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Cobalt and nickel complexes of 4-methyl-2,6,7-trioxa-l-phosphabicyclo [2.2.2]octane ( I ) ,  the 4-ethyl analog of I (I’) ,  atid 
2,8,9-trioxa-l-phosphaadamantane (11) are described. Maximum coordination numbers for the metals are observed for 
the yellow [ C O ( P ( O C H ~ ) ~ C C H ~ C H ~ ) ~ ]  +, colorless [Co(P(OCHa)aCCHpCH3)61 +3, yellow [Co( P( OCH)3(CH2)3)6] +, and color- 
less [ C O ( P ( O C H ) ~ ( C H ~ ) ~ ) ~ ]  + 3  ions, all of which are diamagnetic. Calculations of Dq from ultraviolet spectra of the colorless 
cobalt complexes show that I’ and I1 provide ligand fields of about the same strength as that  of the cyanide ion. The 
yellow diamagnetic [Ni( P ( O C H ~ ) J C C H ~ ) ~ ]  cz, [IG(P(OCH2)&2CHaCH3)sl +z, and [Si(P(OCH)3(CHz)3j6] + 2  ions are also de- 
scribed and their possible configurations discussed. The reduction of the [SiL6] + z  ions (where L = I, 1’, or 11) to the corre- 
sponding NiL4 complexes wherein nickel is zerovalent is also reported. 

Introduction 
A series of transition metal ion complexes of the 

polycyclic phosphite designated as I in the group of 
ligands shown in Figure 1 has been r e p ~ r t e d . ~ ~ ~  More 

I ,  R = CH3 (P(OCH2)aCCHs) IT (P(OCH)3(CHz)3) 
1’, R = CHzCH3 (P( OCH2jsCCHzCH3) 

Figure 1 .-Polycyclic phosphite ligands. 

recently, the interaction of I with transition metal 
carbonyls has been ~ t u d i e d . ~  To facilitate our spec- 
tral investigations on the nature of phosphorus-metal 
bonds formed from constrained ligands, it was neces- 
sary to obtain more soluble complexes than those 
formed with I. The results of the present investigation 
indicate that I’ is eminently suited for this purpose 
since the bridgehead ethyl group on the ligand drastically 
increases solubilities of the complexes in organic sol- 
vents while the stoichiometries of the coordination 
compounds are the same as those observed for I. Since 
I1 is more bulky than I or I’ with respect to possible 
ligand-ligand repulsions, it was of interest to study its 
ligand properties as well. 

Experimental 
Ligands.-The phosphite ligands I and I1 were prepared ac- 

cording to a modification5 of a method described el~ewhere.~ 
Ligand I’ was prepared in the same manner as that  described for 

I except that  the triol CH3CHpC(CH20HjJ was used in place of 

Pentakis-( P( OCH2)&CH3)-cobalt(I j Perchlorate and Hexakis- 
(P( OCH2)3CCHsj-cobalt( 111) Perchlorate.-These compounds 
were prepared according to an earlier m e t h ~ d . ~  
Pentakis-(P(OCH2)&CH2CH3)-cobalt(I) Perchlorate and 

Hexakis-(P( OCHJ)3CCH&H3)-cobalt(III j Perchlorate.-To a 
solution of 0 37 g. (1 .O mmole) of cobalt( 11) perchlorate hexa- 
hydrate in 10 ml. of acetone was added 2.0 g. (13 mmoles) of 1’. 
The yellow solution which formed slowly deposited colorless 
crystals. Ether was slouly ddded to the solution until no more 
white precipitate formed. The colorless complex was recrystal- 
lized from boiling absolute ethanol. The supernatant liquid 
from the reaction mixture yielded a dark yellow oil on evapora- 
tion under vacuum which was dissolved in 20 i d .  of methylene 
chloride. The solution was extracted with three 10-ml. portions 
of water, whereupon the dark yellow color of the methylene chlo- 
ride layer lightened considerably and a pink coloration character- 
istic of hydrated cobalt(I1 j ion developed in the water layer. 
The methylene chloride layer was separated from the water 
layer and dried over anhydrous magnesium sulfate. Evapora- 
tion of the methylene chloride solution under vacuum yielded a 
yellow powder which could be recrystallized from a minimal 
amount of ethanol by adding ether t o  the cloud point and cooling 
to ice temperature. 

Pentakis-(P( OCHj3(CHa)3)-cobalt(Ij Perchlorate and Hexa- 
kis-(P( OCHjJ(CH2)a)-cobalt(III) Perchlorate.-To a solution of 
0.74 g. (2  0 mmoles) of cobalt(I1) perchlorate hexahydrate 
in 15 ml. of acetone was added a solution of 3.5  g. (22 mmoles) 
of I1 in 15 ml. of acetone. h mixture of yellow and white solid 
formed inmediately in the supernatant yellow solution. Re- 
crystallization of the mixture from boiling water afforded a 100% 
yield (1.3 g.) of the colorless complex [Co(P(OCH)a( CH2)a)~l- 
(C104)3 based on one-half of the available cobalt. Evaporation 
of the mother liquor to  dryness under vacuum yielded a solid 
from which exces ligand was sublimed at  80” and 0.02 mm. 
pressure. The residue was recrystallized from boiling methanol 
t o  give an 88‘3 yield (0.84 9 . )  of T C ~ ( P ( O C H ) J ( C H ? ) ~ \ ~ ] C ~ O ~  
based on cobalt. 

Hexakis-(P( OCH2)aCCH3)-nickel(II j Perchlorate.-To a solu- 
tion of 1.5 g. (2.0 mmplesjofhexakis(dimethylsulfoxato)nickel(II) 
perchlorate’ in 10 ml. of acetone was added 1.8 g. (12 mmoles) 
of I in 5 ml. of acetone. Upon cooling the yellow solution which 
formed, a 9570 yield of the complex based on nickel was recov- 

CHsC( CHzOH)3. 

(1) Presented in par t  a t  the Eighth International Conference on Coordi- 
nation Chemistry, Vienna, Austria, Sept. 1964. 

(2) J. G. Verkade and T. S. Piper, Inorg. Chem., 1, 453 (1962). Refer- 
ences 2 ,  3 ,  and 4 constitute parts I, 11, and 111, respectively, of this series. 

( 3 )  J, G. Verkade and T. S. Piper, i b i d . ,  2 ,  944 (1963). 
(4) J. G. Verkade, R. E. McCarley, D. G. Hendricker, and R. W. King, 

i b i d . ,  4, 228 (1965). 

( 5 )  J. G. Verkade, T. Huttemann, &I, Fling, and R .  W. King, i b i d . .  4 ,  83 
(1965). 

(6) C. W. Heitsch and J. G. Verkade, i b i d . ,  1, 302 (1962);  K. I ) .  Berlin, 
C. Hildebrand, A.  South, D. M. Hellwege, M. Peterson, E. A. Pier, and J. G. 
Verkade, Telvahedvorz,  20, 323 (1964). 

(7) Prepared according to  J .  Selbin, W. E .  Bull, and I,. H .  Holmes, Jr.. 
J .  Ir to ig .  Nucl. Chem., 16, 219 (1961). 
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ered. The compound was recrystallized from a minimal amount 
of methylene chloride by adding ether to the cloud point and 
cooling t o  ice temperature. 

Hexakis-( P( OCH2)3CCHzCH3)-nickel( 11) Perchlorate.-To a 
solution of 1.8 g. (5.0 mmoles) of nickel(I1) perchlorate hexa- 
hydrate in 15 ml. of acetone was added 11 g. (65 mmoles) of I' 
dissolved in 10 ml. of acetone. Because the yellow solution 
which formed deposited no crystals upon cooling, i t  was evapo- 
rated to dryness and extracted with five 25-ml. portions of ether 
to remove unreacted ligand. The residue was dissolved in a 
minimum of methylene chloride and ether was added to the cloud 
point. Cooling of the solution in an ice bath produced an 82% 
yield of the complex based on nickel. 

Hexakis-( P( OCH),( CH&)-nickel(II) Perchlorate.-The hexa- 
kis( dimethyl sulfoxato)nickel( 11) perchlorate was carefully 
analyzed by the dimethylglyoxime method such that 2.065 
mmoles of nickel ion was present in an acetone solution of the 
complex. To this solution was added 2.2423 g. (14.000 mmoles) 
of I1 dissolved in 16 ml. of acetone, and the reaction mixture was 
stirred magnetically for 1 hr. After cooling the mixture to 
0", the yellow compound formed was filtered from the colorless 
supernatant under nitrogen, washed with two 5-ml. portions of 
ether, and dried under vacuum a t  room temperature. h total of 
2.4976 g. or a 99.50% yield of hexakis-(P(OCH)3(CH~)a)-nickel- 

The crude tetrakis-L-nickel(0) complexes thus obtained were 
recrystallized from methylene chloride (55% yield where L = I), 
boiling ethanol (887,  yield where L = 1'), and boiling aceto- 
nitrile (997, yield where L = 11), respectively. Yields are 
based on the parent nickel(I1) complexes. 

That the oxidation product in the reduction of the nickel( 11) 
complex of I1 is the phosphate derivative of I1 was shown by 
sublimation of the phosphate from the dried reaction mixture at 
150" and 0.02 mm. I t  was not possible t o  duplicate this result 
by similar treatment of the reaction mixtures involving ligands 
I and I '  due t o  their hydrolysis (see the Discussion). 

Analyses.-In Table I are reported the analyses of the com- 
pounds reported in this work. Methods described previously3 
were used to obtain metal contents. Carbon, hydrogen, and 
chlorine analyses were carried out by Midwest Microlab, Inc., 
Indianapolis, Ind., and Schwarzkopf Microanalytical Labora- 
tory, Woodside, N.  Y. 

Magnetic Susceptibilities.-That all of the compounds herein 
reported are diamagnetic at room temperature is supported by 
direct measurements and by the proton n.m.r. spectra.@ 

Ultraviolet-Visible Spectra.-Solutions (1-5 m M )  were scanned 
in the ultraviolet, visible, and near-infrared regions on a Cary 
Model 14 spectrophotometer. Pertinent data are summarized 
in Table 11. 

TABLE I 
ANALYSES 

7-- Calculated, yo-- 7 7 Fo 
Compound Metal C H c1  Metal C 

[ C O ( P ( O C H Z ) ~ C C H ~ C H ~ ) ~ ]  C1O4 6.08 37.2 5.67 3.67 6.11 37.2 
[CO(P(OCH)~(CHP)~)SIC~O~ 6 15 37.6 4.74 3.70 6 .09  37.6 
[CO( P( OCHz)aCCHzCH3)sI (c104)~ 4.43 32.4 4.96 4.48 33.0 
[Co(P(OCH)s(CHz)s)al (C104)a 4.47 32.8 4.10 8 .08  4.43 32.5 
[Ni( P( OCH2)&CH3)el (ClO4)z 5 13 5.11 
[Ni( P(OCHZ)~CCHZCH~)~~(C~~~)Z 4.77 29.3 5.36 4.65 29.0 

[ Ni( P( OCHZ)&CH~)~]  a 

[ Ni( P( OCHZ)&XHZCH~)~] 8 30 40.8 6.27 7.80 40.4 
[Ni( P(OCH)d CWd41 8.39 41.3 5 20 8.15 40 6 

Q N.m.r. and infrared spectrum identical with those of the compound whose analysis is reported in ref. 4. 

[Ni( P( O C H ) ~ ( C H Z ) ~ ) ~ ] ( C ~ ~ ~ ) Z  4.82 35.4 4.47 5.82 4.91 34.4 

und, %- 
H 

6 .38  
4.86 
5 .05  
4.20 

6.66 
4 .55  

6.20 
5.14 

~- 
C1 

3.43 
3.42 

8.07 

5.74 

TABLE I1 
ULTRAVIOLET AND VISIBLE SPECTRA 

Compound Solvent A ,  wa 
[ C O ( P ( O C H P ) ~ C C H ~ ) ~ ]  Clodb 2 3 0 ~  (1. o x 104),350 (1.1 x 103) 
[ CO( P( OCH2)3CCHzCH3)6] e104 220c (1.3 x 104), 350 (1.4 x 103) 
[CO(P(OCHZ)~(CHZ)~)IIC~~~ Hz0 2300 (1.5 x 104), 342 (1.4 x 103) 

Hz0 
Hz0 

[Co(p( OCHz )&CH3)61( C104)3d Hz0 
[CO(P(OCH~)~CCHZCH~)~I  ( C104)3e HzO 
[Co(P(OCH)s(CHz)s)al(C104)3' HzO 
[Ni(P(OCHz)3CCHa)el(ClO4)zf 
[Ni( P(OCHZ)~CCHZCH&I ( ClO& 
[Ni( P( OCHM CHZ)&I (C104)z CHzClz 365 (3 .5  x 103) 
[Ni( P( O C H Z ) X C H ~ ) ~ I  CHzClz 290 (1.9 x 104) 
[Ni( P( O C H Z ) ~ C C H Z C H ~ ) ~ ]  CHnClt 2 4 3 ~  (2.4 x 106) 
[Ni(P(OCH)d CH2)3)41 CH3CN 222 ( 2 . 7  x 104) 

224 (3 .5  X lo4), 253 (1 .7  X lo4), 280 (2 0 X lo3), 325 (340) 
226 (4.2 X lo4), 262 (1.6 X lo4),  287 (4 5 X lo3), 322 (300) 
232 ( 5  0 X lo4)), 265 (1 .1  X lo4), 298 (2 0 X lo3),  320 (337) 

a Extinction coefficients based on decadic logarithms in units of 1. mole-l cm.-l appear in parentheses. * Although the 350 mp band 
e The bands reported 

f These compounds are either insufficiently soluble in a variety of 
was reported earlier,, the 230 mp band was not. 
for these compounds were resolved by gaussian analysis; see ref. 3. 
spectral solvents or react with them. 

Appears as a shoulder on the ultraviolet tail. d See ref. 3. 

(11) perchlorate based on nickel(I1) ion originally present was 
obtained. 

Tetrakis-(P( OCHz)&CH3)-nickel( 0 ) ,  Tetrakis-(P( OCH),C- 
CHzCHs)-nickel( 0 ) ,  and Tetrakis-(P( OCH)3( CH&-nickel(O).- 
These complexes were prepared by suspending the parent hexakis- 
L-nickel(I1) perchlorate complexes (where L = I, 1', or 11) in 
water and adding 2 moles of sodium hydrogen carbonate per 
mole of complex. The reaction mixtures evolved carbon dioxide 
when heated on a steam bath. Continued heating produced 
white suspensions which were filtered and dried under vacuum. 

Infrared Spectra.-Nujol-hexachlorobutadiene mulls pre- 
pared in a drybox were employed to obtain spectra on a Perkin- 
Elmer Model 21 spectrophotometer. The spectra obtained were 

(8 )  The authors are grateful to  Professor T. S. Piper of the University of 
Illinois for the magnetic susceptibility measurements carried out on a Fara- 
day balance. 

(9) J. G. Verkade,,T. J. Huttemann, B. M. Foxman, S. C. Goodman, and 
R. W. King, to be published. 
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free of OH absorption and very similar to that of the free ligand’o 
except for the appearance of characteristic perchlorate absorp- 
tions.” 

Molar Conductivities.-Conductivities were obtained as pre- 
viously described.2 Values for X (molar conductivity) for 10-3 
;M solutions of the complexes are listed in Table 111. 

TABLE 111 
MOLAR COSDUCTIVITIESQJJ 

A ,  
mhos cm. -1  

Compound mole-’ Solvent 

[CO(P(OCHZ)~CCH~)~]  ClOa 8 8 . 5  Water 
[CO( P(OCHz)3CCHzCH3)6] C104 118 Acetone 
[ C ~ ( P ( O C H ) ~ ( C H Z ) ~ ) ~ I C ~ O ~  80.0 Water 
[CO(P(OCH?)~CCH~)~.I (c104)3  333c Water 
[CO(P(OCH~)~CCH~CH~)~](CIO~)~ 378 Water 
~ ~ o ( ~ ( ~ ~ ~ ) ~ ( ~ H ~ ) ~ ) ~ I ( C ~ ~ ~ ) ~  333 Water 
[Ki(P(OCH2)3CCH3)6] (C104)~ 238 Acetone 
[~i(P(OCH2)3CCH2CH3)6] (C104)2 242 Acetone 
[Ni(P(OCHM CHz)3)61 (C1Oa)z 298 Acetone 
[X(P(OCH)~CHZ)~)F,I (C104h 320 Acetonitrile 

[Ni(P(OCH2)3CCHrCH3)4] 1 .99  Xcetonitrile 
[ N ~ ( P ( O C H ) ~ C H Z ) & I  3.00 Acetonitrile 

The following compounds and their molar conductivities 
were used for comparison: (n-C4H9)dNSO3, 158 (acetonitrile); 
(?2-CaHy)4NA70a, 83.0 (water); [X i (e r~ )~] (  CIOa)t, 253 (water); 
(n-CdHg)aNBr, 123 (acetone); and [Ni(en)J](C104)2, 312 (aceto- 
nitrile). * Measured a t  a concentration of M .  See ref. 3 .  

Too insoluble in a variety of solvents for an accurate measure- 
ment. 

d [Ni( P(  OCH2)3CCH3 141 . . .  

Discussion 
The disproportionation of cobalt(I1) to a cobalt(1) 

and a cobalt(II1) complex in the presence of I,3 1’, or 
I1 can be generalized as the reaction 
2[Co(f~20)6](C104)2 + 11L [CoL6]ClO4 

[CoL6](c104)R + IZHZO 

In the reaction of I with cobalt(II), i t  was necessary to 
employ excess ligand in order to realize near-quantita- 
tive yields of the complexes. Because of the very high 
solubilities of the cobalt (I) and cobalt(II1) complexes 
of I’ and the consequent difficulties in their quantita- 
tive separation and precipitation, yields are not re- 
ported. It was noted, however, that yields were high- 
est when approximately double the ligand necessary 
for stoichiometry in the above equation was used. 
As was pointed out in the preparation of the analogous 
complexes with I,3 the excess ligand is necessary to 
quench the hydrolysis reaction which competes12 

0 
HnO // 

P( OCH2)3CR + RC( CHz0)nP 

‘\ ‘H 
CHrOH 

2 HzO 
-+- RC( CH20H)a + H3P03 R = CH3 or CH3CHn 

The near-quantitative yields of the cobalt complexes of 
I1 in which the molar ratio of ligand to cobalt(I1) is 
11 : 2 is clear evidence for the postulated dispropor- 
tionation reaction as well as the relatively slow hydroly- 
sis of II.12 

(IO) C. TV, Heitsch and J. G. Verkade, I i z o ? ~ .  Chem., 1, 863 (1962). 
(11) F. A. Miller and C. H. Wilkin, A n a / .  Chem., 24, 1253 (1952). 
(12) Details of the hydrolysis of polycyclic phosphites t o  be published. 

The Dq values for I’ and I1 mere calculated from the 
spectral data in Table I1 following the method pub- 
lished previously. The similar values for this parame- 
ter for I, 1’, and I1 (3320,3 3246, and 3350 cm.-l, re- 
spectively) indicate that the ligands are of similar 
ligand field strength. 

The possibility of trigonal bipyramidal symmetry 
for the [CoL6]+ cation is supported by the spectral 
data shown in Table 11. The strong band in the 350 
my region may well represent the (e”)4(e’)4(a~’)o + 

(e”) 4(e’) 3(al’) transition in the molecular orbitals 
of the partly filled shell in an MX5 chromophore.13 
Confirmation of the trigonal bipyramidal configuration 
awaits the results of X-ray diffraction studies now in 
progress. 

The ease with which a maximum coordination number 
of six is attained in the formation of the [ N ~ L O ] + ~  ion 
as well as the diamagnetism of these compounds is 
striking. Although the structure determination by 
means of X-ray crystallography has not been completed 
at  this time, it is of interest to speculate briefly on the 
possible configurations of these ions. Undistorted 
octahedral symmetry would require promotion of the 
electrons in the upper doublet of the 3d metal orbitals 
to the 4s level with consequent pairing in view of the 
diamagnetism. Tetragonal distortion would result 
in splitting the eg metal doublet; however, the energy 
difference must be large enough to pair the electrons 
in the d,z orbital. In a trigonal distortion of the octa- 
hedron, a set of molecular orbitals having the relative 
energies shown in Figure 2 can be obtained for the 

0- 

Figure 2.-Possible molecular oribital arrangement arising 
from the metal d orbitals for a low-spin d8 electron configuration 
in D3d symmetry. 

resultant D3d trigonal antiprism. Such a scheme can 
indeed account for the diamagnetism of the compound. 
Schaffer and J@rgensen14 have recently shown that for 
such an orbital scheme the distance from the nickel 
atom to each triangular array of ligand atoms in the 
elongated trigonal antiprism shown in Figure 3 must be 
1.5 or more times as great as it is in a pure octahedron. 
If such a large distortion indeed occurs, the band a t  
365 mp could be the result of a transition from a u 

ligand orbital to the empty antibonding u metal orbital. 
Although this postulate is attractive, i t  leaves unex- 
plained any reason for the distortion. 

The ease with which the [NiL6]+2 species are re- 
duced is undoubtedly coupled with the fact that the 
intense band in the 365 m,u region as observed in the 
case of [Ni(P(OCH)3(CHz)3),] + 2  represents facile pro- 

(13) C. K. J@rgensen, “Inorganic Complexes,” Academic Press, T e w  Yoi-k, 

(14) C .  Schaffer and C. K. J@rgensen, private communication. 
N. Y. ,  1963, p. 164. 
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I 

Figure 3.-Possible geometry of the [NiLs] +2 species where 
L = I, I’, or 11. 

motion of electrons from u phosphorus orbitals to 
empty metal orbitals. That the zerovalent nickel 
complexes are indeed stable is reflected in their very 
high yields and the relatively mild conditions under 
which they were formed. In contrast to [Ni(P- 
(OCH3)3)4] and [N~(P(OCH&HS)~),],’~ the analogous 
complexes with I, 1’, or I1 are stable in air and moisture. 
The reaction shown below differs from that reported by 
Vinal and Reynolds in that the reduction is carried out 
on an isolated hexacoordinate nickel(I1) complex.16 

[NiLe](CIO& + 2NaHCOa --t NiL4 + 2CO2 + 2NaC104 + HsO 

90” 
HsO 4- oxidation product17 

Low ligand-ligand repulsion has been cited pre- 
v i o ~ s l y ~ ~ ~  as a determinative factor in the high ligand 
fields and maximum coordination number exhibited by 

(15) D. G. Hendricker, J. G. Verkade, R. E. McCarley, and R. W. King, 

(16) R. S. Vinal and L. T. Reynolds, Inoug.  Ckem., 3, 1062 (1964). 
(17) As shown in the Experimental section, the phosphate derivative of I1 

was isolated when L is 11. Due to competing hydrolysis of I and 1’, the 
oxidation products are undoubtedly phosphoric acid or a partially hydrolyzed 
phosphate. 

to be published. 

transition metal complexes of L. This conclusion was 
based on scale models of these systems as well as the 
fruitless efforts to isolate any cobalt or nickel com- 
plexes of trialkyl phosphites. Although the con- 
straint of the polycyclic phosphite ligands is undoubt- 
edly a distinct advantage, experiments now in progress 
indicate that, under proper conditions, cobalt and nickel 
as well as other transition metals form isolable crystal- 
line complexes with trialkyl  phosphite^.'^ The rela- 
tively high dipole moment of the polycyclic ligands 
(ca. 4 D.)*O is about twice as large as those of trialkyl 
phosphites and should therefore exert larger crystal 
fields. In light of the isolated complexes1g of trialkyl 
phosphites, however, the necessary orientation of the 
alkoxy groups on these ligands due to ligand-ligand 
repulsion upon approach of the ligand to the metal ion 
will undoubtedly increase their dipole moments. By 
use of suitable orbitals on phosphorus higher than the 
metal Tzn orbital, a significant amount of d,-d, back 
bonding from the metal can account for the large value 
of A observed in the octahedral cobalt(II1) complexes 
of L. Such a postulate can also account for the high 
extinction coefficients assigned to the d-d bands since 
significant orbital overlap increases the “allowedness” 
of these transitions and hence also the nephelauxetic 
effect. It should be noted, however, that these bands 
occur along with a very strong charge-transfer band 
probably originating in transitions from a-bonding 
orbitals to the metal u-antibonding orbitals. 
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