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cm-1.16 Assignment of the C-S stretching vibration 
in sulfoxides with an aryl substituent is more difficult. 

According to bell am^^^ the C-S stretching vibration 
of aryl sulfoxides occurs in the 702-607-~m-~ region. 
A very weak bond near 670 cm-I is assigned to the C-S 
stretching vibration in diphenyl sulfoxide and phenyl 
methyl sulfoxide. In  their complexes the assignment 
is even more difficult because of the very intense bands 
of the C-H out-of-plane deformation modes of vibra- 
tion which occur near 750 and 700 cm-l. A weak band 
observed near 720 cm-l in all diphenyl sulfoxide and 
phenyl methyl sulfoxide complexes is tentatively as- 
signed to the C-S stretching vibration. A weak ab- 
sorption near 685 cm-’ might be the C-S stretching 
vibration in di-n-propyl sulfoxide and di-n-butyl sulf- 
oxide] but that vibration is not observed in any of their 
complexes. 

Selbin, et a1.,6 have proposed the following stability 
series for dimethyl sulfoxide metal(I1) perchlorate com- 
plexes: copper(I1) > lead(I1) > iron(I1) > cobalt- 
(11) > manganese(I1) > nickel(I1). Their order is 
based on the assumption that the magnitude of the 
decrease in the S-0 stretching vibrational frequency 
(AVSO)  of the ligand is a measure of the strength of the 
metal-oxygen bond. Because of the coupling between 
us0 and Y C H ~ ~ ~ ~ ~  in the complexes of dimethyl sulf- 
oxide and phenyl methyl sulfoxide, a stability order 
based on Avso is meaningless in these two series of 

complexes. No coupling of the S-0 stretching fre- 
quency has been demonstrated in di-n-propyl sulf- 
oxide, diphenyl sulfoxide, and di-n-butyl sulfoxide. 
An average metal ion stability series based on AVSO of 
these three ligands is: nickel(I1) - cobalt(I1) > 
iron(I1) - manganese(I1) 2 zinc(I1). This order is in 
basic agreement with the Irving-Williams series. If 
the average AUSO for all metal ions is considered, 
the average stability order for the ligands is: (n- 
C4Hg)ZS0 > (C6H&S0 > ( w C ~ H ~ ) ~ S O .  This order is 
not easily rationalized. It does not agree with the 
order expected from a consideration of inductive effects 
alone: (n-C4Hg)zSO > (n-C3H,)zSO > (C~H~)Z.SO; 
nor does it agree with a stability order expected from 
consideration of steric effects: (C6Hj)ZSO > (n- 
C3H7)2S0 > (n-C4Hg)zS0. A combination of inductive 
and steric effects is probably responsible for the ob- 
served order. The use of AVSO for determining sta- 
bility series in hexakis-sulfoxide complexes is a t  best 
a gross approximation. 

Acknowledgment.-We are grateful to acknowledge 
the assistance of Miss Joan Rogalski, NSF Summer 
Undergraduate Student in 1964, who first synthesized 
many of the complexes. We thank Dr. James D. Mor- 
rison for helpful discussions. This research was sup- 
ported in part by the Central University Research 
Foundation. 

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, 
THE OHIO STATE UNIVERSITY, COLUMBUS, OHIO 43210 

Five-Coordination. VII. Diamagnetic Nickel(I1) Complexes with 
Polydentate Phosphines Containing Sulfur and Selenium Donor Atoms1i2 

BY MARCUS 0. WORKMAN,S G. DYER, AND DEVON W. MEEK 

Received January 30, 1967 

The tridentate ligand bis(o-methylthiopheny1)phenylphosphine (DSP, I j forms three types of five-coordinate nickel(I1) 
complexes illustrated by the formulas [Ni(DSP)Xz], [Ni(DSP),] (Clod)%, and [Ni(DSP)(bidentate)] (C104)2. The bidentate 
ligand diphenyl(o-methylthiophenyljphosphine (SP, 11) gives four-, five-, and six-coordinate nickel(I1) complexes, exem- 
plified by the formulas [Ni(SP jClz], [Ni(SP)1Br]C104, and [Ni(SP)nClz], respectively. The analogous selenium-phosphine 
ligand diphenyl(o-methylselenopheny1)phosphine (SeP, 111) functions similarly. The properties of the SP and SeP com- 
plexes, especially the electronic absorption spectra, are compared with those of the phosphorus-arsenic ligand, diphenyl(o- 
diphenylarsinopheny1)phosphine. The spectrochemical series for the different donor groups is established as RzSe < RsS < 
RaAs < Rap, whereas the absorption band intensities, which may be related to the cnvalent character of the nickel-ligand 
bond, produce a different order: S < Se < As. 

Introduction 
Five-coordinate nickel(I1) complexes containing poly- 

dentate ligands have become quite numerous during 
the past 3 years. For example, all of the “tripod-like” 
tetradentate ligands P(o-C,&P(C~H~)Z)~,~ As(o-CeH4- 

(1) Presented a t  the 151st National Meeting of the American Chemical 
Society, Pittsburgh, Pa., March 1966, Abstract No. H-04. 

(2) Par t  VI :  G. Dyer and D. W. Meek, J. A m .  Chem. Sac., 89, 3985 
(1967). 

13) NDEA Predoctoral Fellow, 1962-1965. 
(4) L. M.  Venanzi, Angeu. Chem. Intern. Ed. E&., 3, 453 (1964). 

As(CsH&) 3, 6-6 P(o-C&SC&) 3,’ P ( O - C & S ~ C H ~ ) ~ , ~  P- 

and N (CHZCH~N (CH3)2)a11 form trigonal-bipyramidal 
nickel (11) complexes. With As (o-C~H&(C~HS)Z) 3 and 

(CHzCHzCHzAs(CH3)2)3, AS(CHZCH~CH&S(CH~)~) 3, lo 

(5) G. Dyer, J. G. Hartley, and L. M. Venanzi, J .  Chem. Soc., 1293 (1905). 
(6) G .  Dyer and L. M .  Venanzi, ibid. ,  2771 (1905). 
(7) G .  Dyer and D. W. Meek, Inoug. Chum., 4, 1398 (1965). 
(8) G. Dyer and D. W. Meek, ibid. ,  6,  149 (1967). 
(9) G. S. Benner, W. E. Hatfield, and D. W. Meek, ibid. ,  3, 1544 (1964). 
(10) G. S. Benner and D. W. Meek, ib id . ,  6 ,  1399 (1967). 
(11) M. Ciampolini and N. Nardi, ibid., 6 ,  41 (1980). 
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P(o-C&P(C&)Z)~, it was argued that the trigonal 
structure of the ligand (because of the steric require- 
ments of the bulky ortho donor groups) imposed its 
structure on the metal ion in the resulting complex.6 
The terminal dimethylamino groups of S (CH2CH2- 
N (CH3)2)3 are sufficiently bulky to prevent coordina- 
tion of a second anion and attainment of six-coordina- 
ti0n.l' The fact that diamagnetic five-coordinate 
nickel(I1) complexes were isolated with each of the flex- 
ible, aliphatic ligands P(CH&H2CHzAs(CH3)2)3 and 
As ( CH~CHZCHZAS (CH3) 2) 3 suggests that electronic 
considerations are perhaps more important than steric 
factors in forming five-coordinate nickel(1I) complexes, 
especially diamagnetic onesg$ 

However, i t  was impossible to dismiss the possibility 
that the "tripod-like" nature of the above ligands 
contributed to the trigonal-bipyramidal structures 
of the resulting complexes. Because tridentate and bi- 
dentate ligands have less stringent steric requirements 
than tetradentate ligands derived from a pyramidal 
central atom, it mas of interest to determine if such 
ligands would also form five-coordinate nickel(I1) com- 
plexes. In addition, by properly choosing the ligands, 
one can determine whether the same ligand field strength 
and spectral intensity trends are produced in planar and 
square-pyramidal structures as were observed in the 
trigonal-bipyramidal c0mplexes.~,8 

This paper reports the nickel(I1) complexes obtained 
with the new polydentate phosphines C6HbP (o-CgH4- 
SCH& (I, DSP), (C~H&P(O-C~H~SCH~)  (11, SP) and 
(C6HS)2P(o-C6H4SeCH3j (111, SeP). 

Experimental Section 
Synthesis of Bis(o-methy1thiophenyl)phenylphosphine .-Liq- 

uid o-mercaptoaniline was treated with sodium and iodo- 
methane in ethanol to yield 87y0 o-aminothioanisole.12 This com- 
pound was subsequently converted to  o-broniothioanisole.la 
A solution of o-bromothioanisole (77 g,  0.39 mole) in 50 ml of 
ether was treated with the stoichiometric amount (0.39 mole) of 
n-butyllithium in hexane in 0". This was followed by the drop- 
wise addition of 34 g (0.19 mole) of dichlorophenylphosphine dis- 
solved in 100 ml of ether. After stirring for several hours, the 
reaction mixture was hydrolyzed with 0.2 31 hydrochloric acid. 
A white solid was collected, washed with ethanol and ether, and 
dried zn ouc.uo (yield 60 g,  87%). The compound (mp 115-118") 
was recrystallized from 1-butanol. 

Anal. Calcd for C2"HlqPS2: C, 67.79; 11, 5.36; P, 8.75; S, 
18.07. Found: C, 67.93; H, 5.51; P,8.53;  S, 18.00. 

Other Ligands .-Preparations of the other ligands used in this 
study have been described p r e v i o ~ s l y . ~ ~ ~ ~ ~ ~ ~  

Preparation of the D S P  Complexes.-All nickel(I1) DSP com- 
plexes were prepared by dissolving 0.35 g (0.001 mole) of the 
ligand in 15 ml of boiling acetone. In those cases where an addi- 
tional neutral ligand was used, equimolar amounts of DSP and the 
other ligand were dissolved in boiling acetone. To this warm 

(12)  S. E. Livingstone, J .  Chem. Soc., 437 (1956). 
(13) K. Brand and 0. Stallman, Chem. Be?., 64, 1878 (1921) 
(14) P. Nicpon and D. W. Meek, I i iovg .  Chem., 6 ,  145 (1967). 
(15) 1. Chat t  and F. A.  Hart, J. C h c m  Soc., 1378 (1960). 

solution was added dropwise an acetone or ethanol solution con- 
taining the stoichiometric amount of the appropriate nickel(I1) 
salt. The nickel(I1) complexes crystallized as the solutions were 
stirred and cooled. The solid products were collected on a suc- 
tion filter, washed with ether, and dried by a stream of dry air, 
followed by drying in vucziu. The compounds were recrystal- 
lized from dichloromethane whenever soluble. 

[Ni(SeP)*Br]- 
C10~.-Diphenyl(o-methylselenophenyl)phosphine (0.355 g, 1 
mmole) dissolved in dichloromethane (5 ml) was treated with an 
excess of nickel bromide and nickel perchlorate (0.5 mmole of 
each) in hot absolute ethanol (20 ml). The volume of the solution 
was reduced slightly and intensely purple crystals separated; they 
were recrystallized by dissolving in dichloromethane (15 ml), 
adding ethanol (30 ml), and boiling off the  dichloromethane. 
The  resulting crystals were collcctcd immediately and washed 
with ethanol (yield 0.22 g, 46,554,). 

[Ni(SP)gBr] ClOd.--This compound was prepared as abovc us- 
ing SP ligand (0.3 g, 1 mmole) instead of SeP, except that  it was 
necessary to  induce crystallization initially (a t  73') with a seed 
crystal of the above [I\'i(SeP)2Br] Clod complex. For recrystalli- 
zation, a few crystals of [Ni(SP)2Br] Clod were saved for seeding 
purposes, and the remainder rvas dissolved in dichloromethane 
(15 ml) and ethanol (30 ml). The solution was filtered and con- 
centrated by distillation until the  boiling point reached 72 ', then 
the seed crystals were added and the mixture was stirred a t  72" for 
5 min. On cooling, 0.34 g (78%) of purple crystals rvas collected. 

[ N i ( S P ) ~ c l ~ l  .-Diphenyl (o-methylthiopheny1)phosphine (1.5 
g, 5 mmoles) dissolved in warm dichloromethane (25 ml) was 
treated Kith a solution of nickel chloride (5  mmoles) and lithium 
chloride (1.5 g )  in hot ethanol (125 ml). The intensely purple 
solution was then concentrated a t  its boiling point to 75 ml, re- 
moved from the hot plate, and stirred until crystallization com- 
menced in the hot solution. (The free ligand will crystallizc 
preferentially below 50" unless crystallization of the complex has 
begun.) When the solution had cooled to room temperature, 
the complex (1.5 g, 805% yield) was collected and recrystaliizcd 
by dissolving i t  in 75 ml of dichloromethane, adding 100 ml of 
warm ethanol, filtering the purple solution, and concentrating it 
to 75 ml. The pale green compound, which crystallized from thc 
purple solution, was collected and dried in uucuo. 

[Ni(SP)C12] .-The [Ki(sP)pCl~] complex (1 g ) was dissolved 
in 50 ml of dichloromethane and treated with 75 ml of petroleum 
ether (bp 65-110") while stirring. The solution was filtered and 
concentrated to  75 ml, and the purple complex, which had sepa- 
rated, was collected immediately (yield 0.55 g, 935T0). It was 
recrystallized from dichloromethane (25 ml) and petroleum 
ether (40 ml). 

[Ni(SeP)zCla] .-This compound was prepared in the same man- 
ner as the above [Si(SP)2CL] complex, except that i t  was re- 
crystallized by dissolving the green powder in dichloromethane 
(40 ml) to give a purple solution, adding 50 ml of warm petro- 
leum ether (bp 65-110°), and concentrating the solution to  60 ml 
while stirring with a glass rod. Green crystals (7055 yield) sepa- 
rated on cooling. 

Characterization Measurements .-The conductance data and 
infrared and electronic absorption spectra u-ere obtained as de- 
scribed previo~s ly . i -~  

Analyses .-I'hospliorus and arsenic allaly5CS ~vere  dctcr~nined 
colorimetrically.16 Carbon, hydrogen, sulfur, aud halogcn a i d -  
yses were performed by Galbraith Laboratories, Knoxvillc, Tcnn 

Magnetism.-The magnetic susceptibility values were dcter- 
mined at room temperature on a Faraday magnetic balance con- 
structed recently in this l a b ~ r a t o r y . ' ~  The values were corrected 
with Pascal's constants for the diamagnetism of the ligands.l8 

Preparation of the SP and SeP Complexes. 

(16) G. Dyer, J. G. Hartley, and L. M. Venanzi, ibid., 1297 (1965). 
(17) The authors gratefully acknowledge the  h-ational Science Founda- 

tion insti-ument grant with which the  components for the  magnetic suscep.. 
tibility balance were purchased. 

(18) B. N. Figgis and J. Lewis, "XIodein Cooidination Chemiatiy," J. 
T,ewis and R. G. Wilkins, Ed.,  Interscience Publishers, Inc., New York, 
s. Y . ,  1960, 1,403. 
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Results and Discussion 
Bis(o-methylthiophenyl)phenylphosphine, DSP, 

forms molecular five-coordinate, diamagnetic com- 
plexes with nickel(I1) halides. The electronic absorp- 
tion spectrum of each [Ni(DSP)X2] complex is char- 
acterized by an intense, symmetric band in which the 
energy of the maximum produces the series I < Br < 
C1 (Figure 1). This trend is consistent with the ligand 
field strengths of the halide ions and indicates that they 
are present in the first coordination sphere. The molar 
extinction coefficient increases with the halide’s atomic 
number, i.e., C1 < Br < I, as expected on the basis of 
polarizability.* 

It may be significant that, whereas the spectra of the 
chloride and bromide DSP complexes resemble one 
another fairly closely, the corresponding iodide com- 
plex exhibits a much higher extinction coefficient and 
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Figure 1.-Electronic absorption spectra of [Ni(DSP)I21, 
[Ni(DSP)Br2], and [h’i(DsP)Cl.~] in dichloromethane solu- 
tions. 

its absorption maximum is shifted -2000 cm-I from 
that of the bromide. This shift is much larger than 
usually observed between the bromide and iodide in 
five-coordinate nickel(I1) complexes of the same stereo- 
chemi~t ry .~- l~  The spectrum of the iodide is more char- 
acteristic of a trigonal-bipyramidal structure than 
either the bromide or chloride complex. Steric inter- 
actions of the large iodide ions may cause the trigonal- 
bipyraniidal structure to be preferred in this case. 

The [Ni(DSP)X2] complexes exhibit increasing 
conductance values with increasing size of the halide 
ion (Table I), indicating increasing solvation by aceto- 
nitrile. Molecular weight, conductivity, and electronic 
spectral measurements demonstrate that polar solvents 
such as acetonitrile and dimethylformamide decompose 
the DSP complexes a t  M. To illustrate the 
extent of solvation, the apparent molecular weight of 
[Ni(DSP)Br2] was 204, 222, and 223 a t  0.0237, 0.0475, 
and 0.0570 M ,  respectively, in dimethylformamide, 
whereas the apparent molecular weight expected for 
[Ni(DSP)Brz] and [Ni(DSP)(So1),I2+ + 2 Br- is 573 
and 191, respectively. Thus, the experimental molecu- 
lar weight values show that the bromide ions in 
[Ni(DSP)Brz] are almost completely displaced in DMF 
a t  -lop2 M .  Conductivity measurements over the 
range 10-1 to M in DMF fully support the molec- 
ular weight data and also indicate increasing ion pair- 
ing a t  the higher concentrations. 

An olive-green bis-DSP complex was obtained with 
nickel(I1) perchlorate. With two tridentate ligands a 
six-coordinate complex might be expected ; however, 
the compound is diamagnetic and a di-univalent elec- 
trolyte, thereby excluding from consideration a regular 
octahedral structure and perchlorate coordination. 
Alternate likely possibilities involve five- and four- 
coordinate complexes in which some of the possible 
donor atoms are not coordinated. To help elucidate 
the type of coordination present in [Ni(DSP)2](C104)2, 
a series of complexes was prepared in which a similar 

TABLE I 
PROPERTIES AND AXALYTICAL DATA OF THE NICKEL(II)-POLYDENTATE PHOSPHINE COMPLEXES~ 

Compound 

[h’i(DSP)Clz] 
[ Ni(DSP )Br2] 
[Ni(DSP)L] 
[Ni(DSP)zI (C104)2 
[ Ni( DSP)(SP)] ( C104)ze 
[Ni(DSP)(AP)I (C104)d 
[ Ni( DSP )( PP ) ]  (C104)2O 
[ Xi(SP)Cl2] 

Analyses, yo------------------ 
*lI ,b ---c ---- ---H--- ~---P---.-. --Halogen--- 

Color cmZ/ohm mole Calcd Found Calcd Found Calcd Found Calcd Found 

Purple 
Purple 
Green-blue 
Olive-green 
Brown 
Brown 
Brown 
Maroon 

19 
23 
154 
311 
304 
260 
287 
8.6* 

49.62 49.57 3.96 4.14 6 .40  5.84 
41.92 42.02 3 .34  3 .37  5 .41  5.47 
36.01 35 .83  2.87 3 .05  4.64 4 .53  
49.71 49.56 3 .96  4 .05  6 .41  6.86 
52.08 52.00 3 .81  4.02 6 .90  6 .76  
55.52 54.29 4 .01  4.02 5 .73  5.75 
55.72 55.38 4.37 4 .64  
t32.10 51.90 3.91 4 .04  

14.65 
27.89 
38.05 

7.34 
7 .80  
6 .65  
7 .25  

16.18 

14 ,40  
27 ,63  
38 ,21  

7 .40  
8 .00  
7 .03  
7.06 

16 .40  

--Other-----. 

[Ni(SP)2Br] c104 Deep purple 87* 53.39 53.38 4 .00  4 . 1 8  7.49 7.32 (S) 
[Ni(SeP)ZBrj C104* Deep purple 8gb 48.12 47.99 3 .61  3.83 16.64 16.45 ( S e )  
[ W S P  hCL1 Pale green 6.4* 61.15 60.96 4.59 4 .74  9.49 9.62 

a All of these complexes are diamagnetic, i . e . ,  <0.4 BM, except [Ni(SP)2C12], which has pelf = 3.15 =I= 0.03 BM a t  two different mag- 
netic field strengths. * Molar conductance value of -10-3 M solution of the compound in acetonitrile, except that  the SP and SeP 
complexes were determined a t  10-3 M in nitromethane. Uni-univalent and di-univalent electrolytes exhibit hu values in the ranges 75- 
95 and 160-190 in nitromethane, whereas the values are 145-160 and 260-310 for acetonitrile. Cal- 
culated molecular weight, 667; found, 665 in chloroform. e SP, (CsHs)zP(o-CsHaSCHa). f 2 2 ,  (CsHj)2P(o-CsHa.4s(CsHS)?). P P  
( C ~ H ~ ) ~ P C H Z C H ~ P ( C ~ H ~ ) ~ .  SeP, (CsH6)2P(o-CeH4SeCH3). 

DSP, C&P(O-CBHISCH~)~. 
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bidentate ligand was substituted for one DSP ligand. 
The bidentates used were (C6HJ2P(o-C6H4SCH3) ~ SP, 
(C6Hj) ZP (o-C~H&(C~H~)  2, AP, and (CsH 6) 2PCH2CH2P- 
(C&5)2, PP, and the three compounds are represented 
as [Ni(DSP)(PD’)](C104)2 (where D’ = S, As, P). 

The resulting complexes containing one tridentate 
DSP and one bidentate ligand are quite similar to [Ni- 
(DSP)2] (C104)~ in solubility properties, so that elec- 
tronic spectra could not be obtained in noncoordinating 
solvents such as dichloromethane. However, the trans- 
mission spectra of Nujol mulls of the solid compounds 
(Figure 2) show the same band maxima as those ob- 
tained in acetonitrile solutions. Each compound ex- 
hibits a three-band spectrum in which the first maximum 
occurs at 15,500-17,500 cm-l, the second a t  21,500- 
23,000 cm-’, and the third a t  27,000-29,000 cm-l. 
The spectral data of acetonitrile solutions are given in 
Table I1 and compared with [Ni(DSP)2](C104)2. The 
characteristic spectra show definite similarities among 
all five compounds, but they differ from either the 
[Ni(DSP)X2] series or the known trigonal-bipyramidal 
comple~es.~- l~ Four-coordinate, planar structures can 
definitely be eliminated by comparing the spectra in 
Figure 2 with those of [ I \ ’~(SP)Z](C~O~)~ (Figure 3) and 
[Ni(AP)2](C104)2 (Figure 3 of ref 19). The most sig- 
nificant difference is the absence of an absorption band 
below 21,000 cm-l in the planar complexes. Since 
four- and six-coordinate compounds are ruled out for 
[Ni(DSP) (bidentate) 12+ and [Ni(DSP)2]2+ on the 
basis of magnetic and spectral data, and since their 
electronic spectra differ from those of trigonal-bipyrami- 
dal comple~es ,~- l~  we tentatively propose a five-coordi- 
nate, probably distorted square-pyramidal structure 
for these compounds. 

The relative energies of the bands fit quite well into 
the qualitative pattern expected for square-pyramidal 
ds complexes.2 Four of the five donor atoms are held 
constant (two phosphorus atoms and two sulfur atoms) 
throughout the series ; changes in absorption maxima 
seem to be related to the donor ability of the fifth atom, 
i.e., S < As < P. Electronic absorption intensities in- 
crease progressively as the energies increase and also 
as the variable donor atom is changed from sulfur to 
arsenic to phosphorus (Table 11). This same spectro- 
chemical trend was observed in several series of trig- 
onal-bipyramidal Ni(I1) comple~es .~-~  

Each of the three bidentate ligands, AP, SP, and SeP, 
forms yellow, diamagnetic [Si(ligand)B](C104)z com- 
plexes. It appears that no diamagnetic nickel(I1) 
complexes of a neutral bidentate ligand containing a 
thioether or a selenoether group have been reported 
previously. *O The [Ni(bidentate) 21 (Clod) 2 complexes 
are converted instantly into the purple, five-coordinate 
[Ni(bidentate)zX]C101 compounds by halide ion in 
solution. When the five-coordinate complex is formed, 
the lowest electronic absorption band (-22,000 cm-l) 
of the corresponding [Ni(ligand)z](Cl04)2 shifts -3000 

(19) T. D. DuBois and D. W. Meek, Iitorg. C‘hein., 6, 1396 (lYSi). 
(20) L. F. Lindoy, S. E. Livingstone, and T. N. Lockyer, J. Ausliuliun 

Chem. Soc., 19, 1391 (1966). 

30,000 25,000 20,000 15,000 
+ E N E R G Y -  

Figure 2.-Electronic absorption spectra of solid [ Ki(DSP)- 
(AP)] (ClO,),, [Ni(DSP)(SP)] (ClO&, and [Ni(DSP)(PP)] (C104)2 
in Xujol mulls. 

TABLE I1 

[NiC DSP)(bidentate)] (C10e)2 
COMPLEXES DISSOLVED IS ACETOSITRILE 

ELECTRONIC SPECTRAL DAT.4 FOR THE 

----Enesgy of absorption bands, cm-1 ( c ) ~ - - - ~  Compound 
[Ni(DSPj?](ClOnj2 15,600(150) 21,600 (575) 27,000 (5000) 
[S~(DSP)(SP)I (CIOI)Z 16,000 (200) 21,000 (730) 26,000 (5500) 
[S i (DSP)(AP)I (CIOd? 16,500 (450) 21,000 (1300) 27,500 (13,200) 
[Si(DSP)(PP)I(ClOS2 17,500 (400) 22,500 (1350) 28,500 (13,400) 

a 6 .  molar extinction coefficient. 

t E N E R G Y ,  cm-1 

Figure 3.--Xbsorption spectra of [Ni(SP)z] (Cl0a)~ and [Xi(SP)z- 
Br] ClOl in dichloroniethane solutions. 

cm-l to lower energy and the extinction coefficient 
increases 2-3 times (Figure 3 ) .  The spectral maxima 
of the five-coordinate compounds in dichloromethane 
solution are essentially identical with those in the solid 
state, indicating that no structural rearrangement 
occurs on dissolving the solid. 

’I’he electronic spectra of the four- and five-coordinate 
compounds have two maxima in the visible and near- 
ultraviolet region. The extinction coefficient of the 
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higher energy band indicates that i t  is a charge-transfer 
band, and since it occurs a t  the same position (-28,000 
cm-l) in both [Ni(SP),](ClO& and [Ni(SP)2Br ]C104, 
i t  must be due to a common transition not involving 
the bromide ligand. The energy of a charge-transfer 
band should be related to the ionization potential of 
the atom involved. Triarylphosphines have the lowest 
ionization potentials of all the donor atoms used in this 

22 therefore, the band (-28,000 cm-l) prob- 
ably results from a ligandemetal electron transition 
involving the lone pair of electrons on phosphorus (used 
in the P-Ni u bond) and the empty bl (dzr+) orbital of 
nickel. The spectra in Figure 4 provide additional 
evidence for this assignment. Since phosphorus is 
common to all three ligands, the uP+Ni electron tran- 
sition should occur a t  essentially the same energy in 
the three complexes, as observed. 

The lower energy band in the planar [Ni(ligand)2]- 
(C10& complexes is assigned to the ligand field transi- 
tion involving the orbitals bz (dzff) + bl (dz2-ffJ. 'The 
spectra of the five-coordinate [Ni(ligand)zX]C104 com- 
plexes resemble those of the analogous planar complexes 
more closely than the known trigonal-bipyramidal 

For diamagnetic, square-pyramidal nickel(I1) 
complexes, the first ligand field transition should occur 
a t  -20,000 ~ m - ' , ~ ~  in excellent agreement with the 
observed maxima (-19,000 cm-l). 

The spectra in Figure 5 indicate a strong structural 
similarity between [ Ni (SP) zB r ] C104 and [ Ni (DSP) Brz 1. 
The increases in extinction coefficient and E,,, of [Ni- 
(SP)2Br]C104 are consistent with ligand field con- 
siderations when a bromide ion in [Ni(DSP)Brz] is 
replaced by a phosphine d o n ~ r . ~ ~ ~ ~ ~ ~  These same ef- 
fects are also apparent in the spectra of [Ni(AP)tBr]- 
c104, [ Ni (SP) zBr ]Clod, and [ Ni (SeP) ZB r IC104 (Fig- 
ure 4). 

The apparent ligand field strength observed pre- 
viously8 with tetradentate ligands, i .e.,  Se < S < As, 
is also produced by these bidentate ligands. The in- 
tensities of the electronic transitions produce an increas- 
ing effect in a different order: S < Se < As. This 
intensity trend was observed in triganal-bipyramidal 
nickel(I1) complexes with tetradentate ligands.'~~ 

The existence of both low-spin phosphine, arsine, 
and thioether complexes of Fe(II), Co(II), and Ni(I1) 
and high-spin tertiary amine" complexes suggests a 
rather dramatic variation of the ratio between the 
orbital energy differences and interelectronic repulsion 
parameters. Subtle changes in the nature of the ligand 
can produce a profound effect on the ground state of 
the complex. This is demonstrated particularly well 
with the bidentate ligands used in this study. All three 
ligands give diamagnetic, four-coordinate [Ni(ligand)- 
XZ] and diamagnetic, five-coordinate [Ni(ligand)zX] + 
complexes, whereas only SP and SeP generally yielded 
six-coordinate, paramagnetic [Ni(ligand)zC12] com- 

(21) F. I. Vilesov and V. M. Zaitsev. Dokl. Akad .  Nauk  SSSR,  164, 886 
(1964); Chem. Abstr . ,  60, 11870g (1964). 
(22) B. G. Hobrock and R. W. Kiser, J. Phys.  Chem., 66, 1648 (1962): 

67, 1283 (1963). 
(23) M. Ciampolini, Inorg. Chem., 5, 35 (1966). 

il 25,OO 

40,000 35,000 30,000 25,000 20,000 15,000 
-ENERGY,  cm- '  

Figure 4.-Visible and ultraviolet absorption spectra for 
[Tii(AP)zBr] Clod, [Ni(SP)zBr] C104, and [Xi(SeP)zBr] C104 in 
dichloromethane solutions. 
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metrical and well defined than those of [Ni(triarsine)- 
Br2]. A square-pyramid (with the L,Q,,-Ni-Lb,,, angle 
probably > g o o )  is the easiest structure to visualize 
for the complexes containing t1T-o bidentates and one 
halide, with the bidentate ligands forming the square 
base and the halide in the apical position. The absorp- 
tion spectra are consistent with a square-pyramidal 
structure. Obviously, the spectral and structural cor- 
relation will be definitive only \Then one or two of these 
structures are determined by X-ray crystallography 
and must be considered tentative until then. 

In any case, a very significant conclusion from this 
investigation is that five-coordination with nickel(I1) 
is quite general for ligands containing a-bonding 
atoms such as phosphorus, arsenic, sulfur, and sele- 
nium, and it does not depend on using a ligand with 
highly specific steric effects, such as a “tripod” tetra- 
dentate, a t  least in the diamagnetic series of nickel(I1) 
complexes. 25, 26 
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(26) A referee has pointed out  t h a t  all of the  ligands used in this study 
contain a phenyl-phosphorus linkage and tha t  the  o-hydrogen may be par- 
tially responsible for denying stereochemical access of a sixth ligand to  t h e  
coordination sphere. Such a n  effect is important in the case of [Ru(P-  
(C6H~)a)aC12].26 T h e  fact tha t  we have prepared (this paper) paramagnetic, 
pseudo-octahedral [N3(SP)zC12] and [Si(SeP)zCIz] complexes illustrates tha t  
the  sixth coordination site is not blocked. Also, the  electronic ground state 
of all these five-coordinate complexes is a singlet. If t h e  o-hydrogen func- 
tioned to  block access to  one of the  coordination positions, the  electronic 
ground state should be a triplet due to  the  use of thiomethyl and  seleno- 
methyl donors.2Q Therefore, we believe the  primary factor involved in for- 
mation of these diamagnetic, five-coordinate complexes is the  use of t h e  T -  

bonding donor atoms, which reduce the  interelectronic repulsion parameters 
and create a favorable electronic state for five-coordination. I n  any  case, 
the  results of an  X-ray investigation, currently underway, should settle this 
point. 

(26) S. J. La  Placa and J. A. Ibers, Inorg.  Chent.,  4, 778 (1965). 
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The tridentate Schiff base formed from 9-methyl-o-aminobenzaldehyde and N,N-diethylethylenediamine (MABen-KEts, set 
of donor atoms Nh-N) forms high-spin complexes with Ni(II) ,  Co(II) ,  and Mn(I1) salts of the general formula M(MABen- 
NEt2)X2. The stereochemistry of these complexes, both in the solid state and in solution, has been studied with magnetic 
and spectrophotometric measurements. The complexes of metal halides are five-coordinate; those with nickel(I1) thio- 
cyanate and nickel(I1) nitrate are six-coordinate, the former through bridging linkages, the latter through bidentate and 
monodentate nitrate groups. tetrahedral equilib- 
rium. 

In solution the Si(I1)-halide complexes give rise to a five-coordinate 

Introduction 
The first examples of high-spin five-coordinate com- 

plexes of nickel(I1) and cobalt(I1) have recently been 
described and characterized. The most favorable 
ligands appear to be those which have strongly elec- 
tronegative donor atoms (oxygen, nitrogen, halogens) 
and have little tendency to form T bonds with the 
metal ion. Moreover, to obtain five-coordination the 
ligands should provide steric hindrance, so that six- 
coordination is prevented, and be polydentate, so that 
rigidity may be imparted to the complex. 

Some Schiff bases, which are formed from ring-sub- 
stituted salicylaldehydes and N,N-disubstituted ethyl- 
enediamines, having the general formula XCeH3(0H)- 
CH=N (CH2)zN (R)R’ (X-SALen-N (R)R’), appear to 

(1) (a) L. Sacconi, P. Nannelli, N. Nardi,  and U. Campigli, Inorg.  Chem., 
4, 943 (1965); (b) L. Sacconi, M. Ciampolini, and G. P. Speroni, i b i d . ,  4,  
1116 (1965); (c) L. Sacconi, &I. Ciampolini. and G. P. Speroni, J .  A m .  Chem. 
Soc., 87, 3102 (1965); (d) A I .  Ciampolini and S .  Nardi, I n o ~ p .  C h e m . ,  5,  41 
(1966); (e) M. Ciampolini and G. P. Speroni, i b i d . ,  5 ,  45 (3 ’366) ;  (E) L. 
Sacconi and I. Bertini, J .  Ain.  Che in  SOC., 88,  5180 (1968). 

be able to form high-spin five-coordinate complexes.la’b 
X-Ray structure analysis has shown that 5-C1-SALen- 
NEtn forms nickel(I1) and cobalt(I1) complexes with a 
distorted square-pyramidal configuration in which one 
ligand molecule is bidentate while the other is triden- 
tate.2 The steric hindrance and the electronic effects 
caused by two ethyl groups on the /3 nitrogen seem to be 
critical. In fact, among a large number of ligands with 
different substituents on the ,B nitrogen, only the di- 
ethyl derivatives form five-coordinate complexes, 
while the others give four- or six-coordinate com- 
p l e x e ~ . ~ ~ , ~  Other ligands such as those formed from 
polymethyl polyamines like MeN (CH2CH2NMe2)n 
(Mejdien) or N(CH2CH2NMe2)3 (Me6tren) function as 
tri- or tetradentates with donor atom sets N3 or Nd, 

to give five-coordinate complexes with the bivalent 
metals of the first transition series by coordination of 

(2) L. Sacconi, P. L. Orioli, and M. Di Vaira, i b i d . ,  87, 2059 (1965); P. L. 

(3) L. Sacconi, P. Sannelli, and L. Campigli, I n o r g .  Chem..  4 ,  818 (1966). 
Orioli, LI. Di Vaira, and L. Sacconi, ib id . ,  88, 4383 (1966). 


