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strong, directed bonds is involved. Such bonds are 
only mobile a t  high temperature and, in addition, often 
require the presence of a catalyst to orient atoms 
for bond formation properly. ( 3 )  Regardless of the 
thermodynamic requirements for the synthesis of a 
given group I V  analog, high pressure is often required 
just to "contain" reactants which may be quite volatile 
a t  the required temperature. Today's high pressure, 
high temperature equipment is admirably capable of 
doing this job. Substances such as sulfur are easily 
contained a t  temperatures of 1500". 

It is hoped that this paper, in calling attention to the 
unsymmetrical group IV  analogs, will incite inorganic 
chemists to attempt their synthesis. These compounds 
far outnumber the symmetrical analogs and ihould be 
very important to solid state technology. 
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series of new base derivatives of BioHioZ- and B1~H12Z- has been prepared from the acid-catalyzed reactioii of certain 
These derivatives have the composition BIoHsL-, BI~I-IIIL-, BloHBLY, and BlPHlOL2 in 

The stereochemistry of these re- 
The reactivity of these base derivatives toward electrophilic reagents, such as 

Lewis bases with the parent anions. 
which the ligand may be sulfone, sulfonamide, urea, nitrile, nitrobenzene, or iodobenzene. 
actions has been qualitatively assayed. 
D 3 0  and halogen, is lower than that of the parent ions. 

Previous papers dealing with the derivative chem- 
istry of BloHlo2- and Bl2Hlz2- described derivatives in 
which one or two hydride ions had been replaced by 
common Lewis base ligands such as amines, car- 
boxamides, sulfides, phosphines, and arsines and also 
by nitrogen and carbon monoxide.l-1° \Ve have found 
that other Lewis base derivatives of the polyhedral 
borane anions can be prepared by acid-catalyzed re- 
actions of these anions with sulfones, sulfonamides, 
nitriles, amides, or nitrobenzene. The synthesis of 
these new base derivatives and a comparison of their 
properties with those of the previously described base 
derivatives are the subjects of this paper. 

Synthesis.-Under acidic conditions, the BloHlo2- and 
Bl2HlZ2- ions react with certain Lewis bases to give 
hydrogen and BloH9L- or Bl2H11L- species. Reaction 

H+ + B1zHn2- + L + Hz + BnHnL- (1) 
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rate varies with the nature of L and is a direct function of 
acid concentration. Water markedly reduces the reac- 
tion rate. For example, sulfone reactions proceed a t  25" 
if water is essentially absent; but, if significant amounts 
of water are present, moderate reaction rates are not 
achieved until the temperature is raised to 70-90". U-e 
believe (aide infm) that protonated formsof BloHlo2- and 
Bl2Hlz2- are reaction intermediates in (l), and this is con- 
sistent with the rate-dependence on acid and Tvater 
concentrations because the polyhedral borane ions are 
the conjugate bases of very strong acids.'l 

a ives Under forcing conditions, the monobase derir t' 
react further with base to give the neutral derivatives 

H +  + BnHiiL- + L ---f Hz + BinHiaL? (2)  

The course of the base-borane reaction can be ac- 
curately followed by the hydrogen evolution since in 
general the activation energies for reactions 1 and 2 are 
significantly different for a given base. This difference 
may be attributable to the relative ease of protonation 
of B12H1P and B12H11L-. 

Operable Lewis bases for reactions 1 and 2 are sul- 
fones, sulfonamides, tetramethylurea, nitriles, and 
nitrobenzene. Under nearly anhydrous conditions, 
amides react in a similar fashi0n.j As discussed below, 
we believe the linkage is B-0 in sulfone, amide, tetra- 
methylurea, and nitrobenzene derivatives and B-N in 
sulfonamide and nitrile derivatives. Thus it appears 

(11) E. L. Muetterties, J. H.  Balthis, Y .  T. Chia, W. H. Knoth ,  and H. C. 
RIiller, Iizovg. Chem., 8 ,  444 (1964). 
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that the atom of highest electron density in the base is 
the site of attack by the boron polyhedra. We there- 
fore prefer to categorize reactions 1 and 2 as nucleo- 
philic substitutions catalyzed by acid. The role of the 
acid may be protonation of the BioHio2- or B12H1Z2- 
polyhedron to effectively generate an electrophilic 
site. A similar proposal was made for a number of 
other Blo and B12 substitution reactions5 

Reaction of BloHlo2- and iodosobenzene occurs under 
essentially neutral conditions, and no hydrogen is 
evolved. The product is not B10H901CeH5- but Blo- 
HgIC6H5-. Thus, this reaction cannot be grouped 
with the above acid-catalyzed nucleophilic substitu- 
tions. This reaction bears a similarity to the reaction 
of dimethyl sulfoxide2 with BloHlo2- 

(CH3)2SO + BioHio2- + BioHsS(CH3)n- + OH- 

CeHsIO + BioHio2- + BIoHQIC~HS- + OH- 

and may involve electrophilic attack on the Bin poly- 
hedron. 

Stereochemistry.-In reaction 1, BloHlo2- may 
undergo substitution a t  either an apical (1) or equa- 
torial (2) site. We found that for all of the oxygen- 
bonded products (sulfones and amides), the major, 
if not sole, isomer is the equatorial one. In  the nitrile 
and iodosobenzene products the major isomer appears 
to be the apical one.12 This is further evidence' that 
any simple correlation of position of attack in BloHlo2- 
by various reagents with such things as ground-state 
charge distribution fails. 

For initial attack of B12H122- all positions are equiv- 
alent, whereas there are three stereochemically unique 
positions in BI2H11L-. In  the bis(tetramethylenesu1- 
fone) derivatives of B12H122- there appears to be one 
major isomer, probably the 1,7- isomer, whereas in bis- 
amide derivatives all three possible isomers are prob- 
ably formed. 

The atom through which a base is bonded to a boron 
of the Blo or BIZ polyhedron has not been rigorously 
proved in most cases. Simple valence bond considera- 
tions suggest that  sulfones and nitrobenzene would be 
bonded through oxygen and that nitriles would be 
bonded through nitrogen. The dimethylformamide 
product from BloHlo2- was shown by proton resonance5 
to be B-0 bonded. This adduct was readily hydro- 
lyzed by aqueous base to replace the amide residue with 
OH-. 
BioHyOCHN(CHs)r- + OH- --f BioHsOH2- + OCHN(CH8)a 

The ready replacement of sulfones and all carboxamides 
by hydroxide ion in aqueous base in both the Blo and 
BIZ series argues for B-0 bonding in all of these deriva- 
tives. The single methyl group proton resonance of 
the BlzHl1OC[N(CH,)z],- is also consistent with B-0 
bonding. The nitrile derivatives, which must be 
bonded to boron through nitrogen, are not cleaved by 
aqueous base. However, another reaction does occur. 
They cleanly hydrate to amide derivatives which, in 

(12) There is preferential apical attack in BlaHloa- by dimethyl sulfoxide 
which, as  noted above, may react in a similar fashion to  iodosobenzene. 

contrast to the dimethylformamide derivative men- 
tioned above and known to be bonded through oxygen, 
are not cleaved by aqueous base. 

The sulfonamide derivatives could be bonded either 
through oxygen or nitrogen. Their resistance to 
hydrolysis by aqueous alkali argues for the latter 
choice. 

The monobase derivatives BloH9L- and Bl2HI1L- 
are susceptible to electrophilic substitutions at  the BH 
sites, but the reactivity of these monoanions is signif- 
icantly lower than that of the parent dianions BloHlo2- 
and B12H1Z2-. Reactivity is drastically reduced in the 
neutral derivatives. For example, deuteration of B12- 
HloL2 species does not occur a t  measurable rates in 
strongly acidic media up to 100". Halogenation of 
the neutral derivatives does occur under mild condi- 
tions, but after the introduction of several halogen 
atoms the rate is greatly lowered and i t  is difficult to 
effect complete halogenation. A number of halogena- 
tion reactions with various types of BI2Hl1L- and B12- 
HloLz species are described in the Experimental section. 

Experimental 

B~oHQNE&CH~- + HzO + BioHgSH2COCH3- 

2-BloH~0S( 0)( CH2)a-.-A mixture of 1.54 g. (10 mmoles) of 
(NH4)2BloHl~, 15 ml. of tetramethylene sulfone, and 3.92 g. (22 
mmoles) of anhydrous p-toluenesulfonic acid was stirred in a 
bath heated a t  85" for 70 min., a t  which time gas evolution had 
ceased. The mixture was cooled, diluted with water, and treated 
with a mixture of aqueous tetramethylammonium hydroxide and 
tetramethylammonium chloride to give 2.77 g. (897,) of ( CH3)a- 
N[2-BloH~0S(0)(CHz)4] as a white solid, m.p. 185-186' dec. 
Recrystallization of a small sample of the product from water did 
not change the infrared spectrum appreciably. Recrystalliza- 
tion of a portion of the product from acetonitrile-methanol gave 
large crystals, m.p. 195-196" dec. 

Anal. Calcd. for (CH3)4NBloHB(O~SC4H8): C, 30.8; H, 
9.4; B, 34.7; N, 4.5; S, 10.3. Found: C, 31.1; H ,  9.3; 
B, 34.7; N ,  4.3; S, 10.4. 

The infrared spectrum of the product showed absorption a t  
2500, 1300, 1255, 1030, 1005, 985, and 952 cm.-'. 

Hydrolysis of (CH~)~N[~-B~~HQOS(O)(CH~)~] .--h mixture of 
3 g. (9.65 mmoles) of (CHB)~~VT[~-B~OHQOS(O)(CH~)~] and CO ml. 
of 10% sodium hydroxide solution was boiled for 1 hr. An addi- 
tional 1 g. of sodium hydroxide was added, and boiling was con- 
tinued for 30 min. The solution was cooled and poured through 
an ion-exchange column (acid). The effluent was neutralized 
with cesium hydroxide and evaporated. The residue was 
washed with ethanol and ether to give 4.93 g. of white solid. 
Crystallization of a portion of the product from aqueous ethanol 
gave colorless needles of CSZ [2-BioHg0H] . 

Anal. Calcd. for CSZBIOHIOO: H ,  2.6; B, 27.0. Found: 
H,  2.7; B, 26.7. 

The infrared spectrum of the product was identical with that 
of authentic Csz[2-BloHQOH] .5 

An aqueous solution of 1.8 g. of crude CSZ\~-B&QOH] was 
passed through a column of sodium cation-exchange resin, and 
the effluent was evaporated t o  dryness zn vacuo. The residue was 
suspended in acetonitrile containing a small amount of water, 
and a stream of gaseous chlorine was passed through tlie suspen- 
sion until a yellow color persisted. The mixture was treated 
with water, and the acetonitrile was removed under reduced 
pressure. Addition of aqueous tetramethylammonium chloride 
and sodium hydroxide gave a precipitate, which on recrystalliza- 
tion from 50% aqueous ethanol gave 670 mg. of needles of 

The infrared spectrum and X-ray powder pattern of the prod- 
[(CHa)~Nlz[2-BioCl~OH]. 
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uct were identical with those of authentic [(CH3)rK]y[2-BloC1r,- 
OH] .6 

B12H11(02SCiH8)-.-The hydrated acid, H2B12H12.7.1Hp0, 
was readily soluble in tetramethylene sulfone, even up to equal 
parts of solute and solvent. The clear solutions showed strong 
water absorption bands in the infrared region. As a solution of 
1.6 g. of the hydrated acid (5.9 mmoles) in 18 g.  of tetramethylene 
sulfone was evaporated under high vacuum a t  room tempera- 
ture, the water absorption at 3570 cm.-' decreased steadily in 
intensity. \&'hen the water band had all but disappeared, the 
solution began to evolve hydrogen. When hydrogen evolution 
had subsided new bands had appeared in the infrared spectrum 
a t  1020 and 845 cm.-'. X clear solution resulted when the 
reaction mixture was diluted with 2 volumes of water. One-half 
of the solution was neutralized with aqueous cesium hydroxide. 
The colorless crystalline solid which separated was recrystallized 
from water to give 0.6 g. of cesium salt (1.53 mmoles, 52y0 yield). 
The strong infrared bands characteristic of the Bl2HI1(O2SC4HE)- 
anion occur a t  2440, 1300/1280, 1260/1235, 1075, 1055, 1025, 
1010, and 990 cm.-'. 

A n a / .  Calcd. for CSBI. 'HII(O~SC~H~):  C, 12.2; H,  4.9; 
Cs, 33.7; B, 32.9; S, 8.1; neut. equiv., 393. Found: C, 
11.6; H, 5.0; Cs, 33.2; B, 32.6; S, 8.4; neut. equiv., 393. 

A mixture of 2.06 g. (10 mmoles) of Na2B12H12,H20, 15 ml. 
of tetramethylene sulfone, and 3.92 g .  of anhydrous p-toluene- 
sulfonic acid was heated in an oil bath at  85" for 115 min.. a t  
which time gas evolution had ceased. The mixture was cooled 
and pourcd into watcr. Addition of aqueous cesium fluoride 
and sodium hydroxide gave a precipitate which was collected 
by filtration to give 4.86 g .  of white solid. Recrystallization of 
a portion of the product from water gave colorless crystals of 
CsB12H1~OS( 0)( C H Z ) ~ ,  the infrared spectrum of which was iden- 
tical with that of the compound prepared above. 

Hydrolysis of CsBl,HllOS( O)(CHl)k.--A mixture of 200 mg. 
of CsB1?H11OS(O)(CH?)* and a stoichiometric excess of 10yc 
sodium hydroxide was boiled briefly until solution occurred. 
The solution was cooled and treated wih aqueous cesium fluoride 
to give 160 mg. of CsZBl2HI1OH. Recrystallization of the prod- 
uct from water gave crystals, the infrared spectrum of which was 
identical with that of authentic Cs2Bi2Hl10H .5 

BlaHlo( 02SC4H8)2.-A solution of 1.2 g. of H ~ B H H I ,  .6.7H20 
(4.5 mmoles) in 14.3 g. of tetramethylene sulfone was evaporated 
under reduced pressure a t  room temperature as described above. 
When hydrogen evolution was complete a t  room temperature i . 5  
mmoles of hydrogen had been collected. An additional 4.3 
mmoles of hydrogen evolved when the mixture was heated to  
95-100O. When this solution was cooled to  room temperature 
and diluted with water, an oil separated. Upon further dilution 
with methanol, the oil solidified. The solid was insoluble in 
water and alcohol and was recrystallized from aqueous acetone. 
The colorless crystals melted a t  217-219" and had strong char- 
acteristic infrared absorption a t  2500, 1280 (1300 shoulder), 
1250, 1135, 1125, 1103, 1075, 1000 (990 and 1010 shoulders), 
910, and 730 cm.-'. 

Anal. Calcd. for B12H10(02SC4H8)2: C, 25.2; H ,  6.9; B, 
34.1; S, 16.8. Found: C,24.8; H, 6.9; B,34.1; S, 16.8. 

B12Hll [0&3(n-C3H7)2] -.--,4 solution of 1.3 g. of H ~ B I ~ H I ~  .6.7- 
H 2 0  (4.9 mmoles) in 11.6 g.  of dipropyl sulfone gave 4.7 nimoles 
of hydrogen when evaporated a t  room temperature under high 
vacuum. The reaction mixture was diluted with water and di- 
vided into equal portions and trcated as described above to give 
the  cesium (0;s g. ,  1.42 mmoles, 58% yield) and tetramethyl- 
ammonium (0.6 g., 1.64 mmoles, 7OYO yield) salts of the B12H11- 
[02S(n-C3H7)2] - anion. The strong infrared bands characteristic 
of this anion were a t  2500, 1220, 1050, 1015, and 97.5 cm.-'. 

A-lnaZ. Calcd. for CsFhHil(O?SC6H14): C, 17.0; H, 5.9; 
Cs, 31.3; B, 30.6; S, 7.6. Found: C, 17.2; H ,  6.3; Cs, 
30.0; B, 30.7; S, 7.6. 

Anal.  Calcd. for (CH3)4SBlsH11(02SCsHlj): C, 32.9; H, 
10.2; N, 3.8; B, 35.5; S, 8.8. Found: C, 32.5; H,  10.0; 
K,3.9;  B,35.7; S,8.8.  

BlzHll [n-CsH13S02N( C2Hj)2] -.-A sample of hydrated H2B12- 

H,, acid (10.4 g.) did not dissolve in 33 g. of S,N-diethyl-l- 
hexanesulfonamide at  room temperature until most of the water 
of hydration had been removed by evaporation under high 
vacuum a t  room temperature. Hydrogen evolved and the nlis- 
ture was held at 40" until evolution subsided. Two small 
saniples of the reaction mixture were removed, diluted with 
1 : 1 water-alcohol, and neutralized with aqueous tetramethyl- 
ammonium hydroxide and cesiuni hydroxide, respectively. 
The white solids 17-hich separated on cooling were recrystallized 
from hot water. 

Anal. Calcd. for (CHJ).ISBI?HII [ C ~ H I ~ S O ~ N ( C ? H : , ) ~ ]  : C, 
38.6; H ,  10.7; S, 6.4; B,  29.8; S, 7.3. Found: C, 35.4; 
H, 10.5; N, 6.4, 6.2; B, 29.7; S, 7.3. 

Anal. Ca!cd. for CsBlzHll[CeHlsSOz~(CaHe)r]: C, 24.2; 
H, 6.9; Cs, 25.8; S, 2.8; B, 26.2; S, 6.5. Found: C ;  24.h; 
H, 7.2; Cs,26.1; N,2.8,3.0;  B,25.2; S.6.3.  

The strong infrared frequencies characteristic of the B12Hll- 
[CBHIISO~( NCPHS)P] - anion were at  2500, 1300, 1200, 1090, 1040 
(1055 and 1010 shoulders), 980,955,853,840,795, and 720 un -1 .  

The bulk of the reaction mixture was heated to 90' and the11 
to 195". The evolution of more hydrogen at  the elevated tem- 
peratures indicated the formation of a neutral B1,HIO( ligand)2 
species, but rtttempts to isolate it were unsuccessful. 

Bromination of B12Hl1(N,N-diethyl-l-hexanesulfona.mide)-.- 
Bromine (0.35 ml., 6.8 mmoles) was added to a refluxing solution 
of 0.49 g .  (1 mmole) of CsB12H11. K( C2H5)2S02CBH18 in about 
20 ml. of 1,2-dichloroethane until the color of excess bromine 
persisted. The hydrogen bromide and excess bromine were 
carried off in a stream of nitrogen. The solvent was removcd 
under reduced pressure, and the rcsidue, in aqurous methanol, 
was treated with an excess of tetramethylammonium chloride. 
Upon chilling, 0.6 g. of product (0.6 mmole, SOYG) scparated. 

Anal. Calcd. for (CH3)4SB12H~.~Br6.5C10H23P\TS02~3H20: C, 
16.8; H ,  4.6; B, 13.0; Br, 51.8; K, 2.8; S, 3.2. Found: C, 
18.1; H, 4.2, 4.6; B, 13.0; Br, 51.9; 9, 3.3, 3.4; S, 2.5. 

B12H11 [C6H5S02N( C2Hj)2] -.-A few grams each of hydratcd 
HaB12HI2 and N,K-diethylbenzenesulfonamide were mixed and 
held under high vacuum a t  60' for about 2 hr. The mixture 
was taken up in alcohol t o  give a clear solution. A solid sepa- 
rated upon neutralization with aqueous cesium hydroxide. I t  
was recrystallized from aqueous alcohol. The strong infrared 
bands characteristic of the BIZHI1 [C~HSSO~N(  C2H5)2] - anion 
occurred a t  2500, 1300, 1190, 1150, 1105, 1050, 1030, 1020, 
995, 945, 856,840, 795, 735, and 685 cm.-'. 

Anal. Calcd. for C S B ~ , H ~ ~ [ C ~ H ~ S O ~ N ( C ~ H ~ ) ~ ~  : C, 24.6; 
H ,  5.4; Cs, 27.1; ?i, 2.9; B ,  26.6; S, (3.6. Found: C ,  22.7; 
H ,  5.7; Cs, 26.3; N, 3.0,3.2; B, 24.6; S, 7.0. 

Bl2HIIOC[N(CH~)2]2-.-~4 mixture of 30 ml. of tetramethyl- 
urea, 2 ml. of concentrated sulfuric acid, and 4 g. (21 mmoles) 
of Na2B12H1, was heated a t  165' until 250 ml. of gas had evolved. 
The mixture was cooled and treated with dilute aqueous cesiunl 
fluoride, and the precipitate was collected to give 7.1 g .  (18.2 
mmoles, 87%) of CsB12HllOC[h-(CH:{) X portion of the 
product was purified by two recrystallizations from water. 

Anal. Calcd. for CsBlaHl10C[S(CH8)2]a: C, 15.4; H, 5.9; 
B,33.3; N,7.2.  Found: C, 15.1; H,5.9; B,32.8; X,7.1. 

The infrared spectrum of the product showed absorption at  
2500, 1620, and 1530 cm.-l. The proton magnetic resonance 
spectrum of the sodium salt of the product in DsO showed a 
single sharp peak at  7 6.82 (external tetramethylsilane). The 
proton magnetic resonance spectrum of the tetramethylammo- 
nium salt of the product showed two nearly equal peaks in pyri- 
dine-D20 solution consistent with ( CH,)4NB1,HI1OC [N( CH3)2]2. 

1-B1~HBIC6H~-.-To a solution of 1.54 g. (10 mmoles) of 
( SH4)2B10H10 in 6 ml. of water and 40 ml. of acetonitrile contain- 
ing a small amount of ethanol was added 2.2 g .  (10 mnioles) of 
iodosobeuzene. The resulting mixture was warmed on a steam 
bath until solution was nearly complete. The mixture was then 
filtered, and the filtrate was evaporated under reduced pressure. 
The residue was suspended in water and filtered to  reniove 
insoluble material (790 mg.). The filtrate was trcated with 
cesiuni fluoride, and the resulting precipitate was collected by 
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filtration to give 690 mg. of Cs[l-BloHyICsHs] as a white solid. 
Recrystallization from water gave well-formed crystals. 

Anal. Calcd. for CsBloHgICsHb: C, 15.9; H ,  3.1; B ,  23.8; 
I ,  27.9; Cs, 29.3. Found: C, 15.6; H ,  3.3; B ,  23.8; I, 27.1; 
Cs, 31.3. 

The ultraviolet spectrum of the product had A:?:" 296 mp ( e  

4090). The BI1 n.m.r. spectrum (19.25 Mc.) of Cs[l-BloHy- 
ICeHj] in aqueous acetonitrile showed a doublet a t  14.6 p.p.m. 
(J = 117 c.P.s.), a broad peak just to high field of the 14.6 p.p.m. 
doublet partially buried beneath the high-field half of the dou- 
blet, and alarge multiplet centered a t  44 p.p.m. The 14.6 p.p.m. 
doublet could be decoupled to a single sharp peak by double 
irradiation. The 44 p.p.m. multiplet could also be decoupled to 
a single peak. The broad peak was unaffected by irradiation a t  
60 Mc. The intensity ratio of the 14.6 p.p.m. doublet and the 
broad peak t o  the 44 p.p.m. multiplet was 2:8.8 (theory requires 
2:8) .  The  14.6 p.p.m. doublet could be assigned to one un- 
substituted apical boron atom, the broad peak to one substituted 
apical boron atom, and the 44 p.p.m. multiplet to eight unsub- 
stituted equatorial boron atoms (two doublets). In agreement 
with this assignment, the intensity ratio of the low-field half of 
the 14.6 p.p.m. doublet to the 44 p.p.m. multiplet was 1 19 
(theory requires 1:16) .  Thus, the 14.6 p.p.m. doublet must 
represent only a single unsubstituted boron atom rather than two 
as would be required in ~ - B I O H ~ I C G H ~ - .  

1-BloHgNCCH3-.-A mixture of 5.33 g. (18.2 mmoles) of 
[ ( C H B ) ~ N ] ~ B ~ O H ~ O ,  80 ml. of acetonitrile, and 16 g. of p-tol- 
uenesulfonic acid was refluxed while gas evolution was meas- 
ured with a wet test meter. When 50 cc. of gas had evolved, 
evolution ceased. The mixture was cooled and filtered to give 
1.42 g. of solid. Treatment of the filtrate with ether gave 4.21 
g. of additional solid. The combined solids were recrystallized 
from acetonitrile to give, in two crops, 1.59 g. of crystals of 
( CH3)aN [ 1-BloH9NCCH3]. Further recrystallization from aceto- 
nitrile gave needles with m.p. >415". 

Anal. Calcd. for ( C H ~ ) I N B ~ O H ~ N C C H ~ :  C, 31.0; H ,  10.4; 
B,46.5; N, 12.1. Found: C,31.0; H, 10.5; B,46.3; N, 12.1. 

The infrared spectrum of the product showed no absorption 
attributable to C=N or IT-H. 

The Bll n.m.r. spectrum (19.25 Mc.) of (CH3)AT[l-BloHs- 
NCCHz] in dimethylformamide solution showed a broad 
multiplet in the vicinity of 16 p.p.m. (relative intensity 2.16) 
and a slightly distorted doublet a t  44.9 p.p.m. ( J  = 126 c.P.s., 
relative intensity 7.84). On irradiating a t  60 Mc., the -16 
p.p.m. multiplet became a broad single peak, and the 44.9 
p.p.m. doublet collapsed t o  a sharp single peak. The -16 
p.p.ni. multiplet can be assigned t o  a doublet representing one 
unsubstituted apical boron atom and an overlapping single peak 
representing one substituted apical boron atom. The 44.9 p.p.m. 
doublet then represcnts eight unsubstituted equatorial boron 
atoms. 

1-BloH9NH2COCH3-.--( CH3)&B10H9NCCH3 (450 mg.) was 
dissolved in boiling acetonitrile and treated with 2 ml. of water. 
The resulting solution was boiled nearly to dryness and then 
treated with acetonitrile. By gradual addition of benzene to the 
hot acetonitrile solution there was obtained 445 mg. of crystals 
of (CHs)4NBloH9NH2COCH3. Recrystallization from acetoni- 
trile-benzene gave crystals with m.p. >450". 

Anal. Calcd. for (CH3).SBloHyNH2COCH3: C, 28.8; H, 
10.5; B, 43.2; N, 11.2. Found: C, 29.6; H, 10.7; B, 42.9; 
N, 11.3. 

The infrared spectrum of the product showed absorption a t  
3100, 3280, 2400-2500, and 1645 cm.-'. 

BlnHgNH2COCsHa-.-A mixture of 5.33 g. (20 mmoles) of 
[(CH3)4N]2Bl~Hlo, 60 ml. of benzonitrile, and 8 g. of p-toluene- 
sulfonic acid was stirred a t  100-110". When 620 cc. of gas had 
evolved, no further evolution occurred, and the solution was 
cooled and poured into excess ether. The resulting precipitate 
was collected by filtration and washed with ether and water 
t o  give 6.1 g. (98%) of ( C H ~ ) ~ N B I ~ H ~ N H Z C O C G H ~  as a yellow 
solid. Two recrystallizations from acetonitrile-benzene gave 
pale yellow crystals with m.p. 232-233'. 

Anal. Calcd. for (CH3)4NBloH9n'H*COC6Hj: C, 42.3; H ,  9 0; 
B,34.6; N ,  9.0. Found: C,43.5; H,9.4; B, 34.2; hT,9.3. 

The infrared spectrum of the product showed absorption a t  
3300, 3200, 2500, 1630, 1570, 1500, and 1600 cm.-'. 

(CHB)BNB~*H~~.NOZC~H~.-A mixture of 2.3 g. (10.6 mmoles) 
of n'aB1~H11N(CH3)3, 40 ml. of nitrobenzene, and 4 g. of p -  
toluenesulfonic acid was heated at  97-100" for 1 hr. during which 
time 120 cc. of gas evolved. The mixture was cooled and 
treated with ether and water and filtered. Evaporation of the 
ethereal layer of the filtrate gave a dark gum which was recrystal- 
lized three times from acetone-cyclohexane to give 345 mg. of 
light bronze crystals of ( C H ~ ) ~ N B I ~ H ~ O .  N02C&.aCetOne, 
m.p. >405". 

Anal. Calcd. for ( C H ~ ) ~ N B ~ ~ H I O ~ Z ~ ' C ~ ~ H ~ .  C3H60: C, 38.0, 
H ,  8.0; B, 34.2; N, 7.4. Found: C 38.4; H, 8.2; B, 32.8; 
N, 7.4. 

The ultraviolet spectrum of the product in acetonitrile showed 
absorption a t  378 mM ( e  935) and 313 mp ( e  8550). The infrared 
spectrum of the product showed absorption a t  2500, 1700, 1575, 
1545, and 1480 cm.-'. 

(CH3)3NB12HloBr-.-To a stirred solution of 2.65 g. (10.4 
mmoles) of NaB12H11N( CH3)3. HzO. '/3CzH&OH in 50 ml. of water 
in an ice bath was added dropwise over 30 min. a solution of 
1.78 g. of N-bromosuccinimide in 50 ml. of acetonitrile. After 
the addition was complete, the solution was stirred for 30 min. 
a t  room temperature, and the organic solvent was removed 
under reduced pressure. The remaining solution was treated 
with aqueous cesium hydroxide, and the resulting precipitate 
was collected and washed with water to give 3.41 g. (8.3 mmoles, 
80%) of C S ( C H ~ ) ~ N B ~ ~ H ~ O B ~ .  A sample was prepared for 
analysis by recrystallization from water. 

Anal. Calcd. for C S B ~ ~ H ~ ~ B ~ N ( C H ~ ) ~ :  C 8.8; H, 4.7; B, 
31.5; N, 3.40; Br, 19.4. Found: C, 9.6; H, 4.7; B, 31.7; 
N, 3.6; Br, 19.8. 

Preparation of B12H3BrsN(CH3)3-.-To a solution of 3 g. of 
NaBIzH11N(CH3)34 in 60 ml. of water and 10 ml. of methanol 
was added bromine. An exothermic reaction occurred, and 
the temperature rose to about 45". After the initial heat of 
reaction subsided, the temperature was raised to about 90" 
for 15 min., and bromine was periodically added to maintain 
the bromine color. Then, the reaction mixture was cooled 
to 45O, and chlorine was added. The temperature rose to 
approximately 60". The chlorine addition was maintained a t  
such a rate that  chlorine vapor was visually discernible above the 
surface of the solution. The addition was continued for 15 min., 
and then excess chlorine was removed under reduced pressure. 
The reaction mixture was filtered, and the filtrate was divided 
into two portions; a cesium salt was precipitated from one and a 
tetramethylammonium salt from the other. The salts were rc- 
crystallized from a hot water-methanol mixture. 

Anal. Calcd. for ( C H ~ ) ~ N B ~ Z H ~ B ~ ~ N ( C H ~ ) ~ :  C, 9.3; H, 2.7; 
B, 14.3; Br, 70.7: N. 3.1. Found: C,  9.4; H ,  2.5; B, 14.3; 
Br, 70.0; N.  3.1. 

Anal. Calcd. for C S B , ~ H ~ B ~ ~ N ( C H ~ ) ~ :  C,  3.7; H, 1.3; 
Cs, 13.8; B, 13.4; Br, 66.3; N, 1.4. Found: C, 5.2, H ,  1.5; 
Cs, 15.4; B, 13.3; Br, 65.1; N, 1.5. 

B~~HIOIN(CH~)~- . -TO a solution of 1.1 g. (5 mmoles) of NaB12- 
H ~ I N ( C H I ) ~ ~  in 10 nil. of 1 M aqueous sodium acetate was added 
9 nil. of 1 N iodine in potassium iodide solution, and the resulting 
solution was heated to boiling. When the color had faded the 
solution was filtered, and the filtrate was treated with aqueous 
tetramethylammonium chloride. The resulting precipitate was 
collected by filtration and recrystallized from water to give 1.32 
g. (77%) of crystals of (CH3)~T\T(CH~)3NBl2H1OI. A sample was 
prepared for analysis by one additional recrystallization from 
water. 

Anal. Calcd. for (CH3)4NB12HloIN(CH3)3: C, 21.0; H ,  
7.8; B, 32.5; N, 7.0; I, 31.7. Found: C, 21.1; H ,  7.8; B, 
31.6; N, 5.4; I ,  33.4. 

B12HJ7N(CH&-.-Iodine (50.8 g., 200 mmoles) was added 
to a slurry of NaB12H11N(CH3)34 (22.3 g., 100 mmoles) in 150 ml. 
of tetrachloroethylene. After the initial reaction subsided, 
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iodine monochloride was added (0.2 mole) and the temperature 
was slowly raised to i o "  and held there for 2 hr. The reaction 
mixture was cooled to room temperature and filtered. Thc 
solid product was heated with 80 ml. of water for 1 hr. a t  i 5 " ,  
and this slurry was filtered while hot. The filtrate was divided 
in half. To one part of the filtrate was added aqueous tetra- 
methylammonium chloride to give a precipitate of the cor- 
responding salt, and to the other part aqueous cesium fluoride 
was added to  give the cesium salt. These salts were recrystal- 
lized from a methanol--water mixture. 

Anal. Calcd. for (C€13)4SB12H,I,X(CH,),: C, 7.3; H, 2.2; 
I, '76.9. Found: C, 6.9; H,2.0; I,  77.0. 

Anal. Calcd. for CsB12HJ;N(CH3)3: C, 2.1; Cs, 10.9; B,  
10.7; I, i3.2.  Found: C, 3.4; Cs, 9.4; B,  9.3; I, 73.4. 

B12CliH4N(C2H5)3-.-A stream of chlorine was passed into a 
solution of J C ~ H S ) ~ N H B ~ ~ H ~ I N (  C2H5)a4 (20 mmoles) in 50 nil. of 
methanol to which sufficient water had been added to cause 
incipient precipitation of the salt. After a few minutes the re- 
action temperature was raised to  about 70" and held there for 
1 hr. while the chlorine was passed through a t  a relatively rapid 
rate. At the end of the reaction the solution was concentrated, 
arid then water was added to precipitate the crude salt which 
was then recrystallized from methanol-water. 

Anal. Calcd. for (C2H HBiaH4Cl;K(CIHj)j: C, 24.7; 
H, 6.1; B, 22.3; C1, 42.4. Found: C, 25.0; H ,  6.3; B, 21.6; 
C1, 42.5. 

BI2HjBr6N( C2Hj)3-.-Tlie trietliylamrrio~ii~im salt4 of BUHII-  
li-(CCZH6)3- (20 mmoles) \vas dissolved in 50 mi. of methanol, 
and mater was added until there was incipient precipitation 
of the salt. Bromine (ca. 1.4 g.) was then added to the solution, 
and the temperature rose to approsimately 513". The reaction 
mixture was heated to reflux and held there for 1 hr. Bromine 
was added a t  periodic intervals to niaintain the broniiiie colora- 
tion. The solution was evaporated, and the crude solid I'ias 
recrystallized from hot methanol-water. 

Anal. Calcd. for (C2Hj)3NHB19HjBr6S!C?Hj)a: C, 17.6; 
H, 4.4; Br, 58.7; B,  15.9. Found: C, 17.5; H ,  1.6; Br, 
59.5; B, 15.3. 

The triethylammonium salt was dissolved in a water-methanol 
solution and passed through a strong-acid ion-exchange column. 
To the effluent was added aqueous cesium fluoride to give a 
precipitate which was recrystallized from water. 

Aital. Calcd. for CsBI?H:BraS(CPH;)3: , C, 8.5; H, 2.4; 
B, 15.3; Br, 56.6. Found: C, 8.8; €1, 2.6; B, 14.9; Br, 
57.4. 

Bromination of B12H11P(CH3)3-.-To a solution of SaBI2Hl1- 
P(CHs)34 in methanol cooled to 0" bromine was added dropn-ise 
until the color of excess bromine pcrsistcd. Two samples of the 
reaction mixture were removed. One \viis treated Tvith aqueous 
tetramethylammonium chloride, the  other with aqueous tri- 
metliylsulfoniuni iodide. The colorlcss precipitates were re- 
crystallized from water to give the corresponding salts of Bl2H;- 
Br4P(CH3)3- which had characteristic infrared absorption bands 
a t  approximately 2500, 1290, 1000, 980, 950, 875, 835, 795, and 
765 cm. -l. 

Anal. Calcd. for (CHa)4h-Bl?HiBr4P(CHa)a: P, 5.1; B, 
21.4; K, 2.3; Br, 52.7. Found: P, 4.6; B, 20.8; S, 2.3; 
Br, 53.7. 

Anal.  Calcd. for (CH3)aSB12HiBr4P(CHs)3: C ,  11.8; H,  
4.1; S, 5.3; B, 21.3; P, 5.1; Br, 52.4. Found: C, 11.9; 
H, 4.4; S, 5.4; B, 20.8; P, 5.3; Br, 47.9. 

The balance of the reaction mixture was heated to reflux, 
and an excess of bromine was added. The mixture was cooled 
and treated with an excess of aqueous trimethylsulfonium iodide. 
The white precipitate was recrystallized from water. Elemental 
analysis indicates the product to be a mixture averaging 5.6 
atoms of bromine per 12 boron atoms. 

Anal. Calcd. for (CH3)3SBl*Hj.aBrs.sP(CH3)3: P, 4.3; B, 
18.0; S, 4.4; Br, 59.7. Found: P, 4.3; B, 18.0; S, 4.7; 
Br, 59.9. 

B12H&14[S(CH3)2]2 and Bl2HaCl6[S( CH3)2]2.-Chlorine was 
added to a solution of B1?Hlo[S(CH3)2]a4 (1.8 g., 7 nimoles) in 

tetrachloroethane a t  such a ratc that the tcmptrarirre rose 
rapidly to about 60'. Under these conditions zi gumniy solid 
phase separated. The temperature was slowly raised t o  1.24' and 
held there for 15 min. while a slow stream of cliloriiic wiis passed 
through the solution. The reaction mixture TWS ecoled to 80" 
and filtered. The solid product was recrystallizid from an 
acetonitrile-carbon tetrachloride mixture. 

.4izal. Calcd. for B I ~ H & ~ I [ S ( C H ~ ) ? ] ~ :  C, 11.9: H, 4.9; 
C1, 35.3; B,  32.4; S, 15.9. Found: C,  12.:); H,  4.5; C1, 
36.2; B, 31.4; S, 15.9. 

T o  the filtrate from the crude reaction product W A S  added 
carbon tetrachloride. A solid phase precipitated ~1 : i c I i  wis rc- 
crystallized from dichloromethane. 

A?zal. Calcd. for B I ~ H ~ C ~ ~ [ S ( C H P ) ~ ] ~ :  C, 10.2; 3, 3.4; CI, 
45.2; S, 13.6. Found: C, 11.1; H,  3.9; C1, 44.1; S, 13.5. 

Preparation of Bromo Derivatives of Bl?Hlo[S!CHI 
Excess bromine was added to a solution of B12Hi~iS(C 
(2.1 g., 8 mmoles) in 50 ml. of tetrachloroethane, a i d  the tcm- 
peraturc was raised to 130" for about 10 iiiiii. Broiiiiiic Ti-as 
added periodically to maintain the bromine color,itiou. The 
reaction mixture was filtered. Concentration of rhc  filtrate 
gave solids that approximated the pentabromo dcrh-ative oii 
analysis. The solids obtained from the reaction misture Irere 
recrystallized from an acetonitrile-methanol iiiiiture. Otic 
fraction analyzed fairly well for the tetrabromo derivati\-c and a 
number of other fractions were obtained that approsituated the 
tribromo derivative. 

11.1; Br, 55.2. Found: C, 8.1; H, 3.2; S, 11.9; Br, 52.9. 

methane solution of 0.40 g. of B1?H1~[S(CH3 
prnded an excess of anhydrous sodium cL 
color of excess bromine persisted, addition iras discoiitinucd. 
The mixture \yas filtered, the filtrate was evaporatcti to dryness, 
aiid the residue was recrystallized from hot etliauol to give 0.25 
g. of colorless crystals, m.p.  205-240' dec. 

. l i d .  Calcd. for B12H8Br2[S(CH3)2]2: C, 11.4; H, 4 . 5 ;  Br. 
37.9; S, 15.2. Found: C,  12.0; H ,  4.7; Br, 33.7; S, 14.1. 

Preparation of B12H4Br,S(n-C3Hi)~-.-Broiiiiiie \vas s l o ~ l y  
added to a solution of C S B ~ ~ H ~ ~ S ( ~ - C ~ H ~ ) ~ ~  (1 mmolc) in 40 ml. 
of water and 5 ml. of methanol. The reaction niisture was 
slowly warmed to near reflux, and bromine ivas added periodi- 
cally over a period of 15 min. to maintain ti:<, bron:iue color. 
The reaction mixture was filtered, and tetrainetliylaiii~iioiiium 
chloride was added to the filtrate to prccipitate the eorrcspond- 
ing salt which was recrystallized from methaiiol-\\-:iter, m.p .  

Anal. Calcd. for Bi2HsBra[S(CH3) 

Bromine was added slowly a t  room temperature to 'i tiichloro- 

c, 5.3; 11, 3.1; s, 

185187.5". 
Anal.  Calcd. for (CH3j:SBisH?BriS!n-C:,H 

H ,  3.0; Br, 63.1; S, 3.6. Found: C, 14.7; €1, 3.7; Ur, 62.6; 
s, 3.7. 

Bromination of B1oHg(N-methylpyrrolidonej -.--.I sci!utioii of 
3.9 g. (10 mmoles) of ( ~ z - C Q H ; ) ~ ~ B I O H U . C ~ H O S O  iii about 25 nil. 
of 1,2-dichloroethane was heated to reflux while bromine (4.1 
ml., 80 mmoles) was added dropwise until the color of frec bromine 
persisted. The hydrogen bromide which had formed and the 
excess bromine were carried out of the hot mixture with ii stream 
of nitrogen. The product was not completely soluble iii the hot 
mixture. Filtration of the hot suspension gave 4.8 g. of insoluble 
solid, and cooling the hot filtrate gave an additional 1.7 g. of 
white solid having an infrared spectrum identical with that of the 
first crop. The combined 6.5 g. of crude material 1:607; yield) 
mas recrystallized in 555: recovery from aqueous acetonitrile as 
glistening transparent needles. 

A nul. Calcd. for ( C3H; )~NBIOH~ .5Br8 .iCjHgSO : C, 19 .O ; 
H, 3.5; B, 10.0; Br, 63.3; N, 2.6. Found: C, 15.9, 19.1; 
H ,  3.4, 3.4; B, 10.0; Br, 63.2; K, 2.7, 2.9. 

Bromination of B10H8(N-methylpyrrolidone)2.-Broniitie was 
added dropwise to a refluxing solution of 3.1 g. (10 mtiioles) 
of B10H8(S-methylpyrrolidone)2 in 25 ml. of 1,2-dichloraethane 
until the color of excess bromine persistcd. The bulk of the 
product (4.9 g., 59% yield) was insoluble in the hot  reaction 
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mixture, and 0.5 g. of material of similar infrared spectrum N o  
separated on chilling the hot filtrate. A suitable recrystallization T!ie matcrial in the 
solvent was not found. The major crop was insoluble in hot 
acetone, acetonitrile, and 1,2-dichloroethane. It was soluble in a Anal. Calcd. for BioHl.sBre.jfC,HsNO)~: C, 14.6; H, 2.4; 
hot mixture of acetonitrile and 1,2-dichloroethane but did not B, 13.1; Br, 62.7; N, 3.4. Found: C, 14.4, 14.S; H, 8.8, 2.7; 
separate on cooling. The crude material was extracted for sev- B, 13.1; Br, 62.7; S,  2.8, 2.8, 3.2. 

era1 hours with 1,2-dichloroethane in a So\hlct cutractor. 
solid separated from the solvent on chilling. 
thimble was dried arid analyzed. 

Notes 
CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, 

THE UNIVERSITY OF TEXAS, AUSTIN, TEXAS 78712 

The Iodides of Phosphorus. 11. The Reaction 
of Bromine with Diphosphorus Tetraiodide 

BY A. H. COWLEY AND S. T. COHEN 

Received February 17, 1965 

Although a large number of mixed phosphorus 
trihalides are possible only a few have been prepared. 
Those that have been isolated include PClF2, 
PBrF2,3 and P B I - ~ F . ~  Others have been identified in 
the course of ebullios~opic,~ Raman ~ p e c t r a l , ~  and 
n.m.rS6 studies. In each case their preparation or 
identification has involved either halogen exchange or 
reorganization reactions. We have investigated the 
reaction of bromine with PJ4 as a possible route to the 
new mixed trihalide PBr12, since reaction of stoichio- 
metric quantities of halogen with other compounds 
involving one P-P bond, such as organo-substituted 
diphosphines, results in excellent yields of the cor- 
responding monohalo compounds.6 

PClZF, 

Experimental 
The compound PPI4 was prepared by the procedure of Germann 

and T r a ~ l e r . ~  The bromine and CS2 were both reagent grade 
chemicals. The CS2 was dried over CaH2 and carefully fraction- 
ated before use. All operations were carried out either in varua 
or under a dry nitrogen atmosphere. 

I n  a typical run 5.709 g. (35.7 mmoles) of Brz in 100 ml. of CS2 
was added dropwise with stirring to 20.347 g. (35.7 mmoles) of 
PPI4 dissolved in 400 ml. of CSP. The orange color of the P2I2 

was gradually darkened during the addition. Removal of the CSZ 
under reduced pressure left a deep red liquid, d = 3.53 g./ml. 
and f.p. 8-12'; yields were -90% assuming the product t o  be 
PBr12. 

Anal. Calcd. for PBrI2: Br, 21.91; I ,  69.60; P, 8.49. 
Found: Br, 21.74, 21.92; I, 69.50, 69.40; P ,  8.48, 8.57. 

The infrared spectra (in CS2 or CH2C12 solution) were measured 
in a CsI solution cell on a Beckman I R  7 spectrophotometer 
equipped with CsI optics. The P31 n.m.r. spectra mere recorded 
on a Varian V-4300B spectrometer operating a t  24.3 Mc. For 
the percentage composition measurements the signal-to-noise ratio 
was improved by time averaging with a Nuclear Data, Inc., 
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Model 800 digital memory oscilloscope. The  I I I ~ ~ S J  spectra were 
measured on a CEC 21-102 instrument equipped with a heated 
inlet system. 

Results and Discussion 
The infrared spectrum of the reaction product showed 

peaks at  379 and 329 cm.-' with a shoulder at 306 
cm.-'. The 379 cm.-l peak is assigned to P-Br 
stretching and the 329 cm.-l absorption plus the 306 
cm.-l shoulder is assigned to P-I stretching. 

Although the analytical and infrared data are in 
agreement with the formulation PBr12, subsequent 
n.m.r. and mass spectral studies have indicated that 
the product is a mixture. The mass spectrum (room 
temperature) of the reaction product shov-ed peaks, 
together with the appropriate isotopic intensity dis- 
tributions, corresponding to PI3+, PBr12T, PBr21+, 
PI2+, Iz+, PBrIf,  PBr2+, PI+, I+, PBr+, and Br+, 
suggesting that the liquid is a mixture of PI3, PBr3, 
and the two new mixed trihalides, PBr12 and PBrzI. 
This result was confirmed by the P3I n.1ii.r. spectrum of 
the pure liquid (Figure I ) ,  which showed peaks at  - 184, 
-2208, -223, and -227 p.p.m. relative to %yo 
H3P04. We assign the -184 and -227 p.p.m. peaks 
to PI3 (-178 P.p.m.8) and PBr3 ( - 2 2 7  p . ~ . m . ~ ) ;  
hence it is reasonable to attribute the - 208 and - 223 
p.p.m. peaks to PBr12 and PBrzI, respectively, on the 
basis that there is evidence for these molecules in the 
mass spectrum. As estimated from the areas under the 
n.m.r. peaks the composition of the mixture is 8.2% 
PBr3, 13.8% PBr21, 33.2% PBr12, and 44.8% PIS. 
Because of the discrepancy between our value for the 
chemical shift of PI3 in the reaction mixture 
(-184 p.p.m.) and that reporteds for pure PI3 
(-178 p.p.m.), we decided to redetermine the chemical 
shift of PI3 (in CS2 solution). However, since our 
value (- 179 p.p.m.) confirmed the earlier result, 
the PI3 resonance is apparently shifted downfield by 
dissolution in the other halides. 

The fact that  good analyses are obtained for the com- 
position PBr12 suggests that reaction proceeds to PBr12 
initially. If this is the case two reactions that could 
give rise to the observed products are 

2PBr12 PBrzI f PI3 

3PBrzI 2 2PBr3 + PI3 
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