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m - The reaction of the three isomcric tributylborcnes (tri-n-butyl, triisobutyl and tri-set-butyl) 
with bromine in the dark gives rise to both butyl bromide and hydrogen bromide when carbon 
tctrachloridc is used as a solvent. The rate of disappcarancc of the boranc and bromine arc 
essentially equal and dcercascs in the order set-butyl > n-butyl > isobutyl. However, the 
corresponding butyl bromide appears at a much slower rate and the formation of hydrogen bromide is 
quite mpid during the initial stages of the reaction. The amount of hydrogen bromide produced in the 
reaction rcrchcs 8 peak in 1 h and then dcercascs with time. Similar results are obtained in 
cyclohexanc. In methylcnc chloride, the rate of initial disappearance of bromine and rributylboranc 
compares closcIy to the results obtained in carbon tctraehloridc and cyclohexane. However, butyl 
bromide is formed with essentially the same rate as the rate of disappearance of the boranc. 
Moreover, hydrogen bromide is formed in only minor amounts and the yields of alkyl bromides arc 
high. fn te~y~f~~ tri-n-butylborane and ~-~~-bu~l~c react at a rate similar to the rate 
similar to the rate of formation of the eorrcsponding bromobutrmcs. This reaction is proposed to 
involve a slow, direct clcctrophilic attack of bromine, or its complex with THF, on tributylborane. 
Whereas in carbon tetrachforide, cyctohexanc nnd mcthylcnc chloride, a fast, initially free-radical 
nomination, followed by a slow cleavage of the resulting a-~rn~rg~~~e with hydrogen 
bromide. takes place. Evidence supporting this mcehanism is given. Competitive bromination 
studies reveal that the a-hydrogen in trialkylboranu is highly reactive toward free-radical 
~m~ation in the dark reaction. As an important synthetic application of this new reaction, the 
pmparation of alkyl bromides is pre3cnted. 

In general, org~ome~llic compounds react with halogens with great ease to form the currcsponding halides5 

Consequently, the apptucnt sluggishness in the reaction of orgenoborancs with halogens, such as iodin&*‘l or 

bromine,g9 constitutes a unique characteristic. Accordingly, we undertook a detailed study of the reaction of 

organoboritncs with bromine with an aim to finding a simple means of facilitating the reaction, thereby achieving a 

convenient new synthesis of organic bromides from alkcncs via hydroboration. The base-induced bromination of 

organoboranes provides rt convenient synthesis of primary alkyl bromides from terminal alken& (eq 1). 
THF, G%I 

(RCH$H2)38 + 3Br2 + 3NaGCH3 ~-b 3Ra$gi@r + 3NaBr + B(ofl(3)3 (1) 

However. in view of the unusual invasion of configuration in this reacti0n.l it was felt necessary to examine in 

detail the reaction of bromine with trialky1borane.s in the abscnee of base. The simplest possible reaction conditions 
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were chosen for this rtudy. Thus. the brominations were carried out in the absence of added electrophile or 

nucleophllc in various rolvenbr that are inert to btomine and in the dark in order to minimize any radical reactions. 

RESULTS AND DISCUSSION 

v. Three borneric tributylborana (10 mmol) (n-butyl. see-butyl. isobutyl) in 20 mL of carbon 

tetrachloride were treated in the dark at 25°C with 10 mm01 of bromine. At the end of appropriate intcrvdls of time, 

cyclohcxcne (20 nunol) wu added to convert the residual bromine into 1,2~dibmmocyclohexae. An internal 

standard (1 mL of a hydrocarbon) wu added and the reaction mixture was uralyxed 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 resulta are summarized in Table 1 and those obtained for tri-sec- 

butylborane are ilhnttmted in Figure 1. 
Tabla 1. The dark reaction of bmmlne with tributylboranu in carbon 
tetm&nid# 

?I-btltyl 

seebutyi 

isoburyl 

Tributylborsns Time RjB, Br$ RRr,= H&P HBr? 
mitt mm01 mm01 mm01 mm01 mm01 

5 8.4 6.9 0.4 3.3 

30 5.2 5.4 0.7 60 3.1 4.4 0.9 ;t 
480 1.2 4.1 1.9 1.4 

5 6.1 6.6 
ze 

1.4 2.2 
30 2.2 1.6 5.3 2.0 
60 2.0 1.7 1.5 4.4 1.0 

240 0.3 0.4 2.3 1.9 1.2 
480 2.8 0.5 1.8 

5 10.0 9.8 1.2 
30 10.0 9.6 hre 1.4 
60 10.0 

;il 
hats 

480 8.2 :*: 
24 h 6.9 7.1 a: 0:7 

uBromine (10 mmol) diowed to relet in 20 mL of Ccl4 with 10 mm t* ?ln dut Mka d *Ic*ht’~ (to tit v+Ih bWnlm (IO mIndI II ID nl darboll CttnJlM till 
mm01 of RjB for time indicatul at 20-25oC. Exeur cyclohexene that o lrtt ‘*‘@‘t Onroot “W v**-- 

added snd reaction mixture snalyxed by GC!. bAnalysis by GC via 1,2- 
dibromocyclohexans. CCorresponding butyl bromide from the 
tributylborane. dAnalysir by GC vlo bmmocyclohexute. CAmount 
trapped in glu bubbler amtaininlt ~qwout sodhun hydroxide. 

As is rqrpurent from Table 1, the rate of reaction of bromine with organobormu ia in the order tri-set-butyl > tri-n- 

butyl> ~~60~~1. For a given ryttem, the bromine and ~ibutyl~r~e disappear at essentially the same rate, but 

the conesponding butyl bromide appear at a much slower rate. Also, hydrogen bromide is formed rapidly, followed 

by 8 slower disappearance. In rll cases, the amount of hydrogen bromide present in the reaction mixture reaches a 

peak during the first hour of the reaction and then decreases whh time; These raults are clearly incompatible with a 

mechanism involving the diiect ~ptore of cubon-boron bond by bromine. On the contrary, they require that the 

initially fast reaction of bromine with organoborane to produce an intermediata and hydrogen bromide should be 

followed by a slow step to produce elkyl bromide. 

Solent Since the bsomination of trialkylboranes in carbon tetrachloride follows an unexpected course, this V 

reaction was examined in more detail. By following esscntialty the same procedure, lo ~~~~n was carried out 

in cyclohexane, a hydrocarbon solvent. The resulti (Table 2) are essentially the same as those obtained with carbon 

tetrachforide as the solvent. However, ~om~yclohex~c was never observed in any moxe than a trace amount, 

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

2775 

Tr~bUtyl~~ Time,, R3B B& RBr$ HBr$ HBf 
mill mmol mmol mm01 mmoz XlUllOl 

n-MyI 
& 

7.1 7.6 trYKc 1.7 
4.6 30 0.1 

:: 
3.5 :“o ::: 1’8 0.1 
1.0 1:s 1:3 1:5 

SdYUt$ 5 6.6 6.3 trsce 2.7 0.4 
30 2.7 2.5 0.5 4.3 0.5 
60 1.9 1.6 0.5 4.4 0.6 

480 trace 1.3 2.6 1.4 

aBromine (10 mmol) allowed to reac& in 20 mL of cyclohexanc with IO mm01 of R3B for the 

time indicated, at 2Q-25%. Excess cyclopentene then added and the reaction mixture anaiyzcd 
by GC. *Analysis by GC via 12-dibxomocyclopents. cCorrespondiig butyl bromide from 
the tributylborrmc. d&talysis by GC! via ~rn~yclo~~~e. eAmount trapped in gas bubbler 
containing aqueous sodium hydroxide. 

Brom~ation in methylene chloride proved to be si~j~c~tly different. In this solvent, butyl bromide: appears in 

the reaction medium at the same rate as the disappearance of bromine and or8anoborane. Only minor amounts of 

hydrogen bromide were observed. Moreover, the yields of butyl bromide were relatively high, suggesting that one 

mole of organoborane reacted with one mole of bromine to prcxtuce one mote of alkyl bromide (Table 3). 

Table 3. The dark reaction of bromine with tributylborana in methykme chloridea 

Tributylboranc Time, R3B. Brzp RBr,C H&P HBr? 

min mm01 mmoi mmul mm01 mm01 

n-butyl 5 7.0 5.1 l.l(0,6$ 1.1 
30 3.3 2.9 4.2(1.0) 1.3 
60 3.3 3.3 SA( 1.2) 0.6 

480 1.2 1.2 6.4(1.2) trace 
XC-butyl S 6.6 6.7 3.1 0.5 0.1 

30 1.4 1.9 1.0 0.1 
60 0.6 1.6 

4-4” 

480 0.7 7:4 
OA 0.1 
0.1 0.1 

nBromine (10 mmol) allowed to react in 20 m?. of medtylene chloride with 10 mm01 of R33 for 

time indicated at 20-2!%. Excess cyclohexane then added and reaction mixture analyzed by Oc. 
%ee corresponding footnotes in Table 1. &mount of 2-bmmobutane given in parentheses. 

Although these results are consistent with a direct reaction of bromine with the organoborsne to rupture the 

carbon-carbon bond (eq 2), the mtes of disappearance of bromine and tributylboranes are essentially the same as in 

R3B + Br2 
CHZCla* 

25oc 
+ RBr+R$Xk (2) 

cyclohexane or carbon tetrachloride.f 1 Consequently, the rest&s are best interpreted as involving the same initial 

step in these three solvents, with me~y~ene chloride evidently accelerating the second step in which the a- 

bromoborane intermediate reacts with hydrogen bromide. Since the h~~r~~on reaction is commonly carried out 

in edler solvents such as t~~~y~f~~ (THF), the reaction of bromine with tri-n-butyl and tri-set-butylborane was 

examined using THF as the solvent in order to develop a one-pot synthuis of alkyl bromides. 

The dark reaction of bromine with boranes in THF was followed with time by adding an alkene at appropriate 

intent& of time and then analyzing for any butyl bromide formed and for the amount of unreacted trialkylboranc. 
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Unfo~nately, THF interfered with the ma&m of bromine with alkene. 7hcrcforq an accurate analysis of bromine 

was not possible. Table 4 summarizes thcsc results. The ma&m in THF apparently pmcccds by a diicrent 

Table 4. The dark reaction of bromine with tributylborancs in tctrahydn&rran= 

TributylbolanC Time, R3B. 1-Bmmobutane Bmmotutanc 
mm tlUllO1 YlUilOl lNllO1 

n-butyl 5 10.0 
30 10.0 trace 

g 
8.4 

::;5 
traec 

6.6 0.3 

=-buzyI 5 9.7 traa 
30 8.9 0.7 

4:: 
9.0 
6.2 ::: 

uBrominc (10 mmol) allowed to react in 20 mL of THF with 10 nun01 of R3B for time indicated at ZO- 

2.5OC. Excess cyclohcxane then added and reaction mixture analyrcd directly by GC. 

pathway than those in carbon tetraohloride, cyclohexanc or mcthylcne chloride In THF. the rate of disappearance of 

~ibutyl~r~c corresponds very closcIy to the rate of formation of butyl bromide. Also, the rate of reaction. as 

measured by the disappcarancc of organoborancs, is markedly slower in THF. One can easily set this pronounced 

solvent effect by noting that the reaction half-lives for both tri-n-butyl- and tri-set-butylboranc in either carbon 

tetrachloridc or cyclohcxanc are s 30 miu, while in THF, they arc both > 8 h. Furthermore, the rates of 

disappcamncc of tri-n-butylborane and tri-see-butylboranc were essentially equal in THF sotvcnt. The low reactivity 

of bromine with trialkylboranes in THF, as compared to those in inert solvents, such as cyclohcxanc. carbon 

tetrachloride and mcthylent chloride, apparently results from its strong complcxation with THF. 

Table 5. The dark rcaotion of bmminc with trialky1borancs in methylene chloride solventa 

Trialkylboranc from Alkcnc Prcduct Yield,b % 

1-butene 

2-tnrtene 

iSOb?itylrneC 

lirtene 

24,4-trimethyl- -pcntcnc 

cyclopen~ 
oycbhcxac 
norbumcnc 

I-bromolnSatlc 
2-bmmohutanc 
2&omobutane 

isobutyl bromide 
I-bmmooetanc 
2-lxomoootanc 
noctanc 
I-txomo-2,4,4-trimcthylpcntanc 
bromocyclopcntane 
bmmocycIohexanc 
ao-tnomonorbomane 

80 
11 
88 

85 
63 
12 
21 
82 

: 
88 

uRcactions were allowed to proceed for 24 h at - 2S°C in a closed system using a 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 (cq 2). CAftcr 48 h at - 25OC. dThc absence of the cndo isomer was indicated by CC 
analysis (< 1%). 

It is felt that the ~rn~a~on reaction in THF does not involve a prior bromination of the triaRcylboranc with the 

formation of hydro8en bromide. Instead, the reaction is assumed to pmoecd through a slow direct clcctmphilic attack 

of bromine or its THF complex on boron-carbon bond to pmvide the correspondiig alkyl bromides. This reaction 

was not studied any further. 

&t&&Am. ’ * vof The tributylboranes react readily in the dark with bromine 

in mcthylcnc chloride solution to give the corresponding butyl bromide and dibutylboron bromide (cq 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 bnrmie with organoboranes in methylene chloride was 

applied to a series of representative trialkylborsnes. the results of which arc summarized in Table 5. 

The reaction is general and the yields an! moderate. Howcva. it suffers fkom the disadvantage of utilizing only one 

of the three alkyd groups in trh&yIborane. A number of new reactions of trialkylhoranu are limited in their 

synthetic utility for the same reason. I2 Thus, when a valuable a&me is to be convatcd 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 alkyd group is utilized effectivety. 

Bromination of Alkvl-9-~bicvclol3J,.llnonanq. Hydroboration of alkenes with 9-borabicyclo[3.3.lJnonane (9- 

BBN) provides B-alkyl-9-BBN compotmds.13 These derivatives show selectivity in the migration of the Balky1 

bonds in preference to the B-cyclooctyl bonds in a number of reactions.12 Therefore, rn~~~ utilization of the 

alkene is possible if such selectivity is exhibited in this reaction ln the base-induced bromination of B-alkyl-9-BBN 

derivatives, the selective migration of alkyl groups was reali~&~ Consequently, the dark reaction of bromine with 

B-alkyl-9-BBN derivatives in methylene chloride was investigated. Particularly. B-see-alkyl-9-BBN compounds, 

conveniently prepared vi0 hydrobmation of internal alkenu with 9-BBN, readily undergo the bmmination reaction to 

afford the corresponding alkyl bromides in high yields (Scheme 1). 

E4-l + RCHzCR2 __I_+ 

Br 

r + R&H-CHR’2+- 

Br 

ClW2 +HBr 

Scheme I 

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

Table 6. The dark resction of B-scc-alkyl-9-~r~~l~3.3.1 Jnonanes with bromine= 

E-Alkyl-9-BBN horn Alkene Product Yield,b % 

2butene 
2-methyl-2-butene 

2,3diiethyl-2butene 
4-methyl-2pentene 
cyck&exene 

?lOl.bOlll~ 

I-methylcycIopentene 

2-bromobutane 85 
2-~0-3-m~yl~~e 88 

2-bromo-2.3dimethylbutane fl 
2-lxomo4methylpentane 88 
bmmocyclohexane 84 

0ZT--erm?d 90 

1 -bromo-2-methylcyclopentan~ 80 

aReactions were allowed to proceed for 30 mitt at 0-5OC. then 1 h at 20-25OC in a closed system using a 

10% excess of bromine and methylene chloride as solvent. bBy GC analysis. The yiefds are based on the 

amount of starting alkenc Olhe all@ group does not contain an a-hydrogen; therefore. a-hromination 

cannot occur. he absence of the endo isomer was indicated by GC analysis (< 1%). eStereochemistry 
was nut established. 

This reaction provides a convenient procedure for the unM&rkovnikov hy~o~o~a~~ of internal alkenes and 

nicely complements the base-induced bramination rea~tion,~ which provides a procedure for the hydrobromination of 

terminal alkenes. 

. . . . 
m. The mechanism we wish to propose for the reactions in inert solvents involves a free- 
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radical c&&t tmmirmim at the a-p&ion of orgw&orane, a free-radical txtmimtin that proceeds rapidly. even in 

the dark (eqs 3-5).14 

Br2+R3B slow ) Br*+R2BBr+R+ (3) 

R$- (E - +Br. 

if 
14) 

~.$i- - + Br2 - t! R$-- -+Br* 
$f 

The remarkably high reactivity of organoborane toward att~k by bromineI is indicated by the observation that even 

the use of cyclohexane as a solvent results in i~ig~c~t diversion of bromine atoms to this possible reactant. A 

further evidence in support of the activation of ihe a-position by boron atom in organoboranes is given in a. later 

se&m. 

The precise nmm of the initistion step is uncertain, but may involve the attack of bromine on the o~~~r~ 

feq 3).l6 The hydrogen bromide produced in the substitution step cart then react prefcrentiatly with a- 

bromoorg~obor~e to form alkyl bromide (eq 6). or competitively with an alkyd group on the a- 

~orno~~~o~~ ‘lo afford an alkane (eq 7). 

I 
R$Ms- + HBr -+ t: 

Br 

R2BBr+H- - 

Br 
(6) 

R-E 
/ 

+Hf3r -----W RH +Br-B 
/ 

\ \ 

This mechanism is capable of accounting for aIf of the available experimental observations. 

In inert solvent, the rate of fess of brominu decreases in the order: sect-butyl 3 n-btttyi > isobutyf. This is 

consistent with the greater reactivity of a tertiary hydrogat. as compared to a sec~dary hydrogen, towards abstraction 

by a free-radical. In carbon tetmchloride and cyclohexane solvents, considerable hydrogen bromide was formed in the 

reaction mixtune in the initial stages of the reaction. This hydrogen bromide disappeared as the butyl bromide 

appeared, indicating that the a-brom’mation is occurring at a much faster rate than the subsequent cleavage of the 

u-~ornoor~~o~~e by hydrogen bromide. In methyiene chkxide, however, the cleavage reaction must be greatly 

faci&ated. 

Indeed, the addition of methylent &bride TO a reaction mixture from bromine and tri-see-butylborane in carbon 

tetrachloride at a time when most of the bmmine had reacted, but little see-botyl bromide had appeared, resulted in a 

rapid increase in the formation of JCC-butyl bromide with a correspondimg decrease in the amount of hydrogen bromide 

present ia the reaction mixture. For example, in the reaction of bromine (10 mmol) with tri-set-butylborane (10 

mmol) in car&m tetrachloride, 1 .S mm01 of 2-~rno~t~e and 5.4 mmof of hydrogen bromide was formed in 1 h, 

while 2.0 mm01 of borane and 1.7 mmoi of bromine remained unreacted. This reaction was repeated and methylene 

chloride (20 ml.,) was added after I h After 7 h the reaction was quenched with cyclohexene. The results show that 

only a trace of bromine and borane remained. while 115 mm01 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 cotresponding increase in the amotmt of hydrogen bromide trapped in the gas 

bubbler containing 4ueous sodium hydroxide. For example, when bromine (10 mmol) was allowed to react for 1 h 

in the dark with 10 mmot of ~-n-bu~l~r~e in 20 mL of methylene chloride at atmospheric pressum. there was 

present in the reaction mixture 6.1 mmol of bromobutane and 0.8 mmol of hydrogen bmmide. However, when the 

reaction was repeated under exactly the same conditions, except for a partial vacuum of 130 mm of mercury, the yield 

of bromobutane decreased to 1.5 mm01 and the total amount of hydrogen bromide increased to 8.8 mmolt The 

results for a similar experiment using tri-see-butylborane were not quite as striking, but still the yield of 2- 

bromobutane decmaacd and the yield of hydrogen bromide &eased when the reaction was run under reduced pressure. 

Thus, even in the metbylene 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 a-~orno~ldi~l~~ to produce an a&y1 bromide. Consequently, the formation 

of afkyl bromides in the dark reaction of bromine with trialkyfboranes must be due in part, if not entirely, to 

cleavage of an a-bromoorganoborane intermediate by hydrogen bromide. 

The dark reaction of bromine with thexyldi-n-octylborane provides only l-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. 

H- &- C&7)2 + B r 2 
cH$$* ow 

datr 
-t-t 

w C&7) +“-C&7f3r 

Br 
0 

Finally, the most convincing evidence for the formation of an a-~rn~rgMo~e during the dark reaction of 

bromine with trialkylboranes was obtained through a study of the producta formed upon alkaline hydrogen peroxide 

oxidation. a-HaloalkyltriaIkylborates (1) have been postulated as intermediates in the reaction of trialkylborancs 

with a-haIocarbanions* 7 (eq 9). 

R 

R3B + CHY ~-w 

d 
I I 

RjB-F - d R$&HY t X’ 

X 
0 

I 
Y = -CoOR. -COR, or -CN X=BrorCl 

The intermediate I was then thought to undergo a rapid rearrangement of an alkyt group horn boron to carbon with 

loss of the halide ion.18-2o One would expect a similar type of rearrangement to occur if an a-bromoorganoborane 

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

R 

R-h- c! 

$7 +OH- - 

&f- + Br _ 

Consequently, the reaction mixture from the bmmhration of tri-XC-butylborane in carbon tetrachloride after 30 min 

was treated with aqueous sodium hydroxidc2f Alkaline hydrogen peroxide oxidation that gave a 32% yield of 3& 

d~e~yl-3-~x~ol, the product anticipated for the transfer of a set-butyl group from boron to the a-carbon position 

(Scheme 2). 
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Scheme 2 

The results obtained for the dark reaction of bromine with tri-n-butyl and tri-set-butyl and triisobutylborane 

indicate that the reaction is extremely depemlent 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 

OlgtUlObO~CS. 

The B-alkyl-9-BBN daivntives 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 hydtogens because the 

2 

resulting a-born 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 I&-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 rn~~urn interaction. 

RemarI&le Selective W ttv of a-w ‘V’ c ihe high yields (- 909k) of alkyl bromides realized 

in the bromination of B-see-alkyl3-BBN derivatives (Iable 6) suggest that the a-position of the alkyl group is 

exceptionally activated to achieve such a selective substitution at this position. 21*15 Thii conclusion has been 

tested by examining the competitive btomination of B-isopropyl8-BBN and cumate. Treatment of an equimolar 

solution of E-i-Pr-9-BBN (3). curnate (4) and cyclohexane in methylene chloride with bromine at O°C revealed that 

the relative reactivity of 3:4 is 5.5, as shown by the CC 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 stabiliiion of the bee-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 a-positions (bridgehead) of 9-BBN moiety is apparently much less facile, because in these positions, the odd 

electron woufd occupy an orbital which is orthogonal to the vacant p-orbital on boron. In fact, 2-bromo-2propyl-9- 
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&emoc~. The bmncnabotmm obtained via the dark reaction of bromine with either tri-CXQ-norbornylbor 

or ~-~~nur~yl-~-~BN is boy (> 99%) exe. This is intvti as indioating that bromine am&is the 

~-~rnn~~yi free-radicaI (6) from the stericaby leas hindered side (exe) to give a-ao-bromoborane (7). The 

Scheme 3 

subsequent hydrog~ bromide cleavage tbtn proceeds with clean retention of ~~~gur8~o~ to produce 

stemochrmically pure exe- -8ne (Schema 3). 

Irrcspectivc of the pt~isc reasons for the clean r8tention of configur8tion, the dark n8ctian of bomine with B-,rcc- 

alkyl-9-BBN shoufd find numerous synthetic applications: because the reaction proceeds under extremely mild 

conditions. 23 

~~~Ug~~Ng 

Undoubtedly, the reaction of bromine with tri8lkylboranes involves, as the fit step, a f8cile a-bromination of the 

organoborant when the reaction is carried out in an inert solvent, such a8 carbon tetrachloridt, cyclohexane, or 

metfiylene chloride. This proposed free-radical chain static occurs readily, even in the dark at room 

temperature, to produce an a-~~l~~l~~ and hydrogen bromide. Apparently, the hydrogen bromide 

then reacts slowly with the a-bromoorg8noborane to give the alkyl bromide #IS dialkylboron bromide. To explain 

the result8 observed in methylare chloride. it was assumed that the HBr cleavage reaction is greatfy facilitated in this 

8OlVelu. 

The dark ma&on in mcthylene &fori& appear& to be syntketicafly useful and was ujed in the development of a 

highly convenient, new procedure for the unti-Mnarkovnikov hydrobromimttion of internal alkmas. This new 

synthesis of MC-aIky1 bmmidcs nicely complcmmur the method reported in the previous paper.* which provides 8 

highly convenient procedure for the overall ~i-M~~~ov hy~~m~tion of terminal olefins. 

A number of intere8ting possibilities for further study have come about 88 a result of this investigation. The 

remarkably facile rearrangement of ~-~m~rg~o~r~es appeared to have enormous implications for the 

formation of carbon-carbon bonds and the synthesis of carbon S~N~SWZS. Consequently, a new and convenient 

method for the synthcais of highly branched tertiary alcohols was dcvefoped.24 Equally impntant is the implication 

that possiblly ~-~~rg~~~~ may now be prepwed, isofited and studied.2s Eventm&y, a whole series of 

new and important synthetic renctions may be discovaed for the a-bromoorgar&oranes.~ which could presumably 

make them one of the most important synthetic intemxdiates of the dnady highly useful organoboranes. 
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EXP~~~AL SECTION 

Cfenersl. The purifKation of the hydroburation solvmts. the preparation and standardization of the 

borane*THF and 9-BBNTHF soIutions and the GC analysis procedure are described e1~ewhere.l~ Carbon 
tetrachloride was distilled prior to use; cyclohexane was allowed to stir for at least 24 h over atncentrated sulfuric 
acid, washed with water. dried over anhydrous potassium carbonate and distilled from a small amount of lithium 
aluminum hydride before using. The methylene chloride was also treated with concentrated sulfuric acid and then 
distilled fmm anhydrous Potassium carbonate. The aikacs used in this study were all commercially available. In 
general, they were disfilled from lithium aluminum hydride and stored under nitrogen prior to use. Tri-n-butylborane 
was obtained from Gallery Chemical Company, redistilled [bp 69-700 (5 mm)] and stored under nitmgm. Tri-scc- 
butylborane fbp 70-71° (4.5 mm)] and triisobutylborane [bp 65&O (5.5 mm)] were obtained in the usual manner 
by hydroboration of tha ap$m~priate aIkene with bomneTHF. The THF solvent was then distilled off under reduced 
pressure and the tributylborane was isolated by vwuum distillation under a nitrogen atmosphere. The three isomeric 
~bu~l~~ were all of > 99% purity by CC analysis and by oxidation to the butanols with alkaline hydrogen 
peroxide. AU other organoboranea were obtained in the usual manner u&z hydroboration and wen used directly as 
obtained following removal of THF by distillation. The majority of THF was removed by distillation at 
atmospheric pressure with the foal traces bemg removed at reduced pressure. The organoboranes were always 
handled under nitrogen with careful excltaion of oxygen. 

. . * 
Q. The procedure that is described here for 
the bmmination of tri-n-butylborane in carbon tetrachlori& was used in general for the study of all three isomeric 
tributylboranes in the solvents, carbon tetrachloride, cyclohexane,1° methylene chloride and THF. A dry, 50-mL 
flask quipped with a septum inlet, magnetic stirrer, 20-25OC 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 Bask was charged with 20 mt of dry carbon teeachloride and 242 mL (IO mmol) of tri-n-butylboranc. 
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 sac) using an all-glass syringe qui@ with a Teflon needle. 
Following a given time interval (5 min. 30 min, 1 h and 8 h. i.e., a total of 5 separate reactions run), cyclohexene 
(2 mL, - 20 mmol) was added to destroy any tmreacted 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 anal* directly on a Hewlett-Packard Model 5750 gas chromatograph quipped with a 
6 It x l/4 in column of Dow 710.10% on AW/DMCS Chromosorb W. The sodium hydroxide remaining in the 
trap was titrated with a standmd Potassium acid phhalate solution to determine the amount of hydrogen bromide lost 
from the reaction vessel. The results of this study are summarized in Table 1. 

. 
hectic 

. with Q&&Qtv~ ,n Methvlene c&2&_ ’ e. Tlte experimental pmcedure described 
here for the bromination of tri-set-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 quipped with a septum inlet, gas outlet tube with stopcock. magnetic stirrer and 20-25OC water bath 
was flushed with nitrogen and charged with 20 mL of dry methylene chloride and 2.35 mL (10 mmol) of tri-scc- 
butylborane. After the outlet tube stopcock was closed, the reaction system was covered complttely with two layers 
of ahtmimun foil. Bromine (0.55 mL, I1 mmol) was theu add& as described in the previous experiment and the 
reaction was allowed to stir for 24 h at 20-2Zi°C. Following the addition of 1 mL of cyclohexene and 1 mL each of 
n-nonane and ndecane (internal standards), direct CC analysis of the clear, colorless reaction mixture showed the 
presence of 8.8 mmol(88%) of 2-~mobu~e. The results obtained when the above procedure was applied to 
various representative trialkylboranes are summarized in Table 5. 

Park RW wah Tnridin FQUQ 
. . _ . ed bv thcvofm 

Q&g&. Two separate dark reactions were run at 20-Z°C using 0.5 mL (10 Gal) of bromine and 2.35 mL (10 
mmol) of tri-JCC-tmtylborane in 20 mL of carbun tetrachloride. The general pro&use followed was exactly the same 
as described above for the dark reaction of bomine with tri-n-hutylborane in carbcm tetrachloride. After each tea&m 
had stirred for 1 h at 20-2S°C in the dark. cyclohexmc (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-set-butylborane and 1.7 mm01 of bromine remained unrtacted. while 1.5 mm01 of 2-bmmobutane 
and 5.4 mm01 of hydrogen bromide were formed. Reaction B was allowed to stir for 7 additional hours. At that 
time, cyclohexme and the intemal standards were added. Direct GC analysis showed that only trace amounts of bi- 
set-butylborane, bromine, and hdymgen bromide remained in solution. However, the yield of 2-bromobutane had 
increased to 8.5 mmol. 

* . * Dark wi& Tri-n_butvlborane_ U A lOO-mL flask 

was quippad with a septum inlet (sew inlet A), Dewar condenser, magnetic stirrer and 20-25OC 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 a 0.488 M queous solution of sodium hydroxide. A septum inlet (septum inlet B) was placed 
in the line immediately after stopcock A and a by-pass tube quipped with a ‘t-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 bubbla and a 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-n-butylborane (2.42 mL. 10 mmol) and 
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methylenc chloride (20 mL) were then added to the reaction flask via 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 

20-25°C. After closing stopcock A, cyclohexenc (2 mL) was added through septum inlet A. The reaction was 
stined and shaken for 5 min and the internal standards wexe added. Analysis of the reaction mixture by GC showed 
that 5.0 mmol of l-b~rnobut~~~ 1.2 mmol of 2-b~mobut~e and 0.8 mmol of hydrogen bromide had been 
formed. Nitrogen was flushed through septum inlet B tend 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 redueed pressure. The apparatus was assembled, charged with mcthylenc chloride 
and tri-n-butylborane and covered with akin foil, as described above, Stopcocks A and B were opened and 3- 
way stopcock C was turned to the water aspirator by-passing the mercury bubbler. Tha reaction mixture was then 

magnetically stirred in a 25OC water bath as R pressum of 130 mm was established. It was previously found that at 

130 mm the bp of methylene chloride is less than 25oC. Consequ~tly, the Dry Ice-acetone condenser was 
necessary to keep the methylme chloride and bromine from being lost. Stopcock B wss 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 
atmospherjc 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 l-bromobutane and no detectable amount of 2bromobutane had been formed. However. the reaction 
mixture did contain 3.1 mm01 of hydrogen bromide ard titration of the base remaining in the gas bubbler showed 
thhet 5.7 nun01 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%. 

Dark Reaction of Bromine with Tri-see-butvlborane in Carbon Tetrachtoridc Followed bv Oxidation. A dry, IOO- 

mL flask equipped with a septum inlet, nflux condenser, magnetic stirrer and 20-250c water bath was flushed with 
nitrogen and then maintained under a positive nitrogen pressure. The reaction flask was charged with 20 mL of dry 
carbon tetmchloride md 2.35 mL (10 mmol) of tri-se-butylborane. After completely covering the reaction apparatus 
with two layers of aluminum foil, bromine (05 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 8 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 
tremperaturc. 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 tmbydrous potassium carbonate and analyxed by GC on a 6 ft x l/d 
in column of Carbowax 20M - 1% Armax f8D, 15% on AW/DMCS ~~omosorb W, using Z-octanol as the 

internal standard. The GC analysis indicated that 3.2 mm01 of 3.4-diiethyl-3-hexano127 had been produced. 

w’ __ . _ _ ” - x. The following procedure for the 
conversion of 4-methyl-2-pentenc into 2-~~o~-rne~yl~~ is representative of the general method used for the 
dark reaction of bromine with B-alkyl-9-BEN compounds in methylene chloride. A dry, SOO-mL flask equipped with 
a septum inlet. reflux condenser, gas outlet tube with stopcock and magnetic stirrer was flushed with nitrogen and 
then ma~ta~ed 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 refIux for 1 h. 28 The THF was then removed via reduced pressure and replaced 

with 100 mL of methylene chloride. The solution was cooted to O°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 m all-glass syringe equipped with a Teflon needle. The reaction was then 

allowed to stir for 30 min at O°C, followed by 1 h at 25’C. Following temovaf of the aluminum foil and venting 
the flask (HBr gas) to a trap containing alkali. the 8-bromo-9-BBN and any excess bromine was destroyed by the 

dropwise addition of 75 mL of 3 M aqueous sodium hydroxide at OOC. 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 a rotary evn rator, vacuum distillation gave 12.2 g (74%) of 2-~omo-4-mc~yl~t~e, bp 

58-60° (54 mm),n21D 1.4415 [lit. g n24D 1.4406]. r 

Comwtitive B~rn~a~on of w 9 B _ _ BN cmd 1~1~~~ . A dry, SO-mL flask Eguipped with magnetic 
stirrer and septum inlet was flushed with nitrogen and charged with 2 mmol(0.36 mL) of B-isopropyl-9-BBN. 2 
mm01 (0.29 mLf of isopropylbenzene. 2 mm01 (0.21 mL) of cyclohcxane, 5 mL of methylene chloride and 5 mL of 

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

compound. Then. 0.4 mm01 (20 RL) of bromine was added ail at once uui instantly was decolorized. The relative 
ratios were then redetermined three times vi0 GC and remained constant (* 1.5%) with time. Using the general 

equation,3o the B-isoptopyld-BBN was 5.5 f 0.2 more reactive than iaqnopylbenxene. No cyclohexylbromide nor 
cyclohexenol was observed via GC. The 2-bromo-2-phatylpmp which should have been produced, wm found as 

2-phenyl-2-propanol. In control experiments, B-iso~~l-9-BBNryclohexane ratio was unchanged by treatment 

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



2784 H. C. BROWK et 01 

Ackn l&m This study was greatly facilitated by the financial support provided by the National Institutes of 
Hcal$grant GM 10937) and the National Science Foundation @nt GP 27724X). 

REFERENCES AND NOTES 

1. For Part 10 in this scrica, see: H. C. Brown and C. F. Lane, the prceeding paper in this issue. 
2. Preliminary rcporta on portions of this work have appear& a) C. F. Lane and H. C. Brown, J. Am. Chem. 

Sue.. e2,7212, (1970). b) C. F. Lane and H. C. Brown, J. Orgurrome~. Chcm., 26, CSt, (1971). c) H. C. 
Brown and N. R. De Luc. J. Am. Chem. Sot., $& 311 (1974). 

3. Taken &om: a) C. F. Lane, Ph.D. Thesis, Purdue University, 1972. b) N. R. Dc Luc. Ph.D. Thesis. Purdue 
University, 1977. 

4. a) Graduate research assistant on grant GM 10937 from the National Institutes of Health. b) Graduate 
research assistant on grant GP-27742X from the National Scicnec Foundation 

5. G. E. Coata, M. L. H. Green and K. Wade, “Grganometallic Compounds,” Vol. I. “The Main Group 
Elements”; Mathuen and Co., Ltd.: London, 1967. 

6. L. H. Long and D. Dollimorc, J. Chcm. Sot., 3902. 3906 (1953). 
7. H. C. Brown, M. W. Rathkc and M. M. Rogic and N. R. Dc Luc, Tetr&edron, Grganoborancs for 

Synthesis.9., in this issue. 
8. J. R. Johnson, H. R. Snyder and M. G. Van Campcn, Jr., J. Am. Chem. Sot., $,Q, 115 (1938). 
9. See rcfercnees cited in 1. 
10. The only difference being when cyclohcxane was used as a solvent, cyclopcntene was added to destroy 

excess bromine. 
11. The observed half-lives for the disappearance of the trialkylboranea in either carbon tetraehloridc, 

cyclohexane or methylenc chloride were: set-BugB, < 0.1 h; n-Bu3B. - 0.5 h; ~uBu3B, > 8 h. 
12. H. C. Brown, G. W. Kramer, A. B. Levy and M. M. Midland, “Organic Synthesis via Boranes”; 

Wiley-Intcrscicnoe: New York, i975. 
13. H. C. Brown, E. F. Knights and C!. 0. Scoutcn. J. Am. Chem. Sot., 96.7765 (1974). 

14. The reaction with bromine is greatly facilitated by light?” 
15. Following completion of our work on the mcehanism of the reaction of bromine with trialkylboranes. 

the rapid gas-phase rcaetion of triethylboranc and bromine was reported. No detectable amount of 

ethyl bromide was formed and it was proposed that a free-radical a-bromination was occurring: J. Grotwald, 
E. A. Lissi and J. C. Scaniano. J. Orgatwme~. Chem.. .& 431 (1969). 

X6. The direct displacement of aikyl radicals from a trialkylboranc upon attack by an oxygen, nitrogen or 

sulfur free-radical is a wellcstablishcd reaction. Y* + R3B -> R2BY+ R*. 
For a review with pertinent references, s.ce: H. C. Brown and M. M. Midland, Angew. C/rem. Int. 

Ed. Engl., u. 692 (1972). 
17. H. C. Brown, M. M. Rogic, M. W. Rathlte and G. W. Kabalka, J. Am. Chem. foe., e(L 818 (1968). 

18. The facile migration of an alkyl substitucnt from boron to the a-carbon in an a-hetero substituted 

organoboranc was first rceognizcd by Pasta. l9 However, the first reported a&y1 group rc~~gern~t in 

an a-haloorganoborane was by Mattcaon. 20 

19. D. J. Past0 and J. L. Miestrl,l.Am. Cirem. SGC.,& 2118 (1963). 
20. D. S. Mattcson and R. W. Meh, J. Am. Ch. Sot., fi 2599 (1963). 

21. Activation of the a-position in boron dcrivativcs toward attack by bromine has been suggested by 
several authors: a) D. J. Pasto, J. Chow and S. K, Arora, Te:rahedran, a, 1557 (1969). 
b) D. S. Mattcson, J. Am. Ckm. Sot., && 4228 (1960). 

22. G. A. Russell and D. Dc Boer, 1. Am. Ckm. Sot., a,3136 (1963). 
23. The lxomination of 8-see-alkyl-9-BBN proacds fasta than that of the concspondiig tri-set-alkylborane. 
24. C. F. Lane and H. C. Brown, J. Am. Chem. Sot.. a 1025 (1971). H. C. Brown and C. F. 

Lane, Synfiusis, 303 (1972). 

25. a-Bromocthyldicthylboranwane has been prepared and eharactcrixed: H. C. Brown and Y. Yamamoto, 
J. Am. Chem. Sue., s. 2796 (1971). 

26. The a-bromination of trialkylboranes with other rcagcnts is also known. The light-induced reaction 

with ~mo~ehlor~c~~e or with ~-~mosu~~idc affords a-bromoboranes: H. C. Brown and 
Y. Yamamoto, C/rem. Commrur., 1535 (1971). Idem., Syntksir, 699 (1972). 

27. Smreture assigned by comparison with an authentic sample obtained from ChcmSampCo. Columbus. Ohio. 
28. Since it is d&able to avoid im excess of 9-BBN, more vigorous conditions were rtcecss~ry. 
29. C. G. Gvcrbcrgcr and A. V. Di Ginlio, J. Am. Ckm. Sac., 81. 1194 (1959). 
30. The general expression for relative resctivitits in competitive bromination studies is given below: 

kA/kB = log(AH/AHo)/(log(BH/BHo) what k& = relative reactivity of AH and BH; AH, BH = fura( 
eoneentrations of AH and BH; AHo. BH, = initial eonecntrations of AH0 and BHo. For details, see: W. 
Thaler, “Methods in Free Radical Chemistry,” E. S. Huyscr,, cd., Vol. 11, Chap..% Marecl Dckker Inc.: 
New York. 1970. 


