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Abstract: The photochemical behavior of the cis isomers of the three isomeric styrylpyridines and two
(aminostyryl)pyridines has been investigated under aerobic and anaerobic conditions. Both 3-styrylpyridine
and its 3-amino derivative undergo highly regioselective formation of 2-azaphenanthrene products under
anaerobic conditions. In the presence of oxygen, mixtures of 4- and 2-azaphenanthrene products are obtained.
The formation of 2-azaphenanthrenes in the absence of oxygen is attributed to conversion of the
4a,4b-dihydroazaphenanthrene primary photoproduct to a 1,4-dihydropyridine intermediate by means of a formal
1,7-hydrogen shift. This intermediate is moderately stable in the absence of oxygen and has been characterized
by comparison of itdH NMR and electronic absorption spectra with calculated spectra. This intermediate is
converted to the 2-azaphenanthrene in both the absence and presence of oxygen. The regioselectivity of
photocyclization of 3-substituted stilbenes and related diarylethylenes is suggested to depend on the relative
rate constants for ring opening and sigmatropic rearrangements of the dihydrophenanthrene intermediates as
well as their rates of reaction with oxygen or other oxidants.

Introduction Scheme 1

Irradiation ofcis-stilbene results in two competitive singlet — ; @ 5, 6
state isomerization processes, cis,trans isomerization and pho- Q O —, O ‘,7 d Q Q
tocyclization, to giverans-4a,4b-dihydrophenanthreiéln the hvora 2=/ Hp\s
presence of oxidants such as molecular oxygen or iodine the \ hv
dihydrophenanthrene is trapped to yield phenanthrene in good
preparative yields (Scheme 3The cis isomers of the styrylpy-
ridines1—3 display qualitatively similar behavide Irradiation
of either the trans or cis isomers band3 yields the azaphen-
anthrenes B-and P3, wherea yields a ca. 4:1 ratio of Ra In the absence of oxygen the dihydrophenanthrene formed
and P2b (eq 1—-3). Since most 3-substituted stilbenes yield a from cis-stilbene reverts to starting material either thermally or
ca. 1:1 ratio of 4- and 2-substituted phenanthrenes, the regiosephotochemicall\2. In the case of some substitutei-stilbene
lective formation of P2a is viewed as something of an derivatives, the dihydrophenanthrene intermediates are converted

anomaly3 to stable products in competition with ring opening to regenerate
the cis-stilbene in the absence of oxygeéiThe occurrence of
- . &= 1,n-hydrogen shifts to generate isomeric dihydrophenanthrenes
N v N 7 ) which cannot revert tais-stilbenes can occur in both the
— 0, — absence and presence of catal§stsThe formation of phenan-

threnes in the absence of oxygen or other catalysts is less
common, but has been observed upon photocyclization of-ortho
substituted stilbenes to yield 4a-substituted dihydrophenan-
threnes which can undergo exothermic elimination of a stable
P-2b molecule such as methand!® The preparative anaerobic

2 P-2a irradiation of the styrylpyridines apparently has not been
— investigated.
2 LI Q In the course of our investigations of the effects of amine
N= G = © substituents upon the photochemical behavior of stilbéhés,
c3 P-3
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Table 1. Spectroscopic Parameters for the Styrylpyridines
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Table 2. Quantum Yields for Photoisomerization and Cyclization
of the Styrylpyridine3

absorption fluorescence

max, nm max, nm of T, NS oxidant Dy Dt Dy ratic®
t-1 310 363 0.00¥ 0.00¥ 1 air 0.25 0.24 0.014
c-1 285 2 oxygen 3.9:1
t-2 292 358¢ 0.090' 0.24 air 0.56 0.22 0.081 5.0°1
c-2 273 none >25:1¢
t-3 300 356 0.002 0.003 3 air 0.39 0.34 0.015
c-3 27C¢ 4 oxygen 0.027 0.062 2.2:1
t-4f 301 (335 394 0.71 8.1 air 0.033 0.067 2.7:1
c4 246 (285) none 0.19 0.048 0.088 14:1
t-5' 336 390 0.021 0.31 5 none 0.38

aData in hexane or cyclohexane solutiéiData from ref 16 ¢ Data
from ref 17.9 Data from ref 19¢ Data from ref 24 Data from ref 11.
9 Position of shoulder in parentheses.

we observed that irradiation @fans-or cis-3-(3-aminostyryl)-
pyridine @) results in formation of a mixture of aminoaza-
phenanthrenes Paand P4b in either the presence or absence
of oxygen (eq 4), whereas the isomeric 3-(4-aminostyryl)-

e ) ®
= = =N
c4 P P-4b

-4a

cs5  NH

pyridine 6) fails to undergo cyclization even in the presence
of oxygen?® Furthermore, the regioselectivity of product forma-
tion from 4 was found to be much higher in the absence than
in the presence of oxygen. Sincés-3-aminostilbene forms
aminophenanthrenes only in the presence of oxyjgrseemed
likely that anaerobic photocyclization was characteristic of

2 Quantum yield data foi—3 in cyclohexane solution from ref 5.
b Ratio of products R2a/P-2b from 2 and products Rra/P-4b from 4.
¢ Data in acetonitrile solution. This study.

similar to that oftrans-stiloenel1%21The absorption spectrum

of 4 consists of two overlapping bands, similar to that of
3-aminostilbene, for which lowered molecular symmetry is
proposed to result in configuration interaction between several
one-electronz,7z* transitions!?13 The values of®¢ and 75 for

t-2 andt-5 are similar to those faransstilbene??22The much
smaller values ofPs andzs for t-1 andt-3 have been attributed

to perturbation of ther,7* state by a nearly isoenergetica,
state, resulting in greatly enhanced nonradiative dé€aye
large values of®; and s for t-4 are similar to those of
3-aminostilbene, which have been attributed to a large barrier
for singlet state torsio#? The fluorescence decay b# is single
exponential, even though it is expected to exist as an equilibrium
mixture of four ground state rotamers. The decay times of the
rotamers most likely are similar, as is the case tfans-3-
aminostilbené?

The absorption spectra of the cis isomerslef4 are blue
shifted when compared to those of the trans isomers (Table 1)
and have lower molar absorptivity* These changes are typical
of cis- vs trans-stilbenes and are attributed to the decreased

3-styrylpyridines and not 3-aminostilbenes. We report here the planarity of the cis isomer&:25The absorption maxima of both

results of an investigation of the effects of oxygen upon the
photocyclization of isomeric styrylpyridine$—3 and (ami-
nostyryl)pyridinest and5. These results indicate that hydrogen

the cis and trans isomers dfand trans isomer ob display
small red-shifts in polar solvents similar to those of other
aminostilbened?13The cis isomers ot—4 are either nonfluo-

migration in one of the regioisomeric azadihydrophenanthrenesrescent or very weakly fluorescentb{ < 1074 at room

formed from 3-styrylpyridine® and4 competes effectively with
ring opening in the absence of oxygen. Hydrogen migration

temperature in both polar and nonpolar solvents as is the case
for othercis-stilbenes possessing nonconstrained central double

leads to a 1,4-dihydropyridine intermediate that loses hydrogen bonds?® The absence of fluorescence is attributed to low barriers

to form azaphenanthrenes2@-and P4a even in the absence

for singlet state cis,trans isomerization and cyclization (Scheme

of oxygen. A possible mechanism for these unusual and highly 1) and to low fluorescence rate constadfts.

regioselective transformations is discussed.

Results and Discussion

Electronic Spectra. The absorption and fluorescence spectra
of the trans isomers of the styrylpyridines—3 and the
aminostyrylpyridines4 and 5 have previously been re-
ported!116-18 Apsorption and fluorescence maxima in nonpolar

Cis, Trans Photoisomerization and Aerobic Photocycliza-
tion. Quantum yields for trans,cis and cis,trans photoisomer-
ization (@ and ®¢;) have been reported for the trans isomers
of 1-5 and the cis isomers af—3.51819 Ljterature data for
nonpolar solvents are reported in Table 2 along with the values
for c-4 determined in the present study. Trans,cis photoisomer-
ization is the only photochemical reaction observed for the trans

solvents are summarized in Table 1 along with the fluorescenceisomers at low conversions. The short singlet lifetimes of the

quantum yields @5)11181%and decay timesz{).111820All of
these molecules except fef have a single allowed long-
wavelength absorption band attributed towar* transition
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trans isomers ol—3 and5 are consistent with small barriers
for singlet state double bond torsion to yield a perpendicular
intermediate that decays to a mixture of trans and cis ground-
state isomers. The lower values ®f. for t-1 andt-3 vs t-2,
like the lower values ofbs andzs (Table 1), are attributed to
the occurrence of rapid singlet state nonradiative decay in
competition with double bond torsidf-2° Photoisomerization
of t-5, which has values ob; andzs similar to those fotrans-
stilbene or 4-aminostilbene, is also expected to occur via a
singlet state mechanishiZIn contrast, the relatively inefficient
photoisomerization of-4 most likely occurs via a triplet state
mechanism, as is the case for 3-aminostilb€n&he rate
constant for intersystem crossing fo# calculated from the
isomerization quantum yield and singlet decay titg € 2P/
7g) is 2.6 x 107 s7%, similar to the value for 3-aminostilbene . S - , - : —
(2.4 x 10" s7).12 320 340 360 380 400 420 440 460 480 500

The cis isomers-1—c-3 undergo both cis,trans isomerization Wavelength (nm)
and azaphenanthrene formation upon irradiation in oxygenatedFigure 1. Photolysis ofc-2 in degassed acetonitrile.
solution5 Irradiation ofc-1 or c-3 results in the formation of
a single cyclization product, 1-azaphenanthrene and 3-aza-Slightly with decreasing oxygen concentration while the regi-
phenanthrene, respectively (eqs 1 and 3). Irradiatiorc-Bf oselectivity increases dramatically. The valuedtziy is some-
results in the formation of a 5.0:1 mixture of 2- and 4-aza- What larger in benzene solution (0.11) and somewhat lower in
phenanthrene (Ra and P2b, eq 2) at low conversions. This methanol (0.069) compared to acetonitrile (0.088); however, the
ratio decreases at higher conversions, plausibly accounting forProduct ratio is similar in all three solvents.
the lower ratio reported by Bortolus et%.A slightly higher To our knowledge, the reactions Bfand4 provide the first
ratio is observed for air vs oxygen-purged solutions (Table 2). €xamples of the conversion of a stilbene derivative to a
Similarly, irradiation ofc-4 results in the formation of a 2.2:1  Phenanthrene by formal loss ot fih the absence of an added
mixture of 2_amino_?_azaphenanthrene and 2_amino_5_aza_0XidiZing agent. To obtain information about the mechanism
phenanthrene (Raand P4b, eq 4). The isomeric 4-aminoaza- ©Of anaerobic photocyclization o€-2, the progress of its
phenanthrenes were formed 1% yield, based on NMR and  irradiation in degassed solution was monitored by UV and NMR
GC analysis of the cyclization product mixtures. Irradiation of SPectroscopy. The UV absorption spectra of a degassed solution
the trans isomers af—4 ultimately results in the formation of ~ 0f 1 x 1073 M ¢-2 in acetonitrile is shown in Figure 1.
the same azaphenanthrene products as obtained from the ci§radiation at 300 nm resulits in growth of a new species with a
isomers. In the case ¢4 prolonged irradiation of oxygenated ~Proad, structureless absorption band at 378 nm as well as
solutions results in only trace amounts of what are assumed toStructured azaphenathene absorption at shorter wavelengths.

be photocyclization products. Highly inefficient photocyclization After reaching its maximum intensity, this band slowly disap-
was previously observed fais<4-aminostilbend? pears upon continued 300 nm irradiation and somewhat more

rapidly upon exposure of the degassed solution to air. The 378
absorption band is stable for hours at room-temperature either
in the absence of light or upon 378 nm irradiation. This behavior
stands in marked contrast to that of the 4a,4b-dihydrophenan-
threne formed upon irradiation @fis-stilbene that undergoes
rapid bleaching upon 400 nm irradiation and instantaneous
bleaching upon exposure to oxygérThus the 378 nm
intermediate observed upon irradiationce® most likely is not
a 4a,4b-dihydro-2-azaphenanthrene.

ThelH NMR spectra of 10% M solutions ofc-2 in degassed
methanold, after several incremental irradiation periods are

—— Pre-photolysis

------ 10 min hv at 300 nm
-~ 30 min hv at 300 nm
———— 120 min hv at 300 nm
--=--= 60 min hv at 378 nm
-------- 20 min exposure to air
—— 120 min exposure to air

Absorbance

Quantum yields for cis,trans isomerization and azaphenan-
threne formation front-1—c-4 are reported in Table 2. The
values of®; for c-1—c-3 are similar to that forcis-stilbene
(® = 0.35)15 The value ofd® for c-4 is distinctly smaller,
as previously observed fais-3-aminostilbené? This difference
may reflect the presence of a small torsional barrier forcike
3-aminostilbenes that is not present fois-stilbene, cis-4-
aminostilbene, oc-1—c-3.114The quantum yield for cyclization
c-2is larger than that of its isomecsl andc-3.5 An even more
pronounced difference in cyclization efficiency is observed for
c-4 vs ¢-b, since the latter fails to form azaphenanthrenes in S : L .

shown in Figure 2. At long irradiation times the spectrum

measurablg quantum xleld_. L ) consists of an approximately equal mixture of 2-azaphenanthrene
Anaerobic Photocyclization. Irradiation of the trans or cis (P-28)2" and unidentified product(s) with complex signals in
isomers ofl, 3, and5 in solutions that have been degassed by the 7-8 ppm region. At intermediate irradiation times, the
multiple freeze-pump-thaw cycles results in trans,cis isomer-  formation and disappearance of a single set of signals is
ization but no detectable azaphenanthrene formation. In contrastgpserved with the same growth and decay times as the 378 nm
irradiation of the trans or cis isomers &for 4 in degassed  htermediate observed by UV spectroscopy (Figure 1). The
solutions results in the regioselective formation of the aza- gtrycture of this intermediate is assigned as 2,4a-dihydro-2-
phenanthrenes E‘aa}nq P4a, respectively (egs 2 and 4). Only azaphenanthrené-2a), based on comparison of the observed
traces (6%) of their isomers 2b and P4b are detected by ang simulated NMR spectra, as shown in Figur® Salient
GC or NMR analysis. The optimum conversions2fo P-2a features of the NMR spectrum df2a include a slightly
obtained upon complete conversion 2fis ca. 40% both in  proadened upfield signal forAdand the small coupling constant

analytical experiments with GC or NMR detection and by for H,,and H,. The latter feature is consistent with the calculated
product isolation. Quantum yields for the conversiorcef to

t-4 and the cyclization products £xand P4b in deoxygenated (27)*H NMR spectral data for Ra are provided as Supporting
Information.

solution and in the presence of air. or oxygen are reported in "~ (28) Chemical shifts and coupling constants are provided as Supporting
Table 2. The cyclization quantum yield is observed to increase Information.
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Figure 3. H NMR (300 MHz) simulation (upper trace) af2a in
methanolds.

dihedral angle of 8683° obtained from an AM1-geometry-

Scheme 2
hv —
Ay Yy
N_ A N_ H\‘ degassed HN
solution
c-2a HP-2.

a j i2a

the azaphenanthreneZ2-upon anaerobic irradiation @2 is
consistent with the mechanism outlined in Scheme 2. According
to this mechanism, irradiation of the ground-state rotacr2a
yields the 4a,4b-dihydroazaphenanthrene2dPwhich under-
goes a formal 1,7-hydrogen shift to yield intermediafa. The

first intermediate HR2ais not detected by UV or NMR analysis
of irradiated, degassed solutions and thus its conversig2ao
must be more rapid than its formation. The formation of
azaphenanthrene & occurs upon irradiation df2 at 170 K

optimized structure. Integration of the NMR signals assigned in methylcyclohexaneisopentane solution. Thus the activation
to c-2, i-2a, and P2a at several irradiation times provides the energy for the conversion of HPa to i-2a must be small.

concentrations of each species (see Supporting Information).

The concentration af2aincreases rapidly to a maximum value

of ca. 15% and then decreases slowly, while the concentrationtrimethylstyryl)pyridine 6).

Evidence for the formation of HRa in the primary photo-
process leading to Rais provided by the behavior of 3-(2,4,6-
Irradiation of t-6 in degassed

of P-2a increases continuously to a maximum value of 40%, methylcyclohexane or acetonitrile solutions results in trans,cis

similar to the isolated yield.

isomerization and the formation of an intermediate with an

Qualitatively similar results are obtained when the irradiation absorption maximum at 470 nm assigned to the@ifq 5).

of t-4 is monitored by UV of'H NMR in degassed methanol
solution. Disappearance b#t is accompanied by the formation
of c-4, which in turn is converted to a mixture of aza-
phenthanthrene Ba (eq 4) and unidentified product(s) with
complex signals in the 6-87.5 ppm regiorf? In this case the

Me

FN\_ Me 1

— Me

N

UV spectrum of the presumed 2,4a-dihydro-2-azaphenanthrene 6

intermediate is not clearly resolved from thattef.
Mechanism of Dihydropyridine Formation. Formation of
the 1,4-dihydropyridine intermediai€2a and its conversion to

(29)H NMR spectra for the sequential formaties4 and P4a upon

irradiation oft-4 under nitrogen are provided as Supporting Information.
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Table 3. Calculated Ground Stat&), Lowest Singlet Statey),
Excitation (AE,)) Energies, and Observed Absorption Maxima 180 - © Ground State (AM1)
(mad A Excited State (ZINDO)
S S.° AEp,, Amax 160
kcal/mol kcal/mol kcal/mol (nm) nm
c-2a 79.4 174.8 95.4 (300) 270 3 1404
HP-2a 92.5 161.4 68.9 (415) 470 g o
i-2a 69.1 154.8 85.7 (333) 378 4 1 =
P-2a 61.8 149.2 87.4 (327) 348 £ 1204, \ N Q e — N—
i-2b 75.7 149.8 74.1 (386) &5 o =/"% =/ \_/
[
2 Calculated using MOPAC/AM Calculated using ZINDCE Val- (5 1004
ue for HP#6.
This intermediate does not undergo further reaction and reverts |
to c-6 either thermally or upon long-wavelength irradiation. The 60
4b-methyl group in HRG presumably prevents rearrangement ]

to a dihydropyridine intermediate analogous-&a. Irradiation Arbitrary Reaction Coordinate
of 2,4,6-trimethylstilbene is reported to result in highly inef-
ficient conversion to 1,3-dimethylphenanthrene, a process that
requires the loss of metha”é? The absorption maximum for
HP-6 is at substantially longer wavelength than that for the
intermediate formed upon anaerobic irradiatio2 §Figure 1),

Figure 4. Calculated $and S energies foc-2, HP-23a, i-2a, and P2a.

in Table 3 are the absorption maxima of these species, where
available. The lines connecting the points in Figure 4 show their
- o . U energetic relationship and do not imply the absence of barriers
providing additional evidence that the latter species is not the betw?een ground or egcited-state spegigs As expected, the initial
primary photoproduct HRa (Scheme 2). o ) LA . ’

Rearrangements of 4a,4b-dihydrophenanthrene intermediatesgﬁggaté%?c ?r:ciﬁissrc;insxsetggm'lc'h;nc;T((:auI:txfaI‘tgj ef,ﬁte but
to more stable dihydrophenanthrene products have been Ob_gaps fgorc-2a, HP-Zg, andi-2a ar'e 954 68.9 gnd 5.7 I?g/all
served to occur via both unimolecular and catalyzed mecha- mol, in accord with the larger red;shift i‘o’r the ab.sorption
nisms. Ho and co-worket8'-32have observed the occurrence ma>2ima of HP6 vs i-2a (470 and 378 nm, respectively)
of 1,9-hydrogen shifts following anaerobic photocyclization of Conversion of ground-state HE& to i-2a is callculated o be.
a number of stilbenes and related diarylethylenes. The primarymore exergonic than ring opening d2a However, the
d_ihydro intermediate_s formed upon photocyclization of ary! activation energy for the latter process which is s;y/mmetry
vinyl sulfides and 2-V|ny|b|phenyI§ are reported to undergo L.4- allowed may be lower, accounting in part for the low quantum
and 1,5-hydrogen shifts, respectivék#* Thus there is ample ield for f . ¢ :

recedent for the occurrence of intramolecular-ydrogen yield for formation of P2a
pre . ; . ; . yarogen Aromatization of the Dihydropyridine Intermediate. Aro-
shifts, including those Whlc-h se(_emlngly \_/lolate the selection matization of 4a,4b-dihydrophenanthrene in the presence of
rule_s for thermal suprafacial sigmatropic rearrangeménts. xygen is known,to be a free radical chain process that can be
Amine-catalyzed rearrangements of 4a,4b-d|hydrophenanthrene§; rﬁgite d by additives such as 2 6-Gr-but I-Z-meth iohenol
to 1,4-dihydrophenanthrenes are believed to occur via sequentiaf y ' Yy yip

1,3-hydrogen transfer step&3The formation of 9,10-dihydro-  (BH )2 We find that irradiation ot-2 in the presence of a
9,10-dicyanostilbene upon irradiation afe!-dicyanostilbene 100-fold excess of BHT in degassed solution has no effect on

637 requires two 1,3-hydrogen transfer steps and is proposed tothe (fj(')r.matlc')n Olf Pga The. format|o(;1do1‘(jF’2a un:jer .anaerob|c
occur via a radical chain mechani$mWe observe that the — €O" |t|o?s IS also msensmve_to adde progy alml_ne, wca:ter, or
formation ofi-2a upon irradiation ofc-2 is not influenced by ~ F&ces of oxygen present in nitrogen-purged solutions. Conver-

the presence of added propylamine and conclude that it iSsion of i-2a to P2a is calculated to be only ca. 7 kcal/mol

formed by a unimolecular hydrogen shift. Whether the hydrogen exerg_oni_c (Tab_le 3). plausibly accounting f_or the moderately
shift is a concerted 1,7-process or occurs via two or more long lifetime of i-2a at room temperature (Figures 1 and 3).
sequential shifts remains to be established. The spontaneous loss of hydrogen has not previously been

The energetics of the sequential conversiorc-@a to HP- observed for 4a,4b-dihydrophenanthrene intermedfaitésy-
2a andi-2a (Scheme 2) has been explored by using semiem- €ver, irradiation oN-methyldiphenylamine in degassed solution
pirical AM1 geometry optimized calculations to obtain the results in the formation ogf ;t?e aromatized photocyclization
ground state energies and ZINDO calculations to obtain the ProductN-methylcarbazolé®™** Bowen and Elant reported
vertical excited state energies for each of the ground statet® formatlor; of molecular hydrogen in this reaction; however,
geometries (see Experimental Section). The gas-phase result§Orster et afi? disputed this report. Grellman et‘dlproposed

are reported in Table 3 and shown in Figure 4. Also reported that the dihydro intermediate disproportionates to yield a mixture
of carbazole and the unstable tetrahydrocarbazole. Dispropor-

(gcl)) MS"?W’-F\)\/E”JM?"-OWAE' Vg/'JLAAnmév(\:/hgwé nsqo‘f:-é’zlzz ggg%ogé- tionation ofi-2a to yield a mixture of P2a and an unstable
25é8_) P T S VARG, 5 ANgew: C ’ tetrahydrophenanthrene could account for both the formation
(32) Wu, J.-Y.; Ho, J.-H.; Shih, S.-M.; Hsieh, T.-L.; Ho, T.@rg. Lett. of P-2a with a maximum yield of ca. 40% and the presence of
1999 1, 1039.
(33) Schultz, A. G.; DeTar, M. BJ. Am. Chem. Sod.976 98, 3564. (38) Bromberg, A.; Muszkat, K. AJ. Am. Chem. Sod.969 91, 2860.
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unassigned signals in the NMR spectrum of the irradiated c4b i P-4b
solution (Figure 2). There have also been reports of the —
photochemical aromatization of 1,4-dihydropyridiri&€4 How- VA N Q
ever,i-2ais stable in the dark and irradiation at 378 nm does =\ a =N A
not accelerate its conversion to2@{Figure 1). Thus it seems c4d HN HN
unlikely that this conversion is a unimolecular thermal or
photochemical process. ates?® However, in the case of the styrylpyridines, cyclization

Photocyclization RegioselectivityA simplified mechanism yields are reported to decrease upon addition of iogfine.
that accounts for the effect of oxygen upon the regioselectivity = The photocyclization of the 3-(3-aminostyryl)pyridideis
of photocyclization oft-2 is shown in Scheme 3. The ground-  regioselective in both the presence and absence of oxygen (Table
state rotamers-2a and c-2b are expected to have similar  2) These results can be rationalized in terms of the simplified
populations and absorption spectra and to undergo competingmechanism shown in Scheme 4. The four rotamers-dfare
cyclization and isomerization reactions (Scheme 1). The regi- anticipated to have similar ground-state populations and to
oselective formation of Ra has been attributed to more yndergo cyclization with comparable efficiency to yield four
favorable frontier orbital Over|ap in the transition state for dihydroazaphenanthrene intermediates. In the presence of
cyclization of rotamec-2avs c-2b. Whereas there are numerous  oxygen, rotamers-4a and c-4b yield azaphenanthrenes4a-

examples of rotamer specific photochemistrytfans-andcis- and P4bin a 2.2:1 ratio. However, rotamecs4c andc-4d fail
diarylethylenes? 49 most 3-substituted stilbenes give a nearly to yield azaphenanthrenes.
StalISTIOa| mixture Of 2- and 4-SUbStI'[U'[ed phenanthréﬁa‘ﬂ.ls Steric acce|eration of dihydrophenanthrene ring Opening by

the possibility that HR”2aand HP2b are formed in similar yield, bay-region substituents has been observed by Mallory and
but that the former is aromatized more efficiently, should be Mallory3° for the photocyclization of 3!&dimethylstilbene,

considered. which forms 4,5-dimethylphenathrene only in the presence of
In the absence of oxygen, HEx undergoes a thermal 1,7-  high concentrations of iodine. The formation of both 2- and
hydrogen shift to form the 1,4-dihydropyridine intermediaga 4-aminophenanthrene in a 3:1 ratio is observed upon aerobic
in competition with ring opening to-2a (Scheme 2), whereas  photocyclization of 3-aminostilberié.However, the dihydro-
HP-2b undergoes ring opening m2b. Evidently, an intramo-  phenanthrene intermediates formed in this reaction are thermally

lecular hydrogen shift to form an unstable 1,2-dihydropyridine staple in the absence of oxygen and can be detected by UV
intermediate does not compete with ring opening in this case ghsorption. Thus the absence of products from rotameis

or in the case of the intermediates formed from the styrylpy- andc-4d most likely results from the facile thermal ring opening
ridines1 and3. The calculated energy of the 1,2-dihydropyridine  of the dihydroazaphenanthrene intermediates, which is acceler-
that would be formed from HRb is 7 kcal/mol greater than  zteq by the bay-region amino group.

that ofi-2a, in ac%ord with the greater stability of 1,4- vs 1,2-  The highly selective formation of aminoazaphenanthrera P-
dihydropyridines?? Reaction of HP2b with oxygen competes  non irradiation of4 in the absence of oxygen is analogous to
with ring opening under aerobic conditions, resulting in @ the formation of P2a under similar conditions. Evidently the
decrease in cyclization regioselectivity. The observed 4.9:1 ratio 4a,4b-dihydrophenanthrene intermediate froda undergoes

of P-2a/lP-2bin the presence of oxygen may reflect incomplete g 1 7-hydrogen shift to form a relatively stable dihydropyridine
reaction of HP2b with oxygen. Ring opening of dihydro-  intermediate whereas the intermediate fredb fails to do so.
phenanthrene-type intermediates is known to be more rapid than - ypjike 4 which undergoes moderately efficient photocycliza-
trapping by oxygen in some caseé¥.In fact a flash photolysis  {ion 3. (4-aminostyryl)pyridin fails to form photocyclization

study of c-1 and c-2 by Bortolus et ak suggests that the  hroqycts in either the presence or absence of oxygen. The
intermediates (presumably dihydroazaphenanthrenes) have sholiepayior of 4 and 5 is analogous to that ofis3- and

lifetimes in the absence of oxygen. Addition of iodine is often 4_aminostilbene which have photocyclization quantum yields
observed to increase the yields of 1,2-diarylethylene photocy- ot .28 and 0.004, respectively.We have attributed this
clizations by intercepting the dihydrophenanthrene intermedi- jitference to a lower barrier for the competing cis,trans
(44) Maeda, K.; Nakamura, Ml. Photochem1981, 17, 87. photoisomerization process in the 4- vs 3-aminostilbérieis
(45) Adembri, G.; Donati, D.; Fusi, S.; Ponticelli, Fetrahedron Lett. also possible that ring opening of the dihydrophenanthrene

19‘(3?6)2,%' 22()z£;ugéato U Momicchioli, FChem. Re. 1991 91 1679 intermediate is more rapid than reaction with oxygen in the case

(47) Saltiel, J.; Tarkalanov, N.: Sears, D. F..JrAm. Chem. S0d995 of the 4-aminostilbenes. It is interesting to note that the

117, 5586. aminostyrylpyridinet displays photocyclization behavior similar
(48) Saltiel, J.; Zhang, Y.; Sears, D. F., Jr. Am. Chem. Sod997,

119 11202. (51) Loader, C. E.; Sargent, M. V.; Timmons, C.Ghem. Commun.
(49) Karatsu, T.; Itoh, H.; Nishigaki, A.; Fukui, K.; Akihide, K.; Matsuo, 1965 127.

S.; Misawa, HJ. Phys. Chem200Q 104, 6993. (52) Jungmann, H.; Gaten, H.; Schulte-Frohlinde, @hem. Ber1968

(50) Fowler, F. W.J. Am. Chem. S0d.972 94, 5926. 101, 2690.
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to that of the styrylpyridin@ rather than that of 3-aminostilbene, Methods.*H NMR spectra were measured on a Varian Gemini 300
whereass displays behavior similar to that of 4-aminostilbene spectrometer. GLC analysis was performed on a Hewlett-Packard HP
rather than the styrylpyriding. 5890 instrument equipped with a HP1 poly(dimethylsiloxane) capillary
column. UV-vis spectra were measured on a Hewlett-Packard 8452A
Concluding Remarks diode array spectrometer Wwita 1 cm path length quartz cell.

- . . o Fluorescence spectra were measured on a SPEX Fluoromax spectrom-
Both 3-styrylpyridine g) and its 3-aminostyryl derivativel( eter. Phenanthren&d{ = 0.14% was used as a external standard for

undergo highly regioselective photocyclization under anaerobic o measurement of fluorescence quantum yields-éfand t-5.
conditions. The high regioselectivity is a consequence of a dark Fluorescence quantum yields were measured by comparing the
(nonphotochemical) 1,7-hydrogen shift that converts one of the jyegrated area under the fluorescence curve for tiagsami-

two dihydroazaphenanthrene primary photoproducts into & 1,4~y ryipyridines and phenanthrene at equal absorbance at the same
dihydropyridine, which is moderately stable under irradiation g, citation wavelength. All fluorescence spectra are uncorrected and
conditions but is converted to the 2-azaphenanthrer_1e in bothihe estimated error for the fluorescence quantum yields-1§%,

the absence and presence of oxygen. The other dihydroazazyiough the quantum yields were corrected for the refractive index of
phenanthrene reverts to starting material rather than forming e solvent. Fluorescence decays were measured on a Photon Technolo-
the less stable 1,2-dihydropyridine. In the presence of 0xygen, gies nternational LS-1 single photon counting apparatus with a gated
the two regioisomeric dihydroazaphenanthrenes are oxidized toyyqrogen arc lamp using a scatter solution to profile the instrument
provide a mixture of 2- and 4-azaphenanthrenes. The 1,4- esponse function. Nonlinear least-squares fitting of the decay curves

dihydropyridine intermediate has been characterized by simula-\yere performed with the Levenburg-Marquardt algorithm as described
tion of NMR and absorption spectra; however, the mechanism by James et & as implemented by the Photon Technologies

of its anaerobic conversion to 2-azaphenanthrene remains to b&nernational Timemaster (version 1.2) software. Goodness of fit was

fully elucidated. Similar behavior is observed fdy which determined by judging thg? (<1.3 in all cases), the residuals, and the
selectively forms a single azaphenanthrene in the absence ofyypin—watson parameter>(1.6 in all cases). Measurements of
oxygen and a mixture of two azaphenanthrenes in the presence; antum yields of photoisomerization fort andt-5 were performed
of oxygen. on optically dense degassed solutions1Q~2 M) with use of an
These results suggest that the regioselectivity of cyclization excitation wavelength of 313 nm. The extent of photoisomerization
of 3-substituted stilbenes and related 1,2-diarylethylenes may (<59) was quantified by GLC. Excitation at 313 nm was achieved
be determined by the relative rates of ring opening and with a 450 W medium-pressure mercury arc lamp filtered through an
sigmatropic rearrangements of the dihydrophenanthrene-typealkaline potassium dichromate solution. All quantum yield measure-
intermediates as well as their rates of oxidation. These rateSments and nitrogen-purged photolyses were performed on solutions that
should be sensitive to the structure of the intermediate, solvent,were purged with dry bifor 20—25 min. Photolyses were carried out
temperature, and the concentration and reactivity of the oxidant. on a Rayonet RPR-100 photochemical reactor fitted with 7-16, RPR-
Further studies will be required to establish the kinetics of these 3000 A bulbs (300 nm). Vacuum-degassed solutions were prepared in

processes. Pyrex cuvettes that were modified to permit a freegamp—thaw
) _ procedure (5 cycles; silicone oil diffusion pump10-* Torr) and were
Experimental Section flame sealed. INDO/S-CIS-SCF (ZINDO) calculations (9 occupied and

Materials. Styrylpyridines c-1—c-3, were prepared by the standard 9 unoccupigd frontier orbitals) were .perfom?ed on a Macintosh Ilfx
Wittig proceduré Corresponding pyridine carboxaldehydes (Aldrich)y Computer with the ZINDO Hamiltonian as implemented by Cache
were reacted with triphenylphosphonium chloride (Aldrich) in a,cH ~ Release 3.8 All molecular models used in the semiempirical
Cl,—H,0 dual phase system with tetrabutylammonium iodide (Aldrich) calculations were based on SCF/AM1 optimized ground-state geom-
as a phase-transfer catalyst (10 mol %). The reaction mixture was stirredetries by using the MOPAC (version 94.10) suite of programs as
at room-temperature overnight under adtmosphere. After completion implemented under Cache Release%.5.
of the reaction, the CKLI, layer was separated and washed with brine
and deionized water several times. Purification was carried out by

column chromatography (Siiexanes EtOAc (80:20), 236-400 mesh Acknowledgment. We thank Professor Frank Mallory for
SiO;) to remove the trans isomer and triphenylphosphine oxide. Column helpful suggestions and Xiaobing Zuo for measurements of some
chromatography was repeated to purify the cis isomersa@o purity. of the product ratios. Funding for this project was provided by

All cis isomers were isolated as pale yellow oils with typical overall NSF arant CHE-9734941
yields being 20%. The synthesis 6# andt-5 was carried out as SF grant C 9734941.
described above with use of the corresponding pyridine carboxaldehyde

and (nitrophenyl)triphenylphosphonium bromPééI.’h_e trans isomers Supporting Information Available: The NMR integration
were enriched by refluxing dilute benzene solutions with catalytic of the signals from the photolysis 0f2, 1H NMR spectrum of

amounts of 4 under nitrogen with exposure to visible light. Further . . . .
purification of the nitro derivatives of styrylpyridines was carried out P-2a, chemical shift and coupling constants fo2&andi-2a,

by recrystallization from methanol. Reduction of the nitro group to NMR integrals for the irradiation o€-2 in methanol solution,

the amino group was carried out with Se@H,O/EtOH (anhydrous) and NMR spectra af4 during irradiation (PDF). This material

as the reducing agetit> Typical yields from the reduction were 80%. s available free of charge via the Internet at http://pubs.acs.org.
Purification of the corresponding-4 and t-5 was carried out by

recrystallization from HPLC grade MeOH-4 mp 127.5-128.5°C; JA0042027

t-5mp 181.5-182.5°C).*5 All compounds were found to have greater

than 98.5% purity as estimated by GC analy4sNMR and GCMS - - - -

were used to establish the identity and purity of all compounds. All So$15$5:) Sler&ls,Y\(J).rkB,.ligc?)g?phyS|cs of Aromatic Molecule$ohn Wiley and
solvents used for spectroscopy and photolyses were either spectropho-  (56) james, D. R.; Siemiarczuk, A.; Ware, W.ARy. Sci. Instrum1992

tometric or HPLC grade (Fisher) and were used as received. 63, 1710.
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