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Hieber and Ellerrnann' have reported the prepara- 
tion of the tetrahedral Co(C0) (NO) (P(C6Hj)3) (As- 
(CsHJ3) via a two-step synthesis, but  did not resolve 
the complex. We have investigated the possibility 
tha t  "mixed" bi- and tridentate ligands containing 
phosphine and amine or phosphine and cyanide func- 
tional groups might in one step yield optically-active 
cobalt carbonyl nitrosyl derivatives which might easily 
be resolved. Thus, for example, taking advantage of 
the reluctance of Co(C0)3N0 to undergo the displace- 
ment of more than two carbonyl groups,2 the ligand 
( C2H5) 2NC2H4P ( C6H5) C2H4N ( C2Hj) 2 3  (N PN) might be 
expected to yield a derivative of the type (NPN)Co- 
(CO)n-0 in which the presence of a free amine group 
would facilitate resolution of the complex. 

The  reactions of an excess of C O ( C O ) ~ N O ~  with each 
of five "mixed" ligands, N P N ;  (C2Hj)zIiC2H4P(CsHj)23 
(NP) ; (CsH;1)2PC2H&(C2H,j)C2H4P(CsH:1)2' (PNP) ; 

Compound 

(KP)Co(CO)aNO 

(NPL7)Co(C0)2KO 
(PSP)[Co(C0)2N0]2 
(T-SPK)CO(CO)~SO 

( N P ) ~ c o ( c o ) i Y o  

(NCP)Co(C0)2NO 
( K c r ) 2 c o ( c o ) x o  
PCN 
( C ~ H ~ ) ~ P C O  ( CO)SO4 

PCaH,P(CsH& (diphos) with Co(CO)BNO. The mode 
of attachment of ligand to metal for the derivatives of 
NP, NPN,  T-NPN, and P N P  was inferred from a 
comparison of their carbonyl and nitrosyl stretching 
frequencies to those of the "model" derivatives Co- 
(CO) 2 (NO) P (Ci") 3 and c o  (CO) (SO) [ P ( C6H5)3]2. For 
the complexes of PCN, in addition, the cyanide stretch- 
ing frequcncies for the free and bonded ligand were com- 
pared. In every case these comparisons indicate that  
bonding of the ligands to cobalt is through phosphorus 
alone (see Table I). More vigorous reaction conditions 
failed to yield any evidence of the formation of com- 
plexes in which the ligands function as chelating 
groups. Heating pure (;"U'PN)CO(CO)~XO in toluene 
at 90" for 1 week failed to  induce attachment of the 
amine group to the metal, although disproportionation 
of the complex to give a small amount of the phosphorus- 
bonded (NPN)2Co(CO)IC'0 was noted. Higher reac- 
tion temperatures (ca. 1233) resulted in destruction of 
the complex. The bulky NPN and T-NPN, unlike 
N P  and PCK under similar reaction conditions, fail to 
yield disubstituted complexes, evidently due to steric 
factors, since such reactions proceed through a five- 
coordinate intermediate.s P N P  gives a bridged bi- 
nuclear complex analogous to a dimeric derivative of 
diphos reported by Basolo, et ~ 1 . ~  

Very recently reported kinetic studies of the dis- 

TABLE I 
c O ( C 0 ) : ~ ~ o  DERIVATIVES OF "MIXED" I'OLYDESTATE LIGASDS 

--Infrared spectra,u cm-i-- ---ch C--7 v - y 0  H--- 
Color and form Y C S  Y co Y S O  Calcd Found Calcd Found Calcd 

Red-brown oil , , , 2033, 1973 1758 55.81 55.71 5.63 5.95 6.51 
Red-brown crystals , . . 1948 1715 64.62 64.93 6.89 7 .01  6.11 

Red-brown oil . , , 2033, 1976 1958 53.79 54.69 1 .38  4.65 . , . 
Red-brown oil , . , 2038, 1987 1758 58.24 59.30 6.86 6 .81  , . , 
Red-brown oil 2260 2040, 1984 1762 53.13 53.95 3.68 3.90 . , , 
Red-brown crystals 2262 1952b 1707 62.52 62.22 4.75 4.87 , . , 

Red-brown oil . . .  2037, 1977 1763 52.97 53.05 7.35 7.42 . . .  

. . .  . . .  . . .  . . .  . . .  . . .  2259" . . .  . I .  

. . .  2035,1981 l i 6 1  . . .  . . .  , . .  . . .  . . .  . . .  
[ ( C & ) ~ P ] B C O ( C O ) ~ ~ ~  . .  . . .  1957 

Cyclohexane solution unless noted. b Chloroform solution. 

(C2H,)zNCHzCH( P(CGHj)2) CHZN (C2Hb)z5 (T-NPK) ; 
and (C6H5)zPC2H4CN6 (PCIC), and purification of the 
products obtained were carried out under the conditions 
employed by Basolo, et aZ.,' for the reactions of (CsH5)2- 

(1) W. Hieberand  J. Ellermann, Chein. BPI.., 96, 1643 (1963). 
(2) T. A. Manuel, Advan .  0i.ganomelal. C h e w .  3, 181 (1965). 
(3) G. R. Dobson, R. C. Taylor, and T. D. Walsh, Chem. Conznzzi?~.. 281 

(1966). 
(4) 7 N .  D. Horrocks, Jr., and li. C .  Taylor, I J Z O I ' R .  Cizenz., 2 ,  723 (18633). 
( 5 )  T-NPN was prepared by the method of Rlann and Millar ( J .  Chen? 

SOC., 303'3 (1952)) through reaction of (CaH6)nPMgBr and (C2HdsSCHs- 
CHCICHiN(C2Hn)s (obtained from Aldrich Chemical Co.,  Milwaukee, 
Wis.). T h e  straw-colored oil was fractionally distilled (bp 146O (0.04 mm). 
Anal. Calcd for CirHasNzP: C, 74.6: H ,  9 5 ;  N ,  7.6;  P, 8.4. Found: C, 
74.8; H ,  9.4; h-, 7 .6 ;  P, 8 .5 ,  Further details of the preparative procedure 
will be given elsewhere. 

(6) P C N ,  which had previously been prepared through reaction of acrylo- 
nitrile and  diphenylphosphine in a sealed tube a t  130" [F. G. Mann and  I .  T. 
Millar, J .  C h e m  Soc., 4453 (195211 may be more easily obtained a t  room 
temperature from the same reactants ria the base-catalyzed cyanoethyla- 
tion method used t o  prepare b is (2~cyanoethyl )phenyl~hosphine ,  as de- 
scribed by M. 31. Kauhut,  CI  a l . ,  J .  A m .  Chein. Soc., 81, 1103 (1859). 

( 7 )  R. J. Mawby, D. Morris, E. h l .  Thoi-steinson, and F. Basolo, i i i o i a .  
C h i n . ,  6, 27 (1966). 
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placement of CO from CO(CO)~NO and CO(CO)~- 
(NO)B by a variety of Lewis bases (B) showed that 
reaction rates varied soft base > hard basejg implying 
the preferential formation of bonds between cobalt and 
soft bases in such systems.*I'O It  is thus not too sur- 
prising that  despite the favorable entropy effect only 
the soft base of the soft-hard pairs, phosphine and 
amine and phosphine and cyanide, should coordinate. 
The reactions of NP,  XPN, and P N P  with CO(CO);~NO 
and hlo(CO)s may be contrasted: the three ligands 
function as chelating groups in the substitution prod- 
ucts of the latter.3 The displacement of CO by sulfur- 
containing ligands from CO(CO)~NO also proceeds 
more slowly than in the corresponding reactions of 

(8) E. R I .  Thorsteinson and P. Basolo, i b i d . ,  6 ,  1691 (1966). 
( Y )  12. G. Pearson, J .  A m .  Chmz. Soc., 86, 8588 ( lY63) .  
(10) E. h i .  Thorsteinson and F. b a s d o ,  ibid., 88, 3029 (1'366) 
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ligands containing phosphorus, and i t  thus appears 
probable that  “mixed” ligands containing both phos- 
phorus and sulfur would yield much the same results 
as have been reported above. 
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Relatively few studies of the redox reactions of metal 
atom cluster compounds have been p ~ b l i s h e d . ~ , ~  In 
those reported, the results (for M&z species) have been 
remarkably consistent with the molecular orbital de- 
scription of the bonding given by Cotton and Haas4 
for such systems. A comparable sort of MO analysis 
of the b ~ n d i n g ~ . ~  has been carried out for the RezXS2- 
species (X = C1, Br, and most recently,’ NCS) which 
have D i h  symmetry. This treatment, which should 
also be applicable in its general features to any analo- 
gous technetium complexes, leads to the conclusion that 
there are two relatively low-lying, nonbonding o or- 
bitals which are directed outward along the fourfold 
axis of the molecule. 

It would seem reasonable to suppose that  a t  least one 
and perhaps two electrons could be added to these 
orbitals, thus forming RezXs3- and RezXs4- species, 
without interfering with any of the components, U, 

K, or 6, of the Re-Re bond. Hence, the extremely short 
metal-metal distance and the eclipsed configuration 
should be maintained in the reduced species. Whether 
the RezXs4- species should have zero or two unpaired 
electrons will depend on how nearly degenerate the 
two nonbonding o orbitals are; this is difficult to 
predict with confidence. 

The  investigations described here were undertaken 
to test the foregoing ideas. The results are also rele- 

(1) Keiearch supported in part  by the  United States Atomic Energy Com- 
mission. 

(2) R. E. McCarley, B. G .  Hughes, F. A. Cotton, and  R Zimmerman, 
Inorg.  Chem., 4, 1491 (1965). 

(3) R. A. Mackay and R. F. Schneider, ibid., 6, 549 (1967). 
(4) F. A. Cotton and T. E. Haas, ib id . ,  S, 10 (1964). 
( 5 )  F. A. Cotton, ib id . ,  4, 334 (1965). 
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Figure 1.-Polarograms for the tetra-n-butylamnioniurn 
salts of RezC1B2- (------), Re2(T’;cS)sZ- (-), and Re2Brs2-(-.-- 1 
in acetonitrile a t  25”. 

vant to the question of why the only known TcZXBn- 
species8t9 is TczClg3-. 

Experimental Section 
The compounds [(n-C4Hs)4N]z[Re~Xs], X = C1, Br, KCS, were 

prepared as described elsewhere .7,10 Approximately 10-3 M 
solutions in acetonitrile containing 0.5 M tetra-n-butylammonium 
perchlorate as supporting electrolyte were used to record the 
polarograms. The results arr  displayed in Figure 1 and numeri- 
cal results pertaining to the and Re?(KCS)s2- ions are 
summarized in Table I. 

TABLE I 
POLAROGRAPHIC DATA FOR RezClE2- 

AND Re2(NCS)B2- IN ACETONITRILE& AT 25’ 
Step ~ l j l ~  n idc I d d  E31p - mv 

1.083 mM [(C4Hg)4N]2ReeCls 
1 -0.82 1.1 6.54 2.80 6 5 &  3 
2 -1.44 -1.3 7.42 . .  93 i 3 

0.800 m M  [(C4H9)4N]2Re2(NCS)8 
1 -0.04 1 . 1  5 .5  2 . 7  6 5 & 3  
2 -0.71 1.1 4 . 6  2 .6  5 9 f 4  
a 0 . 5  M [(n-C4Hs)rN]C104 added as supporting electrolyte. 

With respect to the standard calomel electrode, in volts. 
c Average limiting current in microamps. d I d  = i d / ~ ~ ’ / 3 t ’ / 6 ,  

where C = concentration, M = mercury flow rate, and t = time 
between drops. 

Discussion 
Both the RezCls2- and the Rez(NCS)82- salts gave 

conventional two-wave reduction polarograms. There 
are no simple reduction waves in the polarogram of 
RezBr2- although reduction obviously occurs. This 
polarogram will not be discussed further. 

The number, n, of electrons involved in the reductions 
of the RenC1g2- and Rez(NCS)s2- ions was estimated 
using the Ilkovic equation,” and these are recorded in 
Table I. The required values of D, the diffusion coef- 
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