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Abstract - The reaction of the three isomeric tributylboranes (tri-n-butyl, triisobutyl and tri-sec-buty!)
with bromine in the dark gives rise to both butyl bromide and hydrogen bromide when carbon
tetrachloride is used as a solvent. The rate of disappearance of the borane and bromine are
essentially equal and decreases in the order sec-butyl > n-butyl > isobutyl. However, the
corresponding butyl bromide appears at s much slower rate and the formation of hydrogen bromide is
quite rapid during the initial stages of the reaction. The amount of hydrogen bromide produced in the
reaction reaches & peak in 1 h and then decreases with time. Similar results are obtained in
cyclohexane. In methylene chloride, the rate of initial disappearance of bromine and tributylborane
compares closely to the results obtained in carbon tetrachloride and cyclohexane. However, butyl
bromide is formed with essentially the same rate as the rate of disappearance of the borane.
Moreover, hydrogen bromide is formed in only minor amounts and the yields of alky! bromides are
high. In tetrahydrofuran, tri-n-butylborane and tri-sec-butylborane react at a rate similar to the rate
similar to the rate of formation of the corresponding bromobutanes. This reaction is proposed to
involve a slow, direct electrophilic attack of bromine, or its complex with THF, on tributylborane.
Whereas in carbon tetrachloride, cyclohexane and methylene chloride, a fast, initially free-radical
bromination, followed by a slow cleavage of the resulting a—bromoorganoborane with hydrogen
bromide, takes place. Evidence supporting this mechanism is given. Competitive bromination
studies reveal that the a~hydrogen in trialkylboranes is highly reactive toward free.radical
bromination in the dark reaction. As an important synthetic application of this new reaction, the
preparation of alkyl bromides is presented.

In general, organometallic compounds react with halogens with great ease to form the corresponding halides.5
Consequently, the apparent sluggishness in the reaction of organoboranes with halogens, such as iodineb:7 or
bromine,3:9 constitutes a unique characteristic. Accordingly, we undertook a detailed study of the reaction of
organoboranes with bromine with an aim to finding a simple means of facilitating the reaction, thereby achieving a
convenient new synthesis of organic bromides from alkenes vig hydroboration. The base-induced bromination of

organoboranes provides a convenient synthesis of primary alkyl bromides from terminal alkenes! (eq 1)
THF, 0°C
(RCHCH,»B + 3Bry + 3NaOCH; ———————p 3RCHCH,Br + 3NaBr + B(OCH 3)4 (1)

However, in view of the unusual inversion of configuration in this reaction,! it was felt necessary to examine in

detail the reaction of bromine with trislkylboranes in the sbsence of base. The simplest possible reaction conditions
2773
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were chosen for this study. Thus, the brominations were carried out in the absence of added electrophile or
nucleophile in various solvents that are inert to bromine and in the dark in order to minimize any radical reactions.
RESULTS AND DISCUSSION

Structura] Effects. Three isomeric tributylboranes (10 mmol) (n-butyl, sec-butyl, isobutyl) in 20 mL of carbon
tetrachloride were treated in the dark at 25°C with 10 mmol of bromine. At the end of appropriate intervals of time,
cyclohexene (20 mmol) was added to convert the residual bromine into 1,2-dibromocyclohexane. An internal
standard (1 mL of a hydrocarbon) was added and the reaction mixture was analyzed directly by GC. Hydrogen
bromide that escaped from the reaction mixture was trapped in a known amount of standard aqueous sodium

hydroxide and determined by titration, The results are summarized in Table 1 and those obtsined for tri-sec-

butylborane are illustrated in Figure 1,
Table 1. The dark reaction of bromins with tributylboranes in carbon
tetrachloride?
Tributylborane Time R3B, Bry? RBr® HBrIHBr .
min mmol mmol mmol mmol mmol
n-butyl 5 284 69 04 i3
30 52 54 0.7 32 .

60 31 44 09 28

480 12 4.1 19 14

sec-butyl 5 6.1 6.6 trace 14 22 .
30 22 16 0.8 53 20

60 20 1.7 15 44 10

240 03 04 23 19 1.2

480 28 05 18 '

isobutyl 5 100 9.8 12 (o]
30 100 9.6 trace 14

60 100 93 trace 1.6

480 82 72 14 1.6 °
24h 69 7.1 23 0.7 ——t—
TINE, HAS.
Bromine (10 mmol) allowed to react in 20 mL of CCly with 10 Figse 1 The Suk teaction of ubsebutyiberane (10 wwech
Sromobutsne.

mmol of R3B for time indicated at 20-25°C. Excess cyclohexene then O™ ¥ RiBi . tousl Hle; v, 2.
added and reaction mixture snalyzed by GC. bAmesis by GC via 1,2-
dibromocyclohexane. €Corresponding butyl bromide from the

tributylborane. dAl‘ll]ylil by GC via bromocyclohexane. €Amount
trapped in gas bubbler containing aqueous sodium hydroxide,

As is apparent from Table 1, the rate of reaction of bromine with organoboranes is in the order tri-sec-butyl > tri-n-
butyl > triisobutyl. For a given system, the bromins and tributylborane disappear at essentially the same rate, but
the corresponding butyl bromide appears at a much slower rate. Also, hydrogen bromide is formed rapidly, followed
by a slower dissppearance. In all cases, the amount of hydrogen bromide present in the reaction mixture reaches a
peak during the first hour of the reaction and then decreases with time; These results are clearly incompatible with a
mechanism involving the direct rupture of carbon-boron bond by bromine. On the contrary, they require that the
initially fast resction of bromine with organoborane to produce an intermediate and hydrogen bromide should be
followed by a slow step to produce alkyl bromide.

Solvent Effects. Since the bromination of trialkylboranes in carbon tetrachloride follows an unexpected course, this
reaction was examined in more detail. By following essentially the same procedure.m bromination was carried out
in cyclohexane, a hydrocarbon solvent. The results (Table 2) are essentially the same as those obtained with carbon
tetrachloride as the solvent. However, bromocyclohexane was never observed in any more than a trace amount,

indicating that the bromination of cyclohexane, even when present as # solvent, is insignificant,
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Table 2. The dark reaction of bromine with tributylbormnes in cyclohexane®

Tributylborane Time, RiB  Brpb RBif HBd HR
min mmol mmol mmol mmol mmol
n-butyl 5 7.1 1.6 trace 1.7
30 46 5.0 0.6 3.0 0.1
60 35 5.0 0.6 1.8 0.1
480 1.0 1.3 1.3 1.5
sec-butyl 5 6.6 6.3 trace 2.7 04
30 2.7 2.5 0.5 43 0.5
60 1.9 1.6 05 44 0.6
480 trace 1.3 2.6 14

#Rromine (10 mmol) allowed to react in 20 mL of cyclohexane with 10 mmol of R3B for the
time indicated, at 20-259°C. Excess cyclopentene then added and the reaction mixture analyzed
by GC. bAnaIysis by GC vig 1,2-dibromocyclopentane. “Corresponding butyl bromide from

the tributylborane. “'Ana}ysis by GC via bromocyclopentane. €Amount trapped in gas bubbler
containing aqueous sodium hydroxide.

Bromination in methylene chloride proved to be significantly different. In this solvent, butyl bromide appears in
the reaction medium at the same rate as the disappearance of bromine and organoborane. Only minor amounts of
hydrogen bromide were ohserved. Moreover, the yields of butyl bromide were relatively high, suggesting that one
mole of organoborane reacted with one mole of bromine to produce one mole of alkyl bromide (Table 3).

Table 3. The dark reaction of bromine with tributylboranes in methylene chloride?®

Tributylborane  Time, R3B, B RBiS HBrd HBr?

min mmol mmol mmol mmol mmol
n-butyl 5 70 5.1 Liesy 11
30 33 29 42010 13

60 33 33 54(1.2) 0.6
480 1.2 1.2 6.4(1.2)  trace

sec-butyl 5 6.6 6.7 3.1 05 01
30 14 19 62 1.6 01

60 0.6 1.6 7.4 04 01

480 0.7 74 61 01

Bromine {10 mmol) allowed to react in 20 mL. of methylene chloride with 10 mmol of R3B for
time indicated at 20-25°C. Excess cycichexane then added and reaction mixture analyzed by GC.
b-e5ee corresponding footnotes in Table 1. FAmount of 2-bromobutane given in parentheses.
Although these results are consistent with a direct reaction of bromine with the organoborane to rupture the
carbon-carbon bond (eq2), the rates of disappearance of bromine and tributylboranes are essentially the same as in
o dark

RB +Bry ————p zzsoc RBr + RoBBr )

cyclohexane or carbon tetrachloride. 11 Consequently, the results are best interpreted as involving the same initial
step in these three solvents, with methylene chioride evidently accelerating the second step in which the a-
bromoborane intermediate reacts with hydrogen bromide. Since the hydroborstion reaction is commonly carried out
in ether solvents such as tetrahydrofuran (THF), the reaction of bromine with tri-a-butyl and tri-sec-butylborane was
examined using THF as the solvent in order to develop a one-pot synthesis of alkyl bromides.

The dark reaction of bromine with boranes in THF was followed with time by adding mn slkene at sppropriate

intervals of time and then analyzing for any butyl bromide formed and for the amount of unreacted trialkylborane.
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Unfortunately, THF interfered with the reaction of bromine with alkene. Therefore, an accurate analysis of bromine
was not possible. Table 4 summarizes these results. The reaction in THF apparently proceeds by a different
Table 4. The dark reaction of bromine with tributylboranes in tetrahydrofuran®

Tributylborane Time, R3B, 1-Bromobutane Bromobutane
min mmol mmol mmol
n-butyl 5 10.0
30 10.0 trace
60 84 1.2 trace
480 6.6 39 03
sec-butyl 5 9.7 t race
30 89 0.7
60 9.0 12
480 6.2 3.1

2Bromine {10 mmol) sllowed to react in 20 mL of THF with 10 mmeol of R3B for time indicated at 20-
259C. Excess cyclohexane then added and reaction mixture analyzed directly by GC.

pathway than those in carbon tetrachloride, cyclohexane or methylene chloride. In THF, the rate of disappearance of
tributylborane corresponds very closely to the rate of formation of butyl bromide. Also, the rate of reaction, as
measured by the disappearance of organoboranes, is markedly slower in THF. One can easily see this pronounced
solvent effect by noting that the reaction half-lives for both tri-n-butyl- and tri-sec-butylborane in either carbon
tetrachloride or cyclohexane are < 30 min, while in THF, they are both > 8 h. Furthermore, the rates of
disappearance of tri-n-butylborane and tri-sec-butylborane were essentially equal in THF solvent. The low reactivity
of bromine with trialkylboranes in THF, as compared to those in inert solvents, such as cyclohexane, carbon
tetrachloride and methylene chloride, apparently results from its strong complexation with THF.

Table 5. The dark reaction of bromine with trialkylboranes in methylene chloride solvent®

Trialkylborane from Alkene Product Yield,? %
1-butene }-bromobutane 80
2-bromobutane 11
2-butene 2-bromobutane 88
isobutylene® isobuty! bromide 85
1-octene 1-bromooctane 63
2-bromooctane 12
n-octane 21
2,4,4-trimethyl-1.pentene 1-bromo-2,4,4-trimethylpentane 82
cyclopentene bromocyclopentane 84
cyclohexene bromocyclohexane 99
norbomene exo-bromonorbomane 88

@Reactions were allowed to proceed for 24 h at ~ 25°C in a closed system using & 10% excess of
bromine. bBy GC analysis. The yield is based on a maximum production of 1 mol of RBr from 1
mol of R3B (eq 2). €After 48 h at ~ 25°C., dThe absence of the endo isomer was indicated by GC
analysis (< 1%).

It is felt that the bromination reaction in THF does not involve a prior bromination of the trialkylborane with the
formation of hydrogen bromide. Instead, the reaction is assumed to proceed through a slow direct electrophilic attack
of bromine or its THF complex on boron-carbon bond to provide the corresponding alkyl bromides. This reaction

was not studied any further.
Synthetic Applications. Bromination of Trialkylboranes. The tributylboranes react readily in the dark with bromine

in methylene chloride solution to give the corresponding butyl bromide and dibutylboron bromide (eq 2). Mild

reaction conditions and high yield of alkyl bromide indicated that this reaction might be very useful in certain
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synthetic applications. Consequently, the dark reaction of bromine with organoboranes in methylene chloride was
applied to a series of representative trialkylboranes, the results of which are summarized in Table 5.

The reaction is general and the yields are moderate. However, it suffers from the disadvantage of utilizing only one
of the three alkyl groups in trialkylborane. A number of new reactions of trialkylboranes are limited in their
synthetic utility for the same reason. 12 Thus, when a valuable alkene is to be converted into the desired product, the

maximum yield obtainable is only 33%. This difficulty was circumvented by using a blocking group on boron so
that the desired alkyl group is utilized effectively.

Bromination of Alky]-9-borabicyclo[3,3,1Inonanes. Hydroboration of alkenes with 9-borabicyclo[3.3.1]nonane (9-
BBN) provides B-alkyl-9-BBN com]:aounds.13 These derivatives show selectivity in the migration of the B-alkyl

bonds in preference to the B-cyclooctyl bonds in a number of reactions.!2 Therefore, maximum utilization of the

alkene is possible if such selectivity is exhibited in this reaction. In the base-induced bromination of B-alkyl-9-BBN
derivatives, the selective migration of alkyl groups was realized.! Consequently, the dark reaction of bromine with
B-alkyl-9-BBN derivatives in methylene chloride was investigated. Particularly, B-sec-alkyl-9-BBN compounds,
conveniently prepared via hydroboration of internal alkenes with 9-BBN, readily undergo the bromination reaction to
afford the corresponding alkyl bromides in high yields (Scheme 1).

@\m +RCH=CR — @B—CH-CHR'z
/ R
Brg,CH2C12
Br
@mr + RCH—CHRY) 4——— @ ‘i-cmzz + HBr

Scheme 1
A wide range of internal alkenes can be accommodated in this reaction, as shown in Table 6.

Table 6. The dark reaction of B-sec-alkyl-9-borabicyclof3.3.1Jnonanes with bromine?

B-Alkyl.9-BBN from Alkene Product Yield,? %
2-butene 2-bromobutane 85
2-methyl-2-butene 2-bromo-3-methylbutane 88
2,3-dimethyl-2-butene 2-bromo-2,3-dimethylbutane o¢
4-methyl-2-pentene 2-bromo-4-methylpentane 88
cyclohexene bromocyclohexane 84
norbomene exo-bromonorbomane? 90
1-methylcyclopentene 1-bromo-2-methylcyclopentane® 80

“Reactions were allowed to proceed for 30 min at 0-5°C, then 1 h at 20-25°C in a closed system using a
10% excess of bromine and methylene chloride as solvent. bBy GC analysis. The yields are based on the
amount of starting alkene. CThe alkyl group does not contain an o.~hydrogen; therefore, a-bromination

cannot occur. @The absence of the endo isomer was indicated by GC analysis (< 1%). £Stereochemistry
was not established.

This reaction provides & convenient procedure for the anti-Markovnikov hydrobromination of internal alkenes and
nicely complements the base-induced bromination reaction, ! which provides a procedure for the hydrobromination of
terminal alkenes.

Mechanistic Considerations. The mechanism we wish to propose for the reactions in inert solvents involves a free-
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radical chain bromination at the o~position of organoborane, a free-radical bromination that proceeds rapidly, evenin
the dark (eqs 3-5).14

Bry + RyB J}.‘Z.‘L.,. Br.+ RoBBr + R 1))
RzB"‘gi-—- +Br- e R2B—-(!3-- + HBr @
st—-é- +Bry =t RgB—%- +Br- )

Br

The remarkably high reactivity of organoborane toward attack by bromine!S is indicated by the observation that even
the use of cyclohexane as a solvent results in insignificant diversion of bromine atoms to this possible reactant. A
further evidence in support of the activation of the o—position by boron atom in organoboranes is given in a later
section.

The precise nature of the initiation step is uncertain, but may involve the attack of bromine on the organoborane
{eq 3).16 The hydrogen bromide produced in the substitution step can then react preferentially with o—
bromoorganoborane to form alkyl bromide (eq 6), or competitively with an alkyl group on the a -

bromoorganoborane o afford an alkane (eq 7).

RyB —('2-- +HBr e RpBBr + Hwé—— ®
r r
R—B< + HBr —w———p= RH + Br --B< o

This mechsnism is capable of accounting for all of the available experimental observations.

In inert solvent, the rate of loss of bromine decreases in the order: sec-butyl > n-butyl > isobutyl. This is
consistent with the greater reactivity of a tertiary hydrogen, as compared to a secondary hydrogen, towards abstraction
by a free-radical. In carbon tetrachloride and cyclohexane solvents, considerable hydrogen bromide was formed in the
reaction mixture in the initial stages of the reaction. This hydrogen bromide disappeared as the butyl bromide
appeared, indicating that the o—bromination is occurring at a much faster rate than the subsequent cleavage of the
oa~bromoorganoborane by hydrogen bromide. In methylene chloride, however, the cleavage reaction must be greatly
facilitated.

Indeed, the addition of methylens chloride to a reaction mixture from bromine and tri-sec-butylborane in carbon
tetrachloride at & time when most of the bromine had rescted, but little s2c-buty! bromide had appeared, resulted in a
rapid increase in the formation of sec-butyl bromide with a corresponding decrease in the amount of hydrogen bromide
present in the reaction mixture. For example, in the reaction of bromine (10 mmol) with tri-sec-butylborane (10
mmol) in carbon tetrachloride, 1.5 mmol of 2-bromobutane and 5.4 mmol of hydrogen bromide was formedin 1 h,
while 2.0 mmol of borane and 1.7 mmol of bromine remained unreacted. This reaction was repeated and methylene
chloride (20 mL) was added after 1 h. After 7 h, the reaction was quenched with cyclohexene, The results show that

only a trace of bromine and borane remained, while 8.5 mmol of a-bromobutane was formed with only a trace of

hydrogen bromide remaining in the solution.
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Further support for this mechanism is provided by the interesting observation that when the reaction was carried
out under reduced pressure to facilitate escape of the hydrogen bromide the amount of butyl bromide present in the
reaction mixture decreased with a corresponding increase in the amount of hydrogen bromide trapped in the gas
bubbler containing aqueous sodium hydroxide. For example, when bromine (10 mmol) was allowed to react for 1 h
in the dark with 10 mmol of tri-a-butylborane in 20 mL of methylene chloride at atmospheric pressure, there was
present in the reaction mixture 6.1 mmol of bromobutane and 0.8 mmol of hydrogen bromide. However, when the
reaction was repeated under exactly the same conditions, except for a partial vacoum of 130 mm of mercury, the yield
of bromobutane decreased to 1.5 mmol and the total amount of hydrogen bromide increased to 8.8 mmoll The
results for a similar experiment using tri-sec-butylborane were not quite as striking, but still the yield of 2-
bromobutane decreased and the yield of hydrogen bromide increased when the reaction was nun under reduced pressure.
Thus, even in the methylene chloride solvent system where the hydrogen bromide cleavage reaction is apparently
greatly facilitated, the application of a partial vacuum has removed hydrogen bromide from the reaction mixture
before it could react with an o~bromoalkyldialkylborane to produce an alkyl bromide. Consequently, the formation
of alkyl bromides in the dark reaction of bromine with trialkylboranes must be due in pan, if not entirely, to
cleavage of an a—bromoorganoborane intermediate by hydrogen bromide.

The dark reaction of bromine with thexyldi-n-octylborane provides only 1-bromooctane and no detectable amount
of thexyl bromide (eq 8). This provides an additional support for the proposed mechanism because a—bromination
of the thexyl(2,3-dimethyl-2-butyl) group is not possible.

HB& CgHyp + Brg a*‘z::;ooc > % { 2& CgHy7) +aCgH;y4Br ®
¥

Finally, the most convincing evidence for the formation of an ¢—bromoorganoborane during the dark reaction of

bromine with triatkylboranes was obtained through a study of the products formed upon alkaline hydrogen peroxide
oxidation. o—Haloalkyltrialkylborates (I) have been postulated as intermediates in the reaction of trialkylboranes
with ot—halocarbanions!7 (eq 9).

R
RyB + CHY —p Es-cl:m] —— RB_CHY + X"
X

1
Y = -COOR, ~-COR, or -CN X =Bror Cl
The intermediste 1 was then thought to undergo a rapid rearrangement of an alkyl group from boron to carbon with

loss of the halide ion.!8-20 One would expect a similar type of rearrangement to occur if an a—bromoorganoborane

was treated with an appropriate nucleophile, such as hydroxide ion (eq 10).

R R
R-I&-\j:— + OH —» m-é_é_ + Br~ (10)
r
Consequently, the reaction mixture from the bromination of tri-sec-butylborane in carbon tetrachloride after 30 min
was treated with aqueous sodium hydroxide.21 Alkasline hydrogen peroxide oxidation then gave a 32% yield of 3,4-
dimethyl-3-hexanol, the product anticipated for the transfer of a sec-butyl group from boron to the 0t—carbon position
{Scheme 2).
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G GHs B
CH B + B2 ———  CHiCH,CH) B —CCHCH;

Hy
i NaOH, H,0
CH3
CH3CH,CHCH; oH JI'HCHZCH3
CH;CH,CCH; .‘__.___22 CH3CH,CHB —CCH,CH3  + NaBr
3 s
Scheme 2

The results obtained for the dark reaction of bromine with tri-a-butyl and tri-sec-butyl and triisobutylborane
indicate that the reaction is extremely dependent upon the degree of substitution and steric environment of the a—
carbon. This suggested that a high degree of selectivity should be possible in the dark reaction of bromine with
organoboranes.

The B-alkyl-9-BBN derivatives appeared to be uniquely structured for the desired selectivity. The a~hydrogen on
the alkyl group in 2 should be more susceptible to free-radical abstraction than the bridgehead hydrogens because the

H

Ho &

v

H

2
resulting a—boro free-radical would be able to interact with the vacant p-orbital on boron, while a bridgehead free-
radical would presumably not be able to interact with the boron atom. This is because the odd electron in the
bridgehead free-radical would necessarily occupy an orbital which is orthogonal to the vacant p-orbital on boron and

the rigid bicyclic structure prevents the bond rotation required for maximum interaction.
i Reactivity of a-Hydrogen. The high yields (~ 90%) of alky! bromides realized

in the bromination of B-sec-alkyl-9-BBN derivatives (Table 6) suggest that the a—position of the alkyl group is
exceptionally activated to achieve such a selective substitution at this position.zl-IS This conclusion has been
tested by examining the competitive bromination of B-isopropyl-9-BBN and cumene. Treatment of an equimolar
solution of B-i-Pr-9-BBN (3), cumene (4) and cyclohexane in methylene chloride with bromine at 0°C revealed that
the relative reactivity of 3:4 is 5.5, as shown by the GC analysis of the residual 3 and 4. No substitution of
cyclohexane occurs. If we utilize the literature value of 120 for the relative reactivities22 of cumene and isobutane
{5), this results in a relative reactivity of the tertiary hydrogen in 3 to that of isobutane of 660. Clearly, the
activation toward attack by bromine atoms of the tertiary position provided by the 9-BBN moiety in 3 exceeds that
provided by the phenyl group in 4.

This remarkable activation can be attributed to stabilization of the free-radical produced in the hydrogen abstraction
step (eq 4) by the interaction of the old electron with the vacant p-orbital of the boron atom. Attack on the other
two o-positions (bridgehead) of 9-BBN moiety is apparently much less facile, because in these positions, the odd
electron would occupy an orbital which is orthogonal to the vacant p-orbital on boron. In fact, 2-bromo-2-propyl-9-
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BBN has been isolated and characterized.

i“’ CH, CH,
@B-IL —CH, @‘}l —CH, H,c—i.«-m,
3 4 5
660 120 1.00
Stereochemistry. The bromonorbornane obtained via the dark reaction of bromine with either tri-exo-norbomylborane

or B-exo-norbormyl-9-BBN is predominantly (> 99%) exo. This is interpreted as indicating that bromine attacks the
o—-boronorbomyl free-radical (6) from the sterically less hindered side (exo) to give a~exo-bromoborane (7). The

Scheme 3
subsequent hydrogen bromide cleavage then proceeds with clesn retention of configuration to produce
stereochemically pure exo-bromonorbomane (Scheme 3).

Irrespective of the precise reasons for the clean retention of configuration, the dark reaction of bromine with B-sec-
alkyl-9-BBN should find numerous synthetic applications because the reaction proceeds under extremely mild
conditions. 23

CONCLUSIONS

Undoubtedly, the reaction of bromine with triatkylboranes involves, as the first step, a facile a-bromination of the
organoborane when the reaction is carried out in an inert solvent, such as carbon tetrachloride, cyclohexane, or
methylene chloride. This proposed free-radical chain bromination occurs readily, even in the dark at room
temperature, to produce an a—bromoalkyldialkylborane and hydrogen bromide. Apparently, the hydrogen bromide
then reacts slowly with the a~bromoorganoborane to give the alkyl bromide plus dialkylboron bromide. To explain
the results observed in methylene chloride, it was assumed that the HBr cleavage reaction is greatly facilitated in this
solvent.

The dark reaction in methylene chloride sppeared to be synthetically useful and was used in the development of a
highly convenient, new procedure for the anti-Markovnikov hydrobromination of internal alkenes. This new
synthesis of sec-alkyl bromides nicely complements the method reported in the previous paper.1 which provides &
highly convenient procedure for the overall anfi-Markovnikov hydrobromination of terminal olefins.

A number of interesting possibilities for further study have come about as a result of this investigation. The
remarkably facile ressrangement of o~bromoorganoboranes appesred to have enormous implications for the
formation of carbon-carbon bonds and the synthesis of carbon structures. Consequently, a new and convenient
method for the synthesis of highly branched tertiary alcohols was df:w:lopesd?'4 Equally important is the implication
that possibly @-bromoorganoboranes may now be prepared, isolated and studied. 25 Eventually, a whole series of
new and important synthetic reactions may be discovered for the n—brmnoorgumborms.% which could presumably
make them one of the most important synthetic intermediates of the already highly useful organoboranes.



2782 H. C. BROWN er al.
EXPERIMENTAL SECTION

General Comments. The purification of the hydroboration solvents, the preparation and standardization of the

borane'THF and 9-BBN-THF solutions and the GC analysis procedure are described elsewhere.12 Carbon
tetrachloride was distilled prior to use; cyclohexane was allowed to stir for at least 24 h over concentrated sulfuric
acid, washed with water, dried over anhydrous potassium carbonate and distilled from a smail amount of lithium
aluminum hydride before using. The methylene chloride was also treated with concentrated sulfuric acid and then
distilled from anhydrous potassium carbonate. The alkenes used in this study were all commercially available. In
general, they were distilled from lithium aluminum hydride and stored under nitrogen prior to use. Tri-n-butylborane
was obtained from Callery Chemical Company, redistilled [bp 69-70° (5 mm)] and stored under nitrogen. Tri-sec-
butylborane [bp 70-71° (4.5 mm)] and triisobutylborane [bp 65-66° (5.5 mm)] were obtained in the usual manner
by hydroboration of the appropriate alkene with boraneTHF. The THF solvent was then distilled off under reduced
pressure and the tributylborane was isolated by vacuum distillation under a nitrogen atmosphere. The three isomeric
tributylboranes were all of > 99% purity by GC analysis and by oxidation to the butanols with alkaline hydrogen
peroxide. All other organoboranes were obtained in the usual manner via hydroboration and were used directly as
obtained following removal of THF by distillation. The majority of THF was removed by distillation at
atmospheric pressure with the final traces being removed at reduced pressure. The organoboranes were always
handled under nitrogen with careful exclusion of oxygen.

e. The procedure thst is described here for
the brommauon of tri- n-butylborane in catbon tetrach]ondc was used in general for the study of all three isomeric
tributylboranes in the solvents, carbon tetrachloride, cyclohexane.m methylene chloride and THF. A dry, 50-mL
flask equipped with a septum inlet, magnetic stirrer, 20-25°C water bath and a gas outlet tube was flushed with
nitrogen and connected to a gas bubbler containing a known amount of standard aqueous sodium hydroxide solution.
The reaction flask was charged with 20 mL of dry carbon tetrachloride and 2.42 mL (10 mmol) of tri-a-butylborane.
After completely covering the reaction flask with two layers of aluminum foil, bromine (0.5 mL, 10 mmol) was
added through the septum inlet at a fast rate (~ 30 sec) using an all-glass syringe equipped with a Teflon needle.
Following a given time interval (5 min, 30 min, 1 hand 8 h, i.e,, a total of 5 separate reactions run), cyclohexene
(2 mL, ~ 20 mmol) was added to destroy any unreacted bromine and to react with any hydrogen bromide dissolved in
the reaction mixture. Two internal standards, such as n-nonane and n-decane (Phillips, 99 mol %), were then added
and the reaction mixture was analyzed directly on a Hewlett-Packard Model 5750 gas chromatograph equipped with a
5 ft x 1/4 in column of Dow 710, 10% on AW/DMCS Chromosorb W. The sodium hydroxide remaining in the
trap was titrated with a standard potassium acid phthalate solution to determine the amount of hydrogen bromide lost
from the reaction vessel. The results of this study are summarized in Table 1.

Dayk Reaction of Bromine with Tri-sec-butviborane in Methylene Chloride. The experimental procedure described
here for the bromination of tri-sec-butylborane is representative of the general method used in the study of the
preparation of alkyl bromides via the dark reaction of bromine with trialkylboranes in methylene chloride. A dry,
50-mL flask equipped with a septum inlet, gas outlet tube with stopcock, magnetic stirrer and 20-25°C water bath
was flushed with nitrogen and charged with 20 mL of dry methylene chloride and 2.35 mL (10 mmol) of tri-sec-
butylborane. After the outlet tube stopcock was closed, the reaction system was covered completely with two layers
of aluminum foil. Bromine (0.55 mL, 11 mmol) was then added as described in the previous experiment and the

reaction was allowed to stir for 24 h at 20-25°C. Following the addition of 1 mL of cyclohexene and 1 mL each of
n-nonane and n-decane (internal standards), direct GC analysis of the clear, colorless reaction mixture showed the
presence of 8.8 mmol (88%) of 2-bromobutane. The results obtained when the above procedure was applied to
various representative trialkylboranes are summarized in Table §.

Qh]sm Two separate dark reactions were run at 20-25°C using 0 5 mL (10 mmol) of bromine and 2. 35 mL (10
mmol) of tri-sec-butylborane in 20 mL of carbon tetrachloride. The general procedure followed was exactly the same
as described above for the dark reaction of bromine with tri-n-butylborane in carbon tetrachloride. After each reaction
had stirred for 1 h at 20-25°C in the dark, cyclohexene (2 mL) was added to reaction A and methylene chloride (20
mL) was added to reaction B. Two internal standards were added to reaction A and direct GC analysis showed that
2.0 mmol of tri-sec-butylborane and 1.7 mmol of bromine remained unreacted, while 1.5 mmol of 2-bromobutane
and 5.4 mmol of hydrogen bromide were formed. Reaction B was allowed to stir for 7 additional hours. At that
time, cyclohexene and the internal standards were added. Direct GC analysis showed that only trace amounts of tri-
sec-butylborane, bromine, and hdyrogen bromide remained in solution. However, the yield of 2-bromobutane had
increased to 8.5 mmol.

. A 100-mL flask

was equxpped with 2 septum inlet (septum mlel A). Dcwar condenscr. magneuc stirrer and 20—25°C water bath. The
Dewar condenser was equipped with a gas outlet tube with stopcock (stiopcock A} and connected to a gas bubbler
containing 25 mL of & 0.488 M aqueous solution of sodium hydroxide. A septum inlet (septum inlet B) was placed
in the line immediately after stopcock A and a by-pass tube equipped with a 2-way stopcock (stopcock B) was placed
around the gas bubbler. The entire apparatus was then connected through a 3-way stopcock (stopcock C) to a
mercury bubbler and & water aspirator. With stopcocks A and B open and with stopcock C turned to the mercury
bubbler, the reaction apparatus was flamed and flushed with nitrogen. Tri-a-butylborane (2.42 mL., 10 mmol) and
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methylene chioride (20 mL) were then added 1o the reaction flask viz septum inlet A and the Dewar condenser was
charged with Dry Ice-acetone. At this point, the entire reaction apparatus up to stopcock A was covered with two
layers of aluminum foil. The blank experiment was run first. After closing stopcock B, bromine (0.5 mL, 10
mmol) was added rapidly to the reaction flask via septum inlet A. The reaction mixture was then stirred for 1 h at
20-259C. After closing stopcock A, cyclohexene (2 mL) was added through septum inlet A, The reaction was

stirred and shaken for 5 min and the internal standards were added. Analysis of the reaction mixture by GC showed
that 5.0 mmol of 1-bromobutane, 1.2 mmol of 2-bromobutane and 0.8 mmol of hydrogen bromide had been
formed. Nitrogen was flushed through septum inlet B and titration of the sodium hydroxide solution with
potassium acid phthalate showed that no hydrogen bromide had been lost from the reaction vessel. The above

reaction was then repeated under reduced pressure. The apparatus was assembled, charged with methylene chloride
and tri-n-butylborane and covered with aluminum foil, as described above. Stopcocks A and B were opened and 3-
way stopcock C was tumed to the water aspirator by-passing the mercury bubbler. The reaction mixture was then
magnetically stirred in & 25°C water bath as & pressure of 130 mm was established. It was previously found that at
130 mm the bp of methylene chloride is less than 25°C. Consequently, the Dry Ice-acetone condenser was
necessary to keep the methylene chloride and bromine from being lost. Stopcock B was then closed and the

bromine (0.5 mL, 10 mmol) was added rapidly through septum inlet A, After 1 h, stopcocks A and C were closed,
stopcock B was opened, and nitrogen was added through septum inlets A and B to return the reaction apparatus to
atmospheric pressure. Cyclohexene was then added immediately to the reaction flask, followed by the internal

standards. After 5 min stirring, the reaction mixture was analyzed directly by GC, which showed that only 1.5
mmol of 1-bromobutane and no detectable amount of 2-bromobutane had been formed. However, the reaction
mixture did contain 3.1 mmol of hydrogen bromide and titration of the base remaining in the gas bubbler showed
that 5.7 mmol of hydrogen bromide had been trapped in the aqueous sodium hydroxide. Therefore, by the simple
application of a partial vacuum, the yield of butyl bromide decreased from 62% to 15% and the total yield of
hydrogen bromide increased from 8% to 88%.

ark _Reaction o mine with Tri-sec-buty! i etrachloride Followed idation. A dry, 100-

mL flask equipped with a septum inlet, reflux condenser, magnetic stirrer and 20-25°C water bath was flushed with
nitrogen and then maintained under s positive nitrogen pressure. The reaction flask was charged with 20 mL of dry
carbon tetrachloride and 2.35 mL (10 mmol) of tri-sec-butylborane. Alter completely covering the reaction apparatus
with two layers of aluminum foil, bromine (0.5 mL, 10 mmol) was added and the reaction was allowed to stir for 30
min. Water (5 mL) was then added, followed by 10 mL of a 3-M- aqueous sodium hydroxide solution. After 5 min
stirring, the aluminum foil was removed and 10 mL of 30% hydrogen peroxide was added dropwise with cooling.
The reaction mixture was then heated to 50°C for 3 h to ensure complete oxidation. Upon cooling to room

tremperature, the lower organic layer was removed and the aqueous layer was extracted with pentane (1 x 50 mL).
The combined organic layers were then dried over anhydrous potassium carbonate and analyzed by GCon a6 fi x 1/4
in column of Carbowax 20M - 1% Armax 18D, 15% on AW/DMCS Chromosorb W, using 2-octanol as the

internal standard. The GC analysis indicated that 3.2 mmol of 3.4-dimethyl-3-hexm0127 had been produced.

Dark Reaction of Bromine with B-(4-Methyl-2-penty]}-9-borabicyclol3.3. 1inonane. The following procedure for the
conversion of 4-methyl-2-pentene into 2-bromo-4-methylpentane is representative of the general method used for the
dark reaction of bromine with B-alkyl-9-BBN compounds in methylene chloride. A dry, 500-ml flask equipped with
a septum inlet, reflux condenser, gas outlet tube with stopcock and magnetic stirrer was flushed with nitrogen and
then maintained under a positive nitrogen pressure. The flask was charged with 190 mL of a 0.57 M solution of 9-
BBN (108 mmol of hydride) in THF. 4-Methyl-2-pentene (12.5 mL, 100 mmol) was added and the solution was
heated to reflux and maintained at reflux for 1 h.28 The THF was then removed via reduced pressure and replaced

with 100 mL of methylene chloride. The solution was cooled to (0°C and the outlet tube stopcock was closed.

After covering the entire reaction flask with aluminum foil, bromine (5.6 mL, 110 mmol) was added through the
septum inlet over a period of 1 min using an all-glass syringe equipped with a Teflon needle. The reaction was then
allowed to stir for 30 min at 0°C, followed by 1 h at 25°C. Following removal of the aluminum foil and venting

the flask (HBr gas) to a trap containing alkali, the B-bromo-9-BBN and any excess bromine was destroyed by the
dropwise addition of 75 mL of 3 M aqueous sodium hydroxide at 0°C. After 15 min stirring, the lower organic

layer was removed, dried over anhydrous potassium carbonate, and filtered throgh Celite. Following removal of the
methylene chloride on s rotary evaporator, vacuum distillation gave 12.2 g (74%) of 2-bromo-4-methylpentane, bp
58-60° (54 mm), n2!D 1.4415 [1it. 29 n24D 1.4406].

Co itive Brominatio - -9-BBN and . A dry, 50-mL flask equipped with magnetic
stirrer and septum inlet was flushed with nitrogen and charged with 2 mmol (0.36 mL) of B-isopropyl-9-BBN, 2
mmol {0.29 mL) of isopropylbenzene, 2 mmol (0.21 mL) of cyclohexane, 5 mL of methylene chloride and 5 mL of

water. The mixture was cooled to 0°C and the relative ratios of B-isopropyl-9-BBN and isopropylbenzene to
cyclohexane were measured on a clean SE-30 column. Three determinations were within 1.5% agreement for each

compound. Then, 0.4 mmol (20 uL) of bromine was added all at once and instantly was decolorized. The relative
ratios were then redetermined three times via GC and remained constant (+ 1.5%) with time. Using the general

cquanon, 0 the B- mopmpyl-9 BBN was 5.5 1 0.2 more reactive than isopropylbenzene. No cyclohexylbromide nor
cyclohexanol was observed via GC. The 2-bromo-2-phenylpropane, which should have been produced, was found as

2-phenyl-2-propanol. In control experiments, B-isopropyl-9-BBN-cyclohexane ratio was unchanged by treatment

with water or aqueous hydrogen bromide at 0°C for 1 h. When the competitive bromination experiment was
repeated with no water present, using nitrogen to sweep out hydrogen bromide, the relative reactivity was 5.8.
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