
634 J. Am. Chem. SOC. 1981,103, 634-640 

A Brernsted plot of the dehydration rate constants is shown in 
Figure 11. The points for base catalysis by HzO and OH- define 
a line yielding a Brernsted p of 0.34. This is essentially the same 
value reported by Bruice and Bruice for the catalytic effect of 
oxyanion bases on enolization, but the dehydration rates are 
displaced to higher values by 1.1 log units. Therefore, in these 
“normal” buffers dehydration is likely to be always faster than 
enolization regardless of buffer concentration and no rate crassover 
will be observed. 

Also, plotted in Figure 11 are the rate constants determined 
here for tertiary amine-catalyzed dehydration together with those 
taken from ref 9 which have been assigned to carbinolamine 
formation. I t  is seen that the two sets of constants are virtually 
identical, once again providing evidence that the rates of the same 
process have been measured in these two studies. 

The rate constants found for triethylamine and quinuclidine 
catalysis are observed in Figure 11 to lie close to the line drawn 
through the points for HzO and OH-, which appear to define an 
upper limit on catalysis. The other tertiary amines show sharply 
decreasing catalytic effectiveness as their basicity decreases. The 
dashed line drawn through the tertiary amine data points has a 
slope of 1.4. Although tertiary amine bases are excellent catalysts 
for tautomerization, unless they are strongly basic they are seen 
to be poor catalysts for the solvational processes. Thus, in tertiary 
amine buffers a t  low concentration, dehydration rates are faster 
than those for tautomerization, but as the tertiary amine con- 

centration increases, the enolization velocities become markedly 
faster and eventually surpass the dehydration rates. I t  is this 
behavior which accounts for the change in slope noted by Bruice 
and B r ~ i c e . ~  

The difference in sensitivity to tertiary amines likely reflects 
the operation of two essentially different mechanisms. In enol- 
ization, the tertiary amine is required to approach the substrate 
closely in order to promote the removal of a proton from the carbon 
atom 

/ 0- /O-H ii ,H - 
-c-c- - -C-CH- ZZ -C=CH- B 

\u HB 
B 

3 ”0, 

while in hydration an intervening H20 molecule likely is required 
n - 
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An OH- ion could, of course, directly attack the carbon atom 
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Abstract: Emission spectra of intra- and intermolecular exciplex systems of benzophenone and NJV-dimethylaniline were studied 
in detail at low temperature. Two new emissions were observed for the first time in the present work in addition to the well-known 
phosphorescence of the CT complex formed in the ground state. The first emission has a lifetime of a few tens nanoseconds, 
which is common to intra- and intermolecular systems. The second emission with a longer lifetime than that of the first one 
is obtained only in the case of the intramolecular system. A possibility that these emissions are due to fluorescent products 
was examined. Considering solvent, temperature, and concentration dependences of these emissions, it is proposed that the 
first and the second emissions are due to the singlet and the triplet exciplexes, respectively. Dynamic behaviors and geometrical 
structures of these exciplexes are discussed. 

Introduction 
Hydrogen abstraction by the triplet benzophenone from amines 

is well-known as a typical organic photochemical reaction which 
proceeds with a large rate and a high quantum yield. With 
examination of the kinetic data, it  has been concluded that this 
reaction occurs through the triplet exciplex state.’ Namely, charge 
transfer (CT) from amines to the triplet ketone is induced at first, 
which is followed by proton transfer. More direct information 
on this CT intermediate state has been given by the following two 
types of studies. The first is flash-photolysis studies giving ab- 
sorption spectra of transient species. The benzophenone anion 
and the amine cation dissociated from the exciplex were first 
observed in strongly polar solvents.2 Detailed laser-photolysis 
studies confirmed the competing processes of ionic dissociation 

*Osaka University, Toyonaka. 
‘Osaka University, Suita. 

and proton transfer in the C T  state formed immediately after 
quenching reaction? Rapid electron transfer was also demon- 
strated for the intramolecular benzophenone-N,N-dimethylaniline 
(DMA) system by a picosecond laser-photolysis m e t h ~ d . ~  
However, no distinct absorption spectra of the triplet exciplex have 
been reported a t  the present stage of investigation. 

The other study on the CT intermediate is to observe emissions 
of the relevant CT complexes stable in the ground state. Arimitsu 
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and Tsubomura reported for the first time that excitation of CT 
complexes formed between benzophenone and aromatic amines 
such as DMA, N,N-diethylaniline, and N-methyldiphenylamine 
gives C T  phosphorescence at 77 K.$ Although similar results 
were also given by time-resolved emission spectroscopy,6~' an 
exciplex emission has never been reported until now. 

In order to detect exciplex emissions, we have investigated intra- 
and intermolecular benzophenone-DMA systems at low tem- 
perature and found out two new emissions. Here we report these 
results, examine them from the viewpoint of an artifact, and discuss 
their dynamic behaviors. 

Results 
(A) Intramolecular Benzophenone-DMA System. Syntheses. 

The following intramolecular exciplex model compounds have been 
studied: 4-@-(N,N-dimethylamino)benzyl)benzophenone, 4- 
[2-(p-(N,N-dimethylamino)phenyl)ethyl] benzophenone, and 4- 
[3-@-(N,N-dimethylamino)phenyl)propyl]benzophenone. These 
compounds are abbreviated as B,, where n represents the meth- 

Bn 

ylene number of the chain connecting benzophenone and DMA 
moieties. Syntheses of B1-B3 were carried out by the usual 
methods as shown in Scheme I. Condensation reaction of I with 
p(dimethy1amino)benzaldehyde was troublesome. It  proceeded 
neither with magnesium in the usual conditions for Grignard 
reaction nor with phenyl- or butyllithium. With use of activated 
magnesium,s the reaction proceeded smoothly to give unexpected 
oxidation product 11. Presumably the oxidation reaction occurred 
while the magnesium addition complex was decomposed. 

Absorption Spectra. In Figure 1, absorption spectra of B, 
compounds are compared with the sum of the bands of 4- 
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Figure 1. Absorption spectra of B, and its reference compounds at room 
temperature: Bl(-), B2(---), B3(-#-), and the sum of 4-methylbenzo- 
phenone and N,N-dimethyl-4-methylaniline (e..). Solvents are (A) me- 
thylcyclohexane and (B) ethanol. 

Figure 2. Emission spectra of B, systems (-) and 4-methylbenzophenone 
phosphorescence (-) at 77 K (A) B2 in methylcyclohexane (a), MTHF 
(b), and ethanol (c); (B) B, (a), B2 (b), and B, (c) in n-butyronitrile. 

methylbenzophenone and 4-methyl-N,N-dimethylaniline. Ob- 
served spectra of intra- and intermolecular systems in methyl- 
cyclohexane are identical with each other except for B,. The band 
intensity of the latter compound in the wavelength region of 
320-350 nm is a little stronger compared with the case for the 
intermolecular system, although the position of the 0-0 band is 
unchanged. When ethanol is the solvent, the bands of B, systems 
observed in the region of 300-400 nm show the red shift and its 
intensity is increased compared with the case for the intermolecular 
reference system. These differences decrease as n increases. These 
characteristics at room temperature hold also at 77 K, although 
vibrational structures are observed at low temperature. 

Emission and Excitation Spectra at Low Temperature. Since 
no emission was observed with conventional spectrophotofluo- 
rometer at room temperature, the measurements were performed 
at low temperature. Rigid solvents used were methylcyclohexane, 
EPA (volume ratio of diethyl ether, isopentane, and ethanol is 
5:5:2), MTHF, ethanol, and n-butyronitrile. With examination 
of the emission data of B, compounds, these solvents are classified 
into two groups as shown in Figure 2. One includes methyl- 
cyclohexane and EPA in which benzophenone phosphorescence 
is the only emission observed. In other solvents measured spectra 
are different from those of monomer phosphorescence. The 
difference spectra obtained by normalizing the intensity at the 
0-0 band of benzophenone phosphorescence are  broad and 
structureless and independent of n except in n-butyronitrile. In 
the latter solvent the intensity of the new broad emission decreases 
as n increases. Excitation spectra of this broad band agree with 
absorption spectra of corresponding B, compounds. As the tem- 
perature is increased in ethanol and n-butyronitrile, vibrational 
structure due to benzophenone monomer phosphorescence de- 
creases and the new broad emission band shows an increase in 
intensity and a red shift to the wavelength region of -540 nm. 
The temperature a t  which monomer phosphorescence disappears 
is 110, 120, and 130 K for B1, B2, and B3, respectively. 
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Figure 3. Temperature effect on emission decay time of B, compounds 
in ethanol: (A) B, observed at 500 nm, (B) B2 at 540 nm, and (C) B, 
at 540 nm. 
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Figure 4. Temperature dependence of emission spectra of B, in ethanol: 
(A) 122-125 K, (B) 117-119 K, and (C) 77 K. Total emission (a-), 

benzophenone monomer phosphorescence (- -), and time-resolved 
spectra (-) obtained immediately after N, gas laser excitation. 

Temperature Effect on Emission Lifetimes. Short emission 
lifetimes obtained by method I (see Experimental Section) are 
plotted against temperature, as given in Figure 3. The B1 system 
shows a small change up to 133 K while the lifetimes of B2 and 
BIj3 decrease continuously as the temperature is raised. The tem- 
perature effect is more pronounced in the compounds with larger 
n. In order to detect a slow decay component, whose intensity 
may be weak, we applied method 11 by using output resistors with 
various values larger than 50 a. However, we could not detect 
any other components giving lifetimes longer than the above fast 
components except monomer phosphorescence (- 5 ms). 

Time-Resolved Emission Spectra. With use of rise and decay 
curves observed a t  various wavelengths, transient emission spectra 
with short lifetimes were obtained. In Figures 4-6, these spectra 
are shown and compared with total emission spectra which were 
obtained by using a 500-W Xe lamp under the same optical 
conditions. At 77 K, difference spectra between total emission 
and benzophenone monomer phosphorescence spectra are in 
agreement with transient emission, which holds for all B, com- 
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Figure 5. Temperature dependence of emission spectra of B2 in ethanol: 
(A) 127-128 K, (B) 120-122 K, and (C) 77 K. Notations are the same 
as given in Figure 4. 
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Figure 6. Temperature dependence of emission spectra of B3 in ethanol: 
(A) 135 K, (B) 114 K, and (C) 77 K. Notations are the same as given 
in Figure 4. 

pounds. As the temperature is raised, benzophenone phos- 
phorescence disappears and only broad and structureless emissions 
are observed. In the case of the BI system, the transient and 
difference spectra are almost identical with each other at 117-125 
K. Similar results have been observed for the B2 system a t  
120-122 K, while the transient spectra give a peak a t  longer 
wavelength compared to total emission spectra at 127-128 K. This 
indicates that the latter spectra consist of the above transient and 
new emissions. Either these new species have a slow rise or their 
lifetime is 1 order of magnitude longer than that reported above, 
since no decay except those of the transient and monomer 
phosphorescence spectra was observed by method 11. Almost the 
same results have been obtained for the B3 system. 

Hydrogen Abstraction. With use of the 500-W Xe lamp, the 
n l r *  bands of the benzophenone component of B, compounds were 
excited in ethanol a t  77 K. However, no absorption spectral 
change due to ketyl radical formation was observed. 

(B) Intermolecular BenzophenoneDMA System. Under similar 
experimental conditions we have investigated the intermolecular 
systems, changing the DMA concentration. Volume ratio of DMA 
to solvent ethanol were adjusted to be 1:6, 1:9, 1:39, and 1:159, 
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Figure 7. Emission spectra of intermolecular benzophenone-N,N-di- 
methylaniline system at 77 K. Total emission (-e), benzophenone mo- 
nomer phosphorescence (---), and their difference spectra (-) obtained 
by normalizing their intensity at the 0 band: (A) 1D6M, (B) 1D-6E, 
(C) 1D-39E, and (D) 1D-159E. 

Table I. Emission Decay Time of the Intermolecular 
Benzophenone-N,N-Dimethylaniline System at 7 7  K 

g fast decay slow deca 
compoenet? ns component, p s  

systems 500 nm 480 nm 
1D-6M weak 11 
1D-6E weak 12 
1D-9E 14 
1D-39E 20 8 
1D-159E 18 7 

Method I, +2 ns. Method 11. 

and these samples are abbreviated as 1D-6E, 1D-9E, 1D-39E, 
and lD-l59E, respectively. When M T H F  is used as a solvent, 
the notation is 1D-6M. The concentration of benzophenone is 

Absorption Spectra. The solutions show a new absorption band 
extending to -450 nm in addition to the sum of bands of ben- 
zophenone and DMA. The intensity of this band decreases with 
decrease of DMA concentration; however, it is still observed in 
the case of the 1D-159E system. Since these results are identical 
with the ones published b e f ~ r e , ~  it is concluded that the present 
band is due to the C T  complex formed between benzophenone 
and DMA. 

Emission Spectra. In Figure 7 emission spectra of 1D-6M, 
1D-6E, 1D-39E, and 1D-159E systems are shown. Since the 
spectral shape is a little different from that of the monomer 
benzophenone phosphorescence, we normalized the intensity at 
the 0 band and subtracted the monomer phosphorescence from 
the observed spectra. The obtained difference spectra are broad 
and structureless and show a peak a t  470-500 nm. This new 
emission is similar to the phosphorescence spectra of the CT 
complexes reported This emission disappears with a 
little increase in temperature. 

Lifetime Measurements. The rise and decay curves of the 
present emissions were measured by using a N2  gas laser as an 
exciting light source and lifetimes obtained a t  77 K are listed in 
Table I. The emissions show two-component decays. The slow 
process, observed by method 11, occurs in about 10 ps ,  and the 
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Figure 8. Time-resolved emission spectra of intermolecular benzo- 
phenone-N,N-dimethylaniline at 77 K, which is obtained at 60 ns after 
N2 gas laser excitation. Systems are 1D-159E (a), 1D-39E (b), and 
1D-9E (c). 

value of its lifetime decreases with decrease of DMA concen- 
trati01-1.~ Since the value of the 1D-6M system agrees with that 
of the phosphorescence of CT complexes reported e l s e ~ h e r e , ~  the 
slow emissions are considered to be due to the triplet state of 
benzophenone-DMA complexes. The other decay process, which 
is 3 orders of magnitude faster than the above phosphorescence, 
was observed for the first time in the present work (method I). 
In the cases of 1D-9E, 1D-39E, and lD-l59E, lifetime of a few 
tens nanoseconds was observed, while it was hardly detected in 
the systems with high concentration of DMA. Namely, the in- 
tensity of the fast component becomes stronger as DMA con- 
centration is decreased. Monomer phosphorescence of benzo- 
phenone was, of course, observed in addition to the above emissions 
and its lifetime was about 5 ms. On the basis of these lifetime 
data the difference spectra given in Figure 7 are considered to 
be the superposition of the phosphorescence of CT complexes and 
the new broad band with a short lifetime. 

Time-Resolved Emission Spectra at 77 K. Using emission decay 
curves observed a t  various wavelengths, we have obtained time- 
resolved emission spectra a t  the IO-ns time range. In Figure 8 
the spectra given at 60 ns after the beginning of laser oscillation 
are shown. In the cases of lD-l59E, 1D-39E, and 1D-9E sys- 
tems, a broad band with a peak at 475 nm was obtained. 

Hydrogen Abstraction. It is well-known that photoexcitation 
of benzophenone-DMA C T  complexes leads to ketyl radical 
formation even a t  low temperature.s This is also confirmed in 
all of the present intermolecular systems. 

Discussion 
A Possibility That the Observed Emissiorrs Are an Artifact. The 

primary photoprocesses of benzophenone have been extensively 
s t ~ d i e d , l - ~ ~ ~ ~  and effects of the unstable photoproduct are discussed 
in detail." Steel et al. reported that irradiation of benzophenone 
in hydrogen-donor solvents leads to the formation of a light-ab- 
sorbing transient which has an absorption band similar to that 
of the original molecule and decays in a few days.12 This transient 
gives structureless emission with a lifetime of 10 ns.13 Fur- 
thermore dynamic behaviors of intramolecular ketone-amine 
systems are sometimes affected by intermolecular interaction, 
which was demonstrated in the studies on the P-naphthyl-y- 
(dimethy1amino)propyl ketone system.I4 Similar reactions might 
occur in our systems, which leads to a possibility that the present 
new emissions are an artifact. However, this is excluded from 
the following viewpoints. (i) All the emissions reported here are 

~~~ 
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observed only at low temperature, while the data on the above 
 photoproduct^*^-^^ were obtained at room temperature. (ii) 
Emission lifetime measurements by method I do not show an 
accumulation effect caused by repetitive exciting pulse. (iii) 
Exposure of B, compounds to light a t  low temperature leads to 
no irreversible change of absorption spectra. (iv) The emission 
of B, compounds with short lifetime shows an interesting solvent 
dependence which is inconsistent with Steel's results.12 

Another possible impurity emission may be due to benzophenone 
ketyl radical. As reported before,5 this emission is observed by 
exciting the ketyl radical produced by photolyzing the present 
intermolecular benzophenone-DMA system a t  77 K. This 
fluorescence peak is a t  about 570 nm, and a mirror-symmetry 
relation to the corresponding absorption band is 0b~erved . l~  
However, the spectral shape, peak energy, and their temperature 
and solvent dependences of ketyl radical fluorescence are different 
from those of the present new emissions. Therefore we consider 
that the observed results are not an artifact. 

Dynamic Behaviors of Intramolecular Benzophenone-DMA 
Systems. Since the broad and structureless spectra of new 
emissions are similar to those of the phosphorescence of the in- 
termolecular benzophenone-DMA CT complexes, it is considered 
that the present emissions have C T  character. This is supported 
also by the recent picosecond laser-photolysis studies on these B, 
compounds4 which confirmed rapid intramolecular electron 
transfer in acetonitrile. First we summarize the experimental 
results showing the nature of the emission a t  77 K. (i) Although 
rigid solvents such as methylcyclohexane and EPA give only 
benzophenone monomer phosphorescence, a new emission was 
observed in the solvent with high micropolarity such as ethanol, 
n-butyronitrile, and MTHF. (ii) In n-butyronitrile the relative 
contribution of this emission increases with decrease of n. (iii) 
Excitation spectra of the new emission agree with absorption 
spectra of the corresponding B, compounds. (iv) Their lifetimes 
are about a few tens nanoseconds. (v) Steady-light illumination 
does not give ketyl radicals. Results i, ii, and iii cannot be in- 
terpreted from the viewpoint of intramolecular ground-state 
complex formation. This is consistent with v, since the ketyl radical 
is observed by exciting the C T  absorption band of intermolecular 
C T  complexes. We consider that the present new emission is due 
to the exciplex state, Since electron transfer is induced by a weak 
interaction, photoexcitation of these compounds may lead to the 
formation of the C T  state and it may fluoresce in the same 
geometrical structure. Here we call this state the 1st exciplex. 

Characteristics of another new emission, which is observed at 
a little higher temperature than 77 K, are given as follows. (i) 
B2 and B3 give this emission. (ii) The lifetime is at least 1 order 
of magnitude longer than that of the first exciplex, or a slow 
formation process is expected. (iii) This is observed only when 
the solvents are a little softened and the benzophenone monomer 
phosphorescence has disappeared. The last result means that the 
molecular reorientation motion is required to form the new state. 
Electron transfer occurs after conformational change, and the 
formed C T  state may take more stable structure. Therefore this 
state has a different geometrical structure from that of the above 
first one and is called the second exciplex. In what follows we 
discuss the spin states of these exciplexes. 

(A) A possibility that both exciplexes are in the singlet state 
means that electron transfer is completed during the short 
fluorescent lifetime of IO-" s.I6 However, it is difficult to assume 
this fast transfer, since the formation of the intramolecular triplet 
ion pair was directly confirmed in acetonitrile even at room 
t e m p e r a t ~ r e . ~  In general electron transfer under the latter con- 
dition is believed to be faster than that a t  the present low tem- 
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Figure 9. Schematic diagram showing dynamic behaviors of benzo- 
phenone-N,N-dimethylaniline systems. As an example B, and B, are 
given in I and 11, respectively. Parentheses indicate that both component 
molecules interact with each other. See text. 

perature. Therefore this possibility is excluded. 
(B) The intersystem crossing of benzophenone occurs quite 

rapidly, and electron transfer might be possible only in the triplet 
state of benzophenone. The formed exciplexes are in the triplet 
spin state, and their difference is considered to be due to different 
geometrical structures. In this case it is difficult to explain the 
short lifetime of the first exciplex which is observed even a t  77 
K. 

(C) Since fluorescence lifetime of 10 ns indicates in general 
that the luminescent state is in the singlet state, we propose that 
the first and second exciplexes are the singlet and triplet ones, 
respectively. Considered formation processes of both exciplexes 
are given schematically in Figure 9. In the case of B2 and B3, 
electron transfer may occur from DMA to the excited singlet 
benzophenone when a distance between both moieties is rather 
short (Figure 9,I). On the other hand intersystem crossing will 
overcome electron transfer in an extended form (Figure 9,II). 
Since the triplet state has a long lifetime, conformational change 
during the lifetime is possible at a little higher temperature. The 
structural change from an extended to a rather folded one induces 
electron transfer and formed CT triplet state takes the most stable 
conformation (Figure 9,II'). In the case of the B1 system the 
emission spectra of the singlet exciplex may not be different from 
those of the triplet one, since the degree of conformation change 
is low. 

An Intermolecular Benzophenone-DMA Exciplex. Charac- 
teristics of the new emission of the intermolecular system a t  77 
K are summarized as follows. (i) This emission is observed when 
the C T  complex is depressed by lowering the DMA concentration. 
(ii) Their lifetimes are a few tens nanoseconds. These results 
suggest that the emission corresponds to the singlet exciplex of 
B, compounds. There may be a number of benzophenone-DMA 
pairs whose distance is a little longer than that of the C T  complex, 
and their relative orientation is random. Photoexcitation induces 
CT interaction, and fluorescene is emitted in the same geometrical 
structure (Figure 9,IV). It is considered that this emission is 
usually masked by the phosphorescence of the C T  complexes 
(Figure 9,111) and can be observed only under the present condition 
of DMA concentration. At a little higher temperature than 77 
K reorientational motion may lead to radiationless transition 
involving some reactions and gives no emission corresponding to 
the triplet exciplex of B, compounds, The methylene chains of 
the latter compound restrict the molecular motion, which makes 
it possible to observe the triplet exciplex emission. 

Summary. We have described dynamic behaviors of intra- and 
intermolecular benzophenone-DMA systems at low temperature 
and proposed the singlet and triplet exciplexes in addition to the 
phosphorescence of CT complexes. Although these emisions show 
similar broad and structureless spectra, their lieftimes and de- 
pendences upon temperature, solvent, and the number of methylene 
chain are different from each other. These indicate that geo- 
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metrical conformation and solvation condition determine their CT 
nature. 

Experimental Section 
Materials. All melting points are not corrected. The IR, NMR, and 

mass spectra were recorded with Hitachi EPI-G2, Hitachi R-20 (60 
MHz), and Hitachi RMU-7 spectrometers, respectively. Liquid chro- 
matography was performed with a Nihonbunsekikogyo LC-08 of GPC 
type. 

4-Bromobenzophenone Ethylene Acetal (I). A stirred solution of 4- 
bromober~zophenone~' (1 1 g, 42.1 mmol), ethylene glycol (20 mL, 354 
mmol), and a catalytic amount of p-toluenesulfonic acid in benzene (200 
mL) was refluxed for 54 h. During the reflux the resulting water was 
removed by azeotropic distillation. The reaction mixture was washed 
with aqueous NaOH and water. After removal of the dried (MgS04) 
solvent, the crude product was recrystallized from ethanol to give col- 
orless scales of I (11.5 g, 89.5%), mp 55.5-56.0 "C. Anal. 
(CI5Hl3O2Br): C, H, Br. 

4-(p-( N,N-Dimethylamino)benzoyl)benzophenone Ethylene Acetal 
(11). A solution of bromide I1 (2.0 g, 6.55 mmol) in THF (10 mL) was 
dropwise added over 30 min to a stirred suspension of activated magne- 
sium in dry THF (10 mL), which was prepared by the procedure of Rieke 
and Bales8 from anhydrous MgC1, (1.25 g, 13.1 mmol), KI (1.1 g, 6.56 
mmol), and potassium (0.92 g, 23.5 mmol). The mixture was stirred 
further for 1 h. To the reaction mixture was added a solution of p- 
(N,N-dimethy1amino)benzaldehyde (980 mg, 6.56 mmol) in THF (15 
mL), and the mixture was allowed to stand at 50 OC for 20 h. After 
treatment with saturated aqueous NH4Cl at 0 OC, the reaction mixture 
was extracted with benzene. After removal of the dried solvent, crude 
product was purified by means of column chromatography on silica gel 
with benzene-ether (99:l) and then recrystallization from methanol. 11: 
colorless scales, 1.50 g (50.1%), mp 130.0-130.5 OC; IR (Nujol mull) 
1642 cm-' (C=O); MS, m / e  373 (M+), 119 (base peak). Anal. 

ketone I1 ( 1  15 mg, 0.i08 mmol) and AlCl, i420 mg, '3.16 mmol) in dry 
THF (5 mL) was added over 10 min to a stirred suspension of LiA1H4 
(120 mg, 3.16 mmol) and AIC13 (410 mg, 3.08 mmol) in dry THF. 
Additional stirring was continued for 1 h at room temperature. The 
reaction mixture was treated with a saturated aqueous solution of Roc- 
helle salt and extracted with benzene. The dried (MgS04) solvent was 
removed and the residue was chromatographed on silica gel with CCI+ 
Without further purification the product was heated with 6 N HC1 at 
60 OC for 3 h with stirring. After the mixture was cooled, aqueous 
NaOH was added until the solution became alkaline and the mixture was 
extracted with benzene. After removal of the dried (MgS04) solvent, 
the residue was chromatographed on alumina with benzene to give crude 
BI in a yield of 78%. BI: yellow scales from benzene-hexane; mp 
80.5-81.0 "C; IR (Nujol mull) 1655 cm-I (C=O); MS, m / e  315 (M+, 
base peak); IH NMR (CDC13) 6 2.90 (s, 6 H, CHI), 3.96 (s, 2 H,CH2), 
6.68 (dd, J I  = 8, Jz = 2 Hz, 2 H, ArH ortho to NMe, group), 7.08 (dd, 
J I  = 8, J2 = 2 Hz, 2 H, ArH meta to NMe, group), 7.2-8.0 (m, 9 H, 
ArH). Anal. (C22H21NO): C, H, N. 

4-Methylbenzophenone Ethylene Acetal (m). Acetal I11 was prepared 
from 4-methyIben~ophenone~~ in the similar manner as described for I. 
After recrystallization from benzene-ethanol, 111 was obtained as col- 
orless needles in a yield of 68%: mp 40.5-40.7 OC; MS, m / e  240 (M+, 
base peak). Anal. (C16H1602): C, H. 

4-(Bromomethyl)benzophenone Ethylene Acetal (IV). A mixture of 
111 (510 mg, 2.13 mmol), NBS (420 mg, 2.36 mmol), and a small 
amount of benzoyl peroxide in CC14 (10 mL) was refluxed for 1 h. After 
the mixture was cooled, the resulted imide was filtered off and the filtrate 
was washed with water and dried. Crude product was recrystallized from 
ether to give colorless needles of IV (482 mg, 71%), mp 78.5-79.0 "C. 
Anal. (CI6HI5o2Br): C, H, Br. 

4-(p-( N,N-Dimethylamino)styyryl)benzopbenone Ethylene Acetal (V). 
A mixture of bromide IV (1.45 g, 4.55 mmol) and triphenylphosphine 
(1.33 g, 5.08 mmol) in dry benzene (10 mL) was refluxed for 6 h. After 
the mixture was cooled, precipitated phosphonium salt was filtered, 
washed with benzene, and dried in vacuo. To a stirred suspension of the 
phosphonium salt in dry benzene (10 mL) was added BuLi (4.2 mmol) 
in hexane, and stirring was continued for 4 h at room temperature. To 
this mixture was added p-(N,N-dimethy1amino)benzaldehyde (624 mg, 
4.21 mmol) at once, and the mixture was refluxed for 24 h. The reaction 
mixture was diluted with water and extracted with benzene. The dried 

~~ ~ 

(17) M. Kollarits and V. Men, Chem. Ber., 6, 536 (1873); M. Schopff, 

(18) K. Elbs, J .  Prukt. Chem., 35, 465 (1887). 
ibid., 24, 3766 (1891). 

extract was evaporated, and the residue was chromatographed on silica 
gel with benzene-hexane to give V (425 mg, 31%) as a mixture of cis and 
trans isomers. Anal. (C25H25N02): C, H, N. 

4-[2-(p-( N,N-Dimethylamino)phenyl)etbyl~nzophenone (B2). Cat- 
alytic hydrogenation of V (250 mg, 0.673 mmol) in AcOEt (10 mL) was 
carried out by stirring with 5% Pd-C (100 mg) for 16 h. The mixture 
was filtered, and the solvent was removed. To the crude product was 
added 6 N HCI, and the solution was heated at 60 "C for 5 h with 
stirring. After the mixture was cooled, aqueous NaOH was added until 
the solution became alkaline and, then, the reaction mixture was ex- 
tracted with benzene. The organic layer was washed with saturated 
aqueous NaCl and dried (MgSO,). The solvent was evaporated in vacuo, 
and the residue was chromatographed on alumina (activity I) with CC14 
to give a pale yellow solid of B2 (183 mg, 72%), which was recrystallized 
from benzene-hexane to yield pure B,, pale yellow plates: mp 
121.0-121.5 OC; IR (Nujol mull) 1650 cm-' (C=O); MS, m / e  329 
(M'), 134 (base peak); 'H NMR (CDCI,) 6 2.88 (s, 6 H, CH,), 2.8-3.0 
(m, 4 H, CH,), 6.55 (dd, J1 = 8, J2 = 2 Hz, 2 H, ArH ortho to NMe, 
group), 6.92 (dd, J1 = 8, J2 = 2 Hz, 2 H, ArH meta to NMe, group), 
7.1-7.9 (m, 9 H, ArH). Anal. (C2,H2,NO): C, H, N. 

4-Cyanobenzophenone Ethylene Acetal (VI). Acetal VI1 was prepared 
for 4-cyanoben~ophenone~~ in the similar manner as described for I. 
Crude product was purified by column chromatography on silica gel with 
benzene to give 390 mg (76%) of VI, which was recrystallized from 
methanol. VI: colorless prisms, mp 99.5-100.0 OC. Anal. 
( C M H I ~ N O ~ :  C, H, N. 

4-Acetylbenzophenone Ethylene Acetal (VII). To a methylmagnesium 
iodide solution (from 0.484 g, 20 mmol Mg) in dry ether (5 mL) was 
added cyanide VI (1.0 g, 4.0 mmol) in benzene (5 mL) at once, and the 
mixture was heated at 60 OC for 5 h. Aqueous NH4C1 was added to the 
solution, and the mixture was heated at 80 "C for 1 h to accomplish 
hydrolysis. Then, it was extracted with benzene. After removal of the 
solvent, the residue was chromatographed on alumina (activity I) with 
benzene-hexane to give VI1 (722 mg, 77%). Recrystallization from 
methanol afforded pure VI1 as colorless prisms, mp 65.5-66.0 "C. Anal. 

4-[3-( 4 4  N,N-Dimethylamino)phenyl)-l-oxopropyl]benzophenone 
Ethylene Acetal (Vm). A mixture of acetyl derivative VI1 (1.22 g, 4.55 
mmol), p-(N,N-dimethy1amino)benzaldehyde (0.72 g, 4.8 mmol), and 
NaOH (2.0 g, 50 mmol) in ethanol-water (1:l) was stirred at room 
temperature for 40 h. The resulting yellow-brown solid was filtered and 
washed with cold ethanol and cold water, successively. The solid was 
recrystallized from benzene to give 1.1 g of unsaturated ketone as yellow 
needles. The filtrate was evaporated and the residue was chromato- 
graphed on silica gel with benzene to give an additional part of the ketone 
(350 mg). Total yield of the product was 1.45 g (80%). Without further 
purification the unsaturated ketone (1.16 g, 2.9 mmol) was hydrogenated 
in dioxane over 5% Pd-C (200 mg). Crude product was chromato- 
graphed on alumina (activity I) with benzene to give VI11 in a yield of 
70.5% (822 mg). Recrystallization from benzene-hexane afforded pure 
IX as pale yellow crystals, mp 86.0-86.5 OC; IR (Nujol mull) 1684 cm-l 
(C=O); MS, m / e  401 (M'). Anal. (C26H27N03): C, H, N. 

4-[3-( 4 4  N,N-Dimethylamino)phenyl)propyl]benzophenone (B,). A 
mixture of ketone VI11 (822 mg, 2.04 mmol), hydrazine hydrate (10 
mL), and NaOH (400 mg, 7.13 mmol) in diethylene glycol (20 mL) was 
refluxed for 1 h. After hydrazine and water were distilled off, the tem- 
perature of the reaction mixture was raised to 220 OC and held at that 
temperature for 4 h. To the solution was added 2 N HCl(lO0 mL), and 
the mixture was stirred for 1 h. Then, the mixture was extracted with 
benzene. After removal of the dried (MgS04) solvent, the residue was 
chromatographed on silica gel with benzene-ether to give B3 as a yellow 
oil (450 mg, 67%). Further purification was carried out by liquid 
chromatography and molecular distillation (200-210 "C ( 104mmHg)): 
IR (neat) 1654 cm-I (C=O); MS, m / e  343 (M+, base peak); NMR 
(CDC1,) 6 2.90 (s, 6 H, CH,), 2.05 (t, J = 7 Hz, 4 H, CH2-Ar), 2.57 
(q, J = 7 Hz, 2 H, CH2-CH2-CH2), 6.58 (d, J = 8 Hz, 2 H, ArH ortho 
to NMe, group), 7.03 (d, J = 8 Hz, 2 H, ArH meta to NMe, group), 
7.1-8.0 (m, 9 H, ArH). Anal. (C24H25NO): C, H, N. 

Spectroscopic Measurements. Emission spectra were observed with 
an Aminco-Bowman and a Hitachi MPF spectrophotofluoremeters. 
Emission decay curves were obtained by using a home-made pulsed N, 
gas laser with 1-kW peak power as an exciting light source and a 
BauschkLomb high-intensity monochromator. The following two de- 
tection methods were applied. A HTV 1P28 photomultiplier with a 5 0 4  
resistor and a Tektronix 661 sampling oscilloscope was used for a fast 
decay in a 10-ns time range (method I). In this case the time constant 
is 2.5 ns. For a longer decay with low-emission intensity a value of the 
output resistor of a HTV 1P28 photomultiplier is varied and a Tektronix 

(C17H1603): C, H. 

(19) F. Ahrens, Chem. Ber., 20, 2952 (1887). 
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475 oscilloscope was used (method 11). Temperature effects were in- 
vestigated by placing the sample curvettes in a metal Dewar with quartz 
windows, and the temperature was Controlled by a Constant flow Of cold 
nitrogen gas. 
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Abstract: Energy transfer from a variety of aromatic hydrocarbons and ketones to di-tert-butyl peroxide has been examined 
by using nanosecond laser flash photolysis techniques. Triplet energy transfer to the peroxide leads to its efficient cleavage 
into two tert-butoxy radicals. Representative rate constants for triplet quenching in benzene at 25 OC are 7.9 X lo6, 3.4 X 
lo6, and 7.0 X lo4 M-' s-' for p-methoxypropiophenone, benzophenone, and benz[a]anthracene, respectively. The rate of 
transfer for p-methoxypropiophenone (ET is: 72.5 kcal/mol) is approximately temperature independent; for lower energy sensitizers 
ca. 0.17 kcal/mol activation energy is required for each kilocalorie per mole decrease in triplet energy. No evidence indicating 
exciplex intermediacy was found. A model for energy transfer to a repulsive state of the peroxide is proposed in which no 
activation energy is required if the sensitizer meets the energy requirements at the 0-0 equilibrium distance. For sensitizers 
of lower triplet energy, energy transfer to a repulsive state is proposed to occur from a thermally activated ground state having 
a greater than equilibrium oxygen-oxygen bond length. The same mechanism may apply in other systems where the acceptor 
lacks low-lying excited states. A few rate constants for the quenching of singlet sensitizers have also been determined by using 
fluorescence techniques. 

Introduction 
Investigations of electronic energy transfer by the electron- 

exchange m e c h a n i ~ m ~ - ~  have dealt with a variety of effects in- 
cluding those of separationS and orientation6 of donor and acceptor, 
steric h i n d r a n ~ e , ~  the energy change accompanying transfer,* and 
the influence of medium viscosity.' In most studies the acceptors 
have been molecules having energetically accessible, bound excited 
states. Few quenchers possessing energetically accessible repulsive 
excited states have been studied. Photosensitized dissociation of 
a quencher is, of course, not rare, but the process often involves 
a bound excited state which requires thermal activation for dis- 
sociation.1° Several studies concerned with the photosensitized 
dissociation of peroxides have been published.' 1-17 Among studies 

(1) (a) University of Notre Dame. Address correspondence to the Division 
of Chemistry, National Research Council, Ottawa KIA OR6, Canada. (b) 
Grinnell College. 

(2) Dexter, D. L. J .  Chem. Phys. 1953, 21, 836-850. 
(3) Forster, Th. Discuss. Faraday SOC. 1959, 27, 7-17. 
(4) Inokuti, M.; Hirayama, F. J .  Chem. Phys. 1965, 43, 1978-1989. 
(5) Ermolaev, U. L. Sov. Phys.-Dokl. (Engl. Transl.) 1967, 6 ,  600. 
(6) De Schryver, F.; Boens, N. Adu. Photochem. 1977, 10, 359. 
(7) Wamser, C. C.; Medary, R. T.; Kochevar, I. E.; Turro, N. J.; Cheng, 

(8) Sandros, K. Acta Chem. Scand. 1964, 18, 2355-2314. 
(9) Birks, J.; Salete, M.; Leite, S. C. P. J.  Phys. E 1970, 3, 417-424. 
(10) (a) Engel, P. S.; Nalepa, C. J.; Leckonby, R. A.; Chae, W.-K. J .  Am. 

Chem. SOC. 1979,101, 6435-6437. (b) Engel, P. S.; Bishop, D. J.; Page, M. 
A. Ibid. 1978, 100, 7009-7017. 

(1  1) Kuz'min, M. G.; Guseva, L. N. High Energy Chem. (Engl. Transl.) 
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(Engl. Transl.) 1972, 6, 446-448. 
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Table I. Kinetics of Triplet Quenching by Di-tert-butyl Peroxide 

TT- 
sensitizer solvent k," @erox)b yc 

propiophenone 
p-methoxypropio- 

benzophenone 
benzophenone 
phenanthrene 
phenanthrene 
naphthalene 
benzil 
flu or eno ne 
benz [ a  ]anthracene 
anthracene 

phenone 

benzene 
benzene 

benzene 
acetonitrile 
benzene 
acetonitrile 
benzene 
benzene 
benzene 
benzene 
benzene 

9.6 X lo6 
7.9 X lo6 23 0.57 

3.4 X lo6 60 0.72 
3.7 x 106 
1.8X lo6 98 0.85 
3.0X l o 6  
1.1 X l o 6  150 0.62 
2.8 X lo4 3000 
2.4 X lo5  680 
7.0 X lo4 2200 
9.7 x lo4 1500 

a Units of M-' s- ' ,  at 25 "C. 
Efficiency of tert-butoxy radical generation (see text below), 

neglecting any differences in cage recombination between direct 
and sensitized photodecompositions. 

of energy transfer to dissociative states of other m o l e c ~ l e s , ~ ~ J ~ * ~ ~  
the kinetic study by Wallace, Van Duyne, and Lewis1* on singlet 
and triplet quenching by dialkyl disulfides is the most extensive, 
but a general model for energy transfer to a dissociative state 
remains to be described. 

In this paper we report a study of the quenching of several 
sensitizers by di-terf-butyl peroxide. We have obtained absolute 

In nanoseconds, in neat peroxide. 
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