
2802 

If the step 

is added t o  the mechanism to explain the quenching by 
added molecules Q,  then a steady-state treatment 
predicts that T ~ / T  = 1 + ka.ro[Q], where T~ and T are 
the lifetimes in the absence and presence of the 
quencher. This relation is in agreement with the 
experimental results, and so the proposed mechanism is 
sufficient to  explain the experimental behavior. The 
rate constants (M-I sec-I) for the quenching of triplet 
pentanedione by acrolein, crotonaldehyde, and methyl 
vinyl ketone at  various temperatures ("C) are shown in 
Table I. 

 PO + Q -+ removal ka  

Table I. Rate Constants for Quenching of Triplet 
2,3-Pentanedione 

~~ ~~ 

Acrolein Crotonaldehyde Methyl vinyl ketone 

3 . 8  x lo4 a t  42 .2"  4 . 6  x lo6 a t  60 .2"  6 . 8  X lo4 a t  62.5"  
1 . 1  X 10'at  50.8"  1.0 x 1O6at 71.5" 1 . 1  X lo6 a t  70 .8"  
1 . 5  x 1O6at 68 .3"  1 . 6  x 1O8at 84 .4"  1 . 5  x lo5 at  80 .5"  
5 . 5  x lo6 at 88.3"  

For each of the compounds the quenching efficiency 
increases with temperature and is of the Arrhenius 
form. The data for crotonaldehyde yield k6 = 
1013.8*1.5e-"2.4'2.4)!RT and for methyl vinyl ketone 

squares treatment of the acrolein data gives k s  = 

exponential factors and activation energies are large 
because only a short temperature range is accessible 
experimentally. At  low temperature the quenching 
molecules have low vapor pressures and there is only 
a small effect on the triplet lifetime. At high temper- 
ature the triplet diketone has a very short lifetime and 
again only a small effect of quencher can be observed. 
Although the quenching rate constant is not large, it 
is unlikely that impurity in the quencher could explain 
the observations; that would entail an unrealistically 
high value for the preexponential factor. 

The quenching behavior. is followed by its effect on 
the phosphorescence lifetime so that only the inter- 
action of the triplet state of pentanedione and the 
quencher need be considered. The quenching process 
could involve either a chemical interaction or an endo- 
thermic energy transfer to  form the triplet state of the 
quencher. 

The energy of the triplet state of 2,3-pentanedione 
is about 55 kcal,8 but the energies of the unsaturated 
carbonyl compounds are less certain. I t  has been 
suggestedQ.10 that the energy of the n*,n triplet state 
of acrolein is about 69 kcal, and there is a report that 
the triplet energy of crotonaldehyde is similar. l1 

The triplet energy of methyl vinyl ketone is not avail- 
able. I t  has been suggested,12 however, that the energy 
of the triplet state of acetone is lower than that of 
acetaldehyde. The triplet energy of methyl vinyl 

(9) W. H. Eberhardt and H. Renner, J .  Mol. Spectrosc., 6,483 (1961). 
(10) J .  C. D. Brand and D. G .  Williamson, Discuss. Faraday Scc., 35, 

(11) Y. Amako, M. Akagi, and H. Azumi, International Symposium 

(12) R.  B. Cundall and A. S. Davies, Progr. React. Kine?., 4, 149 

ke = 1011.7+1.0e-('0.4'tl.5)/RT. A weighted least- 

1014.0+1.6e-(13~7*2~ 1)!RT. The errors in the pre- 

184 (1963). 

on Molecular Structure and Molecular Spectroscopy, Tokyo, 1965. 

(1967). 

ketone could be lower than that of acrolein; this would 
be necessary if the quenching process involves energy 
transfer. If triplet states of the quenching are formed 
in the system then reverse energy transfer from the 
triplet state of the quencher to  the ground state of the 
diketone could complicate the kinetics. Separate ex- 
periments, however, showed that reverse transfer is 
improbable. 

An alternative explanation of the data is that the 
chemical interaction of the triplet state of the diketone 
and the ground state of the quencher involves an acti- 
vation energy. There are no  experiments reported of 
the photolysis of simple a-diketones in the presence of 
enones, but products have been isolated from the pho- 
tolysis in solution of a complex a-diketone in the pres- 
ence of dienes.13 The preexponential factors for the 
quenching process are larger than might be expected, 
but a large value was also noted8 in the self-quenching 
process Thus a chemical interaction between the trip- 
let state of the diketone and the ground state of the en- 
one is also possible. 

In  conclusion, the above data show that the processes 
removing the triplet state of 2,3-pentanedione change 
with temperature and that certain quenching processes 
can have significant activation energies. Further 
research is planned to  decide between quenching by 
energy transfer and chemical reaction. 
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The Facile Redistribution of Trialkylboranes with 
Aryl Borates. 
Dialkylborinic Acids and Esters 

Sir: 
Trialkylboranes undergo a facile redistribution with 

aryl borates, under the catalytic influence of borane in 
THF, forming the corresponding dialkylborinic esters 
in nearly quantitative yield (eq 1). Since the equilib- 

A General Synthesis of 

cat .  HaB-THF 
2R3B + B(OArI3 3R2BOAr 

rium goes essentially to  completion, the crude reaction 
product can often be utilized directly. Alternatively, 
the crude reaction products are readily converted to  
relatively stable, easily handled 8-hydroxyquinolinates. 
These are easily purified and converted to the corre- 
sponding free acids or methyl esters. Consequently, it 
now becomes possible to  synthesize a wide range of di- 
alkylborinic acids and esters not previously available 
because of their instability toward the distillation con- 
ditions required to isolate them from the redistribution 
reaction mixtures. 

Dialkylborinic acids and esters are now finding im- 
portant applications in the new chemistry of organo- 
boranes. Thus, the reduction of methyl dialkylbo- 
rinates with lithium aluminum hydride in the presence of 
olefins provides a convenient synthesis of mixed organo- 
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by 1-pentene (1.2 g, 17 mmol) and lithium aluminum hy- 
dride in ethyl ether (3.4 ml of 1.5 M ,  5.1 mmol) at 0". 
After stirring for 30 min at that temperature, ice-cold 
sodium hydroxide solution (20 ml of 3 N ,  60 mmol) was 
added. After stirring for 5 min, glpc analysis of the 
supernatant organic phase indicated the presence of di- 
isobutyl-n-pentylborane' in 85 % yield. 

In the case of more volatile derivatives, it is possible 
to  isolate and purify the product by distillation. Thus, 
o-tolyl diisobutylborinate, bp 75" (0.25 mm), was iso- 
lated in 84 % yield, and gave diisobutyl-n-pentylborane' 
in a yield of 100 % and a purity of 94 %, when treated 
with lithium aluminum hydride in the presence of 1- 
pentene. The o-tolyl dialkylborinates can be conve- 
niently converted to  the corresponding borinic acid by 
the following procedure. A mixture of o-tolyl di- 
cyclopentylborinate (2.56 g, 10 mmol), glycerol (0.92 g, 
10 mmol), and ethylene glycol (1.24 g, 20 mmol) was 
heated at 100" removing the liberated o-cresol and ex- 
cess ethylene glycol at 0.2 mm. The residue, presum- 
ably the glycerol ester of dicyclopentylborinic acid, was 
then stirred with water (5 ml) and hexane (10 ml) for 
30 min at 25", giving a hexane solution of dicyclo- 
pentylborinic acid in essentially quantitative yield. 

In the case of the less volatile derivatives, where dis- 
tillation of the o-tolyl dialkylborinates may be imprac- 
tical, conversion to  8-hydro~yquinol inates~~ provides a 
more satisfactory means of isolating and purifying the 
dialkylborinic acids. The transformation of tricyclo- 
hexylborane into 8-quinolinyl dicyclohexylborinate is a 
representative example. Tricyclohexylborane (13.0 g, 
50 mmol) and o-tolyl borate (8.3 g, 25 mmol) were 
stirred together under the blanket of nitrogen at 100" in 
the presence of borane in T H F  (2.5 mmol) for 6 hr." 
After cooling, methanol (10 ml) and 8-hydroxyquin- 
oline (11.3 g, 75 mmol) were added to  it. The re- 
sulting yellow solution was stirred for 15 min and then 
diluted with water. The yellow solid obtained was re- 
crystallized from acetone-water to give 21.6 g (90%) of 
pure product; mp 126-130".13 

These 8-hydroxyquinolinates are readily converted to  
the free acids or into the corresponding methyl esters, 
as shown by the following procedures. A mixture of 
8-quinolinyl dicyclohexylborinate (3.2 g, 10 mmol), 
water (10 ml), and sulfuric acid (96%, 5.0 g, 50 mmol) 
was refluxed under nitrogen for 1 hr. Hexane (50 ml) 
was then added to  it and the mixture was cooled after 
rapid stirring for 5 min. The organic layer was sub- 
sequently separated from the crystalline precipitate and 
washed with brine. The removal of the solvent pro- 
vided 1.84 g (95 %) of dicyclohexylborinic acid; mp 52" 
(lit. l 4  mp 55"). Similarly, 8-quinolinyl dicyclohexyl- 
borinate (32.1 g, 100 mmol) was dissolved in dry meth- 
anol (50 ml) and then 100% sulfuric acid (9.8 g, 100 
mmol) was added to  it with stirring under nitrogen at 
25-30". The resulting yellow solution was stirred for 
15 min, and then diluted with pentane (200 ml) and 
cooled. The organic layer was then separated from the 

boranes, R2BR'.' The reduction of these esters with 
aluminum hydride makes available the dialkylboranes. 
Similarly, the bromination of dialkylborinic acids in the 
presence of water3 provides a promising new route to 
secondary alcohols. 

These developments have made it desirable to  have a 
simple general synthesis of dialkylborinic acids and 
esters. Unfortunately, the yields are often low in the 
reaction of organometallic reagents with borate esters5 
Selective protonolysis of trialkylboranes with acetyl 
acetone6 or a thiol' is more favorable, but requires the 
immediate loss of one of the three alkyl groups on 
boron. 

This disadvantage could conceivably be circum- 
vented by adoption of a redistribution procedureB (eq 
2). Investigation revealed that the procedure was rela- 

2R3B + B(OCH8)i- 3RzBOCH3 ( 2) 

tively satisfactory for the organoboranes from term- 
inal, straight-chain olefins, but was less satisfactory for 
trialkylboranes from a-branched terminal olefins, such 
as isobutylene, internal olefins, such as 2-butene, and 
cyclic olefins, such as cyclopentene and cyclohexene. 
These derivatives underwent a slow, relatively incom- 
plete redistribution. Isolation of the desired borinic 
ester from the equilibrium mixtures could be achieved 
by distillation. However, this was satisfactory only for 
the more volatile derivatives. Less volatile borinic 
esters, such as methyl dicyclohexylborinate, tend to dis- 
proportionate on distillation. 

It was discovered that substitution of the methyl 
borate by aryl borates gave a much more rapid redis- 
tribution, complete in all cases in 2-6 hr at 100". 
Moreover, in all cases examined the reactions pro- 
ceeded far toward completion, giving 90-94Z of the 
desired dialkylborinates. Because of its physical char- 
acteristics, o-tolyl borate was adopted as the preferred 
reagent. 

The fact that the reaction proceeds so far to comple- 
tion, makes it possible to  utilize the crude reaction 
product directly for many applications. The synthesis 
of diisobutyl-n-pentylborane from triisobutylborane 
will be illustrative of this synthetic convenience. A 
mixture of triisobutylborane (1.82 g, 10 mmol), o-tolyl 
borate'O (1.65 g, 5 mmol), and borane in T H F  (0.5 
mmol) was stirred under nitrogen at 100" for 2 hr." 
After cooling, pentane (15 ml) was added to  it followed 

(1) H. C .  Brown, E. Negishi, and S.  I<. Gupta, J. Amer. Chem. SOC., 

(2) H. C. Brown and S .  I<. Gupta, ibid., 93, 1818 (1971). 
(3) C. F. Lane and H.  C. Brown, ibid., 93, 1025 (1971). 
(4) For example, dicyclohexylborinic acid is readily converted by this 

procedure to 1-cyclohexylcyclohexanol in almost quantitative yield. 
Research in progress with C. F. Lane. 

( 5 )  I .  G. C. Coutts and 0. C. Musgrave, J .  Chem. SOC. C, 2225 
(19701, and references cited therein. 

(6) G. E. Coates, M. L. H. Green, and I<. Wade, "Organometallic 
Compounds," Vol. I, Methuen, London, 1968, p 246. 

(7) L. F. Hohnstedt, J. P. Brennan, and I<. A. Reynards, J .  Chem. 
SOC. A, 2455 (1970), and references cited therein. 

(8) B. M. Mikhailov and L. S .  Vasil'ev, Zh. Obshch. Khim., 35, 925 
(1965); J .  Gen. Chem. USSR, 35, 930 (1965). 

(9) H. C. Brown and G .  J. Mender, Inorg. Chem., 1, 204 (1962); 
G. J. Klender, Ph.D. Thesis, Purdue University, Lafayette, Ind., 1961. 

(10) H. Steinberg and H. L. Hunter, Znd. Eng. Chem., 49, 1z4 (1957). 
Alternatively, commercially available phenyl borate, mp 81 , can be 
used. 

(1 1) The redistribution was complete in 2 hr in the case of trialkyl- 
boranes from terminal alkenes, whereas a 4-6-hr heating period was 
required in the case of those from internal and cyclic olefins. 
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92, 6648 (1970). 

(12) The preparation of 8-quinolinyl diaryl- and alkylarylborinates 
has been described (J. E. Douglas, J .  Org. Chem., 26, 1312 (1961)). 
However, these compounds could not be hydrolyzed to the correspond- 
ing borinic acids even after prolonged treatment with hot dilute mineral 
acid.5 

(13) All the compounds were analyzed by ir ana nmr spectroscopy. 
All the new compounds also gave concordant elemental analyses. 

(14) H .  Hartmann and I<. H. Birr, 2. Anorg. Al lg .  Chem., 299, 174 
(1959). 
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crystalline precipitate with the aid of a hypodermic 
syringe. Distillation of the solvent gave 19.6 g (95 %) 
of methyl dicyclohexylborinate. l 3  The treatment of 
methyl dialkylborinates with another alcohol results in 
the displacement of methanol and the formation of the 
corresponding alkyl ester of dialkylborinic acid in 
quantitative yield. 

A number of representative reactions involving the 
conversion of trialkylboranes into the corresponding di- 
alkylborinic acids and esters are given in Table I, l 3  

Table I. The Synthesis of Dialkylborinic Acids and Their Alkyl 
and Aryl Esters from Trialkylboranes cia Redistribution 
with o-Tolyl Borate 

Dialkylborinic acid derivative 
__-_ R2BOR'----- Yield, %a Bp, 

R R '  Glpc Is01 "C (mm) t z Z 0 ~  

Isobutyl 
Isobutyl 

Isobutyl 
I-Butyl 
I-Butyl 
2 - B ~ t y l  
Cyclopent yl 
Cyclohexyl 
em-Norbornyl 
I-Butyl 
Isobutyl 
2-Butyl 

I-Butyl 

2-Butyl 

I-Butyl 

Cyclohexyl 

Isobutyl 

Cyclohexyl 

Cyclohexyl 

Phenyl 
2,6-Dimeth- 

ylphenyl 
0-Tolyl 
Phenyl 
0-Tolyl 
O-Tolyl 
o-Tolyl 
O-Tolyl 
0-Tolyl 
8-Quinolinyl 
8-Quinolinyl 
8-Quinolinyl 
8-Quinolinyl 
Methyl 
Methyl 
Methyl 
Methyl 
Hydrogen 
Hydrogen 

90 
94 

92 84 75 (0.25) 
90 80 120(10) 
90 80 78-80 (0 .2)  
92 81 67-68(0.15) 
91 85 118(0 .3)  

90 lSO(0.25)  
84 140-142 (0. I )  
98 152 (0.3)  
95 136(0.25)  
94 155 (0.35) 
90 126-13OC 

97d 55-56 ( 5 )  
98 45-46 (8) 
99d 48-50 (6) 

95d 
95d 84 (0.25)  
95d 520 

1.4750 
1 . 4770b 
1 ,4765 
1 ,4190 
1.5160 
1.5210 
1.5405 
1.5735 
1.5730 
1.5805 

1 .4145e 
1.4080 
1.4175 

1 ,4280f 

~ ~~ ~ 

a Unless indicated otherwise, the products were obtained by the 
redistribution method. B. M. Mikhailov, V. A. Vaver, and Yu N. 
Bubnov (Dokl.  Akad. N w k  S S S R ,  126, 575 (1959)) report bp 118- 
119" (7 mm); i i z O ~  1.4760. c Melting point of the compound. 
d Prepared from the corresponding 8-quinolinyl ester. e Lit.8 bp 
55-57" (8.0 mm); ti% 1.4145. f Isolated as  di-11-butylborinic 
anhydride. M. F. Hawthorne and M. Reintjes (J. Org. Chem., 
30, 3851 (1965)) report bp 82-84" (0.1 mm);  POD 1.4277. Lit.15 
mp 55". 

Consequently, there is now available, for the first 
time, a simple synthetic route to dialkylborinic acids 
and esters which appears generally applicable, even t o  
derivatives which cannot be distilled. 
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The Temperature Dependence of the Photochemical 
Addition of trans-Stilbene to Olefins 

Sir: 
Evidence has been presented that the photochemical 

addition of trans-stilbene to  tetramethylethylene 
(TME) involves addition of IS trans-stilbene to  tetra- 
methylethylene uia an exciplex. While the inverse 

(1) 0. L. Chapman and R. D. Lura, J .  Amer. Chem. Soc., 92, 6352 
(1970). 

temperature dependence of kapp was interpreted as evi- 
dence for reversible exciplex formation, the treatment 
given ignored the temperature effect on the lifetime of 
' S  trans-stilbene. We therefore wish to  correct the 
previously reported kapp values for variations in the 
singlet lifetime of stilbene and present new data which 
clearly illustrate the magnitude of this inverse tempera- 
ture dependence. 

Dyck and McClure2 and Malkin and Fischer3 in- 
dependently observed the variation in 7 with tempera- 
ture; their results show that an activated process lead- 
ing to  cis-trans isomerization competes with stilbene 
fluorescence. This temperature-dependent step has 
been subsequently identified with formation of the 
twisted stilbene singlet (lp) from which isomerization 
occurs. 4,6 Before determining the temperature de- 
pendence of the rate constant for adduct formation, it is 
necessary to  take into account variations in the life- 
time of I t  with temperature. 

The Arrhenius equation derived by Dyck and Mc- 
Clure2 has been applied t o  the fluorescence quantum 
yields of Malkin and Fischer. 3,6  Assuming a tempera- 
ture-independent fluorescence rate constant of 4 X IO8 
sec-l,2 the temperature dependence of the rate constant 
for the process leading to  cis-trans photoisomerization, 
eq 1, is given by eq 2,6 where A = 5.6 X 10" sec-l and 

IC1 
't + 'p 

(2) kl = A e - E n l R T  

E, = 2.84 kcal/mol.' 

cycloaddition reaction is given by eq 3-7. 
The simplest mechanism which can account for the 

Intersystem 
hv 

Ot + 't (3) 
kl 

' t  + 'p (4) 

't + Ot + hv (5) 

I t  -I- TME ----f adduct (6) 

'p ----f aDt $. (1  - a)Oc (7) 

crossing, I t  -, %, is not included since we estimate that 
its rate constant has a maximum value of -0.1k2.j 
Using the steady-state approximation for excited state 
species eq 8 may be derived, where T = (k ,  + k2)-'. 

h.2 

k3 

kr 

= I + (7k3[TME])-' 

This equation is analogous to  the one derived for the 
first mechanism in ref 1 and describes the dependence 
of the quantum yield of adduct formation on the con- 
centration of tetramethylethylene. 

Slopes of @)add-' us. [TMEI-' at various temperatures 
give (7k3)-l from which it is possible t o  determine k3. 
The T values predicted for these temperatures were cal- 
culated using T = (k, + k2)-1 with k2 = 4 X los sec-l 
and kl obtained from eq 2. Table I shows values of k3 

(2) R. H. Dyck and D. S. McClure, J .  Chem. Phys.,  36, 2326 (1962). 
(3) S. Malkin and E. Fischer, J .  Phys. Chem., 66, 2482 (1962); 68, 

(4) J. Saltiel, J. Amer. Chem. Soc., 90, 6394 (1968). 
( 5 )  J.  Saltiel and E. D. Megarity, ibid., 91, 1265 (1969). 
(6) E. D. Megarity, Ph.D. Thesis, The Florida State University, 1969. 
(7) Dyck and McClure's fluorescence data give A = 1.1 X IOL2 sec-' 

and E, = 3 kcal/mol,2 while treatment of the temperature dependence of 
+t-c reported by Malkin and Fischera gives A = 2.6 X 10" sec-l and 
E, = 2.5 kcal/mol. 

1153 (1964). 
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