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In the present example, the ring bonds directly opposite 
the exocyclic C-O bonds are apparently shortened. 
Their lengths (C(3)-C(3)', 1.355 A, and C(6)-C(7), 
1.369 A) are, however, not nearly so short as the anom
alous C(8)-C(9) bond3 in the anion II, 1.288 A. 

C. The Pyridinium Ion. Bond distances in the 
pyridinium ion appear oquite normal. The C-N dis
tances, 1.337 and 1.345 A, compare closely with 1.340 A 
in pyridine,28 as do our distances between /3 and y car-

(28) B. Bak, L. Hansen-Nygaard, and J. Rastrup-Anderson, / . MoI. 
Spectry., 2, 361 (1958). 

Previous investigations in this laboratory have sug
gested that electronic considerations may be more 

important than steric factors in the formation of dia-
magnetic five-coordinate nickel(II) complexes.1 Eval
uation of these electronic factors should be attempted 
with monodentate ligands in order to eliminate any pos
sibility that the geometry of the resulting complex is con
trolled by the symmetry or steric requirements of che
lating ligands. 

In contrast to the numerous stable five-coordinate 
complexes of nickel(II) with polydentate ligands,1'2 

most of those known with monodentate ligands are dis
sociated in solution as, for example, Ni(CN)6

8-,3 [Ni-
(HP(C6H6)2)3X2] (X = Cl, Br, I ) / [Ni(C6H5P(C2H5)Os-
(C=CC 6 H 6 )J / [Ni(C14H13P)3X2] (X = Cl, Br, I; 

(1) (a) G. S. Benner and D. W. Meek, Inorg. Chem., 6, 1399 (1967); 
(b) M. O. Workman, G. Dyer, and D. W. Meek, ibid., 6, 1543 (1967), 
and references cited therein. 

(2) E. L. Muetterties and R. A. Schunn, Quart. Rev. (London), 20, 
245 (1966). 

(3) K. N. Raymond and F. Basolo, Inorg. Chem., S, 949 (1966); J. S. 
Coleman, H. Petersen, Jr., and R. A. Penneman, /6W1, 4, 135 (1965). 

(4) R. G. Hayter, ibid., 2, 932 (1963). 
(5) J. Chatt and B. L. Shaw, / . Chem. Soc, 1718 (1960). 

bons, 1.376 and 1.398 A (pyridine, 1.394 A). The dis
tances between the a and /3 carbons, 1.361 and 1.362 A, 
appear, however, to be slightly shorter than the 1.394-A 
value in pyridine. Distortions from planarity, if any, 
are small: the maximum deviation from the least-
squares plane through the ring atoms (Table IV) is 0.019 
A. The six hydrogen atoms were clearly resolved in 
chemically reasonable positions. 

Acknowledgment. Our thanks go to C. L. Frye who 
recognized16 the problems associated with the structure 
of these ions and who supplied us with the crystals. 

C14Hi3P = 2-phenylisophosphindoline),6 [Ni(RPC12-
Hs)3X2](X = Cl, Br, I; RPC12H8 = 9-alkyl-9-phospha-
fluorenes),7 [Ni(C6H 5P(C2H5)2)3(CN)2],

8 [NiL3(CN)2] 
(L = P(OCH3)3, P(O-H-C4Ha)3, C6H5P(OC2Hs)2, 
P(OCH2)3CCH3).

9 However, dissociatively stable pen-
tacoordinate [NiL3(CN)2] complexes (where L = C6H5-
P(OC2H5)2,1011 C6H5P(OCHs)2, P(OC2HOs,11 and 
P(OC6H5)s

9) have been reported recently. Gray, et 
a/.,11 suggested that steric interactions of some bulky 
tertiary phosphines, such as (C6HO3P, may preclude 
formation of [NiL3(CN)2] complexes. However, Verk-
ade, et al.,9 concluded from spectral studies with similar 
phosphite ligands that the importance of steric factors 
with (C6HO3P had been overemphasized. 

(6) J. W. Collier, F. G. Mann, D. G. Watson, and H. R. Watson, 
ibid., 1803 (1964). 

(7) D. A. Allen, F. G. Mann, and I. T. Millar, Chem. Ind. (London), 
2096 (1966). 

(8) P. Rigo, C. Pecile, and A. Turco, Inorg. Chem., 6, 1636 (1967). 
(9) K. J. Coskran, J. M. Jenkins, and J. G. Verkade, J. Am. Chem. 

Soc., 90, 5437 (1968). 
(10) E. A. Rick and R. L. Pruett, Chem. Commun., 697 (1966). 
(11) B. B. Chastain, E. A. Rick, R. L. Pruett, and H. B. Gray, J. Am. 

Chem. Soc, 90, 3994 (1968). 
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Abstract: Four- and five-coordinate nickel(II) complexes of phenyldimethylphosphine, C6H5P(CHs)2 (L), and 
pentafluorophenyldimethylphosphine, C6F5P(CHs)2 (LF), have been synthesized and characterized. Whereas L 
gives both square-planar and five-coordinate complexes, LF gives only square-planar [Ni(Lr)2X2] complexes except 
for the five-coordinate [Ni(LF)3(CN)2]. The intensely red-orange [NiL3(CN)2] and [Ni(LF)3(CN)2] complexes are 
diamagnetic and nonelectrolytes in nitromethane. Both are assigned a fra«s-trigonal-bipyramidal structure on the 
basis of their electronic and vibrational spectra and a single-crystal X-ray study on [NiL3(CN)2]. Two other penta-
coordinate complexes, [NiL3I2] and [NiL'3(CN)2] (where L' = (C6Hs)2PCH3), were also isolated as solids. In 
contrast to the [NiL2X2] complexes, none of the [Ni(LF)2X2] (X = Cl, Br, I, NCS) complexes showed any tendency 
to coordinate a third pentafluorophenyldimethylphosphine molecule in dichloromethane solution. Electronic 
spectra indicate that the ligand field strengths of C6H5P(CH3)2 and C6F5P(CH3)2 are very similar in analogous 
complexes. Dissociation constants of [NiL3X2] complexes in dichloromethane solution showed that the stability 
of the pentacoordinate complexes is influenced by the anion and decreases in the order: CN » I > Br > Cl > NO2 
> NCS. The tendency to form pentacoordinate nickel(II) complexes is correlated with the electronegativity or 
polarizability of the anions rather than with their relative positions in the spectrochemical series. The reduced ten
dency of pentafluorophenyldimethylphosphine to stabilize five-coordinate complexes, as compared with phenyl
dimethylphosphine, is discussed from the viewpoint of electronic and steric factors. 
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Table I. Properties and Analytical Data of the Nickel(II)-Phosphine Complexes" 

Compound6 

NiL3(CNV 
Ni(Lr)3(CN), 
NiL3I2 

NI(LF) 2 I 2 

NiL2Br2" 
Ni(Lr)2Br2 

NiL2Cl2 

Ni(Lr)2Cl2 

NiL2(NCS)2 

NJ(LF) 2 (NCS) 2 - ' 
NiL2(NO2)Ii 
Ni(Ph2PMe)3(CN)2 

Ni(Ph2PEt)2(CN)2 

Color 

Dark red 
Orange-red 
Black-green 
Dark green 
Dark red 
Maroon 
Dark red 
Dark red 
Orange 
Orange-red 
Brown-yellow 
Red 
Yellow 

AM,0 

cm2/ 
(ohm mole) 

1.3 
0.2 

21.5 
6.2 
7.5 
2.9 
7.3 
4.2 
2.3 
0.8 
2.7 
1.9 
1.9 

" Calcd 

59.40 
37.76 
39.60 
25.00 
38.80 
28.50 
47.40 
32.80 
47.90 
34.20 
45.00 
69.23 
66.80 

or /-• 
/a *-

Found 

59.40 
38.10 
39.90 
25.20 
38.90 
28.80 
47.51 
32.70 
48.00 
34.07 
45.21 
69.05 
67.06 

Calcd 

6.37 
2.28 
4.58 
1.58 
4.47 
1.79 
5.47 
2.07 
4.94 
1.92 
5.19 
5.53 
5.61 

% H . 
Found 

6.60 
2.42 
4.30 
1.51 
4.04 
1.65 
5.60 
2.13 
4.84 
1.97 
5.27 
5.61 
5.52 

Calcd 

5.34 
3.52 

34.65 
33.00 

17.50 
12.10 
6.21 
4.44 
6.56 
3.94 

Found 

5.39(N) 
3.47(N) 

32.76(1) 
33.27(1) 

17.78(Cl) 
11.97(Cl) 
6.22(N) 
4.29(N) 
6.36(N) 
3.94(N) 

° All of these complexes are diamagnetic; >ueff for NiL3I2 could not be determined due to sample decomposition on the Faraday balance. 
6 L = PhPMe2; LF = C6F5PMe2. " Molar conductance value of ~10~3 M solution in nitromethane. Uni-univalent electrolytes exhibit 
AM values in the range 75-95. * Calcd mol wt, 525; found, 520 in DMF. • Calcd mol wt, 495; found, 490 in benzene (0.016-0.037 M). 
1 Calcd mol wt, 631; found, 622 in benzene. 

Turco and coworkers have also considered the role of 
the anion in stabilizing five-coordinate nickel(II) com
plexes. They proposed that a "strong-field" anion was 
required for the formation of tris-phosphine complexes 
of nickel(II)8 '12 and cobalt(II). 13'li However, the com
plex [Ni(P(CHs)3)SBr2] is stable to air oxidation and 
to dissociation in dichloromethane solution.15 

The present investigation was initiated to obtain some 
quantitative information on how the different anions 
and/or different electronic effects of phosphine ligands 
influenced the formation of pentacoordinate nickel(II) 
complexes. The results obtained in the reactions of 
nickel salts with phenyldimethylphosphine and penta-
fluorophenyldimethylphosphine are discussed and cor
related with these factors. 

Experimental Section 

Reagents. Except for NiI2-6H2O, all nickel salts were anhy
drous. The phosphines were prepared by standard Grignard syn
theses. Since the reaction of pentafluorophenylmagnesium bro
mide16 with phosphorus trichloride is reported to yield (C6Fs)2PCl 
as well as the desired C6F5PCl2,

1718 the material was fractionated 
before addition to excess methyl magnesium bromide. The result
ing phosphine [collected at 58-61 ° (4.2 mm); 47-48° (0.4 mm) re
ported for C6F5P(CH3)2

19] was identified as its methyl iodide de
rivative.20 Anal. Calcd for C9H9F6PI: C, 29.20; H, 2.46; 
1,34.30. Found: C, 29.21; H, 2.59; I, 34.57. The correspond
ing unfluorinated phosphine, C6H5P(CHa)2, was distilled at 76° 
(7 mm) [lit.21 83-84° (13.5 mm)] and analyzed as the methyl iodide 
derivative. Anal. Calcd for C9Hi4PI: C, 38.60; H, 5.04; I, 
45.35. Found: C, 38.83; H, 5.18; I, 45.22. 

(12) P. Rigo, B. Coram, and A. Turco, Inorg. Chem., 7, 1623 (1968). 
(13) P. Rigo, M. Bressan, and A. Turco, ibid., 7, 1460 (1968). 
(14) T. Boschi, M. Nicolini, and A. Turco, Coord. Chem. Rev., 1, 

269 (1966). 
(15) B. B. Chastain, D. W. Meek, E. Billig, J. E. Hix, Jr., and H. B. 

Gray, Inorg. Chem., 7, 2412 (1968). 
(16) E. Nield, R. Stephens, and J. C. Tatlow, J. Chem. Soc, 166 

(1959). 
(17) D. D. Magnelli, G. Tesi, J. U. Lowe, Jr., and W. E. McQuistion, 

Inorg. Chem., 5, 457 (1966). 
(18) M. G. Barlow, M. Green, R. N. Haszeldine, and H. G. Higson, 

J. Chem. Soc, C, 1592 (1966). 
(19) M. FiId, O. Glemser, and I. Hollenberg, Naturwissenschaften, 

52, 590 (1965). 
(20) Satisfactory analyses have also been obtained for the sulfide 

and selenide derivatives. 
(21) C. K. Ingold, F. R. Shaw, and I. S. Wilson, /. Chem. Soc, 1280 

(1928); A. Michaelis, Ann., 181, 359 (1876). 

Preparation of the Complexes. All preparative work was carried 
out under an atmosphere of dry nitrogen. Since all of the syn
theses followed the same general procedure of adding the phosphine 
to the appropriate nickel salt in absolute ethanol (usually in a 
3:1 molar ratio), only the isolation of the [Ni(C6H5P(CH3)2)2Clt] 
complex is described in detail. 

Phenyldimethylphosphine (1.0 g, 7.3 mmoles) was transferred 
via a syringe into a yellow-green solution of anhydrous NiCl2 (0.33 
g, 2.6 mmoles) in absolute ethanol (20 ml). After refluxing the 
solution to ensure that the reaction was complete, the deeply colored 
mixture was filtered, and the solution was concentrated and allowed 
to cool to room temperature. Dark red crystals (0.26 g) were 
collected on a sintered-glass frit and dried under nitrogen. Addi
tion of petroleum ether (bp 30-60°) to the concentrated filtrate 
gave more red platelets (0.54 g), giving a total yield of 80%. With 
the exception of [Ni(CsH3P(CH3)2)3I2] and [Ni(C6F5P(CH3)2)2Cl2], 
all of the complexes appeared to be stable on exposure to the atmo
sphere. 

Physical Measurements. Electronic and infrared spectra and 
conductance and magnetic measurements were obtained as pre
viously described.22 The dichloromethane solutions for the spec
tral measurements and the nitromethane solutions for the conduc
tance measurements were freshly prepared. Elemental analyses 
were determined by P. Kovi, The Ohio State University, and by 
Galbraith Laboratories, Inc., Knoxville, Tenn. The latter also 
performed molecular weight determinations on a vapor pressure 
osmometer. Proton nmr measurements were made on CDCl3 
solutions with TMS as the internal standard. 

Results and Discussion 

The physical properties and analytical data of the 
four- and five-coordinate nickel(II) compounds are 
listed in Table I. The band maxima and extinction co
efficients of the electronic absorption spectra are given 
in Table II. 

Five-Coordinate Complexes. Solid compounds of 
the type [Ni(PR3)3X2] are formed by the reaction of 
nickel cyanide with phenyldimethylphosphine, penta-
fluorophenyldimethylphosphine, and methyldiphenyl-
phosphine, and by the reaction of nickel iodide with 
phenyldimethylphosphine. The dark red crystalline cy
anide complexes are diamagnetic and nonelectrolytes in 
nitromethane. Whereas [Ni(C6H6P(CHs)2)S(CN)2] is a 
stable monomer in dimethylformamide (calcd mol wt, 
525; found, 520), the other five-coordinate compounds 
are dissociated in solution as indicated by their elec
tronic spectra (Table II). The visible spectrum of [Ni-

(22) T. D. DuBois and D. W. Meek, Inorg. Chem., 6, 1395 (1967). 
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Compound6 

NiL3(CN)2 

Ni(Lr)8(CN)2 

NiL3I2 

Ni(Lp)2I8 

NiL4Br2 

Ni(Lp)2Br2 

NiL2Cl2 

Ni(Lp)2Cl2 

NiL2(NCS)2 

Ni(Lp)2(NCS)2 

NiL2(NOi)2 

Ni((C8H6)2PCH3)3(CN)2 

Solid state, c m - 1 

(Nujol mull) 

23,500 

23,500 
30,800 

16,300 
22,000 

17,900 
22,800 

19,200 
24,850 

18,500 
20,800 
20,800 
26,300 
18,900 
22,000 
28,600 
21,000 (sh) 
26,800 

20,800 (sh) 
26,700 
35,700 
30,000 

20,000 
25,000 

Solution, c m - 1 UY^ 

23,800(3800)/ 
34,500 
37,700 
23,800(680) 
28,600(460) 
36,400(1330) 
40,000(4700) 
16,300(660) 
22,600 (2260) 
34,200 ( > 16,100) 

17,100(350) 
22,500(2330) 
26,700(5020) 
19,200(500) 
26,300(8850) 

19,600(470) 
26,100(12,400) 
20,600(610) 

21,300(390) 
28,300(13,100) 

20,800 (sh) 
26,900(11,600) 
34,500(38,700) 
20,400 (sh) 
26,300(5700) 
35,700(28,000) 
29,700 
33,900 

20,000-25,000 (broad) 
28,600(1200) 

Solution and excess 
ligand, cm - 1 * 

23,800 (6300) (contains 
80 molar ratio of L/Ni) 

23,800(6000) 
(contains 380 molar 
ratio of Lp/Ni) 

15,400(1085) 
22,200 
24,000(sh) 

(contains 7.6 molar 
ratio of L/Ni) 

No change 
15,150(950) 
20,700(554) 
27,800 
34,500 

(contains 49 molar 
ratio of L/Ni) 

No change 
15,050(482) 
22,750 (sh) 

No change 

No change 

No change 
18,700(400) 
22,700(600) 

(contains 71 molar 
ratio of L/Ni) 

" Solution spectra are in dichloromethane unless specified otherwise; the energy values correspond to the peak maxima. b L = C8H8P-
(CH3)2 and Lp = C8F6P(CH3)2.

 c Band maxima reported are those observed by dissolving the compound in the solvent. d Molar extinction 
coefficients are in parentheses. ' These maxima and « values are obtained with ~10~4 M solutions of the complex which also contain the 
molar ratio of phosphine to Ni(II) that is specified. > Dimethylformamide solution. 

(C6F6P(CH3)S)3(CN)2] in CH2Cl2 in the presence of vari
ous amounts of excess C6F5P(CH3)2 is shown in Figure 1. 
The isosbestic point at 28,600 cm - 1 verifies the presence 
of only two principal absorbing species; thus the equi
librium is represented by eq 1. Since the [Ni(C6H5P-

[Ni(C«F6P(CH3)2)3(CN)2] =?=±: 
[Ni(C8F6P(CH3)2)2(CN)2] + C6F6P(CH3)2 (1) 

(CH3)2)3I2] complex exhibits partial conductance (21.5 
cm2/(ohm mole)) in nitromethane, a second dissociation 
process is also indicated in this case (eq 2). 

[Ni(C6H5P(CH3)2)3I2] • : [Ni(C6H5P(CH3)2)3I]
+ + I" (2) 

Both [Ni(C6H6P(CH3)O3(CN)2] and [Ni(C6F6P-
(CH3)2)3(CN)2] exhibit an intense, symmetrical elec
tronic band at 23,800 cm - 1 in dichloromethane solution. 
(The band maximum occurs at ~23,500 cm - 1 in the 
solid state.) This band may be assigned to the allowed 
ligand field transition e' -*• ai', (1Ai -»• 1E') in D3h sym
metry.1 '1123 The spectral data are quite similar to 

(23) M. J. Norgett, J. H. M. Thornley, and L. M. Venanzi, J. Chem. 
Soc, 540 (1967). 

those of the known trigonal-bipyramidal complex [Ni-
(TAP)CN]ClO4 (where TAP = P[CH2CH2CH2As-
(CH3)2]3).

24 The infrared spectra (Nujol mulls) of [Ni-
(C6H6P(CH3)s)s(CN)s] and [Ni(CeFsP(CH3)2)s(CN)s] 
show single, sharp absorptions at 2100 and 2110 cm-1, 
respectively. Thus the cyanide groups are assigned to 
structurally equivalent positions, i.e., the trans (or 
apical) positions of a trigonal bipyramid. The combi
nation of electronic and infrared spectra, molecular 
weight, and conductance data strongly supports a trans-
trigonal-bipyramidal geometry for the nickel cyanide 
complexes both in solution and in the solid state. In 
fact, the frarcs-trigonal-bipyramidal structure of [Ni-
(C6H5P(CH3X)3(CN)2] has been established by X-ray 
crystallography;25 the geometry of the inner coordina
tion sphere is represented in Figure 2. 

The Ni-P (2.24 A av) and Ni-C (1.85 A av) bond dis
tances in [Ni(C6H6P(CH3)2)3(CN)2] are close to the val
ues found previously for [Ni(TAP)CN]ClO4.

24 The 
similarity of the two structures corroborates our earlier 

(24) G. S, Benner, W. E. Hatfield, and D. W. Meek, Inorg. Chem., 3, 
1544 (1964); D. L. Stevenson and L. F. Dahl, J. Am. Chem. Soc, 89, 
3424 (1967). 

(25) J. Stalick and J. A. Ibers, Inorg. Chem., 8, 1090 (1969). 
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30,000 25,000 —cm"1 20,000 17,000 

2 .223 
Me£PhP N 

/ 1 . 1 ^ PPhMe2 

PPhM e2 

600 

Figure 2. The inner coordination sphere of trigonal-bipyramidal 
[Ni(C6H6P(CHs)2)S(CN)2] with the nickel-ligand bond lengths desig
nated.26 

Figure 1. Electronic absorption curves for (A) 1.51 X 1O-4 M 
[Ni(C6F6P(CHs)2)S(CN)2] dissolved in dichloromethane; (B) solu
tion A plus 3.8 mole ratio of excess C6F5P(CH3)2 ligand; (C) solu
tion A plus 38 mole ratio of phosphine; (D) solution A plus 380 
mole ratio of phosphine. The numbers 200, 930, 4100, and 6000 on 
curves A, B, C, and D, respectively, represent the molar extinction 
coefficients of the [Ni(C6F6P(CHs)2)S(CN)2] complex at 23,800 cm-'. 

suggestion1 that the coordination number and structure 
of complexes with flexible aliphatic ligands such as 
P[CH2CH2CH2As(CH3)2]3 should reflect the preferred 
geometry that results from electronic interactions be
tween the donor atoms and the metal cation. The only 
previous report of a low-spin, five-coordinate nickel(II) 
complex with regular trigonal-bipyramidal geometry is 
[Ni(phosphite)5](C104)2, where phosphite = P(OCH)3-
(CH2)3.

26 A recent X-ray analysis of [Ni(TSP)Cl]ClO4 

(where TSP is P(O-C6H4SCHs)3), which was synthesized 
in this laboratory,211 also shows that the [Ni(TSP)Cl]+ 

cation has nearly a C3v set of donor atoms around the 
Ni(II) ion.27b 

The [Ni((C6H5)2PCH3)3(CN)2] complex is assigned a 
distorted pentacoordinate structure since a broad ab
sorption with two maxima (20,000 and 25,000 cm -1) is 
observed in the electronic spectrum. The structure of 
the solid [Ni(C6H5P(CH3H)S^] complex cannot be ascer
tained definitively from its electronic spectrum. How
ever, the changes that occur in the electronic spectrum 
when excess phosphine is added demonstrate its disso
ciation to [Ni(C6H5P(CH3)2)2l2] in solution. While 
cr-bonding considerations11 suggest that the iodine 
atoms would be in axial positions of a trigonal bipyra-
mid, it is noteworthy that phosphine atoms occupy the 
axial positions in the distorted structures of [M(HP-
(C6H6)S)3X2], where M = Co, Ni and X = Br, I.28a The 
optical electronegativity of R3P ligands is comparable 
to iodide28b so there may be no strong preference for 
the axial position in the case of R3P vs. iodide. From 
the electronic spectra one cannot definitively assign 
which trigonal-bipyramidal isomer of NiL3I2 exists in 
solution. 

Addition of excess phosphine to solutions of the 
square-planar [NiL2X2] complexes (L = C6H5P(CH3)2; 
X = Br, Cl, NO2; and L = (C6Hs)2PC2H3 with X = 

(26) E. F. Riedel and R. A. Jacobson, Abstracts, Meeting of the 
American Crystallographic Association, Minneapolis, Minn., 1967, 
P-IO. 

(27) (a) G. Dyer and D. W. Meek, ibid., 4, 1398 (1965); 
(b) L. P. Haugen and R. Eisenberg, ibid., 8, 1072 (1969). 

(28) (a) J. A. Bertrand and D. L. Plymale, ibid., 5, 879 (1966); 
(b) C. K. J0rgensen, "Inorganic Complexes," Academic Press, New 
York, N. Y., 1963, pp 5, 156. 

CN) produces a new absorption band at lower energy 
than was observed for the corresponding four-coordi
nate complex. The new absorption gives the same 
spectrochemical series, i.e., CN > NO2 > Cl > Br, as 
was observed for the four-coordinate complexes (see 
later). The band positions (Table II) and color changes 
that occur when excess phosphine is added correspond 
with those reported for pentacoordinate nickel(II) com
plexes. 1^15.24 The first electronic band for [Ni(P-
(CH3)3)8Br2]

15 in CH2Cl2 solution occurs at 14,000 cm"1, 
whereas the four-coordinate complex [Ni(P(CH3)S)2Br2] 
absorbs at 18,500 cm -1.29 Therefore, the new band at 
15,150 cm-1 in the blue solutions of [Ni(C6H5P(CH3)2)2-
Br2] containing excess C6H6P(CH3)2 is attributed to the 
five-coordinate compound [Ni(C6H5P(CHs)2)SBr2] and 
is assigned to the 1Ai -*• 1E' transition for the assumed 
rrans-trigonal-bipyramidal structure. The 19,760-cm-1 

band for [Ni(TAP)NO2]ClO4 was resolved previously 
by Gaussian analysis into absorptions at 16,940, 20,030, 
and 24,450 cm-1.30 Thus the appearance of two new 
bands at 18,700 and 22,700 cm - 1 in the maroon solution 
of [Ni(C6H5P(CH3)2)2(N02)2] containing excess C6H5P-
(CH3)2 is consistent with formation of a five-coordinate 
complex. The asymmetric nature of the single band ex
pected in this region is rationalized in terms of the steric 
and symmetry requirements of the nitro group. The 
isosbestic point at 23,800 cm - 1 in the spectra of [Ni-
(C6HoP(CH3)2)2(N02)2] solutions containing excess 
C6H5P(CH3)2 confirms the principal equilibrium be
tween four- and five-coordinate complexes. The rela
tive stability of the five-coordinate complexes formed in 
solution with excess phosphine is discussed later. 

Four-Coordinate Complexes. When the nickel salts 
were mixed with excess C6H5P(CH3)2 and C6F5P(CH3)2, 
only four-coordinate [Ni(PR3)2X2] complexes were iso
lated when X = NCS, Cl, or Br. Whereas C6H5P(CHs)2 

gave a black five-coordinate complex [Ni(C6H5P-
(CH3)2)3I2], C6F5P(CHs)2 gave only the dark green [Ni-
(C6F5P(CH3)2)2l2] complex. The yellow crystalline [Ni-
((C6H5)2PC2H5)2(CN)2] complex was obtained by reflux-
ing Ni(CN)2 with (C6H5)2PC2H5 in ethanol in a 1:4 molar 
ratio. A metathesis reaction of [Ni(C6H5P(CH3)2)2Cl2] 
with NaNO2 gave the gold [Ni(C6H5P(CH3)2)2(N02)2] 
compound. 

These nine complexes are assigned a square-planar 
geometry on the basis of their diamagnetism, electronic 
spectral band positions and extinction coefficients, and 
their nonelectrolyte behavior in nitromethane. Both 

(29) M. A. A. Beg and H. C. Clark, Can. J. Chem., 39, 595 (1961). 
(30) G. S. Benner, Ph.D. Thesis, The Ohio State University, 1966. 
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[Ni(C6H6P(CH3)P2Br2] and [Ni(C6F6P(CH3)O2(NCS)2] 
are monomeric in benzene (Table I). The close agree
ment of electronic spectral maxima in solution and in 
the solid state for all of the four-coordinate complexes 
shows that association does not occur in the solid state. 
In addition, the electronic spectral patterns of these 
complexes (both in the solid state and in solution) are 
consistent with those of known square-planar [Ni-
(PRs)2X2] complexes.29'31 

The infrared spectra of the two thiocyanate com
plexes in solution indicate that they have /rans-square-
planar geometry, since only one absorption band occurs 
in the region expected for the thiocyanate C = N stretch
ing vibration. The single absorptions at 2095 and 2085 
cm-1 for [Ni(C6H5P(CH3)O2(NCS)2] and [Ni(C6F6P-
(CH3)O2(NCS)2], respectively, also suggest that the 
thiocyanate groups are N-bonded;32a furthermore, the 
position of the first visible absorption band (~21,000 
c m - : in both cases) would be closer to the values of the 
bromide complexes if the thiocyanate groups were 
S-bonded.32b The infrared bands at 855 and 862 cm-1, 
which are not present in the spectra of the analogous 
halide complexes, are assigned to the C-S stretch
ing vibration of N-bonded thiocyanate groups in 
the C6H5P(CHn)2 and C6F5P(CH3)2 complexes, respec
tively. In dichloromethane solutions, the integrated 
intensity320 of the C = N infrared absorption (11.6 X 
104 and 11.3 X 104 M~l cm -2 , respectively) verifies that 
the thiocyanate groups are N-bonded in both [NiL2-
(NCS)2] and [Ni(Lp)2(NCS)2]. 

An extra band at 2130 cm - 1 in the infrared spectrum 
of a Nujol mull of [Ni(C6F5P(CH3)2)2(NCS)2] can be at
tributed to crystal-packing effects, being too far re
moved from the 2090-cnrr1 band to be attributable to 
c/5-bonded thiocyanate groups. Although the 2130-cm-1 

band could conceivably be assigned to the cyanide 
stretching frequency of a bridging thiocyanate group,33 

a comparison of the visible spectra of both complexes 
makes a bridging thiocyanate appear unlikely. The 
lowest energy band for both complexes (which is ob
served near 21,000 cm - 1 in both the solid state and so
lution spectra) does not increase in intensity or move to 
lower energy in the presence of excess of the appropriate 
phosphine. Therefore, both thiocyanate complexes 
are four-coordinate in the solid state and in solution 
(cf. the monomeric value of [Ni(C6F5P(CH3)2)2(NCS)2] 
in benzene). Crystal lattice effects are also observed 
in the solid-state electronic spectra of [Ni(C6F6P-
(CH3)O2Cl2] and [Ni(C6F5P(CH3)O2Br2]. In contrast to 
the analogous complexes of C6H6P(CH3)2, the lowest 
energy absorptions of these two complexes in the solid 
state appear as broad bands having two maxima, 
whereas single absorptions are observed in dichloro
methane solutions. 

Attempts to isolate four-coordinate nickel cyanide 
complexes of C6H6P(CHs)2, C6F5P(CHs)2, and (C6H6),-
PCH3 were unsuccessful owing to the stability of the 
pentacoordinate [Ni(ligand)3(CN)2] complex. Mixing 
the appropriate phosphine and nickel cyanide in a 2:1 
molar ratio or a metathesis reaction between the corre

al) C. R. C. Coussmaker, et al, J. Chem. Soc, 2705 (1961), and 
references cited therein. 

(32) (a) A. Sabatini and I. Bertini, Inorg. Chem., 4, 959 (1965), 
and references cited therein; (b) A. Haim and N. Sutin, /. Am. Chem. 
Soc., 88, 434 (1966); (c) C. Pecile, Inorg. Chem., 5, 210 (1966). 

(33) L. Sacconi, I. Bertini, and R. Morassi, ibid., 6, 1548 (1967); 
S. M. Nelson and J. Rodgers, ibid., 6, 1390 (1967). 

sponding four-coordinate nickel chloride complex and 
sodium cyanide always led to the isolation of dark red 
solids. In each synthesis the characteristic electronic 
absorption at ~23,000 cm - 1 signified the presence of 
the pentacoordinate complex. We refluxed the five-
coordinate complexes in petroleum ether and in the 
presence of excess nickel cyanide in attempts to displace 
the third phosphine ligand, but the red products that 
were isolated always showed the electronic absorption 
band near 23,000 cm-1. 

No difference in the ligand field strength of C6H5P-
(CH3)2 and C6F5P(CH3)2 was discerned in the five-coor
dinate nickel(II) cyanide complexes, but the visible 
spectra of solutions of the [NiL2X2] (X = Cl, Br) com
plexes indicate that C6F5P(CH3)2 has a slightly higher 
ligand field strength than C6H5P(CH3)2 (Table II). For 
a given ligand the spectra of the four-coordinate 
[NiL2X2] complexes produce the usual spectrochemical 
series,34 NO2 > NCS > Cl > Br > I. The molar ex
tinction coefficient of the ligand field band was always 
lower for the C6F5P(CH3)2 complex than for the corre
sponding C6H6P(CH3)2 complex. 

Equilibrium Constants. An evaluation of the ten
dency of nickel(II) to achieve pentacoordination is made 
possible by the fact that some of these nickel(II) com
plexes exist as both four- and five-coordinate com
pounds in solution. The equilibrium constants in 
dichloromethane solution have been determined by a 
spectrophotometric method for equilibria of the type 

K 
Ni(PR3)2X2 + PR3 ^ ± Ni(PRs)3X2 (3) 

By assuming only that the new absorption observed 
when excess phosphine was added to solutions of the 
four-coordinate complex obeys Beer's law, the graph
ical method of Rose and Drago36 allows an estimation 
of K~\ the instability constant, and e5, the molar ex
tinction coefficient, of the five-coordinate compound. 
The values obtained, along with the resultant equilib
rium constants and changes in free energy, are listed in 
Table III. A plot of Kr1 against e6 for [Ni(C6H5P-

TaWe III. Equilibrium Parameters for the Five-Coordinate 
Ni(II) Complexes 

K~l, K, kcal/ 
Compound mole/1. e6" (mole/1.)-1 mole 

Ni((C6H5)2PC2H5)3(CN)2 195 X 10-3 925 5.1 0.97 
Ni(C6H6P(CH3)O3Br2 1.93 XlO"3 1000 520 3.7 
Ni(C6H6P(CH3)S)3Cl2 42.0 X 10-3 665 24 1.9 

" The value of the extinction coefficient is obtained from the 
graphical method.36 

(CH3)O3Br2] is illustrated in Figure 3; the intersection 
represents the unique values of these parameters that 
satisfy all of the initial concentrations of [Ni(C6H6P-
(CH3)O2Br2] and C6H6P(CHs)2. The numbers on the 
lines represent the molar ratios of phosphine to four-
coordinate complex. The increasing absorption at 
~14,800 cm-1 is due to [Ni(C6H6P(CH3)OsCl2] as 

(34) C. K. J0rgensen, "Absorption Spectra and Chemical Bonding in 
Complexes," Pergamon Press, New York, N. Y1, 1962, p 109. 

(35) N. J. Rose and R. S. Drago, /. Am. Chem. Soc, 81, 6138 (1959). 
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Figure 3. A plot of K~i against arbitrary e5 values for [Ni(C6H3P-
(CH3)O3Br2] in dichloromethane solution. The numbers 1, 5, 10, 
and 50 on the lines represent the molar ratios of phosphine to the 
four-coordinate [Ni(C6H5P(CH3)J)2Br2] that give the unique solution 
of Kr1 and «s. 

C6H5P(CHs)2 is added to the red CH2Cl2 solutions of 
[Ni(C6H5P(CH3)O2Cl2]; an isosbestic point occurs at 
18,500 cm-1 for the 0.83 X IO"3 M nickel solutions. 

The inability to isolate four-coordinate nickel cyanide 
complexes with C6H5P(CHs)2, (C6Hs)2PCH3, and C6F5-
P(CHs)2 in this work, although the [NiL3(CN)2] com
plexes are formed readily, suggests a markedly enhanced 
stability of the five-coordinate complexes when cyanide 
is the anion. 

Excess C6H5P(CHs)2 was added to solutions of [Ni-
(C6F5P(CH3)O2X2] (X = Br, I), and, similarly, excess 
(~50:1 molar ratio) C6F5P(CHs)2 was added to solu
tions of [Ni(C6H5P(CHs)O2X2] (X = Cl, Br) to determine 
if five-coordinate nickel complexes containing both 
phosphines were formed. The visible spectra (band 
positions and extinction coefficients) showed that, in the 
latter case, the principal species in solution is [Ni-
(C6F5P(CH3)2)2X2]; i.e., for X = Cl, e is 390 at 21,300 
cm-1, and for X = Br, e is 430 at 19,600 cm-1. No 
new absorption appeared near 15,000 cm - 1 ; therefore 
exchange of phosphine ligands occurred rather than 
addition of a third ligand. [Ni(C6F5P(CH3)2)2X2] (X 
= Br, I) also exchanged phosphine ligands in an anal
ogous manner when excess (~65:1 molar ratio) 
C6H5P(CHs)2 was added to their solutions; i.e., the re
sultant solutions give electronic spectral bands as ex
pected for [Ni(C6H5P(CH3)O3X2] (X = Br, I). Addi
tional evidence for the rapid exchange of phosphine 
groups was obtained from the proton nmr spectra of 
[Ni(C6H5P(CHs)2MCN)2] and [Ni(C6F5P(CH3)2)2(NCS)2] 
in deuteriochloroform. The peaks at r 8.45 and 8.01, 
respectively, remain sharp and shift upfield toward the 
free ligand values (r 8.61 for C6H5P(CHs)2 and 8.42 for 
C6F5P(CHs)2) upon addition of ligand. 

Except when X = CN, none of the square-planar 
[Ni(C6F5P(CH3)2)2X2] complexes showed any tendency 
to add a third C6F5P(CHs)2 ligand in solution. The 
isolation of [Ni(C6H5P(CH3)2)3l2] under the same con
ditions that gave only [Ni(C6H3P(CH3)2)2X2] (where X 
= Br, Cl) suggests a greater stability of the five-coor
dinate compound when the anion is iodide. Hayter 
arrived at the same conclusion in a study of the [Ni(HP-
(C6H5)OsX2] complexes (X = Cl, Br, I).4 With a given 

phenylphosphine ligand, the formation of pentacoor-
dinate nickel(II) complexes is influenced by the anion, 
and the stability of the [NiL3X2] complexes follows the 
order: CN » I > Br > Cl > NO2 > NCS. The ten
dency of the phosphines to form five-coordinate com
plexes is C6H6P(CHs)2 > C6F5P(CHs)2 and C6H5P(CHs)2 

> (C6Hs)2PCH3 > (C6Hs)2PC2H5. These results are 
discussed in the following sections from the viewpoint 
of steric and electronic factors. 

Steric Factors. Monodentate (as opposed to poly-
dentate) ligands should exert a minimum symmetry or 
steric influence on the stereochemistry adopted in a 
coordination compound. However, evidence may be 
cited from the literature where a cursory evaluation 
might indicate that the steric requirements of some 
monodentate phosphines preclude attainment of penta-
coordination for nickel(II). For example, nickel 
halides do not give five-coordinate complexes with ex
cess (C 6 HO) 2 PCH 3

4 or (C6HO2PC2H5,
6 but pentacoordin-

ate [Ni(ligand)3X2] complexes have been prepared with 
phosphines that contain the same type of substituents, 
i.e., 9-alkyl-9-phosphafluorenes (I) (alkyl = CH3 and 
C2H5)

17 and 2-phenylisophosphindoline (II).6 With 

cco c<K> 
R 
I II 

ligands I and II the formation of pentacoordinate 
complexes was attributed to the decreased steric in
teraction of the cyclic phosphines. The [Ni(C6H5P-
(CHs)OsX2] complexes (X = Cl, Br, I) appear to have 
stabilities comparable to those of phosphine II. Thus 
the apparent lower stability of the five-coordinate 
nickel halide complexes of (C6H5)2PCH3 and (C6H5)2-
PC2H5 relative to those formed with I may not be due 
solely to the steric factor. The difference in behavior 
conceivably could be attributed to a change in hybrid
ization of the phosphorus atom when the phenyl rings 
are joined. Hence the cr-donor properties of the phos
phorus atom would differ from a noncyclic ligand with 
essentially the same inductive groups. Gray, et a/.,11 

suggested that (C6HOsP did not form a five-coordinate 
nickel cyanide complex because of its bulkiness since 
o--bonding considerations (no evidence was found for 
w bonding) should make it a better ligand than the more 
electronegative phosphite ligands which form five-coor
dinate complexes. However, (C6H5O)3P, which is as 
bulky as (C6HO3P (due to the approximately 120° 
P-O-C angles), forms the dissociatively stable [Ni-
((C6H5O)3P)3(CN)2] complex9 and appears to contradict 
the argument that steric hindrance prevents entry of a 
third (C6HO3P ligand into the coordination sphere. 
Furthermore, the existence of [Ni(QP)X]ClO4

36 (where 
QP is P(C6H4PPhO3) demonstrates that even four bulky 
P(C6Hs)3 groups around nickel(II) are possible, al
though the stability in this case could be attributed to 
the chelate effect. 

Some of our results suggest that interligand interac
tion may influence the stability or formation of five-

(36) G. Dyer, J. G. Hartley, and L. M. Venanzi, / . Chem. Soc, 1293 
(1965). 
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coordinate complexes. For example, (CeHs)2PC2H6 

formed [NK(C6Hs)2PC2Hs)2(CN)2] even when mixed in 
a 4:1 molar ratio whereas (C6Hs)2PCH3 gave only [Ni-
((C6Hs)2PCH3)S(CN)2] even when mixed in a 2:1 ratio. 
Since the inductive effects of the CH3 and C2H5 groups 
are very similar, the lower stability of [Ni((C6H5)2PC2-
Hs)3(CN)2] is ascribed to the different steric require
ments of the methyl and ethyl groups. Perturbed in
frared and electronic absorptions are observed in some 
of the solid square-planar complexes of C6F6P(CH3)2 

and are attributed to crystalline lattice effects. This 
may suggest that the larger C6F6 groups may prevent 
close approach of a third phosphine ligand in the Ni-
(C6FsP(CH3)2)2X2 series, but a more probable reason is 
the reduced cr-donor properties of CeF6P(CH3)2 as com
pared to C6HsP(CH3)2. The steric requirements of 
C6F5P(CH3)2 do not preclude fromation of pentaco-
ordinate nickel(II) cyanide complexes. We attempted 
to isolate Ni(Il) complexes of (C6Fs)2PCH3, but no re
action occurred when either nickel cyanide or nickel 
bromide was refluxed with (C6Fs)2PCH3 in absolute 
ethanol. It was reported earlier that (CF3)2PCH3 does 
not form Ni(II) complexes although square-planar [Ni-
(ligand)2X2] complexes were isolated with CF3P(CH3)2.29 

Whether the reduced coordinating ability of phosphines 
containing two perfluoro substituents, as compared to 
those containing only one C6F5 or CF3 group, might be 
attributed to the larger steric requirement or to the 
lower (7-character of the phosphine or a combination 
of these factors is not yet clear. 

In contrast to the behavior of (C6Fs)2PCH3, (C6Hs)2-
PCH3 (L') gives [NiL'3(CN)2] complexes rather easily. 
The size of the anion also is not an important factor in 
formation of [NiL3X2] complexes since a pentacoor-
dinate solid was isolated with the largest halide (iodide), 
and in solution the dissociation stability increases in the 
order Cl < Br < I (Table III). Thus, the order of sta
bility of pentacoordinate complexes as observed in this 
study may be correlated with the differing (1) electronic 
properties of the anions and (2) cr-donor properties of 
phosphines. 

Electronic Factors. The different behavior of the 
anions and phosphines may be examined in relation to 
their polarizability and relative a- and 7r-bonding abil
ity. Turco, et a/.,8 have shown that complexes of the 
type [Ni(PR3)2X2] do not attain pentacoordination by 
addition of purely <7-donor ligands such as amines. 
However, [Ni(S2PR2)2] forms 1:1 adducts with secon
dary amines, but this behavior is attributed to the strong 
nephelauxetic effect of the R2PS2

- ligands.37 The 
R2PS2

- ligands remove negative charge from the metal 
via T bonding, thereby increasing the tendency of the 
complex to add a fifth ligand that is a a donor. Similar 
reasoning has been utilized to explain the higher stabil
ity of nickel and cobalt halide complexes with diphenyl-
phosphine (pKa = 4.55) than with the more basic ter
tiary phosphines.8 However, the recent isolation of 
stable pentacoordinate [Ni(P(CH3)3)3X2]

15-38 complexes 
shows that the ligand basicity (P(CH3)3 pKa = 6.50) 
cannot be the only factor in the formation of [Ni-
(PR3)3X2] complexes. 

The particular influence of the cyanide anion in sta
bilizing pentacoordination is not related solely to its 

(37) C. Furlani, Coord. Chem. Rev., 3, 141 (1968). 
(38) K. A. Jensen and O. Dahl, Acta Chem. Scand., 11, 1044 (1968). 

high position in the spectrochemical series since the 
halide ions gave more stable complexes with C6H5P-
(CH3)2 than did either NO2 or NCS ions. The observed 
stability order of the anions resembles the nephelauxetic 
series or a polarizability or electronegativity scale. The 
stability of the five-coordinate complexes increases with 
polarizability of the ligand.39 A lower electronega
tivity (and concomitant higher polarizability) of an 
anion would favor more covalent bonding; evidence 
for such an effect is given in the relative molar extinction 
coefficients of the visible absorption bands of the com
plexes. The particularly high value of e for [Ni(C6H6P-
(CH3)2)3(CN)2] reflects the extensive mixing of ligand 
and nickel orbitals as does the relatively short Ni-C 
(1.85 A)25 bond distance. It is somewhat surprising 
that the NO 2

- and NCS - ligands are not as effective as 
the halides at stabilizing five-coordinate nickel(ll) 
complexes with these phosphine ligands in view of their 
expected greater 7r-bonding ability.40 Indeed, co-
balt(II) complexes of the type [Co(PR3)2X2] add a third 
phosphine ligand when X = NCS but not when X = 
Cl, Br, I.13,14 Rigo, et a/.,8 also observed that thiocy-
anate functions differently toward Co(II) as compared 
to Ni(II). The recent report that (CH3)3P forms five-
coordinate complexes with nickel cyanide and nickel 
halides but not with nickel thiocyanate38 is also consis
tent with the present observations. In trigonal-bipyra-
midal complexes of Ni(II) with phosphine ligands, ap
parently the a donation and polarizability of the anion 
are more important than any possible 7r-bonding ability. 
It may be significant than that neither (C6H6)2PF nor 
C6HsPCl2, both of which would be better IT acceptors 
than either C6H5P(CH3)2 or (C6Hs)2PCH3, gave any 
perceptible reaction when refluxed with nickel cyanide. 
The cr-donor character of the latter two phosphines is 
smaller than for other good w acceptors such as phos
phites that are known to form pentacoordinate nickel(II) 
complexes.M1 

The x-bonding ability of C6F6P(CH3)2 must be less 
than that of C6H6P(CH3)2. According to infrared and 
nmr data,41,42 there is a net ir transfer of charge from the 
C6F6 ring to phosphorus owing to p7r-d7r back-bonding. 
For example, the phosphorus atom in C6F6P(CH3)2 

[5(31P) +47.8 ppm] is shielded better than in C6H5P-
(CH3)2 [8(31P) + 46.0 ppm].43 In the nickel complexes, 
the w donation from the C6F5 ring to phosphorus should 
decrease the importance of Ni-*-P (d7r-d7r) interaction 
owing to the competition of the Ni-*-P and C6F5-*-P TT 
processes for the same d orbitals. Whether the dif
ferent behavior between C6F6P(CH3)2 and C6H5P(CH3)2 

that was observed in this work is influenced by lower 
7r-bonding ability of the fluorinated ligand cannot be 
ascertained definitively at present. 

The generally lower molar extinction coefficients for 
a C6F6P(CH3)2 complex, as compared with the corre-

(39) R. S. Nyholm, Proc. Chem. Soc, 273 (1961). 
(40) M. G. Hogben, R. S. Gay, A. J. Oliver, J. A. J. Thompson, 

and W. A. G. Graham, J. Am. Chem. Soc, 91, 291 (1969). 
(41) (a) M. Cordey-Hayes, J. Inorg. Nucl. Chem., 26, 2306 (1964); 

(b) M. FiId, I. Hollenberg, and O. Glemser, Z. Naturforsch., 22b, 248 
(1967); (c) M. F. Lappert and J. Lynch, Chem. Commun., 750 (1968); 
(d) J. A. J. Thompson and W. A. G. Graham, Inorg. Chem., 6, 1875 
(1967). 

(42) M. G. Hogben, R. S. Gay, and W. A. G. Graham, J. Am. 
Chem. Soc., 88, 3457 (1966); (b) M. G. Hogben and W. A. G. Graham, 
Ibid., 91, 283 (1969). 

(43) M. FiId, I. Hollenberg, and O. Glemser, Z. Naturforsch., 22b, 
253 (1967). 
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sponding C6H6P(CH3)2 complex, indicate that penta-
fluorophenyldimethylphosphine exhibits a lower polar -
izability and is less effective in covalent bonding with 
nickel. The difference in ligand field strength between 
these two phosphines is most marked with the least 
polarizable anion, chloride. The lower tendency of 
C6F6P(CH3^ to form pentacoordinate nickel(II) com
plexes can be related to the difference in electronega
tivity of the C6F6 and CeH6 groups. Several indepen
dent methods41 indicate that the electronegativity of the 
C6F5 group is somewhat lower than that of Br but 
greater than that of the C6H6 group. C6F6P(CH3)2 

would have a contracted <r-donor orbital; consequently, 
it would not overlap as effectively as C6H6P(CH3)2 in 
the equatorial positions of a trigonal bipyramid. 

It is concluded that both the a and -K properties of 
C6F6P(CH3)2 should make it a poorer ligand than 
C6H5P(CH3)2 for stabilizing trigonal-bipyramidal nick
e l ^ ) complexes, as observed in this study. However, 
this argument does not explain the comparable spec-
trochemical influence of the two phosphines. Further 
discussion on this dilemma awaits the X-ray crystallog
raphy data on [Ni(C6F5P(CHs)2)S(CN)2] and the results 
of other studies that are being initiated. 
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