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Summary 

The structure of the compound [(np,)Ni(P.,Se,)] * 2C,H,, obtained from reaction 
of the nickel(O) complex (nps)Ni (nps = tris(2-diphenylphosphinoethyl)amine) with 
tetraphosphorus triselenide, P,Se,, has been determined by X-ray diffraction studies. 
Crystal data: cubic, space group P2,3, u 17.413(7) A, Z = 4; final R = 0.050. The 
intact P,Se, entity is coordinated to the metal through the apical phosphorus atom. 
The small changes occurring in the geometry of the cage molecule upon coordination 
are analyzed by a comparison with the structure of uncoordinated P,Se,, which has 
been refined to R = 0.045. 

Introduction 

We recently found that the P& and P,Se, cage molecules react with d” metal 
complexes formed by the tetradentate tripod ligand tris(2-diphenylphosphino- 
ethyl)amine, np,, yielding compounds of formula [(nps)M(P,X,)] *nC,H, (M = Ni, 
X = S or Se, n = 2; M = Pd, X = S, n = 0) [l]. An X-ray structural investigation of 
the compound [(np3)Ni(P,S,)]. 2C,H, showed that the intact P,S, entity is coordi- 
nated to the metal through its apical P atom [l]. It was of interest to obtain detailed 
structural information also on the isomorphous Se derivative [l], because the P,Se, 
molecule had never been used before as a ligand for transition metal complexes. 
However, this study was prevented for some time by the bad quality of crystals. 
Suitable crystals were recently obtained for [(npJ)Ni(P,Se,)J. 2C,H,, the structure of 
which is reported here. In addition, refinement of the structure of the isolated P,Se, 
molecule, determined several years ago from two-dimensional film data [2], was 
undertaken in order to allow detailed comparisons between the coordinated and 
uncoordinated cage molecule. 

0022-328X/83/%03.00 8 1983 Ekevier Sequoia S.A. 
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Experimental 

Crystals of the compound [(np,)Ni(P,Se,)] . 2C6H, suitable for X-ray investiga- 
tion were obtained as previously described [l], except that the temperature was 
maintained at ca. 0°C. All operations were performed under nitrogen, but no N, was 
bubbled through the solution. Tetraphosphorus triselenide, prepared by the pub- 
lished procedure [3], was recrystallized from benzene under an inert atmosphere. 

X-ray data collection 
A crystal of the compound .[(npj)Ni(P.,Se,)] * 2C,H, of .a truncated tetrahedron 

shape with a 0.40 mm edge was used for the intensity data collection. A Philips PW 
1100 automated diffractometer and graphite-monochromated Cu-K, radiation were 
used. The lattice constant as determined at 22’C from refinement of the setting 
angles of 24 reflections with 24” < 0 < 31” is given in Table 1, which lists details of 
the experimental procedure and structure refinement. The intensities of the symme- 
try-independent reflections were measured, stationary background counts being 
taken at each end of the asymmetric scan for a time equal to half the scan time. The 
intensities of three standard reflections were monitored every 120 min, and showed a 
smooth decay of ca. 5%. The raw intensity data were corrected for such decay as well 
as for Lorentz-polarization effects and for absorption (transmission coefficients 
ranging from 0.44 to 0.49). The main computer program used in the crystallographic 
calculations is specified in ref. 4. 

The crystal of P,Se, used for data collection had dimensions 0.06 x 0.15 x 0.50 

TABLE 1 

CRYSTAL DATA AND SUMMARY OF INTENSITY DATA COLLECTION AND STRUCTURE 

REFINEMENT 

Formula C,,H,,NNiP,Se, P4Se3 

Formula wt. 1229.45 360.78 

Space group P2,3 Pbnm 

Cell constants (A) a 17.413(7) a 26.278(12) 
b 11.816(7) 

c 9.746(5) 

v (As) 5279.8 3026.1 
Z 4 16 
p,l&cm-3) 1.546 3.166 

Radiation (A) Cu-K, 1.5418 Mo-K, 0.71069 
p (cm-‘) 52.96 151.6 

Scan type 8-28 B-28 

Scan width (“) 1.0+0.3 tan 0 1.2+0.3 tan e 

scan speed (“mm-‘) 5 5 
2fkx (“) 110, 50 
Unique data measured 1369 3042 

Observed data with 
I > 30(1) 974 1046 
Number of variables 107 145 

R factors R = 0.050 “, R, = 0.050 ’ R=0.045’,R,=0.037b 

o R = Zl&l- II-Q/Z&l. ’ R, = [Zw(lFol- ~~~)*/2~&~~]“*. 
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mm. Graphite-monochromated MO-K, radiation was used. Cell parameters were 
determined at 22°C by least-squares fit of 24 reflections with 15” < 8 < 19”. A 
setting (space group Pbnm) different from that used previously (space group Pmnb) 
[2] was adopted, both settings being alternatives to the standard one (space group 
Prima, No. 62 in ref. 5). The data collection procedure was similar to that followed 
for the nickel compound; details are given in Table 1. The correction for absorption 
was performed by an empirical procedure [6] based on measurement of intensities 
during 1c, scans [7]. 

Stilution and refinement of the structures 
The initial positions for the non-hydrogen atoms in the structure of 

[(np,)Ni(P,Se,)] - 2C,H, were obtained from the structure of the isomorphous sulfur 
derivative [l]. The symmetry-independent part of the structure is formed by one 
third of the formula unit. In the full-matrix least-squares refinement the function 
Zw(]FO] - ]F,])2 was minimized with weights w = l/02(F0). Anisotropic thermal 
parameters were used for atoms heavier than carbon and isotropic parameters for 
the carbon atoms, overall values being applied within each benzene solvate molecule. 
Hydrogen atoms were introduced in calculated positions (C-H 1.00 A) each with a 
temperature factor ca. 20% larger than that of the corresponding carbon atom. The 
scattering factors for the neutral atoms and anomalous dispersion corrections for Ni 
and Se were taken from ref. 8. Convergence was attained at R = 0.050. The largest 
shift/error ratio in the last cycle was 0.02. Peaks in the final AF map were all lower 
than 0.5 eAp3 and could not be assigned any chemical significance. Final positional 
and thermal parameters for the non-hydrogen atoms in [(np,)Ni(P,Se,)] - 2C,H, are 
listed in Table 2. 

The structure of P,Se, was refined with input coordinates from the previous work 
[2], taking account of the different setting. There are four symmetry-independent 
molecules in the structure, each lying in special position m. Anisotropic thermal 
parameters were used for all atoms and the refinement converged at R = 0.045. The 
largest shift/error ratio in the final cycle was 0.06 and the highest peak in the final 
A F map was ca. 1.0 eA_ 3. Final positional parameters with atomic labels corre- 
sponding with those in ref. 2, and thermal parameters are listed in Table 3. Listings 
of hydrogen atom coordinates for [(np,)Ni(P,Se,)] - 2C6H, and of observed and 
calculated structure factors for both structures are available from the authors on 
request. 

Results and discussion 

The main properties of the compound [(np,)Ni(P,Se,)] - 2C,H, have already been 
reported [l]. Its structure, which is closely similar to that of the isomorphous sulfur 
derivative [l], is formed by isolated [(np,)Ni(P,Se,)] and benzene molecules. All of 
these molecules lie in special positions of 3 symmetry; in the molecule of the nickel 
complex a threefold axis passes through the metal atom, the nitrogen atom of the 
tripod ligand, which is uncoordinated, and the apical phosphorus atom of the P,Se, 
unit, which is bound to the metal atom. A view of the [(nps)Ni(P,Se,)] molecule is 
shown in Fig. 1. Values of bond lengths and angles are listed in Table 4. 

The metal atom is coordinated by the three phosphorus atoms of the np3 ligand 

(Continued on p. 378) 
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Fig. 1. Perspective view of the [(np3)Ni(P,Se,)] molecule with 20% probability ellipsoids. Symmetry-inde- 
pendent atoms are labeled. 

and by the apical phosphorus atom of the P,Se, unit, which form a distorted 
tetrahedral environment. The Ni-P(np,) and Ni-P(P,Se,) distances (2.246(3), 
2.075(5) A) match those in the P4S3 derivative [l] (2.245(3), 2.072(5) A). Although 
the values of the P(np,)-Ni-P(np,) and P(np,)-Ni-P(P,Se,) angles (108.9(l)‘, 
110.1(l)‘) are similar to those of the corresponding angles in the P4S3 derivative 
(108.5(l)‘, 110.4(l)‘), the former are closer to the tetrahedral value, indicating a 
smaller elongation [9] of the np, ligand in the P,Se, adduct. As a consequence, the 
distance of the uncoordinated nitrogen atom from the metal is shorter in the P,Se, 
derivative (3.124(g) A) than in the P,S, one (3.166(g) A). Such small differences 

P(4) 

Se (3) 0 Se(2) 
Se(l) 

PC31 

P(1) 

P(2) 

Fig. 2. Schematic representation of the P,Se, molecule with labeling consistent with that in ref. 2. A 
symmetry mirror plane passes through atoms P(4), Se(l), and P(1) in each of the four symmetry-indepen- 
dent molecules in the structure of P,Se,. 
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between the two structures may be due to small differences in packing caused by the 
larger size of the P,Se, cage compared to P4S3. There are no unusually short contacts 
in the structure of [(np,)Ni(P,Se,)] - 2C,H,. The mean distance between the parallel 
planes of the two benzene solvate molecules is 4.21 A, compared to 4.11 A in the 
P4S3 adduct. The short C-C bonds in both benzene molecules, particularly in that 
one with the larger overall U value, are ascribed to uncorrected effects of thermal 
motion. 

Bond distances and angles in the four symmetry-independent P,Se, molecules in 
the structure of tetraphosphorus triselenide are listed in Table 5. In Table 6 mean 
values of such bond distances and angles are shown along with corresponding values 
from the previous work [2] and with the dimensions of coordinated P,Se, in the 
[(np,)Ni(P,Se,)] molecule. Although standard deviations on the mean values ob- 
tained from the present refinement, in which counter data were used, are much 

TABLE 4 

BOND LENGTHS (A) AND ANGLES (“) FOR [(np3)Ni(P,Se,)].2C,H,“ 

Ni-P(1) 2.246(3) C(14)-C(15) 1.31(2) 
Ni-P(2) 2.075(5) C(U)-C(16) 1.43(2) 
Ni . . . N 3.124(S) C(16)-C(l1) 1.39(2) 
P(2)-Se 2.280(3) C(21)-C(22) 1.36(2) 
P(3)-Se 2.238(S) C(22)-c(23) 1.40(2) 
P(3)-P(3) 2.204(S) C(23)-C(24) 1.36(2) 

P(l)-C(1) 1.85(l) C(24)-C(25) 1.36(2) 
P(l)-C(11) 1.86(l) C(25)-c(26) 1.41(2) 
P(l)-C(21) 1.83(l) c(26)-c(21) 1.43(2) 
N-C(2) 1.49(l) C(31)-c(32) 1.39(2) 

C(l)-c(2) 1.52(2) C(31)-C(32) 1.33(2) 
C(ll)-C(12) 1.33(2) C(41)-C(42) 1.33(3) 

c(l2)-w3) 1.40(2) C(41)-C(42) 1.21(3) 
C(13)-C(14) l-40(2) 
P(l)-Ni-P(1) 108.9(l) C(12)-C(ll)-c(16) 117(l) 
P(l)-Ni-P(2) 110.1(l) C(ll)-C(12)-C(13) 124(l) 
Ni-P(2)-Se 120.4(l) C(12)-C(13)-C(14) 117(l) 
Se-P(2)-Se’ 96.6(2) C(13)-C(14)-C(15) 122(l) 
P(2)-Se-P(3) 102.4(2) C(14)-C(15)-C(16) 120(l) 
se-P(3)-P(3) 105.5(2) C(15)-C(16)-C(ll) 120(l) 
Se-P(3)-P(3)” 105.7(2) P(l)-C(21)-C(22) 120(l) 
P(3)‘-P(3)-P(3)” b 60 P(l)-C(21)-C(26) 121(l) 
Ni-P(l)-C(1) 113.6(4) C(22)-C(21)-C(26) 118(l) 
Ni-P(l)-C(ll) 119.2(4) C(21)-C(22)-C(23) 121(l) 
Ni-P(l)-C(21) 119.7(4) C(22)-C(23)-C(24) 121(l) 

c(l)-P(l)-c(l1) 103.1(5) C(23)-C(24)-C(25) 119(l) 
C(l)-P(l)-C(21) 101.8(6) W4)-c(25)-c(26) 123(l) 
C(ll)-P(l)-C(21) 96.3(6) c(25)-C(26)-C(21) 118(l) 
C(Z)-N-C(Z) 113.3(7) C(32)‘-C(31)-C(32) 120(l) 
P(l)-C(l)-C(2) 113(l) C(31)-C(32)-c(31) 1200) 
N-C(2)-C(1) 110(l) C(42)‘-C(41)-C(42) 1240) 
P(l)-C(ll)-C(12) 120(l) C(41)-C(42)-c(41) 115(l) 
P(l)-C(ll)-C(16) 123(l) 

0 Primed and double-primed atoms are related to the corresponding unprimed ones by a threefold 
symmetry axis. b Symmetry-determined value. 
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TABLE 5 

BOND DISTANCES (A) AND ANGLES (“) FOR P,Se, ’ 

I II III IV 

P(4)-Se(l) 2.251(S) 2.256(7) 2.235(8) 2.266(S) 

P(4)-Se(2) 2.248(5) 2.245(5) 2.249(5) 2.246(6) 

P(l)-Se(l) 2.231(10) 2.238(S) 2.236(10) 2.245(10) 

P(2)-Se(2) 2.218(6) 2.234(5) 2.231(5) 2.239(5) 

P(l)-P(2) 2.247(9) 2.226(9) 2.2249) 2.222(8) 

P(2)-P(3) 2.231(10) 2.226(11) 2.222(10) 2.220(10) 

se(l)-P(4)+2) 99.1(2) 99.3(2) 99.3(2) 98.7(3) 

Se(2)-P(4)-se(3) 99.6(3) 99.4(3) 99.3(3) 99.8(3) 
P(4)-Se(l)-P(1) 100.3(3) 100.2(3) 100.4(3) 100.2(3) 
P(4)-%(2)-P(2) 100.6(2) 100.2(2) 100.3(2) 100.5(Z) 
Se(l)-P(l)-P(2) 105.3(3) 105.4(3) 105.6(3) 105.5(3) 

se(2)-P(2)-P(1) 105.3(3) 105.9(3) 105.4(3) 105.6(3) 
Se(2)-P(2)-P(3) 105.7(3) 105.6(3) 105.7(3) 105.7(3) 
P(2)-P(l)-P(3) 59.5(3) 60.0(4) 59.9(4) 59.9(3) 
P(l)-P(2)-P(3) 60.2(4) 60.0(4) 60.0(4) 60.0(4) 

a I-IV denote the four independent molecules in the structure of P,Se,. Atomic labels are as in ref. 2 and 
Fig. 2. 

smaller than those from the original structure determination of P,Se, [2], which was 
based on two-dimensional film data, the mean values of bond distances and angles 
from the two investigations are in reasonable agreement, except for the mean 
Pbas-Pbas distance, which is now found to be significantly shorter than previously 
reported (Table 6). Comparison between the first and second rows in Table 6 shows 
that the P,Se, molecule undergoes a compression upon coordination, as indicated by 
the decrease in the Se-P,,-Se angle and Pbas -Pbas distance and by the increase in the 

P,,-Se-P,,, angle. Moreover, elongation of the P,,-Se bonds occurs. Analogous 
deformations of the cage molecule upon coordination were observed for the P4S3 
adduct, and the possible steric or electronic factors which may give rise to such 
trends were briefly discussed [l]. In particular, the lengthening of the P,,-Se bonds 
is ascribed to occupancy of antibonding orbitals which results from the interaction 
between the electron-rich P,Se, molecule and the d” metal moiety. Extended Htickel 
calculations performed on model compounds following published procedures [lo] 
confirm the previous suggestion [l] that the main contribution to the bonding 

TABLE 6 

DIMENSIONS OF THE COORDINATED AND UNCOORDINATED P,Se, MOLECULEa*b 

Par-Se P,,-Se Pbas -pb, Se-P,-Se P,-Se-P,, Se-Pb_-P,, Pbar-PbaJ-Pbas 

Coordinated ’ 2.280(3) 2.238(5) 2.204(8) 96.6(2) 102.4(2) 105.6(2) 60’ 
Uncoordinated d 2.249(7) 2.233(8) 2.228(9) 99.2(3) 100.4(l) 105.6(2) 60.0(2) 
Uncoordinated e 2.25(4) 2.23(3) 2.257(8) 99.9(1.8) 100.1(7) 105.3(1.1) 60.0(2) 

a Standard deviations on mean values of bond distances (A) and angles (“) were calculated by the 
formula [B,At/(n - l)]“‘, where n is the number of observations and A, are deviations of individual 
values from the mean. b Par, is atom P(2) in Fig. 1 and P(4) in Fig. 2. ’ P,Ses unit in [(nps)Ni(P,Se,)]. 
2CsH,, present work. d Present work. e Ref. 2. f Symmetry-determined value. 
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between the two moieties is due to participation of 4s and 4p empty qrbitals. The 
Ni-P,, bond has predominantly u character, since the bonding and antibonding T 
contributions largely cancel out. 
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