

Figure 6. Arrhenius plots of the decay rate constants obtained by laser flash photolysis of

ketone 1 at 350 nm and ketone 2 at 330 nm in nitrogen-saturated methanol as a function of

temperature.

Figure 7. Optimized structures of 1, 1BR, E-1P, and Z-1P and 2, 2BR, E-2P, and Z-2P using

B3LYP/6-31+G(d).

Figure 8. Calculated stationary points on the energy surfaces of ketones A) 1 and B) 2. Energies

are in kcal mol-.

23



515 Figure 9. Phosphorescence spectra of ketones A) 1 and B) 2 obtained in ethanol glass at 77 K.

516  Figure 10. Calculated IRC graphs for the transitions state for forming cyclobutanol 4 from E-

517 1P (black dots) and ketone 1 from Z-1P (red dots).

518

519  Scheme 1.

520  Scheme 2.

521  Scheme 3.

522 Scheme 4. Calculated spin densities for T, of 1 and T, of 2.

523
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