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synthesized using procedures developed by Nagata. l9 

Hydrocyanylation of 6,6-dimethyl-AI'9-2-octalone11'20 

with potassium cyanide and ammonium chloride in 
dimethylformamide gave two cyano ketones, mp 66-
66.5° : x and mp 83-83.5°,u in a ratio of 5 :2 after separa
tion by preparative tic. Hydrocyanylation using tri-
ethylaluminum and hydrogen cyanide gave the same 
products in a ratio of 17:1 by vpc analysis. On the 
basis of the close analogy of these results to those ob
tained by Nagata with A'^-octa lone, the major prod
uct, mp 66-66.5°, is assigned the trans configuration 
8. The cyano ketones were converted to the trans 
ketoacid 10, mp 85-86°,n and cis ketoacid 11, mp 120— 
12I0,11 by alkaline hydrolysis using the procedures 
reported by Nagata. 

Ozonolysis of ketone 6 followed by oxidation of the 
ozonide with Jones reagent21 gave a ketoacid, mp 85-
86°, identical (melting point, ir, and nmr) with the 
authentic trans acid 10. A sample consisting predom
inantly of a 50:50 mixture of ketones 6 and 7 was ozon
ized and the acidic product was esterified with diazo-
methane. Vapor phase chromatography of this ma
terial showed two peaks with retention times identical 
with those of the methyl esters of acids 10 and 11. 

The absence of dehydration-reprotonation reactions 
in the cyclization was shown by conducting the cycliza-
tion in the presence of deuterium. Ketones 6 and 7 iso
lated from a cyclization with deuteriotrifluoroacetic acid 
at —78° were shown by mass spectrometric analysis 
(comparison of P, P + 1, and P + 2 ions) to contain no 
more deuterium than material isolated from a similar 
cyclization with trifluoroacetic acid. 

The results obtained with alcohol 5 show that gen
eration of a decalin ring system by intramolecular 
attack of a monosubstituted double bond on a confor-
mationally rigid cyclohexyl ring system with one sp2-
hybridized carbon is highly stereoselective. It should 
be noted that cyclizations in which the double bond is 
a nonterminal double bond or in which axial substit-
uents are present on the six-membered ring should 
exhibit even greater stereoselectivity than shown in 
the present case.sb'22 
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Mechanisms of Photochemical Reactions in 
Solution. LXXVII. A New Method for the 
Determination of Intersystem Crossing Yields1 

Sir: 

We describe a new technique for the determination of 
intersystem crossing quantum yields in fluid solution 
and report some preliminary results obtained with this 
technique. The method is a combination of two pre
viously reported procedures: the sensitized cis-trans 
isomerization method of Lamola and Hammond2 and 
the flash spectroscopic method of Wilkinson and co
workers which utilizes heavy-atom enhancement of 
intersystem crossing.3 While the method described 
here is applicable to most aromatic compounds, it is 
especially useful for substituted benzenes, compounds 
for which the two previously mentioned techniques 
are only marginally applicable.4 

Our experimental procedure involves measurement 
of relative fluorescence intensities of an aromatic com
pound A and relative yields for isomerization of a 
"triplet counter" C in solutions with constant con
centrations of A and C but with varying concentrations 
of heavy-atom fluorescence quencher H. The processes 
of interest are shown in the kinetic scheme below. 

ho 

A 0 — > A * < » (1) 

A*(U — ^ - A0 + hv' (2) 

A * ( D — ^ A 0 (3) 

A*<D + C — > - A0 + C (4) 

A*(D — > • A*<3> (5) 

A*d) + H 4 - A » « + H (6) 
h 

A * ( 3 ) — > A o (7) 

A*u> + C — > A0 + C*<3> (8) 

k, 
C*(3) — > . c (9) 

k io 
C* (3) — ^ - T (10) 

We carried out experiments with 0.05-0.10 M cis-2-
pentene as the triplet counter and monitored the ap
pearance of /rans-2-pentene (T) by glpc. The heavy-
atom fluorescence quencher was xenon, which has 
been shown to quench singlets by inducing intersystem 
crossing.5 

The effect of fluorescence quenching by C in the 
a b s e n c e of H is g iven b y eq l l . 6 , 7 Equat ion 12 de 

ll) Part LXXVI: G. F. Vesley and G. S. Hammond, J. Amer. Chem. 

Soc, submitted for publication. 
(2) A. A. Lamola and G. S. Hammond, J. Chem. Phys., 43, 2129 

(1965). 
(3) A. R. Horrocks and F. Wilkinson, Proc. Roy. Soc, Ser. A, 306, 

257 (1968), and references cited therein. 
(4) The limitations of the Lamola-Hammond method have been 

discussed.5 The procedure of Horrocks and Wilkinson3 cannot be used 
for benzene derivatives because they generally do not show triplet-
triplet absorption in flash spectroscopy. 

(5) W. Ferree, Jr., J. B. Grutzner, and H. Morrison, J. Amer. Chem. 
Soc, 93, 5502 (1971), and references cited therein. 

(6) Values of A:4 ranged from ca. 10' U'1 sec"1 (mesitylene) to ca. 
108 M'1 sec"1 (anisole). 

(7) F' and F" are the fluorescence intensities of A with and without 
C; Tf'and Tf0 are the corresponding singlet lifetimes. Yi' is the yield 
of T in the absence of H. F, Tf, and KT refer to quantities with both C 
and H present. 
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F>/F' = TjO/Tf' = 1 + fc4Tf°[C] ( H ) 

F'/F = n'In = 1 + fc6rf'[H] (12) 

scribes the relative fluorescence intensities of solutions 
containing constant concentrations of A and C but 
varying concentrations of H.7 The ratio of quantum 
yields for the appearance of T in the presence of H to 
that without H, at constant light dose, is given by eq 
13. Since the second term in both numerator and 

YiY'- VZc7 + HC] k, + kuj m . 
" kT,( MC] /C10 \ {li) 

"Kk1 + Ar8[C] Ar9 + kj 

denominator is unaffected by xenon, the ratio of these 
terms in eq 13 is unity. Combining eq 11-13 gives 
eq 14, which predicts that a plot of (F°/F')(F'IF - 1) 

(PIF1XF1IF - 1) = QIJL(YTIYTWIF) - I)] (14) 

vs. (YT/YTW/F) - 1 should be linear with slope 
<f>isC. An important advantage of the present method 
over previous methods employing sensitized isomer-
ization2,8 is that neither the efficiency of energy transfer 
nor the triplet counter decay ratio need be known. In 
addition, only relative measurements with the same 
sensitizer are required if all samples are irradiated 
under identical conditions.9 

Figure 1 shows plots of eq 14 for anisole, mesitylene, 
and toluene. The lines shown were calculated by the 
method of least squares and linear correlation co
efficients are 0.995 or greater in each case. Values of 
<J>isc obtained from the slopes are listed in Table I, 

Table I. Intersystem Crossing and Fluorescence Quantum Yields 
in Deoxygenated Isooctane Solution 

Compound iiM
a *f

b $ isc (lit.) 

Anisole 0.74 ± 0.04 0.24 ± 0.01 
Mesitylene 0.60 ± 0.03 0.13 ± 0.01 
Toluene 0.52 ± 0.03 0.14 ± 0 . 0 1 0.53," 0.46^ 

0.34« 
a Determined from the slopes in Figure 1. The estimated errors 

primarily reflect uncertainties in relative fluorescence yields. 
b Quantum yields of fluorescence (254-nm excitation) determined 
relative to cyclchexane solutions of equal optical density: J. B 
Birks, "Photophysics of Aromatic Molecules," Wiley-Interscience. 
New York, N. Y., 1970, pp 98,122. " Dilute cyclohexane solution: 
K. Sandros, Acta Chem. Scand., 23, 2815(1969). •'Neat toluene.8 

' Reference 5. 

(8) R. B. Cundall and W. Tippett, Trans. Faraday Soc, 66, 350 
(1970). 

(9) Irradiations were conducted simultaneously at 254 nm in a merry-
go-round apparatus10 and were stopped at less than 4% conversion of 
C to T. Corrections for back reaction are small at such low conver
sions. 

(10) F. G. Moses, R. S. H. Liu, and B. M. Monroe, MoI. Photochem., 
1,245(1969). 
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Figure 1. Determination of intersystem crossing quantum yields 
for anisole (O), mesitylene (A), and toluene (D). 

along with the corresponding fluorescence quantum 
yields. While the sum of 3>iSC and <£f is unity within 
experimental error for anisole, it is much less for 
mesitylene and toluene. We conclude that a significant 
fraction of excited singlets of mesitylene and toluene 
decay through pathways other than fluorescence and 
intersystem crossing. 

We are currently determining intersystem crossing 
yields for other benzene derivatives by this technique. 
The method should also be useful in elucidation of the 
mechanisms of photochemical reactions which give 
products by both singlet and triplet pathways. In this 
case the products could function as singlet or triplet 
monitors. 
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