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J. M . MILLER 2 AN D M . ONYSZCHU K 
Inorganic Chemistry Laboratory, McGill University, Montreal, Quebec 

Received July 15 , 1963 

ABSTRACT 
Gas phas e displacemen t reaction s o f boro n trihalide s fro m thei r trimethylamineadduct s 

show tha t th e orde r o f accepto r powe r is : BBu >  BCI 3 >  BF 3 >  1/2(B2H6) . Thi s orde r 
agrees wit h recen t theoretica l calculation s an d dipol e moment , calorimetric , an d intrare d 
measurements o n boro n trihalid e complexe s wit h othe r referenc e bases . 

INTRODUCTION 

On th e basi s o f electronegativitie s an d steri c requirement s o f th e halogens , th e classi -
cally accepte d orde r o f accepto r powe r o f th e boro n trihalide s wa s BF 3 >  BCI 3 >  BBr a 
(1). Recen t work , however , ha s indicate d th e revers e orde r t o b e correct . Calorimetri c 
studies b y Brow n an d Holme s (1 ) on th e pyridin e complexe s o f boro n trihalide s i n nitro -
benzene solution first revealed the new order. This order was confirmed b y Bax , Katritzky , 
and Sutto n (2) , wh o measure d dipol e moment s o f boro n trihalid e an d boran e (BH3 ) 
adducts o f pyridin e an d trimethylamine . Lapper t (3) , usin g ethy l acetat e a s referenc e 
base an d takin g th e shif t o f th e carbony l stretchin g frequenc y i n th e infrare d a s a n 
indication o f donor-accepto r bon d strength , conclude d tha t BBr s i s a  stronge r accepto r 
than BCI3 . Simila r studie s b y Coo k (4 ) o n boro n trihalide-xanthon e complexe s als o 
confirm th e ne w order , a s do th e theoretica l calculation s o f Cotto n an d Let o (5) . 

The same order, i f correct, should be evident from a  study of the displacements o f boro n 
trihalides fro m thei r molecula r additio n compounds . Displacemen t reactions , althoug h 
complicated b y lattic e energ y an d volatilit y effects , ar e ofte n use d t o determin e quali -
tatively th e relativ e stabilit y o f a  serie s o f closel y relate d complexe s i n whic h lattic e 
energies do not vary significantly (6) . From suc h data th e relativ e accepto r strength s o f a 
series o f relate d Lewi s acid s ca n b e inferred . I n al l case s wher e thi s ha s bee n don e th e 
conclusions hav e no t ha d t o b e changed whe n quantitativ e dat a hav e subsequentl y bee n 
reported fo r ga s phas e dissociation o f th e sam e complexe s (6 ) 

Graham an d Ston e (7 ) usin g trimethylamin e a s referenc e bas e foun d n o displacemen t 
of BF 3 from (™3)3 N .BF3 by B.H e at 80 ° C. Dutto n et al. (8 ) reporte d tha t BCI 3 almost 
TT^TZfwT ' ^ - - (CH3)3N.BF3 a t 205 ° C, an d th e revers e reactio n wa s 
not detected . W e have no w extended thi s work b y investigating ga s phas e displacement s 
of BH3 , BF3, BCI3 , and BBr 3 from thei r trimethylamin e adducts . 

RESULTS AN D DISCUSSIO N 
It i s eviden t fro m th e result s summarize d i n Tabl e T  tha f n n i 1  •  •  , 

displaced BF 3 from (CH3)3N-BF , while th e r. . ' ^^^'"''^ ^ quantitativel y 
BBr3 displace d BC l an d BF7fro m t h t t̂^̂^̂^̂^̂^ ^ 
reaction occurre d t o a  negligibl e TxTent Al l h T . ^ ^ "^^^ ^ ^^ ^ ^^^^^^ ^ 

,^ , . ,  . . . . . ' " " ^^'^ ^ trihalide s displace d BH 3 fro m 
^This work was supported by a grant from Th^ n  /  r . 

Project D46-95 30.20). Presentedlt the 46th Confertu^^^^^^^ of Canada (Grant number 9530-20, 
June 6-8, 1963. ^ oj the Chemical InstUute of Canada, Toronto, Ontario, 

bolder of an N.R.C. Bursary, 1961-62, and N R r ^f ^ . 1 • 
^, ana i\.K.C. Studentships, 1962-64 

Canadian Journa l o f Chemistry . Volume 41 (1963) 2898 

BORON TRIHALIDES AND THE RELATIVE ACCEPTOR POWER OF 
BORANE TOW ARD TRIMETHYLAMINEI 

J. M. MILLER2 AND M. O~YS~CHUK 
lnorganic Chemistry Laboratory, McGill Un'tVerS'tty, Montreal, Quebec 

Received ] uly 15, 1963 

ABSTRACT 
. f b 'h rd from their trimethylamine adducts Gas phase displacement reactlOns a ~r~nB~l a; ~CI > BF > 1j2(B

2
H e). This arder 

:~~:es t~~h t~:c~~~e~h~~r:~i~i1t~~I!uï:ti~nl:. an? rJipole m~men t, • 'balorimetric, and infrared 
measurements on baron trihalide complexes wüh other reference ases. 

INTRODUCTION 

On the basis of electronegativities and steric requirements of the halogens, the classi-
cally accepted order of acceptor power of the boron trihalides was BF 3 > BCh ~ BB~a 
(1), Recent work, however, has indicated the reverse order to be corr~ct, ,Cal~nm~tnc 
studies by Brown and Holmes (1) on the pyridine complexes of boron trlhahdes ln ?ltro-
benzene solution first revealed the new order, This order was confirmed by Bax, Katntzky, 
and Sutton (2), who measured dipole moments of boron trihalide and borane (BHa) 
adducts of pyridine and trimethylamine, Lappert (3), using ethyl acetate as reference 
base and taking the shift of the carbonyl stretching frequency in the infrared as an 
indication of donor-acceptor bond strength, concluded that BBra is a stronger acceptor 
th an BCh, Similar studies by Cook (4) on boron trihalide-xanthone complexes also 
confirm the new order, as do the theoretical calculations of Cotton and Leto (5), 

The same order, if correct, should be evident from a study of the displacements of boron 
trihalides from their molecular addition compounds. Displacement reactions, although 
complicated by lattice energy and volatility effects, are often used to determine qua li-
tatively the relative stability of a series of closely related complexes in \vhich lattice 
energies do not vary significantly (6). From such data the relative acceptor strengths of a 
series of related Lewis acids can be inferred. In aIl cases where this has been done, the 
conclusions have not had to be changed when quantitative data have subsequently been 
reported for gas phase dissociation of the same complexes (6). 

Graham and Stone (7) using trimethylamine as reference base found no displacement 
of BF~ fr~m (C~3)3N ' BF3 by B2H 6 at 800 C. Dutton et al, (8) reported that BCh ahnost 
quantItatIvely dlsplaced BF 3 from (CH 3)3N . BF 3 at 205 0 C, and the reverse reaction \vas 
not detected, We have now extended this work by investigating gas phase displacements 
of BH3, BF3, BCI3, and BBr3 from their trimethylamine adducts. 

RESUL TS AND DISCUSSIOl'\ 

1 t is evident from the results summarized in Table 1 th t Bel l ' , 1 . . a 3 a ITIOSt quantitatIve y 
dlsplaced BF 3 from (CH 3)aN· BF a whlle the reverse reactl'o t d d S' '1 1 ' n was no etecte, lml ar y, BBra dlsplaced BCh and BF a from their trimethylam' dd h'l h ' . , lne a ucts, w 1 ete reverse reactlon occurred to a neghglble extent. AIl three bo t 'h l'd d' 1 f 

ron n a 1 es lSp aced BH3 rom 
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TABLE I 
Displacement data 

Reaction 

(CH3)3N 
(CH3)3N 
(CH3)3N 
(CH3)3N 
(CH3)3N 
(CH3)3N 
(CH3)3N 
(CH3)3N 
(CH3)3N 
(CH3)3N 
(CH3)3X 
(CH3)3X 

BF3 - f BC1 3 
BC13 -f BF 3 
BH3 +  BC1 3 
BF3 - f BBr j 
BBr3 +  BF 3 
BCI3 -f BBr 3 
BCI3 + BBr 3 
BCI3 +  BBr s 
BBra - h BCI 3 
BH3 +  BBr a 
BH3 +  BF 3 
BF3 +  1/2(B2H6 ) 

Time 
(hr) 

3 
3 
12 

2/3 
3/4 
1/2 
3/4 

3 
3/4 

1 
3/4 
3/4 

Temp 

205 
205 
130 

250-300 
250-300 
250-300 
250-300 
263-265 
250-300 
250-300 
130-140 
130-140 

Average 
displacement (% ) 

96.4« 
0.0-

77.5 
89.2 

0.0 
72. 6^ 
91.3«' 
95.6^ 
14.7^ 
90.2 
83.3 
23.4 

'^Values i n referenc e 8 . 
^Based o n BCI3 . 

(CH3)3N-BH3 wit h th e evolutio n o f diboran e whic h decompose d a t th e temperature s 
used. Th e revers e reactio n o f B2H 6 with (CH3)3N-BF 3 occurre d onl y t o a  smal l extent . 
These result s lea d u s t o conclud e tha t th e orde r o f accepto r powe r o f boro n trihalide s an d 
diborane towar d trimethylamin e is : BBr3 >  BCI 3 >  BF 3 >  1/2(B2H6) . 

Brown an d Holme s (1 ) suggeste d tha t th e orde r o f accepto r powe r o f boro n trihalide s 
depends mainl y o n th e exten t o f p^—pr bac k bondin g betwee n th e vacan t 2/?-orbita l o f 
boron an d a  doubl y occupie d ^-orbita l o f th e halogen . 

During adduc t formatio n th e hybridizatio n o f boro n change s fro m sp"^ t o sp^ wit h 
resultant breakin g o f th e pT,—pTr bonds. Cotton an d Let o (5 ) have shown tha t th e strengt h 
of boron-haloge n p^—^x bondin g decrease s i n th e orde r BF 3 >  BCI 3 >  BBrs , an d tha t 
the reorganizatio n energ y require d fo r adduc t formatio n i s als o i n th e sam e orde r (48.3 , 
30.3, an d 26. 2 kca l mole~ ^ respectively) . Thes e reorganizatio n energie s provid e th e mos t 
satisfactory explanatio n o f th e relativ e accepto r powe r o f boro n trihalides ; th e large r th e 
reorganization energy , th e weake r th e accepto r power . Th e observatio n tha t BBr 3 dis -
placed BF 3 to a  greate r exten t tha n BCI 3 from thei r trimethylamin e adduct s ma\ ' b e du e 
to th e fac t tha t th e differenc e I n reorganizatio n energ y betwee n BBr s an d BF 3 I s muc h 
greater tha n tha t betwee n BBr 3 an d BCI3 . Similarly , th e grea t differenc e betwee n BF ^ 
and BCI 3 could accoun t fo r th e nearl y quantitativ e displacemen t o f BF 3 by BCI 3 and th e 
absence o f th e revers e displacement . I n th e cas e o f BCI 3 and BBr 3 where th e differenc e I n 
reorganization energ y i s small , th e revers e reactio n occurre d t o a  significan t exten t 
(14.7%). 

Since displacemen t reaction s probabl y occu r i n th e followin g tw o steps * (wher e X  an d 
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Reaction 

(CH3h~ . BF 3 + BCIa 
(CH3)s:'\ . BCla + BF a 
(CH3)a)J . BHs + BCIa 
(CH 3)3)J ·BF3 + BBra 
(CHs)aN . BBr3 + BF 3 

(CH3)aN . BCIa + BBr3 
(CH3h:\' . BCIa + BBr3 
(CH3)a~ . BCIa + BBr3 
(CH3h~ . BBr3 + BCh 
(CH3)a~ . BH3 + BBra 
(CH 3h:\" . BH3 + BFa 
(CH 3) 3:\ • BF 3 + 1/2(B 2H s) 

aValues in reference 8. 
bBased on Beh. 

TABLE 1 
Displacement data 

Time 
(hr) Temp 

3 205 
3 205 
12 130 

2/3 250-300 
3/4 250-300 
1/2 250-300 
3/4 250-300 

3 263-265 
3/4 250-300 

1 250-300 
3/4 130-140 
3/4 130-140 

Average 
displacement (%) 

96.4a 
O.Oa 

77.5 
89.2 
0.0 

72.6 b 

91.3 b 

95.6b 

14.7b 

90.2 
83.3 
23.4 
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(CH a)3K . BHa with the evolution of diborane which decomposed at the temperatures 
used. The reverse reaction of B2H6 with (CHa)3N· BF a occurred only to a small extent. 
These results lead us to conclude that the order of acceptor power of boron trihalides and 
diborane toward trimethylamine is: BBra > BCls > BFa > 1/2(B2H6). 

Brown and Holmes (1) suggested that the order of acceptor power of boron trihalides 
depends mainly on the extent of P7r-P7r back bonding between the vacant 2p-orbital of 
boron and a doubly occupied p-orbital of the halogen. 

During adduct formation the hybridization of boron changes from Sp2 to spa with 
resultant breaking of the P7r-P7r bonds. Cotton and Leto (5) have shown that the strength 
of boron-halogen P7r-P7r bonding decreases in the order BF a > BCls > BBr3, and that 
the reorganization energy required for adduct formation is also in the same order (-18.3, 
30.3, and 26.2 kcal mole-1 respectively). These reorganization energies provide the most 
satisfactory explanation of the relative acceptor power of boron trihalides; the larger the 
reorganization energy, the weaker the acceptor power. The observation that BBra dis-
placed BF a to a greater extent than BCb from their trimethylamine adducts nlay be due 
to the fa ct that the difference in reorganization energy between BBra and BF 3 is ITIuch 
greater th an that between BBra and BCb. Similarly, the great difference bet\\"een BF 3 

and BCb could account for the nearly quantitative displacement of BF a by BCb and the 
absence of the reverse displacement. In the case of BCb and BBra where the difference in 
reorganization energy is smalI, the reverse reaction occurred to a significant extent 
(14.7%). 

Since displacement reactions probably occur in the following two steps* (where X and 
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WOU wuuld th e heavie r an d presumabl y les s volatil e comple x b e forme d m  preferenc e How -
ever th e volatilit y o f a n adduc t i s no t alway s determine d b y it s molecula r weigh L ho r 
example, i n trimethylamin e complexe s o f germaniu m an d sIHco n tetrahahdes , (CHsja -
N-GeF, I s more stabl e an d les s volatil e tha n (CH3)3N.GeCl 4 despit e th e latte r s  highe r 
molecular weigh t (9) . Similarly , (CH3)3N-SiF 4 i s more stabl e an d les s volatil e tha n th e 
heavier (CH3)3N-SiC U (9) . Also , ammoni a displace s tetrahydrofura n fro m it s BH 3 
complex formin g a  les s volatil e adduc t (10) , eve n thoug h ammoni a I s lighte r an d mor e 
volatile tha n tetrahydrofuran . 

Dipole momen t measurement s o n trimethylamin e an d pyridin e adduct s (2 ) indicat e 
that BH 3 Is a slightl y stronge r accepto r tha n BF 3 but weake r tha n BCI3 . Althoug h ther e 
Is no possibility o f supplementary x-bondin g in the BH 3 group, ther e i s the reorganizatio n 
energy o f BH 3 from sp'^ t o sp^ hybridization an d th e dissociatio n energ y o f diboran e t o b e 
considered i n displacemen t reaction s Involvin g diborane . N o calculation s hav e ye t bee n 
made o f th e reorganization energy , bu t th e dissociation energ y o f diboran e I s known t o b e 
28.4d=2 kca l mole- ^ (11) . Thu s i n displacemen t reaction s involvin g th e BH 3 group , 
additional energ y (14. 2 kca l mole" ^ o f BH3 ) I s produced b y dimerizatio n o f BH 3 groups . 
It appear s tha t thi s extr a energ y make s th e displacemen t o f BH 3 b y BF 3 energeticall y 
favorable eve n thoug h (CH3)3N-BH 3 i s thermodynamicall y mor e stabl e tha n (CH3)3 -
N-BF3. Thermochemlca l dat a (11 ) sho w tha t althoug h th e hea t o f reactio n fo r BF 3 
+ (CH3)3 N i s 26. 6 kca l mole" ! an d 17. 3 kca l mole" ! fo r 1/2(B2H6 ) +  (CH3)3N , th e 
calculated hea t o f reactio n fo r BH 3 +  (CH3)3 N i s 31.5 kca l mole~ ^ Thes e value s indicat e 
that I f BH 3 existed a s a  stable monome r i t would b e a stronger accepto r tha n BF 3 towar d 
(CH3)3N b y abou t 5  kca l mole- ^ (11) . 

EXPERIMENTAL 
Methods and Apparatus 

Volatile substance s wer e manipulate d i n a  s tandar d hig h vacuu m appara tu s mad e o f Pyre x glas s (12) . 
Stopcocks an d groun d glas s joint s wer e lubricate d wit h Kel- F 9 0 greas e whic h i s no t appreciabl y a t t acke d 
by boro n trihalides . Molecula r weight s (M ) wer e determine d b y vapo r density . T h e puritie s o f volatil e 
components wer e checke d b y vapo r pressure , molecula r weight , an d ga s phas e infrare d spectr a measure -
ments. Th e puritie s o f soH d adduct s wer e checke d b y meltin g poin t (m.p. ) determinations . 

The reactio n vesse l wa s a  pyre x tube , 4 0 c m lon g an d 4. 1 c m diameter , whic h ha d a t on e en d a  capillar y 
constriction an d a  magneticall y operate d break-seal . Th e othe r en d o f th e reactio n vesse l wa s fuse d t o 
20 c m o f 2. 5 c m tubin g throug h whic h th e weighe d soli d wa s inserte d i n a  fuse d solic a boat . Thi s en d wa s 
then seale d of f abou t 8  cm fro m th e large r diamete r tube . Afte r th e vesse l an d it s content s wer e evacuate d 
a measure d amoun t o f th e volatil e componen t wa s condense d in , an d th e capillar y constrictio n wa s seale d 
off. Reaction s wer e carried ou t b y heatin g th e reactio n vesse l i n a  tub e furnac e s o tha t on e en d o f th e reactio n 
vessel projecte d slightly . Whe n al l th e materia l ha d sublime d t o thi s coo l end , th e reactio n tub e wa s pushe d 
into th e furnac e s o tha t th e ho t en d emerge d an d cooled , an d th e sublimatio n proces s reversed . Thi s pro -
cedure wa s repeate d unti l th e desire d reactio n tim e ha d elapsed . Severa l reaction s wer e don e b y placin g 
the entir e reactio n vesse l i n a  close d oven , bu t ther e wer e n o significan t difference s betwee n thes e result s 
and thos e obtaine d b y th e multipl e pas s procedure . O n completio n o f a  displacemen t reactio n th e vesse l 
was coole d wit h liqui d ai r an d the n opene d t o th e vacuu m syste m throug h th e magneti c brea k sea l Volatil e 
products wer e remove d an d analyze d i n th e vacuu m apparatus . Th e reactio n tub e wa s the n cu t ope n an d 
the soli d materia l examined , usuall y b y infrare d spectroscopy . 

Observations o f th e infrare d spectr a o f soli d complexe s i n KB r disc s reveale d tha t eac h comple x ha d a t 
least on e uniqu e peak ; thes e were : 69 0 cm- i fo r (CH3)3N-BF3 ; 79 0 cm" ! fo r (CHO-»N-BCL - 7S 0 71 4 ^n H 
672 cm- i fo r (CH3)3N-BBr 3 an d 235 7 cm- ^ fo r (CH3)3N-BH3 . '  '  '  ^"" ^ 

Materials 

Diborane wa s prepare d b y th e reactio n o f sodiu m borohydrid e wit h sulphuri c aci d (13 ) C o •  1 
samples o f boro n trifluorid e (Matheson ) boro n trichlorid e (Matheson) , boro n tr ibromid e ( A n d e r s r ^ a n d 
tnmethylamme (Matheson ) wer e purifie d b y severa l vacuu m distillation s an d thei r puritie s wer e cherke H 
by vapo r pressure , molecula r weigh t an d infrare d spectr a measurements . Borane-tr in.ethylamin e ( S l l e r v ) 
was purifie d b y severa l vacuu m subhmation s (foun d m.p . 93-95° - li t ri4 ) m  n  04° ^ r> ^ ! a ' ^ .  ,  ^^ V 
methylamine wa s prepare d b y bubblin g trimethylamin e an d bo;on'tr if luorid e l^at o a  r s ^ o f c ^ l e d T r y 
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would the heavier and presumably less volatile complex be formed in preferen~e. How-
ever the volatility of an adduct is not always determined by its molecula~ welght. For 
exa~ple, in trimethylamine complexes of germanium and silicon .tetrahahdes" (C~a)a­
N . GeF 4 is more stable and less volatile than (CH a) aN . GeCl4 desplte the la~ter s hlgher 
molecular weigh t (9). Similarly, (CH a) aN . SiF 4 is more stable and less vola ttle t.han the 
heavier (CHa)aN ·SiCI4 (9). AIso, ammonia displaces tetrahydr?f~ra~ from 1tS BHa 
complex forming a less volatile adduct (10), even though ammonla IS hghter and more 
volatile than tetrahydrofuran. . . 

Dipole moment measurements on trimethylamine and pyridine adducts (2) 1ndlcate 
that BHa is a slightly stronger acceptor than BF a but weaker than BCla. Although there 
is no possibility of supplementary 7r-bonding in the BHa group, there is the reorganization 
energy of BH a from Sp2 to spa hybridization and the dissociation energy of diborane to be 
considered in displacement reactions involving diborane. No calculations have yet been 
made of the reorganization energy, but the dissociation energy of diborane is known to be 
28.4±2 kcal mole-l (11). Thus in displacement reactions involving the BHa group, 
additional energy (14.2 kcal mole-lof BHa) is produced by dimerization of BHa groups. 
l t appears that this extra energy makes the displacement of BHa by BF a energetically 
favorable even though (CHa)aN· BHa is thermodynamically more stable than (CHa)a-
K ·BFa. Thermochemical data (11) show that although the heat of reaction for BFa 
+ (CH a)3:\ is 26.6 kcal mole-l and 17.3 kcal mole-l for 1/2(B2H6) + (CHa)aN, the 
calculated heat of reaction for BHa + (CHa)aN is 31.5 kcal mole-l. These values indicate 
that if BHa existed as a stable monomer it would be a stronger acceptor than BF a toward 
(CH3)3N by about 5 kcal mole-l (11). 

EXPERI ME~T AL 
Methods and Apparatus 

Volatile substances were manipulated in a standard high vacuum apparatus made of Pyrex glass (12). 
Stopcocks and ground glass joints were lubricated with Kel-F 90 grease which is not appreciably attacked 
by boron trihalides. Molecular weights (M) were determined by vapor density. The purities of volatile 
components were checked by vapor pressure, molecular weight, and gas phase infrared spectra measure-
ments. The purities of solid adducts were checked by melting point (m.p.) determinations. 

The, re:action vessel was a. pyrex tube, 40 cm long and 4,1 cm diameter, which had at one end a capillary 
constnctIOn and a magnet1cally operated break-seaI. The other end of the reaction vessel was fused to 
20 cm of 2.5 cm tubing through which the weighed solid was inserted in a fused soli ca boat, This end was 
then sealed off about 8 cm from the larger diameter tube. After the vessel and its contents were evacuated 
a measured amount of the volatile component was condensed in, and the capillary constriction was sealed 
off. Reactions were carried out by heating the reaction vessel in a tube furnace so that one end of the reaction 
~essel projected slightly. \Vhen aIl the material had sublimed to this co~l en~, the reaction tube was pushed 
1nto the furnace so that ~he hot e~d emerge? an? cooled, and the subltmatIOn process reversed, This pro-
cedure :vas rep~ated untt!, the deslred reactlOn t1me had elapsed. Several reactions were done by placing 
the ent1re react,IOn vessel m a cl?sed oven, but there were no significant differences between these results 
and those obtamed by the multIple pass procedure. On completion of a displacement reaction the e 1 
was cooled with liquid air and then op~ned to the vacuum system through the magnetic break seaI. V~a~~~e 
Phroducl~ds were ~eml oved ,and

d 
analy

l
z
l
ed

b
1n ,thfe vacuum apparatus. The reaction tube was then cut open and 

t e so 1 matena examme , usua y y ln rared spectroscopy, 
Observati~ns of the infrared spectra of solid complexes in KBr discs revealed that each complex had at 

least one umque pea~; these were: 690 cm-1 for (CHa)aN 'BF a; 790 cm-1 for (CHa)a~ ,BCI '730 714 d 
672 cm-1 for (CHa)a~ 'BBr3 and 2357 cm-1 for (CH a)3 N 'BHa. a" , an 

Materials 

Diborane was prepared by the reaction of sodium borohydride with sulphur1' 'd (13) C ' 
1 f b 'fi 'd (M h c aCl . ommerClal samp es 0 oron tn uon e at eson), boron trichloride (Matheson) boron t 'b 'd (,\ d 

' hl' (M h) 'fi ' n rom1 e lï.n erson) and tnmet y amme at eson were pun ed by several vaCUum distillations and th ' , , ' 
b 1 l ' h ' elr punt1es were checked y vapor pressure, mo ecu ar we1g t , and mfrared spectra measurements Bo t' hl' 
was purified by several vacuum sublimations (found m p 93-950' lit (14) ran~4~1)m~t y aml?e (C,allery) 
methylamine was prepared by bubbling trimethylamiI~e' and bo;on 'tr1'ft n:'dP, , ' °ftrol

k
1 tnftuonde-tri-

uon e 1nto a as of cooled dry 
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benzene. Thi s metho d prove d t o b e mor e satisfactor y tha n tha t describe d i n Inorgani c Synthese s (15) . Th e 
crude produc t wa s recrystallized fro m pur e ethano l an d drie d unde r vacuu m (foun d m.p . 141° ; Ht. (15 ) m.p . 
138°). Boro n trichlonde-trimethylamin e wa s prepare d fro m boro n trichlorid e an d trimethylamin e a s des -
cribed i n Inorgani c Synthese s (15 ) (foun d m.p . 238-240° ; Ht . (15 ) m.p . 242-243°) . Boro n tribromide-tri -
methylamine wa s prepare d b y bubblin g trimethylamin e int o boro n tribromid e i n coole d dr y benzene . Th e 
white precipitat e wa s recrystallize d fro m ho t ethano l (foun d m.p . 239° ; Ht . (16 ) m.p . 238°) . Th e infrare d 
spectra o f th e trimethylamin e complexe s wer e identica l t o thos e o f Katritzk y (17) . 

Reaction of BBrz with (CHz)zN-BF^ 
The reactio n o f (CH3)3N-BF 3 (4.S o mmole ) wit h BBr s (10.2 1 mmole ) a t 250-300 ° fo r 4 0 minute s pro -

duced, afte r distillatio n a t -130° , BF 3 (4.3 2 mmole ) an d BBr a (5.8 7 mmole) , correspondin g t o 89.2 % dis -
placement. Th e soli d produc t wa s show n b y it s infrare d spectru m t o b e mainl y (CH3)3X-BBrs , wit h onl y 
a trac e o f (CH3)3X-BF3 . Afte r recrystallizatio n onc e fro m ho t ethano l th e soli d melte d a t 234-239 ° (Ht . 
(15) m.p . fo r (CH3)3X-BBr3 : 238°) . 

Reaction of BFz with (CHz)zN'BBrz 
When (CH3)3X-BBr 3 (3.6 9 mmole ) an d BF 3 (9.2 4 mmole ) wer e brough t togethe r fo r 4 5 minute s a t 

250-300°, th e volatil e products , separate d b y distillatio n a t —120° , consiste d o f BF 3 (9.3 5 mmole ) an d 
BBr3 (0.2 5 mmole) , indicatin g tha t n o significan t reactio n ha d occurred . Th e observe d BBr s probabl y 
resulted fro m sligh t therma l decompositio n o f (CH3)3X-BBrs . Th e infrare d spectru m o f th e soli d wa s tha t 
of (CH3)3N-BBr 3 with n o sig n o f (CH3)3X-BF3 . 

Reaction of BBr^ with (CHz)zN-BCh 
After 3 0 minute s a t 250-300° , (CH3)3X-BCl 3 (4.1 6 mmole ) an d BBr 3 (6.7 9 mmole ) yielde d a  volatil e 

product th e infrared spectru m o f which containe d band s characteristic o f BBr s and BCI 3 in addition t o band s 
at 878 , 916, 918, and 95 4 cm"^. The first  tw o band s ar e characteristi c o f BCl?B r an d th e las t tw o o f BClBr2 ; 
both molecula r specie s ar e presen t i n a  mixtur e o f BCI 3 and BBra , and ar e impossibl e t o isolat e (18) . Sinc e 
it wa s no t possibl e t o separat e th e BCls-BBr s mixtur e quantitatively , it s compositio n wa s estimate d fro m 
the molecula r weigh t o f th e gaseou s mixture ; th e result s were , BCI 3 (3.0 2 mmole ) an d BBr s (3.0 3 mmole) . 
The BCI 3 value indicate d 72.6 % displacement , whil e th e BBr s valu e indicate d 90.0 % displacement . Th e 
infrared spectru m o f th e soli d showe d (CH3)3X-BBr 3 togethe r wit h a  smal l amoun t o f (CH3)3X-BCl3 . A 
mixed halid e analysi s o f th e soli d indicate d tha t 71.7 % displacemen t ha d occurred , whic h i s i n excellen t 
agreement wit h th e valu e indicate d b y th e BCI 3 recovery. 

A secon d reactio n o f (CH3)3X-BCl 3 (4.1 8 mmole ) wit h BBr s (8.4 7 mmole ) a t 250-300 ° fo r 4 5 minute s 
produced BCI 3 (3.81 mmole), corresponding t o 91.3% displacement . 

The sam e reactio n wa s repeate d a  thir d tim e wit h (CH3)3X-BCl 3 (2.5 7 mmole ) an d BBr s (5.2 2 mmole ) 
at 263-265 ° for 3  hours. I n thi s case the reaction wa s carried ou t i n an oven with mor e accurate temperatur e 
control. Th e amoun t o f BCI 3 recovered (3.4 6 mole ) indicate d 95.6 % displacement . 

The thre e experiment s sho w tha t displacemen t become s almos t quantitativ e a s th e reactio n tim e i s in -
creased. 

Reaction of BCh "u^'ith (CHz)zN-BBr2 
The reactio n o f (CH3)3X-BBr 3 (2.5 2 mmole ) wit h BCI 3 (6.3 1 mmole ) a t 250-300 ° fo r 4 5 minute s pro -

duced BBr s (0.5 6 mmole ) an d unconsume d BCI 3 (5.9 4 mmole) , correspondin g t o displacement s o f 22. 2 an d 
14.7% base d o n BBr s produce d an d BCI 3 consumed, respectively . 

The soli d wa s mainl y (CH3)3 X -BBrs a s eviden t fro m it s infrare d spectru m whic h als o indicate d a  smal l 
amount o f (CH3)3 X -BCls. 
Reaction of BFz with (CHz)zN-BHz 

Boron trifluorid e (6.1 8 mmole ) an d (CHs)3N-BH s (3.3 2 mmole ) reacte d a t 130-15 0 fo r 4 o minute s t o 
yield a  yellow non-volatil e oi l which solidifie d o n cooling . This solid was probably polymeri c (BH) x produce d 
by therma l decompositio n o f diboran e forme d fro m th e displace d BH3 : xBoH e ^ 2.TH 2 + 2(BH)x . Thi s 
decomposition, i f quantitative , shoul d yiel d 1  mol e o f hydroge n pe r mol e o f (CH3);3X-BH 3 decomposed . 
The volatil e product s fro m th e displacemen t an d simultaneou s decompositio n wer e hydroge n (2.< 8 mmol ) 
and BF 3 ( 3 58 mmole) . O n th e basi s o f BF 3 consumed, displacemen t ha d occurre d t o 80.5 ^ (, while , o n th e 
basis o f hydroge n produced , th e displacemen t reactio n was^86 % complete . Th e infrare d spectru m o f th e 
solid showe d (CH3)3X-BF 3 with a  smal l amoun t o f (CHs)3^'•BHs . 

Reaction of B2H6 with (CHz)zN-BFz ^^ ^ ^ ,  ^  ,  -.or . - , .̂ AO r 
Diborane (3.9 0 mmole , i.e . 7.8 0 mmol e BHs ) an d (CH3)sX-BF 3 (2.6 4 mmole ) wer e kep t a t 130-14 0 fo r 

45 minutes The n whil e all the soli d materia l wa s at on e end o f th e reaction vessel , the other en d wa s heate d 
to 200 ° fo r 1  hour t o decompos e exces s B2H6 . Thi s procedur e wa s adopte d becaus e B2H 6 cannot b e easil y 
separated quantitativel y fro m BF 3 b y vacuu m distillation . Th e volatil e product s consiste d o f hydroge n 
(6.84 mmole) , boro n trifluorid e (0.8 4 mmole) , an d diboran e (0.4 2 mmole) . Th e displacemen t base d o n th e 
amount o f BF s recovered wa s 31.8% , an d 14.9 % based o n hydroge n produced^Th e infrare d spectru m o f th e 
solid showe d i t t o b e mainl y (CH3)3N-BF 3 with a  sma H amount o f (CHs)3 X -BHs . 
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benzene. This method prove? to be more satisfactory than that described in Inorganic Syntheses (15). The 
crude product was recrystalhzed from pure ethanol and dried under vacuum (f d 141°' l't (1·) 1380) B . hl'd . h . oun m.p. , 1. .) m.p. 

. '. oron tnc . on e-tnmet ylamlne was prepared from boron trichloride and trimethylamine as des-
cnbed ln ~norganlc Syntheses (15) (found m.p. 238-240°; lit. (15) m.p. 242-243°). Boron tribromide-tri-
me~hylaml~~ was prepared by ~ubbling trimethylamine into boron tribromide in cooled dry benzene. The 
white preClpItat: was recr~stalhzed from hot ethanol (found m.p. 239°; lit. (16) m.p. 238°). The infrared 
spectra of the tnmethylamlne complexes were identical to those of Katritzky (17). 

Reaction of B Br3 U'ith (CH3)3N·BF3 
The reactio? ~f (<;H 3)3:\T· BF 3 ° (4.S5 mmole) with BBr3 (10.21 mmole) at 250-300° for 40 minutes pro-

duced, after dlsttllayon at -130 , BF 3 (4.32 mmole) and BBra (5.87 mmole), corresponding to 89.2% dis-
placement. The sol!d product was shown by its infrared spectrum to be mainly (CH3)a~' BBra, \Vith only 
a trace of (CH 3h:\ . BF a· After recrystallization once from hot ethanol the solid melted at 2:34-239° (lit. 
(15) m.p. for (CHa)a:'\ . BBra: 238°). 

Reaction of BFa U'ith (CH3)aN·BBra 
\Yhen (CHa)a:'\' ~Bra (3.69 mmole) and BF a (9.24 mmole) were brought together for 4;) minutes at 

250-300°, the volable products, separated by distillation at -120°, consisted of BF a (9.3;) mmole) and 
BBr3 (0.2.5 mmole), indicating that no significant reaction had occurred. The observed BBra probably 
resulted from slight thermal decomposition of (CHah:\ . BBra. The infrared spectrum of the solid \\'as that 
of (CH 3h:'\ . BBra with no sign of (CH 3)a:\ . BF a. 

Reaction of BBra with (CHa)aN· B Cla 
.\fter 30 minutes at 250-300°, (CHa)a:'\' BCla (4.16 mmole) and BBra (6.79 mmole) yielded a volatile 

product the infrared spectrum of which contained bands characteristic of BBra and BCla in addition to bands 
at 878, 916, 918, and 9.5-1 cm- l . The first two bands are characteristic of BChBr and the last two of BCIBr2; 
both molecular species are present in a mixture of BCla and BBra, and are impossible to isola te (18). Since 
it was not possible to separa te the BCla-BBra mixture quantitatively, its composition \Vas estimated from 
the molecular weight of the gaseous mixture; the results were, BCla (3.02 mmole) and BBra (3.03 mmole). 
The BCla value indicated 72.6~~ displacement, while the BBra \'alue indicated 90.0~'~ displacement. The 
infrared spectrum of the solid showed (CHah~' BBra together with a small amount of (CHah:'\· BCla. A 
mixed halide analysis of the solid indicated that 71.7% displacement had occurred, which is in excellent 
agreement with the value indicated by the BCla recovery . 

. A second reaction of (CHa)a:'\' BClz (4.18 mmole) with BBra (8.47 mmole) at 250-300° for -1t> minutes 
produced BCla (3.81 mmole), corresponding to 91.3(/~ displacement. 

The same reaction was repeated a third time with (CHah~' BCla (2.57 mmole) and BBra (;).22 mmole) 
at 263-265° for 3 hours. In this case the reaction was carried out in an oven with more accurate temperature 
control. The amount of BCla recovered (3.46 mole) indicated 95.6(~ displacement. 

The three experiments show that dis placement becomes almost quantitative as the reaction time is in-
creased. 

Reaction of B Cla with (CHa)aN· BBra 
The reaction of (CHa)a)J· BBra (2.52 mmole) with BCla (6.31 mmole) at 250-300° for 4;) minutes pro-

duced BBr3 (0.56 mmole) and unconsumed BCla (5.94 mmole), corresponding to displacements of 22.2 and 
14.7~ based on BBra produced and BCla consumed, respectively. 

The solid was mainly (CHa)a:'\ . BBra as evident from its infrared spectrum which also indicated a small 
amount of (CHa)a:'\ . BCla. 

Reaction of BFa with (CHaJaN·BHa 
Boron trifluoride (6.18 mmole) and (CHa)a:\· BHa (3.32 mmole) reacted at 130-150° for 45 minutes to 

yield a vellow non-volatile oil which solidified on cooling. This solid was probably polymeric (BH)x produced 
by the;mal decomposition of diborane formed from the displaced BHa: XB2 H 6 ~ 2xH 2 + 2(BH)x. This 
decomposition, if quantitative, should yield 1 mol~ of hydrogen per mo~e. of (CHa):3~' BHa d~c~~nposed. 
The volatile products from the displacement and slmult~neous decomposItlOn were hy)dr~~~n (-'.' S mmol) 
and BF a (3.58 mmole). On the basis of BF a consumed, dlsplacement had occurred to 80 . .) ,(, \Vhtle, on the 
basis of hydrogen produced, the displacement reaction was 86% complete. The infrared spectrum of the 
solid showed (CHa)a~ . BF a with a small amount of (CHa)a~ . BHa. 

Reaction of B2H6 with (CHa)aN·BF3 T ° 
Diborane (3.90 mmole, i.e. 7.80 mmole BHa) and (CHa)a:\ . BF a (2.6~ mmole) \Vere kept at 130-140 for 

45 minutes Then while aIl the solid material was at one end of the reactlOn vessel, the other end \\'as heated 
to 200° for' 1 hou~ to decompose excess B2H6. Thi~ I?roc:dure was ado~ted because B2H? cannot be easily 
separated quantitatively from BF a by vacuum dlst!llatlOn. The volatile produc.ts conslsted of hydrogen 
(6.84 mmole), boron trifluoride (0.84 mmole), and dlborane (0.42 mmole). The dlsplacement based on the 
amount of BFa recovered was 31.8%, and 14.9% based on hydrogen produced. The infrared spectrum of the 
solid showed it to be mainly (CHa)aN . BF a with a small amount of (CHa)a)J . BHa. 
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Reaction of BCh with (CHz)iN-BHz 
The reactio n o f (CH3)sX-BH 3 (5.8 2 mmole ) wit h BCI 3 (6.3 8 mmole ) i n a n ove n a t 130 ° fo r 1 2 hour s 

produced hydroge n (4.4 6 mmole ) an d BCI 3 (1.8 4 mmole ) a s th e onl y volatil e products . Th e percentag e 
displacement wa s 76. 9 calculate d o n th e amoun t o f hydroge n produced , an d 78. 0 o n th e basis ^ of BCI 3 
produced. Infrare d measurement s reveale d tha t th e soH d wa s (CH3)3N-BCl 3 contaminate d wit h som e 
(CH3)3X.BH3. 

Reaction of BBrz with (CHz)zN-BHz 
Boron tribromid e (6.1 2 mmole ) reacte d wit h (CH3)sN-BH 3 (4.1 8 mmole ) a t 250-300 ° fo r 6 0 minute s t o 

produce hydroge n (3.8 5 mmole) an d BBr a (2.4 2 mmole). The BBr s consumed indicate d 88.5 % displacemen t 
while th e hydroge n produce d indicate d 92% . Th e soli d wa s almos t entirel y (CHs)3N'BBr3 , a s eviden t 
from it s infrare d spectrum . 

Effect of Heat on the Trimethylamine Adducts 
The pure complexes were heated separately unde r th e same conditions used i n the displacemen t reactions . 

In th e cas e o f (CH3)3X-BF3 , (CH3)3X-BCls , and (CH3)3N-BBr s ther e wa s n o detectabl e decompositio n i n 
45 minute s a t 250-300° , an d th e infrare d spectr a o f eac h wa s unchanged . However , (CH3)3X-BH 3 de -
composed, with formation o f hydrogen and (CH3)3N , to an extent of 30.0% based on the amount o f hydroge n 
evolved. 
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Reaction of B Cla with (CHa)aN· BHa . ° 
The reaction of (CHa)a~· BHa (5.82 mmole) with BCla (6.38 mmole) ln an oven at 130 for 12 hours 

produced hydrogen (4.46 mmole) and BCIa (1.84 mmole) as the only volatile products. The ?ercentage 
displacement was 76.9 calculated on the amount of hydrogen produced, and 78.0 on ~he basls. of BCla 
produced. Infrared measurements revealed that the solid was (CHahN· BCIa contamlnated wIth sorne 
(CHah:\" . BHa. 

Reaction of BBra with (CHa)3N· BHa 
Boron tribromide (6.12 mmole) reacted with (CHa)aN· BHa (4.18 mmole) at 250-300° for 60 minutes to 

produce hydrogen (3.85 mmole) and BBra (2.42 mmole). The BBra consumed indicated 88.5% displacement 
while the hydrogen produced indicated 92%. The solid was almost entirely (CHahN· BBra, as evident 
from its infrared spectrum. 

Effect of Heat on the Trimethylamine Adducts 
The pure complexes were heated separately under the same conditions used in the displacement reactions. 

In the case of (CHahN" . BF a, (CHa)a='J· BCIa, and (CHa)aN . BBra there was no detectable decomposition in 
45 minutes at 250-300°, and the infrared spectra of each was unchanged. However, (CHah~' BHa de-
composed, with formation of hydrogen and (CHa)aN, to an extent of 30.0% based on the amount of hydrogen 
evolved. 
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