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Abstract: Three nonconjugated aryl olefins, having well-defined but varied interorbital angles between the chromophores, have 
been studied: 2-methylenebenznorbornene (MBN), 2-ethylidene- 1-methylindan (EMI), and 1 -ethylidene-8,9-benzospiro[3.5]-
nonane (ESO). The latter two are new compounds and their syntheses are detailed. In all cases, photoelectron, ultraviolet ab
sorption, and fluorescence emission spectra have been measured. The solution-phase photochemistry of these molecules, using 
254-nm irradiation, has been elaborated; MBN reacts primarily via a "diverted di-7r-methane" reaction while EMI, ESO, and 
2-isobutylidenebenznorbornene (IBN) undergo a facile olefin E/Z photoisomerization. Xenon perturbation methods have 
been used to gain insight into the relative involvement of singlet and triplet states in these reactions, and it appears that both 
states participate. Singlet interaction between the chromophores is a function of their geometry, being greatest in MBN (where 
appreciable charge transfer occurs in polar media), reduced in EMI, and minimal in ESO. Interaction at the triplet level is 
complete in all cases, there being no aryl phosphorescence observed for any of the substrates. An important feature of both 
MBN and EMI is extensive nonradiative decay from the singlet and triplet states; this decay is caused by the presence of the 
olefin moieties, does not involve olefin isomerization, and may well be general for nonconjugated aryl olefins. 

The systematic study of bi- and polychromophoric mole
cules has generated considerable interest,2-3 representing as 
it does the logical extension of the intensive surveys of mono-
functional compounds which dominated photochemistry until 
recent years. Our own efforts in this area have proceeded at 
two levels: (a) we have been examining ground- and excited-
state interactions between functionalities in conformationally 
mobile, acyclic systems2 and (b) we have been studying these 
interactions in relatively rigid carbon frameworks. Each of the 
above has advantages with regard to obtainable information. 
Flexible systems provide a time-dependent spectrum of in-
terchromophoric relationships which give rise to "preexcita
tion" and "postexcitation" interactions, and in fact may be used 
to obtain rate constants for bond rotations in chains.4 By 
contrast, rigid molecules permit one to study interactions as 
a function of well-defined interchromophoric distances and 
angular relationships.5 

Among the functional group pairs examined in these labo
ratories, the aryl olefins have proven particularly fruitful, 
giving rise in acyclic arrays to both triplet and singlet inter
actions upon excitation of the benzene ring. Thus 6-phenyl-

2-hexene provided the first suggestion of, and evidence for, aryl 
olefin singlet exciplexes as precursors to cycloadducts.6 Fol
lowing excitation, the two functionalities achieve a collinear 
arrangement (allowed for by the trimethylene "bridge"), which 
permits rapid (4 X 108 s - 1 ) complexation, almost complete 
fluorescence quenching, and eventual photochemistry (eq 1). 

Ph(CH2)3CH=CHCHs 

(Z) 
254 nm 

C ""H 
(D 

By contrast l-phenyl-2-butene exhibits normal singlet pho
tophysics but undergoes a facile, predominantly triplet derived, 
E/Z photoisomerization (eq 2).7 

hv 
PhCH2CH=CHCH3 + 

(Z) 
254 nm 

PhCH2CH=CHCH3 

(E) 

(2) 
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To further define the stereoelectronic requirements for aryl 
olefin excited- and ground-state interactions, we have syn
thesized a series of polycyclic molecules having different 
functional group orientations. These include 2-methylene-
benznorbornene (MBN), 2-ethylidene-l-methylindan (EMI), 

MBN EMI ESO 

and l-ethylidene-8,9-benzospiro[3.5]nonane (ESO). Our 
discussions will be restricted to the photochemistry and pho-
tophysics of these compounds in nonprotic media;8 an elabo
ration of our observations in protic media9 is presented in the 
accompanying paper.10 

Results 

Photochemistry of 2-Methylenebenznorbornene (MBN). 
Irradiation of a 0.01 M solution of MBN in n-hexane with a 
low-pressure mercury lamp results in the formation of four 
primary photoproducts (1-4) isomeric with the starting ma
terial.11 The major product, 1, is a new compound and has been 
identified as l-methylene-3-vinylindan by spectroscopic 
analysis (cf. Experimental Section). Compound 2 
(benzo[6.7]bicyclo[3.2.1]octa-2,6-diene), 3 (3-allyl-l//-in-
dene), and 4 (l-allyl-l//-indene) have been previously char
acterized and were identified by comparison of spectra with 
authentic, independently synthesized samples. The reaction 
is summarized in eq 3. 

\ H 2
 254nm ^ l 

Photochemistry of 2-Methylene-d-benznorbornene. MBN, 
deuterated in the methylene position, was readily prepared 
using triphenylmethyl-c/3-phosphonium bromide and 
benznorbornen-2-one. Photolysis was conducted under con
ditions identical with undeuterated material, products were 
isolated by VPC, and the location of the deuterium atoms was 
ascertained by NMR (see Experimental Section). The reaction 
is depicted in eq 4. 

+ Cx^ + CQ +CcT-
Quantum Efficiencies of Formation of Photoproduct13 and 

Disappearance of MBN. Quantum efficiencies were deter
mined in low-conversion runs and are as follows: 1,6.3 X 1O-3; 
2, 1.5 X 10~3; 3, 1.3 X IO-3; 4, 0.8 X 10~3. The separately 
determined quantum efficiency for disappearance of MBN is 
13 X IO-3. 

Effect of fra/is-2-Heptene on the Photochemistry of MBN. 
To confirm that the photochemistry caused by direct irradia
tion does not involve /nrermolecular aryl-olefin interactions, 
MBN was irradiated in the presence of an external olefin, 
rrans-2-heptene. The use of molar quantities of the olefin 
12-59-fold greater than MBN led to no observable quenching 
of the formation of 1. In a separate experiment, the solutions 
were analyzed for formation of m-2-heptene. Using 5.4 X 
1O-3 M MBN and olefin concentrations from 6.8 X 1O-3 to 
19 X 1O-3 M, prolonged irradiation times were required before 
measurable amounts of cis isomer could be detected (i.e., under 
comparable photolysis conditions, of the order of 7% conver
sions to 1 could be achieved in ~6 h, whereas the 6.8 mM 
heptene tube required ~30 h for ~9% conversions to cis-2-
heptene). Since secondary photoproduct formation would be 
significant with such long reaction times," we interpret these 
results merely as confirmation of the short-lived, noninter-
ceptable nature of the MBN triplet. These observations are 
substantiated by the lack of MBN phosphorescence (see 
below). 

Photosensitized Rearrangement of MBN. We have dem
onstrated that the anti-Markownikoff addition of acetic acid 
to MBN proceeds from the excited singlet state.9'10 This re
action can then serve as a probe for singlet energy transfer from 
a prospective triplet sensitizer. Thus, hexane solutions of tol
uene and MBN, in which toluene absorbed essentially all 
254-nm incident radiation, gave rise to MBN rearrangement, 
but control studies indicated that acetic acid addition to MBN 
occurred as well. By contrast, p-xylene did not sensitize ad
dition of acetic acid but did effectively cause MBN rear
rangement. The product ratio, for 70% loss of MBN, is 1, 90%; 
2, 5%; 3, 4%; and 4, 0%. These numbers may be compared with 
the ratio from low-conversion, direct irradiation quantum ef
ficiency data: 1, 62%; 2, 19%; 3, 13%; 4, 5%. A quantitative 
comparison of these data is beclouded by the ambiguities of 
photosensitized secondary reactions (for example, there is a 
9% formation of the di-7r-methane photoproduct of 2,1' which 
explains the diminished presence of 2 in the sensitized run). 
However, the MBN triplet is clearly capable of giving rise to 
1, 2, and 3, and the absence of 4 and the increased proportion 
of 1 seem statistically significant. 

Xenon Perturbation Studies on MBN. Varying amounts of 
xenon were added to degassed hexane solutions of MBN, and 
the yields of photoproducts compared with those obtained in 
the absence of xenon. The formation of all four photoproducts 
(1-4) was enhanced by xenon, the increases ranging from 50% 
(1) to over 100% (4). The degree of fluorescence quenching was 
measured simultaneously and plotted by the method of 
Fleming, Quina, and Hammond,'4 i.e., [(Fo/F) — 1] vs. 
[(Fo/F)(P/P0) - I]. In these expressions, Fo = fluorescence 
without xenon, F = fluorescence with varying xenon concen
trations, Fo = product formation without xenon, and P = 
product formation with varying xenon concentrations. 
Least-squares plots of the data of each of the products are 
shown in Figure 1; the slopes (which equal (/>jsc when the 
product probe is 100% triplet derived; cf. the Discussion sec
tion) are 1, 0.52 ± 04; 2, 0.44 ± 0.06; 3, 0.41 ± 0.04; and 4, 
0.32 ±0.03. 

Photochemistry of 2-Isobutylidenebenznorbornene (IBN). 
IBN was prepared by the Wittig olefination of benznorbor-
nen-2-one, there being formed a 90:10 mixture of Z and E 
olefins. Larger quantities of the E isomer were prepared by 
254-nm irradiation of the synthetic mixture. The Z and E 
isomers were separated by preparative VPC and characterized 
by 13C NMR (cf. Experimental Section). 

Irradiation of either isomer in hexane solutions using 
254-nm light rapidly led to geometrical isomerization15 (eq 
5). Quantum efficiencies for these reactions are <t>z—E = 0.10 
and 4>E~*Z — 0 .08 (under the conditions of these measure-



7354 Journal of the American Chemical Society / 100:23 / November 8, 1978 

Figure 1. MBN xenon perturbation plots: 1 ( A ) , 2 (D), 3 (X), 4 (O). 

Figure 2. Xenon perturbation determination of <̂>iSC for BN. 

ments, formation of the other products is negligible15). The 
E/Z photostationary state was determined16 to be 1.11 and was 
unchanged by the presence of xenon. 

(5) 

Z-IBN 

Determination of 4>-,sc for Benznorbornene (BN). This number 
was obtained by the xenon perturbation method of Carroll and 
Quina.17 This involves simultaneously measuring the effect 
of xenon on a molecule's fluorescence (quenched by xenon) and 
its triplet-sensitized isomerization of an external olefin (en
hanced by xenon). The equation is as follows:17 

Figure 3. IBN xenon perturbation plot. 

of 0.62 ± 0.04, in reasonable agreement with the benznor
bornene value. 

Xenon Perturbation Studies on IBN. Using a procedure 
identical with that discussed for MBN (cf. Figure 1), but 
employing Z to E photoisomerization of IBN as the product 
probe, gave the data plotted in Figure 3. The slope is 0.46. 

Spectroscopy of MBN. A. Absorption and Fluorescence. 
These spectra, taken in hexane at room temperature, are pre
sented in Figure 4, with data for MeBN by way of comparison. 
4>( values for these and related compounds are given in Table 
I together with singlet lifetimes. The reductions in <p{ for the 
unsaturated bicyclics at room temperature are observed as well 
as 77 K, i.e., the 0f ratio for MBN:MeBN = 0.38 and 2:6 = 
0.50, at 77 K. 

B. Phosphorescence. None of the aryl olefins showed phos
phorescence in an isopentane glass at 77 K. Both MeBN and 
6 phosphoresce, with efficiencies of 1.70 and 0.71 relative to 
toluene. 

C. Photoelectron Spectroscopy. Vertical ionization energies 
for MBN19 and related molecules are presented in Table II. 

Preparation of 2-Ethylidene-l-methylindan (EMI). EMI was 
prepared by the sequence outlined in Scheme I. This route 
provides a mixture of the isomers, with >98% E. Enrichment 
of the Z isomer was accomplished by irradiating the synthetic 
mixture. The isomers were separated by preparative VPC and 
structures assigned using 13C NMR spectroscopy (cf. Exper
imental Section). 

Photoisomerization of EMI. Irradiation of either EMI iso
mer led to rapid E/Z interconversion22 (eq 6). The quantum 

hv 

hexane 
254 ran 

(6) 

efficiency for E -* Z is <t>E^z = 0.146 ± 0.0I2 and the pho
tostationary state, (£/Z)pss = 0.88 ± 0.02. A combination of /F'\l/F\ 1 r/F\/P\ 1 tostauonary stare, (£,/z.)pss = u.sa ± u.uz. /\ comoinauon o 

( —1 (-p) — 1 = 4>hc\ ( ~ ) ( — ) — 1 these data and the extinction coefficients at 254 nm (E, 40 
VF0ZLVf / J L v F / V / V J M-I cm-1 : 7 409 M- 1 c m - n srivesrft^zr = 0.13.Ther>ho F' = fluorescence without olefin or xenon, Fo = fluorescence 

without xenon, F = fluorescence with olefin and varying xenon 
concentrations, Po = olefin isomerization (cw-2-heptene) 
without xenon, and P = olefin isomerization with varying 
xenon concentrations. The data are plotted in Figure 2, with 
the least-squares-derived slope (0isc) equal to 0.59. 

We had earlier done a more routine 0jsc determination on 
2-methylbenznorbornene (MeBN), using rra«5-2-heptene as 
a triplet counter. Using a decay ratio equal to that for the tol
uene-sensitized isomerization of heptene, we obtained a $isc 

M-' cm"1; Z, 409 M"1 cm"1) gives <t>z^E = 0.13. The pho
tostationary state changes under the influence of xenon, to 
become (E/Z)pss = 0.99 ± 0.02. Withp-xylene sensitization, 
(£/Z)pss = 1.10 ± 0.01. Photolysis of F-EMI in the presence 
of an equimolar concentration of cis- 2-heptene gave 4% con
version to Z-EMI without any detectable formation of 
rran.r-2-heptene. The quantum efficiency for disappearance22 

OfEMI = COl. 
Xenon Perturbation Studies on EMI. Use of the procedure 

outlined earlier for MBN and IBN, in this case monitoring E 
-* Z photoisomerization as a function of xenon concentration, 
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Table I. Quantum Efficiencies of Fluorescence and Singlet 
Lifetimes of MBN and Related Molecules 

IZOO 

compd 

CH1, 

L-U 

<pfa 

0.24 

0.08 

0.25 

0.15 

<io-

T, ns" 

13.5 

4.5 

11.0 

14.0 

" All <t>( values were determined relative to toluene (0f = 0.14).18 

* These values are considered accurate to ±1 ns. 

Scheme I 

^ C - C H 3 

100 

24(5 2 5 0 2 6 0 2TO 2 8 0 2 9 0 300 310 320 330 

X(nm) 

Figure 4. Absorption and fluorescence spectra for MBN and MeBN, in 
hexane at room temperature. (Note that the MBN fluorescence is scaled 
up by a factor of 2.92). 

3.0 

20 

1.0 

Q / " " 

\^L. i i i 

/ ^ 

I 
2.0 3.0 

¥&) 
Figure 5. £-EMI xenon perturbation plot. 

CK, 

TosNHNH, 

V y 
NNHTos 

NaBH3CN 
DMF/sulfolane 
pH 3.8, H O 0 C 

CH3 

.E-EMI 

= \ + 
CH3 

CH3 

S 

CH3 

Z-EMI 

CH3 

gave the data plotted in Figure 5. The least-squares-derived 
slope is 0.61 ± 0 . 0 1 . 

Determination of <ftsc for 1-Methylindan. This measurement 
was done by the xenon perturbation method,17 using cis-2-
heptene as described above for benznorbornene. The data are 
plotted in Figure 6, with the least-squares-derived slope, $isc 

= 0.59 ± 0.0O2. 
Spectroscopy of EMI. A. Absorption and Fluorescence. 

These spectra, taken in hexane at room temperature, are pre
sented in Figure 7 together with data for 2-ethyl-l-methyl-
indan (EMIH) as a model monochromophoric system. The (pfs 
for E- and Z-EMI are both 0.22, whereas EMIH has fy = 
0.34. The 'r 's reflect this difference, being 24 ns for EMIH and 
18 ns each for the EMI isomers. 

B. Phosphorescence. Neither of the EMI isomers shows 
phosphorescence in an ethanol glass at 77 K, whereas EMIH 
phosphoresces with an efficiency 0.77 that of toluene. 

C. Photoelectron Spectroscopy. Vertical ionization ener
gies23 of the structurally simpler EMI analogue 2-methy-

Table II. PES Values for MBN and Related Molecules 

compd 
vertical ionization 

potential, eV assignment 

BN 

8.40 
8.90 
9.23 

8.4220 

8.93 

9.0421 

9.0121 

9.38 

benzene S 
benzene A 
olefin 

benzene S 
benzene A 

olefin 

olefin 
olefin 

leneindan,24 and related molecules are presented in Table 
III. 

Preparation of l-Ethylidene-8,9-benzospiro[3.5]nonane 
(ESO). ESO was prepared by the sequence outlined in Scheme 
II. This route provided a mixture of isomers, with a Z:E ratio 
of 95:5. The isomers were separated by preparative VPC and 
assigned structures using 1H NMR (cf. Experimental Section). 
Larger quantities of the E isomer could be prepared by irra
diation of the synthetic mixture. 
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I .0 2.0 m 4.0 5.0 

Figure 6. Xenon perturbation determination of 0jSC for 1-methylindan. 

Table III. PES Values for 2-Methyleneindan and Related 
Molecules 

compd 
vertical ionization 

potential, eV assignment 

0 > 
Co 
C-<»-

8.61 
9.14 
9.45 
8.4620 

9.04 

benzene S 
benzene A 
olefin 
benzene S 
benzene A 

9.1521 olefin 

230 40 50 70 80 90 300 310 

X (nm) 
320 330 340 

Figure 7. Absorption and fluorescence spectra for EMI and EMIH, in 
hexane at room temperature. (Note that the £-EMI fluorescence is scaled 
up by a factor of 1.53). 

+ Ph2S
+ < ] 

BF4" 

P h 3 P = C H C H , 

1. Me 2SO/KOH 

H..C 

E-ESO Z-ESO 

Photoisomerization of ESO. Irradiation of either ESO iso
mer led to rapid EjZ interconversion (eq 7). Quantum ef-

hv 

hexane 
254 nm 

(7) 

E Z 

ficiencies are $ £ _ . z = 0.2O0 ± O.OO4 and faz-~E = O.2O4 ± 
0.0O6. The photostationary state, (E/Z)pss = 1.00 ± 0.01. 
Extended irradiations of equimolar concentrations of 1-
methylene-8,9-benzospiro[3.5]nonane (MSO) and cis-2-
heptene showed no measurable heptene isomerization. 

Xenon Perturbation Studies on ESO. Xenon had essentially 
no effect on either ESO Z -* E or E —>- Z isomerization, al
though xenon did quench ESO fluorescence. The model 
monochromophoric compound, 5,6-benzospiro[3.5]nonane, 
was prepared by the catecholborane reduction and decompo
sition of the tosylhydrazone of 8,9-benzospiro[3.5]nonan-l-
one. Attempts to measure </>jsc for this compound by xenon-
enhanced sensitization of a 2-heptene isomerization (as de
scribed above) were unsuccessful; again fluorescence 
quenching by xenon was observed, but no effect on 2-heptene 
isomerization was noted. 

Spectroscopy of ESO. A. Absorption and Fluorescence. The 
absorption (>220 nm) and fluorescence spectra of E- and 
Z-ESO are essentially identical in band shape and intensity; 
they are also virtually superimposable on those of a mono
chromophoric model, l-methyl-8,9-benzospiro[3.5]nonane 
(MSOH). The fa for the methylene analogue, MSO, was 
measured using toluene as a standard and found to be 0.18. The 
singlet lifetimes of ESO, MSO, and the related monochro
mophoric models are all 30.5 ns. 

B. Phosphorescence. As with the other aryl olefins discussed 
above, ESO shows no phosphorescence at 77 K in an ethanol 

glass. Rather surprisingly, the monochromophoric analogue, 
MSOH, also shows no phosphorescence. 

C. Photoelectron Spectroscopy. Vertical ionization ener
gies23 of MSO, MSOH, and related molecules are presented 
in Table IV. 

Discussion 

A. Photochemistry of MBN. 1. Products and Mechanism. 
The photochemical rearrangements of MBN (eq 3) are the 
most deep-seated of the transformations detailed in the Results 
section; photolysis of EMI and ESO leads primarily21 to E <=± 
Z interconversion (eq 6 and 7). The experiment with deute
rium-labeled MBN (eq 4) allows for a rationalization of the 
photolysis in terms of a "diverted di-7r-methane" reaction83 

(Scheme III). Excitation is followed by the usual25 di-7r-
methane bond-making and bond-breaking steps to give the 
1,3-diradical 8. The ultimate formation of 2, 3, and 4 requires 
that the "normal", but highly strained, di-ir-methane product 
9 is formed as a transient.26 However, the major pathway is 
fragmentation of 8 to the carbene 10, which rearranges to 1. 
Similar diversions from di-7r-methane cyclization have been 
observed for dibenznorbornadienes27 and triptycenes.28 

When an appropriate label is present, such as the isopropyl 
group in IBN, geometrical isomerism of the olefin becomes 
evident (eq 5). Isomerization is far more efficient than rear
rangement, for 0dis of MBN is 0.013 where 4>E-~Z + faz^E of 
IBN totals 0.18. 

2. Excited State Multiplicity. In principle, both rearrange
ment and olefin isomerization could arise from singlet and/or 
triplet precursors. Formation of 1-4 primarily from the singlet 
is to be expected, since this is observed for di-7r-methane re
arrangements involving an isomerizable olefin.25 Conversely, 
olefin isomerization is not normally competitive with singlet 
di-x-methane chemistry,25'29 and one would therefore antici
pate that the IBN isomerization is primarily due to a triplet, 
either via reversibility in the bridging step (7)25 or through 
decay to a triplet localized at the double bond (intramolecular 
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Table IV. PES Values for MSO and Related Molecules 

triplet energy transfer).7 The assignment of multiplicity to 
excited state precursors in bichromophoric aryl olefins is 
complicated by the very short triplet lifetimes (none of the 
unsaturated molecules under discussion phosphoresces). The 
lack of observable quenching by the usual triplet quenchers is 
therefore inconclusive. We have turned to xenon perturbation 
and photosensitization experiments for an insight into this 
problem. 

As regards sensitization, p-xylene has been used successfully 
to selectively create the MBN triplet state.30 The lack of singlet 
energy transfer is demonstrated by xylene's inability to induce 
a known MBN singlet reaction (anti-Markownikoff addition 
of acetic acid to the double bond).8c,9,io,31 Jj121- xylene sensi
tization does yield 1, 2, and 3 therefore assures that an MBN 
triplet is at least capable of leading to these products.32 

However, one must ultimately depend on perturbation ex
periments for information concerning the direct photolysis.33 

Such experiments are not without potential ambiguity, for 
when both singlet and triplet intermediates participate in a 
reaction, whether there is heavy-atom quenching or en
hancement depends on the relative quantum efficiencies of 
singlet reactivity (4>RS), intersystem crossing (4>lsc), and in
trinsic triplet reactivity (0RT).34 A kinetic analysis34 indicates 
that (1) when 0jsc > 0.05, enhancement of product formation 
(by, for example, xenon) is unambiguous and requires that the 
product be predominantly triplet derived (i.e., <£isc0RT > 0RS); 
(2) when 0jsc < 0.05, quenching unambiguously confirms a 
predominantly singlet derived product (0RS > 0ISC0RT). Other 
combinations of 0jsc and enhancement or quenching are in
conclusive in the absence of 0RS and 0RJ data.35 The 0isc value 
for MBN is obviously critical, but because of the very short 
triplet lifetime, must be obtained indirectly. We have found 
0isc for a monochromophoric analogue, benznorbornene (BN), 
to be 0.59. If one assumes that the k\sc of BN is unchanged 
upon introduction of the double bond,36 0isc can be calculated 
by 

eompd 
vertical ionization 

potential, eV assignment 

OO 
Cf 

8.40 
8.65 
9.10 

8.35 
8.72 

8.4420 

8.96 

benzene S 
benzene A 
olefin 

benzene S 
benzene A 

benzene S 
benzene A 

9.192 olefin 

iMBN. = 1,MBN. 1TMBN 
* isc 7 

assuming £BN
isc = kMBN 

,MBN. = . 

isc? 

BN. 
= 0.20 

(9) 

(10) 

The value so determined38 is </>iSC = 0.20; since xenon enhances 
the MBN rearrangement, the data fall in the inconclusive 
category.35 

An alternative approach is to quantitate the xenon en
chancement of product formation and the xenon quenching 
of fluorescence as a function of relative xenon concentration. 
This method has been successfully employed by Hammond and 
co-workers'4 using bromocyclopropane as the perturbing 
agent. When the probe product is 100% triplet derived, the 
equation 

[(F0/F) - 1 ] = 0isc[(Fo/F)(P/P0) " 1 ] (H) 

applies (and may in fact be used to obtain 0isc).
39 However, it 

is easily demonstratedlb that when the probe product is only 
partially triplet derived, a modified equation is applicable: 

[[F0/F)-I] = [(Fo/F)(P/P0)-I] (12) 

/,BN. = k BN. (8) 

where 4>p is the total quantum efficiency of probe product 
formation and 30p is the efficiency via the triplet manifold (i.e., 
0isc0Rx). Thus the slopes of such plots, for a multiple product 
reaction, must increase as the singlet component increases; in 
no case can the slope be less than 4>\sc. Plots for MBN are given 
in Figure 1 (Results section) with the slopes ranging from 0.32 
to 0.52. If one again assumes </>isc

 — 0.20, all products are 
partially singlet derived (cf. Table V). The same conclusion 
is required for IBN geometrical isomerization.40A] The last 
observation is particularly noteworthy, and could be explained 
by invoking reversibility in a singlet-derived bridging step (7 
in Scheme III).40b 

3. Nonradiative Decay of the MBN Excited States. It is in
structive to calculate the total quantum efficiency for MBN 
product formation out of the singlet manifold, using the per
centages given in Table V and including olefin isomerization 
as indicated by the IBN data. To the sum (0.10) may be added 
4>{ (0.08) and the assumed </>jS(; (0.20). Clearly only a small 
portion (38%) of MBN singlets is accounted for, the non-
radiative decay via internal conversion being 1^d = 0.62. By 
contrast, 1^M for dihydro models equal ca. 0.17 (1 — (<£f + 
</>isc)). In terms of rate constants, 'fcdfor MBN must be 1.4 X 
108 s -1 , some tenfold greater than >fcd (1.3 X 107 s - !) for 
MeBN.42 Introduction of a double bond at the 2 position has 
brought about a new singlet decay mode which (a) presumably 
involves benzo-vinyl interaction; (b) does not involve rotation 
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Table V. Singlet Contribution to MBN Rearrangement and IBN 
Isomerization from Xenon Perturbation Studies 

photoproduct 

1 
2 
3 
4 

IBN Z - ^ £ 

slope 

0.52 
0.44 
0.41 
0.32 
0.46 

% singlet" 

62 
55 
51 
38 
57 

a Assuming 4>hc ~ 0.20. 

about the double bond; (c) undoubtedly involves significant 
charge transfer;8b'c'9'10 (d) does not involve the formation of 
a full bond between the 2 and 6 carbons.10 We would represent 
the form of this interaction in structural terms as 11. Obviously, 

at some stage full 2,6 bonding does develop and brings about 
single-derived olefin isomerization and di-7r-methane chem
istry. Interception of an aryl excited singlet state by a nearby 
olefin, resulting in nonradiative decay without appreciable 
olefin isomerization, is well precedented.6,7,43 Perhaps more 
striking then is the evidence for a similar situation at the 
triplet level. The modified form of the xenon perturbation 
equation (eq 12) can be used to provide <£RT, the intrinsic triplet 
reactivity: 

slope = 0isc(</>P/
3</>p) 

3<£p = 0isc</>RT 

<£RT = 0P/slope 

(13) 

(14) 

(15) 

Using the 0P data for products 1-4 + 4>E^z. and the slopes in 
Table V, one calculates a total $RT of 0.41; i.e., despite the 
total absence of phosphorescence, only 41% of the MBN 
triplets are accounted for.44 Since nucleophilic addition to 
MBN is confined to the singlet state,8b'c-9'10 the most eco
nomical rationale is to invoke a triplet equivalent tx> structure 
11 which has a negligible charge-transfer component. It must 
be emphasized that this interaction is competitive with lo
calization of triplet energy at the double bond45 (with the 
latter viewed either as "triplet energy transfer" or T2 —• Tj 
decay), since localized (acyclic) olefinic triplets decay entirely 
by rotation. We are forced to similar conclusions for the indan, 
EMI. 

A summary of MBN photochemistry and photophysics is 
given in Scheme IV. 

4. Interaction between the Chromophores. To what extent 
is there interaction between the olefin and aromatic moieties 
in the ground state? What is the effect of the double bond on 
the S0 -*• Si, transition and on Si itself? Despite the extensive 
research on bichromophores, these questions remain difficult 
to answer. We have utilized photoelectron, ultraviolet ab
sorption, fluorescence, and phosphorescence spectroscopy to 
address these problems. 

Scheme IV 

MBN 
20% 

MBN 
+ 

hv 

MBN 1, 2, 3, 
4, E^Z 

(MBN)* 

5 9 % / \ 4 1 % 

MBN 1 , 2 , 3 , 4 
E^Z 

9.23 

Figure 8. Orbital splitting diagram for MBN using corrected basis levels 
(see text). 

With regards to the MBN ground state, the PES data have 
been presented in Table II (Results), with the S and A as

signments referring to a symmetry plane bisecting the 
benznorbornenyl ring system. Our treatment follows that of 
Heilbronner,46 in which the basis energies are values from 
appropriate models, modified to reflect the inductive 
(through-bond) effect of the functional groups on one another. 
The inductive correction for the MBN models is the difference 

MBN 
8.40 S 
8.90 A 
9.23 7T 9.04 Tl 

between the average of the energies of BN + 12 and the av
erage of the energies of MBN: 

/8.42 + 8.93 + 9.04\ /8.40 + 8.90 4- 9.23\ !H-
= -0 .05 eV 

The correction (-0.05 eV), applied to BN and 12, yields basis 
energies of 8.47 (S), 8.98 (A), and 9.09 (TT) eV. Comparison 
of these data with those of MBN shows that the x level has 
been split by 0.14 eV, in good agreement with the sum of the 
benzene S and A splittings of 0.15 eV. An orbital interaction 
of 0.29 eV is not inconsequential, and approximates that cal
culated in like fashion for 13.21 The interaction energies for 
the endocyclic analogues 1447 and 1548 are expectedly higher, 

MBN 
orbital 0.29 

splitting, 
eV 

but it is somewhat surprising that the decrease from 15 to 14 
is not reproduced in the exocyclic series. Despite the calculated 
interaction energy, the HOMOs of MBN and BN have almost 
identical energies, with the major perturbation occurring at 
the MBN olefin MO. 



Morrison et al. / Photochemistry of 2-Methylenebenznorbornene 7359 

The UV absorption spectra of MBN and MeBN are pre
sented in Figure 4 (Results). There is a small (~2 nm) 
bathochromic shift of the B2U band and some diminution of 
intensity upon introduction of the double bond. The spectrum 
of MBN has been discussed in detail,49 with the conclusion that 
major perturbations are restricted to the E ) u a and B ) u transi
tions.50 Similar conclusions have been reached using CD and 
ORD methods.53 Nevertheless, there is general agreement49,53 

that the B2U transition (which is responsible for the photo
chemistry under discussion) is slightly perturbed. 

The fluorescence spectrum (Figure 4) of MBN is much 
more dramatically altered. Both fa and ' T are reduced by 66% 
relative to MeBN (Table I); since fa = /CC'T, kfis essentially 
unchanged (as one would anticipate from the absorption data). 
For reasons outlined above, the diminution in fa and 1T can be 
ascribed to a much increased nonradiative decay mode which 
does not involve olefin rotation. It is clear from Figure 4 that 
the fluorescence of MBN is, like its absorption spectrum, 
slightly red shifted from that of MeBN. 

In sum (1) the HOMO and LUMO energies of MBN ap
proximate those of model systems; (2) the So <=* S\ transitions 
show a small but finite coupling of the chromophores; (3) the 
S\ state is characterized by a markedly increased rate of 
nonradiative decay. The ultimate question is whether 11 rep
resents S1, or is itself derived from a more "benzene-like" 
initially formed singlet state. We believe that latter possibility 
to be realistic, even with the relatively fixed nuclei of a bicyclic 
system; a more complete discussion may be found in the ac
companying paper.10,54 Its properties place MBN somewhere 
between 6-phenyl-2-hexene (where there is exclusively a post-
excitation interaction6) and alkyl phenylacetates (where there 
is gross spectral distortion and the possibility of delocalized 
excitation into a "superchromophore"55). 

B. Photochemistry and Photophysics of EMI. A primary 
objective of this study was to examine the photochemistry and 
photophysics of aryl olefin bichromophores as a function of 
geometry. The "interorbital angle" (i.e., the angle between the 
nodal planes of the two it systems, at a conformation inter
mediate between the conformational minima) and the "in
terorbital distance" (i.e., the closest distance between a carbon 
atom of the olefin, and an aryl carbon or aryl C-C bond, again 
in an intermediate conformation) are given in Table VI for 
several olefins of interest. As one would expect, photophysical 
properties (exemplified by 1T in Table VI) vary appreciably; 
a discussion of the photochemistry of EMI and MSO follows 
(see Results for the synthesis of these compounds). 

By contrast with MBN, photoisomerization is the primary22 

photoreaction of EMI (eq 6). The quantum efficiencies (fa^^z 
= 0.15, fa/^E = 0.13) are comparable to those observed for 
IBN and the parent acyclic molecule, l-phenyl-2-butene. As 
with MBN, there is evidence for singlet involvement in the 
isomerization. For example, the photostationary state (E/Z 
= 0.88) is changed by xenon (E/Z = 0.99) in the direction of 
that observed for xylene triplet sensitization (E/Z = 1.10).56'60 

The extent of singlet participation can again be estimated from 
xenon perturbation studies, using the slopes of Figures 5 (0.61) 
and 6 (0.59), and the fac (0.44) derived from 'T'S for EMI (18 
ns) and 1-methylindan (1-Ml) 24 ns, from EMIH). See eq 
16-18.61 

/.EMl. _ . 
1-MI. ,EMI 

• = 0.44 (16) 

(17) 

(18) 

(<V34>P) = 0.61/0.44 = 1-39 

% singlet = 1 - (3</>p/0p) = 28% 

The 28% so calculated may be compared to the 57% calculated 
for IBN, the reduced singlet participation for EMI quite pos
sibly reflecting the higher relative 1T of this molecule (Table 
VI). As regards the singlet state, using 0.34 and 0.59 for fa and 

Table VI. Aryl Olefin Interorbital Angles and Distances and 
Singlet Lifetimes 

distance, %'rof 
compd angle, deg" A" 1T, ns satd model 

180 

112 

125 

90 

2.2 

2.3 

1.0 75 

4.5 

2.0 11.0 

3.0 30.0 

33 

75 

100 

(MSO) 

" Defined in the text. 

Scheme V 

EMI 
hv 44% 

'(EMI)* •- 3(EMI)* 
22% 26% V \8 8% 5 5 % / \ 4 5 % V Y 

EMI EMI E^Z EMI E&Z 
+ 

hv 

fac yields a ]fa for EMIH of 0.07. For EMI, fa (0.22), fac 

(0.44), and > 0 £ = , z (0.08) leave a ' fa of 0.26. Introduction of 
the double bond leads to an additional 19% nonradiative decay, 
or in terms of '/td, 1.4 X 107 s - 1 (EMI) vs. 2.9 X 106 s~> 
(EMIH). The fivefold increase in ]ka may be compared with 
the tenfold increment for MBN. Though EMFs geometry is 
clearly not as well suited for the partial bonding depicted in 11 
(above), there is evidence for bond formation across the five-
membered ring from the photoinduced skeletal rearrangement 
of indenes.62'63 Once more, the triplet mimics the singlet; there 
is no phosphorescence and 3 0 £ E = Z = 0.20. Thus 55% of the 
EMI triplets are unaccounted for and decay is competitive with 
triplet localization at the double bond. Our observations are 
summarized in Scheme V. 

Treatment of the PES data (Table III) as for MBN yields 
a —0.23 eV through-bond inductive effect, which applied to 
the model systems gives basis energies of 8.69 (S), 9.27 (A), 
and 9.38 (it) eV. For 2-methyleneindan, the corresponding 
values are 8.61, 9.14, and 9.45 eV, respectively; symmetry 
permits only a benzene (S)-TT interaction which totals 0.15 eV. 
Though this number is relatively small, the HOMO of the aryl 
olefin is stabilized by 0.15 eV by comparison with indan; MBN 
has a greater calculated orbital interaction but virtually un
changed HOMO. 

As with MBN, there is a small (ca. 2 nm) red shift in the UV 
absorption spectrum of EMI (Figure 7). Though the fluores
cence intensity change is less marked (EMI/EM1H = 0.64; 
MBN/MeBN = 0.33), the band shape is more distorted and 
red shifted. The decrease in fa is attributable to 1A^, k( being 
virtually unchanged. As noted above, EMI gives no detectable 
phosphorescence. 

In sum, much of what has been observed for the photo
isomerization and photophysics of MBN is reproduced with 
EMI. The degree of interaction between the chromophores has, 
however, been reduced by the collinear (EMI), as opposed to 
angular (MBN), relationship in the two molecules. 
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Figure 9. Orbital splitting diagram for 2-methyleneindan using corrected 
basis levels (see text). 

C. Photochemistry and Photophysics of ESO. Of the cyclic 
substrates discussed herein, the spiro-fused ESO molecule is 
unique in that its' T is identical with that of the model system 
(Table VI). Nevertheless, ESO does undergo facile geometrical 
photoisomerization (eq 7); in fact, the quantum efficiencies 
(4>E^Z ~ 4>Z^E = 0.20)64 are the highest observed in this se
ries. Evidence concerning reaction multiplicity is sparce. 
Though xenon quenches the fluorescence of both ESO and 
monochromophoric models, there is inexplicably no observable 
change in efficiency of internal or external probe isomerization. 
One can say that the 1T data, which imply minimal singlet 
interaction, are supported by the absorption and fluorescence 
spectra which are identical in every way with those of model 
compounds. The PES data, corrected in the usual way for in
ductive effects (+0.03 eV), confirm the absence of ground-
state interaction as well. One is tempted, on this basis, to 
characterize ESO as a molecule in which photoisomerization 
is exclusively the consequence of triplet localization at the 
double bond,65 and the 90° relationship in this molecule to be 
one which virtually eliminates ground and singlet state inter
actions. 

Conclusions 

The photochemistry of these cyclic nonconjugated aryl 
olefins varies from the complex ("diverted di-7r-methane") 
rearrangement of MBN to the simple E «=* Z isomerizations 
of IBN, EMI, and ESO. The relative participation of singlet 
and triplet states in the photochemistry has been deduced from 
xenon perturbation data, and compared with the degree of 
orbital interactions deduced from photoelectron, absorption, 
and emission spectroscopy. The singlet interactions strongly 
depend on geometry, with MBN and its angular atomic orbital 
relationship producing extensive interplay (cf. 11) while ESO 
and its orthogonal arrangement yield minimal spectral dis
tortion. The triplets are less sensitive to geometry, there being 
no phosphorescence and significant triplet derived olefin 
isomerization in all cases. An important feature of both MBN 
and EMI is the extensive nonradiative decay from singlet as 
well as triplet states; this decay is obviously caused by the 
double bond but is not due to its role as a "free rotor". This 
observation may well prove to be general for nonconjugated 
-K systems (including di-ir-methane molecules) and, in fact, 
radiationless decay is fast becoming one of the most striking 
consequences of intramolecular bichromophoric interac
tions .2.3a,g.6,45a 

Experimental Sectionlb 

Chemicals. Spectral quality solvents were used in all photochemical 
experiments. /i-Pentane, cyclopentane, cyclohexane, and /i-hexane 
were Burdick and Jackson "Distilled in Glass" and used as received. 
Spectroquality ethanol was prepared by distilling Commercial Sol
vents Gold Label ethanol from magnesium ethoxide under a nitrogen 
atmosphere, with the middle cut retained. Diethyl ether and tetra-

hydrofuran (THF) (MCB analytical reagent grade) were distilled 
under nitrogen from sodium benzophenone ketyl; benzene, N,N-
dimethylformamide (DMF), and dimethyl sulfoxide (Me2SO) (MCB 
analytical reagent grade) were distilled from calcium hydride prior 
to use. trans- l-Phenyl-2-butene (ca. 97% trans, Aldrich) was purified 
by column chromatography on silver nitrate impregnated silica gel 
using hexane as eluent or by preparative VPC on column L at 105 0C 
(60 mL He/min). m-2-Heptene (K and K; 95.5% cis, 4.0% trans. 
0.5% unknown) was purified by VPC on column J at 50 0C (150 mL 
He/min) followed by column K at 45 0C (100 mL He/min); this 
procedure provides olefin which is at least 99.9% m-2-heptene (col
umn I). 

Instrumentation. Infrared spectra were taken on a Perkin-Elmer 
137 or 221 spectrophotometer; ultraviolet spectra were obtained on 
a Cary 1 5 or Beckman DUR with Gilford 222-A photometer; NMR 
spectra were taken on a Varian A-60A, Varian XL-100, or Perkin-
Elmer R-32 spectrometer with Me4Si as a reference (proton) or on 
a Varian CFT-20 spectrometer (carbon). Mass spectra were recorded 
by the Purdue Chemistry Department Mass Spectroscopy Center on 
a Hitachi RMU-6A or CE-110 spectrometer. Emission spectra were 
recorded on a custom-made right-angle spectrofluorimeter66 using 
a low-pressure mercury lamp filtered by a 2537-A interference filter. 
All spectra are fully corrected. Singlet lifetime measurements were 
made on a modified TRW nanosecond fluorimeter (Model 31A)67 

using a deuterium source and an RCA 1P28 photomultiplier. Pre
parative VPC was done on Varian Models A-90-P, A-700, or 90-P 
chromatographs, analytical work was on Varian 1200 or 1400 units 
using a Hewlett-Packard Model 3380-A digital recording integrator. 
Columns were as follows; A, stainless steel (ss) 5 ft X 0.125 in. 10% 
SE-30; B, ss 150 ft X 0.010 in. Golay column with UCON LB-550X; 
C, aluminum (Al) 5 ft X 0.25 in. 10% Carbowax 2OM; D, Al 10 ft X 
0.375 in. 30% Carbowax 2OM; E, Al 7 ft X 0.375 in. 20% Carbowax 
2OM; F, ss 5 ft X 0.125 in. 10% Carbowax 2OM; G, Al 10 ft X 0.25 
in. 10% Carbowax 2OM; H, Al 10 ft X 0.25 in. 10% SE-30. I. ss 20 ft 
X 0.125 in. 4% AgBF4-10% UCON 2000 in series with a ss 20 ft X 
0.125 in. 20% ft/3'-oxydiproprionitrile; J, Al 15 ft X 0.375 in. 20% 
Carbowax 2OM; K, ss 12 ft X 0.125 in. 10% AgBF4-20% Carbowax 
20M; L. Al 10 ft X 0.25 in. 10% AgBF4-20% Carbowax 2OM; M, 
copper 20 ft X 0.25 in. 30% SF-96. Column supports were A, 100/120 
AW-DMCS Chromosorb W; C, G, H, J, 40/60 AW-DMCS Gas 
Pack W; D, K, L, M, 60/80 AW-DMCS Chromosorb W; E and back 
half of I, 60/80 AW Chromosorb P; F, 100/120 AW-DMCS Chro
mosorb W; front half of 1, 100/120 AW-DMCS Gas Pack W. 

Analyses. Quantum efficiencies were by uranyl oxalate actinometry 
or by reference to the £ to Z isomerization of 1 -phenyl-2-butene7 using 
column K at 105 0C (25 mL Ni/min); all data were corrected for back 
reaction.68 The equation used for this correction must be modified 
when photoproduct isomer is present prior to photolysis; the modified 
form69 is 

, . . -* ,„ (ir|) 
where 3' is the "true" isomerization or conversion of the compound, 
/30 is the fraction of isomer before photolysis, and a is the fraction of 
isomer under observation, at the photostationary state. Analyses of 
cis- and frart.s-2-heptene were made on column 1 at ambient tem
perature (25 mL N2/min). 

Photochemical Apparatus. Most preparative and quantum yield 
work employed a Hanovia low-pressure mercury resonance lamp 
(Model 688A-45) made of Vycor and emitting principally 2537-A 
light. Quantitative data were obtained using a rotating turntable with 
quartz tubes fitted with graded seals. Deoxygenation was via multiple 
freeze-pump-thaw cycles at less than 5 X 1O-4 mm. Some early work 
employed Vycor tubes with argon degassing. 

2-Methylenebenznorbornene (MBN). MBN was synthesized by the 
Wittig reaction on benznorbornen-2-one. It was isolated in 72% yield, 
bp 92-93 0C (4.5 mm), and had spectral properties identical with 
those of a known sample.70 

2-Methylene-d2-benznorbornene. The same procedure was used 
as for MBN except that methyl-rfj-triphenylphosphonium bromide 
(Aldrich) was employed. The dideuterio-MBN was isolated in 65% 
yield (bp 92-93 0C (4.5 mm)): NMR (CDCl3) S 7.09 (symmetrical 
m, 4 H), 3.66 (m, 1 H), 3.38 (m, 1 H), 2.50 (doublet of doublets, 1 H), 
2.07-1.58 (m, 3 H) (plus residual signals at 5.08 and 4.68 6 integrating 
to 0.09 H); IR (neat) 6.13 ^; mass spectrum (70 eV) m/e 158 
(M+). 
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(E)- and (Z)-Isobutylidenebenznorbornene (IBN). A mixture of 
benznorbornen-2-one (3.0 g, 19.0 mmol), triphenylisobutylphos-
phonium bromide (10.Og, 25.0 mmol), and potassium rm-butoxide 
(2.8 g, 25.0 mmol) in 2OmL of dry tetrahydrofuran wasrefluxed for 
36 h under nitrogen. The mixture was cooled to room temperature, 
poured into 100 mL of water, and hexane extracted (2 X 50 mL). The 
extracts were water washed, dried over magnesium sulfate, and con
centrated in vacuo. The resultant mixture of triphenylphosphine oxide 
and hydrocarbon product was placed on a 3.0 X 10 cm column packed 
with aluminum oxide and eluted with hexane. Removal of the hexane 
in vacuo gave 3.3 g (86.5%) of a colorless liquid. This material con
sisted of a mixture of ca. 90% (Z)- and 10% (£)-2-isobutylidene-
benznorbornene. The isomers were separated at 180 0 C on VPC col
umn D (60 mL He/min). The E isomer eluted first with essentially 
base line separation between the isomers. Both isomers were prepared 
in greater than 99.5% isomeric purity as observed on analytical column 
Bat 145 0C. 

Z-IBN: IR (neat) 3.32, 3.43, 5.92, 6.85 M; NMR (CDCl3) <5 7.10 
(m, 4 H, aromatic), 4.90 (bd, I H , ; = 9.2 Hz, vinyl), 3.92 (bs, 1 H, 
bridgehead), 3.35 (bs, 1 H, bridgehead), 2.90-2.30 (m, 2 H, 3 exo and 
methine), 1.95-1.60 (m, 3 H, 3 endo and bridge), 0.95 (d, 3 H, J = 
7.0 Hz, CH3) , 0.87 (d, 3 H, J = 7.0 Hz, CH3); high-resolution mass 
spectrum m/e 198.140 (calcd for Ci 5H] 8 , m/e 198.1408). 

Anal. (Ci ,Hi 8 ) C, H. 
E-IBN: IR (neat) 3.32, 3.43, 5.92, 6.85 M; NMR (CDCl3) 6 7.09 

(m, 4 H, aromatic), 5.29 (bd, 1 H, J = 9.2 Hz, vinyl), 3.55 (bs, 1 H, 
bridgehead), 3.41 (bs, 1 H, bridgehead), 2.58-2.05 (m, 2 H, 3 exo and 
methine), 2.00-1.64 (m, 3 H, bridge and 3 endo), 0.93 (d, 3 H, J = 
7.0 Hz, CH3), 0.77 (d, 3 H, J = 7.0 Hz, CH3); high-resolution mass 
spectrum m/e 198.141 (calcd for C, 5H, 8 , m/e 198.1408). 

Anal. (C i 5 Hi 8 )C , H. 
Assignment of Configuration to IBN. The Z and E assignments rest 

on the 1H and 13C NMR chemical shifts. (1) An examination of 
molecular models indicates that the methyl groups for the E isomer 
should be more shielded by the aromatic ring than should those of the 
Z compound. The two methyl doublets are centered at 5 0.91 and 0.85 
for the Z and E assignments as made above. (2) The configuration 
about a trisubstituted olefin can be assigned by use of the 7 com
pression phenomenon, whereby a carbon resonance is shifted upfield 
when compressed by a 7 carbon substituent, relative to the isomer 
without this compression71'72 (i.e., Ri will be upfield in A relative to 
its position in B). The C| resonance for Z-IBN comes at 5 47.5 

R1 R3 R1 

) = / vs. ^ 

R2 R2 R3 

A B 

whereas this carbon resonates at 6 52.8 in the E isomer (by compari
son, the second bridgehead signal is almost invariant: 6 43.2 and 43.6 
for Z and E, respectively). The complete 13C NMR spectrum may 
be found in the thesis of Fred Palensky. 

endo-2-Methylbenznorbornene (MeBN). MBN was hydrogenated 
using a palladium on calcium carbonate catalyst, methanol/acetic 
acid (2:1) as solvent, and a Brown2 hydrogenator. Preparative VPC 
on column M provided a pure sample: NMR (CDCl3) b 7.35-7.0 (m, 
4 H, aromatic), 3.30 (m, 1 H, bridgehead), 3.15 (m, 1 H, bridgehead), 
2.37 (m, 1 H, exo methine), 2.08 (broad doublet of doublets, 1 H, exo 
methylene H), 1.86 (doublet of quartets, 1 H, endo bridge H), 1.68 
(doublet of triplets, 1 H, exo bridge H), 0.54 (d, 3 H, endo methyl), 
~0.54 (m, 1 H, remaining endo methylene H). 

Anal. (C i 2 Hu) C, H. 
Photolysis of MBN. MBN (312 mg, 2 mmol) was dissolved in 200 

ml. of hexane, saturated for 1 h with argon, and irradiated with the 
low-pressure mercury lamp for 2 h, during which time about 20% of 
the starting material was consumed. The solvent was removed on a 
rotary evaporator and the oily residue molecularly distilled (60-110 
0 C (1.5 mm)). Preparative VPC on column M provided pure samples 
of 1, 2, and 3. (Prolonged irradiations also produce the di-ir-methane 
product of 2, benzo[3.4]tricyclo[3.2.l .O2 7]octene.)73 

1 -Methylene-3-vinylindan (1). IR (neat): 6.12 (olefin stretch), 10.10 
+ 10.93 (monosubstituted olefin), 11.45 ji (terminal methylene). The 
structural assignment follows from the NMR, which shows a four-
proton multiplet at & 7.65-7.05 (aromatic hydrogens); a typical mo
nosubstituted olefin absorption with three eight-line patterns, 5i 5.06 

(Jn = 2.0, Jn = 9.8, J14 = 0.6 Hz), S2 5.14 (J 2 3 = 17.1, Z24 = 0.9 
Hz), and S3 5.90 (Ju = 8.2 Hz); <54 3.82 (overlapping doublet of 
triplets broadened by long-range coupling to Hi and H2, y45 = 8.2, 
J46 = 6.0 Hz); a characteristic geminal group with two quartets of 
triplets, S5 3.06 (J5 6 = 16.5, J5 7 = J5 8 = 2.05 Hz) and S6 2.59 (J61 = 
y68 = 2.50 Hz); the exocyclic methylene hydrogens as two triplets, 
broadened due to long-range coupling, 57 5.05, <58 5.45 (JT 8 = 0.3 Hz). 
Mass spectrum (70 eV): m/e 156 (M + ) . 

Anal. (Ci2H1 2) C, H. 
Benzo[6.7]bicyclo[3.2.1]octa-2,6-diene (2). This compound was 

identified by comparison of its spectra with those in the literature14 

and those obtained from an authentic sample.75 

3-Allyl-lH-indene (3). This compound was identified by comparison 
of its spectra to those of a sample synthesized by published proce
dures.76 

1-AIIyI-lH-indene (4). This compound could not be isolated in pure 
form and was barely resolved on column B at 105 0 C. It was formed 
most efficiently by photolysis of MBN (200 mg) in 25 mL of hexane 
saturated with xenon (~80 mL), in a Vycor tube irradiated for 4 h in 
the Rayonet reactor with the 254-nm lamps. Preparative VPC on 
column E at 159 0 C (100 mL He/min) provided 4 as a 5% mixture 
in 1. Nevertheless, a portion of the allylic methylene and the indene 
vinylic and benzylic protons of 4 are clearly visible in the 100-MHz 
spectrum and could be compared to the NMR of an authentic sam
ple,77 and to data in the literature.76 Coinjection of the authentic 
sample and the 4/1 mixture on column B verified the assignment. 

Photolysis of Dideuterio-MBN. Using identical procedures with 
those described above, the labeled MBN provided samples of the la
beled 1, 2, 3, and 4 (recovered starling material showed no evidence 
of scrambling). Assignments of the deuterium were as follows: 1, the 
triplets due to H7 (<5 5.04) and H8 (5 5.45) are absent; 2, the multiplet 
due to H2 (S 6.15) and H1 (5 3.27) is absent;78 3, the four-proton 
multiplet at S 3.38 (benzylic and allyl methylenes) diminishes to a 
two-proton singlet lacking the 6-Hz allyl H-vinyl H coupling; 4, the 
visible allylic methylene hydrogen (6 2.28), which is normally a five-
line multiplet which includes a 14-Hz coupling to its geminal partner, 
has been reduced to 0.22 H (0.15 H is predicted for the 85% deuterated 
MBN used in this experiment) and is a 7-Hz triplet (i.e., the 14-Hz 
geminal coupling has been removed by the presence of a geminal 
deuterium). The benzylic hydrogen at 5 3.52, normally split by the 
methylene into a 7-Hz triplet, is collapsed to a broad singlet. 

3-Benzyl-2,4-pentanedione. This compound was prepared by ad
dition of benzyl chloride to sodium acetylacetone in dimethyl sulf
oxide.79 The product was isolated in 40% yield, bp 106-108.5 0 C (0.5 
mm), and had an NMR spectrum identical with that reported.80 

2-Acetyl-3-methylindene. A solution of 15.0 g (0.079 mol) of 3-
benzyl-2,4-pentanedione in 150 g of polyphosphoric acid was warmed 
to 65 0 C in a 300-mL three-neck flask equipped with an overhead 
stirrer and calcium chloride drying tube for 12 h. Upon cooling to room 
temperature the viscous, reddish-black solution was diluted with 300 
mL of distilled water, extracted with ether (3 X 200 mL), washed with 
5% sodium bicarbonate (2 X 200 mL), dried (anhydrous MgSO4), 
concentrated in vacuo, and chromatographed on a 3.3 X 30 cm silica 
gel column, slurry packed in hexane. The column was eluted with 5% 
ether-pentane with 100-mL fractions taken. The desired product was 
obtained from the 8th through 13th fractions with the starting material 
concentrated in the 4th through 6th fractions. Concentration in vacuo 
of the product-containing fractions gave 6.45 g (47.5%) of a light 
yellow oil. VPC analysis on column A (150 0 C, 30 mL N2 /min) 
showed the product to be approximately 99.8% pure: IR (neat) 3.25, 
3.40, 6.00, 6.25, 6.35, 6.85 n; NMR (CDCl3) 5 7.60-7.20 (m, 4 H, 
aromatic), 3.65 (q, 2 H, J = 2.1 Hz, -CH 2 ) , 2.50 (t, 3 H, J = 2.1 Hz, 
vinyl CH3), 2.40 (s, 3 H, CH3); mass spectrum (70 eV) m/e 172 
(M+). 

Anal. (C i 2 Hi 2 O)C, H. 
(E)-2-Ethylidene-3-methylindan (E-EMI). This material was pre

pared by the general procedure of Hutchins.81 To a solution of 2-
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acetyl-3-methylindene (7.5 g, 43.6 mmol) and />-toluenesulfonylhy-
drazine (12.Og, 64.0 mmol) in 120 mL of a 1:1 mixture of DMF-
sulfolane containing 300 mg of/7-toluenesulfonic acid at 100 0C was 
added sodium cyanoborohydride (7.6 g, 120.0 mmol). The solution 
was heated with stirring at 100-105 0C for 4 h under nitrogen. Upon 
cooling, the reaction mixture was poured into 150 mL of water, ether 
extracted (2 X 100 mL), washed with water (2 X 50 mL), dried (an
hydrous MgSO4), and concentrated in vacuo. The crude product was 
then passed through a 2.5 X 10 cm aluminum oxide (neutral) plug, 
eluting with hexane to remove residual sulfolane, concentrated in 
vacuo, and molecularly distilled to give 5,2 g (75.5%) of a colorless 
liquid. Analysis by VPC (column B, 140 0C) showed this material to 
be a mixture of E-EMI (90.0%), Z-EMl (1.4%), and internal olefin 
(8.6%). Preparative VPC on column C (140 0C, 100 mL He/min) 
provided pure E-EMl: IR (neat) 3.25, 3.35, 3.40, 6.30, 6.80, 6.90 M; 
NMR (CDCl3) 5 7.15 (m, 4 H, aromatic), 5.45 (m, 1 H, vinyl), 
3.70-3.50 (m, 3 H, benzylic), 1.65 (ddm, 3 H, J = 7.5, 2.0 Hz, vinyl 
CH3), 1.32 (d, 3 H, J = 8.0 Hz, benzylic CH3); mass spectrum (70 
eV)m/e 158(M+). AnBL(C12H14)CH. 

(Z)-2-Ethylidene-3-methylindan (Z-EMl). This isomer was prepared 
by photolyzing 480 mg of E-EMl (96% E) in 75 mL of degassed n-
pentane for 2 h using the low-pressure mercury lamp. Removal of 
solvent and filtration through neutral aluminum oxide (pentane) gave 
390 mgof a light yellow liquid consisting of a 41:59 ratio of Z and E 
isomers. Preparative VPC on column D at 155 0C gave >98.5% Z: 
IR (neat) 3.25, 3.35, 3.40, 3.45, 6.30, 6.80, 6.90 n\ NMR (CDCI3) 
6 7.18 (s, 4 H, aromatic), 5.47 (m, 1 H, vinyl), 4.10-3.35 (m, 3 H, 
benzylic), 1.69 (bd. 3 H, J = 7.8 Hz, vinyl CH3), 1.30 (d, 3 H, J = 
7.8 Hz, benzylic CH3); mass spectrum (70 eV) m/e 1 58 (M+). 

Anal. (C12H14)C, H. 
Assignment of Configuration to EMI. The E and Z assignment was 

made on the basis of 13C NMR data, using the 7 compression phe
nomenon,71-72 as outlined above for IBN. The atoms of interest are 
C-I and C-3; the E isomer should have C-1 shifted upfield while the 
Z isomer should have C-3 shifted upfield. In fact C-I comes at b 33.1 
for E and 5 35.9 for Z; C-3 comes at 5 41.7 for E and <5 39.2 for Z. (The 
complete 13C NMR spectrum may be found in the thesis of Fred 
Palensky.) 

2-Methyleneindan (MI). To a mixture of methyltriphenylphos-
phonium iodide (10.0 g, 24.7 mmol) and potassium r^f-butoxide (2.8 
g, 24.7 mmol) in 100 mL of dry benzene (distilled from CaH2), 2-
indanone (3.2 g, 24.7 mmol) in 40 mL of dry benzene was added 
dropwise over 1.0 h at 25 0C. The resulting mixture was stirred at 25 
0C for 25 h under nitrogen and poured into 200 mL of water. The 
benzene layer was separated and rotary evaporated, and the residue 
passed through an 8.0 X 15.0 cm aluminum oxide plug with hexane. 
Removal of solvent in vacuo gave 420 mg (13.4%) of a colorless liquid 
which was purified by preparative VPC at 145 0C on column E (400 
mL He/min): IR (neat) 3.25, 3.47, 3.52, 6.02, 6.80, 6.90 M; NMR 
(CDCI3) 5 7.20 (s, 4 H, aromatic), 5.10 (p, 2 H, J = 2.3 Hz, vinyl), 
3.70 (t, 4H 1 J = 2.3 Hz, benzylic CH2). 

Anal. (C10H10) C, H. 
1-Methylindan. This was prepared by hydrogenation of 3-methyl-

indene using 10% Pd/C with ethyl acetate as solvent. VPC analysis 
(column E, 159 0C, 100 mL He/min) indicated a quantitative con
version, and preparative VPC (column E) provided pure material 
which had IR and NMR spectra identical with those reported.82 

2-Ethyl-l-methylindan (EMIH). Identical material was made by 
reduction of EMI or by reduction of 2-ethyl-l-methylindene, in both 
cases using 10% Pd/C and dry tetrahydrofuran. Preparative VPC on 
column G provided EMIH, presumably the cis isomer: IR (neat) 3.35, 
6.20, 6.28, 6.78, 6.86 M; NMR (CDCl3) <5 7.12 (s, 4 H, aromatic). 
3.25-2.60 (m, 3 H, benzylic CH and CH2), 2.30 (m, 1 H, C(H)CH2), 
1.42 (m, 2 H, C(H2)CH3), 1.04 (d, 3 H, J = 7.5 Hz, benzylic CH3), 
0.95 (t, 3 H, J = 8.0 Hz, CH^C(H3)). 

Calcd for Ci2H16: m/e 160.125. Found: m/e 160.125. 
l-Methylene-8,9-benzospiro[3.5]nonane (MSO). A mixture of 

8,9-benzospiro[3.5]nonan-l-one83 (0.50 g, 2.7 mmol), triphenyl-
methylphosphonium iodide (1.62 g, 4.1 mmol), and potassium tert-
butoxide (0.37 g, 3.2 mmol) in 15 mL of dry tetrahydrofuran was 
refluxed for 18 h under nitrogen. Upon cooling, the reaction mixture 
was poured into 50 mL of water and extracted with 3 X 50 mL of 
hexane. The hexane extracts were passed through a 8.0 X 15.0 cm 
alumina plug followed by an additional 50 mL of hexane, combined, 
and concentrated in vacuo to give 0.40 g (80.4%) of MSO. The ma
terial was purified by preparative VP C on column H at 200 °C (60 

mL He/min): IR (neat) 3.25, 3.40, 3.50, 6.00, 6.20, 6.35, 6.75, 6.92 
M; NMR (CCl4) h 7.30 (m, 1 H, aromatic), 6.95 (m, 3 H, aromatic), 
4.78 (t, I H , ; = 2.0 Hz, vinyl), 4.62 (t, 1 H, J = 3.0 Hz, vinyl), 2.72 
(bt, 4 H , ; = 8.0 Hz, benzylic CH2 and allylic CH2), 2.40-1.60 (m, 
6 H, aliphatic CH2); mass spectrum (70 eV) m/e 184 (M+). 

Anal. (Ci4H16) C, H. 
(Z)-l-Ethylidene-8,9-benzospiro[3.5]nonane (Z-ESO). A mixture 

of 8,9-benzospiro[3.5]nonan-l-one (1.0 g, 5.4 mmol), triphenyleth-
ylphosphonium iodide (8.4 g, 20.0 mmol), and potassium tert-bMoxide 
(2.3 g, 20.5 mmol) in 25 mL of dry tetrahydrofuran was refluxed for 
10 h under nitrogen. Workup as for MSO provided 1.0 g (94%) of 
ESO consisting of 95% Z isomer (as determined by VPC on column 
E, 100 mL He/min). The isomers were separated by preparative VPC 
on column E (170 0C) to provide pure Z-ESO: IR (neat) 3.40, 6.25, 
6.78, 6.95 M; NMR (CCl4) S 7.35 (m, 1 H, aromatic), 6.95 (m, 3 H, 
aromatic), 5.18 (m, 1 H, vinyl), 2.75 (m, 4 H, allylic CHi and benzylic 
CH2), 1.95 (m, 6 H, ring CH2), 1.20 (dt, 3 H, J = 7.0, 2.4 Hz. CH3); 
mass spectrum (70 eV) m/e 198 (M+). 

Anal. (C15Hi8)C, H. 
(E)-l-Ethylidene-8,9-benzospiro[3.5]nonane (E-ESO). Portions (20 

mL) of a solution of 500 mg of ESO (95% Z) in 100 mL of hexane 
were irradiated in 19-mm i.d. Vycor rubes which had been freeze -
pump-thaw degassed and flame sealed. The source was a Rayonet 
reactor with 254-nm lamps. After 19 h, the solvent was concentrated 
in vacuo and the residue passed through a 2.5 X 8.0 cm alumina plug 
to give 485 mg of a 55:45 Z/E ratio of isomers. Preparative VPC on 
column E (170 0C, 100 mL He/min) provided pure E-ESO: IR (neat) 
3.40, 6.25, 6.78, 6.95 M; NMR (CCl4) 6 7.25 (m, 1 H, aromatic), 6.95 
(m, 3 H, aromatic), 5.00 (m, 1 H, vinyl), 2.70 (m, 4 H, allylic CH, 
and benzylic CH2), 2.5-1.7 (m, 6 H, 4 and 6 ring CH2), 1.55 (bd, 3~ 
H J = 7.0 Hz, CH3); mass spectrum (70 eV) m/e 198 (M+). 

Anal. (C15H18)C, H. 
Assignment of Configuration to ESO. The major synthetic isomer 

was assigned as Z on the basis of the chemical shift and coupling 
constants observed for the vinyl methyl signal. In this isomer, the 
methyl doublet is centered at 5 1.20 with 2.4-Hz triplet fine splitting; 
the E isomer is centered at 5 1.55 with no triplet fine splitting. The 
upfield signal in the Z isomer is consistent with the methyl's position 
relative to the benzene ring, whereby appreciable shielding would be 
anticipated. Likewise, the Z isomer has the methyl and allylic meth
ylene groups in a transoidal relationship, for which a greater long-
range coupling would be expected84 than for the cisoid arrangement 
of the E isomer. 

6-Methyl-8,9-benzospiran[3.5]nonane (MSOH). A solution of 96 
mg of MSO in 20 mL of dry tetrahydrofuran was hydrogenated over 
50 mg of 10% palladium on carbon catalyst for 20 h to afford a 95% 
conversion to MSOH, as analyzed at 130 CC on column F. The 
product was purified by preparative VPC at 150 0C on column G (60 
mL He/min): IR (neat) 3.38,6.24,6.70, 6.90 M; NMR (CDCI3) b 7.40 
(m, 1 H, aromatic), 7,00 (m, 3 H, aromatic), 2.70 (m, 2 H, benzylic), 
2.30 (m, 3 H, aliphatic), 1.75 (m, 6 H, aliphatic), 0.60 (d, 3H 1 J = 
8.5 Hz, CH3). 

Calcd for C14Hi8: m/f 186.141. Found: 186.141. 
Xenon Perturbation Studies. The procedures are basically those of 

Carroll and Quina.17 For 0;sc determinations using 2-heptene, stock 
solutions of the alkylaromatic were prepared in cyclopentane, to give 
an absorbance at 254 nm of 2.1-2.8. This solution (50 mL) was 
transferred to a volumetric flask and cis- 2-heptene was added to make 
a 40-60 mM solution of olefin. Aliquots (4 or 5 mL) were pipetted 
into quartz photolysis tubes which had previously been matched to 
±2.0% (using l-phenyl-2-butene photoisomerization). Nevertheless, 
the tubes were matched for each individual study by finding the or
ientation of each tube in the cell holder, which gave maximum fluo
rescence emission (relative to that tube whose emission was strongest). 
After freeze-pump-thaw degassing (1) F''/F0 was determined for pairs 
of tubes with and without heptene; (2) increments of xenon were added 
to a separate set of tubes, and (a) F was determined by rotating each 
tube to its maximum emission, (b) P/PQ was determined by irradiation 
of the set followed by ;ra«.s-2-heptene analysis by VPC (see analyses 
above). The procedure for bichromophoric molecules containing in
ternal "product probes" was essentially identical with that described 
above, but without the need for added heptene and thus without an 
F'/Fo determination. 

A more detailed description of the experiment as well as a complete 
listing of the data for each compound may be found in the thesis of 
Fred Palensky.85 
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Abstract: A novel, acid-catalyzed, photochemical anti-Markownikoff addition of methanol and other nucleophiles to 2-methy-
lenebenznorbornene (MBN) is described. The effect of structure on this reaction has been studied using 2-isopropylidene-
benznorbornene (IPBN), 6- and 7-methoxy-2-methylenebenznorbornene (MeOMBN), 6- and 7-trifluoromethyl-2-methy-
lenebenznorbornene (CF3MBN), and l-methoxymethyl-2-methylene-rf2-benznorbornene (MMBN). The chemical and pho-
tophysical data suggest a mechanism involving three sequential intermediates: 27 (the fluorescent singlet state), 28 (a nonfluo-
rescent, intramolecular charge-transfer state), and 29 (a protonated radical cation). Both 28 and 29 provide efficient radia-
tionless decay paths which result in diminished fluorescent yields and lifetimes for the aryl olefins. The role of acid is especially 
noteworthy in that it allows for an otherwise endothermic electron transfer from the double bond to the aromatic ring; a similar 
role is likely in other acid-assisted photochemical reactions of aromatics. 

The accompanying paper'3 details the photochemistry 
and photophysics of the title compound (MBN) in hydrocar
bon media. During the course of that study we observed that 
photolysis of MBN in methanol gives rise to a new reaction 
path, i.e., anti-Markownikoff addition of solvent to the double 
bond.2 The fact that such addition was unprecedented for a 
nonconjugated olefin, and the potential relationship of this 
reaction to the greatly increased radiationless decay charac
teristic of MBN, l a led us to explore in detail the photochem
istry and photophysics of MBN in protic media. 

Results 

Photochemistry of 2-Methylenebenznorbornene (MBN) in 
Methanol. Irradiation of a 0.02 M solution of MBN in meth
anol with 0.001 N H2SO4 at 254 nm with a low-pressure 
mercury lamp results in the formation of three photoproducts. 
All were independently synthesized and have been identified 
as 1 (e«^o-2-methoxymethylbenznorbornene), 2 (1-me-
thoxybenzo[6.7]bicyclo[3.2.1]oct-6-ene), and 3 {cis- and 
;ra«j--l-allyl-3-methoxyindan). Quantum efficiencies are 0diS 

= 0.056 ± 0.004, 0! = 0.027 ± 0.001, 02 = 0.012 ± 0.001, 0 3 

= 0.0038 ± 0.0002. The positions of deuterium incorporation 
when methanol-^ was used as solvent were ascertained by 1H 
NMR analysis and are designated by an asterisk in eq 1. There 
was no deuterium incorporation in the recovered MBN. 

Photochemistry of 2-Methylene-d2-benznorborene. This 

(1) 

photolysis was conducted using conditions identical with those 
described above. The position of the deuterium atoms was 
determined by 1H NMR; cf. eq 2. 

Photosensitized Reaction of MBN. Irradiation of a 0.01 M 
solution of MBN with 2 M p-xylene and 0.001 N H2SO4 to low 
conversion gave the following product ratio: 1, 5%; 2, 71%; 3, 
24%. These numbers may be compared with those obtained 
upon direct photolysis: 1, 63%; 2, 28%; 3, 9%. 

Xenon Perturbation Study of MBN. MBN was irradiated 
in methanol with xenon and compared to simultaneous pho-
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