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and P. v. R. Schleyer, Ed., Wiley lnterscience, 1973, p 1734, and references 
cited therein. 

(38) A further possible difference between these protonated aldehydes and 
ketones could possibly derive from differences in their preferred ground 
state conformations. The formation of the protonated oxete would take 
place from a s-cis conformation, and this is probably not the preferred 
conformation of the protonated aldehydes. 

(39) A. Devaquet, J. Am. Chem. Soc., 94, 5160 (1972); R. R. Birge and P. A. 

Introduction 

In part 1 of this series we described the photosensitized 
(electron transfer) additions of alcohols to 1,1-diphenyleth-
ylene (I) (reaction 1 (eq I)).3a This reaction, which yields the 

(C6H5)2C=CH2 + ROH ' » (C6H5)2CHCH2OR (1) 
I II 

R % yield 
Ha -CH3 36 

b -CH(CH3)2 49 
c -C(CH3)3 17 

Sens: methyl p-cyanobenzoate (V) 
p-dicyanobenzene (VI) 
1-cyanonaphthalene (VTI) 

ethers I la-c expected from anti-Markownikoff addition, has 
been studied in detail and, when the minor products were iso
lated and characterized, diphenylmethane (III) was found 
among them. In fact, under some conditions, III was formed 
in quite significant amounts (>15%). Diphenylmethane was 
not an expected product, the mechanism of its formation under 
these conditions was not obvious, and, since this reaction could 
represent an important limitation of the synthesis of ethers by 
reaction 1, we decided to focus some attention on it. 

We found that diphenylmethane (III) was a secondary 
photolysis product which results from the photosensitized 
(electron transfer) decomposition of the initially formed ether 
(reaction 2 (eq 2)). The other product of this reaction was the 
acetal of formaldehyde (IV). In fact, by either prolonged ir
radiation starting with the olefin (I) or by starting with the 
ether (II), yields between 40 and 60% of III and IV can be 
realized under some conditions. 

Leermakers, ibid., 94, 8105 (1972); A. Devaquet and L. Salem, Can. J. 
Chem., 49, 977 (1971); J. J. McCullough, H. Ohorodnyk, and D. P. Santry, 
Chem. Commun., 570 (1969). 

(40) G. J. Brealey and M. Kasha, J. Am. Chem. Soc, 77, 4462 (1955); R. 
Rusakowicz, G. W. Byers, and P. A. Leermakers, ibid., 93, 3263 (1971). 

(41) J. Bacon and R. J. Gillespie, J. Am. Chem. Soc, 93, 6914 (1971); G. A. 
Olah, J. R. DeMember, R. H. Schlosberg, and Y. Halpern, ibid., 94, 156 
(1972). 

(C6H5)2CHCH2OR + R'OH 
Ha-c 

h",SenS> (C6HJ)2CH2 + R'OCH2OR (2) 
CH3CN 

III IV 
TVa,R = R' = CH3 

KR = CH(CH3)^R' = CH3 

c, R = R' = CH(CH3), 

d, R = R' = C(CH3)3 

Sens: V, VI, 1,4-dicyanonaphthalene (VTH) 
(VII was not effective) 

The mechanism we propose for reaction 2 is summarized in 
Scheme I. The first step involves excitation of the sensitizer, 

Scheme I 

(1) A - ^ - A* 
(2) (a) A* + I I — - II ...A* (encounter complex) 

(b) II.. .A* (encountercomplex) 

—»• IT+... A-~ (radical ion pair or exciplex) 

(c) H + . . . A-" (radical ion pair or exciplex) 

— II-+,S, + A", ,„ 

(3) n-+
(8) — • [(C6Hs)2CH]- + [CH2OR]+S, 

(4) [(C6Hs)2CH]- + A",., — [(C6Hs)2CH]-,*, + A 

(5) [(C6Hs)2CH]-,,, + H+
(s) — (C6Hs)2CH2 

(6) [CH2OR]+
(5) + R'OH — R'OCH2OR + H+,s) 

which is potentially an electron acceptor (A). Step 2 may occur 
in several stages, but leads ultimately to the solvent-separated 
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Abstract: The photosensitized (electron transfer) irradiation of some /3-phenethyl ethers led to cleavage of the a-carbon-car-
bon bond. For example, the photosensitized irradiation of 2,2-diphenylethyl isopropyl ether (lib) in acetonitrile-methanol so
lution gave diphenylmethane (III) and the methyl isopropyl acetal of formaldehyde (IVb). Photosensitizers which were effec
tive include methyl p-cyanobenzoate (V), p-dicyanobenzene (VI), and 1,4-dicyanonaphthalene (VIII); 1-cyanonaphthalene 
(VII) was not effective. Electrochemical and photophysical evidence was obtained which supports the proposed mechanism. 
The primary process is an electron transfer which gives the sensitizer radical anion and the ether radical cation. Fluorescence 
studies indicated that the singlet states of the sensitizers V, VI, and VIII were quenched by Hb. The singlet state of VII was 
not quenched by Hb. Triplet-triplet transfer photosensitized experiments indicate that the triplet of VI does not bring about 
reaction. The relationship involving the reduction potential of the sensitizer, the oxidation potential of the ether, the available 
electronic-excitation energy, and the energy associated with the electron-transfer process has been used to correlate the re
sults. 
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radical ions. The ether radical cation cleaves (step 3) in the 
direction which yields the more stable fragments, in this case 
the diphenylmethyl radical and the a-oxycarbonium ion. The 
radical is then reduced to the anion by the radical anion of the 
sensitizer (step 4) and protonated (step 5). Step 6 represents 
the reaction of the a-oxycarbonium ion with alcohol present 
in the solvent, which gives the formaldehyde acetal. 

In this paper we report the characterization of the products 
from the photosensitized (electron transfer) cleavage of the 
ethers II (a and b) in methyl and isopropyl alcohol and the 
results of photophysical and electrochemical studies which 
support the proposed mechanism. We have found sensitizers 
which are effective in bringing about reaction 1, but will not 
induce reaction 2, so that secondary photolysis does not nec
essarily present an important limitation for the preparation of 
ethers. We point out that these examples of reaction 2 are the 
first of this type. If this reaction is general, it will have im
portant synthetic applications, particularly since it can be used 
to photochemically remove a protecting group for the hydroxyl 
function under mild, neutral conditions. 

Results 
The ethers Ha and b, used in this study, were prepared by 

the photosensitized (electron transfer) addition of methyl and 
isopropyl alcohol to 1,1-diphenylethylene (I) (reaction l).3a 

Sensitizers effective for this reaction are methyl />-cyanoben-
zoate (V), p-dicyanobenzene (VI), and 1-cyanonaphthalene 
(VII). The isopropyl ether (lib) was also prepared by a mul-
tistep synthesis in low overall yield as outlined in eq 3. 

(eq 4). The resulting acetals were separated by distillation and 
VPC and were characterized by ir and NMR spectroscopy. 

H C6H5 

V = / + m-ClC6H4C03H —•* H 

C6H, H C6H5 

O 
C6H5 

H 

BF, etherat* NaBH, 
— (C6H5)2CHCHO CiHs0H» (C6Hs)2CHCH2OH 

LK 

2. (CHj),CHI Eb (3) 

Typical conditions for reaction 2 involve irradiation of a 
solution of Il (0.2.M), alcohol (3.0 M), and the sensitizer (0.06 
M) in acetonitrile through a Pyrex filter which absorbs 
wavelengths shorter than 280 nm. Under these conditions light 
is absorbed only by the sensitizer. The involvement of the 
sensitizer was easily confirmed; upon irradiation under iden
tical conditions, but in the absence of a sensitizer, no reaction 
occurred. The progress of the reaction was followed by nuclear 
magnetic resonance spectroscopy (NMR), and/or by vapor-
phase chromatography (VPC). 

Diphenylmethane (III) was isolated from the reaction 
mixture by preparative VPC (10% SE-30 column). The 
structure was established by comparison of the infrared (ir) 
spectrum with that of an authentic sample. The acetal IVb, 
from the irradiation of Ha in isopropyl alcohol and the irra
diation of lib in methyl alcohol, was distilled from the reaction 
mixture along with the solvent upon bulb-to-bulb distillation 
at reduced pressure (70 mmHg). The initial indication of 
structure came from the NMR spectrum of this solution. All 
of the proton signals of the product were superimposed upon 
those from an authentic sample of IVb added to the solution. 
The VPC retention time on several columns was also identical 
with that of the authentic sample. Furthermore, when the 
distillate from the reaction mixture was added to 2,4-dinitro-
phenylhydrazine in dilute aqueous sulfuric acid, the hydrazone 
of formaldehyde (identical ir, undepressed mmp) precipitat
ed. 

The authentic sample of IVb necessary for comparison 
purposes was prepared by the acid-catalyzed exchange starting 
with paraformaldehyde, methyl alcohol, and isopropyl alcohol 

(CH3)2CHOH + CH3OH + 
H2C CH2 

I I 

o.c.o 
H2 

reflux 
CH3OCH2OCH3 + (CH3)2CH0CH20CH3 

IVa IVb 

+ (CHa)2CHOCH2OCH(CRj)2 (4) 
IVc 

Some of the sensitizer always remained after the ether was 
consumed; however, in some cases the sensitizer was partially 
consumed. The products incorporating the sensitizer were not 
identified. 

As part of our study of the sensitizers effective for reaction 
1, we noticed that, while 1-cyanonaphthalene (VH) did cause 
ether (II) formation, no diphenylmethane (III) was detected 
when this sensitizer was used. In a separate experiment the 
ether Ha was found to be stable to irradiation using VII as a 
potential sensitizer. Prolonged irradiation did result in some 
consumption of VII, but no III was detected. 

In an attempt to determine the nature of the excited state 
responsible for reaction 2, we have studied the fluorescence of 
the sensitizers (VI-VIII)4 as a function of the ether (lib) 
concentration in acetonitrile solution. The fluorescence in
tensity of Vl and VIII decreased upon addition of the ether Hb. 
In contrast, the fluorescence intensity of VII was not affected 
by added Hb. The quenching rate constants gleaned from these 
Stern-Volmer plots and the measured fluorescence lifetime 
in the absence of quencher (r) are summarized in Table I. 

The calculated diffusion-limited rate constant for acetoni
trile solution at 20 0C is kq (diffusion) = 1.82 X 1010 M"1 s~'.5 

Therefore, the fluorescence of p-dicyanobenzene is quenched 
by both lib and IX at essentially the diffusion-controlled rate. 
Since the addition of lib (2 X 10~3 M) and IX(I X 10"2M) 
did not decrease the fluorescence intensity (experimental error 
ca. 2%) of 1-cyanonaphthalene, the upper limit of these 
quenching rate constants has been calculated. 

An indication of the energetics of the electron transfer step 
(step 2) can be obtained from knowledge of the oxidation po
tential of the ether (II) and the reduction potential of the 
sensitizers. For this reason, we have studied the electrooxida-
tion and/or reduction processes of these compounds. Half-wave 
oxidation and reduction potentials have been calculated from 
these data and are summarized in Table II. 

Polarographic data were available in the literature for some 
of the compounds studied here; however, since variations can 
result from differences in solvent, electrode material, elec
trolyte, reference electrode, etc., the data in Table II were 
obtained under standardized conditions, so they are internally 
consistent. 

Discussion 
The first step in the proposed mechanism (Scheme I) for 

reaction 2 involves excitation of the sensitizer (A). The ultra
violet absorption spectra of mixtures of the ether and sensitizers 
(Hb, 1.44 X 10~4 and VI, 1.01 X 10"2M; Hb, 1.83 X 10~2 and 
VIII, 1.15X10-4 M) in acetonitrile were the composite of the 
individual spectra; there was no evidence of complex formation 
between the ground-state molecules. 

Step 2 represents the overall process during which an elec
tron is transferred from the ether molecule to the excited state 
of the sensitizer. Several intermediate stages may be involved 
in this process; for example, sequential formation of an en
counter complex, an exciplex, a radical ion pair, and finally the 
solvent-separated radical ions. We have little evidence per-
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Table I. Fluorescence Quenching of the Sensitizers Studied by 
2,2-Diphenylethyl Isopropyl Ether (lib) and 1,1-Diphenylethane 
(IX) in Acetonitrile Solution at 20 0C 

fcq, s - ' M - ' 

Fluorophor T (ns) Hb IX 

p-Dicyanobenzene (VI) 9.732 1.29 X 1010" 1.86 X 1010 * 
1,4-Dicyanonaphthalene 10.057 5.37X109c 

(VIII) 
1-Cyanonaphthalene (VII) 8.923 <1.9 X IQ9 d <1.3 X IQ8 d 

Exciting the fluorophore at: " 280; * 289; c 311; d 313 nm. 

Table II. Half-wave Oxidation and Reduction Potentials" 
Obtained by Cyclic Voltammetry^ 

Compd £i / 2
r e d , V £i/2

0X, V 

Methyl p-cyanobenzoate (V) 2.10 c 
p-Dicyanobenzene (VI) 2.00 c 
1-Cyanonaphthalene (VII) 2.33 c 
1,4-Dicyanonaphthalene (VIII) 1.67 c 
2,2-Diphenylethyl isopropyl ether (lib) d 1.81* 
1,1-Diphenylethane (IX) d 1.81* 
U-Diphenylethylene(I) d 1.48* 

" Taken as 0.028 V before the anodic peak potential and 0.029 V 
before the cathodic peak potential (R. S. Nicholson, Anal. Chem., 38, 
1406 (1966)). * The oxidative process was not reversible, the half-
wave potential was estimated using the 100 mV/s sweep rate. c In 
these cases the oxidation wave was not observed, i.e. >2.0 V. d In these 
cases the reduction wave was not observed, i.e. <2.2 V. ' Pt electrode, 
tetraethylammonium perchlorate (TEAP, 0.1 M) in acetonitrile so
lution, vs. Ag/0.1 M AgNO3. 

taining to these various stages; nevertheless, it is useful to 
consider the dissection, since at some point during this step the 
reaction progresses from an electronic excited-state reaction 
to become a reaction of ground-state intermediates. Further
more, using reasoning originally proposed to relate fluorescence 
emission quenching, exciplex formation, oxidation and re
duction potentials, and singlet energy,6-8 the energetics of the 
various stages can be considered. 

The free-energy change (AG) associated with the elec
tron-transfer process which occurs within an encounter com
plex (step 2b) is represented by 

AG (kcal mol"') 

= 23.06| £-(D/D+)v - £(A/A")V - — 1 

- A £ 0 - o (kcal mol"1) (5) 

applied by Weller to explain fluorescence quenching.6b The 
term in brackets represents the energy required for the electron 
transfer and contains the oxidation potential of the donor 
(E(DfD+)) and the reduction potential of the acceptor 
( .E(A/A -)) . Usually half-wave potentials determined by po-
larography are used here; we have chosen cyclic voltammetry 
to obtain these data.9 There are advantages and disadvantages 
to both methods. A major problem with either method is the 
inability to obtain thermodynamically significant oxidation 
or reduction potentials when the electron-transfer process is 
not reversible. If the electron-transfer process was not re
versible, the peak potential was a funtion of sweep rate and the 
half wave was estimated using the 100 mV/s sweep; never
theless, meaningful correlations can be obtained from 
them.10 

In this polar medium (acetonitrile, «25° = 36.7), when the 
separation is within the encounter distance (ca. 7 A), the 

Arnold 

Table III. Comparison of Calculated and Observed Fluorescence-
Quenching Rate Constants 

Calculated 
AG,*'- Obsd (calcd)'-'' 

Singlet kcal rnol"1 kq X 1O-10 

energy, for 
Fluorophor kcal rnol-' Hb and IX lib IX 

V 95.3" -6.41 
VI 97.6 -11.01 1.29 1.86(1.26) 
VH 89.4 4.80 <0.19 <0.01 (0.0003) 
VIII 86.4 -7.42 0.54 (1.00) 

" Estimated from the absorption spectrum; no fluorescence was 
observed from V. * The energy required for the electron-transfer 
process (step 2b), assuming the distance to be 7 A and the dielectric 
constant of acetonitrile («25° = 36.7). c Using eq 5, these values are 
the same for Hb and IX, since they have the same oxidation potential. 
d Using eq 6 and 7 (see ref 6b). 

Coulombic attraction term is small (1.3 kcal mol - 1) and we 
believe the radical ions can dissociate before the reaction. 

The amount of energy available for the electron-transfer 
process is the excited-state energy of the donor or acceptor, 
whichever is lowest. The sensitizer fluorescence-quenching 
studies indicate that the excited state involved in these reactions 
is the sensitizer singlet. We will return to the question of 
whether the triplet state might, in these or other cases, be in
volved. 

The singlet energies of the sensitizers were obtained from 
the fluorescence emission and/or absorption spectra. A distinct 
0-0 band was observed with 1,4-dicyanonaphthalene and 1-
cyanonaphthalene. The point of intersection of the absorption 
and emission spectra was taken as the singlet energy. In the 
case of methyl p-cyanobenzoate no fluorescence emission was 
observed, so the singlet energy was estimated from the onset 
of the long-wavelength absorption band. In Table III are listed 
the singlet energies of the sensitizers and the calculated values 
of AG for the donors Hb and IX, using eq 5. The electron-
transfer process (step 2) is spontaneous when the donor is the 
isopropyl ether (lib) or 1,1-diphenylethane (IX) and the 
sensitizer is p-dicyanobenzene (VI), methyl /7-cyanobenzoate 
(V), and 1,4-dicyanonaphthalene (VIII); it is not spontaneous 
when 1-cyanonaphthalene (VII) is the sensitizer. This is in 
complete agreement with the observed ability of these sensi
tizers to bring about reaction 2. Furthermore, the sensitizer 
fluorescence-quenching results are qualitatively consistent; 
Hb and IX quench the fluorescence of VI and VIII, but do not 
quench the fluorescence of VII. 

Weller has developed a semiempirical approach for esti
mating the fluorescence-quenching rate constants if the elec
tron-transfer process pertains. 

AG* = [(AG/2)2 + (AG + (O))2] '/2 + AG/2 (6) 

= 2OX I Q 9 M - ' s - ' 
q 1 + 0.25[exp(AG*//?r) + exp(AG/RT)] ( ' 

This approach, while not rigorously derived, nevertheless did 
provide calculated quenching rate constants in agreement with 
experimental values (within a factor of two) for a large number 
of donor-acceptor systems having a variation in AG between 
- 6 0 and 6 kcal mol_ 1 .6 b The activation energy (AG*) is ob
tained from eq 6. AG*(0) represents the activation energy 
when the electron-transfer process is isoenergetic and was 
determined experimentally (AG*(0) = 2.4 kcal mol - 1 , ace
tonitrile solution).6b 

We have used eq 6 and 7 to obtain calculated values for the 
fluorescence-quenching process. The agreement with the ob
served values summarized in Table III can be taken as prima 

Maroulis / Photosensitized Cleavage of /3-Phenethyl Ethers 



5934 

facia evidence for the electron-transfer mechanism (step 
2b). 

Other methods for calculating fluorescence-quenching rate 
constants, based on ionization potential and electron affinity, 
have been developed.7,8 It is apparent that factors in addition 
to oxidation and reduction potential (e.g., steric effects, mo
lecular orbital overlap, and symmetry) must be important in 
some cases. The utility of the approach used here, which em
phasizes the electron-transfer aspects of the quenching process, 
may be limited to very polar solvents and to systems where 
there is a large difference in the oxidation and reduction po
tentials of the fluorescer and quencher. The difference in the 
donor and acceptor properties of the sensitizers and the ether 
Hb (or IX), based on oxidation- and reduction-potential dif
ferences, is >0.4eV (Table II). 

1,1-Diphenylethane (IX) was chosen as a model compound 
to determine what part of the ether molecule (II) was impor
tant for the electron-transfer process (step 2b). This was par
ticularly important in order to gain some idea of the scope of 
reaction 2; that is, will the reaction occur with aliphatic ethers 
or possibly with other types of 0-phenethyl compounds. The 
oxidation potential of the ether Hb is considerably lower than 
that of aliphatic ethers, which suggests the donor site is largely, 
if not exclusively, the phenyl rings. Support for this argument 
comes from the observation that the oxidation potential of IX 
(Table II) is essentially identical with that of the ether lib. The 
conclusion that the ether oxygen atom in Hb plays a minor role 
in the photosensitized electron-transfer process (step 2) is 
confirmed by the result that IX is able to quench the fluores
cence emission of p-dicyanobenzene (VI) with a rate constant 
comparable to that of the ether lib. Similarly, the fluores
cence-emission intensity of 1-cyanonaphthalene is not affected 
by the addition of IX. These results lead us to predict that a 
cleavage (step 3) of other /3-phenethyl compounds will 
occur. 

During step 2 of the proposed mechanism (Scheme I) the 
reaction progresses from an excited-state reaction to one of 
ground-state intermediates. When this transition occurs is an 
interesting and difficult question. In particular, is an excited-
state complex (exciplex) involved as an intermediate preceding 
the complete electron transfer? The best way to implicate the 
involvement of an exciplex is to study the emission from it. 
Usually exciplex emission, which is common in nonpolar sol
vents, is quenched by the addition of polar solvents (e.g., ace
tonitrile). This quenching process is due to the rapid disso
ciation of the exciplex to give the radical ions. Nevertheless, 
weak exciplex emission has been observed in some cases even 
in acetonitrile solution.6d'8b We have been unable to detect any 
emission from an exciplex in the cases studied here in aceto
nitrile solution. The lack of observable emission is not unex
pected in view of the large (>0.4eV) difference in the donor 
and acceptor properties of the sensitizers and ethers II and IX, 
and high dielectric constant of acetonitrile.6a 

The question of the possible involvement of the sensitizer 
triplet in reaction 2 is interesting. There is evidence in other 
systems that triplet excited states are capable of electron-
transfer processes and triplet-exciplex formation.6a''' An in
dication of the ability of the triplet state of the sensitizer to 
participate in the electron-transfer process (step 2) can be 
obtained by substituting the corresponding sensitizer triplet 
energy in eq 5. The triplet energies of the sensitizers V-VII 
were obtained from the phosphorescence emission spectra in 
ethanol-methanol (4:1) glass at 77 K. In the case of 1,4-di-
cyanonaphthalene (VIII) in the mixed alcohol solvent, the 
phosphorescence emission intensity was too weak to measure 
with our instrument; strong fluorescence emission was ob
served. The phosphorescence emission spectrum of VIII was 
esasily obtained when ethyl iodide was added to the solution 
(4:1 mixed alcohol solution-ethyl iodide).12 The phosphores-

Table IV. Triplet Energies of the Sensitizers and Calculated AG 
Values, Using Equation 5, for the Electron-transfer Process 
Involving the Triplet of the Sensitizer and Hb 

Sensitizer (acceptor) Ej, kcal mol-1 AG, kcal mol-1 

p-Dicyanobenzene (VI) 70.1a 16.5 
Methyl p-cyanobenzoate (V) 72.0" 15.7 
1-Cyanonaphthalene (VII) 57.4,a 57.2* 36.8 
1,4-Dicyanonaphthalene (VIII) 55.5* 23.5 

" Ethanol-methanol (4:1) at 77 K. * The mixed alcohol solution-
ethyl iodide (4:1) at 77 K (J. J. Graham-Bryce and J. M. Corkill, 
Nature (London), 186, 965 (I960)). 

Table V. Characteristics of the Triplet Sensitizers Used 

ET, kcal Ei/2
red, E]/2

m, AG, kcal 
mol-'" V* W mol-' c 

Acetophenone (X) 74.1 2.49 2.34 28.7 
p-Methoxyaceto- 71.7 2.68 1.60 11.6 

phenone (XI) 
p-Methylacetophe- 72.8 2.60 2.12 23.6 

none (XII) 

0 Taken from D. R. Arnold, Adv. Photochem., 6, 301 (1968). The 
maximum of the 0-0 band in EtOH-MeOH (4:1) at 77 K. * R. O. 
Loutfy and R. O. Loutfy, Tetrahedron, 29, 2251 (1973). Using a 
dropping mercury electrode and Ag/AgCl reference electrode. The 
values given have been converted to Ag/AgN03. We were unable to 
observe a reduction wave with the Pt electrode (i.e., £i/2red <—2.2 
V). c Calculated using eq 5 and considering the ketone as the donor 
and the triplet of VI as the acceptor. d The oxidative process was not 
reversible. The half-wave potential was estimated using the 100 mV/s 
sweep rate. 

cence emission spectrum of VII was essentially the same shape 
and was shifted only slightly in the mixed alcohol solution with 
and without ethyl iodide; therefore, we conclude that the ad
dition of the ethyl iodide has little effect on the triplet ener
gy-

The triplet energies of the sensitizers and the free energy 
(AG) of the electron-transfer process with lib, calculated using 
eq 5, are given in Table IV. In all cases AG is significantly 
positive. Nevertheless, we have made an attempt to triplet 
sensitize reaction 2, with p-dicyanobenzene (VI) as the elec
tron-transfer sensitizer and lib as the donor. The choice of VI 
as the electron-transfer sensitizer was made upon consideration 
of its triplet energy (which is well below that of lib and yet 
relatively high) and the calculated AG for the electron-transfer 
process; with VI this process is nonspontaneous by a relatively 
small amount (AG = 16.5 kcal mol-1). 

Acetophenone (X), p-methoxyacetophenone (XI), and p-
methylacetophenone (XII) were chosen as sensitizers to pro
duce the triplet of VI. The triplet energies and oxidation and 
reduction potentials of X-XII are summarized in Table V. The 
triplet-sensitizer experiments were carried out by irradiation 
of an acetonitrile solution of Hb (0.2 M), VI (0.12 M), and the 
triplet sensitizers X-XII (0.62 M) and methanol (4 M) for 
prolonged periods through a filter solution which allowed ex
citation of X-XII only. No reaction was observed under these 
conditions. These results are consistent with the prediction, 
based on eq 5, that the electron transfer between lib and the 
triplet of Vl will not be spontaneous. 

The importance of the electron-transfer process as a com
plication in photosensitized (excitation energy transfer) re
actions has largely been ignored.13 The process where the ke
tone excited state (singlet or triplet) acts as the acceptor and 
lib as the donor can easily be ruled out in view of the relatively 
large magnitude of the reduction potential of the ketones. For 
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all three ketones, using eq 5, we calculate AC? > 20 kcal mol - 1 

for this process. Electron transfer where the triplet of VI ac
cepts an electron from the ground-state ketone is not so easily 
dismissed, particularly with XI, where the oxidation potential 
is in fact below that of lib. The AG for this process is 11.65 kcal 
mol - 1 for this case. 

Before leaving the discussion of the electron-transfer process 
(step 2) we mention that it is at this point that selectivity be
tween reaction 1 and 2 can be obtained. The oxidation potential 
of 1,1 -diphenylethylene (I) is considerably lower than that of 
the ether Hb: 1.48 and 1.81 V, respectively (Table II). The 
oxidation potential of I is low enough so that the electron-
transfer process, according to eq 5, should be spontaneous with 
1-cyanonaphthalene (VII) as the sensitizer (electron transfer). 
This calculation is in good agreement with the experimental 
results; the fluorescence emission of VII is quenched by I and 
VII is an effective sensitizer for reaction 1. Thus, by taking 
advantage of the lower oxidation potential of the olefin, relative 
to the ether, a sensitizer may be chosen which will bring about 
reaction 1 without causing reaction 2. 

We envision step 3 as a cleavage of the ether radical cation 
into the more stable fragments; in this case, the diphenylmethyl 
radical and the a-oxycarbonium ion. This type of fragmenta
tion is commonly observed when the radical cation is produced 
in the mass spectrometer and accounts for the usual abselnce 
of a parent peak in the mass spectrum of ethers.14 

The mass spectra of the ethers Ila-c are shown in Figure 1. 
The parent peaks are not observed. Furthermore, the major 
fragments, leading to the base peaks, in all three cases are those 
resulting from the cleavage of the same carbon-carbon bond 
as that which is involved in step 3; however, the positive charge 
is associated with the diphenylmethyl fragment. Cleavage of 
the radical cation to give the diphenylmethyl radical and the 
a-oxycarbonium ion is not a dominant process in the mass 
spectra of Ha, b, or c. In contrast, neither diphenylmethyl 
methyl ether nor diphenylmethyl isopropyl ether was detected 
(VPC and NMR) as products from reaction 2 carried out in 
the presence of methyl or isopropyl alcohol. 

The lack of correspondence between these two fragmenta
tion processes, while interesting, is perhaps not surprising in 
view of the vastly different conditions that prevail. The ex
planation may be that the more highly delqcalized cation 
(diphenylmethylcarbonium ion) is more stable in the gas phase, 
but in solution solvation serves to stabilize the more localized 
a-oxycarbonium ion. 

Another fragmentation process of the radical cation in the 
mass spectrometer is alkyl-oxygen fission. As expected, this 
process becomes more prominent in the series Ha < Hb < Hc, 
which reflects the increasing stability of the carbonium ion. 
This process apparently does not occur in competition with the 
cleavage illustrated in step 3. For example, we were unable to 
detect (NMR and VPC) isopropyl methyl ether (an authentic 
sample of this ether was prepared) in the crude reaction mix
ture of reaction 2 with lib in acetonitrile-methanol solution. 
We conclude therefore that knowledge of the favored modes 
of radical-cation fragmentation gleaned from mass spectros
copy will not allow predictions of products upon photochemical 
generation of the same species in solution. 

In step 4 of the proposed reaction sequence the diphenyl
methyl radical is reduced by the radical anion of the sensitizer 
to give the diphenylmethyl anion. This type of electron-transfer 
process has received some attention. Particularly relevant is 
the reduction of alkyl halides upon treatment with alkali 
naphthalenes.15 While it seems reasonable that the electron 
transfer involved in step 4 (Scheme I) will occur in the cases 
reported here, the energy associated with this type of process 
is difficult to predict in view of the dearth of quantitative data 
for the reduction of radicals (or for the one-electron oxidation 
of anions). In fact, a useful empirical correlation of radical 
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Figure 1. The mass spectra of Ila-c (70 eV). 

reduction potentials may result from a study of the proficiency 
of this step. We expect step 4 will present a limitation to the 
generality of reaction 2 and reaction 1, where a similar process 
is also involved. 

During the reduction of alkyl halides upon treatment with 
alkali naphthalenes, a major competing reaction is coupling 
of the radical with the radical anion to give ultimately dihy-
droalkylnaphthalenes.'5 This type of reaction may account for 
the consumption of the sensitizer during reaction 2. However, 
since the sensitizers are largely recovered, electron transfer 
must be favored over coupling with the diphenylmethyl radical 
and the sensitizer radical anions we have used in reaction 2. 

Step 5 (protonation of the diphenylmethyl anion) and step 
6 (the reaction of the a-oxycarbonium ions with alcohol to give 
the acetal) are, of course, well-known reactions. 

Experimental Section 

General. Acetonitrile (Aldrich Gold Label) was refluxed overnight 
over calcium hydride under a dry nitrogen atmosphere and fraction
ated. 1-Cyanonaphthalene was sublimed three times under vacuum 
and stored in a freezer. Methyl p-cyanobenzoate and 1,4-dicyano-
benzene were recrystallized four times from ethanbl. 1,4-Dicyano-
naphthalene was prepared by reaction of 1,4-dibromonaphthalene 
with cuprous cyanide and was purified by sublimation (two times) 
under vacuum and recrystallization from ethanol. Acetophenone, 
p-methylacetophenone, and p-methoxyacetophenone were purified 
by distillation and column chromatography on silica gel until only one 
peak was observed upon VPC. 1,1-Diphenylethane was prepared by 
catalytic hydrogenation of 1,1-diphenylethylene using platinum on 
charcoal as catalyst and was purified by VPC (5% Apiezon M liquid 
phase). 1,1-Diphenylethylene was obtained from Eastman Kodak Co. 
and was purified by distillation under vacuum. Tetramethylammon-
ium perchlorate was recrystallized from water four times and dried 
under vacuum at 65 °C. Silver nitrate, for the reference electrode, was 
purified by recyrstallization from water. NMR spectra were obtained 
in deuteriochloroform solution with tetramethylsilane as internal 
standard, using a Varian HA-IOO spectrometer. 

Spectroscopic Studies. Fluorescence spectra were measured on a 
conventional 90° two-monochromator spectrofluorimeter at room 
temperature. Stern-Volmer plots were obtained, asing the same in
strument, from the intensity of the spectra at the maximum. Fluo
rescence decay measurements were made on a time-correlated sin
gle-photon counting instrument, details of which have been described 
elsewhere.16-18 The excitation source was a Photochemical Research 
Associates nanosecond flash-lamp system. The decay curves were 
deconvoluted by iterative convolution.16'18 All measurements were 
done at room temperature. In all cases (transient and steady-state 
measurements) the solutions were degassed on a mercury-free vacuum 
line. 

The phosphorescence spectra were obtained using a spectrometer 
described elsewhere.19 
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Oxidation- and Reduction-Potential Measurements. Cyclic vol-
tammetric data were obtained using a three-electrode cell with a 
Princeton Applied Research Electrochemistry System Model 170. 
The working electrode was a platinum sphere («1 mm diameter) 
sealed into glass and the counter electrode was a platinum wire. A 
Ag/Ag+ (0.1 M) electrode was used as a reference electrode arid 0.1 
M tetraethylammonium perchlorate as supporting electrolyte. 

Irradiation of 1,1-Di phenv !ethylene in Acetonitrile-Alcohol Solution 
with a Photosensitizer (Electron Transfer): Reaction 1. A solution of 
1,1-diphenylethylene (I, 360 mg, 2 mmol), photosensitizer (electron 
transfer, 0.8 mmol) in alcohol (40 mmol), and acetonitrile (12 ml) was 
purged with argon for 30 min and irradiated through a Pyrex filter 
with a 1-kW medium-pressure mercury-vapor lamp, at 10 0C. The 
progress of the reaction was followed by NMR (disappearance of the 
signal due to the vinyl proton) and/or VPC. After approximately 60 
h of irradiation (depending upon the alcohol used), the solvent was 
evaporated and the residue was chromatographed on a silica-gel 
(60-200 mesh) column, using solvents of varying polarity. In addition 
to the major products, alkyl 2,2-diphenylethyl ethers (II), a large 
portion of the sensitizer (ca 80%) was usually recovered. According 
to the above general procedure the following ethers were prepared. 

2,2-Diphenylethyl Methyl Ether (Ha). In addition to Ha (36.1%, 
colorless liquid), 1,1-diphenylethyl methyl ether (9.1%) and 1,1-
diphenylethane (1.6%) were obtained. The sensitizer for this irra
diation was methyl p-cyanobenzoate. The structure proof for these 
products rests upon direct comparison (ir, NMR) with authentic 
samples prepared by established procedures (Ha has been described 
previously).20 

2,2-Diphenylethyl Isopropyl Ether (lib). Hb was obtained by the 
above procedure in 48.5% yield; methyl p-cyanobenzoate was the 
sensitizer. In addition, dlphenylmethane (7.2%) was isolated. A sample 
of lib (colorless liquid) was purified by VPC (10% SE-30 on Chro-
mosorb W): ir (neat) v 1610, 1500, 1370, 1140, 1090, 700 cm-1. 

The NMR spectrum of lib consists of absorption in the aromatic 
region centered at 7.42 ppm, an AB2 pattern for the benzylic and 
methylene protons (A, 4.24 ppm; B, 3.93 ppm; / A B = 7.53 Hz), and 
the signal due to the protons of the isopropyl group (1.12 ppm doublet, 
3.57 ppm heptet, J = 6.5 Hz). 

The mass spectrum of lib is shown in Figure 1. 
Anal. Calcd for Hb (Ci7H20O): C, 84.95; H, 8.39. Found: C, 85.23; 

H, 8.44. 
Alternative Synthesis of 2,2-Diphenylethyl Isopropyl Ether (lib). 

rrans-Stilbene oxide was prepared by epoxidation of rrans-stilbene 
with w-chloroperbenzoic acid21 and the epoxide was isomerized to 
2,2-diphenylacetaldehyde using boron trifluoride etherate.22 The 
aldehyde was reduced to 2,2-diphenylethanol with sodium borohy-
dride. The potassium alcoholate was treated with isopropyl iodide to 
give 2,2-diphenylethyl isopropyl ether (lib). The yield of the last step 
was 3.5%. The spectra (NMR, ir) of the ether obtained in this syn
thesis were identical with those of the ether (lib) obtained from the 
photoreaction (eq 1). 

2,2-Diphenylethyl tert-Butyl Ether (lie). The general procedure for 
reaction 1 using methyl p-cyanobenzoate as the sensitizer (electron 
transfer) and tert-buty\ alcohol as the alcohol gave Hc (17%) and 
diphenylmethane (III, 35%). A sample of lie (colorless liquid) for 
spectral characterization and analysis was purified by VPC (column, 
10%, SE-30 on Chromosorb W): ir (neat)*-1604, 1495, 1374, 1197, 
1080, 695 cm-1; the mass spectrum is shown in Figure 1. 

The NMR spectrum of Hc had the singlet for the rerr-butyl group 
at 1.15 ppm, the benzylic and methylene protons appear as an AB2 
pattern (A, 4.18 ppm; B, 3.87 ppm;7AB = 7.46 Hz), and the aromatic 
protons absorb as a broad singlet centered at 7.40 ppm. 

Anal. Calcd for Hc (Ci8H22O): C, 84.99; H, 8.72. Found: C, 85.03; 
H, 8.74. 

Irradiation of 2,2-Diphenylethyl Isopropyl Ether (lib) in the Presence, 
of 1,4-Dicyanobenzene (Electron-Transfer Sensitizer) and Methyl 
Alcohol in Acetonitrile Solution. A solution of 2,2-diphenylethyl iso
propyl ether (24 mg, 0.1 mmol), 1,4-dicyanobenzene (electron-ac
ceptor sensitizer, 8 mg, 0.06 mmol), in 80 ^l (2.0 mmol) of methyl 
alcohol and 400 ^l of acetonitrile was purged with argon for 30 min 
and irradiated through a Pyrex filter with a 1-kW medium-pressure 
mercury-vapor lamp at 10 0C. The progress of the reaction was fol
lowed by NMR (disappearance of the signal due to the methyl groups 
of the ether) and VPC. After 21 h of irradiation, a known amount of 
an internal standard (triphenylmethane) was added and the yield of 
the methyl isopropyl acetal of formaldehyde (67.4%) was determined 

by integration of the methylene proton vs. the proton of the internal 
standard. The yield of the diphenylmethane (29.4%) was determined 
by VPC using the internal-standard technique. In other experiments 
the irradiation mixture was distilled under reduced pressure and the 
distillate, trapped using a dry ice-acetone bath, was treated with a 
solution of 2,4-dinitrophenyhydrazine.23 The 2,4-dinitrophenylhy-
drazone was identified as the 2,4-dinitrophenylhydrazone of form
aldehyde by comparison (ir spectrum, mmp) with an authentic sample. 
The characterization of the mixed acetal was done by comparing the 
chemical shifts of the various protons with those of an authentic' 
sample prepared in a method analogous with that described by Wuyts 
and Docquier,24 and also by comparison of the VPC retention times 
using several columns (Poropac Q, 10% SE-30 on Chromosorb W and 
Apiezon M). The characterization of diphenylmethane was done by 
isolating it from the reaction mixture by VPC (10% SE-30 on Chro
mosorb W column) and comparing its ir spectrum with an authentic 
one. Similar experiments were carried out using methyl p-cyano-
benzoate as the sensitizer with similar results; 1-cyanonaphthalene, 
under the same conditions, did not lead to reaction. Control experi
ments showed that in the absence of the sensitizer the reaction does 
not occur. 

Irradiation of 2,2-DiphenyIether Methyl Ether in the Presence of 
1,4-Dicyanobenzene and Isopropyl Alcohol in Acetonitrile Solution. 
A solution of 2,2-diphenylethyl methyl ether (Ha, 21 mg, 0.1 mmol), 
1,4-dicyanobenzene (8 mg, 0.06 mmol) in 55 n\ (2.0 mmol) of iso
propyl alcohol, and 400 fi\ of acetonitrile was irradiated and worked 
up as described above. The yield of the methyl isopropyl acetal of 
formaldehyde was 16.6% and the yield of diphenylmethane 35.3%. 

Attempted Triplet Sensitization of Reaction 2. A solution of 2,2-
diphenylethyl isopropyl ether (lib) (12 mg, 0.05 mmol), 1,4-dicy
anobenzene (4 mg, 0.03 mmol), and ketone (triplet sensitizer, 0.156 
mmol) in 40 ̂ tI (1.0 mmol) of methyl alcohol and 200 ti\ of acetonitrile 
was purged with argon and irradiated through a filter solution con
sisting of sodium bromide (120 g) and lead nitrate (0.75 g) in 250 ml 
of water, which absorbed wavelengths <330 nm (75% transmission 
at 360 nm). No reaction occurred even after prolonged irradiation (1 
day). When acetophenone was used under the same conditions as 
above, except in the absence of 1,4-dicyanobenzene, both the ether 
Hb and the acetophenone were consumed. 
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Although historical documentation is sparse and scat
tered, we suspect that many of the early proposals of biradical 
intermediates in thermal reactions really were simple book
keeping schemes devised to permit the authors to identify 
readily the molecular sites of bond making and bond breaking. 
In time, however, biradicals took on more clearly defined 
mechanistic significance, and with the advent of transition-
state theory, the investigation of thermal reactions incorpo
rated as one of its objectives the location of such species as 
intermediates on reaction energy surfaces. 

It is obviously required of a biradical intermediate that its 
heat of formation (AHf0) be lower than that of the highest-
energy transition state of the reaction. The heat of formation 
of the transition state usually is an experimental (or semiex-
perimental) quantity, being the sum of the measured activation 
energy (Ai/*) and the measured (or estimated) AH{° of the 
reactant. The biradical AHf0 is nonexperimental and usually 
is estimated from bond-additivity tables, with certain addi
tional assumptions. 

However, to be plausible, any particular biradical inter
mediate also must be convertible to the rate-determining 
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transition state by processes whose energies and entropies are 
reasonable and predictable. The development of methods for 
making such predictions has come from the examination of 
large collections of data on the rates and activation parameters 
of many thermal reactions.6'7 As a result of such studies, 
biradical intermediates and transition states leading to them 
have been shown to have heats and entropies of formation that 
permit them to be placed on reaction energy surfaces. The 
existence of these correspondences has led to the postulation 
of biradical mechanisms for a wide variety of thermal reac
tions.6'7 

In support of such mechanisms, it has been noted that some 
hypothetical biradical intermediates might be formed from two 
or more different reactants or be converted to two or more 
different products, and that the values of AH{° of the transition 
states flanking the biradical all can be derived by the same 
additivity schemes.6-7 Within the framework of the thermo-
chemical-kinetic approach, the thermodynamic properties of 
such biradical common intermediates have provided an im
portant check on the internal consistency of the method. 

Stereochemical experiments can provide a supplementary 
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Abstract: The mechanisms of the dimerization of butadiene and piperylene and the thermal rearrangements of the correspond
ing dimers are investigated by kinetic and stereochemical techniques. Particular attention is given to the question whether, in 
the Diels-Alder dimerization of the dienes la or lb, intermediates are involved that are common to the 1,3-sigmatropic rear
rangements of the corresponding [2 + 2] dimers 3a and 3b. Substituents on the terminal vinyl position of cis-1,2-divinylcyclo-
butane (5a) retard the normal stereospecific boat-like Cope rearrangement to 3,4-dimethyl-cw,<:!j-cycloocta-l,5-diene and 
permit the detection of a new "nonboat" process, whicji leads to a stereoisomeric priduct. The boat-like rate constant declines 
with increasing terminal cis-methyl sustitution in the series 5a > cTT-8 > cCT-8 > cCC-8. The total range of the effect 
amounts to a factor of 1.81 X 105. The trans-1,2-dipropenylcyclobutanes also give Cope rearrangement products, but this re
action occurs exclusively by an indirect mechanism: prior epimerization to the cis isomer followed by Cope rearrangement of 
the latter. The rearrangement of //•a«.y-3,4-dimethyl-c;s,"ww-cycloocta-l,5-diene (16) to c;.y-3,4-dimethyl cis,cis-cyc\ooci&-
1,5-diene (10), involving overall epimerization at one asymmetric center and geometric isomerization at one olefinic site, pro
ceeds by a two-step mechanism in which m.-l,2-?ran5,^anj-dipropenylcyclobutane (cTT-8) is an intermediate. The 1,3-sig
matropic rearrangement of (l/?,2^?)-(+)-rran^-l,2-divinylcyclobutane (3a) gives (i?)-(+)-4-vinylcyclohexene (2a) with 7.7% 
preservation of enantiomeric purity (corrected for competing racemization of 3a). This corresponds to 54% inversion and 46% 
retention of configuration of the migrant carbon. By attaching stereochemical labels to the terminal vinyl positions as in opti
cally active tTT-9 and tCT-9, the stereochemistry of the 1,3-sigmatropic rearrangement can be subdivided into the four possi
ble pathways (Schemes IX and X), suprafacial inversion, antarafacial retention, suprafacial retention, and antarafacial inver
sion. In this way, it can be shown that relative rates through these four pathways are, respectively, 50.2, 6.0, 41.1, and 2.7 from 
tTT-9, and 49.5, 2.8, 46.8, and 0.9 from tCT-9. These results can be fitted by a biradical mechanism, but are more fruitfully 
interpreted as mainly the outcome of two competing concerted reactions, one allowed (suprafacial inversion) and one forbidden 
(suprafacial retention). The absence of any substantial antara contribution in the dipropenyl systems rules out a stereorandom 
biradical intermediate in the tTT-9 and tCT-9 rearrangements and makes it unlikely in the divinyl system 3a. The Diels-Alder 
dimerization of trans-penla-1,3-diene-rran.r-/ -d {45, Scheme XIV) in both the exo and endo orientations gives exclusively the 
product of reaction cis-on-the-diene,cis-on-the-dienophile. This is consistent with a concerted [4s + 2s]cycloaddition and rules 
out common intermediates in the formation of product tT-13 and cT-12 from the two alternative pathways of Diels-Alder di
merization of piperylene and 1,3-sigmatropic rearrangement of tTT-9. 
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