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Although this criterion for alane extraction from 
tetrahydridoaluminates and borane extraction from 
tetrahydridoborates has not been widely investigated 
in transition metal compounds, it  probably applies 
here as well. For example, contrary to published re- 
ports, bis(tripheny1phosphine)tetrahydridoboratocop- 
per(1) is unstable in pyridine and decomposes to copper 
metal, hydrogen, and pyridine-borane, Also attempts 
to prepare the very stable [ (C,&)BP]&!UBH~ complex 
from copper hydride and pyridine-borane in the pres- 
ence of phosphine were not successful.2J 

While the nature of the hydride species as a result 
of alane extraction is important, i t  is probably not 

(28) J. A. Dilts, Ph.D. Thesis, Northwestern University, 1969. 

the sole determining factor. If it were, the reaction 
of trimethylamine with NaAlH4 might be expected to 
yield Na3A1H6.29 The lack of reaction is probably 
best explained in terms of the ionic model for NaA1H4 
mentioned earlier. 
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The reactions of a series of alkyl- and arylphosphines, -arsines, or -stibines with a variety of halo- and haloalkyl- (or haloaryl-) 
phosphines, -arsines, or -stibines have been studied. It has been shown that in most instances the formation of adducts 
of the general formula RnMX3-..yM’R’3 occurs and that in many instances these adducts decompose to give M-M bonded 
compounds plus R’3M’Xz. I t  was further shown by electrical conductance and proton magnetic resonance data that a 
number of these adducts are ionic in solution. 

Introduction 
Reactions of the trialkyls of phosphorus, arsenic, 

and antimony with organohalophosphines, -arsines, 
and -stibines have been studied by several investi- 
gators.l-1° In some of the reactions, adducts of the 
type R,MX3-,.yM’R’3, where y = 1 or 2, were ob- 
tained. In others, compounds containing M-M bonds 
and compounds of the type R’3M’Xz were obtained. 
The nature of the bonding and structure of these 
adducts have not been determined nor have the param- 
eters which influence the type of product obtained. 

In  most instances, reactions of trialkylphosphines 
with diorganohalophosphines and -arsines yield stable 
phosphino- and arsinophosphonium salts of the type 
[RzMPR’3]X.6r6s10 The reaction of triethylphosphine 
with diphenylchlorophosphine yields the adduct [(c,- 
H&PP ( CsH,) 3 ]C1. Tri-n-butylphosphine, however, 

(1) G. C. Burrows and E. E. Turner, J .  Chem. Soc., 117, 1373 (1920). 
(2) G. C. Burrows and E. E. Turner, ibid., 119, 1448 (1921). 
(3) R. R. Holmes and E. F. Bertaut, J .  A m .  Chewi. Soc.,  80, 2980 (1958). 
(4 )  R. R. Holmes and E. F. Bertaut, ibid. ,  80, 2983 (1958). 
(5) J. M. F. Braddock and G. E. Coates, J. Chem. Soc., 3208 (1961). 
(6) W. Seidel, Z .  Anovg. Allgem. Chem., 330, 141 (1964). 
(7) S. E. Frazier, R. P. Nielson, and H. H. Sisler, Inoug. Chem., 3, 292 

(1964). 
(8) S. R. Jain and H. H. Sisler, ibid., 7 ,  2204 (1968). 
(9) S. F. Spangenherg and H.  H. Sisler, ibid. ,  8 ,  1006 (1969). 
(10) G. E. Coates and J. G. Livingstone, Chem. I n d .  (London), 1366 

(1958). 

brings about oxidative coupling as it reacts with di- 
phenylchlorophosphine to give tetraphenylbiphosphine 
and tri-n-butyldichl~rophosphorane.~ 

Studies from this laboratory have shown that tri- 
n-butylphosphine reacts with phenyldichlorophosphine 
and methyldichlorophosphine to abstract chlorine and 
give oxidative coupling according to 

5P(C4H9)3 + 5CeHsPClz --+ (CeHsP). + 5(C4Hs)3PC127z1’ 

5P(C4H9)3 + 5CH3PClz + (CHIP)O + 5(C4H9)3PClas 

However, the reactions of triethylphosphine with 
phenyldichlorophosphine and methyldichlorophosphine 
at  -20’ give the adducts CBHBPC12:.P(C2H& and 
CH3PC12 e P(CzH6)3, respectively ; upon warming to room 
temperature, these adducts decompose according to9 

5CsHsPCL.P(CzH5)3 + (CsHjP)e + 5(CzHe)aPClz 

5CH3PClz.P(CzHs)a --f   CHIP)^ + 5(CzH0)3PClz 

Reactions of tri-n-butylphosphine with organodi- 
haloarsines yield only 1 : 1 adducts8 Attempts to con- 
vert these adducts to products containing As-As bonds 
by heating failed. Conductance measurements in 
nitromethane indicate that these adducts can best 
be written as [ R ( X ) A S P ( C ~ H ~ ) ~ ] X . ~  However, in deu- 

(11) L. AMaier has reported that the compound previously formulated as 
(C,H,P), is actually (C,H,P),. 
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terated chloroform, the proton magnetic resonance 
data were interpreted as indicating that they are non- 
ionic.8 

The trihalides of phosphorus, arsenic, and antimony 
have been found to react with the trialkyls of phos- 
phorus, arsenic, and antimony according to2-499 

MXs + yM'R3 + MX3.yM'R) + M + R I M ' X ~  

The product represented by M contains variable 
amounts of halogen or other impurities and undoubtedly 
consists of a three-dimensional network of M atoms 
with some X atoms included. It is thus best considered 
as an impure sample of the free element. For example, 
phosphorus trichloride and antimony trichloride react 
with trimethylphosphine to give 1 : 2 adducts MC13 e 

2P(CH3)3. However, no adducts of triniethylstibine 
have been isolated; only the M-M bonded products 
have been ~ b t a i n e d . ~  Holmes and Bertaut have 
studied a number of similar reactions and have con- 
cluded that the order of reducing strengths of the ni- 
trogen family trimethyl compounds is: (CH3)aSb > 

The purpose of the studies reported here was two- 
fold: (1) to determine the type of bonding and gen- 
eral structural features of the adduct types RMX2. 
yM'R'3 and MXs.yM'R'3 and (2) to determine the 
factors influencing the stabilities of the adduct inter- 
mediates relative to the corresponding M-M bonded 
products. 

( C H ~ ) ~ A S  > ( C H ~ ) S P . ~  

Experimental Section 
All reactants and solvents were stored and manipulated in a 

moisture-free, oxygen-free atmosphere provided by a Vacuum 
Atmosphere Model HE-43 inert-atmosphere box equipped with a 
Model HE-93B Dri-Train. All solvents, except the absolute 
ethanol, were dried and stored over calcium hydride. 

Materials.-Trimethylphosphine, triethylphosphine, and 
methyldichlorophosphine were obtained from K & K Labora- 
tories, tri-n-butylstibine and triphenylstibine were from M & T 
Chemicals, Inc., methyldiiodoarsine, phenyldichloroarsine, phe- 
nyldiiodoarsine, and phosphorus trifluoride were from Peninsular 
ChemResearch, methyldichlorophosphine was from the FMC 
Co., and phenyldichlorophosphine was from the Eastern Chemi- 
cal Co. Trimethylarsine, l2  trimethyl~tibine,'~ triethylstibine, l2 

diphenyliodoarsine, dimethylchloroarsine, l6 and phenyldichloro- 
stibine" were prepared as reported in the literature. 

Analyses.-Elemental analyses were performed by Schwarz- 
kopf Microanalytical Laboratory, Woodside, N. Y.,  and by Gal- 
braith Microanalytical Laboratories, Knoxville, Tenn. Melting 
points were determined in sealed tubes using a Thomas-Hoover 
capillary melting point apparatus and are uncorrected. 

Nuclear Magnetic Resonance Spectra.-The proton magnetic 
resonance spectra were recorded on a Varian Model A-00-A 
spectrometer. The compounds were run in deuterated chloro- 
form, deuterated acetone, and deuterated DMSO with TMS as 
internal standard. 

Conductance Measurements.-The specific conductances in 
nitromethane were measured by using an Industrial Instruments, 
Inc., Model RCM 15B1 Serfass conductivity bridge. A con- 

(12) W. Stamm and A. Briendel, Angeu. Chem., 76, 99 (1964). 
(13) H. H. Sisler and S. R. Jain, Inovg. Chem., 7, 104 (1968). 
(14) R .  L. McKenney and H.  H.  Sisler, ibid., 6, 1178 (1967). 
(15) W. Steinkopf and G. Schwen, Be?., 54, 1437 (1921). 
(16) W. Steinkopf and W. Mieg, ibid. ,  58, 1013 (1920). 
(17) M & T Chemicals Inc., Netherlands Patent Application 6,505,223 

(Cl. C07f) (Oct 25, 1965). 

stant temperature of 25.0' was maintained by a water bath regu- 
lated by a Sargent Thermonitor, Model SW. 

Reaction Procedure.-The reaction data reported in this study 
are presented in Table I and the analyses for the new products are 
presented in Table 11. 

Experimental procedures for most of the reactions are similar. 
The typical procedure consisted of weighing the trialkyl deriva- 
tives into a flask containing solvent and then adding the halogen 
compounds dropwise with constant stirring. The adducts were 
obtained either by immediate precipitation or by crystallization 
from solution. All of the adducts are solids. The M-M bonded 
products obtained when adducts could not be isolated were iden- 
tified by a comparison of their physical properties, ; .e . ,  melting 
points, infrared spectra, and nmr spectra, with the literature 
values of these properties. The trialkyldihalostibanes generally 
were not isolated, since they are all viscous oils and difficult to 
purify. 

The reactions of tri-n-butylstibine with methyldichloroarsine 
and ethyldichloroarsine yielded in each case small amounts of a 
red solid and a brown solid, respectively, and a viscous yellow oil. 
These solids were analyzed for carbon and hydrogen, but the 
analyses varied significantly from preparation to preparation. 
The viscous oils presumably contain cyclic polyarsines, (RAs)~, 
and tri-n-butyldichlorostibane, both of which are viscous liquids. 

The reaction of triethylstibine and methyldichlorophosphine is 
exothermic. The reaction product is a viscous oil which we 
could not separate into its pure components. The very complex 
proton magnetic resonance spectra of this oil suggested that these 
components were triethyldichlorostibane and (CH&')5. 

In certain cases, the proton magnetic resonance spectrum of the 
reaction mixture was identical with the summation of the spectra 
of the reactants. In these cases, it  was assumed that no reaction 
had occurred. 

Conductance and Magnetic Resonance 
Results and Discussion 

Conductivity Measurements.-Specific conductance 
values are listed in Table 111. Only two trimethyl- 
phosphine adducts of the type MX3.yP(CH3)3 were 
either sufficiently soluble or sufficiently stable in ni- 
tromethane to have their conductances measured. 
These were the two iodides 2P(CH3)3 and SbI3 9 

P(CH3)3. The specific conductance of the former is 
considerably larger than that of the latter and suggests 
that in solution they exist as the ionic species [IZSbP- 
(CH3)3]I and [IAs 9 2P(CH3)3]12.18 The trimethylarsine 
adducts AsI3,As(CH3)3 and Sb13.As(CH3)3 are con- 
siderably more conducting than the corresponding 
chlorides, AsC13.As(CH3)3 and SbC13.As(CH3)3. The 
latter are probably best written as molecular species 
in solution. 

The specific conductances of adducts of the type 
RMX:,.M'(CH&, indicate that the iodides are often 
considerably more dissociated than are the correspond- 
ing chlorides and that the iodides probably exist as 
[R( I)MM'( CH3)3 ]I in solution. The trimethylphos- 
phine adducts of CH3AsC12 and C ~ H & S C ~ Z  are prob- 
ably best written as [ C H ~ ( C ~ ) A S P ( C H ~ ) ~ ~ C ~  and [c6- 

H~(C1)AsP(CH3)3]ClI but the corresponding trimethyl- 
arsine adducts are best written as molecular species 
in solution. 

Magnetic Resonance Measurements.-The proton 
magnetic resonance data are summarized in Tables 
IV  and V. Unfortunately, many of the adducts of 

(18) C. P. Wright, D. M. Murray-Rust, and H. Hartley, J .  Chem. SOC., 
199 (1931). 
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TABLE I 

SUMMARY OF REACTION DATA FOR THE GENERAL REACTION 

R,MX3- , + yM'R'3 + R,MX3- n. YM'R'~  4 OXIDATION-REDUCTION PRODUCTS 

Reactants-. - A:B 
mole 
ratio 

1:2 
1 :2  
1 :3  
2:3 
2:3 
1 :2  
2 : 3  
1 : 2  
2 : 3  
1 : 2  
2:3 
1:2 
1 : 2  
1 : 2  
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
2 : 3  
1:l 
1 : l  
1: l  
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
1 : 2  
1 : l  
1 :1  
1 : 2  
1:1 
1 : l  
1 : l  
1 : l  
1 : l  
1:1 
1 : 1  
1 : l  
1 : l  
1 : l  
1:l 
1:l  
1 : l  
1:1 
1: l  
2 :  1 
2 :  1 
2 : l  
1: l  
2 : 1  
2:1 
2 :  1 
2 : l  
1 : l  
2 :  1 
2: 1 
2 :  1 

Solvent 

(CzH5)20 
(CzH5)zO 
( CzHs )zO 
Neat, CH3CN 

Keat 
h'eat 
(CzH5)zO 
Xeat, CH3CK 
(CzHs)zO 
Neat 

(CzHsIzO 

Acetone 
Neat, (CzHb)zO, CH3CN 
Neat, CeH&!H3, CHaCN 

CHaCN 

CzH50H 

CzHsOH 

CzH,OH 
CzHsOH 
CsHsCH3 
Neat, C2HsOH, CHxCN 

Neat, CH3CN 
Neat 
Neat 
Neat 
n'eat, CH3CK 
Neat 
Neat 
hTeat 
Acetone 
Neat 
Neat 
CeHs 
Neat 
Neat 
Neat 
CsH6 
CsH6 
Xeat 
Acetone 
(CzHsIzO 
Neat 
Neat 
Neat 
Neat 
Neat 
(CzHs)nO 
h-eat 
Neat, CHaCN 
Keat 
lieat 
Acetone 
Neat 
h-eat 
Neat 
Neat 
(CzHaIzO 
Neat, CH3CN 
hTeat 
(CzHshO 

CzHsOH 

Products (% yield) 

PC13.2P(CHa)3a 
PBr3.2P(CH3)3 (51 )" 
Unstable adduct" 
(CHa)aPBrz, P, 

White solid 4 brown solidb 
( C H ~ ) ~ P C ~ Z ,  Pz 

(C~HS)IPFZ (901, AsC 
AsC&.2P(CH3)3 (67)= 
(CH3)aPClz, AS 
Unstable adducta 
(CzHs)3PFz (95), SbJ 
SbCls.2P(CHa)a ( 5 2 )  
Unstable adducta 
SbIs. P(CHa)a (70) 
Unstable adduct 
A s C ~ ~ . A S ( C H ~ ) ~  (60) 
Ada. AS( CH3)s (81 ) 
S ~ C ~ . A S ( C H ~ ) ~  (70) 
SbIB,As(CHa)a (80) 
(CHa)sSbIz, AS 
SbI,.Sb(CH3)a (89) 
Unstable adduct 
KO reaction 
No reaction 
( C H 2  1 6 ,  (CzHs)3SbClz 
No reaction 
No reaction 
No reaction 
(CeHsP)s (871, (CzHs)3SbClz 
(CsHsP)a, (CaH9)~SbClz 
CH3AsC12. P(CHa)3 (83) 
CHaAsClz .As(CH3)3 (56) 
Oil and red solid 
C H ~ A S I ~ . ~ P ( C H ~ ) ~  (87)  
C H ~ A S I ~ . A S ( C H ~ ) ~  (58) 
(CHAs), (701, (CzH5)3SbClz (85)  
( C H ~ A S ) ~  (851, (C4Hs)aSbIz (65) 
CzH&C12.P(CHa)s (85) 
CzHsAsClz.As(CHa)a (43) 
Oil and brown solid 
CsHsASClz.P(CH3)3 (98) 
CsHsA4Sclz.A~(CH3)3 (35) 
(C~HSAS)~ (59), (CaHo)3SbClz 
CsHsASIz.P(CH3)3 (59) 
C B H ~ A S I ~ . A S ( C H ~ ) ~  (52) 
CsHsASIz.As(CaHg)a (62) 
(C&& )6 (54), ( CaH o )3SbIz 

See text 
No reaction 
KO reaction 
(C6Hs)zPP (CsHs )z (86 1, (CaH~)aSbC1z 

No reaction 
h'o reaction 

No reaction 
KO reaction 
iVo reaction 
No reaction 
(CsHs)&AS(Cs&)z (821, (CaH9)3SbIz 

CeHjSbClz . P(CH3)s (71) 

(CH3)zAsCI * P(CHa)3 (82) 

(CHs)zAh(C4Hg) (79), (CaHo)2SbCI, CaHgSbCL" 

Reaction temperature -20". White solid was obtained a t  liquid NZ temperature, but it decomposed to a brown, sticky solid a t  
room temperature. Refluxed 12 hr. Refluxed 72 hr. Refluxed 64 hr. 
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TABLE I1 
ANALYTICAL DATA 

Compound 
PBra,ZP(CHa)a 
AsC13.2P (CHa) 3 

As18 .ZP(CHa)a 
SbIa.P(CHa)a 
AsCla As(CHs)a 
ASIS .As(CHa)s 
SbCls.As(CHs)s 
SbCla 'ZP(CHd8 
SbIa As(CH3)a 
SbIa,Sb(CHa)a 
(CzH5)aPFa 

CHaAsIz 2P(CHa)a 
CHaAsClz 'P(CH3)a 
CzHsAsClz P(CHa) a 
CsHsAsCl? P (  CH3)a 
CeHsAsIz. P(CHd3 
CaHsSbClz . P(CHa)a 
CHaAsClz' As(CHa)a 
CHaAsIz. As(CHa) 3 

CzHsAsCIz. As(CHs)s 
CeHsAsClz As(CHa)a 
CsHsAsIz As(CHs)a 
CsHsAsIn, As(C4Ho)a 
(CHsAs)% 
(CzHa)aSbIz 
(CH3) sAs(C4Hd 

(C4HdzSbCI 4- CiHsSbClz 

MP, 'C 
D eca 
Deca 
Dec" 
120-128 dec 
Deca 
140-144 dec 
148-150 
162-175 dec 
145 dec 
91-92 

[Liq bp (59-61' (41 

Deca 
Deca 
Deca 
115 dec 
120-128 
161-165 
94-97 

108 
112 

mm) I 

89-95 
66-79 
67-73 

204-204.5 

[Liq bp 133-135" 
(760 mm)] 

-c--. ,-H- -P-- ---As-- -Sb--- -Halide-- 
Calcd Found Calcd Found Calcd Found Calcd Found Calcd Found Calcd Found 

17.04 
21.62 
11.84 
6 .11  

11.95 
6.26 

10.35 

5 .81  
5.38 

46.20 

16.96 
20.28 
23.93 
36.15 
22.43 
31.26 
17.11 
10 ,35  
19 ,97  
31.53 
20.25 
33.15 
13.35 
15.58 
44.48 

27.65 

17.09 
22.04 
11.47 
6 .02  

11.84 
6.42 

10.29 

5.99 
5 .20  

46.46 

16.68 
20.34 
24.08 
36.35 
22,76 
30.93 
16.83 
10.58 
19.89 
31.82 
20.56 
32.54 
13.49 
15 ,76  
44.11 

27.53 

4 .28  4.57 
5.44 5.84 
2 .98  3.10 
1 .53  1.81 
3 .01  2.94 
1 .58  1.61 
2 .61  2.94 

1 .44  1 .45  
1.36 1 .48  
9 .68  9 .82  

4.27 4.24 
5.11 5 .03  
5.62 5.94 
4 .75  5.00 
2.93 2.77 
4.08 4.10 
4.30 4 .13  
2 .61  2 .65  
4.78 4.fi2 
4.12 3 .65  
2 .34  2.68 
4 .95  4.37 
3.34 3.32 
3 .27  3 .24  
9 .33  9 .11  

5.22 5.74 

a Decomposed over a wide temperature range without melting. 

Adduct 
Ada '2P(CHs)a 
SbIa P (  CHs) 3 

AsCla As(CH3) 3 

AS18 AS (CHa) a 
SbCla As(CHd3 
SbIa'As(CH8)a 
CHsAsClz P(CHs)a 
CHaAsIz .2P(CHa) a 

TABLE I11 
SPECIFIC CONDUCTANCES 

Specific 
conduct- 
ances 

pmho/cm 

53 .7  
5 . 9  

58 .3  
20 .4  
51 .8  
37 .8  

(10-3 M ) ,  

117 

124 

Adduct 
CsHsAsC1z. P (CHa) a 
CeHnAsIz P (CH3)s 
CsHsSbClz' P(CHs)a 
CHaAsClz . As(CHs) 3 

CHsAsIz ' As(CHa)s 
CeHsAsClz. As(CHa)3 
CaHsAsIz .As(CHa) 3 

TABLE I V  
PROTON MAGNETIC RESONANCE DATA 

No. Compound Solvent T C H ~  rR '  
1 AsIa,ZP(CHa)a Acetone.de 7.88 
2 AsCls.As(CHa)a Acetone-de 8 .71  
3 SbCla ' As(CHs) 3 Acetone-do 8 .91  
4 SbCla,Sb(CHs)a Acetone-ds 7.92 

Specific 
conduct- 

ances 

pmho/cm 
(10-3 M I ,  

38 .3  
57 .2  
13 .7  
5 . 6  

50.0 
4 .9  

49.1 

5 (CzHdsPFz CDCla 

6 ('2nHs)aSbClz CDCls 7.31 triplet 
8 .42  quartet 

7 (CHa)zAsCiHs CDCla 9.11 8.57* 
8 [(CHa)zAsP(CHa)alCl DMSO-do 8 . 0 7  8 .58  14.4 
9 Sb(CHa)s CDCla 8.91 

a The spectrum consists of two partially superimposed multi- 
* Unresolved multiplets centered plets centered at these values. 

a t  this value. 

the type MX3 'YM'(CH~)~ are insufficiently soluble in 
the common deuterated solvents to be studied. 

The resonances of the methyl protons of trimethyl- 
phosphine and trimethylarsine exhibit downfield shifts 
upon quaternization of the phosphorus and arsenic 
atoms.13'19~20 For example, the methyl resonance of 

(19) S. R.  Jain, W. S. Brey, and H. H. Sisler, Inorg. Chew. ,  6 ,  515 (1967). 
(20) J. B. Hendrickson, M. L. Maddox, J. J. Sims, and  H. D.  Kaesz, 

Tetrahedron, 30, 449 (1964). 

No 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 
11 

12 

22.00 
18.28 
10.19 
5 .36  

19.87 

14.51 

12 ,33  

8.95 

22.54 
18.12 
10.14 
5 .18  

19.94 

14.40 

11.43 

8 .74  

22.44 22.52 
12.31 12.17 

49.79 50.07 
26.07 26.16 

34.97 

36.38 

15.18 15.35 

29.85 30.23 

35.21 

32.29 32.17 
50.87 50.66 
43.74 43.71 

56.70 
31.90 
62.64 
65.85 
35.24 
66 .13  

35.10 30.55 
27.89 
61.15 

36.33 56.97 
24.23 

51.19 
29.93 
28.25 
23.71 
52.67 

34.94 20.50 

56 .43  
31.44 
62.29 
66.72 
35 ,Oi  
66.48 
30.40 
27.66 
62.78 
56 ,76  
24 ,05  

51.00 
29.54 
28 ,46  
23 ,65  
52.56 
20 ,45  

54.70 54.95 
24 .38  24.22 
20.71 20.80 

38.92 38.40 
83.33 75.62 

26.31 26.10 54.82 54.47 
46.29 46.11 0.00 0.00 0 .00  0.00 

46.72 46.15 20 .41  20.71 

TABLE V 

RMXz .M(CHB)8 ADDUCTS 
PROTON MAGNETIC RESONANCE DATA OF 

7 T C H a - 7  7 - T R -  
Ace- Ace- 
tone- tone- J P C H ~ , ~  

Compound CDCls de CDCls do cps 
P(CHd8 9.02 9.04 2 . 0  
As(CHa)s 9.10 9 .08  

CeHsSbCh.P(CHs)s 8.22 b 
13.0  

CHaAsClz.P(CHa)s 7 .94  7 .91  7.79 7 .79  13 .9  
CHaAsCIz.As(CHs)8 8 .63  8 .56  7.72 7.72 
CHaAsIz.ZP(CHa)a 7 .92  c 7.63  c 13.5  
CHsAsIz~As(CHa)s 8 .67  8 .11  7.08 7.33  

a Determined in deuterated chloroform. * Decomposed in 
deuterated acetone. Resonances are obscured by the reso- 
nances of partially deuterated acetone that is present as an im- 
purity. Braces indicate two multiplets centered a t  the values 
shown. 

As(CH& occurs a t  7 9.10 but undergoes a downfield 
shift to T 8.00 in tetramethylarsonium iodide.13 If 
the adducts isolated in this study contain either qua- 
ternized phosphorus, arsenic, or antimony atoms, the 
methyl resonances of M(CH3)3 should be shifted to 
lower T values, and the J P C H ~  coupling constants of 
the trimethylphosphine adducts should be of similar 
magnitude to those values observed for other phos- 
phonium compounds. These values range from 12.0 
to 14.0 cps.13 

The proton resonance data of these adducts support 
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those structures previously assigned from the con- 
ductivity data. Downfield shifts of the methyl reso- 
nances of P(CH3)3, As(CH3)3, and Sb(CH3)3 were ob- 
served for all adducts, and the J P C H ~  coupling constants 
range from 12.6 to 13.9 cps. 

The magnetic resonances of adducts of the type 
RMXzM’(CH& were examined in deuterated chloro- 
form and in deuterated acetone. Generally, these 
resonances undergo a larger downfield shift in acetone 
than in chloroform. This observation can best be 
understood by assuming that the degree of ionization 
is greater in the more polar acetone than in chloroform. 
The general structure of an adduct of the type RMX2. 
M(CH3)3 may be represented as 

x X’ 
\ I  

/” 
M4-M ’( CHa)3 

R 

As X’ dissociates from M, the electron density on M 
decreases. As this electron density decreases, the 
strength of the M-M’ bond increases, resulting in a 
decrease of electron density on M’, and, hence, an 
increase in the magnitude of the downfield shift of 
the proton resonances of -M’(CH3)3 caused by the 
inductive effect of the now more electronegative M’. 

A comparison of the methyl proton resonances of 
the trimethylphosphine and trimethylarsine adducts 
reveals that the phosphine resonances are shifted far- 
ther downfield than those of the corresponding arsine 
adducts. At least two possible explanations may be 
advanced for this observation. (1) It may be as- 
sumed that trimethylphosphine interacts more strongly 
with RMXz compounds than does trimethylarsine, and, 
hence, that there is a greater lowering of the electron 
density on the phosphorus atom than on the arsenic 
atom. (2) It may be assumed that back-donation 
of the lone pair of electrons on RMX2 to a vacant d 
orbital on M’(CH3)3 occurs and that this effect is 
more important for the trimethylarsine adducts than 
for the trirnethylphosphine adducts. Back-donation 
of electron density would, if i t  indeed occurs, result 
in increasing the electron density on the M’(CH3)3 
moiety and would, thus, reduce the magnitude of the 
downfield shift. 

Trimethylarsine does not react with (C6H5)2PC1, 
(CBH~)~ASI ,  C6H5PC1,, or CH3PC12, whereas trialkyl- 
phosphines do react with these compounds giving com- 
pounds containing M-M bonds and trialkyldihalo- 
phosphoranes. Trimethylarsine fails to form stable 
adducts with these halides, presumably because of 
the weakness of interaction between M and M‘ (vide 
infra). In view of these considerations, it  would seem 
reasonable that the greater downfield shifts of the 
trimethylphosphine adducts may be better explained 
in terms of stronger interactions between P(CH3)3 and 
RMX2 than between As(CH3)3 and RMXz, rather than 
in terms of differences in back-bonding. 

The proton resonances of the chloride adducts might 
be expected to undergo larger downfield shifts than 
those of the corresponding iodide adducts from con- 

siderations of electronegativity differences of the halo- 
gen atoms. The greater electronegativity of chlorine 
than of iodine should result in the chlorine atom being 
more effective than iodine in lowering electron density 
on M of RMXz. Thus, RMC12 is expected to interact 
more strongly with M(CH3)3 than RM12. In acetone 
solution, however, the methyl resonances of the iodide 
adducts are all shifted to lower fields than those of 
corresponding chloride adducts. It is interesting to 
note, however, that the chloride adducts are con- 
siderably less ionized than the iodide adducts, thus 
suggesting that the clue to this apparent paradox 
may be that the electronegativity effects of the halogen 
atoms are outweighed by the differences in the degree 
of ionization of the chloride and iodide adducts. 

Adducts of the type MXa .yM’(CH3):i exhibit proton 
magnetic resonance spectra similar to those of the 
adducts just discussed. For example, the adducts 
AsI3. 2P(CH3)3 and C H ~ A S I Z . ~ P ( C H ~ ) ~  exhibit reso- 
nances a t  7 7.88 and 7.92 and J P C H ~  of 13.1 and 13.5 
cps, respectively. The adducts A S C ~ ~ . A S ( C H ~ ) ~  and 
CH3AsC12 .As(CH3)3 in deuterated acetone exhibit s im-  
lar 7 values of 8.71 and 8.56, respectively. The proton 
resonances of AsC&.i%s(CH3)3 and SbC13.As(CH3)3 are 
only slightly shifted downfield in accord with the small 
specific conductances observed for these adducts. The 
methyl resonance of the adduct SbI3 .Sb(CH3)3 under- 
goes a considerable downfield shift to 7 7.92. From 
these results it may be inferred that trimethylphosphine 
and trimethylstibine interact more strongly with halo- 
phosphines, -arsines, and -stibines than does trimethyl- 
arsine. 

The proton resonance results obtained in this study 
differ somewhat in their implications from previous 
work done in this laboratory on adducts of the type 
[R(X)ASP(C~HQ)~]X.* It was concluded in that study 
that in deuterated chloroform almost no change, or 
even an upfield shift of the butyl resonances, occurs 
and that these adducts are nonionic in this solvent, 
the positive charge on the phosphorus atom being 
reduced by back-donation of electron density from 
the arsenic atom. Whereas the results of this study 
have shown that smaller downfield shifts are observed 
in deuterated chloroform than in deuterated acetone, 
nevertheless, the methyl resonances of the trimethyl- 
phosphine adducts do undergo considerable downfield 
shifts in this solvent. 

An interesting sidelight of this study is a comparison 
of the proton resonance spectra of triethylstibine 
and triethyldichlorostibane. The spectrum of triethyl- 
stibine consists of an ill-defined multiplet centered 
at r 8.69, but the spectrum of triethyldichlorostibane 
consists of a well-defined quartet and triplet a t  T 

7.31 and 8.42, respectively (Figure 1). 

Synthetic Results and Discussion 
The studies reported herein show that 

step 1 step 2 
RnMX3-. + yM’R’3 ---+ RnMX~_,.yM’R’3 --+ 

(oxidation-reduction 
products containing 
M-M bonds 
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where M and M’ = P, As, or Sb; R = alkyl or aryl; 
R’ = alkyl; X = halogen. There is considerable 
difference in the various systems in the tendencies for 
step 2 to occur. It is reasonable to assume that the 
tendency for step 2 to occur depends on the relative 
stabilities of the initial adduct intermediates and the 
products of the oxidation-reduction step 2. 

Reactions of the Type MX3 + yM’R13 + MX3. 
yM’R’p 3 M + R’aM‘Xz.-The studied reactions of 
nitrogen family trialkyls with nitrogen family trihalides 
give either adduct intermediates or the free element M 
(usually impure) and compounds of the type Rt3M’Xz. 
All adducts of trimethylphosphine and trihalides iso- 
lated in this study have the formula MX3.2P(CH3)3, 
except for the antimony triiodide adduct, which has 
the formula Sb13.P(CH3)3. 

Adducts of trimethylphosphine with phosphorus tri- 
chloride, phosphorus tribromide, or arsenic trichloride 
can be obtained if the reactions are run in ether a t  
-20’. If, however, they are run in the absence of 
solvent or in acetonitrile a t  room temperature, impure 
elemental phosphorus or arsenic and the corresponding 
trimethyldihalophosphorane are obtained. The ad- 
ducts that  are obtained can be thermally decomposed 
according to 

2[MXa.2P(CHa)a] + 3(CHa)sPXs + 2M + P(CHs)s 

Reactions of triethylphosphine with either arsenic 
trifluoride or antimony trifluoride yield triethyldi- 
fluorophosphorane and the corresponding free element. 
The trimethylarsine adducts are all 1 : 1, MX3.As(CH3)3; 
in no reaction studied did trimethylarsine act as a 
reducing agent. On the other hand, only one stable 
adduct of trimethylstibine was isolated, SbIp .Sb(CH&. 
The reaction of antimony triiodide and tri-n-butyl- 
stibine yields an impure orange-brown solid which is 
probably a partially decomposed adduct. 

Factors influencing the stability of the adduct rel- 
ative to oxidative coupling are difficult to delineate. 
However, our data indicate the probable validity of 
the following trends. (1) The stability of the adduct 
increases as the size of the alkyl group R’ of M‘R‘, 
decreases. The reactions of trimethylphosphine with 
phosphorus trichloride and arsenic trichloride in ether 
a t  - 20 O yield adducts, but tri-n-butylphosphine reacts 
with these trichlorides to give tri-n-butyldichlorophos- 
phorane and impure samples of the free elements.*v9 
( 2 )  The stability of the adduct increases in the order 
of I > Br > C1 > F for X of MX3. The reaction 
of trimethylstibine with antimony trichloride yields 
trimethyldichlorostibane and elemental a n t i m ~ n y , ~  but 
with antimony triiodide the adduct SbI3 Sb(CH3)3 is 
obtained. In ether a t  -20°, tri-n-butylphosphine re- 
acts with phosphorus tribromide, yielding a white solid 
which presumably is an adduct. Unfortunately, the 
solid decomposed before i t  could be characterized. The 
reaction of tri-n-butylphosphine with phosphorus tri- 
chloride immediately gives tri-n-butyldichlorophos- 
phorane and impure elemental phosphorus. Triethyl- 
phosphine reacts immediately with arsenic trifluoride, 
yielding triethyldifluorophosphorane and elemental ar- 

Figure 1.-The 1H nmr spectra of (1) triethyldichlorostibane and 
(2) triethylstibine in the region of 7 7.0-10.0. 

senic. (3) The stability of the adduct increases in 
the order Sb > As > P for M of MX3. Antimony 
triiodide forms a stable adduct with trimethylstibine, 
but with arsenic triiodide, trimethyldiiodostibane and 
impure elemental arsenic are obtained. Trimethyl- 
arsine does not form a stable adduct with phosphorus 
trichloride but does so with arsenic trichloride. (4) 
The stability of the adduct decreases in the order 
As > P > Sb for M’ of M’Rt3. Only one adduct 
of trimethylstibine, SbI3 + Sb(CH3)3, was isolated in 
this study and none is reported in the literature. Ar- 
senic trichloride forms adducts with both trimethyl- 
phosphine and trimethylarsine, but in acetonitrile, the 
trimethylphosphine adduct decomposes to give tri- 
methyldichlorophosphorane and impure elemental 
phosphorus. 

Reactions of the Types RMX2 + yM‘R13 + RMXz. 
yM’R’3 + (l/n)(RM), + Rr3M’X2 and RzMX + M’R‘3 

llzR’3M’.-All adducts of the nitrogen family trialkyls 
with organodihalo compounds isolated in this study 
have the formula RMXz. M’R’3, except the methyldiio- 
doarsine adduct, CH3AsI2<2P(CH3)3. 

Reactions of trimethylphosphine with organodihalo- 
arsines and with phenyldichlorostibine, as well as the 
reactions of trialkylarsines with organodihaloarsines, 
yield only adducts. Trialkylarsines, however, react 
with neither phenyldichlorophosphine nor methyldi- 
chlorophosphine. Reactions of trialkylstibines with 
organodichlorophosphines and organodihaloarsines give 
cyclopolyphosphines and cyclopolyarsines in all re- 
actions studied. These results are summarized in Ta- 
ble I. 

+ RzMX.M’R’3 * ‘/,RzMMRz + ‘/zR’,M’Xz + 
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Rationalization of the relative stabilities of adduct 
intermediates, relative to the formation of M-hl com- 
pounds and compounds of the type R’&t’X2 or to 
reversion to starting materials, is a complex problem. 
These stabilities are undoubtedly dependent upon sev- 
eral parameters, and the following discussions illustrate 
some of the problems involved. 

In no reaction studied did the trialkylarsines function 
as reducing agents. Trialkylstibines, on the other 
hand, were found to reduce the nitrogen family organo- 
dihalo compounds readily to products containing M-M 
bonds. The data of this study indicate that the order 
of the reducing strength of the nitrogen family trialkyls 
is R3Sb > R3P > R3As and not R3Sb > R3As > R3P, 
as Holmes and Bertaut have r e p ~ r t e d . ~  

Reactions of trimethylarsine with halophosphines, 
haloarsines, or halostibines, in terms of our experience, 
may be expected initially to yield adducts of the type 
[R2MAs(CH3)3]X where Rz may be XZ, R’X, or R’z. 
In those instances where adducts were obtained, -MR2 
was C12As-, 12As-, CH3(Cl)As-, CHa(I)As-, CH3CH2- 
(C1)As-, C6Hj(C1)As--, C6H,(I)As-, ClzSb-,3 or 12Sb-, 
and in those instances where no reaction occurred, 
-MR2 was c1zP-,3 CH3(Cl)P-, (C,jH&P-, C6&(Cl)P-, 
(CH&As-, or (CaH&As-. Trimethylarsine does not 
react with phenyldichlorophosphine, but it forms a 
1 : 1 adduct with phenyldichloroarsine. This difference 
in reactivity may be understood in terms of the follow- 
ing enthalpy cycle. Entropy contributions to the free 
energy are expected to be of similar magnitude in all 
systems and, therefore, can be neglected, leaving the 
differences in the free energy corresponding to the 
reactions in the two systems to be primarily a function 
of the changes in enthalpy 

+ A H , ,  
C6H5MC1? - 

I 

where AH,, = A H i o n  + A H d i s s  + A H E a  + AHx + 
A H l a t .  

The AHi,, and A H E a  terms are common for both 
the phenyldichlorophosphine and phenyldichloroarsine 
systems and, thus, do not affect their reactivities with 
trimethylarsine. In the absence of R bonding, A H x  
is expected to be more negative for the phenyldichloro- 
phosphine system than for the phenyldichloroarsine 
system. The p orbital on M of CsHjMClz is more 
compact for phosphorus than for arsenic and, there- 
fore, is expected to form the stronger bond with tri- 
methylarsine. Since the cation C6H6(C1)PAs(CH3)3* 
is smaller than CaH6(C1)AsAs(CH3)3+ and since lattice 
energy is a function of the factor l /(r+ + r-) ,  where 
r+ and r- are the radii of the cation and anion, re- 
spectively, the lattice energy of [ C ~ H ~ ( C ~ ) P A S ( C H ~ ) ~ ] C ~  

will be more negative than that of [CaHS(C1)AsAs- 
(CH3)3]Cl, and the AHla t  term for the phosphine adduct 
will favor the formation of this adduct over the cor- 
responding arsine adduct. Since both the AHx and 
A H l a t  terms favor the stability of the phosphine adduct 
over that  of the arsine adduct, the A H d i s s  term must 
be the term that determines the observed reaction 
behavior. 

The M-Cl bond dissociation energies of phenyldi- 
chlorophosphine and phenyldichloroarsine are not avail- 
able but should be of similar magnitude to the cor- 
responding values for phosphorus trichloride (79.1 
kcal/mol) and arsenic trichloride (68.9 kcal/mol) . 2 1  

This difference of approximately 10 kcal/mol may 
account for the difference in behavior of phenyldi- 
chloroarsine and phenyldichlorophosphine toward tri- 
methylarsine. 

The fact that arsenic trichloride and methyldi- 
chloroarsine react with trimethylarsine yielding the 
adducts ASC13.Lks(CH3)3 and CH3AsC&.As(CH3)3 but 
dimethylchloroarsine fails to react is difficult to ration- 
alize. The ternis in the energy cycles of these 
systems should be of similar mangitude, since methyl 
groups and chlorine atoms are of similar aize. The 
As-C1 bond dissociation energies of arsenic trichloride, 
methyldichloroarsine, and dimethylchloroarsine are also 
expected to be of similar magnitude. It would, thus, 
appear that  the AHx term may be responsible for 
the difference in behavior of the three systems. 

An alternative explanation based on kinetic effects 
follows. The differences of electronegativities of the 
chlorine and arsenic atoms in these chloroarsines should 
result in the formation of partial positive charges on 
the arsenic atoms and partial negative charges on 
the chlorine atoms. As the number of chlorine atoms 
increases and the corresponding number of electron- 
releasing methyl groups decreases, the magnitude of 
the positive charge should increase. The greater the 
charge, the more susceptible to attack by trimethyl- 
arsine the arsenic atom should become. According 
to this approach, the failure of dimethylchloroarsine 
to react might be assumed to result from the arsenic 
atom of dimethylchloroarsine not being sufficiently 
positive for a successful attack by trimethylarsine. 

The reaction of methyldiiodoarsine with trimethyl- 
phosphine yields the 1 : 2 adduct, CH3AsIz.2P(CH3)3, 
whereas only a 1: 1 adduct, CH3As12.P(C4H9)3,* is ob- 
tained with tri-n-butylphosphine. It is possible that 
steric factors account for this difference. The reac- 
tion of methyldichloroarsine with trimethylphosphine 
yields a 1: 1 adduct, CH3AsClZ.P(CH3)3. The failure 
to form a 1 : 2 adduct can be rationalized in terms of 
the As-X bond dissociation energies of the methyldi- 
haloarsines and the lattice energies of the resulting 
adducts. Bond dissociation energies of methyldiiodo- 
arsine and methyldichloroarsine are not available but 
should be of a magnitude similar to the corresponding 
values for arsenic trichloride (68.9 kcal/mol) and ar- 

(21) c. S. G. Phillips and R.  1. P. Williams, “Inorganic Chemistry,” 
Oxford University Press, Xew York, N, Y. ,  1966, p 112. 
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senic triiodide (41.6 kcal/mol).21 Thus it would be 
estimated that the difference in the As-X bond energies 
in the two methyldihaloarsines is approximately 27 
kcal/mol. Although it is difficult to assess the param- 
eters affecting the lattice energies of these adducts, 
it does seem reasonable that the lattice energy of a 
1 : 2 adduct of methyldichloroarsine and trimethylphos- 
phine, [ C H ~ A S . ~ A S ( C H ~ ) ~ ] C ~ ~ ,  is not great enough to 
overcome this additional 27 kcal required for the dis- 
sociation of a second As-CI bond. However, following 
this reasoning, i t  is surprising that the adducts of ar- 
senic trichloride and arsenic triiodide with trimethyl- 
phosphine are both 1 : 2. 

The reaction of methyldiiodoarsine with tri-n-butyl- 
stibine yields tri-n-butyldiiodostibane and a dark purple 
solid, identified by elemental analysis as (CH,As) %. 

The solid melts a t  204-204.5' with decomposition. 
The products of decomposition are a red solid and a 
yellow oil; upon cooling, these products revert to 
the purple solid. The mass spectrum of this solid 
indicates the presence of a component of molecular 
weight of 450. Since the molecular weight of penta- 
methylcyclopentaarsine is 450 and since pentamethyl- 
cyclopentaarsine is reported to exist in both a red 
solid and a yellow oil modification,22 it appears that 
the purple solid decomposes into these products upon 
melting 

(CHsAs), 3 (CH3As)dl) + (CHsAs)a(s) 
cooling 

The reaction of tri-n-butylstibine with dimethyl- 
chloroarsine gives dimethyl-n-butylarsine, a small 
amount of an unidentified gray solid, and a viscous 
liquid identified by elemental analysis as probably 
an equimolar ratio of di-n-butylchlorostibine and n- 
butyldichlorostibine. I t  is apparent that butyl group 
migration from the tri-n-butylstibine to the dimethyl- 
chloroarsine has occurred. The expected tetramethyl- 

(22) E. G. Rochow, D. T. Hurd, and R. N. Lewis, "The Chemistry of 
Organometallic Compounds," John Wiley and Sons, Inc., New York, N. Y., 
1857, p 210. 

biarsine was not obtained, but when tri-n-butylstibine 
reacts with diphenyliodoarsine or diphenylchlorophos- 
phine, the coupled products are isolated 

Sb(C4Hs)a + 2(CaHs)zAsI + 
(CsHs)zAsAs(CeHs)z f (C4Hs)3SbIz 

Sb(C4H9)3 + 2(CeHa)zPCI + 
( C E H ~ ) Z P P ( C E H ~ ) ~  -I- (C4H~)sSbC12 

Butyl group migration also apparently occurs when 
tri-n-butylstibine reacts with phenyldichlorostibine. A 
gray solid precipitates immediately upon mixing. This 
solid was found by elemental analysis to contain about 
85% antimony. Upon distillation of the reaction mix- 
ture after 64 hr of heating, a yellow liquid boiling a t  
87-89' (3 mm) was recovered. The similarity of 
boiling points of this yellow oil and of dibutylchloro- 
stibine, 121-123O (10 rn~n),~~ suggests that it is also 
dibutylchlorostibine. Its proton magnetic resonance 
spectrum contains only butyl resonances. 

The proton magnetic resonance spectrum of the 
residue revealed the presence of both phenyl and butyl 
groups with an area ratio of approximately I : 2. The 
phenyl proton to butyl proton ratio in phenyl-n-butyl- 
chlorostibine is 1:1.8. From the limited amount of 
data available, it is likely that the following reaction 
has occurred 
Sb(C4Hs)a -I- CaHsSbClz + (C4He)zSbCl f ( C & ) ( C ~ H Q ) S ~ C ~  

Presumably, the gray solid is a decomposition product 
of either dibutylchlorostibine or of both reaction prod- 
ucts. 
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