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The material could not be sufficiently purified for elemental 
analysis. The highest m / e  peak in the high-resolution mass 
spectrum corresponded to M+ - N(CH3),; calcd for C16HsNh02 
320.2077, found 320.2082. 

l,4-Bis[ N- [ [ (dimet hy lamido)amino]cyclopropyl]pheny l- 
amino]-2-butyne (14). A 10-mL quartz test tube was charged 
with 49.8 mg (0.125 mmol) of 1,4-bis[(5-oxopyrrolin-2-yl)- 
phenylaminol-2-butyne (8) in 10 mL of reagent-grade acetonitrile. 
The test tube was equipped with a cold finger and nitrogen inlet 
and outlet. The solution was degassed for 10 min prior to and 
during irridation in a Rayonet reactor equipped with 2537-A 
lamps. After 1 h of irradiation the starting material had disap- 
peared as indicated by IR spectroscopy. Dimethylamine was then 
bubbled through the solution for 10 min. Rotary evaporation of 
the solvent yielded 56.1 mg of 14 (92%) as a slightly yellow solid, 
mp 180-181 OC dec, which was pure by ‘H NMR spectroscopy. 
An analytical sample of 14 prepared by alumina TLC, eluting with 
ethyl acetate, had the following physical properties: mp 179-181 
OC dec, IR (CH&l,) 2.91,3.40, 6.05, 6.66 pm; ‘H NMR (CDC13 
6 1.20 (s,8 H), 2.77 (8, 12 H), 4.42 (s,4 H), 5.48 (br, 1 H), 6.67.40 

(m, 10 H); ma88 spectrum, m / e  (relative intensity) 488 (3.5), 372 
(13), 270 (25), 269 (13), 225 (30), 220 (20), 218 (12), 198 (12), 197 
(20), 183 (14), 143 (ll),  132 (14), 130 (16), 72 (base). The material 
could not be sufficiently purified for elemental analysis. The 
highest m / e  peak in the high-resolution mass spectrum corre- 
sponded to the molecular ion; calcd for CzsHssNsOz 488.2900, 
found 488.2893. 
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The quantum efficiencies of the photoinduced interconversion of protonated trans- and cis-pent-ben-Zones 
(1 and 2, respectively) have been measured. In FSOSH at 25 O C  with 254-nm light a1-2 was found to be 0.64 
and a%l to be 0.65. These isomerizations are more efficient than the interconversions of the corresponding neutral 
ketones. Change of the acid medium from FSO&I to FS03H/SbF6 (1:l) or reduction in the temperature at which 
the irradiations were carried out substantially reduced the quantum efficiency of the conversion of 1 to 2. In 
both cases, this effect was attributed largely,to an increase in viscosity. The quantum efficiencies of the cis/trans 
photisomerizations about the carbon-carbon double bonds of several other a,j3-unsaturated carbonyl compounds 
were determined. Photoisomerism about the carbon-oxygen bond of l-methoxyallyl cation was also found to 
be a relatively efficient process. 

A considerable number of different types of carbocation 
have been found to be photoreactive.’ These range in 
complexity from the protonated imines associated with the 
chemistry of vision2 to the comparatively simple proton- 
ated enah3 Despite the variety of photoreactions which 
have been observed, very little quantitative work has been 
reported hitherto.4 

Protonated, conjugated ends and acyclic enones have 
been shown to undergo cis/trans isomerization about the 
carbon-carbon “double” bond on irradiation in superacid 
media (eq l).3 Eventually a photostationary state is es- 
tablished between the two conformers, and, unlike the case 
with the corresponding neutral carbonyl compounds,H no 

(1) For reviews see: Cabell-Whiting, P. W.; Hogeveen, H. Adu. Phys. 
Org. Chem. 1973,10,129; Childs, R. F. Reu. Chem. Zntermed. 1980,3,285. 

(2) For review see: Honig, B. Annu. Reu. Phys. Chem. 1978.29, 31; 
Knowles, A.; Dartnall, H. J. A. “The Eye”; Dawson, H., Ed.; Academic 
Press: New York, 1977; Vol 2B, p 1. 

(3) Childs, R. F.; Lund, E. F.; Marshall, A. G.; Morrisey, W. J.; Rog- 
erson, C. V. J.  Am. Chem. SOC. 1976,98,5924. 

(4) Bethel, D.; Clare, P. N. J.  Chem. Soc., Perkin Trans. 2 1972,4164. 
Owen, E. D.; Allen, D. M. Zbid. 1973,95. Filipescu, N.; Chakrabarti, S. 
K.; Tarassoff, P. G. J. Phys. Chem. 1973, 77, 2276. Tarassoff, P. G.; 
Filipescu, N. J.  Chem. SOC., Chem. Commun. 1976, 208. 

(5) Tolberg, R. S.; Pitts, J. N., Jr. J.  Am. Chem. SOC. 1958,80, 1304. 
Barltrop, J. A.; Wills, J. Tetrahedron Lett. 1968,4987. Jorgeneen, M. J. 
Chem. Commun. 1966, 137. Borrell, P.; Holmes, J. D. J .  Photochem. 
1972,1,433. Tada, M.; Miura, K. Bull Chem. SOC. Jpn. 1976,49, 713. 

(6) Morrison, H.; Rodriguez, 0. J.  Photochem. 1974, 3, 471. 
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other products have been detected even on prolonged ir- 
radiations. The related O-methyl derivatives undergo both 
carbon-carbon and carbon-xygen bond isomerizations on 
irradiation (eq 2).1° It would seem likely that a similar 
carbon-oxygen bond isomerization occurs with the pro- 
tonated en& and enonea; however, exchange of the proton 
on oxygen with the acid pool precludes the detection of 
such a reaction. 

These protonated &unsaturated carbonyl compounds 
represent one of the basic chromophores present in many 
of the carbocations that have been shown to photoisom- 

(7) Deflandre, A,; Lheureux, A,; Rioual, A.; Lamaire, J. Can. J .  Chem. 

(8) Friedrich, L. E.; Schuster, G. B. J. Am. Chem. SOC. 1969,91,7204; 

(9) Graf, J. F.; Lillya, C. P. Mol. Photochem. 1979,9, 227. 
(10) Childs, R. F.; Hagar, M. J. Am. Chem. SOC. 1979, 101, 1053. 

1976,54,2127. 

1972, 94, 1193. 
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Table I. UV Spectral Data of Cations 
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cation hmax,nm loge log € 2 5 4  

l a  261 4.27 4.20 
2a 273 4.13 3.80 
3b 258 4.64 
5 6  236 4.61 
6' 238 4.61 

9d 256 4.28 
7 d  234 3.97 

This work. Zalewski, R. I.; Dunn, G .  E. Can. J. 
Chem. 1968,46,  2469. Reference 3. Reference 10. 

erize. We report here the quantum efficiencies of their 
photoinduced cis/ trans isomerizations. 

Results 
The cations 1-3,5, and 6 were prepared by dissolving 

the corresponding carbonyl compounds in FS03H or 
FS03H/SbF5 media at  -78 "C. All of these ions have been 
reported before and have been shown to undergo cis/trans 
isomerization about the carbon-carbon "double" bond on 
irradiation at  254 nm.3911 The methoxy cations 7 and 9 
were prepared from the acetals as described in an earlier 
paper.1° The UV spectral data of these ions are given in 
Table I. 

1, R = CH, 2, R = CH, 
3 , R = H  4 , R = H  
5 , R =  OH 6 , R =  OH 

7 , R = H  8 , R = H  
9, R =  CH, 12, R = CH, 

Rearrangement of the thermodynamically less stable cis 
isomers to the trans isomers of the aldehyde and ketone 
precursors of these ions occurred on neutralization of the 
superacid media. Consequently, it was necessary to assay 
the cation composition directly in the acid solutions. The 
UV spectra of the cis/trans cation pairs were, in general, 
too similar to permit quantitative analysis, and hence 'H 
NMR spectroscopy was employed. This meant that rela- 
tively high concentrations of the cations had to be used 
(ca. 0.2 M) and substantial degrees of photochemical 
conversion had to be achieved (5-10%) to get reasonable 
composition measurements. The optical densities of the 
solutions at 254 nm were very high as a result of these high 
concentrations. 

The quantum efficiencies were measured in a relative 
manner by using low-pressure mercury lamps as a light 
source. Samples were contained in quartz tubes and ir- 
radiated by using a "merry-go-around" which could be 
inserted in a partially silvered quartz Dewar. 

The thermal isomerization of 2 to 1 in FS03H is suffi- 
ciently slow at  25 "C to allow measurement of the quantum 
yield for the photochemical interconversion at  this tem- 
~ e r a t u r e . ~  Potassium ferrioxalate actinometry was used, 
and the results obtained are given in Table ILL2 With the 

(11) Brouwer, D. M. Tetrahedron Lett. 1968,453. Olah, G. A.; Hal- 
pern, Y.; Mo, Y. K.; Liang, G. J. Am. Chern. SOC. 1972,94,3554. Deno, 
N. C.; Plttman, C. U., Jr.; Wisotsky, M. J. Zbid. 1964, 86,4370. 

Table 11. Quantum Efficiencesa 
start- 

mat1 duct solvent C @ 
ing pro- teomp, 

1 2  
1 2  
1 2  
2 1  
3 4  
5 6  
6 5  
7 8  
9 12 
10 11 

FSO,H 25 
FSO,H/SbF, 25 

FSO ,H 25 
FS0,H -68 

FSO,H -68 
FS0,H -6 8 
FS0,H -6 8 
FS0,H -6 8 
FSO,H -6 8 
hexane 25 

0.64 T 0.05b 
0.43 T 0.04 
0.38 F 0.05 

0.26 T 0.04 
0.23 r 0.03 
0.39 7 0.04 
0 .155  0.03 
0.29 7 0.06 

0.65 T 0.07 

0.33 T 0.05' 
a All isomerizations are corrected for back reaction. 
Same value for aerated or argon degassed solution. 
This work. 

Table 111. Photostationary State Compositionsa 
cation (%) temp, "C cation (%) temp, "C 

1 (38),  2 (68)  25 5 (58), 6 (42)  -68 
1 (37) ,  2 (63)  -68 7 (73) ,  8 (27)  0 
3 (46) ,  4 (54)  -68 9 (31),  12 (49)b  -68 

Irradiations at 254 nm; T 2%; all samples in FS0,H. 
The C,O 2 isomers of 9 and 12 are also present. 

high optical densities of the solutions it seemed possible 
that a layering effect might occur. However, there was no 
detectable change in the measured quantum efficiencies 
whether or not the solution was agitated by an argon 
stream during the irradiation. 

The quantum efficiency for the conversion of 1 to 2 was 
found to drop when FS03H/SbF5 (1:l) was used as the 
acid medium as compared to that obtained in FSOsH. 

For measurement of the quantum efficiencies for the 
photoisomerizations of the other cation pairs it was nec- 
essary to work at  low temperatures to minimize thermally 
induced stereomutations. The quantum efficiency for the 
conversion of 1 to 2 in FS03H was obtained at  -68 "C by 
comparing the degree of reaction observed at  this tem- 
perature and at  25 "C using identical irradiation times and 
conditions. Alternatively, ferrioxalate actinometry was 
used before the low-temperature reaction. These exper- 
iments were repeated several times, and consistent results 
were obtained. Agitation of the solutions with an argon 
stream during the irradiation did not alter the observed 
quantum efficiencies within the experimental errors. 

By use of the value for the conversion of 1 to 2 estab- 
lished at  -68 "C, the relative efficiencies of the photo- 
isomerizations of 3 to 4,5 to 6, 6 to 5, 7 to 8, and 9 to 12 
were obtained at  -68 "C in FS03H (Table 11). Other 
photoisomerizations of 9 occur,l0 but it was not possible 
to assay the complex mixtures obtained sufficiently accu- 
rately to obtain meaningful values of the quantum effi- 
ciencies of these processes. 

The photostationary states reached in each of the cation 
pairs are given in Table 111. In the case of interconversion 
of 1 and 2, the photostationary state composition was the 
same at both 25 and -68 "C. No deuterium incorporation 
was observed when the photoisomerizations were carried 
out in FS03D. 

In view of the conflicting quantum efficiencies reported 
for the conversion 10 to 11 in hydrocarbon solvents,'*9 we 
repeated this determination in hexane and obtained a 
value of 0.33 7 0.05. This value compares favorably with 

(12) Hatchard, C. G.; Parker, C. A. R o c .  R .  SOC. London, Ser. A 1966, 
235, 518. 
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that measured by Graf and Lillya. 

Discussion 
The cis/ trans phosoisomerizations of acyclic a,B-un- 

saturated carbonyl compounds on direct irradiation appear 
to proceed via singlet ~ ta tes . "~  While direct evidence is 
lacking with these protonated enones, it would seem likely 
that singlet states are again involved. Oxygen has no 
detectable effect on the quantum yield for the photo- 
isomerizations of 1 - 2 in acid, and intersystem crossing 
is expected to be less efficient when the enones are 0- 
protonated. 

One common feature observed with the photoinduced 
stereomutations of unsaturated carbonyl compounds is 
that the sum of the quantum efficiencies of the trans to 
cis and cis to trans reactions do not sum to unity, e.g., eq 
3.7 The cis isomers also undergo a relatively inefficient 

R 0 
II 

( 3 )  

10 11 3 ;"";::;: 6 (4 )  - 
4 c - t ; O  65 

1 2 

photoenolization; however, the quantum efficiency of this 
process (@ = 0.05 in the case of cis-pentenone) is generally 
too small to restore the sum to unity. In the absence of 
any fluorescence, some nonradiative decay process which 
does not involve the formation of a common twisted in- 
termediate is required.13 

In this regard it is of interest that the quantum effi- 
ciencies of the photoisomerization of the protonated pen- 
tenones 1 and 2 in FS03H at  room temperature would 
seem to sum to somewhat more than unity + GPt 
= 1.29 f 0.12; eq 4). Protonation of a carbonyl compound 
raises the energy of the n,s* state, and the results we have 
obtained here support the suggestion that the failure to 
obtain a common/twisted intermediate in the neutral 
systems is associated with proximity of their n,s* and s,s* 
states.6 

Twisting about the carbon-carbon double bonds of 1 and 
2 is not the only relaxation path open to the excited states 
of these cations, for unlike the neutral enones, isomeriza- 
tion can also occur about the carbon-xygen bonds.14 The 
0-methyl cation 7 was found to convert to 8 with a 
quantum efficiency of 0.15 (FS03H, -68 "C, Table 11), and 
if rotation about the carbon-oxygen bond of the proton- 
ated species 1 and 2 occurs with comparable efficiency, 
then the quantum yield s u m  will be considerably in excess 
of unity. This could mean that the carbon-oxygen and 
carbon-carbon bond isomerizations are linked together and 
both isomerizations can result from the absorption of a 
single photon or that the probability of a twisted inter- 

(13) Devaquet, A. J. Am. Chem. SOC. 1972, 94, 5160. Devaquet, A.; 
Salem, L. Can. J .  Chem. 1971, 49, 977. McCullough, J. J.; Ohorodnyk, 
H.; Santry, D. P. J. Chem. SOC. D 1969, 570. 

(14) An alternative but less likely mode of photoreaction of these 
protonated enones would involve the formation of a protonated oxete as 
an intermediate. The isomerization of protonated oxetes to protonated 
enones is a very rapid reaction8 and could lead to stereomutation about 
the carbon-carbon double bond. Friedrich and Schuster8 have shown 
that highly substituted enones can be photochemically converted to ox- 
etes in what appears to be a relatively inefficient reaction as compared 
to cis/trans isomerization. 

mediate relaxing to one or the other of the stereoisomers 
differs depending on ita genesis.15 

From the results given in Table 11, it would seem that 
there is little structural dependence on the quantum ef- 
ficiencies for the photoinduced cis/ trans isomerization of 
a variety of protonated unsaturated carbonyl systems. In 
all of the cases studied in FSOBH at  -68 "C, the quantum 
efficiencies for photoisomerizations about the carbon- 
carbon bonds are similar. Even the replacement of the 
proton on oxygen with an 0-methyl group does not alter 
the efficiency of the reaction significantly (compare 
with @e.12). 

The quantum efficiency of the photochemical cis/trans 
isomerization of 1 to 2 is both medium and temperature 
dependent. Thus, as can be seen from the data in Table 
11, changes from 0.64 in FS03H to 0.44 in FS03H/ 
SbF& A comparable drop was found on lowering of the 
temperature. No photoisomerization of 1 could be de- 
tected when it was irradiated in a 1:l FS03/SbF5 mixture 
a t  -68 "C. 

When the acid is changed from FS03H to FSOBH/SbF&, 
two effecta are operative, namely, an increase in the acidity 
of the medium16 and also an increase in viscosity. Apart 
from FS03H at 25 O C , 1 6  the viscosities of these acid media 
have not been reported. Qualitatively it was noted that 
the addition of SbF5 to FS03H at room temperature 
somewhat increased the viscosity of the acid. This en- 
hancement in viscosity was particularly noticeable a t  -68 
"C, where the mixed acid had a thick treacle-like con- 
sistency, whereas FS03H was still a mobile liquid. The 
similar reduction in quantum efficiency observed either 
on lowering the temperature or on addition of SbF5 to the 
FS03H suggests that the viscosity of the medium is an 
important factor in these reactions. 

The viscosity dependence of the quantum efficiencies 
of certain cis/ trans photoisomerizations has been reported 
before.17 The magnitude of the effect found here seems 
to be fairly large as compared to some of the other systems 
studied and may be associated with the much more specific 
solute/solvent interactions expected with these cationic 
systems.18 Twisting about the carbon-carbon double bond 
in an excited state of a cation such as 1 would be expected 
to alter its charge distribution. A good model for the ion 
when this bond is twisted by 90° would be a structure with 
essentially a full positive charge on C3 Unlike the sudden 
polarization associated with the twisting of an excited-state 
olefin diradical,lg substantial changes in charge distribution 
of a cation such as 1 would be expected to occur over a 
considerable range of twist angles. Calculations on the 
related protonated retinylidene Schiff bases by Salem and 
Bruckmann indicate that significant charge redistribution 
occurs at twist angles as low as 60°a20 This being the case, 
some degree of solvent reorganization would then be re- 
quired when 1 undergoes an excited-state twisting of the 
carbon-carbon double bond, and this could be the origin 
of the large solvent-viscosity dependence. 

The lack of a temperature dependence of the photo- 
stationary state set up between 1 and 2 strongly suggests 

(15) Weiss, R. M.; Warshell, A. J. Am. Chem. SOC. 1979, 101, 6131. 
(16) Barr, J.; Gillespie, R. J.; Thompson, R. C. Inorg. Chem. 1964,3, 

1149. 
(17) Gegiou, D.; Muszkat, K. A.; Fischer, E. J. Am. Chem. SOC. 1968, 

90, 12. GBrner, H.; Schulte-Frohlinde, D. Ibid. 1979, 101,4388. For a 
review see: Saltiel, J.; DAgostino, J.; Megarity, E. D.; Metta, L.; Neu- 
berger, K. R.; Wrighton, M.; Zafiriou, 0. C. Org. Photochem. 1973,3, 1. 

(18) Rochester, C. H. "Acidity Function"; Academic Press: New York, 
1970; p 85. 

(19) BonaciE-Kouteckjr, V.; Bruckmann, P.; Hiberty, P.; Kouteckjr, J.; 
Leforestier, C.; Salem, L. Agnew Chem., Int. Ed. Engl. 1975, 14, 575. 

(20) Salem, L.; Bruckman, P. Nature (London) 1975,258, 526. 
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that the quantum efficiency for the conversion of 2 to 1 
exhibits a similar temperature/viscosity behavior to that 
found for conversion of 1 to 2. 

The implications of the large solvent effect on the 
quantum efficiencies for these photoisomerizations of these 
protonated enones extend further than to just the imme- 
diately related cations. We have observed a similar de- 
pendence in the photochemical conversion of a series of 
protonated imines.*l In this regard it is of considerable 
interest to note that a similar marked quantum yield 
temperature dependence has been observed with the 
protonated n-butylamine Schiff bases of retinal,= a phe- 
nomenon which is in contrast to the behavior of the visual 
pigments themselves.2 It is clear that a better under- 
standing of these effects will be of importance in fully 
determining the chemical processes occurring in the visual 
pigments. 

Experimental Section 
General Methods. ‘H NMR spectra were measured on a 

Varian EM 390 spectrometer, the probe temperature being 
measured with a methanol sample. UV spectra were obtained 
by using a Cary 14 instrument. Analytical gas chromatography 
was carried out with a Varian 3700 gas chromatograph coupled 
with a Varian CDS 111 data system. A 6 ft X in. copper column 
packed with 15% Carbowax on Chromwrb W was used. FS03H 
was purified by distillation, purging the distillate with nitrogen, 
and a subsequent redistillation. 

The cations 1-3, 5, and 6 were prepared by weighing the 
carbonyl compound precursor (10-20 mg) into a quartz tube, 
cooling the tube to -78 OC, and adding cooled FS03H or 
FS03H/SbF5 (-0.5 mL). Solution was achieved by mixing with 
a thin glass rod at  low temperature. After all the samples for a 
particular run were made up, more acid was added so that each 
tube had an equal volume. The total volume of acid used in a 
tube for a typical run was 0.75 mL. Cations 7 and 9 were obtained 
as described previously,10 and the sample volumes were adjusted 
as above. 

Photochemical Apparatus. The light source used in these 
experiments consisted of five low-pressure mercury lamps 
(Southern New England Ultraviolet Co., RPR 2537 A) arranged 
in a circle around a partially silvered quartz Dewar. The Dewar 
could be cooled with an FTS system Flexicool FC 2084P1 re- 
frigerator unit, the probe of which was mounted axially in the 
center of the Dewar. This probe served as an axle for a 
“merry-go-round” which was constructed from Teflon. The 
merry-go-round was arranged to rotate in the Dewar and contain 
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up to six tubes. Methanol was used as a heat-transfer medium. 
Without the cooling unit on, the inside of the Dewar remained 
at 25 OC during the course of an irradiation. After the cooling 
unit was switched on, a temperature of -68 OC was reached after 
some 20-25 min of cooling, and this temperature was maintained 
during the subwquent irradiations. Samples were contained either 
in 5-mm4.d. quartz tubes or 5-mm-0.d. quartz NMR tubes. 
Sample stirring was carried out with a stream of argon. 

The quantum efficiency of the conversion of 1 to 2 in FSO& 
was measured relative to potassium ferrioxalate.’* The compo- 
sition of the acid solutions was determined by measurement of 
the relative intensities of the methyl group resonances of 1 and 
2 at 6 2.48 and 2.62, respectively? Each spectrum was recorded 
some five or six times, and relative peak heights were used to 
obtain the composition of the solutions (the peak half-widths of 
the two signala were the same). In this and every case mentioned 
below, duplicate samples were wed in each run, and at least two 
separate runs were performed, Stirring the eamples with an argon 
stream did not have any detectable effect on the measured 
quantum efficiencies. 

The quantum efficiency of the conversion of 2 to 1 in FS08H 
was measured relative to the conversion of 1 to 2 in the same acid. 

The quantum efficiency of the conversion of 1 to 2 at low 
temperatures was obtained by preparing four samples of 1. Two 
were irradiated at 25 OC and removed from the merry-go-round. 
Without turning off the lamps, the Dewar was cooled, and the 
remaining two tubes were irradiated for the same length of time. 
The degree of conversion in each tube was assayed as above. The 
experiment was repeated, and consistent results were obtained. 
This experiment was also carried out by using potassium ferri- 
oxalate to measure the initial light intensity, and the same reaults 
were obtained. 

The quantum efficiencies of the conversion of 3 - 4 ,5  - 6, 
6 - 5 , 7  - 8, and 9 - 12 were all measured at  -68 OC relative 
to the conversion of 1 - 2. Assays were carried out by monitoring 
at -50 OC the resonancee at 6 9.59 and 9.08 of 3 and 4, respectively, 
at  6 2.19 and 2.43 of 6 and 6, respectively, at  6 5.01 and 4.87 of 
7 and 8, respectively, and at 6 8.96 and 9.50 of 9 and 12, re- 
spectively. 

The quantum efficiency for the conversion of 10 to 11 in hexane 
was measured at  254 nm by using a relative method and a po- 
tassium ferrioxalate actinometer. The degree of conversion of 
10 to 11 was measured by gas chromatography using a column 
temperature of 75 OC when the retention time of 10 was 2.8 min 
and that of 11 was 1.5 min. 
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