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1 : 1 mixture of water and acetonitrile. The analysis indicated a 
composition of [(CHa)4N]2BllBr9H2, Anal. Calcd. for [(CH3),Y],- 
BllBrgH?: C, 9.7; H, 2.7; N, 2.8; B, 12.0; Br, 72.8. Found: 
C, 9.7; H, 3.0: S, 2.9; B,  11.8; Br, 72.5. The infrared spec. 
trum of this compound showed a weak B-H absorption a t  2580 
cm-I; cage bands occurred a t  1150 (m), 1120 (m), 1010 (mj, 
990 (m), 960 (s), 845 (s),  820 (sh), and 720 cm-'. The com- 
pound had ultraviolet absorption a t  2360 A (E 4350) and a 
shoulder at 2860 A (e 108). The B" nmr spectrum consisted 
of a broad peak a t  +30.7 ppm with a shoulder a t  +20.8 ppm. 

Polarographic Data.--A polarographic oxidation reduction 
study on C S ( C H ~ ) ~ S B ~ ~ H ~ ~  in acetonitrile solution in the poten- 
tial range +O.6 to -2.0 v ,  with (CaH9)aSClO: as supporting 
electrolyte, showed a well-defined oxidation wave a t  Eli,  = 
0.20 v corresponding to approximately a two-electron oxidation. 
The reduction observed at  El;, = - 1.9 v was less well defined 
and probably represented a many-electron step. In an aqueous 
0.5 A[ K2S04 solution, the BsHg2- anion was oxidized at  - 0 . 1 5 ~ .  
The process was difiusion controlled at  a platinum surface, and the 
oxidation might have been mtocatalytic in nature. The use of a 
phosphate buffer solution did not significantly alter the results 
obtained in K2S04 solution. 

X-Ray Data.-As an addition21 characterization of some of the 
salts described in this article, lattice constants were determined 
from precession and Weissenberg photographs. The results are 
as follows (the experimerit:.lly determined density (by flotation) 

is abbreviated dE, the calculated density is designated dx): 
Rb2BgH9: tetragonal, a = 6.33, c = 11.51, Z = 2 ,  dx = 1.98, 
dE = 1.99; Cs2BgHe: tetragonal, a = 6.50, c = 12.06; 2 = 
2, dx = 2.43, dE = 2.43; CS(CHJ)~NBIOHIO: orthorhombic, 
a = 27.72, b = 7.47, c = 7.42,Z = 4,  dx = 1.406, dE = 1.390; 
C S ( C H ~ ) ~ ~ * ; B ~ ~ H ~ ~ :  orthorhombic, a = 5.715, b = 5.779, c = 
12.370, Z = 1, dx = 1.378, dE = 1.382; C S ( C H ~ ) ~ I ~ B I L H I I :  
monoclinic, a = 12.59, b = 5.69, c = 5.68, = 96.62",2 = 1, 
dx  = 1.385, dE = 1.368; Zn(NHa)aB1,Hl1: hexagonal, a = 
7.46, c = 14.40,Z = 2, dx = 1.26, dE = 1.29.29 

Acknowledgments.-\Ye are indebted to Drs. L. 
Guggenberger and C. J. Fritchie for the X-ray data and 
to Miss L. Williams and Dr. E. Zahnow for the polaro- 
graphic examination. 

(XI) NOTE AODEU IN  PROOF.-A recent experiment with the tetra-it- 
butylammonium salt of BsHsZ- in dimethyl sulfoxide has established a 
minimum lifetime for t he  ground state (Dah) geometry at ZOOo of -10-3 
sec. The  characteristic Bl' spectrum of BsHe2- is unperturbed a t  ZOOo and 
32 Mc. We would estimate from this information that  the barrier to  
polyhedral rearrangement in unsubstituted ( e m  or skeletal polyhedral) 
BeHe2- is a t  least 30 kcal. This experiment was performed with the 
cooperation of Professor M. F. Hawthorne and Phillip Garrett and with 
their 32-Mc radiofrequency unit. (Cautio% Mixtures of BsHsz- salts and 
dimethyl sulfoxide react irreversibly and explosively fast after relatively 
long (minutes) induction periods a t  203O and above.) 
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Approximate carbonyl and nitrosyl force constants have been calculated for the molecules in the tetrahedral isoelectronic 
series Mn(S0)3(CO), Fe(NO),(CO)j, Co(NO)(CO)a, Ni(C0j4, and their substituted derivatives. The required secular equa- 
tions are given for species having two different oscillators These force constants provide a quantitative means for comparing 
relative a-acceptor strengths of the substituent ligands. Explicit inclusion of the C?; oscillator of isonitriles is shown to be 
important in derivatives of ligands of this type. Empirical relationships have been determined which allow the prediction 
of force constants and frequencies in substituted derivatives provided information on a related molecule is available. 

Introduction 
In a recent series of a r t ic le~l -~  Cotton demonstrated 

the usefulness of easily calculated "nonrigorous" 
force constants for carbonyl complexes. In this 
method force constants are calculated from secular 
equations in which only the CO oscillators and their 
interactions are considered. Couplings between the 
CO vibrations and other deformations of the molecule 
are not included. Observed frequencies, uncorrected 
for anharmonicity, for molecules in solution are used, 
and so long as a similar procedure is employed for a 
series of compounds, meaningful comparisons of the 
calculated force constants may be made. We have 
extended this type of treatment to the tetrahedral iso- 
electronic series Mn (NO) (CO) , Fe (NO) 2 (CO) 2, Co- 

(1) F. A.  Cotton and C. S. Kraihanzel, J .  A m .  Chem. SOL., 8 4 ,  4432 
(1962). 

(2) C. S. Kraihanzel and E". A. Cotton, Iizoig. Chenz., 2, 533 (1963). 
(3) F. A. Cotton, ibid., 3, 702 (1964). One of t he  secular equations for 

Ni(C0)a given in ref 3 is in error and should read, in Cotton's notation, 
 AT^ = & ( k  - ki). 

(NO) (CO)a, Ni(CO)I, and their substituted deriva- 
tives. Quite recently Beck and Lottes4 reported 
such calculations for a large number of carbonyl, 
nitrosyl, and halogen compounds of manganese, iron, 
and cobalt. We incorporate their data with ours 
and with that culled from the literature by us for 
cobalt and nickel carbonyl and nitrosyl compounds 
to present a fairly complete summary of all known 
tetrahedral molecules of this general type. The 
appropriate secular equations are presented explicitly 
here for future use and reference. 

Experimental Section 
Material~.-Co(CO)~(KO) was prepared as described by  Hor- 

rocks and T a y l ~ r . ~  The ditertiarp pliosphines 1,l-bis(dipheny1- 
phosphino)methane (dpm), 1,2-bis(diphenylphosphino)ethane 
(dpe), and 1,3-bis(diphenylphosphino)propane (dpp) were pre- 
pared using the method of Hewertson and Watson.6 1,3-Bis- 

(4) W. Beck and K. Lottes, Chem. Be?,., 98, 2657 (1965). 
(6) W. D. Horrocks, Jr.,  and R. C. Taylor, Iwoug. Chem.,  2, 723 (1983) 
( 6 )  W. Hewertson and H. R. Watson, J. Chenz. SOC., 1490 (1962). 
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(dipheny1phosphino)propane has not been previously reported 
and represents a new ligand. The tertiary phosphines n-butyl- 
diphenylphosphine and di(n-buty1)phenylphosphine were pre- 
pared as described by Davis and Jones.? The Ni(C0)4 was used 
from a lecture bottle supplied by A. D. McKay, Inc. 

1,d-Bis(dipheny1phosphino)propane.-To a solution of sodium 
(17.18 g, 0.746 g-atom) in 900 ml of liquid ammonia contained 
in a three-necked flask fitted with a stirring rod, a calcium chlo- 
ride drying tube, and a stopcock was added triphenylphosphine 
(97.82 g,  0.372 mole). After 1 hr ammonium bromide (36.61 g, 
0.377 mole) was added to the deep red solution with a resulting 
paling of the color to orange. One-half hour later 1,3-dibromo- 
propane (37.56 g, 0.186 mole) in 10 ml of ether was added from 
a side-armed dropping funnel dropwise but rapidly. The re- 
action was allowed to continue 1.5 hr, a t  which time the Dry Ice- 
acetone bath was removed and the ammonia allowed to evaporate. 
The workup consisted of washing with 500 ml of water, followed 
by washing with portions of methanol until a white powder was 
obtained. Recrystallization was from methanol, yielding 26.5 
g (30%). Anal. Calcd for C Z ~ H Z ~ P Z :  C, 78.64; H ,  6.31. 
Found: C, 78.40; H,  6.51. 

Preparation of the Complexes. Co(NO)(CO)[ (C6H5)2P(CHz)s- 
P(CJ3,)zI .-co(NO)(C0)3 (1.56 g, 9.03 mmoles) was weighed 
out in a cold room and placed in a solution of 100 ml of diglyme 
contained in a 500-ml three-necked flask. The flask was fitted 
with a NZ inlet tube, reflux condenser, and side-armed dropping 
funnel. The ditertiary phosphine, dpp (3.68 g, 8.94 mmoles), 
dissolved in 20 ml of diglyme was added dropwise to the solution, 
which was stirred vza a magnetic stirrer. During the course of 
the reaction a small, constant stream of nitrogen was maintained 
over the solution. After refluxing for 4 hr, when no more gas 
evolution was observed, the solution was cooled to room tempera- 
ture. Its color was a very deep red, darker than the initial Co- 
(KO)(COh solution. Workup proceeded first by filtration of the 
fine purple powder from the solution and then crystallization 
from the hot diglyme solution by addition of hot water. The 
reddish brown microcrystals obtained were air stable indefi- 
nitely. Anal. Calcd for COCZ&~OZNPZ: C, 63.52; H, 4.91. 
Found: C, 62.50; H, 5.23. 

ml, 7.63 mmoles) pipetted as a liquid a t  room temperature into 
50 ml of diglyme (the amount needed determined from the density, 
assumed to be approximately that of Ni(C0)4, 1.32 g/ml) and 
dpe (3.01 g, 7.46 mmoles) in 40 ml of diglyme were treated in the 
manner above. Air-stable reddish brown microcrystals were ob- 
tained. Anal. Calcd for COCZ~KZ~OZNPZ: C, 62.91; H, 4.65. 
Found: C, 62.91; H ,  4.79. 

ml, 3.4 mmoles) and dpm (1.29 g, 3.45 mmoles) were treated as 
above. Reddish orange microcrystals were obtained. These 
were air stable for a period of a few weeks but after that de- 
composition seemed to occur as indicated by the color change to 
brown. Anal. Calcd for COCZ~HZZOZNP~: C, 62.28; H ,  4.39. 
Found: C, 62.29; H, 4.51. 

-Co(KO)(CO), (0.75 ml, 5.7 mmoles) and the phosphine (2.78 
g, 1.15 mmoles) were treated as above except for the workup. 
Two products were obtained from the hot water crystallization: 
small brown crystals and deep red part oil-part crystalline 
material. Analysis and spectra indicate the brown crystals to 
be the disubstituted product, and the oily mass a mixture of the 
di- and monosubstituted compounds. Anal. Calcd for COCZO- 
HZqO2NP2: C, 65.89; H, 6.32. Found: C,  65.75; H,  6.16. 

CO(NO)(CO)[(C~H~)ZP(C~~H~)]Z.-C~(NO)(CO)~ (0.59 ml, 4.5 
mmoles) and the phosphine (1.67 g, 7.17 mmoles) were treated 
as above again except for the workup. The product is a deep 
red oil which was not isolable; however, the infrared spectrum 
indicated the oil contained only the disubstituted product. 

Ni(CO)2[ (C6Hs)zP(cHz)3P(C~Hj)2] .-The same experimental 
setup as used with the cobalt compounds was employed except 

Co(NO)(CO)[ (CsHj)zP(CHz)zP(CeHj)z] .-CO(NO)(CO)~ (1 .00 

CO (NO ) (CO ) [ (CtiHs)2P(CHz)P(CgHg)z] .-CO( NO)(C0)3 (0.45 

Co(N0  )(CO )[C4H9P(C6H1)z] z and ~ ~ ( N ~ ) ( c O ) ~ [ C ~ H ~ ~ ( C ~ H , ) , ] .  

(7) W. C Davis and W J Jones, J .  Chem Soc , 3 3  (1929). 

the Ni(C0)C was placed into a modified buret, and then the 
amount required, as calculated from the density, was added to 
benzene in a side-armed dropping funnel. The carbonyl (1.03 
ml, 7.9 mmoles) was then added dropwise to the solution con- 
taining dpp (2.92 g, 7.07 mmoles) in 80 ml of benzene. The re- 
action was allowed to proceed a t  room temperature, and only 
when no more gas evolution was observed was the solution gently 
heated; additional gas evolution was observed and a fine white 
precipitate formed. After 2 hr of heating the solvent was re- 
moved on a rotary evaporator. The pale yellow residue washed 
with methanol gave a white powder that was the product. 
Anal.  Calcd for NiCzgHz602Pz: C, 66.03; H ,  4.93. Found: 
C, 65.77; H, 5.07. 

Ni(C0)z[(C6Ha)*P(CH~)~P(CsHj)~] .*--Ni(CO)4 (1.10 ml, 8.5 
mmoles) in 20 ml of benzene was added dropwise to a solution 
of dpe (3.29 g, 8.26 mmoles) in 70 ml of benzene and the reaction 
allowed to proceed 8 hr a t  room temperature. Solvent was 
taken off then and the residue washed with methanol, yielding 
3.59 g of white powder (847, yield). Calcd for XiCz8- 
H2402P$: C, 65.50; H,4.72. Found: C, 65.73; H, 4.62. 

Ni(CO)z[(C6H6)2P(CH2)P(C6H6)2] .-Ni(CO)4 (1.05 ml, 8.1 
mmoles) in 30 ml of benzene and dpm (2.94 g, 7.65 mmoles) 
in 60 ml of benzene were treated as above for 2 hr. Evaporation 
of solvent left a pale yellow residue which when washed with 
methanol retained its color. The pale yellow powder, 3.49 g, 
was collected, dried in vacuo, and is the product (91% yield). 
The compound is air stable the order of 2-3,weeks but turns a 
dull ochre color indicating decomposition after 1 month. Anal. 
Calcd for NiC27H2202PZ: C, 64.92; H, 4.41. Found: C, 65.01; 
H,  4.64. 
Ni(CO)z[C4HgP(CGHr)~]z.--iVi(CO)4 (0.65 ml, 5.1 mmoles) in 

20 ml of benzene and the phosphine (2.47 g, 10.2 mmoles) in 80 
ml of benzene were treated as above except gentle heating was 
employed. The solution turned yellowish with heat and after 1 
hr was allowed to cool. The yellow residue, left after solvent 
removal, was washed with methanol and yielded a white powder 
which was dried in vacuo a t  room temperature. Anal. Calcd 
for NiC30H2002Pz: C, 68.11; H, 6.34. Found: C, 67.96; H,  
6.35. 

Ni(CO)z[ (C~H~)ZP(C~~H~)]Z.-N~(CO)~ (0.36 ml, 2.8 mmoles) 
in 30 ml of benzene and the phosphine (1.00 g, 4.63 moles) in 60 
ml of benzene were treated as above, except when no more gas 
evolution could be seen a t  room temperature, the solution was 
heated to reflux for 15 min and allqwed to cool. Evaporation of 
solvent left a yellow oil which did not precipitate on addition of 
methanol and has not been isolated. 

The microanalyses were done by either George I. Robertson, 
Jr., Florham Park, N. J., or Gdbraith Laboratories, Inc., Knox- 
ville, Tenn. 

Infrared Measurements.-A11 infrared spectra reported for 
these new compounds were recorded on a Beckman IR-12 grat- 
ing spectrometer. 

Procedure 
The secular equations for the known types of tetra- 

coordinate carbonyl and nitrosyl molecules were 
generated by standard proceduresg utilizing Cotton 
and Kraihanzel’s assumptions. l The appropriate secu- 
lar equations for tetracoordinate molecules containing 
a single type of oscillator are given in footnote 22 of 
ref 3. Those applicable to molecules containing two 
different types of oscillator are presented in Table I. 
The principal stretching force constants are fxo, 
fro; stretch-stretch interactiop force constants be- 
tween the same type of oscillator are designated f’x, 

Anal. 

(8) J. Chat t  and F. A. Hart,  ibid., 1378 (19601, first prepared this com- 
plex. Their method differs in heating the solution and recrystallization from 
ethanol with great loss of product. 

(9) See E. B. Wilson, Jr.,  J. C. Decius, and P. C. Cross, “Molecular Vibra- 
tions,” McGraw-Hill Book Co., Inc., New York, N. Y . ,  1955. 
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TABLE I 

COSTAININC Two TYPES OF  OSCILLATOR^ 
SECULSR EQUATIOSS FOR TETRACOORDINATE AJOLECULES 

Type of Vibra- 
molecule tional 

or ion sym- 
(molecular metry 
symmetry) species Secular Equations 

M(XO)(ZO)a AI / ~ z o U z o  + 2S’z) - : i1 ’ ‘~zof’x~~ = 

E = P Z O ( f Z 0  - f ‘ z )  
(C3”) 3 l’%xof‘xz P X O f X O  - 

~ i ( ) i O ) a ( Z O ) 2  A1 P X O ( f X 0  + S’X)  - 2PXOf’XZ = 
(Ch.) 12PzoI.~xz PZO(SZ0 +f’z)  - x/ 

Bi 
BP pzo(fzo - f ’ z )  

X = ~ x o ( f x o  - f’x) 

f’x) - X 21’hof’Xz~ = 

I = o  

PZOSZO - 
A” x = pso(.xo - f‘x) 

MLZ(XOj(Z0) h’ P X O S X O  - PXOf’XZ 

(C8) Pzof’xz M O f Z O  - 
a p ~ o  is the reciprocal reduced mass of the XO oscillator, etc.; 

X = 4 r Z u 2  where v is the vibrational frequency. 

f ’ z ,  while the stretch-stretch interaction force con- 
stant between different types of oscillators is desig- 
nated f’xz. The secular equations for hexacoordinate 
carbonyl compounds containing ligands themselves 
with stretching frequencies close to the carbonyl 
region ( i .e . ,  isonitriles) were constructed in a like 
manner and are available from the authors. Fol- 
lowing Cotton’ the cis and trans interaction force 
constants in the hexacoordinate molecules are as- 
sumed to have the relationships: f”xz = 2 s ’ ~ ~  = 

f x ~  and f”x = 2f’x = fs, where the double prime 
refers to a trans situation and single prime to a cis. 
In the tetracoordinate molecules with two types of 
oscillators, more unknown force constants appear 
than there are observed frequencies. In these cases 
the secular equations were solved by making some 
reasonable assumption about the value of the stretch- 
stretch interaction force constant, f ’Xz, between the 
different oscillators. The principal force constants 
are then functions of f ‘ x ~ ,  although, fortunately, 
not very sensitive ones. The many calculations 
herein presented were facilitated by use of a computer 
program written to cover all tetracoordinate cases 
although this is not necessary or even desirable in 
individual instances. The force constant values given 
in the tables below are those for which all stretch- 
stretch interaction constants are set approximately 
equal. 

Results and Discussion 
The calculated force constants for the Ni(CO)4-,L,, 

tetracoordinate molecules are presented in Tables 
11,111, and IV. The ligands have been ordered accord- 
ing to the values of the principal CO stretching force 
constants in the substituted molecules. For any 
particular isosymmetric series of compounds these 
orderings parallel those obtained from raw frequency 
data and, as well discussed in the literature, provide 
a measure of T-acceptor abilities of the various ligands. 
The ligand order is essentially independent of the 

T A B L E  11 
OBSERVED FREQUESCIES AND CALCULATED F O R C E  COSSI’ASTS 

FOR AM(XO)BL MOLECULES~ 

Ni( CO j3L 
Ligand ico j ’ c  Ai E Solv Ref 

PFS 17.26 0.35 2109 2046.5 Q ,f 
P (CFd 3 17.25  0.34 2107.0 2046.0 Q g 

PCIz(0CaHo) 17 06 0.36  2097.5 2033.8 Q h 
PCl?(CsHs) 16.96 0 .36  2092.7 2027 5 n h 
As(OCH8) 3 16.90  0 .39  2093 2022 a i  
AS (OC2Hd s 16.87 0 . 4 0  2092 2019 6 a i 
P c I  (OC4HB)Z 16.85 0 38 2088.7 2019.5 a h 
P(oCsH6)a 16.79 0.38 2070 1997 Q f  
SbCl (&Ha) 2 16.76 0 .37  2082 2014.5 a j 
PCl (C6Hs)i 1 6 . i 4  0 38 2082 2012,5 a h 
P(CGC(C6Hs))a 16.73 0 .37  2079.6 2013.2 u g 
P(OCH3)a 16.65 0 .40  2079 2006 ii f 
P(OC4Hs)a 16.62 0.40 2077.0 2004 u iz 
P(C6H6)- 

(C-CC(CH3)zOHj 16.61  0 . 3 8  2073 8 2004 6 Q f 
Sb(CsH6)a 16.61  0.38 207.1 2004.5 Q j 
As(XC6Hin)a 16.55 0 . 4 1  2074 1999 a i 
As (C6H6) 3 16 ,54  0 . 4 0  2072 1999 a i  
Bi(CzH6) 3 16.52 0 .41  2072 1997.5 Q j 
P(CsHd3 16.50  0 . 4 0  2070 1997 u h 
Sb(CzH6)a 16.48 0 .39  2067.4 1996 Q j 
P(CH3)3 16.46 0 41 2068,5 1993.5 a ,f 

As(CrH6)s 16 41  0.40 2067 1990 u i 
P (CzH6) a 16.41  0 . 4 1  2066.0 1991.0 Q J 
C5H6Pi 16.23 0 . 5 1  2067 1973 d I 

PCla 17.19 0.33 2103 2043 a J  

Mn( S O  j3L 
E Solv Rei Ligand JNO f‘x AI 

P(@-OCoHaCl)a 13 35 0 .49  1805.0 1709.5 b 4 
P(OCsH6)3 1 3 . 3 1  0 49 1802.0 1707.5 b 4 

13 22 0 .47  1794 1703 c k Te(CsH6)r 
P(SC6H6)3 13 20 0 46 1792 1702.0 b 4 
P (OCzHda 13.13 0.50 1792 0 169d 0 b 4 
P(OC1nHzi)a 13.13  0 . 5 0  1792 0 1694.5 b 4 
P ( O C ~ H ~ ( O C I U H P I ) ~  13.16  0.49 1792.5 1697 5 b 4 
Sb(CsH6)8 13.13 0 47 1788.0 1696.5 b 4 
As(CfiH6)~ 13.09 0 . 4 8  1787.0 1693.5 b 4 

13.07 0 .53  1792.0 1688.5 b 4 CsHsCS 
(CsHr)CH2CX 13.07 0.53 1792.5 1688.0 b 4 
a4s(p-CsHaOCHi)a 13.07 0.46 1783.0 1690.5 b 4 
P(C6Hd3 13.04 0 .46  1781.5 1691.5 b 4 
P(C?Hs)3 12.96 0.47 1778.5 1685.0 b 4 
CrHsPi 12.95 0 . 5 2  1784.0 1681.0 b 4 
NH3 12 90 0 . 5 1  1778.6 1678.5 b 4 
P(CnHda 12.89 0 . 4 8  17T4.0 1680 0 b 4 
CaHiiS 12.88 0 . 5 2  1778.5 1676 0 b 4 

a Hexadecanc. * Cyclohexane. Tetrahydrofuran. Pyri- 
dine. e In this and all subsequent tables frequencies are givcn 
in cm-1 and force constants in mdynes/d. ’ M. Bigorgne, Ball. 
Soc. Chin7. France, 1986 (1960). ’ M. Bigorgne, J .  Inory .  Nucl. 
Chew., 26, 107 (1964). M.  Bigorgne in S. Kirschner, Ed., 
“Advances in the Chemistry of Coordination Compounds,” The 
Macmillan Co., h-ew York, IK. Y.: 1961, p 199. ‘ G. Bouquet 
and A I .  Bigorgne, BzdZ. Soc. Chim. Frunce, 433 (1962). D. 
Benlian and M .  Bigorgne, ibid., 1583 (1963). ’ W. Hieber and 
R. Kramolowsky, 2. Anorg .  Allgem. Chenz., 321, 94 (1963). ’ W. 
Hieber, J .  Ellerniann, and E. Zahn, 2. iliatuvforsch., 18b, 589 
(1963). 

type of molecule; approximate force constants for 
substituted hexacoordinated group VI carbonyls yield 
substantially similar results. A general decrease 
of fco and increase of the stretch-stretch interaction 
force constant, f ’c, on increased carbonyl substitu- 
tion is evident. Exceptions to this general trend are 
the ligands PF3 and P(CF3)3,10 where f c o  and j ” ~  
show the opposite behavior. This suggests that 
these ligands are stronger .rr-acceptors than CO. 

An example of the value of these constants is af- 
lorded by the coordinated isonitrile systems, Ni(G0)4-n- 

(10) 11. Bigorgne, J .  I n o i g .  S u c l .  Chewz., 26,  107 (1964) 
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0.44 

I 0.40- 

0.36 

0.32 

f c 

TABLE I11 
OBSERVED FREQUENCIES AND CALCULATED FORCE CONSTANTS 

FOR M( XO)2L2 MOLECULES 

Ni( CO)QL~ 

- - 
c 

- 
- - 
- 

fco 
1 7 . 3 2  
17 .27  
17 .23  
1 7 . 1 8  
1 6 . 9 1  
16 .72  
1 6 . 6 0  
16 .51  
1 6 . 5 0  
16 .49  
1 6 . 3 1  
1 6 . 2 9  
1 6 . 2 4  
1 6 . 1 1  
16 .02  
1 5 . 9 9  

15 .95  
15 .86  
15 .84  
1 5 . 7 8  
15 .76  
15 .69  
15 .66  
15 .65  
1 5 . 6 2  
1 5 . 6 1  
1 5 . 6 0  
15 .33  
15 .27  

0.28 

0.24 

f’C 
0 38 
0 . 3 3  
0 . 3 4  
0 . 3 2  
0 .37  
0 . 3 8  
0 . 4 5  
0 . 4 3  
0 . 4 3  
0 . 4 0  
0 . 4 1  
0 . 3 9  
0 . 4 2  
0 . 4 4  
0 . 4 5  
0 . 4 3  

0 . 4 6  
0 . 4 7  
0 . 4 5  
0 . 4 5  
0 . 4 8  
0 . 4 8  
0 . 5 1  
0 . 4 6  
0 . 4 8  
0 . 5 1  
0 . 4 8  
0 . 5 0  
0 . 5 8  

- 
\ A ~ N C ~ L  - 

I , 0 g N C . L  , 

A1 
2093.5  
2088 
2085 
2081 
2068.2  
2057.5  
2054 
2047.5 
2047 
2045 
2034 
2032.5  
2031.3 
2024 
2019 
2016 

2015.8 
2010 
2007,6  
2004 
2005.6 
2001.0  
2000.2 
1997.4  
1996 
1998.2 
1995.0  
1992 
1981 

Fe( NO)ZLZ 
Ligand fN0 f’N Ai 

PF3 14.46  0 . 4 0  1838.0  
P(OCeHd8 13.39  0 . 3 9  1769.5  
As(C6Hn)s 1 2 . 8 2  0 . 3 4  1730 
P(C6Hn)a 12.73  0 . 3 3  1723 
dpe 1 2 . 7 5  0 . 3 5  1726 
Te(CsHs)s 1 2 . 3 8  0 . 3 2  1699.5  

BI 
2049 
2048 
2045 
2043 
2023.5  
2011.5 
2000 
1995.5 
1995 
1996 
1984 
1984.2  
1979,5 
1970 
1963,5  
1963 

1959.0  
1952 
1952.4  
1948.5  
1944, 9 
1940.2  
1837.0  
1939.3 
1936 
1934 
1935.0 
1929 
1907 

BI 
1788.0  
1719 
1684.5  
1679 
1679 
1656 

Soh 
a 
a 
b 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

a 
a 

a 
d 
a 
d 
d 
a 
d 
a 
e 
f 

c 

Solv 

g 
g 
g 
g 
h 

Ref 
i 
j 
k 
i 
1 
1 
m 
1 
m 
i 
n 
k 
1 
i 
I 
n 

k 
m 
1 
n 

k 

m 

k 

P 
0 

Ref 
4 
4 
4 
4 
P 
4 

a Hexadecane. Frequencies corrected to hydrocarbon sol- 
vent. ‘ Cyclohexane. d Chloroform. e Halocarbon mull. ’ Ben- 
zene. g Carbon tetrachloride. Tetrachloroethylene. Table 
11, footnote f. ’Table 11, footnote k .  lo M. Bigorgne, J .  
Organowetal. Chew. (Amsterdam), 1, 101 (1963). ’ Table 11, foot- 
note h. Table 11, footnote i. * Table I, footnotej. ’ R. B. 
King, Inoyg. Chem., 2, 936 (1963). ‘ W. 
Hieber and J. Ellermann, Bey. ,  96, 1643 (1963). 

’ Table 11, footnote 2 .  

TABLE IV 
OBSERVED FREQUENCIES AND CALCULATED FORCE CONSTANTS 

FOR M(XO)L3 MOLECULES 

S i (  CO)La 
fco 

17.35 
17.12 
16.76 
16.45 
16.22 
16.22 
15 76 
15 56 
15 42 
14 84 

A1 Solv Ref 

2073 a c 
2059 a C 

2037 a d 
2018,s a d 
2004 a d 
2004 a C 

1975.7 a d 
1963 a C 

1954.3 a d 
1917 a C 

CO( NO)Ls 
Ligand f N 0  A1 S o h  Ref 

PFJ 14 90 1844 b 4 
~ ’ ( O C G H ~ ) ~  13 29 1738 b 4 
I’(CGH,)I 11 83 1610 b 4 

a Hexadecane. * Carbon tetrachloride. Table 11, footnotef. 
Table 11, footnote h. 

(CNR),, with R = CH3, CzHj, C4H9, C6Hb; n = 

1, 2,  3, 4. In  Table V are given the force constants 
for molecules of this type calculated from two points 
of view: (i) considering the isonitrile group to be a 
noninteracting ligand, L ;  (ii) considering the CN 
stretch to be coupled to the carbonyl stretch. It is 
reasonable to require that the values of f c O  and f/c 
fall near the locus of points shown in Figure 1. For 
the “complete” calculation the stretch-stretch inter- 
action constant between a CO and the CN of the iso- 
nitrile, f’CRNC, was taken such that YRNC 5= ~ ’ C R N C ,  

where f‘RNC is the interaction constant between CN 
stretches of two coordinated isonitriles and ~ ’ C R N C  

is the CO-isonitrile interaction constant. The f ~ o  
and f’c values obtained considering the CN and CO 
oscillators fall nicely within the points in Figure 1, 
while the values obtained taking CNR = L and non- 
interacting are in poor agreement. Similar results 
obtain for the Mo(CO)6_,(CNR), systems. 

0.521 0.48 \ - 
A 

LEGEND 
0 NiL,(CO), 
A NIL  (C012 
0 Ni(CO), 

Ni L‘p ( C 0 ) p  
A N i l ’  (C0)z 

0 L’ =INTERACTING 
OSClL L ATOR 

R = ALKYL “ F A Y  $I = PHENYL 
0 

A 0  
~ R N C - L  

M R N C = L \ ~  

fco 
Figure 1 .-Stretch-stretch interaction force constants vs. the prin- 

cipal force constants for substituted Ni( CO)C derivatives. 

To determine the effect of two dissimilar oscillators 
in hexacoordinate compounds, the series Mo (CO)6-,- 
(CNR), was investigated. The results of the cal- 
culations are presented in Table VI. The same re- 
lationship between cis and trans force constants as- 
sumed by Cotton’ is also employed here. The “com- 
plete” calculation was made tractable without re- 
course to a computer by neglecting all off-diagonal 
elements. It is seen from Table VI that as expected 
fco(trans) > ~ C O  (cis) when isonitrile oscillators are 
included. For the MO(CO)~(CNR)~  cis system there 
is no difference in Cotton’s secular equations where 
CNR = L and those obtained from the “complete” 
equation with neglect of off-diagonal elements ; to 
the first approximation, then, the consideration of the 
CN oscillator of the isonitrile ligands in such a system 
affords no advantage. It is in the MO(CO)~(CNR) 
system that the “complete” equations prove their 
worth, for the KNC = 1, f&(c i s )  > ,fco(trcms), which 
is not in agreement with previous How- 
ever, the expected order obtains when the calculations 
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TABLE L‘ 
OBSERVED FREQUESCIES AND CALCULATED FORCE COXSTANTS FOR SOME )I( xo)z(zo)z AND hf(xo)(zo)~ MOLECULES 

S i (  CO)t( CNR)g 
--cotton-- ~---------------~‘complete,’--- - 

f ’ C  f R N C  .f’RSC f’CRXC Al A1 BI Bz Solv lief fco i‘c fco 
CNCHI 16.03 0 .37  16.08 
Ch-CzHj 16.00 0.36 16.06 
C S C I H ~  15.99 0 .36  16.04 
C S C G H ~  16.15 0 . 2 5  16.05 

CNCsH5 
Ch-CHa 
CSCzHj 
CNCdHg 

/eo 
17.06 

7Cotton-- 
fC0 f ’ C  

16.65 0.29 
16.65 0.36 
16.63 0 .35  
16.62 0 .35  

--Cotton-- 
fco Ye 

Ch-CsH6 15.69 . . .  
Ch-CHa 15.39 . .  . 
CIiCzH: 15.36 . . .  
Ch-C4Hs 15.36 . . . 

0.42  17.67 0.26 0 .25  2176.0 2015.5 1969.0 2138.5 u e 
0.42 17,53 0.24 0.25 2166.5 2013.0 1968.0 2131.0 a e 
0.42 17.45 0.24 0.25 2163.7 2012.0 1967.0 2125.0 u e 
0.49 16.94 0.40 0.25 2142.0 2016.0 1963.0 2085.0 b j 

Fe(NO)s(CO)a 
i‘c is 0 .f’x YNC Ai AI Bi B2 SOIV i i i r  

c f i  0.35 14.12 0 .40  0.35 2083 1810 2031 1766 

Xi( CSR)(  CO)$ 
“Complete”--- _-______-__-____ 

fco f’c f’RXC i’CKNC Aicx 

16.74 0.38 17.31 0.30 2147 
16.70 0.41 18.07 0.30 218i .5  
16.69 0.41 17.89 0.30 2178 
16.68 0.41 17.83 0.30 2174.3 

co(co)3(so) 
I C 0  /’C fxo f‘sc AI 

17.04 0.35 14.44 0 . 3 5  2100.2 

S i (  CO)( CSR)3 
“Complete” ____ ~ 

fco f R I i C  f R N C  f ’ c K x c  AiCN 
15.83 16.65 0.34 0 .35  2142 
15.47 17.16 0.30 0.30 2165 
15.44 17.01 0.29 0.30 2155 
15.44 16.94 0 . 3 1  0.30 2153 

Mn( CO)( SO)a  
I C 0  fso f’s J‘NC AiCo 

17.43 13.75 0 . 5 3  0.50 2088 

A,CO E C O  

2066 2013 
2073.2 2008.5 
2071.5 2007.8 
2071.3 2007.0 

Ai E 

1807.0 2033.2 

A,CO E C N  

1971 2070 
1952 2104 
1950 2096 
1950 2090 

AINO EN0 

1823 1734 

Solv 

a 
U 

U 

U 

Solv 

d 

Solv 

a 
a 
U 

a 

Solv 

d 

l i e f  

f 

e 
e 

e 

Ref 

h 

Kef 

s 
e 
e 
e 

Ref 

4, j 
a Hexadecane. Chloroform. Tetrachloroethylene. Cyclohexane. Table 111, footnote k .  ’ M. Bigorgne, Bull. Soc. Chinz. 

W. D. Horrocks, Jr., and R.  ’ W. Hiebcr 
France, 295 (1963). 
H. Mann, Spectrochirn. Acta,  21, 399 (1965). 
and T. Krum, Chew. Bey., 94, 1214 (1961). 

D. W. McBride, S. L. Stafford, and F. G. A. Stone, Inorg. Chenz., 1, 386 (1962). 
C. G. Barraclough, J. Lewis, and R.  S. Kyholm, J .  Chem. Soc., 2582 (1961). 

TABLE S71 
OBSERVED FREQUENCIES AND CALCULATED FORCE COXSTANTS FOR SOME 

SUBSTITGTED ISOSITRILE MOLYBDENUM HEXACARBONPLS~ 
Mo( CO)j(CNR) 

Ligand fcot f’ct fcoc j ‘ cc  fcicn- fcot Yet fco‘ f’c“ AiCr AiCo AiCo E Solv Kef 
- ~ _ _ _ _ _ C o t t o n  I--__~ present 

CHiNC 15.72 0.22 16.67 0.11 18.06 16.11 0 .58  1 5 . 5 1  0.29 2178 2070.8 1959.9 1959.7 b c 
1958.5 1958.5 b c G H a N C  15.70 0.22 16 .65  0 .11  17.84 16.09 0 .60  15.49 0.30 2165 2069 

CcHsNC 16.03 0 . 2 3  15.73 0 . 1 2  18.41 16.08 0 .51  15 .58  0 .26  2135 2057.5 1964 1964 b d 

c~s-Mo( CO)r( CSR)?  
7 Cotton __-___-_-_-_------present -------_-_-----___ 

Ligand fcot yet fcoc ycc IC;\. y~ fcot f’ct .jc,y .“CC A ~ C N  B ~ C ~  ~ 1 ~ 0  BP B,CO S ~ I V  lief 

CH8NC 15.47 0.84 15.04 0 . 4 2  17.73 0 . 3 0  15.79 0 . 7 3  15.09 0.16 2176 2140 2022,5 1943.4 1930.7 1923.0 b c 
C3HsSC 15.45 0.82 14.99 0.41 17.56 0 . 2 8  15.69 0 .70  15.07 0 .16  2165 2131 2018 1941.5 1930 1921.5 b c 

CcHsA‘C 15.47 0 . 4 8  15.69 0.24 16.34 0.44 15.81 0 . 5 8  15.32 0.096 2135 2078 2015 1954 1942 1942 b d 

C ~ S - M O ( C O ) ~ ( C X R ) ~  

Ligand fco i’C .fcx f‘s fco f ’ C  A.CX Ec6 A,CO ECO Solv lie1 
- ______Cotton I ____-_____ -present 

CHIKC 14.83 0 . 3 1  17.64 0.22 14.83 0 .31  2174 2138 l g 5 7  1896 b C 

C2HaNC 14.80 0 .29  17.36 0 .21  14.80 0.29 2160 2122 1952 1895 b c 
CBHKNC 15.09 0.15 16.63 0 .36  15.09 0 .15  2135 2068 1953 1823.5 b d 

a f t  = f lrans, .  f“ = f c i s ,  6 Hexadecane. Table 111, footnote k .  d Table ‘V, footnotef. 

include the CN oscillator. Further, treating coordinated in plots of these quantities us. j& (cis) and jco(trans j 
isonitrile as a noninteracting ligand L in complexes in molecules of this general type. However, when a 
of the type ~hto(C0)~L produces values of the inter- RCN-CO interaction constant is introduced quite 
action constants f / c ( c i s )  and f’c(truns) which do not reasonable values of f ’ ~ ( c i s )  and j/c(transj are  ob- 
fall anywhere near the locus of points generally found tained. Although quite approximate, the ease with 
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TABLE VI1 
OBSERVED FREQUENCIES AND CALCULATED FORCE CONSTANTS FOR M(X0)2( Z0)L MOLECULES 
--- 

?co ?IC 

16.97 0 . 3 3  
16.75 0 .36  
16.65 0.42 
16 .48  0 .39  

16.36 0 .43  
16.25 0 .40  

16 .14  0 .43  

__ 
?”C 

0 . 3 5  
0 .35  
0 . 4 0  
0.40 

0 .45  
0 .40  

0 .45  

- Co(N0) (CO)zL-- 
JNO A’CO A‘NO 

14.39 2073.1 1805.2 
14.08 2061.4 1785.6 
14.06 2060 1783 
13.90 2048.5 1772.5 

13.80 2044 1765 
13 72 2035 1761.0 

13.54 2031 1748 

A”CO 
2029.6 
2014.4 
2005 
1996.0 

1986 
1981.2 

1972 

- 7  Fe(C0)  (N0)zL------ 
Solv Ref fco f ’ ~   NO ~ ’ N C  A’CO A’NO A”NO S o h  Ref 

a 5  
a 5  
b c 16.55 0 . 4 1  13.71 0 .40  2029 5 1786.5 1739.0 b 4 
a 5  

16.27 0 .36  13.53 0 . 3 5  2011.0 1772.5 1730.0 b 4 
b c  
a 5 16.23 0.39 13.42 0 .40  2010 1766 1764 b 4 

16.14 0 .40  13.24 0 .20  2012 1721 1727 a c 
b c 16.04 0 .36  13.24 0 . 3 5  1997 1753.5 1711 b 4 

a Cyclohexane. Carbon tetrachloride. C Table 111, footnote p. 

TABLE VI11 
OBSERVED FREQUENCIES AND CALCULATED FORCE CONSTANTS FOR c O (  NO)( co)L2 MOLECULESa 

Ligand f c o  ?NO A P  AlNO Solv 

I C 1 3  16.86 14.17 2044.5 1793.2 b 
PCh(C6H5) 16.52 13.83 2023.6 1771.7 b 
P(OCeHa)s 16.26 13.71 2008 1764 C 

PCI(CsHs)z 15.93 13.45 1987.3 1747.2 b 

Sb(C5H513 15.52 13.02 1962 1719 e 

AS( C6H5)3 15.47 13.07 1959 1722 C 

As( C&bP( csH5)3 15.46 12.99 1958 1717 C 

P(C6Ha)3 15.42 13.01 1956.7 1717.0 b 

CaHsN 15.60 13.42 1967 1745 d 

dPe 15.47 12.82 1958.8 1705.3 f 

dPm 15.37 13.12 1952,4 1725.2 f 
dPP 15.30 12.76 1947.8 1701.7 s 
P( CIHI))( C6H5)Z 15.20 12.71 1942.2 1697.3 f 

o-phenan 14.71 12.12 1909.8 1658.1 L? 

P(CsHiih 15.03 12.66 1931 1695 C 

CizHdJ 14.77 12.19 1914 1663 C 

a f l N C  = 0.30 for all compounds. ’ Cyclohexane. ‘ Carbon tetrachloride. Petroleum ether. e KBr pellet. 
Nujol mull. Table 111, footnote p. 

which these numbers may be obtained through the 
neglect of off -diagonal terms recommends this appli- 
cation of the “complete” equations. 

The force constants calculated for derivatives of 
Co(NO)(CO)s are presented in Tables IV, VII, and 
VIII. Since in the Co(N0) (CO)a derivatives there 
are more force constants than observed frequencies, 
the solution of the secular equations requires the 
choice of a parameter. The CoL2(NO)(CO) system 
(see Table VIII) is unique in that i t  is described by 
only one interaction constant, a value for which must 
be assumed, and no criterion for choice is available, 
such as assuming that all interaction constants are 
equal. An upper limit may be assigned to f’m, 
however. The solution of the secular equation has 
f‘NC appearing in the discriminant of general solution 
of a quadratic equation. The upper limit is then 

where X1 and Xz are calculated from the observed A‘ 
frequencies by X c  = 47r2vt2. For PCI3 (XI - X2) is 
the largest so that  f’NC = 1.31 X 0.5679 = 0.634. 
It is evident from the calculations that regardless 
of the f’NC value, the trend of decreasing both fco 
and f N 0  with substitution of carbonyl groups by those 
of lesser a-bonding ability still obtains. Figure 2 
demonstrates this trend in fco and f N 0  for a fixed value 
of ~ ‘ N c .  The slope of a plot of f N 0  US. fco is less than 
1.0, indicating that fco is slightly more sensitive to 

Kef 

5 
5 
h 
5 
h 
h 

h 
h 
5 

h 
h 
5 

Chloroform. 

LEGEND 
o CoLz(COI(N0) fbc=0.30 

A CoL (CO)z NO f h t ‘ Y f b  

12.0 
14.0 I 5.0 16.0 17.0 

f co  
Figure 2.-Principal NO force constant us. the principal CO 

force constant for Co(NO)( CO)a-%Ln derivatives: Co(iY0)- 
(CO)2L values of f N o ,  fco for which f ” ~  c f’c; Co(NO)(CO)L2 
values of f N 0 ,  f co  forf’xc = 0.30. 

change in ligand than fNo.  Tables IV, VII. and VI11 
present the calculated force constants arranged in 
order of decreasing fco values. Once again the cor- 
relation between 7r-bond acceptor ability and the mag- 
nitude of the main force constants fc0 and f N 0  is 
manifest. There are, however, some puzzles. It 
has so far been observed that f N 0  follows fco in any 
given trend, but in the CoL2(NO) (CO) molecules for 
the ligands Sb(GH&, As(CbH&, P(CsHd8, dpm, 
dpe, dpp (recall the definition of dpm, dpe, dpp in 
the Experimental Section) this is not true. Here f N 0  
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TABLE IX 
COMPARISON OF RIGOROUS AXD APPROXIMATE CALCULATIOSS FOR THE 

I’AREKT NICKEL, COBALT, A N D  MOLYBDENUM CARBONYL COMPOVKDS 

S i (  CO)r 

State fco f‘c A1 ’r Ref 

Harmonic 17.62 0.26 2135 2073,5 U 

Gas 17.40 0.31 2131 2057 b 
Solution 17.23 0 .35  2127.5 2044.7 b >  6 

Rigorous 1 i . 5 5  0.086 d 

Co( KO)( co)l 

Harmonic 1’7.60 0.30 15.06 0.17 2124 1849 2070 e 
Gas l i . 2 7  0.35 14.58 0 .35  2108 1822 2047 s 

17.04 0.35 14.44 0 . 3 5  2100.2 1807 2033.2 f Solution 
Rigorous 16,55 0 .40  14.00 C 

310 ( co ) G  

State .k y c t  f’c‘ A1 E Ts Rei 

Haririoriic 18.06 0 .39  0.21 2186 2112 2092 d 
G d  S 16.68 0.46 0 .27  2124 2027 2004 d 
Solution 16.50 0.55 0.28 2120 2022 1987.5 f 
Rigorous 18.12 0,093 d 

State ico i’c iX0 f k c  A P  also $0 lief 

fL L. H. Jones, J .  M o l .  Spectry. ,  5 ,  133 (1960). ’ M. Bigorgne, Bzdl. SOC. Chinz. Fiance ,  1986 (1960). Table V,  footnote f. L. H. ’ Table 5’, foot- Jones, J .  Chenz. Phys. ,  36,2375 (1962). e R. S. McDouell, W. D. Horrocks, Jr., and J. T. Yates, ibid., 34, 530 (1961). 
note g 

does not decrease monotonically with fco but changes 
with a seeming arbitrariness. The solvents used in 
recording the infrared spectra for these were not all 
the same due to solubility problems, and since the 
force constants, ie., frequencies, fall quite close 
to each other, solvent effects may be responsible for 
the strange ordering. Although dpm, dpe, and dpp 
are chelating ligands capable of forming four-, five-, 
or six-membered rings, respectively, and thus might 
be expected to differ from monodentate ligands, they 
do not vary uniformly among themselves either in 
the nickel or cobalt compounds. These chelating 
compounds were initially prepared in view of deter- 
mining the effect of chelate ring size on the carbonyl 
and nitrosyl frequencies. As can be seen from the 
tables this effect is quite small. The five- and six- 
membered rings are expected to be relatively little 
strained compared to the four-membered ring. A11 of 
these chelate compounds form readily, but the dpm 
complex is definitely less stable than the others. A 
ditertiary phosphine should show a n-acceptor ability 
which decreases as the aliphatic chain becomes longer 
and more electron releasing. This should place the 
ligand dpp lowest in either the nickel or cobalt series. 
With respect to dpe this is true; the ligand dpm does 
not fit into this order properly, perhaps owing to the 
steric strain produced by the four-membered ring. 
The n-butyldiphenylphosphine derivatives have princi- 
pal force constant values lower than any of those 
observed for the chelating phosphines. These lower 
force constants demonstrate the inductive effect of 
the increased aliphatic chain length. 

Tables I11 and VI1 present the calculated force con- 
stants for derivatives of Fe(i%0)2(CO)2. The com- 
ments that have been made about the series of T-bond 
acceptors in the nickel and cobalt cases also apply 

to these iron systems. A plot of f s o  as. J ~ o  shows 
the same trend as in the cobalt systems. It can be 
seen from the tables that,  contrary to the nickel and 
cobalt compounds where f’c, the carbonyl-carbonyl 
stretch-stretch interaction force constant, varies in- 
versely with j co ,  the nitrosyl interaction constant 
f ’ ~  varies directly with ~ K O .  This is not the expected 
behavior, but may be a clue to the reliability of the 
interaction force constants. 

Beck and Lottes4 present for the MnL(NO)8 sys- 
tem an extensive table of force constants calculated 
by Cotton’s method omitting, however, the interac- 
tion force constants. In  Table I1 both jK0 and f’N 

are presented. No trend in j’r; us. f ~ o  is to be found. 
This lack of any simple relationship between j N f ~ 0  

and f’p\T is indicative of the unreliability of interaction 
constants calculated in this manner. 

To  illustrate the reliability of “nonrigorous” force 
constants Table IX presents the approximate force 
constants calculated for Ni(C0)4. Co(N0) (CO)3, and 
Mo(CO)6 using observed frequencies in vapor and 
solution media and frequencies corrected for anhar- 
monicity. The values obtained from the “rigorous” 
calculations (complete normal coordinate analyses) 
are included in the table for comparison. It should 
be pointed out that the principal force constants 
calculated in the present approximation from the fre- 
quencies corrected for anharmonicity in Ni(C0)4 and 
MO(CO)~ differ from the “rigorous” values only 
by 0.07 and -0.06, respectively. The agreement 
for CO(NO)(CO)~ is not as good. The lower calculated 
force constants based on solution data compared with 
those obtained using vapor-phase frequencies simply 
reflect the solvent-induced frequency shifts. These 
shifts are not necessarily identical for different types 
of oscillators; hon-ever, based on studies in the litera- 
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. I  
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. I  *21 

12: 5 6t 
15.0 

.M=Co 
A M = F e  xo=co { 

n M  
f (L) 

co 

co 
Figure 3.--Principal force constantfxo for ligand L, metal M substituted to degree n z's. fco for the Ni( CO)a derivative of ligand L also 

substituted to  degree n. 

turell an estimate of errors from this source may easily 
be made. For a more consistent comparison of the 
force constants presented earlier, all frequencies 
should be corrected to a standard solvent, ideally a 
hydrocarbon ; the magnitude of such a correction to  
solution data may be seen from Table I X  to be approxi- 
matelyfcogas - ~ c o ~ ~ ~ ~  = 0.15-0.20. Further it is seen 
that the approximate interaction force constants are 
about four times greater than the "rigorous" ones. 
JoneslZ discusses the magnitude of these constants 
and concludes that the values obtained by the present 
method do not represent reality, in that  they assume 
zero frequency for the metal-carbon stretch. Non- 
rigorous interaction constants essentially absorb the 
effects of coupling of the CO oscillator with all of the 
other vibrations of the molecule and cannot be ex- 
pected to be in anyway comparable with the same 
constants derived from a complete vibrational analy- 
sis. 
(11) (a) W. D. Horrocks, Jr., and R. H. Mann, Specirochim. A d a ,  21, 

399 (1965); (b) W. Beck and K. Lottes, 2. Nalurforsch., 19b, 987 (1964). 
(12) L. H. Tones. J. Mol .  Spectvy . ,  8, 133 (1964). 

In addition to using these force constants to order 
ligands according to their 9-acceptor abilities, newly 
derived relationships which hold with a fair degree 
of accuracy between force constants in different mole- 
cules allow the prediction of force constants in as yet 
unknown molecules. If the principal CO and NO 
force constants of the cobalt and iron compounds and 
the principal NO force constant of the manganese 
compounds are plotted against fco of the nickel tetra- 
carbonyl derivative of the same degree of carbonyl 
substitution and for the same ligand L, reasonably 
good linear behavior is obtained as seen from Figure 
3. The derivatives of nickel tetracarbonyl were chosen 
as the basis for these relationships because of the 
large number of compounds of this type presently 
known. The five sets of points have been fit by a 
least-squares treatment to give eq 1-5 

"f(L)cor;o = 0.9868nf(L)Nico - 2.616 6 = *0.07 (I)  

nf(L)Ire~o = 0,9G07"j(L)"co - 2.433 6 = *0.02 ( 2 )  

n f ( L ) M n ~ ~  = 0.9128"f(L)"'co - 2.018 6 = kO.01 ( 3 )  
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"j(L)coco = 1.112ly(L)%3 - 2.123 6 = .to.o5 (4) 

"f(L)Fe~o = 1.1472nf(L)Nico - 2.732 6 = j=O.O3 (5) 

where "f(L)"Xo indicates the principal force constant 
for the XO oscillator, where n CO groups have been 
replaced by ligand, L, and M is the metal under 
consideration. The average deviation 6 is the dif- 
ference between the force constants calculated from 
these equations and those presented in the tables. 
Equation 5 ,  for the paucity of points (three), is the 
least reliable. The slopes indicate that f ~ o  is less 
sensitive to a change in ligand for the cobalt, iron, 
and manganese compounds relative to a change in 
the fco of nickel. In the cobalt and iron compounds, 
however, the fco is more sensitive to a change in 

ligand relative to the same standard. These equa- 
tions allow predictions of either "f(L)"c~, "j(L)"xo, 
or nj(L)K1co to be made if one of the molecules is 
known. For example, the molecule Co(N0) (PC13)3 
has not been reported; honTever, using fco for h'i(C0)- 
(PC13)3 (Table V), f ~ o  for the cobalt derivative is 
predicted to be 14.29 and the NO stretching frequency 
at  1802 ern-'. Force constants for other presently 
unknown molecules may be predicted in a similar 
manner. 
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A number of complexes of nickel in oxidation states 0, 11, and I11 with the ditertiary phosphines (CsH5)2P(CH2),P(C6H5)2 
(n = 1, 2, or 3 )  are reported and studied by spectral and magnetic methods. In solution in organic solvents complexes of 
the type Xi[ (CsHj)2P(CH2)nP(CsHs)2]X2 where X = Br or I and n = 2 remain diamagnetic The analogous complexes 
with n = 3 show a square-planar (diamagnetic)-tetrahedral (paramagnetic) equilibrium in solution. Isotropic proton 
magnetic resonance shifts were observed in these systems and thermodynamic parameters for the equilibrium were obtained 
from the temperature dependences of these shifts. The epr spectrum of polycrystalline Xi[ ( C ~ H ~ ) ~ P ( C H ~ ) ~ P ( C ~ H ~ ) Z ]  Bra 
shows an isotropic signal a t  g = 2 218. 

Introduction 
Although there have been a great many complexes 

prepared from the nickel halides and tertiary phos- 
phines,2 relatively few complexes prepared with di- 
tertiary phosphines have been reported. Complexes 
of the type Ni [(CsH11)2P(CHz).P(CsHll)z]Rrz (n = 
3, 4, 5) have been prepared by Issleib and H ~ h l f e l d . ~  
Chatt and Hart4 described the complexes Ni [(CzHj)zP- 
(CH&P(CZ")s IC12 and Ni(o-CsHa P(CzH5) 2 ]z)Xz, X 
= C1, Br, I. Wymore and Bailar5 reported Ni[(CzH5)2- 
P(CH&P(C&)* 1x2, Ni [(CzH&P(CHz) zP(C2Hd 2 1 (C1- 
0 4 ) 2 ,  and Ni [(C2Hj)zP(CHz)zP(CzH5)2]Br3. While the 
present investigation of complexes formed by nickel 
halides with the ditertiary phosphines (CsH6)zP- 
(CH2)nP(C6Hb)2 (n  = 1, 2, 3), abbreviated dpm, 
dpe, and dpp, respectively, was in progress, Booth 

(1) This research was supported by the Directorate of Chemical Sciences, 
Air Force Office of Scientific Research, through Contract A F  49(638)-1492, 
and by the National Science Foundation through Grant GP  3397. 

(2) For a review see G. Booth, A d v a n .  Ino ig .  Choin. Rndiochenz., 6, 1 
(19fi4). 

(3)  K. Issleib and G. Hohlfeld, %. Anorg .  Allgem. Chein., 312, 169 (1961). 
(4) J. Chat t  and F. A. Hart ,  J .  Chon.  Soc., 1378 (1960). 
( 5 )  C. E. Wymore and J. C. Bailar, -7. lizoi,g. S u c l .  Chem.,  14, 42 (1960). 

and Chatt6 reported some nickel(I1) complexes of 
these phosphines where n = I or 2. We report here 
the preparation, optical spectra, magnetic suscepti- 
bilities, and in certain cases epr and pmr measure- 
ments for the nickel(I1) and nickel(II1) complexes 
N~[(CGH~)ZP(CH~),P(C~H~)~]~X~, where for m = 
1, n = 2,  3, X = C1, Br, I and for m = 2, n = 1, 2, 
X = C1, Rr, I, and Ni[(CoH~)sP(CH2)nP(C~Hj)2]- 
Br3, for n = 2. 3. The Ni[(C&)&'(CH2)&- 
(CeH5)2]X2 compounds exhibit a square-planar (dia- 
magnetic) tetrahedral (paramagnetic) equilib- 
rium in solution in contrast to the corresponding com- 
pounds where the phosphorus atoms are linked by a 
chain of only two carbons which remain diamagnetic 
in solution. Isotropic pmr shifts allow thermodynamic 
parameters to be obtained readily. Using a new 
method, two zerovalent nickel complexes, Ni [ (COH6)2P- 
(CH2)nP(C~H5)2]2, where n = 2, 3, were prepared. 

Experimental Section 
The ditertiary phosphines 1,l-bis(diphenylphosp1iino)metlisne 

and 1,2-bis(dipheny1phosphino)ethane were prepared by the 

(6) G. Booth and J. Chat t ,  J .  Chein. Soc., 3238 (1965) 


