
1091 

triplet acetone with 3, i.e., not so much slower than the rate of quench
ing of triplet acetone by oxygen. 

(19) The emitter has not yet been identified in this case in the absence of 
fluorescer or in the case of 2. 

(20) Induced decomposition is the likely cause of the erroneously high rate 
(fv2 = 102 min at 56°, two orders of magnitude faster than observed 
here) reported by Mazur and Foote,5 since their experiment was done 
with pure 1 by NMR. 

(21) P. S. Engel and B. M. Monroe, Adv. Photochem., 8, 245 (1971). 
(22) At 20°, 0F08* = 0.1 (ref. 21). The activation energy of the fluorescence 

of DBA is ~—4.5 kcal. 
(23) By a static method similar to that of Berenfel'd et al., ref 24; T. Wilson, 

unpublished results. 
(24) V. M. Berenfel'd, E. V. Chumaevskii, M. P. Grinev, Yu. I. Kuryatnikov, E. 

T. Artem'ev, and R. V. Dzhagatspanyan, Bull. Acad. Sci. USSR, Phys. 
Ser. (Engl. Transl.), 3, 597 (1970). 

(25) V. A. Belyakov and R. F. Vassil'ev, Photochem. Photoblol., 11, 179 
(1970). 

(26) This calls for a correction in the calculation of 3^, to take into account 
the fraction of 1DBA* which can be expected to receive its excitation 
from singlet carbonate by s-s transfer. This correction is based on the 
value of y intercept with DPA multiplied by $ F D B A (~0.04, at the tem
perature of this experiment). 

(27) H. C. Steinmetzer, P. Lechtken, and N. J. Turro, Justus Liebigs Ann. 
Chem., 1984(1973). 

(28) The somewhat shorter lifetimes derived from the diene experiments 
can probably be attributed to quenching of the carbonyls by the dioxe-
tanes themselves, present at higher concentrations in the diene experi
ments, as well as to quenching by DBA. Quenching of DPA and DBA 
fluorescences by the dienes is negligible under the present conditions. 

(29) In the case of 3, the present value of r'kSs = 67 M - 1 (Table II, column 
4) is about five times smaller than reported by Steinmetzer et al.27 

Here, if T = 2 X 1O-9 s~1 (for singlet excited acetone), then kss a* 3 X 
10 1 0 M - 1 S- 1 . 

Introduction 

The concepts of steric approach control (SAC) and prod
uct development control (PDC), initially introduced by 
Dauben in 1956,2 have been subjected to considerable scru
tiny, particularly in their application to the reduction of 
substituted cyclohexanones to which the concepts were orig
inally applied. The presence of SAC has been accepted in 
these and many other reactions; the presence of PDC, how
ever, has proved more elusive to demonstrate, and consider
able effort has been expended to either support or refute its 
operation. Although a number of slightly different defini
tions have been advanced to replace the original definitions 
of SAC and PDC,3"5 the basic difference between SAC and 
PDC centers on the position of the transition state along the 
reaction coordinate,5 i.e., whether the steric interactions in 
the transition state are of the long-range type between the 

(30) (a) H. K. Eigenmann, D. M. Golden, and S. W. Benson, J. Phys. Chem., 
77, 1687 (1973); (b) S. W. Benson and R. Shaw in "Organic Peroxides", 
D. Swern, Ed., Vol. 1, Wiley-lntersclence, New York, N.Y., p 105. (c) 
This method has proven its usefulness In the case of tetramethyldioxe-
tane (AHcio = -68.8 kcal, AHobK i = - 7 1 ± 3 kcal); see P. Lechtken 
and G. Hohne, Angew. Chem., Int. Ed. Engl., 12, 772 (1973), and H. E. 
O'Neal and W. H. Richardson, J. Am. Chem. Soc., 92, 6553 (1970), and 
correction, ibid., 93, 1828 (1971). 

(31) Note, however, that the energies of one of the groups entering the cal
culation is unknown and had to be assigned (see footnote c, Table IV). 
Nevertheless, this reaction can be expected to have a large exother-
miclty in view of the stabilization energy of methyl carbonate (~25 
kcal). 

(32) L. W. Johnson, H. J. Maria, and S. P. McGlynn, J. Chem. Phys., 54, 
3823 (1971). 

(33) The validity of this assumption of exothermic transfer has been dis
cussed for 3 (ref 1c) and for 4 (ref 13). 

(34) A factor of ~ 2 , because of the steepness of the slope of this 1/[DPA] 
plot. 

(35) Most other methods for determining yields of excited products suffer 
from similar difficulties; see ref 2. In any case, the yields of excited 
products obtained here from 3 are not significantly different from the lit
erature values.10'10" 

(36) W. H. Richardson, M. B. Yelvington, and H. E. O'Neal, J. Am. Chem. 
Soc, 94, 1619(1972). 

(37) These authors have also viewed their reported agreement between the 
observed values of kinetic parameters for several small dioxetanes and 
those calculated on the basis of a diradical mechanism, as another 
argument in favor of nonconcertedness. The difficulty here lies in the 
assumptions entering the calculations. For example, for 1, Richardson 
et al. estimate that at 56° It1 = S X 10~5 s~ \ which is two orders of 
magnitude higher than the observed rate. 

(38) (a) M. J. S. Dewar and S. Kirschner, J. Am. Chem. Soc., 96, 7578, 
7579 (1974); (b) N. J. Turro and A. Devaquet, ibid., 97, 3859 (1975). 

attacking reagent and the substrate molecule, which is in its 
ground-state geometry (an early transition state), or steric 
interactions present in the product (a late transition state). 
Several authors have suggested that the sodium borohy-
dride reduction of ketones proceeds via an early transition 
state (no PDC),5-9 Eliel and Senda have suggested "PDC 
plays at best a minor role",4 while others have suggested 
that late transition states are involved10-13 (PDC opera
tive). 

One of the techniques used to gain information con
cerning the extent of bond formation (or cleavage), i.e., the 
position of the transition state along the reaction coordi
nate, makes use of the measurement and interpretation of 
kinetic isotope effects (KIE). Even here, however, contro
versy reigns. Geneste and Lamaty13a have measured the 
secondary H - D KIE in the sodium borohydride reduction 
of a-deuterated ketones and interpreted the data in terms of 
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a late transition state. Laszlo and Welvart, however, have 
interpreted these results in terms of an early transition 
state.14 Wigfield and Phelps5'9 have measured the primary 
H-D KIE in the reduction of cyclohexanones with sodium 
borohydride and sodium borodeuteride deriving inverse 
KIE's (i.e., kn/ko < 1). These inverse KIE's were inter
preted as arising from a normal primary KIE (i.e., kn/ko 
> 1) which is overwhelmed by a triple inverse secondary 
KIE.5'9 Wigfield and Phelps' KIE's do not display any im
mediately apparent trend with the position or degree of sub
stitution on the cyclohexanone system. In order to avoid the 
complicating secondary H-D KIE's, Wigfield and cowork
ers15 carried out reductions with lithium tributoxyalumi-
nohydride (and deuteride). With most ketones, H-D KIE's 
range 1.0-1.5, but the reduction of the highly hindered ke
tones, 3,3,5,5-tetramethyl- and 4-acetyl-3,3,5,5-tetrameth-
ylcyclohexanone, are associated with inverse isotope effects 
of 0.79 and 0.70, respectively. 

In an extension of our studies on the hydroboration of 
alkenes,16 including the measurement of hydrogen-tritium 
KIE's,16a we have measured the H-T isotope effects for the 
borane and sodium borohydride reduction of ketones. The 
interpretation of the KIE data thus derived is not compli
cated by interfering secondary KIE's owing to the extreme
ly low atom percent of tritium present, and allows for a 
comparison of trends in the KIE's with those observed in 
hydroboration; a reaction proceeding via a well-defined 
early transition state. 

Results 
Borane Reduction of Ketones. Preliminary to the reduc

tions of the ketones with tritium labeled borane, the reac
tivities of the substrates toward reduction with unlabeled 
borane (0.4-0.5:1.0 mol ratio substrate:borane) in tetrahy-
drofuran were measured by GLC techniques, and the na
ture of the reduction products was determined by 11B 
NMR. As the degree of substitution at the a carbon in
creases, the rate of reduction markedly decreases; for exam
ple, 3-heptanone undergoes very rapid reduction (complete 
within a minute) while 2,2,4,4-tetramethyl-3-pentanone 
(di-rerf-butyl ketone) requires approximately 24 h for com
plete reduction. In all cases the only product formed was 
the dialkoxyborane; in no case could a monoalkoxyborane 
be observed as an intermediate.17 In a much slower reaction 

R2CO 

R2CO + BH3 —*• R2CHOBH2 —*• (R2CHO)2BH 
slow fast 

the dialkoxyboranes undergo redistribution to an equilibri
um mixture of di- and trialkoxyborane and borane.18 These 
data indicate that the initially formed monoalkoxyborane is 
considerably more reactive toward reduction than is bo
rane.19 Further complicating the picture is the possibility of 
H-T exchange between products and unreacted borane, 
which would continuously increase the tritium content of 
the borane as the reaction proceeds. The values of the H-T 
KIE's appearing in Table I have been calculated21 on the 
basis of no B-H1B-T exchange, and rapid exchange, these 
values representing extremes for the KIE's in the presence 
of exchange. It should be noted that the values for no ex
change and with exchange differ by less than 10%, and that 
no change in relative trends occurs. Should exchange be oc
curring, the true value of the KIE will fall between the no 
exchange and exchange values. 

Sodium Borohydride Reduction of Ketones. The kinetics 
of the reactions of sodium borohydride with ketones have 
been studied by Wigfield and Phelps,5 and Brown and co
workers,22 the reactions being first order in both ketone and 
borohydride. The rate-determining step is proposed to in-

Table I. H-T KIE's for the Reduction of Carbonyl Compounds 
with Borane in Tetrahydrofuran at 25° 

Carbonyl compd 

O 

0 

YY 
O 

O 
b-
P-

v ( J ) 

(2) 

(3) 

(4) 

(5) 

(6) 

No B-H exchange 

6.69 

8.70, 8.29<* 

11.1 

8.90, 8.46" 

9.23 

8.28 

With B-H 
exchange 

6.22 

8.04, 7.62* 

10.3 

8.20, 7.74° 

8.48 

7.71 

a Duplicate determination. 

volve hydride transfer from borohydride to form an alkoxy-
borohydride; however, the alkoxyborohydride and subse
quently formed di- and trialkoxyborohydrides are also re
ducing agents22 capable of reducing the ketones. Unfortu
nately, we have not been able to identify the nature of the 
reduction products by 11B NMR. Incremental addition of a 
ketone to a solution of sodium borohydride in 2-propanol 
resulted in a diminution of the borohydride quintet; how
ever, no other peaks corresponding to the possible alkoxybo-
rohydrides were observed. Apparently, moderately rapid ex
change of the ligands attached to boron of the alkoxybo-
rohydrides is occurring (on the NMR scale), which results 
in extreme line broadening and destruction of the 1H -* 11B 
coupling, but exchange with borohydride is slow. 

Table II lists the calculated KIE's for formation of vari
ous alkoxyborohydrides as products in the absence and 
presence of H-T exchange. As the molar ratio of ketone: 
borohydride employed in these experiments was one, values 
for the KIE's for ROBH3

- formation in the absence of ex
change cannot be calculated, while the KIE's for (RO^B -

formation in the absence of exchange will be unity. It 
should be noted that there is again little difference in the 
values of the KIE's as calculated by the various approaches, 
and no changes in the relative trends are noted. 

Discussion 

In the ensuing discussion we wish to compare the reduc
tion of ketones with borane and sodium borohydride with 
the hydroboration of alkenes. The hydroboration of an al-
kene occurs via an early transition state.163 Essentially no 
rehybridization of the carbon atoms of the double bond has 
occurred in going to the transition state as evidenced by the 
lack of torsional angle effects.23'24 The facial selectivity of 
attack by borane on the double bond is controlled by long-
range steric interactions between the incoming borane and 
functions attached to remote portions of the alkene (for ex
ample, the axial 3 and 5 positions in substituted cyclohex-
enes).23 The H-T KIE's observed in the hydroboration re
action decrease markedly as the degree of substitution on 
the double bond increases (see Table III). This trend has 
been interpreted in terms of less C-H bond formation and 
less B-H bond cleavage in the transition state as the steric 
hindrance to addition to the double bond increases.16 Also 
included in Table III are relative reactivities of various alk
enes toward hydroboration. It is important to note that the 
KIE's vary substantially, but that the relative rates range 
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Product 

; ROBH3-
Ketone (exchange) 

1 
2 
3 
4 
5 
6 

3.65 
5.04 
5.25 
4.03 
3.81 
3.38 

Table HL Relative Reactivities and H 
Hydroboration of Alkenes 

Monosubstituted alkenes 
1-Hexene 
Styrene 

Disubstituted alkenes 

3-Hexene 
2-Octene 
2-Ethyl-l-hexene 
2-Pentene 
2-Methyl-l-pentene 

Trisubstituted alkene 
2-Methyl-2-butene 

Tetrasubstituted alkene 
2,3-Dimethyl-2-butene 

Reli 

(RO)2BH2" 
(no exchange) 

4.22 
5.62 
5.80 
4.68 
4.41 
3.90 

: -T KIE's for the 

reactivity" H-

100 
19 

37 
102 

23 

7 

(RO)2BH. (RO)3BH-
(exchange) (no exchange) 

3.46 
4.82 
5.03 
3.81 
3.60 
3.21 

- T K I E 6 

9.59 
9.09, 9.00? 

6.92 
7.38 
7.47 
(7.4)<* 
(7.4)d 

3.63 

2.91 

3.80 
5.21 
5.41 
4.21 
3.97 
3.52 

(RO)3BH-
(exchange) 

3.40 
4.75 
4.97 
3.75 
3.54 
3.16 

(RO)4B-
(exchange) 

3.37 
4.72 
4.92 
3.72 
3.51 
3.13 

Table V. Stereoselectivities in Ketone Reductions and 
Hydroboration 

Substrate 

/^ y~ v/^7 yj^^^-j 

y^^x 
/ \ / 

x̂ 
T-^y 
^y 

Reducing agent (X 
(% cis product) 

BH3 

8 (0°)-16 ( 1 0 0 > 

12<* 

= 0) 

NaBH4* 

14.6* 

25 e 

Hydro-

(X = CH2) 
(% cis 

product) 
BH3 

68 c 

33c 

63c 

a With BH3 in diglyme (see ref 26). * From ref 16a. c Terminal and 
internal addition KIE's. d Projected as the average from 2-octene and 
2-ethyl-l-hexene. 

Table IV. Enthalpy of Reaction and Activation for Sodium 
Borohydride Reduction of Acetone and Hydroboration of 
2,3-Dimethyl-2-butene 

34c 

AH", kcal mol" 
Aflt, kcal 

mol"1 

26/ 

34<* 

31* 

36-37* 

Hydroboration of 
2,3-dimethyl-2-butene 

Sodium borohydride 
reduction of acetone 

-99a 

-128.2c 

9.0» 

8.8<* 

" Estimated for the reaction BH3 + H2C=CH2 ->• B(C2H5)3 from 
data for the reactions 2BH3 «- B2H6 (ref 27) and B2H6 + 6H2C=CH2 
->• 2B(C2H5), (ref 28). See also ref 16. 6 From ref 16. 
0 From ref 29. <* From ref 30. 

only over a factor ~14 . There is no apparent correlation be
tween H - T KIE and relative reactivity. 

Thermodynamically, the reduction of ketones with sodi
um borohydride is virtually identical with the hydrobora
tion of alkenes. The activation enthalpies are within experi
mental error (see Table IV), while on a per B-H bond con
sumed basis, the AH0,s also agree within experimental 
error. Although similar data for the borane reduction of ke
tones are not available, the consideration of bond energies 
in model systems indicates that the A/ / 0 per B-H bond 
consumed should be similar to those for hydroboration and 
borohydride reduction. Stereochemically, however, the sodi
um borohydride reduction of substituted cyclohexanones 
and the hydroboration of substituted methylenecyclohex-
anes differ.31 The reduction reaction is sterically more sen
sitive to substituents at the 2-axial and 2-equatorial posi
tions than is hydroboration, and thus the total steric effects 
exerted by all portions of the molecule are different in the 
two reactionss32 (see Table V). The facial selectivities of the 
borane and sodium borohydride reductions, on the other 
hand, are very similar. 

Analysis of the KIE and relative reactivity data for the 
reduction of ketones with sodium borohydride (Table VI) 

a Reference 33. & Reference 4. c Reference 31. d Reference 20. 
e Reference 5. /Reference 34. gin 2-propanol. 

Table VI. H-T KIE's and Relative Reactivities in the 
Sodium Borohydride Reduction of Ketones 

Ketone^ H-T KIEa 
k X 10", 

1. mol-1 sec" 

3.46 
4.82 
5.03 
3.81 
3.60 
3.21 

2.10* 
0.5496 
0.0166 

765c 
605 c 

1.92c 

a KIE's for (RO)2BH2* formation with exchange. 6 Reference 30. 
^Reference 5. dStructures in Table I. 

reveals trends considerably different from those apparent in 
the hydroboration of alkenes (Table III). Most significant
ly, the KIE's in the ketone reductions vary little over a reac
tivity range of ~45 000! In addition, in the acyclic ketone 
series, which can be considered as acyclic analogues of 2-
axial and 2-equatorial substituted cyclohexanones, the 
KIE's increase slightly with decreasing reactivity (and in
creasing steric inhibition to attack at the carbonyl carbon). 
In contrast, in the 3- (and 5-) substituted cyclohexanones, 
the KIE's decrease slightly with decreasing reactivity. (In 
the substituted cyclohexanones we have not differentiated 
between the KIE's for axial and for equatorial attack or on 
different conformations by hydride; the indicated KIE's 
represent a weighted average for the two modes of reac
tion.) The differences in the trends of the KIE's with posi
tion of substitution parallel the relative importance of steric 
effects of 3-axial vs. 2-axial and 2-equatorial substituents in 
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Table VII. Experimental Data for Reduction of Carbonyl 
Compounds with Borane in Tetrahydrofuran at 25° 

Moles of 
ketone, 
(X 103) 

7.58 
8.00 
7.94 
6.91 

10.89 
11.12 

11.27 
11.27 

Alcohol, 
cpm/mol 
(X 10') 

1.247 
1.270 
1.260 
1.141 
1.220 
1.180 

1.288 
1.434 

Moles of 
BH3" 

(X 102) 

1.725 
1.725 
1.605 
1.725 
2.30 
2.14 

2.30 
2.30 

«4.574 X 109 cpm/mol. 

cyclohexanones.31'32 The KIE's for the reduction of the ke
tones with borane exactly parallel those of the borohydride 
reductions. This is in keeping with the similarities in facial 
selectivities of attack and relative reactivities. 

In order to relate the obvious similarities of the reaction 
thermodynamics, but dissimilar facial selectivities of reac
tion and KIE's with reactivity in the ketone reduction and 
hydroboration reactions in terms of related mechanisms, we 
must consider in greater detail the strengths of the bonds 
being formed and broken in the two processes. In the hydro
boration reaction, the strongest bonds involved in the reac
tion are the C-H (95-99 kcal per mol) and B-H (£80 kcal 
per mol) bonds (the strength of the x component of the dou
ble bond is ~63 kcal per mol, while the strength of the B-C 
bond is 580 kcal per mol). In the ketone reductions, the 
strongest bond involved is the B-O bond (~110 kcal per 
mol), while the ir component of the C = O is ~90 kcal per 
mol and the C-O and C-H bond strengths are ~83 and 
95-99 kcal per mol. Both the hydroboration16 and borane 
reduction35 reactions are proposed to proceed via borane 
substrate complexes which rearrange to product. The simi
larities between the borane and borohydride reductions are 
suggestive that the borohydride reduction also occurs in a 
similar manner. Provided that the rearrangement of the 
complex is rate determining, KIE's of greater than unity are 
expected for early rearrangement transition states;36 i.e., 
the small inverse equilibrium isotope effect for complex for
mation is overwhelmed by the normal isotope effect in the 
rate-determining rearrangement step. In the thermodynam
ics of the hydroboration process, the cleavage of the B-H 
and formation of the C-H bonds dominate (i.e., are the 
strongest bonds being formed or broken) resulting in KIE's, 
the magnitude of which is expected to vary with the degree 
of H transfer. In the thermodynamics of the ketone reduc
tion processes, the cleavage of the ir component of the 
C = O and formation of the B-O bond dominate. In this 
case, the strongest bonds being formed or broken do not in
volve the H (or T) resulting in H - T KIE's, the magnitude 
of which might not be expected to be sensitive to steric ef
fects and overall reactivity. The rearrangement transition 
states therefore resemble a "four-directional, cyclic teeter-
totter" in which the bonds of highest energy (i.e., the "heav
iest bonds") dominate the balance of the energetics of the 
bonding processes. 

Should the formation of the complex become rate deter
mining, such as might be expected in the cases of very steri-
cally bulky, unreactive borohydrides and carbonyl com
pound substrates, an inverse isotope effect might be expect
ed by extrapolation of the trend in the H - T KIE's for the 
substituted cyclohexanones illustrated in Tables I, II, and 
VI.38 

The initial impetus for the measurement of the H - T 
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Table VIII. Experimental Data for the Reduction of Ketones 
with Sodium Borohydride in 2-Propanol at 25° 

Cpm/mol of 
Mol of ketone reacted/ alcohol 

Ketone mol of NaBH4 a (X IQ8) 

1 1.000 10.23 
2 0.780 9.33 
3 0.729 9.53 
4 1.000 9.39 
5 1.000 9.82 
6 1.000 1.099 

"0.121 M NaBH4 in 2-propanol, 3.372 X 10'cpm/mol. 

KIE's for ketone reduction reactions was the hope that the 
data might shed some light concerning the position of the 
transition state along the reaction coordinate, i.e., whether 
SAC or PDC is operative. Unfortunately, we do not feel 
that the present data uniquely allow for such a distinction. 
Comparison of the KIE's and steric effects suggests that the 
transition state for hydride transfer in a probable complex 
occurs considerably later along the reaction coordinate in 
the reduction reactions than in the hydroboration reaction. 
It is obvious that more information is required to more 
clearly define the role and effects of complex formation. 

Experimental Section 

Measurement of the KIE's for Reduction of Ketones with Borane 
in Tetrahydrofuran. A stock solution of tritium-labeled borane in 
tetrahydrofuran was prepared as described previously.16 The con
centration of borane was determined by hydrolysis and measure
ment of the amount of hydrogen evolved. The tritium content was 
determined by reaction of the labeled borane with an excess of 1 -
hexene followed by oxidation and hydrolysis and isolation of the 
hexanol by preparative GLC techniques and measuring the tritium 
content of the hexanol by standard counting procedures. The car
bonyl compounds were subjected to reduction with borane at 25° 
for periods of time sufficient to ensure complete reduction (deter
mined by control reactions monitored by GLC) except with diiso-
propyl and di-tert- butyl ketone for which the extent of reduction 
was determined in each case by GLC at the end of 24-36 h. The 
alcohols were isolated by hydrolysis and extraction and were puri
fied by distillation, sublimation, or preparative GLC. Table VII 
lists the moles of reactants and activities of the borane and product 
alcohols. 

Measurement of the KIE's for Reduction of Ketones with Sodium 
Borohydride in 2-Propanol. A standard stock solution of tritium-
labeled sodium borohydride in 2-propanol was prepared. The tri
tium content was determined by reaction of an aliquot of the solu
tion with an excess of hexanal followed by isolation and counting 
of the 1-hexanol as described above. The various ketones were 
reacted with the sodium borohydride and the alcohols isolated and 
purified as outlined above. The extent of reduction in each case 
was determined by GLC or by NMR techniques. Table VIII lists 
the ratios of moles of ketone reacted per mole of sodium borohy
dride and the activities of sodium borohydride and the product al
cohols. 
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suggested that the strong geometrical preference is unessen
tial in the exciplex formation in the (naphthalene)-
(CH2)3-(dimethylamine) system. Okada et al.3 also con
cluded in the intramolecular system of (anthracene)-
(CH2)3-(Ar,7V-dimethylaniline) that a parallel sandwich 
structure might be favorable but not necessary for the exci
plex formation. Itoh et al.,4"6 nevertheless, reported that the 
exciplex (above ~150 K) and the fluorescent EDA complex 
(below ~120 K) were formed both in the intra- and inter-
molecular systems of 9,10-dicyanoanthracene and alkyl-
naphthalenes in the nonpolar solvent, and their experimen
tal and theoretical studies revealed that the exciplex needs 
geometrically a strong favorable structure.7 Furthermore, 
Chandross and Dempster8 reported strong intramolecular 
excimer formation in the two symmetrical 1,3-dinaphthyl-
propanes (abbreviated to /3/3- and aa-DNP) , which implies 
that the stable excimer conformation is the symmetrical 
sandwich arrangement. On the other hand, Avouris et al.9 
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Abstract: The triple exciplex formation between two naphthyl moieties in 1,3-dinaphthylpropane (/3/3- and /3a-DNP) and 
1,4-dicyanobenzene (DCB) was studied by a nanosecond time-resolved fluorescence spectroscopy. The fluorescence spectrum 
of a dioxane solution of /3/3-DNP and DCB in the 380-600-nm region consists of three fluorescence spectra of the intramo
lecular excimer (Xmax ~400 nm, T = 52 ns), the exciplex (DA)* (~420 nm, 9 ns), and the triple exciplex (DDA)* (~490 nm, 
110 ns). The fluorescence lifetimes of these three excited species exhibit no concentration dependence of DCB. From no de
pendence of the excimer fluorescence lifetime on the DCB concentration, it was concluded that the triple exciplex was not 
formed from the excimer but formed from the exciplex (DA)*. The structure of the triple exciplex and the mechanism of for
mation are discussed from the results of the triple exciplex formation in /3/3- and /3a-DNP. Furthermore, the association and 
dissociation rate constants in these excited species are discussed in terms of the inter- and intramolecular interactions. 
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