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Photoannulation of 4,4-Dimethylcyclohex-2-en-1-one To 1,1-Diphenylethylene

Richard A. Caldwell,* Ralf Constien, and Bryan G. Kriel
Department of Chemistry, The Umirsity of Texas at Dallas, Richardson, Texas 75083
Receied: July 29, 2002; In Final Form: February 26, 2003

The photoannulation of 4,4-dimethylcyclohex-2-en-1-one (DMC) to 1,1-diphenylethylene (DPE) results in
the [2+2] formation of cyclobutanes exhibiting regio- and stereoselectivity. Additionally, regio- and
stereoisomers of substituted octahydrophenanthrenes are produced. Formally, these are derived from alpha
ortho coupling of a 1,4-biradical, followed by rearomatization. From laser flash photolysis experiments, we
conclude that the temporal absorbance profile observed following excitation of DMC in the presence of DPE
is a composite of multiple triplet state transients that includes triplet state 1,1-diphenylethylene and likely
includes a triplet state 1,4-biradical. This analysis of the transient data reveals energy transfer and product
forming interactions betwee€idMC and ground-state DPE. The present work renders our earlier interpretation
[J. Am. Chem. S04.996 118 8741]} that the transient observed in this system waMC—DPE exciplex,
unnecessary and unlikely.

Introduction

The [2+2] photocycloaddition ofx, S-unsaturated carbonyl
compounds to olefins is well established; in fact, it has been
proffered as the most widely used of photosynthetic reacfions.
This annulation has become the preferred route for the construc-
tion of cyclobutane containing compounds and for synthetic
strategies that incorporate such structures. The mechanism of
this reaction has received considerable study. Initially, Corey
proposed a mechanism involving an “orientagcomplex”
(which now would be called an exciplex) to explain regio- and
stereoselectivity in triplet state photocycloadditions of cyclo-
hexenone$. Although many subsequent investigations thor-
oughly documented the existence and the importance of singlet 17% 14%

exciplexes in singlet state photocycloadditions, by direct detec- g e 1. Major products of DMC and DPE photoannulation reaction.
tion, there have been no clear examples of direct detection of

exciplexes in triplet state photocycloadditions. conclude that exciplexes are not a requirement in explaining

Indirect evidence, however, abounds. Loutfy and de Mayo the regiochemical outcome of enonelkene photoannula-
have rationalized their data for the cycloadditions of ketones to tjgng26-28

alkenes using an exciplé®. Exciplexes have been claimed in

a number of intramolecular reactiofis® Caldwell has found
evidence for exciplexes in the PaterriBuchi reaction; this was
latter supported by the work of Wagner and WinHik!> Wilson

and Halpern have reported exciplex formation between aliphatic
ketones and benzene derivativé3’ and Haselbach has pre-
sented indirect evidence for an exciplex in quenching experi-
ments using benzophenotfe.

Alternatively, Bauslaugh has explained the regio and stereo-

SﬁleCtiVE}?, of kiztor:le?)lgfig'phlot.oannul?jtlioré% on hthe bas;is of study, we concluded that the transient spectroscopy indicated a
the stability of the biradical intermediat€s.Schuster has et exciplex intermediate. The study we here describe leads
ques_tloned the need for exmp_lexes N cyclohex_enone F’_h"t?’a”'to a different and we now believe more likely interpretation of
nulztl?zr(fzsagdtsupﬁorts. ?n |nttergr(tai:at|on u5|hn.g a fb'lia?'cal the transient data, although the existence of a triplet exciplex is
[n.ol et. b Ieetrs as hm elrkpre € edquetn(; ing t(') efone not expressly excluded from the reaction. We now believe that
piets 2X2§ ectron rich alkenes as cirect lormation of a o ransient temporal profile results from the composite
biradical?4#> Biradical-trapping studies have led Weedon to absorbance GiDMC, 3DPE, and probably at least one precy-
cloaddition 1,4-biradical. The reversibility of the formation of
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MIS FN32, University of Texas at Dallas, P.O. Box 830688, Richardson the head-to-tail biradical has been demonstrated by irradiation
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Chapman and Rettig have conducted a prior study of the
DMC—DPE photoadditioi? This study, conducted in benzene
and in tertiary butanol, reports the formation of the trans
cyclobutane,1, Figure 1. In previous communications, our
laboratory has reported on the DMOPE annulation in
cyclohexang and reported the simultaneous formation of
cyclobutanes and octahyrophenanthrenes ipiheetyl styrene
styrene systerf? The major products of the DMEDPE
annulation are presented in Figure 1. In our initial DMOPE
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Experimental Section ether. The aldehydesand8 were isolated by preparative TLC
(silica, petroleum ether/10% diethyl ether).

Laser flash photolysis experiments were conducted as previ-
ously described with Mode-Locking and Q-Switched Continuum
Nd:YAG lasers, model Y6571C-13.An Osram model XBO
150 WI/I high-pressure xenon lamp and CVI Digikrom 240
monochromator and photomultiplier provided detection. Data
were collected using a Tektronix DSA 602 digitizing signal
analyzer and transferred to a DTK 486DX personal computer
for analysis. Laser and flash lamp control and the kinetic
analyses were performed with the PC RAD software package
from Kinetic Instruments (Austin, TX). The experiments, unless

4,4-Dimethylcyclohex-2-en-1-one (DMC) and 1,1-diphenyl-
ethylene (DPE) were obtained from Aldrich Chemical and were
purified by silica gel column chromatography using hexanes
and ethyl acetate, followed by Kugelrohr distillation. bVis
spectra were obtained with a HP 8450A spectrophotometer and
the IR spectra with a Nicolet Avatar 360 FT-IR. Gas chroma-
tography was performed on a Shimadzu GC-14 with flame
ionization detection (FID) and on a Finnignan GCQ GC/MS.
The methods of ionization used for the mass spectral analysis
were electron impact (70 eV), methane, and ammonia chemical
ionization. Analytical and semipreparative HPLC separations . .
were performed on a HP 1090 liquid chromatograph with a otherwise noted, were conducted in cyclohexane at room

diode array detector (using 270 and 330 nm detection). The l€mperature in a 5 10 mm quartz cuvette. The full-widths-
columns used were Lichrosphere (Merck) Si 1006 (4.0 at-half-maximum height for the mode locked and Q-switched

mm o.d. x 250 mm), and Selectosil (Phenomenex) Si 100, 5 laser pulses were 1.6 and 5 ns, respectively. The mode-locked
um (16 mm o.dx 250 mm). NMR experiments were conducted 'aser was used when the full temporal profile was to be fitted.
using a Varian 500 MHZMINOVA spectrometer on CDGI The Q-switch laser was used when fitting only the transient
solutions containing 0.03% tetramethylsilane. Melting points Signal aeqay and also to collect time-resolved absorption
were obtained with a Hoover capillary melting point apparatus. spectra* Figures 4, 6, 8, and 9 exhibit a feature at 50 ns that

Galbraith Laboratories (Knoxville, TN) performed the elemental 1S attributed to a cable ring in the laser flash photolysis
analyses. equipment. For elevated temperature studies, the cuvette was

placed in a brass block fitted with resistive heating elements.
to 1, 1-diphenyethylene was performed with a solution of DMC Dodecane and hexadecane were used as solvents for experiments

(2.45 g, 19.71 mmol) and DPE (7.16 g, 39.72 mmol) in 250 conducted at elevated temperatures. _

mL of cyclohexane. The solution was irradiated for 24 h using ~ The following laser wavelengths, nominal energies, and
a standard quartz immersion well photochemical reactor with a @nalytical wavelengths were used for the kinetic studiésviC
Hanovia 679A 450W medium pressure mercury lamp. A (355 nm, 5mJ, 300 nmjDPE, sensitized by thioxanthone (355
Corning 3320 uranyl glass filter was added for triplet sensitized "M, 5 mJ, 335 nm); head-to-tdibiradical, by decomposition
irradiations. The solution was deoxygenated and continuously of 1 and 2 (266 nm, 10 mJ, 335 nm); DMC-DPE temporal
mixed by purging with nitrogen for 30 min before and during Profile, resulting from quenching GDMC by DPE (355 nm,

the irradiation. After concentrating the reaction mixture to 65 15 mJ, 335 nm). Time-resolved spectroscopy was conducted
g/L, compoundl was crystallized at room temperature. The ©n these transients under the same experimental conditions. The
isolated crystals were further purified by crystallization from analytical wavelength varied between 300 and 370 nm. Mea-
hexanes. The liquor from the initial crystallization was further surement of the quenching rate constant for the energy transfer
concentrated by a factor of 2 and a second crystallization wasof the *hioxanthone-DPE experiment was performed with
performed at—10 °C. These crystals were composed of a procedures that were previously descriBe@ihe quenching rate
mixture of compounds, 4, 5, and6. These compounds were  constant for théDMC—DPE system was measured similarly;
isolated by preparative TLC and by semipreparative HPLC. however; the pseudo-first-order rate constants for the sensitizer
Compoundss and 6 are the result of hydrogen abstraction of were determined using two kinetic models, vide infra. A DMC
compound3, resulting in one and two additional unstaturations concentration of 79 mmol, O "= 1.0 cm 1, and DPE
(respectively) of the newly formed six-member ring. concentrations between 0 and 0.8 mmol were used in the BMC

Compound2 could not be isolated in sufficient quantity for DPE quenching experiments.
spectral characterization. Its presence was confirmed in the The transient signal modeling of the laser flash photolysis
DMC—DPE reaction mixture by retention time and spectral studies was performed using two kinetic models. Both models
matching of HPLC and GC/MS experiments. Preparation of a employ the method of finite differenc€s.The mode locked
standard ofcis-5,5-dimethyl-7,7-diphenylbicyclo[4.2.0]octan-  laser pulse, as detected by the monochronomator, was used to
2-one,2, was performed by adding compoufd0.5 mg, 1.64 generate the ERF for iterative reconvolution. Simulations
mmol) to a solution of sodium hydroxide (0.62 g, 15.5 mmol) modeled either the first-order sequential two-reaction scheme
in 50 mL of methanol with stirring at room temperature for 12 describing the formation of an exciplex or a composite signal
h. The reaction mixture was neutralized with dilute hydrochloric of two first-order decays. The composite model was used to
acid and extracted 3 times with dichloromethane (100 mL total describe two competing interactions of DMC and DPE. Valida-
volume). Pure was obtained by column chromatography with  tion of the simulators was performed by demonstrating their
petroleum ether/10% diethyl ether. ability to fit exact expressions of the respective kinetic model.

Two aldehydes were also observed in the GC/MS and HPLC The simulators were written in Microsoft Excel workbook files
analysis but were not isolated. Preparation of standards of 2-(1,1-using the Solver add-in. The Microsoft Excel Solver uses a
dimethyl-allyl)-3,3-diphenyl-trans-cyclobutanecarboxalde- generalized reduced gradient (GRG2) nonlinear optimization
hyde,7 and 2-(1,1-dimethyl-allyl)-3,3-diphenyl-cis-cyclobutan- code. Linear and integer problems use the simplex method with
ecarboxaldehydes, were performed as follows. Solutions bf bounds on the variables and the branch-and-bound méthod.
and2, respectively, (100 mg, 0.32 mmol in 10 mL cyclohexane) Fitting was performed by minimization of the sum-of-squares
were irradiated in a quartz microscale photochemical reaction of the residues of the differences between the simulated and
assembly with a mercury lamp at a principal output of 254%hm. the experimental data. The sum-of-squares was performed at
The reaction mixtures were evaporated and diluted in diethyl one-half nanosecond increments.

Preparative irradiation of 4, 4-dimethylcyclohex-2-en-1-one



Photoannulation of DMC to DPE

Results

Preparative photoaddition of DMC to DPE resulted in a
mixture of products (Figure 1). The major products were
compoundd, 2, 3, and4 (35, 6, 17, and 14 wt %, respectively).
Another 19% of the material balance is accounted for by six
isomers of3 and4, none greater than 5 wt %. Compourtls
and 6, resulting from hydrogen extraction d, represent

4% of the material balance, 2% each. Four percent of the bal-

ance was comprised af and 8, approximately two percent
each.

The irradiation ofl afforded the aldehyd& as the major
product with small amounts of DMC and DPE. The irradiation
of 2 resulted primarily in DMC and DPE, with compouBds

a minor product. The GC/MS analyses of these reactions indicatewavelength of radi, A) Mo Ko (0.71069)

that compound4—6 were present in varying amounts for both
reactions.

Spectroscopic Datatrans5,5-Dimethyl-7,7-diphenylbicyclo-
[4.2.0]octan-2-onel: white crystals (1.81 g, 35.3%) mp 167
168°C; IH NMR 6 0.34 (3H, s), 1.25 (3H, s), 1.68L.74 (1H,
ddd), 1.78-1.88 (1H, dt), 2.082.14 (1H, ddt), 2.282.34 (1H,
m), 2.34-2.42 (1H t), 2.90-2.94 (1H, d J339-345= 13.7 Hz),
2.94-3.0 (1H, dd), 3.39-3.45 (1H, m), 7.147.30 (10H, m);
13C NMR ¢ 18.41, 18.47, 28.68, 34.42, 34.84, 38.10, 42.38,
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TABLE 1: X-ray Structure Data of the Cyclobutane 1 and
Octahydrophenanthrene 3

compoundl compound3
formula OCooH24 01CoH24
formula wt. 304.44 304.44
crystal system monoclinic monoclinic
space group P21N (no. 14) P21/C (no. 14)
color clear clear
unit cell: a,b,c A 11.251,10.884, 14.336 8.684,9.567, 19.776
A 4 4
R 0.0453 0.0388
Rw 0.0456 0.0376
GOF 1.168 0.745
LinAbs.Coeff. 0.0645 0.0685
temp.°C 23 23

Mo Ku (0.71073)

20 range 4 < 20=<50° 4° < 20<50°
number of data & cutoff 1073 & 3 1658 & 3
parameters refined 280 304
calculated density g/mL  1.157 1.235
intensity measure w—260,scan w—260,scan

1-Keto-4,4-dimethyl-9-phenyl-1,2,3,4,4@ans 10a-hexahy-
drophenanthren&; white crystals, (0.10 g, 2%) mp 12627
°C; 'H NMR ¢ 1.532 (3H, s), 1.537 (3H, s), 1.82.84 (1H,
m), 1.84-1.86 (1H, d), 2.352.75 (1H, t), 2.452.46 (1H, t),
2.63-2.67 (1H, t), 2.672.72 (1H, 1), 2.95-3.05 (1H, d), 3.1+

46.85, 56.84, 60.43, 125.67, 126.40, 128.12, 128.16, 128.41,3.18 (1H, dd), 6.736.75 (1H, d), 7.057.38 (8H, m), 7.79

141.82, 150.17, 209.67; MS (El, 70 e%)yz 304 (M*, 2), 248
(15), 180 (100), 165 (41). Anal.Calcd for4H240: C, 86.80;
H, 7.95; O, 5.26. Found: C, 87.25H, 7.96 O, 4.79. HREI MW
Calcd: 304.1824, Found: 304.1824.
cis-5,5-Dimethyl-7,7-diphenylbicyclo[4.2.0]octan-2-ong;
clear crystals (0.34 g, 6.6%) mp 884 °C; *H NMR 6 0.90-
0.96 (1H, ddd), 1.031.06 (3H, s), 1.111.08 (3H, s), 1.08
1.34 (1H, m), 2.1#2.23 (1H, m), 2.292.37 (1H, m) 2.58
2.65m (1H, dd), 2.862.92 (1H, dt), 3.33-3.38 (1H, dd), 3.5%
3.55 (lH, d,J2,35_2_92: 8.3), 7.16-7.30 (lOH, m);13C NMR 6

7.82 (1H, d);13C NMR ¢ 19.37, 29.69, 30.30, 32.56, 37.61,
43.73, 47.23, 51.51, 125.76, 126.00, 126.57, 126.71, 127.34,
128.21, 128.71, 137.00, 137.08, 139.66, 140.06, 208.21; MS
(El, 70 eV)m/z 302 (M*, 41), 285 (6.3), 246 (19), 231 (8), 204
(100), HREI MW Calcd: 302.1668, Found: 302.1676.
1-Keto-4,4-dimethyl-9-phenyl-1,2,3,4a-tetrahydrophenan-
threne,6: white crystals, (0.11 g, 2%); UWVis oo = evro, =
835 cnt! mol~! L (cyclohexane)H NMR 6 1.84 (6H, s),
2.08-2.22 (2H, m), 2.78-2.82 (2H, m), 7.4-7.9 (10H, m);1’C
NMR 6 13.9, 26.7, 34.39, 41.05, 124.09,125.04, 127.4, 128.99,

26.15, 29.47, 31.94, 33.67, 36.79, 37.00, 40.58, 53.59, 55.89,127.21, 128.27, 129.46, 130.03, 131.03, 131.67, 135.46, 138.62,
125.55, 126.14, 126.62, 127.62, 128.11, 129.77, 142.31, 152.19,139.56, 140.20, 149.35; MS (El, 70 ekjz 300 (M", 81), 285

215.85; MS (El, 70 eV)/z 304 (M*, 3), 248 (15), 180 (100),
165 (44). Anal.Calcd for &H,40: C, 86.80; H, 7.95; O, 5.26.,
HREI MW Calcd: 304.1824, Found: 304.1835.
1-Keto-4,4-dimethyl-Sis-phenyl-1,2,3,4,4a,9,10ans 10a-
octahydrophen-anthren8; white crystals (0.85 g, 17%) mp
164—-165°C; IH NMR ¢ 1.00 (3H, s), 1.69 (3H, s), 1.641.78
(2H, m), 1.92-2.10 (1H, dt), 2.282.46 (3H, m), 2.552.58
(1H, dt), 2.85-2.9 (1H, d,J2.55-258= 12.67 Hz), 4.4-4.8 (1H,
dd, J2_552,58 =2 HZ, 32.2&2.46 =1 HZ), 7.0-7.24 (8H, m),
7.62-7.64 (1H, d);*3C NMR ¢ 23.66, 29.13, 32.06, 35.06,

(100), 270 (4), 267 (5), 257 (52). HREI MW Calcd: 300.1512,
Found: 300.1516.
2-(1,1-Dimethyl-allyl)-3,3-diphenyl-cyclobutanecarbalde-
hyde,7: oil, (15 mg,);"H NMR & 0.70 (3H, s), 0.79 (3H, s),
2.31-2.43 (1H, m), 2.96-3.09 (1H, m), 3.39 (2H, dd), 4.68
4.79 (2H, m)5.40 (1H, dd), 9.66 (s,1H$C NMR 6 25.2, 33.5,
39.6, 44.6, 53.2, 53.5, 112.0, 125.9, 126.8, 127.0, 127.6, 129.8,
143.8, 145.4, 151.5, 203.1; MS (El, 70 emjz 304 (M, 1),
205 (5), 180 (100), 165 (61), 152 (4), 129 (5), 115 (11), 91
(10). IR (KBr): 1766 cm! (C=0).

35.21, 36.32, 40.19, 42.12, 43.94, 48.71, 125.92, 126.06, 126.09, The X-ray structure oftrans5,5-dimethyl-7,7-diphenyl-
128.11, 128.86, 131.02, 138.40, 139.81, 145.27, 213.77; MSbicyclo[4.2.0]-octan-2-ond& and4, 4-dimethyl-9-phenyl-3,4,-

(El, 70 eV)myz 304 (M™, 7), 286 (3), 248 (100), 233 (18), 205
(31). Anal. Calcd for GH»40: C, 86.80; H, 7.95; O, 5.26.
Found: C, 87.33;H, 7.95; O, 4.72; HREI MW Calcd: 304.1824,
Found: 304.1831.
4-Keto-1,1-dimethyl-%is-phenyl-1,2,3,4,4a,9,16is-10a-oc-
tahydrophenanthrenéd; white crystals, (0.70 g, 14%) mp 134
115°C; ™H NMR 6 0.80 (3H, s), 1.32 (3H, s), 1.621.69 (1H,
m), 1.78-1.85 (2H, m), 1.952.02 (1H, m), 2.02-2.1 (1H, m),
2.32-2.40 (1H, m), 2.66-2.68 (1H, dd), 3.954.05 (1H, d,
J2.0}2.1 =18 HZ), 4.30-4.38 (1H, dd,J1,7&1,85 =18 HZ,
J1.95-2.02 <1 Hz), 6.95-7.15 (9H, m);13C NMR 6 26.95, 27.84,

4a,9,10,10a-hexahydrd42phenanthren-1-one3, were deter-
mined, see Table 1 and Figure 2. The preliminary examination
and data collection were accomplished using an Enraf-Nonius
CAD4 diffractometer. Cell constants were obtained by a least-
squares fit of 25 reflections. The space groups of the monoclinic
cells were determined to B#2:/n (no 14) for compound. and

24/C (no 14) for compound. The structures were solved by
direct methods and refined on the basis of 1073 observed
reflections forl and 1658 observed reflections farHydrogen
atoms were calculated at idealized positions and included in
the calculations but not refined. Least-squares refinement was

30.59, 32.52, 35.47, 38.24, 42.67, 43.87, 52.49, 125.88, 127.12,conducted in the range of 4.06< 20 < 50.¢° and converged
128.00, 128.69, 129.18, 130.66, 131.27, 134.42, 137.61, 147.33at Ry) = 0.0453,R3) = 0.0388, andRy1) = 0.0456,Rua) =

210.90; MS (El, 70 eV)n/z 304 (M*, 97), 286 (18), 271 (22),
245 (30), 233 (88), 204 (100), HREI MW Calcd: 304.1824,
Found: 304.1829.

0.0376.
The literature values for the lifetimes and thg.x of SDMC
and3DPE were reproducedDMC, generated by direct excita-
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Compound 3

Figure 2. Thermal ellipsoid plot of the head-to-tafans-cyclobutane, compounti and the head-to-taitans-octahydrophenanthrene, compound
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Figure 3. Time-resolved absorption spectrum for the head-to3ail
[biradical] formed by irradiation of the cyclobutadgimax = 335 nm.

tion at 355 nm, exhibits an absorption spectrum withya, of
295 nm and decays with a lifetime of= 24 4+ 1 ns.°DPE,
generated by energy transfer from thioxanthone, hag.gof
335 nm and a lifetime ot = 36 + 1 ns. The time-resolved
spectrum for the head-to-téibiradical generated by photolysis
of 1 is presented in Figure 3 and hagax = 335 nm and a
lifetime of 7 = 36 &+ 1 ns. A similar spectrum was obtained by
the photolysis of2. The temporal profile for the head-to-tail
Shiradical generated by photolysis of eitteor 2 resulted in a
78 ns transient. The laser flash photolysislaé presented in
Figure 4. Irradiation ofl results in7 as the major product, and
irradiation of 2 results in DPE and DMC as major products.
The photolysis oR resulted in a similar temporal profile with
the same first-order lifetime of 7& 2 ns. The time-resolved
spectrum for DMC-DPE laser flash photolysis experiment has
aAmax Of 337 nm, Figure 5. A first-order fit of the DMEDPE
temporal profile at 335 nm results in a lifetime of= 49 ns,

transients contribute to yield a composite signal. The lifetime
of the first transient was constrained to 36 ns (the lifetime of
3DPE) and the lifetime of the second transient was constrained
to 78 ns (the lifetime of thé[biradical]). As seen in Figure 9,
this also resulted in a good fit of the DMC-DPE temporal profile.
Quenching experiments were conducted in order to determine
kq, the quenching rate constant, using the relationghip=
k®DMC + k[Q]. Here, ks is the observed quenching rate,
and it is dependent on the quencher concentration [Q]. The rate
of decay of triplet state DMC ik®DMC, andk is the quenching
rate constant. Before fitting the data, a signal correction was
performed for the’DMC signal. The®DMC correction was
calculated using the rate constant¥dMC quenching by DPE
(determined iteratively) and tf®MC signal amplitude-to-laser
power ratio, which was used to scale the amplitude of the
correction. The corrected data was then fitted using the exciplex
model and the composite model, Figure 10. The quenching curve
for the exciplex model yieldgi®DMC = 4.91 x 107 s7L. The
quenching curve for the composite model yieldg@OMC =
4.07 x 107 s7L. The independently measured (and literature)
value ofkg®DMC is 1k = 4.17 x 107 st is noted in Figure
10. Using the composite model, an Arrhenius plot was generated
within a temperature range of 25 to 180 with five temperature
stations. Cyclohexane, dodecane, and hexadecane were used as
solvents. Overlap experiments were performed at the transition
temperatures, and in all cases, these resulted in comparable
results for both solvents. The activation energy for the quenching
of 3DMC by DPE was measured to be 1.1 kcal/mol. The rate
constant is significantly slower than that for a diffusion-limited
event, as is known to be the case for excitation transfer from
nonvertical donors, and the activation energy is lower than that
expected for diffusiod! There is no requirement that the
activation energy exceed that for diffusion in such a case,

Figure 6, which could be used to infer a new species. However, pecause the quenching act involves both formation and separa-

the measured first-order lifetime of the DMOPE temporal

tion of reactant contact pairs, and diffusive control operates in

profile is dependent on the analytical wavelength, Figure 7, vide poth diretions.

infra.
The DMC—-DPE temporal data of Figure 6 was also fitted

using two kinetic models. In Figure 8, the fit using the exciplex
model (first-order sequential, two reaction kinetics) resulted in

Discussion

Compoundsl and 2 exhibit retro-[2+2] mass spectral

a lifetime of r = 48 ns, which is a reasonable agreement with fragmentation, with a low intensity molecular ion (304 amu)
the first-order fit. Because a small permanent absorbance wasand a base ion atVz = 180 (MW of DPE). In thelH NMR

observed, a correction was applied by assuming that it resultedspectrum,1 is best distinguished by the upfield proton shift at
from decay of the exciplex and that its magnitude was 6 = 0.34 ppm. This shift is due to a phenyl ring affect. The

proportional to the extent of decay. The DMOPE temporal
profile was also fitted using a model in which two first-order

trans isomer is evidenced by the bridging methine’s axaaial
coupling constant of 13.7 Hz. CompouBcdexhibits chemical
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shifts of the beta hydrogens in the cyclohexane spin system atl-phenylnaphthalene radical cation. In #ieNMR, the bridging
0 = 0.94 and 1.05 ppm because of shielding by the phenyl group methine stereochemistry is cis with respect to the methine
that is trans to the ring junction methines. The bridging methine hydrogens. This is determined from the methine coupling
hydrogens oR possess a relatively large coupling constant of constant of 1.8 Hz. The benzylic hydrogen is in an equatorial
8.3 Hz due to the small dihedral angle. The mass spectrum of position, as seen by the associated coupling constants of 1.8
compound3 reflects the head-to-tail regiochemistry. The base and less than 1.0 Hz. The phenyl group is pseudoaxial and cis
ion atm/z = 248 amu exhibits enolization followed byratro- with respect to the methine hydrogen. Compo&rekhibits an
Diels—Alder fragmentation, expected for the head-to-tail isomer additional unsaturation with respect to the 1:1 adducts (¥
but not the head-to-head isonfrThe stereochemistry of 302 amu) and head-to-tail regiochemistry, again displaying the
compound3 is trans, as determined by the methine coupling retro-Diels—Alder fragmentation observed with compouBd
constant of 12.7 Hz. The stereochemistry of the benzylic (m/z = 246 amu). Reasonable agreement with the calculated
hydrogen, with respect to the methine hydrogento the olefinic hydrogen shifd = 6.4 ppm with the observed shift of
carbonyl is also trans, this is determined by the coupling 6 = 6.6 ppm support the assignment of the additional unsat-
constants of £2 Hz with its vicinal hydrogens. These coupling uration. The phenanthren@, exhibits two additional unsatura-
constants define the hydrogen position as pseudoequatorial andions with respect to compour®i(M * = 300 amu). The large
the phenyl group as axial. The dominant mass spectral ion intensity of the molecular ion and the m-15 iom/'¢ = 285)
fragment of compound! is at m/z = 204 amu; this is the indicate development of new aromaticity.
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There are three elementary experiments that may be used talecay of the temporal curve should yield a straight line at all
determine whether laser flash photolysis has produced a singlewavelengths. Third, the first-order lifetime of the temporal
transient. First, time-resolved spectra should be, except for profile must be invariant over a wide range of wavelengths.
amplitude, identical at all times. Second, the natural log of the For a temporal profile composed of multiple transients, the first-
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order lifetime is a function of the extinction coefficients and major product, possesses the characteristics of, and we believe
the concentrations of the species in the system:, @Dy, may well be, the long-lived transient. We expect little variation
€,c,e7¥0. If the lifetimes and extinction coefficients of the  of triplet 1,4-biradical lifetime with structure (i.e., head-to-tail
transients significantly differ, time-resolved spectra may vary or head-to-head), so we must not rule out isomeric biradicals.
with time, logarithmic plots of decay may be nonlinear, and Indeed Weeddii has shown that biradical yields may be poorly
the apparent (best-fit) first-order decay rate constant may vary predicted from product yields.

with wavelength. To test this biradical hypothesis, the composite mo2PE,

We compare the present results to our first DMQPE laser 71 = 36 ns and head-to-tai[biradical], 7, = 78 ns) was used
flash photolysis stud¥lt is clear from the comparison that such to fit the DMC—DPE temporal profile. As seen in Figure 9,
variations may be small enough that the experimental outcomesthe two signals can be combined to fit the DMOPE temporal
can be misinterpreted. The DMEPE time-resolved spectra  profile. However, the fit by the exciplex model is comparable;
in Figure 3 are acceptably uniform, consistent with a single Figure 8. No conclusive decision can be made based on the fit
transient species. Note, however, that multiple transients eachalone. From the regression of the quenching data, Figure 10,
possessing similar spectra may also generate spectra unifornthe predicted rate of decay MC by the composite model
enough to lead to an unwarranted conclusion of a single is (4.04+ 0.1) x 10" s™%, a three percent error as compared to
transient. The natural log of the DMEPE temporal profile the known rate of decay. The regression for the exciplex model
in Figure 6 appears to be a straight line at normal laser energiess 4.91+ 0.1 x 10’ s'1, a seventeen percent error in the
because of poor signal-to-noise late in the decay. Repeating thisprediction of the rate of thermal decay @WMC. Clearly, the
experiment at higher high laser energy, i.e., at better signal-to- composite model is in better agreement with the known rate of
noise, we can discern a small curvature. In the third test, at decay ofDMC. In summation, the curvature of the natural log
normal laser energies, the first-order lifetime of the DMC  of the temporal profile, the dependence of the first-order lifetime
DPE temporal profile was a constant 49 ns, over the region on wavelength, and the accuracy of the composite model's
were sufficient absorbance could be measured. This experimentquenching curve are strong arguments that the observed-bMC
was also repeated using higher laser energy (21 mJ, focused)PPE temporal profile is (primarily) the result 8DPE and the
and the dependence of the lifetime on the analytical wavelengthabsorbance of a longer-lived species which we expect to be the
became evident (Figure 7). This is further evidence of the head-to-taif[biradical]. Other transient species may be present;
presence of more than one transient species. The lifetime has dowever, they are either minor contributors or they closely
maximum of 49 ns over a range from 330 to 343 nm and a mimic one of these two transients.
minimum value of 38 ns at 365 nm. The 38 ns lifetime is The compositéDPE and®biradical transient argument can
indicative of the presence 8DPE, which has a 36 ns lifetime.  be used to interpret the oxygen and azulene quenching experi-
We now conclude that a single transient is insufficient to explain ments presented in our earlier communicafidie production
all of the kinetic results. of singlet oxygen by the DMEDPE system was undertaken

From the new information, we assign, as well as possible, in aerated cyclohexane,Salues for the production of singlet
the transients that are present. First, the shorter lived of the twooxygen by DMC (ORss= 1.0; &t = 1.0) and DPE (sensitized
transients is likely to béDPE, because the 38 ns lifetime is by p-methoxyacetophenone, @@= 1.0) were determined to
observed in the spectral region whéB¥PE is expected to afford  be 0.55 and 0.19, respectivéRThe @, for a solution of DMC
the dominant absorbance. Second, at least one transient in théODss5 = 1.0) and DPE (0.4M) can be predicted from the DMC
composite has a lifetime significantly greater than 38 ns. Third, and DPE triplet lifetimes, the rate at which the enone triplet is
the ratio of the extinction coefficients of the transients must be quenched by DPE (7.5< 10’ L mol™1 s71), the oxygen
relatively constant in the 336343 nm region. The head-to-tail quenching rateSSPMC = 4.6 x 10° L mol~1s™1, SDPE=6.3
3[biradical], cf. Figures 4 and 7, which is the precursor of the x 10°L mol~!s™) and the & for the oxygen quenching events.
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Figure 11. Reaction scheme for DMEDPE interactions involving energy transfer, 1,4 annulation, and 1,6 annulation.

If the interaction between the enone triplet and DPE produced of these treatments, we suggest thafbelC—DPE interactions
DPE triplets exclusively, the predictebl, would be 0.092+ partition about one to one between energy transfer and biradical
0.004, which is greater than the observation of 0.880.004. formation channels.
The contribution due to quenching #MC is predicted to be In . . :

. X the azulene quenching experiments, quenchingddAC
0.069. From this, we conclude that there is modestly more by DPE with a ratg constar?t ofF;>5 107 L mg|*1 s leads to
singlet oxygen formed th_an may be explained"DHMC -0, a predictedPsaz+(DPE)AD3az+ 0Of 0.44 (the ratio of the azulene
guenching alone. We attribute the excesdiBE-O, quench- triplet in the presence and absence of DPEJis is to be
ing, furth ing th E. That th i ’
ing, further supporting the presence’di> at the observed compared with the measurdesaz+(DPE)D3az+ value of 0.47.

®, of 0.080 is between the predicted extremes of complete h bl b h dicted and ob d
energy transfer and no energy transfer is indicative that some e reasonable agreement between the predicted and observe

3DMC—DPE interactions do not result fiDPE formation (as values indicates that the predominant, and probably the only,
is clear regardless from the formation of the cycloadducts). From Source offazulene iDMC. *DPE is knowrf! not to transfer
this analysis, we estimate the yield ®PE from the3SDMC— energy to azulene, and thus the most reasonable sourée of
DPE interactions to be 5& 18%. A similar result is obtained ~ azulene iSDMC. *®DMC can generatéDPE by energy transfer.
from a very different approach. In composite transient modeling, The energy transfer is exothermic by 11.5 kcal/mol (DMC
the 3DPE curve is responsible for approximately 56% of the Ergen 63 &= 0.7; DPE— Er(spec) 60.8, Exrery 52.1 & 1.8 kceal
composite signal, as determined from the intensities of the mol™1). We have considered th&DPE could be generated by
3[biradical] and®DPE absorbance profiles in Figure 9, assuming a Schenck-like mechanism. However, this involves an endo-
their extinction coefficients are of similar magnitude. As a result thermic step (conversion of the Schenck biradicadD®E and
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DMC) with an enthalpy of approximately 7.7 kcal/mol, as ring closure to form stable products. Two types of ring closure
estimated by Benson calculatiof?s'3 occur. The first is the 1,4-ring closure typical of this reaction;

It is notable that we observed no head-to-head cyclobutanes.however, head-to-head cyclobutanes are not formed. The second
We conclude that they are formed in at most very low yield. type of annulation is an alphartho closure resulting in
The head-to-tail biradical has been observed, by photolysis of unsaturated, substituted octahydrophenanthrenes. No regiose-
1 and2, with a measured lifetime of 78 ns. The presence of at lectivity is observed for the octahydrophenanthrenes, from which
least one 78 ns transient with,ax ca. 335 nm is consistent with ~ we conclude that ring closure is not problematic, as it appears
our analysis of the DMEDPE quenching experiments. The to be in the 1,4-ring closure. We have concluded that multiple
formation of compound may be evidence for the existence of transient species are involved in this reaction. Among these
a head-to-heagbiradical, a possibility we are currently inves-  transient$DPE is a major component. A prima facie case has
tigating. The presence of a six-member ring head-to-head been developed for the presence of the head-to-tail triplet state
product leads us to believe that it is the failure of ring closure biradical. The evidence presented here does not forbid the
that prevents the formation of the cyclobutane regio-isomers. existence of an exciplex intermediate. However, there is no basis
We have at present no convincing explanation for the absencein the transient data to invoke a triplet state exciplex.
of head-to-head products.
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both the DMC-DPE photocycloaddition and the photofrag- A. Welch Foundation (Grant AT-0532) and the National Science
mentation ofl and2 places constraints on the products in the Foundation (Grant CHE-9422824). We are indebted to Dr.
two directions. Our observation that photolysis of either 2 Duane Hrncir for the X-ray crystallographic analysis of com-
produces DMC and DPE is consistent with this hypothesis. poundsl and3.

Because aldehydes are only observed in the photolysis of either
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Kelly, Kelly, and McMurry*4 have studied the photocyclo-
addition of 3-phenyl-2-cyclohexenone and the 1-phenylpropene
geometric isomers. They have discussed the role of biradicals
in both cycloaddition and the concomitant geometric isomer- (1) Caldwell, R. A.; Hrncir, D. C.; Munoz, T.; Unett, D.J. Am. Chem.
ization of 1-phenylpropene, concluding from triplet excitation Soc.1996 118 8741. o
energies that the geometric isomerization probably arises via (g) gChUSt‘Er' ?; :é? Lemj %?_fa?/l””g's' Né@&?tm' I;%Eiglg% gﬁ 8.
the 1,4-biradical and is unlikely to involve excitation transfer. SOC$129640§%¥’55'70'.' ass, o B eldanieu, .. e, m- ~hem.
Our observation ofDPE demonstrates excitation transfer in the (4) Loutfy, R. O.; Yip, R. W.; Dogra, S. KTetr. Lett.1977, 2843.
present case. The triplet excitation energies of 1-phenylpropene  (5) Loutfy, R. O.; de Mayo, P. JAm. Chem. Sod 977, 99, 3559.

and DPE are simila® but DMC has a triplet excitation energy phyf)éﬁclgaggagéeggé A Busse, R.; Schrader, U.; Kuhnle,Ghem.

subs'gantially h‘gh?r than that Pf 3-phenyl-2-cyclohgxenone and "(7) zachariasse, K. ATrends PhotochenPhotobiol 1994 3, 211.
thus is a better triplet excitation dontfThe energies in our (8) Subudhi, P. C.; Lim, E. CChem. Phys. Lettl978 58, 62.
case do in fact reasonably permit excitation transfer to DPE, so  (9) Locke, R. J.; Lim, E. C. JPhys. Chem1989 93, 6017.

there is no anomaly. Kelly et al. also assigned an unidentified 8‘3 é%?gfv'eﬁ' Fi-?ALivaA 'rfn C&Zenrq“- Szrg';-?éeéggf%;ﬁq 96.
transient as either a triplet exciplex (by analogy to our earlier (12) Caldwell. R. A.J. Am. Chem. S0d973 95, 1690.

report) or a triplet biradical analogous to those we consider  (13) caldwell, R. A.; Sovocool, G. W.: Gajewski, R. P.Am. Chem.
here. The present results show that our previous study providesSoc.1973 95, 2549.

unreliable precedent for a triplet exciplex. Therefore, the 83 m‘;}ger‘;?fb'; svlr:’r\]’lf:‘]i”ﬁ/lf /';’-JJ-A %m-ciféfnm-sifa%zizlg‘; gggg-

unidentified transient is more likely a triplet biradical. ' (16) Wilson, T. i—ialpern, A. MJ. Am. Chem. Sod980 102 7279.
The presence of octahydrophenanthreBeand 4 requires (17) Wilson, T.; Halpern, A. M.J. Am. Chem. Sod.98], 103 2412.

hydrogen transfer in each case. The mechanism for octahydro- (18) Jacques, P.; Allonas, X.; Von Raumer, M.; Suppan, P.; Haselbach,

phenanthrene formation most reasonably involves triene inter- E- figihgfﬂi?;ﬁ %hecgylniﬁzsiléé%lém
mediates, formed by 1,6 coupling of the biradicals, as shown (20) Schuster, D. I Heibel, G. E.: Brown, P. B.: Turro, N. J.. Kumar,

in Figure 11. The 1,7-hydrogen shift would lead to rearomati- c. V. J. Am. Chem. Sod.988 110, 8261.
zation in a strongly exothermic process. Although there is no _ (21) Schuster, D. I. IThe Chemistry of EnongPBatai, S., Rappoport,

; ; ; ; ., Eds.; John Wiley and Sons Ltd: New York, 1989; pp 6236.
cogent cﬁregt evidence for the trienes, we note that their expected? (22) Schuster, D. I.. Heibel. G. E.. Woning, Angew. Chem.. int. Ed,
absorption in the 306400 nm spectral region may well be the Engl. 1991 30, 1345.
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. . .. (28) Maradyn, D. J.; Weedon, A. Getrahedron Lett1994 35, 8107.
. A reaction mechamsm for the photoaddltlop Of DMC to DPE (29) Rettig, T. A., Ph.D. Thesis, lowa State University, Ames, lowa,
is presented in Figure 11. There are two initial interactions 1965.
betweerDMC and DPE: energy transfer and biradical forma- ~ (30) Our laboratory has observed this type of photoannulation with

- p-acetylstyrene and styrene, a tetralin was produced in low yield. See:
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