
JUNE 1967 RfECHANIShi O F  THE OXIDATION OF TRIALKYLBORANES 1713 

ride, 100-94-7; n-butyllithium, 109-72-8; o-(N,N-di- Travel Scholarship. We are indebted to Professor C. 
methylaminomethyl)diphenylmethane, 6196-39-0; N- R. Hauser for his prepublication data and for comments 
acetyldibenzylamine, 10479-30-8. on this work and to Mrs. Armida B. Giumanini for hav- 

ing performed some of the physical measurements and 
part of the experimental work with skill and dedication. 
We also wish to thank the Miles Chemical Co. for the 
gift of the N,N-dimethyldibenzylammonium chloride 
and N,N-dimethylbenzylamine used in this study. 

Acknowledgment.-This was supported in part by 
U. S. Public Health Grants GM-09136 and -13987 from 
the National Institute of General Medical Sciences. 
One of us (A. G. G.) was the recipient of a Fulbright 

The Mechanism of the Oxidation of Trialkylboranes 
STANLEY B. RIIRVISS~ 

Chemicals Research Division, Esso Research and Engineering Company, Linden, New Jersey 

Received October 14, 1966 

Evidence is presented to show that the air oxidation of trialkylboranes involves as one of the steps the inter- 
molecular instead of intramolecular reaction of a boronalkyl bond with an alkylperoxyboron moiety to give two 
boron alkoxy groupings. The oxida- 
tion of a trialkylborane to a borate ester can proceed through the boronate ester stage. 

This evidence was obtained from several different types of experiments. 

The following sequence of reactions has been pro- 
posed for the oxidation of trialkylboranes.2 A similar 
sequence has also been presented for the autoxidation 
of trialkyl a luminum~.~  Equations 1 and 2 are shown 

A (1) 
I 1 

I 
-BR + 0 2  + 02.BR + - OsR 

-I!3R + ---l!302R + 2(- A OR) (2 ) 

or 

-- p -0--OR+- iR -OR 
--- 

for the oxidation of one of the boron-alkyl bonds and 
the other two bonds may be considered oxidized or 
unoxidized. The formation of a complex between 
oxygen and the boron alkyl is followed by a rearrange- 
ment of the complex to an alkylperoxyboron compound 
(eq 1). I n  eq 2 the peroxide reacts with an unoxidized 
boron-alkyl bond in the same or another molecule to 
provide an alkoxyboron compound. 

The above mechanism does not indicate if eq 2 above 
is inter- or intramolecular. Some workers indicate 
without experimental evidence that the reaction is 
i n t r a m ~ l e c u l a r . ~ ~ ~ d ~ ~  If eq 2 is written as an inter- 
molecular reaction, as the >BR (or trialkylborane) con- 
centration increases, the peroxide concentration at  any 
given time should decrease. An intramolecular reac- 
tion should not show this effect. This is possible be- 
cause the rat,e of oxygen uptake (eq l) is faster than 
the rate for the reaction shown by eq 2 . 2 9 5 ~ 6  In  agree- 
ment, it was recently found that lower peroxide con- 
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N. Y. 
(2) (a) T. D. Parsons, M. B. Silverman, and D. M. Ritter, J. Am. Chem. 
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tents occur with increasing boron alkyl concentra- 
tion6,6 and also increasing saponified alcohol yields 
occur with increasing boron alkyl concentration.s 
However, it was recently stated that the peroxide con- 
tents were lower at  low trialkylborane concentra- 
tions.’ The molecularity of eq 2 appears therefore to 
be in doubt. 

Molecularity of Equation 2 

If eq 2 is intermolecular, the peroxide concentration 
should decrease with increasing boron alkyl concentra- 
tion. Our present experiments in the low trialkyl- 
borane concentration range (0.5-2.0 mole yo) are in 
agreement with our previous results5 in the high con- 
centration range of 20-100 mole % and with the results 
of Wilke in the still lower concentration range of 0.1- 
0.4 mole %.6 The reason for the discrepancy with 
Hansen’s results,’ discussed above, is not apparent. 
The solvents, temperatures, and concentrations were 
similar, e.g., n-heptane vs. n-hexane solvents, 30 vs. 0, 
20, and 65”, and the concentration range used by 
Hansen was 0.01-0.5 mole %. 

Additional experiments have been conducted to as- 
certain the molecularity of eq 2. The reaction in the 
absence of oxygen of trialkylboranes with alkylperoxy- 
boranes with different alkyl groups in each compound 
produces alcohols from the trialkylboranes as well as 
from the peroxyboranes upon saponification of the reac- 
tion of the reaction products. Thus, there is an oxida- 
tion of the boron alkyl by the alkylperoxyborane which 
would be required for an intermolecular reaction. For 
example, a partially air-oxidized, dilute solution of 
tri-n-butylborane in n-heptane was treated with a large 
excess of tri-n-hexylborane under nitrogen. The 
peroxide content dropped rapidly at  first but then 
slowed down. Saponification gave a yield of n-hexyl 
alcohol corresponding to 100% of the drop in peroxide 
content. The same results were obtained with a more 
concentrated solution of tri-n-butylborane. A similar 
run was carried out with triethylborane but adding 
after partial oxidation only an equimolar amount of 
tri-n-butylborane. The total drop in peroxide con- 

(7)  R. L. Hansen and R. R. Hamann, J. Phys.  Chem., 67, 2868 (1963). 



1714 MIRVISS VOL. 32 

tent was 85YG instead of 100% of the original level and 
the yield of n-butyl alcohol was only 51%. These 
results support the intermolecular nature of step 2. 

If the step (2) is intermolecular, it should most likely 
occur via transfer of an alkyl group from one molecule 
by boron alkyl bond scission to  another molecule with 
attachment a t  a peroxide oxygen. Concomitantly, the 
alkoxy group from the alkylperoxy group moves to  the 
vacated position on the other boron donating the alkyl 
group. The reaction may be ionic in nature since it 

R' 

__ $+A --A +-A 
L A  A h  

4- lL A 
appears to proceed faster in polar media, e.g., no perox- 
ide could be found from the beginning on of oxidation 
when it is carried out in the very polar media of di- 
methylformamide, owing to the rapid reaction of 
peroxide with boron alkyl. The intermolecular group 
transfer might also occur within a bimolecular complex 
(concerted mechanism) of a boron alkyl with an alkyl- 
peroxyboron compound. A radical mechanism is also 
possible according to  the results of Hansen,7s8 but such 
a mechanism' necessitates the formation of alkyl radi- 
cals which can lead to a variety of products. Most of 
these products would not give alcohol upon saponifica- 
tion. The high alcohol yields and lack of measurable 
amounts of typical radical products in reactions of 
alkylperoxyboron compounds with trialkylboranes in 
nonpolar media preclude any extensive occurrence of 
such a radical reaction, but do not completely eliminate 
it. Hansens has proposed that a t  least two different 
mechanisms are operative and that one is a radical 
mechanism. A recent paper,B however, shows that 
radical products can arise from decomposition of the 
alkylperoxyboron a t  low temperatures instead of by 
interaction between trialkylboron and peroxyboron. 
Davies'o suggests that a radical-chain mechanism may 
occur in trialkylboron autoxidation to form the alkyl- 
peroxyboron compounds by the reaction of oxygen 
instead of peroxyboron compounds with boron-alkyl 
bonds. In  summary, radicals are formed in the air 
oxidation of alkylboron compounds, in the decomposi- 
tion of alkylperoxyboron compounds, and possibly, to  
a limited degree, in the reaction of alkylborons with 
alkylperoxyborons. The only evidence for the last 
as a source of radicals is when either a vinyl mono- 
mer2gJ1 or iodine' is present. 

If an intermolecular mechanism is involved, mixed 
or unsymmetrical borate esters should be produced 
when two different trialkylboranes are oxidized simul- 
taneously. When this was tried with equimolar solu- 
tions of triethylborane and tri-n-propyl- or n-butyl- 
borane at  0-65", only the symmetrical borate esters, 
triethylborate and tripropyl- or tributylborate, were 
found to be present by gas chromatography and no 
boronate esters were noted. The result was not sur- 
prising since unsymmetrical esters are spontaneously 
converted very rapidly to the symmetrical esters a t  

(8) R. L. Hansen, J .  Polymer Sn'., SA, 4215 (1964). 
(9) F. S. Arimoto, ibid., U, 275 (1966). 
(10) E. C. J. Coffee and A. G. Davies, J .  Chem. SOC., C, 1493 (1966). 
(11) F. J. Welch, J .  Polymer Sei., 61, 243 (1962). 

temperatures as low as 0".l2 Thus, the above mixtures 
of trialkylboranes were also oxidized a t  -30" in hopes 
of a t  least slowing down the conversion of mixed esters 
to the symmetrical ones. Much of the product was 
peroxidic material but there were still considerable 
symmetrical borate esters. A smaller but significant 
broad intermediate peak was present between the two 
symmetrical ester peaks in a gas chromatogram. It is 
presumed that this broad peak, not present in higher 
temperature oxidations, represents the unsymmetrical 
borate esters; there is further support for the inter- 
molecular nature of step 2. These oxidations were 
carried out to  the point of essentially the theoretical 
amount of oxygen uptake and the alcohol yields from 
such low temperature (-30") runs were still mod- 
erately high (70-750j0). 

Mixing of two different alkyl borate esters a t  tem- 
peratures from -30 to +65" for several days failed to 
form any unsymmetrical ester and this was not a com- 
plicating concern although McCusker has indicated 
that with nmr such exchanges rapidly occur between 
borinates [R,B(OR)] and boronate or borate esters a t  
25" . la 

Triarylboranes are said to be more slowly oxidized 
than trialkylboranes because of the decrease in acidity 
of the boron owing to  the aryl groups.2b The lower 
acidity results in a decreased tendency for borane to 
complex oxygen (step 1 above). It would therefore be 
expected that a mixture of a trialkylborane and tri- 
arylborane would give primarily oxidation of the former, 
but, if step 2 is intermolecular, the triarylborane might 
be oxidized faster than it would be alone and the tri- 
alkylborane might be oxidized slower owing to aryl 
group migration in competition with the alkyl group 
migration in eq 2. 

When an equimolar solution of triphenylborane and 
tri-n-butylborane in benzene was incompletely air 
oxidized, the yield of phenol was double that obtained 
in an identical run without tri-n-butylborane present. 
The yield of n-butyl alcohol was a little lower than with 
tributylborane alone for the same oxidation time (67% 
instead of 75%). The results are in agreement with 
an intermolecular step (2). Butylbenzene was noted 
as a by-product in addition to the biphenyl and ter- 
phenyl; all are products of radical side reactions. 

An intramolecular step (2) precludes the formation of 
a borinate ester (R2BOR). Such an ester, possible in 
an intermolecular scheme, can be found as a reaction 
product.14 

Boronate Ester Oxidation 
Although it has been recently shown that all three 

boron-alkyl bonds can be oxidized to a borate ester,5 
i t  is not known if the oxidation to the borate ester 
proceeds via an intermediate boronate ester [RB (OR)*] 
stage. It has been reported that the boronate ester 
is the ultimate product of the oxidation and that it is 
resistant to  further o ~ i d a t i o n . ~ ~ , ~ ~ ~ ~ ~ ~  Thus, the bor- 
onate ester could not be an intermediate, and yet it is 
not possible to write a sequence of reactions that forms 
borate ester from boron alkyl, which avoids the boro- 

(12) L. H. Thomas, J .  Chem. Soc., 823 (1946); J. Colclough, W. Gerrard, 

(13) P. A. McCusker, P. L. Pennarta, and R. C. Pilger, Jr., J .  Am. Chem. 

(14) R. Johnson and M. G. Van Csmpen, Jr., ibid. ,  60, 121 (1938). 

and M. F. Lappert, ibid., 907 (1955); 3006 (1956). 

SOC., 84,4362 (1~62). 
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nate ester stage, and which still has three distinct stages 
of oxygen absorption. The latter is necessary accord- 
ing to the curve of oxygen uptake in boron alkyl oxida- 
tion? The boronate ester in such a sequence of reac- 
tions could be oxidized by absorption of 0 2  t o  form a 
peroxy compound (eq 3) which then is reduced to a 

RB(0R)z + 0 2  + ROOB(0R)r (3) 

borate ester by intermolecular reaction with an un- 
reacted boron-alkyl bond (eq 4). This would explain 

(4) 

the previously found three distinct stages of oxygen 
absorption or two inflection points in the oxygen uptake 
curve and the smaller slope of the curve for each suc- 
cessive stage. It would be expected that RaB would 
absorb oxygen faster than R2BOX (X = OR or R) 
based on the decreased acidity of the latter, and cer- 
tainly both should absorb much faster than RB(0X)z 
(eq 3) on the same basis, assuming that the boronate 
oxidizes. 

It is also possible to go all the way to borate ester 
via the boronate ester intermediate by oxidation of the 
boronate by an alkylperoxyboron intermediate with a 
lower degree of oxidation than the peroxide in eq 4, i.e. 

ROOB(0R)z + - A R -+- B(0R)s + - A OR 

RB(0R)z + RB(OR)(OzR) + B(OR)3 + RB(OR)z 

RB(OR)2 4- RzB(0zR) + B(OR), + RzB(0R) 
(5) 

(6) 

However, such possibilities as reactions 5 and 6 would 
not allow for the three stages of oxygen uptake or two 
inflection points in the curve for oxygen absorption. 
It is possible to still satisfy this requirement if all the 
reactions 3-6 occur. Consequently it seems reasonable 
to reinvestigate whether a boronate ester can be 
oxidized to a borate ester. 

To ascertain if reactions 3 and 4 will occur, di-n-butyl 
n-butylboronate was air oxidized at  65" under condi- 
tions known to give complete boron-alkyl bond oxida- 
tion with trialkylboranes (good gas-liquid contacting 
and high concentrations). The oxidation is very slow 
and after 18 hr the product gives, upon saponification, 
a yield of butyl alcohol corresponding to 15y0 of the 
n-butyl-boron bond oxidized; the yield of n-butyl- 
boronic acid corresponds to 20.5Y0 oxidation. Air 
oxidation a t  0" (optimum temperature for boron-alkyl 
bond oxidation') after 11 hr gives 25% of the n-butyl- 
boron bond oxidized which corresponds to a total 
oxidation of 75(% of the boron-butyl bonds in tributyl- 
borane. In  good agreement tributylborane is 80% 
oxidized under these conditions! Thus, it is possible 
to air oxidize boronate esters, albeit slowly and in- 
completely. Reactions 3 and 4 can conceivably take 
place, or borate esters can arise from oxidation of boron 
alkyls via the boronate ester intermediate. 

Because of the somewhat faster buildup of borate 
ester from trialkylborane oxidations than from the 
above boronate ester oxidations, it appears possible 
that reactions 5 and 6 do indeed occur simultaneously 
with reactions 3 and 4 in boron alkyl oxidation. The 
feasibility of reactions 5 and 6 has been demonstrated. 
Triethylborane was oxidized in dilute solution to  pro- 
mote a high peroxide content and then diethyl n- 
butylboronate [C4HgB(OC2H&] was added. The per- 
oxide content dropped slowly but considerably faster 
than in a control experiment where no boronate ester 

was added. Confirmation of the oxidation of the butyl- 
boron bond came in the isolation of butyl alcohol in 
30% yield after saponification. The 30% butyl al- 
cohol yield is in fair agreement with the 20% yield 
indicated by the drop in peroxide content. It is thus 
possible to oxidize a boronate ester to the borate ester 
by direct reaction with oxygen and/or indirectly with 
a peroxyboron compound. 

Boron-Alkyl-Oxygen Complex 

The first part of step 1 in the above mechanism is the 
semicomplexing of oxygen at  the boron atom of the 
trialkylborane. Zutty and Welch have carried out 
supporting experiments for such a complex2* and 
Hansen has provided a theoretical basis for a transitory 
complex based on thermodynamic considerations of the 
use of oxidized boranes as polymerization catalysts.' 
Davies2e has not been able to repeat the experiment of 
Zutty and Welch. This experiment involved passing 
oxygen through a trialkylborane solution for a while 
and then sweeping out all the oxygen with nitrogen. 
The peroxide content markedly increased for sometime 
after all oxygen was removed,2c but Davies found a 
decrease in peroxide content. The peroxide increase 
was attributed to a relatively slow rearrangement of a 
more rapidly formed oxygen-borane complex. Davies 
postulates his lack of increase in peroxide to the absence 
of some unknown catalyst in the peroxide titrations of 
Zutty and refers to a need for a trace of ferric ion for 
iodometrically determining certain peroxides. l5 We 
have obtained substantial confirmation of this. Perox- 
ide content increases of 2540% were obtained with 
tri-n-butylborane in experiments similar to that of 
Zutty when no ferric ion was intentionally added to the 
iodometric titration. When a trace of ferric ion was 
used, only small to no increase in peroxide content oc- 
curred. Thus, a long-lived complex is not likely, but 
a transient "complex" is still possible. 

Experimental Section 
Purification of Materials.-The materials used were purified 

as in previous work.s The tri-n-propylborane was obtained from 
the Callery Chemical Co. and was redistilled before use; a heart 
cut was used. The triphenylborane was obtained from the Org- 
met Chemical Co. and was twice recrystallized from CCla under 
nitrogen to mp 136-138". 

Diethyl Buty1boronate.-A solution of 146 g of triethylborate 
(1.0 mole) in 1 1. of anhydrous ether in a 5-1. flask was treated 
with vigorous stirring a t  -60 to -55' with 64 g of n-butyl- 
lithium (1 .O mole) as a 15 wt solution in n-hexane was added 
dropwise over a period of 2 hr. A voluminous, white precipitate 
was formed. After stirring for 1 additional hr, the reaction mix- 
ture was treated with 95 g of concentrated HC1 (0.97 mole) 
a t  0" with cooling and stirring. The aqueous layer had pH 
6-7. It is necessary to keep it slightly acidic or neutral to prevent 
hydrolysis of the ester. The layers were separated; the ether 
layer was dried and distilled with a 12-plate-packed column a t  
100 mm; a heart cut was taken a t  92-96', having a weight of 78 
g (50%), nPO~ 1.3987. The forerun was found to contain triethyl- 
borate and the residue contained ethyl dibutylborinate. Anal. 
Calcd for CaHlQBOz: C, 60.79; H, 12.11. Found: C, 61.76; 
H, 12.59. 

When this reaction was worked up with water instead of 
acid, a yield of butylboronic acid and an 1170 yield of di- 
ethyl butylboronate were obtained. Considerable water (1.4 1.) 
was necessary to dissolve all of the white solid (no heat evolu- 
tion), which appears to be a quite hydrolytically stable salt, 
Li[B(OCzH&CJ&I. 

(15) Silbert and D. Swern, A n d .  Chem., 80, 385 (1958). 
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The reaction of butylboronic acid and absolute ethyl alcohol 
in 75% excess with benzene a t  reflux with a water separator gave 
a low yield of the desired ester. Difficulty was encountered in 
separation by distillation of the unreacted starting acid and the 
product ester, and the boroxole ester [(CdH,OBO)~] also formed. 

Dibutyl Buty1boronate.-This material was prepared by heat- 
ing a t  120' a mixture of 181.2 g of tri-n-butylborane (1 .O mole) 
and 229 g of tri-n-butylborate (2.0 moles) for 5 hr with stirring. 
The product was distilled and an 8i7' yield of di-n-butyl-n- 
butylboronate,16 bp 100-103° (10 mm), was obtained. 

Oxidation Procedure.-The oxidations were carried out with 
the same equipment and in the same manner as previously! 

Oxidized Triethylborane plus Tri-n-butylborane .-The equip- 
ment described above was used, but a neck on the oxidation re- 
action flask w&s fitted with a Serum cap for withdrawing samples 
during the run Air m-as passed into a solution of 9.8 g of tri- 
ethylborane (0.10 mole) in 480 g of driedn-heptane (0.21 mole % 
solution) at a flow rate of 1 l./min through a fritted glass thimble 
for 87 min at  0". The total 0 2  uptake corresponded to 1127$ 
oxidation to triethylborate. At this point the peroxide content 
corresponded to 0.438 mole/mole of B, which represents a drop 
from a maximum value at 62 min of 0.599 mole/mole of B. A t  
62 min the O2 uptake corresponded to 1 0 0 ~ o  of theory for oxida- 
tion to triethylborate. After 87 rnin of air flow, the flow was 
terminated and dry nitrogen was passed through the solution a t  
0" until there was less than 0.1% 02 in the exit gas (21 rnin). 
During this 21-min period the peroxide content increased to 
0.605 mole/moie of B. The nitrogen flow was continued for 
an additional 17 min without further change in peroxide content. 
A solution of 18.2 g of tri-n-butylborane (0.10 mole) in 25 g 
of dried n-heptane was added with stirring under nitrogen a t  0'. 
Bn exothermic reaction took place and the temperature rose to 
8", and so cooling was used. I n  5 rnin the peroxide content had 
dropped to 0.278 mole/mole of B, after 22 min to 0.150 mole/ 
mole of B, and after 46 min to 0.143 mole/mole of B. The re- 
action mixture was allowed to stir overnight and the peroxide 
content had dropped to 0.096 mole/mole of B (11.2 hr elapsed 
time since adding tri-n-butylborane) . The solution was then 
warmed to 65" and kept a t  this temperature for 6 hr without 
further change In peroxide content. After cooling, the reaction 
mixture, diluted with 50 ml of ether, was saponified with a 
solution of 10 g of sodium hydroxide (0.25 mole) in 40 g of water 
with external cooling to maintain the temperature a t  10-15". 
The aqueous lajer was saturated with sodium carbonate and then 
extracted four times with 100 ml of ether. The combined organic 
layers were dried with anhydrous magnesium sulfate. All 
operations Fc'ere carried out under nitrogen by working in a 
drgbox. The ether was removed by distillation under nitrogen 
with lt 10-plate Oldershaw column a t  a 3 : l  reflux ratio. The 
butyl alcohol content of the residue was determined by gas 
chromatograph) and corresponded to 51 mole % yield based on 
the total drop iri peroxide content (0.485 mole/mole of B). 

Oxidized Tri-n-butylborane plus Tri-n-hexylborane. Part A .- 
This reaction was carried out similar to the above except that 
4.90 g of tri-n-butylborane (0.025 mole) in 495 g of n-heptane 
(0.05 mole 5& scklution) was air oxidized a t  0" to a peroxide con- 
tent of 0.70 mole peroxide/mole of boron, which took 21 min. 
The peroxide content increased to 0.76 mole/mole of B during the 
next 3.5 min, while nitrogen w a s  now passed through the solu- 
tion. All oxygen was out of the system by a 36-min total elapsed 
time, but there was a slight increase in peroxide content until a 
56-min total elapsed time and then the peroxide content re- 
mained constant a t  0.81 mole/mole of B for 26 additional min. 
A solution of 26.6 g of tri-n-hexylborane (0.10 mole) in 50 ml of 
n-heptane was added with stirring at  0' and in 2.5 min the per- 
oxide had dropped to 0.24 mole/mole of B and in 1 hr it had 
dropped to 0.04 mole/mole of B. The reaction mixture was 
allowed to stand overnight a t  25' and then saponified as above 
at  25" with 30 g, of 50Yc sodium hydroxide diluted with 85 g of 
water. The n-hexyl ltlrohol content of the distillation residue 
(2.0 g) corresponded to the total decrease in peroxide content 
(0.77 mole/mole of B) . 

Part B.-The same reaction was now carried out for the air 
oxidation of 18.2 g of tri-n-butylborane (0.10 mole) in 482 g of 
n-heptane (0.21 mole 7; solution) a t  0". The air was turned 

(16) H. I. Schlesinger, H. C. Brown. D. L. Mayfield, and J. R. Gilbreath, 
J. Am. Chem. Soc., 76, 213 (1953); J. Furukawa, T. Tsuruta, T. Imada, and 
H. Fukutani, Makromol. Chem., 122 (1959). 

off after 80 rnin and the peroxide content was 0.445 mole/mole 
of B. The oxygen uptake corresponded to 106% of theory for 
oxidation to tributylborate. The peroxide content dropped 
to 0.420 mole/mole of B over the next 20 min, while nitrogen 
bubbled through the solution. FeCla was used in this experiment 
for the iodometric titrations for peroxide content. A solution 
of 79.8 g of tri-n-hexylborane (0.30 mole) in 50 ml was added 
and the peroxide dropped to nil in 5 min. Saponification and 
work-up as above gave a yield of n-hexyl alcohol (4.8 g) corre- 
sponding to the drop in peroxide content. 

Air Oxidation of Mixed Trialky1borons.-A solution of 24.5 g 
of triethylborane (0.25 mole) and 35.0 g of tripropylborane (0.25 
mole) in 59.5 g of n-heptane was air oxidized as above a t  65" until 
there was no further O2 uptake (11 hr) and the total 02 absorp- 
tion amounted to 87% of theory for oxidation to the borate 
esters. A gas chromatographic scan of the product solution 
with a 2-ft 5% silicone gum rubber column with an F & M 500 
gas chromatographic unit with column temperatures of 50-175' 
showed strong peaks for triethyl and tripropylborates, but 
nothing between. Gas chromatograms of mixtures of these two 
esters stirred for 6-14 hr with and without n-heptane diluent a t  
-30 to +65' showed peaks for only the two original symmetrical 
esters. The oxidation product was saponified with a solution of 
2<5 g of sodium hydroxide in 100 g of water a t  10-25" and worked 
up as before. The yield of ethanol was 88 mole % and the yield 
of n-propyl alcohol was 70%. 

The same gas chromatographic results were obtained in an 
identical run made a t  0'. When the oxidation was carried out 
a t  -30" the gas chromatograph (column temperature 50", the 
minimum useful temperature) showed a broad peak intermediate 
between the symmetrical ester peaks. This broad peak could 
not be resolved into separate peaks by using other column pack- 
ings, etc. Allowing the oxidation product to stand for 24 hr 
a t  room temperature caused the intermediate peak in the gas 
chromatogram to disappear. The total oxygen uptake a t  the 
point of essentially no further oxygen absorption was 997' of 
theory. Saponification of the oxidation product gave a i l %  yield 
of ethanol and a 74% yield of n-propyl alcohol. 

An otherwise identical oxidation made with tri-n-butylborane 
in place of tripropylborane a t  0" gave the same results as above 
at  this temperature. Alcohol yields were 87% for ethanol and 
717, for n-butyl alcohol. This same run a t  -30" gave the same 
chromatographic results as in the above -30" oxidation. The 
alcohol yields were i17, for ethanol and i570 for n-butyl alcohol. 

Oxidation of Tripheny1borane.-A solution of 48.4 g of tri- 
phenylborane (0.20 mole) in 194 g of dry benzene (8.3 mole % 
solution) was air oxidized a t  55-60' for 120 min, but essentially 
all of the oxygen absorption occurred during the first 60 min. 
The total oxygen absorption was equivalent to 33y0 oxidation. 
The reaction mixture was saponified a t  25' with a solution of 
26 g of NaOH in 234 g of water. Gas chromatographic analysis 
of the product showed yields of 2.6 g of phenol (4.694 on tri- 
phenylborane and 13.87' on oxygen uptake), 7.4 g of biphenyl 
(16.170 on triphenylborane and 48.3y0 on oxygen uptake), and 
1.6 g of terphenyl(3.5% on triphenylborane and 10.5% on oxygen 
uptake). The total yield of phenyl groups for the three products 
was 83.77, assunling that one bond oxidized. 

Oxidation of Triphenylborane and Tri-n-butylborane .-A mix- 
ture of 36.4 g of tri-n-butylborane (0.20 mole) and 48.4 g of 
triphenylborane (0.20 mole) in 194 g of benzene was air oxidized 
for 130 rnin a t  60". There was still a significant oxygen absorp- 
tion at  this point and the total oxygen uptake corresponded to 
98% oxidation of one of the boranes. Saponification with 48 g of 
sodium hydroxide in 350 ml of water a t  25' produced (according 
to gas chromatography) 4.6 g of phenol (9% yield), 30.0 g of 
n-butyl alcohol (6794 yield), 3.7 g of biphenyl (8% yield), 2.8 g 
of terphenyl (6yc yield), and a very small amount of butyl- 
benzene. The total yield of phenyl groups for the three products 
was 69Yc, assuming that one bond oxidized in triphenylborane. 

Oxidation of n-Butyl n-Buty1boronate.-A solution of 107 g of 
n-butyl n-butylboronate [C4HeB(OCaH,)2, 0.50 mole] in 107 g 
of n-heptane (50 wt 7' solution) was air oxidized as above a t  65' 
for 18 hr with almost no uptake of oxygen during the last 10-12 
hr. The total 02 uptake amounted to 39% oxidation of the n- 
butyl-boron bond. The product was saponified with a solution 
of 65 g of NaOH in 260 g of water at 20-30' with cooling. It 
was necessary to add an additional 150 g of water during ether 
extraction of the saponification reaction mixture to prevent extrac- 
tion of the sodium butylboronate by the ether. The ether was 
removed from the combined organic layer and ether washings 
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by distillation and the residue was found by gas chromatography 
to contain 79.5 g of n-butyl alcohol for a 15% yield based on 
but,yl-boron bond, assuming a 100% yield of butyl alcohol from 
the two butoxy groups. Hence, the 15% yield is a minimum 
figure. The aqueous layer after ether extraction was acidified 
and the butylboronic acid was suction filtered and allowed to 
air dry. I t  had a weight of 40.5 g [mp 83-85' and, with puke ma- 
terial of mp 92' (Callery Chemical Co.), mmp 90-92'1 for 
a 79.5y0 yield or 20.5% oxidation of the butyl-boron bond. On 
this basis the total butyl alcohol yield was 73%. 

The above run was repeated a t  0" for 11 hr and the butyl al- 
cohol weight was 83.0 g for a 24.5y0 minimum yield assuming a 
100% yield of butyl alcohol from the two butoxy groups. The 
total butyl alcohol yield was 74.9%. 

Oxidation of Diethyl n-Butylboronate with Oxidized Triethyl- 
borane.-A solution of 10.0 g of triethylborane (0.10 mole) in 
480 g of n-heptane was air oxidized as above at  0' for 82 min. 
The peroxide content a t  this point had reached 0.457 mole/mole 
of B. The air was shut off and nitrogen was passed through until 

there was no further oxygen in the exit gas ( < O . l %  oxygen!. 
A solution of 47.4 g of diethyl n-butylboronate (0.30 mole) in 
50 g of n-heptane was added a t  0' with stirring. The reaction 
mixture was slowly heated to 50' during 1 hr (peroxide content 
now 0.390 mole/mole of B) and then kept a t  50' for 13 hr. The 
peroxide content had dropped to 0.254 mole of peroxide/mole of 
B for a total drop of 45y0 and 42% of this drop occurred during 
the first hour. The drop in peroxide content corresponds to about 
a 20 mole % yield of n-butyl alcohol from the diethyl n-butyl- 
boronate. After saponification of the oxidation reaction product, 
a yield of 2.2 g of butyl alcohol was found which corresponds to 
a 30 mole % yield based on the boronate ester. 

Registry No.-Triethylborane, 97-94-0; tri-n-butyl- 
borane, 122-565; tri-n-hexylborane, 1188-92-7; tri- 
propylborane, 1116-61-6; triphenylborane, 960-71-4; 
diethyl butylboronate, 10394-51-1 ; dibutyl butylboro- 
nate, 3027-58-5. 
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The highly reactive complex comprised of n-butyllithium and N,N,N',N'-tetramethylethylenediamine readily 
metalates dimethyl sulfide to give high yields of methylthiomethyllithium. The thiomethyllithium compound 
has been shown to be of value as an intermediate in the synthesis of carbon functionally substituted sulfides by 
its reactions to give Ce.H&H(OH)CHzSCHa, n-CaHTCH(OH)CHzSCHZ, (CHa)v%CH2SCHa, (CeH5)2PCH&CH, 
P(CH2SCHa)e and CHaSCllH2a. The reaction of the metalating complex with dialkyl sulfides containing ,!3 
hydrogens resulted primarily in the formation of olefins. 

As part of an extensive study of the reactions of 
organometallic compounds with weak organic acids, 
Gilman and eo-workers, several years ago, investigated 
the reaction of n-butyllithium with methyl phenyl 
sulfide and ethyl phenyl sulfide in diethyl ether.' They 
established that, in contrast to methyl phenyl sulfide 
which underwent lateral metalation, ethyl phenyl 
sulfide was metalated on the aromatic ring to give o- 
lithiophenyl ethyl sulfide. Very recently, Corey and 
Seebach reported2 a greatly improved procedure for 
the preparation of phenylthiomethyllithium which 
utilized n-butyllithiuni complexed with diazabicyclo- 
[2.2.2]octane as the metalating agent. 

Surprisingly, no systematic attempt appears to have 
been made to extend the metalation of sulfur com- 
pounds to include the less reactive dialkyl sulfides. 
In  view of the current interest in and widespread utiliza- 
tion of other sulfur-stabilized carbanions such as 
R2S+CH2-, CHsS(0)CH2Rf, and RzS+(0)CH2-, we 
have independently developed a method for the prep- 
aration of some alkylthiomethyllithium compounds3 
which parallels t o  some extent the method reported 
by Corey and Seebach for the preparation of phenyl- 
thiomethyllithium. Our method is particularly useful 
for the preparation of the parent compound, methyl- 
thiomethyllithium, CH63CH2Li (I), 

(1) (a) H. Gilman and F. J. Webb, J .  A m .  Chem. Soc., 71, 4062 (1949). 
(b) For a comprehensive review of metalation reactions, see H .  Gilman and 
J. W. Morton, Jr., Ora. Reactzone, 8, 258 (1954). 

(2) E. J. Corey and D. Seebach, J .  Org.  Chem.. 81, 4097 (1966). 
(3) The literature contains t a  o reports describing attempted preparations 

of alkylthioalkylmetal compounds by nonmetalation routes: F. G. Bordwell 
and B. hl. Pitt [J. Ant. Chem. Soc., 77, 572 (1955)l were unsuccessful in their 
efforts t o  prepare CHaSCHzMgCl from chloromethyl methyl sulfide, and 
W. E. Parham, M. A .  Kalnins, and D. R. Theissen [ J .  Oro. Chem., 47, 2698 
(1862)l met with limited success (ca.  5% yields) in the preparation of 
a-lithioalkyl hexyl sulfide by additions of organolithium compounds t o  
a-hexyl vinyl sulfide. 

Results 
Rfethylthiomethyllithium is readily obtained from 

the reaction of dimethyl sulfide with the potent metalat- 
ing complex4 comprised of equimolar quantities of n- 
butyllithium and N,N,N',N'-tetramethylethylenedi- 
amine (TMEDA). The reaction is quite rapid a t  

CHaSCHS. + n - C 4 H 9 L i r 7  - CH3. A H 3  

room temperature (essentially complete within 4 hr) 
and in hexane solvent, thereby obviating the necessity 
for using organometallic-sensitive  ether^.^ 

Compound I has been characterized by H1 nmr spec- 
tral analysis and by chemical derivatization with several 
reagents. 

An H1 nmr spectrum obtained on a benzene solution 
of I had signals centered at  T 7.92 (relative to benzene) 
for the methyl protons and 9.26 for the methylene 
protons. This corresponds to an internal chemical 
shift of 1.34 ppm which is somewhat smaller than that 
found for the related trimethylsilylmethyllithium com- 
pound.B The TMEDA portion of the complex was 

(4) (a) G. G. Eberhardt and W. A. Butte, ibid., IS, 2928 (1964); (b) 
A. W. Langer, Jr., Tranr.  N .  Y .  Acad. Sei.,  Ser. 11, 47, 741 (1965); (c) D. J. 
Peterson, J .  Orpanometal. Chem., in press. 

(5) See, for example, C. D. Broaddus, J .  Org. Chem., S O ,  4131 (1965), and 
references cited therein. 

(6) G. E. Hartwell and T .  L. Brown, J .  A m .  Chem. Soc., 88,  4625 (1966); 
J. W. Connolly and G. Urry, norg. Chern., 4, 645 (1963). 


