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In the strong-field limit, p = - @ / 2 .  However, as 
pointed out by Griffith,s7 the 'T2(t2,5e,) state of low- 
spin d6 ions is subject to extensive configuration inter- 
action. We have therefore evaluated p in the inter- 
mediate-field situation, diagonalizing the whole (7 X 
7) ITzr matrixsS for a range of A and B values. The 
results show that p increases uniformly as A decreases 
and B increases (;.e., as configuration interaction in- 
creases), being $0.578 for A = 18,000 cm-', B = 600 
cm-l, +a.95,B for A = 18,000 cm-', B = 800 cm-I, 
and $0.458 for A = 20,000 cm-', B = 600 cm-'. 
For C O ( O X ) ~ ~ -  A - 18,000 cm-l, B - 540 cm-1,s9 

(87) Reference 43, Section 11.6.1, pp 312-313. 
(88) Reference 43, Table A29, p 412. 

and hence the calculated p value is close to that ob- 
served experimentally (+0.48,B). The sensitivity of p 
to configuration interaction is noteworthy. The ef- 
fects of the D3 perturbation on the wave functions are 
hard to evaluate but should be small. 

The calculation of A I D  for a spin-allowed -42 .--t E 
transition in D3 symmetry follows that above for AI+ E. 
Definingp = Z(El/pl[E) = Z(Ez~pe~Eu), A / D  = - p / 2 .  
For the 4A2 + 'E, transition of Cr(III), assuming 4E, 
to be unperturbed linear combinations of 4T2s Oh states 
(which are not subject to configuration interaction), 
we find p = - B / 2 ,  whence A / D  = @/4. 

(89) C. K. Jwgensen, "Absorption Spectra and Chemical Bonding in 
Complexes," Pergamon Press Ltd., Oxford, 1962, Table 11, pp 110-111. 
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A series of complexes of the type R+[Cr(NCS)aLz]- [ R +  = K+, "a', (C2H6)4Nf, cholinium+, (CHa)aPH+, (CzHb)aPH+, 
( ~ - C ~ H Q ) ~ P H + ,  (CH3)2( CEHS)PH+, or (C&)Z( C~HK)PH +; L = "3, pyridine, '/~(2,2'-bipyridyl), l / 2 (  o-phenylenebisdi- 
methylarsine), (CHa)zP, ( CzH6)aP, (n-CHa)sP, (CH~)Z(CEHK)P,  (CZHF,)~ CaHi)P, or ( CZHK)( Ci&)zP] have been prepared, 
several for the first time, and studied in the 10,000-40,000- and the 4000-70-cm-' regions. From the position of the 4T2, + 

4Azg transition in the electronic spectra of these complexes, the relative positions of the ligands (L) in the spectrochemical 
series have been deduced. In general, tertiary phosphines have slightly higher ligand field strengths than nitrogen-donor 
ligands. Methylphosphines have higher ligand field strengths than other alkylphosphines, whereas phenyl substituents 
lower the ligand field strengths of phosphines. The complex anions are all believed t o  have trans-octahedral structures, 
with the exceptions of the pyridine, 2,2'-bipyridyl, phenyldiethylphosphine, and o-phenylenebisdimethylarsine complexes, 
which have cis-octahedral structures. Assignments for the CN, CS, CrN, and CrL stretching vibrations and for the NCS 
bending vibration are given. In the case of the salts of the type Rf[Cr(NCS)4(NH3)2] - the fully deuterated species were 
also studied in order to differentiate between the Cr-NH3 stretching mode and the NCS bending mode. Metal-phosphorus 
stretching vibrations are believed t o  lie near 300 cm-l in the case of trimethyl- and triethylphosphine derivatives. Assign- 
ments of the skeletal bending modes in the above complexes and in those of the type M( NCS)ea- (M = V, Cr, or Fe) are 
also given. 

Introduction 
In an attempt to obtain more information about the 

factors influencing ligand field strengths, we have 
studied a series of complexes containing the octahedral 
anions [Cr(NCS)4L2]-, where L is an amine, a ter- 
tiary phosphine, or (in one case) a tertiary arsine. It is 
of interest to establish how Dq varies with the nature 
of the substituent on the ligand atom. Chromium(II1) 
complexes are particularly suited to such a study (a) be- 
cause the first spin-allowed ligand field band 4Tzr +- 
4A2, is a direct measure of the ligand field splitting 
parameter (10Dq) and (b) because although, in prin- 
ciple, this band should be resolved into two or three 
components in ligand fields lower than octahedral, the 
magnitude of this splitting is not usually large enough to 
observe without the use of polarized radiation. Where 
the ligand field strengths of the coordinated ligands are 
widely disparate, as for ammonia and halide ions, the 

4Tz, term i s  clearly split, but in the present series of com- 
plexes using ligands of comparable ligand field strengths, 
this is not the case. 

The infrared spectra of the anions have been recorded 
down to 70 cm-I in order to locate low-lying skeletal 
modes. 

The above anions could, of course, exist as two pos- 
sible stereochemical isomers, Le. ,  cis or trans forms. 
The different selection rules pertaining to the vibra- 
tional modes of the two isomers usually permit the 
establishment of the isomeric form which crystallizes 
out. Moreover, in the case where L = "3, three 
salts of the anion [Cr(NCS)4L2]- have been the sub- 
ject of full X-ray analyses;' in all three cases, the anion 
has the trans-octahedral structure, the thiocyanate 
group being nitrogen bonded. In  the ammonium and 
pyridinium salts, the thiocyanate groups are coplanar 

(1) Y. Takeuchi and Y. Saito, Buil. Chem. SOC. Japan ,  29, 319 (1967). 
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with the Cr(N,J4 plane, but in the cholinium salt the 
CrNC bond anxlc i5  rrduccd to 155.5". The molecular 
symmetries and c~rystallographic details on these salts 
are given in Table 1. In the case of the cholinium salt, 
the molecular symmetry is C2h. 

TABLE I 
X-RAY DATA o s  THE REIXECKATE SALTS 

R +[CriKCS),(NH:,)n] - 
Bond angles, 

Cation anion Ci-Xc3 S C  CS CI-NHs S C S  CrBC 
Symmetry of --Bond lengths, A--7 deg 

sirl k,'rnrnrn = Dd1, 2.05  1 . 1 4  1 . 8 0  2 .15  180 180 
CaIraXII 4jmrnrn = I ) r i l  1 . 9 5  1 . 1 5  1 . 7 6  2 . 1 1  180 180 
C I l r I : ; S O F I ~  2irn = C,il 1 . 9 4  1 . 2 7  1 . 6 1  2.12  180 15R..i 

Experimental Section 
Preparation of Compounds .-The compounds of the type 

R+[Cr(NCS)aL,] -, where L = NH3,* CjHiN,3 ( C Z H ~ ) ~ P , ~  and (n- 
C4Ho)JP,4 were prepared according to literature methods, the 
analytical data being given in Table 11. The other derivatives 
are reported for the first time. 

being half decomposed after about 15 min. It is only sparingly 
soluble in methanol and in ethanol. The compound has :I in:tg- 
nrstic niouient of ,-3.A H M  a t  rooin temperntiire, slightly Imwr 
than that typically found for da  complexes. 

(CnH6)rN [Cr iNCS)4diars] .-o-Phenylenebis(dimethy1arsine) 
(diars) (1.6 g, 0.006 mole) was refluxed for 8 hr under nitrogen 
with an ethanolic solution of 3.2 g (0.006 mole) of KB[Cr(KCS)6]. 
A solution of tetraethylammonium chloride in water was then 
added, followed by sufficient water to precipitate all of the 
chromium complexes from solution. The precipitate, which 
contains essentially the complexes [ (CaH,)aS]j[Cr(lZCS)6] and 
(C?HL)4S[Cr(SCS)ddiars], was filtered, washed with distilled 
water, and dried. The diarsine complex can be extracted with 
cold ethanol and isolated in low yield as blue crystals. 'The 
compound is soluble with some decomposition in alcohols and in 
acetone. 

(CHa)sPH [Cr(NCS)a[( C H B ) ~ P ] ~ ]  .-Anhydrous KO [Cr(TCS)BI 
(1.3 g, 0.0025 mole) and 0. i5  g (0.01 mole) of trimethylphosphine 
(prepared by gentle heating of the silver iodide complex)' 0 were 
heated in 10 nil of 2-propanol under nitrogen in a sealed tube a t  
80' for 2 hr. On addition of the resulting solution, under nitro- 
gen, to a solution of 2 ml of concentrated HC1 and 2 ml of water, 
a pink precipitate of the required complex was formed in about 

Its  magnetic moment a t  room temperature is 3.9 BM. 

TABLE I1 
~ N A L Y T I C A L  DATA 

%I C 

13.6 (13.8) 
45 .2(45 .5)  
14.0 (13.8)  
2 7 , 8 ( 2 7 . 3 )  
2 5 . 2 ( 2 5 . 6 )  

4 6 . 0 ( 4 6 . 1 )  

38 .5  (38.1)f 

34.95 (34.95) 

% 11 'X ,  N 
fj.2 ((i.4) l O . r j  ( I  I 
0 . 2  ( 0 . 0 )  . . .  
7 . 5  ( 7 . 6 )  . . .  
3 . 4  (3.4) . . .  
3 . 3  (3.1) . . .  
4 . 9  (4 .8)  . . .  

5 . 4  ( 5 . 3 )  . . .  
2 . 7 ( 2 . 1 )  17.0 (17 

K [Cr( NCS)adipp] 34 .7  (35.1)  2 . 0  (1 .7)  
( CzHi)aS [Cr( SCS)rdiars] 38.5 (37.7) 5 . 4  (5 .2 )  
(CHB)~PHICr!SCS)r((CH~)~P),I 3 0 . 4 ( 3 0 . 4 )  5 . 5  (5.5) 

( CnH6)3PH [Cr(iYCS)d( CH:,)J')el e 4 1 . 3 ( 4 1 . 2 )  7 . 4  ( 7 . 2 )  

(C6H6)P(CH3)2H[Cr(SCS)4(C6W:,P(CH3)2)21 48.2 (48.1)  5 . 0  ( 4 . 9 )  
(CsHj)P(C2Hs)lH[Cr(SCS).~(C~HjP(C2H:,):,)?le 52 .0 (52 .1 )  5 . 9  ( 5 . 9 )  

( C ~ H : , ) ~ N [ C ~ ( ~ \ T C S ) ~ ( ( C H B ! ~ P ) ~ I ~  3 8 . 0 ( 3 8 . 1 )  6 . 8  (6 .8)  

(C?Hj)aN[Cr(NCS)4((C?Hj)3P)nI 44 .5 (44 .3 )  8 . 1 ( 7 . 7 )  
(n-C4Ho)3PH[Cr(SCS)a((n-C4HD)3P)2] 53.4 (53.9)  9 . 3  ( 9 . 2 )  

K[Cr(ru'CS)a(CfiHaP(C?Hj)?)*l 48.1 (48 .4)  4 . 9  (5.0) 
( C2Hj)4N [Cr( SCS),( CsH;,),P( C2H;)l 55.1 157.0) 6 . 0  ( 6 . 0 )  

~ ~ P , 1 1 . 8 ( 1 2 . 3 ) .  hejoCr,9.1(9.2). .%; ,Cr ,8 .2(8.1) ;  %P,14 .5(14 .6) ;  %;,S,20.0(19.8). " % P  
f The experirnentally found values are followed in parentheses by the calculated values. 

Deuterated Reineckate Salts.-The deuterated reineckate 
salts were prepared by recrystallizing ammonium reineckate in 
D 2 0  to exchange the water of crystallization. The salt was then 
recrystallized three times from dilute solutions of KOD in DzO, 
the solution being maintained a t  40" for several hours to facili- 
tate the exchange. The extent of deuteration, as judged from 
the infrared spectra, was a t  least 90% complete. 

K[Cr(NCS)4dipy] ,-A solution of 0.3 g (0.0019 mole) of 2,2'- 
dipyridyl (dipy) in 20 ml of absolute ethanol was added to a 
solution of 1.3 g (0.0025 mole) of Ka[Cr(NCS)o] in 20 nil of abso- 
lute ethanol. The solution was warmed for 2 hr a t  50", a pink 
precipitate being formed. The solution was then refluxed on a 
water bath for 2 hr and allowed to  cool; it was then filtered and 
the precipitate was washed with ethanol and dried in wcuo a t  80". 
The yield was -90%. The initial equivalent conductance of the 
compound is 170 cml ohm-' mole-' a t  1.3 X M in ace- 
tone, in agreement with that  expected for a 1 : 1 electrolyte in this 
solvent. However the compound slowly decomposes in acetone, 

(2) A .  Reinecke, Altn. Chem., 126, 113 (1863). 
(3) P. Pfeiffer and W. Ossan, Chpm.  Bur . ,  39, 211,5 (1906). 
(4) K. Issleib and A.  Tzschach, Z.  Ano;,.u. Aiigrm. Churn., 297, 121 (1958). 

17 .6 (17 .5 )  
10.4 (10.0) 
l l . O ( l 0 . 9 )  
1 2 . 2 ( 1 2 . 4 ]  
8 . 6  ( 8 . 7 )  
10.8 (10.8) 
6 . 0  (6 .3)  
7 . 9  (8.0) 
7 . 9  ( 7 . 2 )  
l l . l ( l 1 . 8 )  

,9.4(9.5). e % P,  11.7 (11.8). 
. . .  

8074 yield. The equivalent conductance of the compound in 
acetone is 120 cm2 ohm-' mole-' a t  a concentration of 0.9 X 
M, consistent with that expected for a 1 : l  electrolyte. The 
compound is also soluble in methanol, ethanol, and acetonitrile, 
but insoluble in ether, tetrahydrofuran, dichloromethane, ben- 
zene, and petroleum. 

(C2Hj)4N[ Cr(N'CS j,[ (CH,),P],] .-Ahhydrous KJ[Cr(SCS)6] (1.3 
g )  and 0.75 g of trimethylphosphine were heated in 10 ml of 2- 
propanol under nitrogen in a sealed tube a t  80" for 2 hr. On 
addition of the resulting solution under nitrogen, to an alcoholic 
solution of tetraethy~dmnlonium chloride, there was an immedi- 
ate precipitation of the required complex as a red powder. I t  is 
only slightly soluble in most polar solvents and insoluble in non- 
polar ones, and in water. 
(C2Hj)2(C6H:,)PH[Cr(NCS)4[(C*Hi,a(CsHa)P]?] andK[Cr(NCS)r- 

[(C2Hj)2(CsHj)P]2] .--Anhydrous Ks[Cr(SCS)b] (5.2 g, 0.010 
mole) was heated with 5 g (0.030 mole) of phenyldiethylplios- 
phine in 25 ml of 2-propanol in a sealed tube for 6 hr a t  110". 
White ueedles of potassium thiocyanate, together with an orange- 

( 5 )  Ip. G. Mann  and A. F. Wells, J .  Chum. Soc., 720 (1938). 



Vol. 6 ,  N o .  9, September 1967 SPECTRAL STUDY OF CHROMIUM(III) DERIVATIVES 1627 

red compound, were precipitated. The solution was filtered 
from the crystalline material, and 10 ml of 50y0 HCI was added. 
The resulting ordnge-red precipitate was washed with 101) ml of 
distilled water and dried on a vacuum line for 5 hr.  This com- 
pound is the phosphonium salt. It is soluble in methanol, 
ethanol, acetone, and acetonitrile, but insoluble in water, di- 
chloromethane, and nonpolar solvents. Its magnetic moment 
a t  room temperature is 3.9 BM. 

Treatment of the original orange-red mixture with water to 
remove the potassium thiocyanate leaves the pure potassium 
salt K[CrjNCS),[(C2H,)z(C6H~)P]*]. This salt is insoluble in 
water, methanol, acetone, and acetonitrile. From a study of the 
infrared spectra of this salt in the Cr-NCS stretching region, it 
appears, surprisingly, that  the complex has the cis configuration, 
whereas the corresponding phosphonium derivative has the 
trans configuration. 

(CHa)n(C6H~)PH [Cr(NCS)d [ (cHa)z(C&)P] z] .-The prepara- 
tion of this salt is similar to that of the phenyldiethylphosphonium 
salt except that  the corresponding potassium salt is not precipi- 
tated. It has closely similar properties to the phenyldiethyl com- 
plex, and i t  is red-brown. 

(C2He),N [Cr(NCS ),[ (C&) (C6H&'] .-Anhydrous Ka [Cr- 
(Ncs)6] (2 .5  g, 0.005 mole) and 2.25 g (0.010 mole) of 
diphenylethylphosphine were heated for 12 hr a t  110' in a 
sealed tube with 10 ml of 2-propanol. A very small amount 
of potassium thiocyanate was formed. The solution was 
filtered under nitrogen into a solution of 2.5 g of tetraethyl- 
ammonium chloride in ethanol, to produce a purple-red pre- 
cipitate (largely unreacted hexaisothiocyanate) . This precipitate 
was extracted with hot methanol containing some diphenylethyl- 
phosphine to leave 0.15 g of the red-brown complex (C&)4N[Cr- 
(NCS),[(CZH;)(C,H~)ZP]~] . The complex is insoluble in all 
solvents tried. 
Diphenylmethylphosphonium Complex.-Attempts to pre- 

pare the corresponding diphenylmethylphosphonium complex 
were unsuccessful. On heating together 2.5 g of Ks[cr(NCSj6] 
and 3.3 g of diphenylmethylphosphine in the way described 
above for the diphenylethyl complex, white needles of potas- 
sium thiocyanate were again produced. On addition of tetra- 
ethylammonium chloride to the reaction mixture, a mixed prod- 
uct precipitated. This material contained coordinated diphenyl- 
methylphosphine (infrared evidence), but all attempts to isolate 
the pure phosphine complex were unsuccessful. 

Attempts to isolate the anion with the ( C H ~ ) ( C ~ H ~ ) Z P H +  cat- 
ion yielded only the salt [(CH,)(C~HG)ZPH],[C~(T\'CS)~~. Anal. 
Calcd for [(CH,)(C6H,)2PH]~ICr(NCS)s]: C, 55.1; H ,  4.6. 
Found: C, 55.3;  H, 4.7. 

Decomposition of the Coniplexes -The dipyridyl and diarsine 
complexes tended to decompose slowly in organic solvents. 
In daylight, solutions of the phosphine complexes decomposed 
slowly, but decomposition was much more rapid when the solu- 
tions were exposed to a fluorescent lamp. After 100 hr of such 
exposure of an ethanolic solution of the conlplex (CzH&PH[Cr- 
(NCS)d[ (CzH&P]z], absorption bands appeared a t  23,200 (e 
100) and 17,400 (E 95) em-'. The solution, which smelled of 
triethylphosphine, presumably then contained an ethanol- 
chromium(II1) species such as [Cr(NCS)4(CzHaOH)z] -. 

Tertiary Arsine Derivatives .-Attempts to make the corre- 
sponding trimethyl- and triethylarsirie coniplexes were unsuccess- 
ful. While there is little doubt that  the arsines coordinate to 
chromium(III), the resulting complexes could not be obtained 
pure. Clearly the CrIII-As bond is weaker than the CrIII-P bond. 

Physical Measurements.-Electronic spectra were recorded 
using Unicam SP500 and Cary 14 instruments. Infrared spec- 
t ra  were recorded on Perkin-Elmer 337 (4000-400 cm-1) and 
Grubb-Parsons Models D.M.2 (450-200 cm-1) and GM 3 (200-65 
cm-1) instruments. In  the region of the CN stretching vibra- 
tions (-,2000 cm-l), an expanded-scale pen recorder was fitted 
to the Perkin-Elmer instrument. Sodium chloride, potas- 
sium bromide, or polythene mulls were used where appropriate. 
Magnetic susceptibilities were determined by the Gouy method 
using a permanent magnet of -5000 gauss. 

Results and Discussion 
Electronic Spectra.-Both alcoholic solution and 

diffuse reflectance spectra of the complexes have been 
recorded and the close siniilarity between the results 
using the two techniques indicates that no structural 
change occurs on dissolution. The electronic spec- 
trum of only one of the complexes has been obtained 
previously, that of NH4 [Cr(NCS)4(NH&] in aqueous 
solution.6a The band maxima are in almost the same 
place as those reported here for ethanolic solution. 
Adamson has also reported the spectrum of the rei- 
neckate ion in a number of organic media.6biC 

Chromium(II1) complexes typically possess two spin- 
allowed ligand field bands in the visible region, as- 
signed as 4Tzg + 4A2, (lower energy) and 4T1,(F) + 

4Azg (higher energy). The first band is a direct measure 
of the ligand field splitting parameter lODq, whereas 
the second depends on Dq and the Racah parameter B .  
Unfortunately, only in the case of some of the nitrogen- 
donor complexes (e.g., the reineckate salts) could the 
4T1g(F) 4Az, transition be located; for the phosphine 
complexes, very much more intense charge-transfer 
bands occur from about 25,000 cm-l and upward in 
energy and effectively obscure the ligand field bands. 
It has therefore not been possible to establish the posi- 
tion of the phosphines in the nephelauxetic series. 
The spectral data are given in Table 111. 

The complexes possess symmetries which closely 
approximate to D l h  (trans) and Czv (cis). However, all 
of the ligands lie in the high-energy part of the spec- 
trochemical series, and hence no splitting of the 4Tzg + 

4Atg transition was observed in any case. 
The data indicate that nitrogen-donor ligands in 

general tend to have slightly lower ligand field strengths 
than tertiary phosphines. The spectrochemical series 
derived from the data is: HzO < NCS- < [diars] < 
(C2&)(CsH6)2P - ipyl < [dipyl < (CzHdz(C6HdP - 
"3 < (CH~)Z(C~&)P - (n-C4Hg)aP - (CzH5)J' < 
(CHB)~P < CN-. The ligands in brackets are be- 
lieved to form complexes [Cr(NCS)dLz]- with a cis 
configuration, on the basis of infrared work. The 
above spectrochemical series is to be compared with 
that derived by Chatt, Gamlen, and Orge17 from the 
energy of the d,, 4 dZ2+ transition of square-planar 
platinum(I1) complexes of the type trans- [L(piper- 
idine)PtClz]. Their order of the ligands (L) is: 
(CzH&Te < (CzHdzSe < (C2Hs)zS < (nGHd3As < 
piperidine < (n-C3H7)aP < P(OCH3)3. Cotton and 
co-workers8 have also placed two tertiary phosphines 
in the spectrochemical series, on the basis of an analy- 
sis of the electronic spectra and magnetism of tetra- 
hedral cobalt(I1) complexes of the type COXZYZ. 
Their spectrochemical series is: I- < Br- < C1- < 
(CeH6)sPO < C7HsN - (CeH5)d' - (C-c~Hii)d' - 
Ns- - NCO- - NCS-. 

(6) (a) R. Tsuchida, Bull. Chem. SOC. Japait ,  13, 436 (1938), (b) A. U'. 
Adamson, J .  A m .  Che?n. SOC., 80, 3183 (1958); (c) A. W. Adamson, J .  I m u g .  
N u l .  Chem., 18, 1955 (1966). 

(7) J. Chatt, G. A. Gamlen, and L. E. Orgel, J .  Chem. Soc., 1047 (1959). 
(8) F. A. Cotton, 0. D. Faut, D. M. L. Goodgame, and R. H. Holm, J .  

A m .  Chem. Soc., 83, 1780 (1961). 
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TABLE 111 
ELECTRONIC SPECTRA OF THE COMPLEXES ( ~ h i r l ) ' ~  

Solvent 

diffuse ---Ligand field bands--- 
O r  

Complet refl (D) lTZp +- ;Ai, ~ T L ~  -+ 4.42 ,  --------Charge-transfer bands-------- 

NHc [Cr(NCS)a(NHa)rl CzHaOH 19,160 (105) 25,250 (83) 32,300 (3 .4  X l o r ) ,  -36.600 
I) 19,900 25,600 nm 

chol [Cr(h-CS)a(NHajrl 1) 1 9 ,  100 2.5, 100 n m  
pyH [Cr(NCsja(KHs)>]  1) 19,150 25,100 nm 

11 18,3AO -23,200 (sh) n m  

1) 18,700 . . .  n in 

I) 18,000 23,6,50 26,300 (sh) 2 9 ,  TOO a 

u 20,150 . .  nrn 

K [Cr(KCs)r(py)?l  C2HsOH 18.4.50 (150) -23 500 (sh) 80.500 (1.3 x 10') 

K [Cr(NCS)idipy] CHrOH 18.600 (137) . . .  29,300 (0.9 X 10 ' )  [30,200,  01,400, 32,7001 (1 .2  X IO') 

(CzHs)nN [Cr(SCS)adiars] CHIOH 18.000 (d) nm (d) n m  (dl 

(CHa)zPH [Cr(hTCS)h(CH3)aP)zl CsH60H 19,950 (180) . . .  26,000 (1.4 X 104) 31,700 ( 1 . 6  X 101), 42,000 (1.0 X 104) 

(CsHsjrN [Cr(h-CS)4(CHd3P)*] CHaOH 19,950 (180) , . .  26,000 ( 1 . 4  X 106) 31,700 ( 1 . 6  X IO4)), 42,000 (1.0 X lo4)  
(C:HsjBPH[Cr(SCS)h(CzHa) aP)?1 CzHbOH 19,5C0 (200)  . . .  25 ,700  (1 .9  X 10') 31,3; ' ,0(3.2 X 10'),41,800(2.2 X 1(J1) 

11 19,450 . , .  nm 
(CnHdrK [Cr(NCsja((CzHa)rP)zl CHDOH 19,400 (200) . . .  n m  
( F I - C ~ H ~ Z P H  [Cr(PiCS)a(i,t-C1Hs)3P)zl CeHsOH 19,400 (240) . . .  '25,600 ( 2 . 3  X lo') 31,350 (2 .7  X 101) 

I> 19 ,400 . . .  nm 
C B H ~ P ( C H ~ ) ~ H [ C ~ ( N C S ) ~ ( C ~ H S P ~ C H D ) Z ~ ~ ]  CHaOH 19.400 (230) . . .  2 5 , 6 0 0 ( 0 . 9  X 104) 31,100(1 .9  X 10') 1 

1) 19.400 . .  25,600 31,900 a 
CsHsP(CzHa)rH [Cr(~VCSjaiCsHsP(C~,Ha)?)?] CHpOH 19,050 ( 2 5 5 )  . . .  25,joo (1 .0 x 104) :~O,ROII ( 2  0 x 1 0 4 )  d 

11 1!1,050 . . .  25,400 d 

(C?Hs)aN ICI.(NCS)~((C~HS).PCZH~)Z~ I1 -18,400 (sh) 26,  :100 (sh) 29,700 a 

a Extinction coefficients are given in psrentheses following the band maxima: d ,  decomposes in solution: sh, shoulder; 11111, not mens- 
wed;  a, complicated absorption in this region 

The present result on the position of an arsine in the 
spectrochemical series is in agreement with that in- 
ferred from the electronic spectra of chromium(II1) 
complexes of the type [CrC13TAS], where TAS repre- 
sents a t r i a r ~ i n e . ~  However, diarsine exerts a slightly 
higher ligand field strength where i t  is part of a spin- 
paired cobalt(II1) system, e.g., in cis- and trans- [Co- 
(diars)2Xz]C104 (X = C1 or Br).lo In this case, the 
metal atom has the tzf6 configuration, in which the 
opportunities for a-bond back donation (which is 
known to increase Dq) are greatest. 

Of particular interest is the relative order of the 
tertiary phosphines themselves in the spectrochemical 
series: (CH3)3P > (C2Hj)3P - ('Iz-CIHII)~P - C6H5- 
(CH3)2P > C B H ~ ( C ~ H ~ ) ~ P .  The effect of phenyl sub- 
stitution in lowering the ligand field strength of a ter- 
tiary phosphine can be correlated with the accom- 
panying decrease in base strength and hence with 
poorer u-donor capacity; e.g., the pK, values for 
(C2H5)3P and CrHs(CzH5)2P in nitromethane are 8.69 
and 6.25, There may also be steric 
hindrance to coordination by phenyl-substituted ter- 
tiary phosphines, as shown by the failure to prepare 
both triphenylphosphine and tricyclohexylphosphine 
complexes of the type [Cr(PR&(NCS)4]-,4 despite 
the high basicity of the aliphatic ligand. 

I t  is less easy to see why methyl-substituted tertiary 
phosphines should have significantly higher ligand field 
strengths than their ethyl analogs, since their base 
strengths are almost identical; e.g., the pK, values for 
(CH3)3P and (CaH5)sP in nitromethane are 8.65 and 

(9) I<. J. H .  Clark, M. L. Greenfield, and R. S. Nyholm, J .  C h e w  Soc., 
Sed. A ,  1254 (1966). 

(10) T. M .  Dunn, R .  S. Nyholm, and S. Yamada, J .  Ckein. Soc., 1564 
(1962). 

(11) (a) W. A, Hendersen and C. A. Streuli, J .  Am. Chem. SOL., 82, 5791 
(1960); (h) K. Issleih and H. Bruchlos, Z. AnoYg. Allgem. Cht'm., 316, I ,  
(1 962). 

8.69, respective1y;l'" in ethanol-mater solutions, the 
respective values are 7.20 and 6 .68 .11b  However, it is 
an oversimplification to relate the complexing of polariz- 
able ligands such as tertiary phosphines with transi- 
tion metals to their basicity. Henderson and BucklerI2 
have shown that the order of nucleophilicity of alkyl- 
phosphines is (C2H5)3P < (CH3)3P < (C2H&CH3P < 
C ~ H ~ ( C H Z ) ~ P  and have suggested that there are two 
competing effects: (1) increasing the size of the alkyl 
group leads to an increase in the C-P-C bond angle, 
hence a closer approach to sp3 hybridization, and an 
increase in nucleophilicity; ( 2 )  on the other hand, 
steric hindrance to the attacking group is increased 
with larger alkyl groups. Nucleophilicity has been 
related to both basicity and polarizability, l 3  and the 
latter factor may n ell be significant in stabilizing phos- 
phine complexes of transition metals. 

Small differences in the complexes of methyl- and 
ethylphosphines have been noted previously. The C-0 
stretching frequencies of M O ( C O ) ~ - ~ ( P R ~ ) ~  (x = 1, 2, 
or 3)14a are always slightly higher (-5 cm-l) for R = 

CH3 than for R = C2H5, and the same trend is evident 
from of the C-0 stretching frequencies of 
?;i(CO)2[o-C6H4(PR2)z] (R = CH3 or CzH5). More- 
over, methyl-substituted ligands o-CeH4 [E(CH3),lz ( E  
= P or As) give eight-coordinate complexes of the 
formula TiCl,(chelate)z, whereas the corresponding 
ethyl-substituted ligands give six-coordinate complexes 
of the formula TiC14(chelate) .I5 

The infrared data on C-0 frequencies suggest that 

(12) Tc'. A. Henderson and S. A. Buckler, J .  A m .  Chem. Soc., 82, 5794 

(13) J. 0. Edwards and R. G. Pearson, ibid., 84, 16 (1962). 
(14) (a) R. Poilblanc and 11. Bigorgne, B d .  SOC. Chi7n. Fvnrrce, 1301 

(1962); (b) J. Chat t  and F. A.  Hart, J .  Chein. SOC., 1378 (1960). 
(15) R. J. H. Clark, J. Lewis, and R. S. Nyholm, ibid., 2460 (1962); J. 

Chat t  and R .  G. Hayter, ibid., 1343 (1963); R.  J. H. Clark, R. H. 1:. h'eg- 
rotti, and R .  S. Nyholm, Chem. Commzrn., 486 (19R6). 

(1960). 
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K [Cr(NCS)adipyl 

TABLE IV 
INFRARED SPECTRA OF COMPLEXES IN THE SOLID STATE ( c M - ’ ) ~  

Y 

C-N 
2074 vs 
2038 vs 
2098 vs 
2118 s 
2082 vs 
2080 vs 
2057 vs 
2127 s 
2057 vs 
2127 s 
2094 vs 
2094 vs 
2085 vs 
2086 vs 
2074 vs 

2077 vs 

2110 vs 
2002 vs 
2080 vs 
2051 vs 
2069 vs 
2090 vs 
2067 vs 
2070 vs 
2066 vs 
2083 vs 
2070 vs 
2068 vs 
2068 vs 
2073 vs 
2055 vs 
2045 vs 

2050 vs 

Y 

c-s 
840? vw 
820 vw 

820 vw 
823 v w  
827 m 

827 m 

837 m 
837 m 
840 w 
840 w 
840 vw 

848 w 

847 v w  

na 

846 m 
846 m 
846 sh 
848 sh  

846 m 
845 shh 
855?b 

na 

na 

XI-NCS 
340 s 
358 s 

270 s, br 
342 s 

342 s 

345 s ,  br 
343 s, br 
346 s 
346 s 
382 s 
362 s 
336 s 
382 s 
362 s 
334 s 
382 s 
360 s 

358 s 

341 s 
368 s 
367 s 
362 s 
387 s 

362 s 
365 s 
365 s 

361 s 
342 m 

6 

N C S  M-L L 
8 Y L--M- 

485 s . . .  
474 s . . .  

481 s . . .  
470 s I . .  

467 s 501 s 

467 s 487 s 

489 s 466 vwb 257 w 
488 s 452 vwb 248 w 
490s 466 vwb 258 w 
481 s 451 mwb 249 w 
484 s 213 wb 

225 W* 

488s 212 w b  
488.6 s 
483 s 226 W‘ 

478 s . . .  

486 s . . .  
486 s . . .  

. . .  
480s  275 m 
480 s 276 m 
482 s 305 m 
482 s 304 m 

482 s 296 m 
481 s na 
484 s na 

484 s na  

348 s 478 s na 
356 s 
362 s, s h j  

Other bands 
’33 m, br 

nm 

‘38 m ,  lx 
U8 111, l,r 

-180 s ,  br, 102 m, br, 90 m, br 
-180 s, br 
184 s, 102 m, br, 87 m, br 
165.5 s ,  102 m, br, 87 m, br 

178 m, 149 m, 88 s 
178 m ,  149 m, 88 s 
181 m, br, 141-83 s, v br 

(L dipy = 2,2’-dipyridyl; didrs = o-1,lienylenebis(ditliethylarsine). vs, very strong; s, strong; in ,  inedium; w,  weak; vw, very weak; 
b hssigii- sh, shoulder; br, broad; nm, not measured; na, not assigned because of ligand absorption in the region; vbr, very broad, 

ments uncertain because of ligand absorption in this region. 

the methyl-substituted ligands are slightly poorer a 
donors (or slightly better x acceptors) than the ethyl- 
substituted ligands, and the infrared data (see later) on 
Cr-PR3 vibrations suggest t iat, in chromium(II1) 
complexes, the C ~ - P ( C H S ) ~  bsnd is weaker than the 
Cr-P(C2H6)3 bond. These results appear to be in- 
compatible with the order of ligand field strengths, 
which might be expected to parallel a-donor ability, 
and at  present we can offer no explanation of the dis- 
crepancy. 

The charge-transfer bands have not been assigned, 
except that the strong band near 30,000 cm-l is com- 
monly assigned as an internal transition of the thio- 
cyanate ion.16 

Infrared Spectra.-Many previous studies have been 
made of the infrared spectra of inorganic thiocyanates, 
mainly to obtain inforniation about the mode of bond- 
ing of the thiocyanate gr0up.l’ More recently, studies 
of thiocyanate complexes in the 450-200-cn~-~ region 

(16) C. K. J#rgensen, “Absorption Spectra and  Chemical Bonding in 
Complexes,” Pergamon Press Ltd., Oxford, 1962; J. C. Barnes and P. Day, 
J .  Chem. Soc., 3886 (1964). 

(17) M. M. Chamberlain and J. C. Bailar, J .  A m .  Chem. Soc., 81, 6412 
(1959); P. C. H. Mitchell and R. J. P. Williams, J .  Chem. Soc., 1912 (1960); 
J. Lewis, R. S. Nyholm, and P. W. Smith, ibid., 4590 (1961): A. Turco and 
C. l’ecile, Nature, 191, 66 (1961); C. Pecile, Inorg. Chem., 6, 210 (1966). 

have also been made in order to assign some of the 
metal-ligand vibrational frequencies. I *  In the present 
complexes, the thiocyanate group is nitrogen bonded, 
as evidenced by the X-ray results on the reinecke salts 
(Table I) and the internal vibrational frequencies of the 
thiocyanate group. 

The band maxima in the infrared region are listed in 
Table IV together with the assignments, and the sym- 
metry species of the various vibrational modes are given 
in Table V. In the tmns-octahedral complexes, only 
one CN, CS, CrN, or CrL stretching vibration is infra- 
red active, whereas in the cis-octahedral complexes, 
all four CN, CS, and CrN stretching vibrations are 
allowed in the infrared region and so are both of the 
CrL stretching vibrations. However, in some cases 
where the complexes must have the cis-octahedral ar- 
rangement (e.g., with the bidentate ligand 2,2’-di- 
pyridyl) only a single CN stretching frequency is ob- 
served in the infrared region in solution (Table VI). 
Presumably the four infrared-active modes are acci- 
dentally degenerate. In solid-state spectra, the CN 

(18) I<. J. H. Clark and C. S. Williams, Spccl iochi?~z .  Acta,  22, 1081 (1966); 
L). Forster and D. M. L. Goodgame, Iizoig. Chem., 4 ,  718 (1963. 
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TABLE V 
SPECIES OF THE VIBRATIONAL MODES OF COMPLEX IONS OF THE TYPE [Cr( -UCS),&L2] - 
Symmetry 

point u(Cn-1, u (CS) ,  G(CrNC) ip or 6(CrNC)op os 
group or v ( C r N )  B(NCS) i D  6 ( ~ C S ) O I ,  v(CrL) Skeletal bcndiiii: ~ i l u d e s  

~~. (L~IS- IC~(P\ -CS) . ,L , ]  - D~I, aig + bl, + 3 ay, + b2p + e, azu + blu + e, alp + azU b,, + e, + aZu + b,,, + Zv,, 

lruns-[Cr(riCS)&] - C2h a, + b, + aL+ b, - 2a, + 2b, + 2 c f  2b, ag +A 2a, + b,T3a, + 3bu- . -  

cZ's-[Cr(KCS)aLZl- 

__ 

- ~ 3 a ~  + 2a2 +Ybl +z2 
.- - -  CP\- 2a1 + bl + b2 2al + 2a2 + - -  2 i  + 2% a1 + 2 - - -  

a ip,  in plane; op, out-of-plane. S'ibrational species which are underlined are infrared active. 

TABLE \:I 
C S  STRETCHISC VIBRATIONS OF THE THIOCYAXATE 

COMPLEXES I N  SOLUTION ( c M - ' ) ~  

-Solvent---- 
Complex Acetone Chloroform 

K3j Cr(SCS)e] 2089 . . .  
I (C2HdaNl3[CriNCS)el 2090 . I .  

N H ~ [ C ~ ( N C S ) ~ ( N H ~ ) Z ]  2074 . . .  
(CHI)IPH[C~(NCS)~((CH~)~P)ZI 2067 . . .  
(CZH&PH [ Cr(riCSh((CzH&P)zI 2069 . . .  
(n-C4H9)3PH[Cr(NCS)4((n-C4H9)32-')2] 2070 2075 
K [Cr(lr;CS)4(py)?I 2068 . . .  
K [Cr(NCS)4dipy] 2068 . . .  
(C2H6)JJ [ Cr (SCS)rdiars] . . . 2066, 2089 sh 

Measured on a Perkin-Elmer 337 instrument fitted with an 
expanded scale; measurements are believed to be accurate to 
1 2  cm-I. The spectra in this region were calibrated by refer- 
ence to the rotational spectrum of DC1. 

stretching frequency is frequently split owing to site 
symmetry and other solid-state effects. 

The NCS bending vibration at 480 cm-' appears as a 
single band in the spectra of all of the complexes ex- 
cept the dipyridyl and one of the pyridine complexes, 
in which two or three bands are observed. 

Metal-Ammonia Vibrational Frequencies.-The as- 
signment of the metal- ammonia stretching vibrations 
in the reineckate salts is complicated because these are 
expected to occur in the same region as the NCS bending 
vibrations; cf. for [ C T ( N H ~ ) ~ ] C ~ ~ ,  v3(t lu)  occurs a t  469 

mode occurs a t  481 cm-I. 
In order to assign the modes in the salts of the ion 

[Cr(NCS)4(NH3)2]-, i t  is necessary to study the deu- 
terated derivatives. In ammonium reineckate two 
bands occur a t  467 and 501 cm-I; in the fully deuter- 
ated analog, the corresponding bands occur at 467 and 
489 em-'. The band a t  501 cm-' is thus assigned as 
being essentially the Cr-NH8 stretching mode, and the 
467-cm-' band, as the NCS bending mode. I n  the 
pyridinium salt, the band a t  488 cm-' is independent 
of deuteration, and accordingly is assigned as the NCS 
bending mode, whereas the very weak band at 466 
cm-I shifts to 452 cni-l on deuteration. The latter is 
accordingly believed to be the Cr-NH3 stretching mode. 
The apparent reversal in the relative order of the Cr- 
KHS stretching mode and the NCS bending mode in 
those two salts would not be expected from the bond 
length data. 

Cholinium reineckate has C& rather than U41, syni- 
iiietry, and as a consec~uence two infrared-active CN, 
CS, or CrN,, stretching vibrations are expected. In 

cm-' , 19 and for [ (C~HB)*N]~[C~(NCS)~] ,  the G(NCS) 

(19) I. Nakagawn and T. Shimanourhi ,  .Spectr,ochiin. A d a ,  22, 75'3 (l!)6fi). 

practice, however, only one of each type could be re- 
solved. In the 450-500-cm-' region, both observed 
bands move downward by 9-15 cm-1 on deuteration. 
From Table V it is seen that in D q h  symmetry, the CrL 
stretching vibration (alu species) can only couple with 
the out-of-plane NCS bending vibration, whereas in C2h 
symmetry it can couple to both in-plane and out-of- 
plane NCS bending vibrations. Consequently, the 
coupling of vibrations in this region is much more ex- 
tensive for the cholinium salt than for the other deriva- 
tives. Thus the separate identification of the Cr-NH3 
stretching vibration and the NCS bending vibration 
in this salt is not possible. 

The deuteration data on the NH3 symmetric and anti- 
symmetric deformation modes and on the NH3 rocking 
mode are given in Table VII. 

TABLE TI1 
XHzi DEFORMATION MODES IN REIXECKATE SALTS (cb1-l) 

Ilegen def Sym def Rock 
NHa[Cr(TCS)a(~H1)? ;  (1656, 1630, 1.599) m 1257 s 706 vs 
N D ~ [ C I - ( N C S ~ ~ ( N D ~ ) ~ ]  1248 m, 1165 m 976 s 546 s 
pyH[Cr(NCS)a(h-Hz)g: 1628 ni, 1602 m 1257 s 668 5 

pyH[Cr(NCS)r(NDs)n] 1244 m, 1160 m 965 s 532 s 
chol[Cr(SCS)a(lC€rl)r] 1656 w ,  l 5 Y 4  75- 1252 s 695 s 
chol[Cr(SCS)a(Nn3)Y] 1258 w.  -1168 w 9 7 2 s  642 s ,  br  

Bands occurring a t  258 cm-1 in the infrared spectra 
of the reineckate salts and a t  -248 cm-I in the spectra 
of the deuterated analogs are assigned as NH3-Cr-NH3 
bending modes by analogy with the corresponding 
assignment for the complex [Cr(NH3)6]C13.1g Further 
bands in the spectra of the pyridinium and cholinium 
salts a t  -180 cm-I may also be bending vibrations. 
The spectrum of the ammonium salt below 200 cnirl is 
badly resolved owing to the presence of librational 
modes associated with the molecule of water in the lat- 
tice. 

Metal--1sothiocyanate Vibrational Frequencies.-The 
metal-isothiocyanate stretching frequencies occur as 
strong bands in the 33%382-crn - I  region. They occur 
as single bands as expected in the spectra of the trans 
complexes (e, species) but as two or three bands in the 
spectra of the cis complexes (four bands are symmetry 
allowed, 2 a1 + bl + b2 species). Their strength and 
frequency are probably the most characteristic feature 
oi nitrogen-bonded thiocyanates. In the hexaisothio- 
cyanates, the frequency order of this vibration (tlu in 
O h  symmetry) is Cr > V > Fc, as might have been ex 
l w c t e d  from the relative ligaiicl tiekt s t d ~ i l i z i ~ t i o ~ ~  ciier- 
gies of the ions. The metal-isothiocyanate stretching 
frequencies for the three reineckate salts all lie a t  344 rt 
2 cm-l, Jyhich suggests that the large Cr-NCS bontl- 
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length differences (0.11 A) reported for these salts are 
not real. 

The assignment of the infrared-active (SCN)Cr- 
(NCS) bending vibrations is more difficult. The 
(OC) Cr(C0) bending vibration of chromium hexa- 
carbonyl (tlu species in o h  symmetry) occurs a t  90 cm-' 
and the corresponding (NC) Cr(CN) bending vibra- 
tion of the Cr(CN)e3- ion is a t  124 cm-l.zo However, 
very recent force constant calculations on the Zn- 
(NCX)42- ions (X = 0, S, or Se) indicatez1 that even 
in these ions, the (XCN)Zn(NCX) bending vibrations 
would be expected below 50 cm-l. Hence the strong 
bands at  -100 cm-' in the infrared spectra of all of the 
complexes measured in this region are assigned as CrNC 
deformation modes. This assignment is to be com- 
pared with the corresponding band in the spectrum of 
the Zn(NCS)42- ion, which occurs a t  168 cm-'. 

Metal-Phosphorus Vibrations.-The region of ab- 
sorption Corresponding to metal-phosphorus stretch- 
ing vibrations has been discussed for several years, 
but few experimental data are available. The first 
assignment was based on the Raman spectrum of the 
complex Ni(PFa)4, in which the a1 fundamental a t  195 
cm-I was identified with the Ni-P symmetric stretch- 
ing frequency. z z  Coates and Parkinz3 later assigned 
gold-phosphorus stretching vibrations in linear com- 
plexes of gold(1) of the type R3PAuX (X = CH3, 
C=CC4Hs, C1, or Br: R = CH3, CZH6, or C6H6) to 
medium-strong bands occurring in the 347-388-cm-I 
region. Metal-phosphorus stretching vibrations in 
square-planar complexes of Au(III), Ni(II), Pd(II), and 
Pt(1I) were believed to occur in a similar region. More 
recently, Goggin and GoodfellowZ4 have assigned metal- 
phosphorus stretching vibrations in square-planar plati- 
num(I1) complexes of the type (RaP)zPtX2 (X = Br or 
I ;  R = CH3 or CZH6). They concluded that Pt-P- 
(CH3)3 and Pt-P(CzH6)3 stretching vibrations occur in 
the 348-400- and 409-441-cm-' ranges, respectively. 
Other workersz5 have also assigned Pt-P(CzH5)a stretch- 

(20) (a) L. H. Jones, J .  Chent. P h y s . ,  36, 2375 (1962); Spectrochim. Acta, 
19, 329 (1963); (b) V. Cagliotti, G. Sartori, and C. Furlani, J .  I u o i g .  Nucl .  
Chem., 13, 22 (1960). 

(21) D. Forster and W. D. Horrocks, Inorg. Chem.,  6, 339 (1967). 
(22) L. A. Woodward and J. R. Hall, Nature, 181, 831 (1958): Specluo- 

(23) G. E. Coates a n d  C. Pal-kin, .7. C h p n .  Soc., 421 (1Hti:3). 
(24) P. L. Goggin arid li. J. Goodfellow, J .  C h ~ i i t .  Soc., S e c l .  A ,  1.182 

('25) I ) .  M. Arlanis iiiid 1'. J. Cliandlcr. C / z c r i z .  C ~ I J Z I I I Z L I ~ . ,  ti9 (lH8ti). 

chim. Acla, 16, 654 (1960). 

( I ' J t i G ) .  

ing frequencies in square-planar platinum(I1) com- 
plexes to a similar frequency range, namely, 406-450 
cm-'. Metal-phosphorus stretching vibrations in tetra- 
hedral complexes of the type [ ( C ~ H ~ ) ~ P ] Z M &  (M = 
Zn, Cd, or Hg;  X = C1, Br, or I) have been assignedZG 
to the absorption bands occurring in the following re- 
gions: Zn, 153-166; Cd, 133-136; Hg, 98-137 cm-'. 
The wide range of the M-P stretching frequencies as- 
signed so far probably arises because the complexes 
studied differ in coordination number, stereochemistry, 
and oxidation state, and all of these factors are known 
to affect metal-ligand stretching frequencies. 27 

In the spectra of the present trimethylphosphine and 
triethylphosphine complexes, i t  seems most reason- 
able to assign the Cr-PR3 stretching vibrations to the 
medium bands occurring a t  -275 cm-I (R = CH3) and 
-304 cm-' (R = CzH6). This assignment of Cr-P- 
(CZH6)3 > Cr-P(CH3)a is in agreement with the similar 
results found for the square-planar platinum system. 2 4  

A possible complicating feature, however, is that  
trimethylphosphine itself is reported to absorb a t  263 
and 305 cm-'; these bands have been assigned as the 
symmetric and antisymmetric CPC bending vibrations, 
respectively. z8 

Moreover, for triethylphosphine itself, bands in the 
Raman spectrum are reported a t  410, 368, 333, 306, 
278, and 249 cm-' 29 and are assigned to CCP and CPC 
bending modes and methyl group torsional modes. 2 4  

However, these internal ligand vibrations are usually 
much weaker than metal-ligand stretching vibra- 
t i o n ~ , ~ ~  and thus the assignments of metal-phosphorus 
stretching vibrations can be made with some confi- 
dence. The assignment of metal-phosphorus stretch- 
ing vibrations in complexes containing mixed phos- 
phines was not possible owing to the multitude of 
internal ligand vibrations in the 300-cm-' region in 
these cases. 
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(26) G. B. Deacon and J. H. S. Green, ib id . ,  629 (1966). 
(27) K. J. H. Clark, Spectrochim. Acla,  al, 955 (1965); Kecovd Chef i t .  
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