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The structure of an organic disulfide complex of Ni(II), chloro [ bis[ 2-1 (2-pyridylmethyl)imino]phenyl] disulfide]nickel(II) 
perchlorate, alternatively named chloro [ a,&'-[ dithiobis(o-phenylenenitrilo)]di-2-picoline]nickel(II) perchlorate or [ Ni(py- 
CH= N-ph-S-S-ph-N=CH-py)Cl](ClO,) where py is &-substituted C,H,N and ph is ortho-substituted C,H,, has been de- 
termined by single-crystal X-ray diffraction techniques using a small crystal and a scintillation counter. After near-full- 
matrix least-squares refinement using anisotropic temperature factors only for atoms heavier than carbon, the conventional 
R index converged at  0.058. The brown monoclinic needles form in the space group P2 , /c  with a = 16.249 (33) A, b = 
9.558 (11) A, c = 16.685 (13) A,  p = 100.34 (12)", and Z = 4.  The organic disulfide coordinates to  Ni(I1) a t  five of its six 
octahedral sites, with the sixth site being occupied by a chloride ion. One sulfur atom of the disulfide group is coordinated 
to Ni(I1) a t  a distance of 2.470 (5) A. Half of the ligand is nearly planar, retaining its conjugation; the other half is twisted 
92 (1)" about its ph-N bond, destroying the conjugation through that bond and causing it to  lengthen from 1.430 (14) to  
1.49 (2) A. The S-S bond (2.089 (8) A),  the CSSC torsion angle (55.4 (lo)'), and the C-S bonds (1.76 (2) A) have been 
altered significantly due to intraligand electronic factors and to  the stereochemical requirements of the coordination en- 
vironment about the Ni(I1) ion (the near-right "octahedral" angles range from 76.2 (5) to 101.9 (4)"). A structural trans 
effect involving the nickel(I1)-imine nitrogen bonds has been observed; the bond trans to  chloride is longer (2.07 (2) A) 
than that trans to a pyridyl nitrogen (2.02 (2) A). Preliminary Weissenberg photographs indicate that the corresponding 
tetrafluoroborate salt is isostructural. 

Introduction 

activity, presumably occurring through coordination in- 
volving delocalized  orbital^.^'^ Similar coordination has 
been suggested for the Ag(I)-,5 Hg(II)-,6 and Pd(I1)-catalyzed7 
scission of SS bonds. While the effects of organic disulfide- 
transition metal associations have been observed and the ex- 
istence of disulfide moiety coordination has been postulated, 
only recently has it been shown that organic disulfide sulfur 
coordination actually exists.'-'' In chloro [bis [2- [(2-pyri- 
dylmethyl)amino]ethyl] disulfide]nickel(II) perchlorate? 
one sulfur atom of the aliphatic disulfide group (-C-SS-C-) 
in the pentadentate ligand occupies an octahedral coordina- 
tion site at the Ni(I1) center. The structure of this Ni(I1) 
complex indicates that the disulfide moiety is essentially un- 
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altered by coordination; the SS and CS bond lengths and the 
CSSC dihedral angle are typical of similar uncoordinated 
aliphatic  disulfide^.'^-'^ 

and Mn(I1) complexes'6 containing another pentadentate 
disulfide ligand, bis [2- [(2-pyridylmethyl)imino]phenyl] 
disulfide, alternatively named cup'- [dithiobis(o-phenylene- 
nitrilo)]di-2-picoline, DTPP, presented the opportunity to 
determine the effect of ligand structure on the stereochem- 
istry of the coordinated CSSC moiety. The more unsatu- 
rated and conjugated ligand is expected to impart greater 
steric effects to the complex and perhaps to alter the disul- 
fide group geometry upon coordination. Of the several 
samples of Ni(I1) and Mn(I1) complexes containing this lig- 
and that were provided by Livingstone,16 crystals suitable 
for structural studies were present in only one, [Ni(DTPP)- 

Experimental Section 
Preliminary oscillabon and Weissenberg photographs of [Ni(DT- 

PP)Cl]BF, indicated that it is isostructural with [Ni(DTPP)Cl]ClO,. 
Each of the several crystals of [ Mn(DTPP)Br]Br examined was twin- 
ned. A single crystal of [Ni(DTPP)Cl]ClO,, which forms as brown 
monoclinic needles, of dimensions 1.4 X 0.06 X 0.06 mm was 
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selected for further study and mounted so that the needle axis did 
not coincide with the diffractomcter 0 axis. 

A Syntex four-circle computer-controlled diffractometer with 
graphite-monochromatized Mo Ka: radiation ( K N , ,  h 0.70926 A;  
Ka,, h 0.71354 A) and a pulse height analyzer was used for prelim- 
inary experiments and for the measurement of diffraction intensities. 
The cell constants and their standard deviations were determined by 
a least-squares treatment of the angular coordinates of 15 independent 
reflections with 28 values up to 20”. The program used was written 
by R. A. Sparks and is part of the diffractonieter program library. 
The temperature was maintained within 1” of 20” throughout. The 
8-28 scan mode was utilized with scan speed variable Csom 2 to 24” 
min-’ depending upon the peak intensity of the reflection. The total 
background counting time, equal t o  the scan time, was equally spent 
at each end of the scan range, which varied from 2.0” at low 28 to 
2.3” at  40” .  The intensities of three reflections, which were remeas- 
ured after every 100 reflections during data collection, showed no 
systematic variations, so no decay correction was applied. All re- 
flections (h01) for 1 odd and (OkO) for k odd were systematically ab- 
sent, uniquely defining the space group asP2,/c.  

Standard deviations were assigned to individual reflections ac- 
cording to the formula 

o(1) = [02(CT + B1 + Bz)  + 
where w is the scan rate, CT is the total integrated count, R ,  and B ,  
are the background counts, and the intensity I = o(CT - B ,  - B 2 ) .  
A value of 0.02, appropriate to the instrumentation used, was assign- 
ed to the empirical parameter p to account for instrument instability. 
The weights, w ,  used in least squares were the reciprocal squares of 
u(Fo). Of the 2393 symmetry-independent reflections measured, 
those for which 28 < 40°, 1036 had intensities larger than 3 times 
their standard deviations, and only these were included in the sub- 
sequent calculations, with the exception of 392 which was apparent- 
ly mismeasured. The intensities were c o r r e ~ t e d ’ ~  for Lorentz and 
polarization effects; the contribution of the monochromator crystal 
was calculated assuming it to be half-perfect and half-mosaic in char- 
acter. An absorption correction was not made (y = 11.7 cm-‘) ;  the 
transmission coefficients are estimated to  show a total range of less 
than 0.015. Extinction corrections were also omitted. The atomic 
scattering factors’* for Ni2+, Cl-, ClO, So,  O o ,  N o ,  Co, and H (bond- 
ed)I9 were used. The first four were modified to account for the 
real part of the anomalous dispersion correction.2o 

Crystal Data 
Chloro [bis [ 2-[ (2-pyridylmethy1)imino ]phenyl] disulfide]nickel- 

(11) perchlorate, alternatively named chloro [&,a’-[dithiobis(o-phenyl- 
enenitrilo)]di-2-picoline]nickel(II) perchlorate, [Ni(C,, H18NdS,)Cl]- 
ClO,, crystallizes as monoclinic needles in space group P 2 , / c :  a = 
16.249 (33) A, b = 9.558 (1 1) A,  c = 16.685 (13) A, 0 = 100.34 (12)” 
I/= 2549 (6) A 3 ,  mol wt  620.2, dobsd(flotation) = 1.59 (3) g ~ m - ~ ,  
dcalcd = 1.616 g c ~ - ~ , Z  = 4, F(000) = 1192. Figures in parentheses 
are estimated standard deviations in the units of the least significant 
digit given for the corresponding parameter. 

Structure Determination 
The Ni(I1) position was learned from an initial three-dimensional 

Patterson function. All other nonhydrogen atoms were located in 
successive cycles of Fourier refinement using the fast-Fourier algo- 
rithm.” Due to the paucity of data, only atoms heavier than carbon 
were refined anisotropically. Hydrogen atom positions were calcu- 
lated*’ assuming that the C-H distance, expected to  be foreshortened 
in a current X-ray diffraction experiment, is 0.95 A;23  isotropic 
thermal parameters, equal to those of the atoms to which they were 
bonded, were assigned to hydrogens; no hydrogen parameter was re- 
fined. 

Near-full-matrix (large block diagonal with approximately half 
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Table I. Final Positional Parameters and Their Standard Deviations” 

3140 (2) 
3871 (3) 

748 (4) 
1509 (14) 
894 (15) 
142 (18) 
455 (16) 

4090 (3) 
3891 (3) 
2445 (8) 
2081 (10) 
2719 (9) 
3715 (9) 
3528 (11) 
2744 (11) 
2291 (11) 
2681 (12) 
3438 (12) 
3910 (12) 
1694 (10) 
1447 (10) 
670 (12) 
566 (13) 

1169 (15) 
1922 (12) 
2795 (12) 
2277 (12) 
1439 (15) 
1044 (14) 
1581 (14) 
2406 (12) 
2937 (10) 
3459 (11) 
3724 (12) 
4257 (11) 
4537 (10) 
4255 (10) 
1737 
2401 
3666 
4463 
1299 

23 1 
029 

1093 
2353 
1117 
456 

1329 
2732 
2766 
3531 
4440 
4916 
4444 

2164 (3) 
2887 (6) 
3862 (7) 
3585 (38) 
3832 (31) 
2865 (28) 
5085 (24) 

132 (5) 
-879 (6) 

730 (15)  
3317 (14) 
1570 (14) 
3591 (14) 
-970 (21) 
-600 (18) 

-1513 (19) 
-2753 (23) 
-3090 (22) 
-2231 (24) 

1100 (19) 
2539 (16) 
3112 (22) 
4573 (23) 
5312 (25) 
4714 (21) 
-949 (22) 

214 (20) 
123 (24) 

-1231 (26) 
- 2360 (23) 
-2298 (22) 

2289 (20)  
3496 (19) 
4446 (20)  
5507 (20)  
5578 (18) 
4646 (18) 

-1294 
-3371 
-3959 
-2498 

46 1 
2558 
4939 
6300 
5298 

971 
-1350 
-3260 
-3130 

2048 
4 354 
6173 
6290 
4730 

A042 (1) 
5331 (3) 
14 11 (4) 
1150 (13) 
22116 (12) 
1158 (14) 
1053 (1‘)) 
4121 (3) 
2993 ( 3 )  
4513 (8) 
4095 (8) 
2844 (9 )  
3368 (8) 
a689 (11) 
a83a (10) 
5236 (11) 
5545 (12) 
5411 (12) 
4996 (12) 
4526 (10) 
4286 (9) 
4344 (1 2) 
4181 (13) 
4025 (13) 
3913 (12) 
2765 (12) 
2658 (11) 
2480 (13) 
2346 (14) 
2431 (12) 
2635 (11) 
2306 (lo) 
2555 (11) 
2019 (12) 
2318 (1 1) 
3140 (10) 
3640 (I  0) 
5299 
5857 
561 1 
4923 
4686 
4488 
4179 
3958 
3841 
2418 
2215 
2336 
2694 
1749 
1447 
1963 
3361 
4210 

a Values are given X lo4.  See Figure 1 for the identities 
of the atoms. The esd is in the units of the least significant digit 
given for the corresponding parameter. The hydrogen a.tom co- 
ordinates are calculated and not  refined. 

of the structural parameters in each of two blocks) least-squaes re- 
finementZ4 of all nonhydrogen parameters converged to  give the final 
errorindicesR, =0 .058andR2=0 .063  ( R ,  =(Z:lF,--!F,iI)/ZF,; 
H, = [ C w ( F ,  - l F c l ) Z / C ~ F o 2 ] ” 2 ) .  The “goodness-of-fit,” { [ Z w .  
(F, - IFc1)2]/(m - s)}”’, is 0.75. The number of observations, m, 
is 1035, and the number of parameters, s, is 214. In the final cycles 
of least squares, all shifts in parameters for nonhydrogen atoms were 
less than 6% of their standard deviations. The largest peak on the 
final difference Fourier function, whose esd was calculated to be 0.1 
e K 3 ,  was less than 0.5 e A-3 in height. ‘The overdetermination ratio 
is 4.8. 

with their standard deviations, are presented in Tables I and II. 
The positional and thermal parameters of the  structures, togethcr 

(24) P. K. Gantzel, R. A. Sparks, and K. N. Trueblood, UCLA- 
LS4, American Crystallographic Association Library (old) No. 3 1 ‘ I ,  
modified. 
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Table 11. Thermal Vibration Parameters and Their Standard Deviationsa 

I. Atoms Heavier Than Carbon (1-13)b 
Temperature Factor = exp[-(b,,h2 + b,,k2 + b,,P + b,,hk + b,,hl + b,,kl)] 

Ni(1) 36 (1) 69  (3) 31  (1) -4 (4) -2 (2) -10 (4) 
Cl(2) 5 1  (3) 100 (6) 32 (2) -9 (8) -3 (4) 5 (7) 
CK3 ) 75 (4) 122 (8) 43  (3) -45 (10) 4 (5) -15 (8) 

06) 131 (15) 483 (56) 54 (10) 6 (50) 32 (20) -70 (40) 
06) 176 (20) 350 (44) 105 (13) -324 (54) 49  (25) -192 (43) 
O(7) 125 (17) 190  (35) 195 (22) 84 (40) -91 (30) 69  (46) 
S(8) 33 (2) 79 (6) 48  (3) 12  (7) 2 (4) -5 (7) 
S(9) 49  (3) 99  (7) 51  (3) 9 (7) 32 (4) -28 (8) 
NU01 26 (7) 93  (20) 21 (6) 4 1  (19) -19 (10) 14 (18) 
N(11) 65 (9) 6 8  (20) 18  (6) 46 (21) 8 (12) -38 (17) 
N(12) 32 (7) 62  (18) 43  (7) -26 (17) -4 (11) -30 (19) 

b l ,  b 2 2  b 3 3  b,2 b, ,  b 2 3  

o (4 )  93 (13) 748 (90) 77 (11) 200 (56) 84 (20) 181 (50) 

N(13) 35 (7) 80 (19) 28 (7) 13 (19) 6 (11) 15 (18) 

11. Carbon Atoms (14-37)C 
Isotropic Thermal Parameters 

B, 8’ B, A’ B, A2 

(314) 3.6 (4) C(22) 4.6 (5) C(30) 5.4 (5) 
C(15) 3.1 (4) C(23) 5.0 (5) C(31) 4.4 (4) 
C(16) 3.5 (4) ~ ( 2 4 )  5.7 (5) C(3 2) 3.5 (4) 
C(17) 4.7 (4) C(25) 4.2 (4) a 3 3 1  3.5 (4) 
C(18) 4.6 (4) C(26) 4.6 (4) C(34) 4.2 (4) 
C(19) 5.0 (4) C(27) 3.8 (4) (335) 3.9 (4) 
C(20) 3.2 (4) C(28) 5.4 (5) C(36) 3.0 (4) 
C(21) 2.8 (4) C(29) 5.9 (5) C(37) 3.2 (4) 

a See Figure 1 for atom identities. The esd is in the units of the least significant digit given for the corresponding parameter. b The b values 
are X lo4.  C The hydrogen (atoms 38-55) temperature factors are assigned values equal to those of the carbon atoms to  which they are 
bonded. 

Standard deviations were calculated from the inverse normal equa- 
tions matrix, ignoring the standard deviations of the cell parameters. 

Discussion 

pyrid ylmet hy1)imino ]phenyl] disulfide] nickel(I1) per chlo - 
rate, [Ni(DTPP)Cl](ClO,), functions as a pentadentate lig- 
and. The Ni(I1) ion resides in a six-coordinate environment 
(NiN4SC1) consisting of two cis pyridyl nitrogen atoms, two 
cis imine nitrogen atoms, one disulfide sulfur atom, and a 
chloride ion (see Figure 125). The half of the organic disul- 
fide ligand from N(11) through S(8) occupies three consecu- 
tive “equatorial” octahedral coordination sites. The con- 
jugation from the pyridyl group containing N(11) through 
the imine C(2O)-N(lO) to the phenyl group C(14)-C(19) is 
maintained, although a small departure from strict planarity 
is apparent (see Figures 1-3 and Table 111). The conjugation 
in the other half of the disulfide ligand S(9)-N(13) is broken 
by a 92 (1)’ rotation of the phenyl ring C(26)-C(31) relative 
to the imine group N(12)-C(32). The imine nitrogen N(12) 
is coordinated “above” the plane of the first half of the ligand 
and Ni(I1) ion, while the pyridyl nitrogen N(13) is coordinat- 
ed in the plane and occupies the fourth “equatorial” coordi- 
nation site. The chloride ion occupies the “axial” site “be- 
low” this plane and trans to the imine nitrogen N(12). One 
sulfur atom, S(9), remains uncoordinated. 

The N(12)-C(27) bond is 1.487 (23) A in length (Table 
IV) and is nearly a pure N(sp2)-C(sp2) u bond. In con- 
trast, the N(lO)-C(15) bond length, which would be equiv- 
alent in the uncoordinated ligand, is 1.430 (14) A and has 
appreciable i~ character. The adjacent bonds at the imine 
nitrogen atoms are also not equivalent and are altered in the 
opposite sense: N( 10)-C(20) is longer (1.27 (2) a) than 
N(12)-C(32) (1.23 (2) A). This is consistent with the 
disruption of conjugation around N(12). 

The organic disulfide within the complex chloro [bis [2-[(2- 

(25) C. K. Johnson, ORTEP, Report ORNL-3794, Oak Ridge 
National Laboratory, Oak Ridge, Tenn., 1965.  

H49 

H 39 

Figure 1. Stereochemistry of the [Ni(DTPP)Cl]+ ion. The Cl0,- 
group is omitted. Ellipsoids of 15% probability are shown.’’ 

The coordination configuration or “wrap” of the penta- 
dentate disulfide ligand is nearly as suggested by Livingstone 
and Nolan“ and found in the very similar complex chloro- 
[bis [2- [(2-pyridylmethyl)amino]ethyl] disulfidelnickel(I1) 
perchlorate? [Ni(PMS)C1]C104. The major difference is 
that the first two nitrogen atoms (N(11) and N(10)) and the 
first sulfur atom (S(8)) along the ligand chain coordinate 
“equatorially” in the complex reported herein, [Ni(DTPP)- 
Cl]’, while the first two nitrogen atoms and the second sul- 
fur atom along the ligand chain coordinate in [Ni(PMS)Cl]+; 
that is, in the only equatorial sequence, the alternate sulfur 
atom is coordinated. Presumably the opportunity for con- 
jugation in [Ni(DTPP)Cl]+ and the different steric require- 
ments of the ligand have redirected its coordination con- 
figuration to the one observed, even though a great deal of 
strain is produced as is indicated by the range of near-right 
octahedral angles (from 76.2 (5) to 101.9 (4)”) and by the 
deviations of the coordinating atoms from planes 5 , 6 ,  and 
7 in Table 111. The five-membered chelate ring involving 
N(lO)-C(l5)-C(14)-S(8) assists in the maintenance of the 
planarity of the “equatorial” half of the ligand, while the 
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Figwe 2. Stereoview2' of the [Ni(DTPP)Cl]+ ion, as described in the caption to Figure 1. 

Figure 3. StereoviewZ5 of the structure, illustrating the arrangement of the ions within the unit cell. Ellipsoids of 5% probability are used. 
The view is approximately into b with a horizontal and c nearly vertical in the plane of the page. 

Table 111. Deviations of Atoms from Least-Squares Planes (AX 103)a minimum of stvain about the "aSa.1" imino function, C(27)-  
Atoms 1 2 3 4 5  6 7 N(12)-C(32). Coordination of S ( 8 )  rather than S(9) and 
Ni(1) 316 -40 181 35 -79 94 the resulting five-rnembered chelate ring involving the "axial" 
a ( 2 )  105 --17 -47 imino function would have generated significantly more 
S(8) -68 -45 38 14 strain than tha.t observed. 
S(9) -38 -275 The Wi-S distance of 2.470 (5) A is in excellent agreement 
N(10) 45 279 47 I3 
N(l1 )  455 -8 527 45 
K( 12) 61 -41 -172 -439 -167 @?MS)Cl]' and with similar distances found in octahedral 
N(13) 461 -704 5 106 nickel(1I) complexes containing thourea-type ligands (2.443 
C(14) -14 229 (8)-2.55 ,&)26-29 and dithiophosphinato ligands (2 "482 (4)- 

2.50 (1) A).30931 This distance indicates a strong nickel(I1)- C(1.5) 20 196 

disulfide sulfur bonded interaction and can be compared 
C(16) -22 283 
C(17) I4 517 
C(18) -2 565 with the copper(I)-disulfide sulfur bond lengths found in 
C(19) 4 449 chloro(diethy1 disu.lfide)copper(l)' (2.34 (1) and 2.40 (1) 
C(20) -8 185 -192 A), cycb -di-p- [bis [Z -(N,N'-dime thylaminojiethyl] disulfide 7 -  

C(23) -24 -143 and [bis [2-(2-pyxidyl)ethyl] disulfidelcopper(1) perchlorate" 
a 2 4 1  12 143 (2.318 (1) and 2.325 (1) A). At 3.057 (10) and 3.138 (9) 
C(25) 7 225 A the CuII-S distances in bis [(D -penicillamine disulfide)- 

copper(lT)] nonahydrateS2 represent no more than weak (326) 11 764 

interactions. C(27) 
C(28) 

C(30) -14 parison with the corresponding bond in the very similar 
C(3 1) 3 complex: [Ni(PMS)C1]". It falls below the range of 2.38- 

2.53 A that has been r e p o ~ t e d ~ ~ ' ~ ~  and appears to  be the C(32) -948 -106 -104 
-190 - 7  132 shortest that has been observed for octahedral Ni(II) com- C(33) 

C(34) -4 295 
a 3 5 1  16 436 plexes. 
C(36) -12 310 Two types of unsaturated nitrogen ligands are coordinated 
C(37) 2 228 to the nickel(I1): pyridyl and imine nitrogen atoms. The 

q b X c  2495 -2384 1455 -7995 -7295 -6846 2745 mean Ni-N bond length of 2.061 (15) A (see Table IV) falls 
qb 4507 -453 1811 5962 6834 -5658 3166 well within the range of 2.00-2.16 a that has been reported 
a, 8571 9701 9126 724 288 4595 9080 

- 

with that of 2.472 (5) A which has been observedg in [Ni- 

dicopper(1) tetrafluoroborate" (2.288 (6)-2.326 ( 6 )  A), C(21) 117 4 -204 
C(22) 126 9 -296 

-18 -306 -584 607 
1s 303 

The Ni-C1 bond distance of 2.365 (5) A is short in com- C(29) 3 -149 

5 7.273 3.549 7.440 -1.577 -1.269 -0.706 7.653 
S 15 12 12 9 86 283 81 

a Italic deviations indicate the atoms used to  define the least- 
squares plane. A negative deviation from a plane indicates that the 
atom with the coordinates given in Table I lies between that plane 
and the origin. The direction cosines (X lo4),  q ,  are .-z;+h respect to  
orthogonalized axes. The rms deviation (A X l o 3 )  of the boldface 
atoms from the plane is S .  D is the distance (in A) from the plane 
to the origin. See Figure 1 to identify the planes. 

resulting six-membered chelate ring involving the other half 
of the ligand. S(8)-§(9)-C(26)-C(Z7)-W( 12), allows a 

( 2 6 )  M. Nardelli, A. Braibanti, and 6. Fava, Gazz, Chim. Ital., 87, 

(27) A. Lopez-Castro and IN. R. Truter, J.  Chem. Soc., 1309 

(28) W. T. Robinson, S. L. Halt, J r . ,  and G. B. Carpenter, Inovg. 

(29) H. Ludh and M. K. Truter, J.  Chem. SOC. A,  1879 (1968). 
( 3 0 )  S .  Ooi and Q. Fernando, Inovg. Chem., 4, 1558 (1967). 
(31)  P. Porta, A. Sgamellotti, and N. Vinciguerra, Inorg. Chem,, 

( 3 2 )  J .  A .  Thich, D .  Mastropaola, J .  Rotenza, and H. J .  Schugar, 

( 3 3 )  L,  Sacconi, Transition Metal Chem., 4 ,  199 (1968). 

1209 (1957). 

(1963). 

Chem., 4 ,  6 0 5  (1967). 

10, 5 4 1  ( 1 9 7 1 ) .  

J. Amer. Chem. SOC., 93, 726 ( 3  9749. 
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Table Iv. Molecular Dimensions and Esd’s’ 
I. Bond Lengths, A 111. Bond Angles, Deg 

Atoms Distance Atoms Distance Atoms Angle Atoms Angle 

Ni(l)-Cl(Z) 
Ni( 1)-S(8) 
Ni( 1 )-N( 10) 
Ni(l)-N(12) 
Ni( l)-N(ll) 
Ni(1)-N( 13) 
S(8)-S(9) 
S(8)-C(14) 
S(9)-C(26) 
N(lO)-C(15) 
N(12)4(27) 
N(lO)-C(20) 
N(12)-C(32) 
N(ll)-C(21) 
N(ll)-C(25) 
N(13)-C(33) 
N(13)-€(37) 
C(2O)-C(21) 
C(32)-C(33) 
C(21)-C(22) 
C(22)-C(23) 

2.365 (5) 
2.470 (5) 
2.022 (14) 
2.073 (15) 
2.058 (15) 
2.091 (14) 
2.089 (8) 
1.775 (19) 
1.755 (20) 
1.430 (14) 
1.487 (23) 
1.27 (2) 
1.23 (2) 
1.35 (2) 
1.37 (2) 
1.35 (2) 
1.36 (2) 
1.47 (3) 
1.45 (3) 
1.40 (3) 
1.39 (3) 

1.29 (3) 
1.37 (2) 
1.40 (3) 
1.37 (3) 
1.37 (2) 
1.36 (2) 
1.39 (2) 
1.39 (2) 
1.40 (3) 
1.33 (3) 
1.39 (3) 
1.41 (3) 
1.39 (3) 
1.34 (3) 
1.44 (3) 
1.38 (3) 
1.32 (3) 
1.44 (3) 
1.41 (2) 
1.37 (2) 
1.39 (3) 
1.36 (3) 

11. Selected Dihedral Angles, Deg 
Atoms Angle Atoms Angle 

C(l4)-S(S)-S(S)-C(26) 55.4 Ni(l)-S(8)-S(9)-C(26) 45.8 
C( 19)-C( 14)-S(8)-S(9) 78.4 Ni( 1)-N( 12)-C(27)-C(26) 75.2 
C(lS)-C(14)-S(S)-S(9) 102.1 Ni(l)-N(12)-C(27)-C(28) 98.4 
C(3 1)4(26)-S(9)-S(8) 121.5 Ni(l)-N(lO)-C(15)-C(16) 172.7 
C(27)-C(26)-S(g)-S(8) 62.3 Ni(l)-N(lO)-C(lS)C(14) 9.9 

Ni(l)-S(8)<(14)-C(19) 170.9 
C(lS)-C(l4)-S(S)-Ni(l) 8.6 
C(19)€(14)-%8)-Ni(l) 170.9 Ni(l)-S (8)-C ( 4)q 1 5) 8.6 

C1(2)-Ni( 1)-S(8) 
Cl(2)-Ni(l)-N( 10) 
Cl(2)-Ni(l)-N(ll) 
Cl(2)-Ni(l )-NU 2) 
Cl(2)-Ni(l)-N(l3) 
S(8)-Ni(l)-N(lO) 
S(8)-Ni(l)-N(ll) 
S(8)-Ni(l)-N(l2) 
S( 8)-Ni( 1 )-N( 13) 
N(lO)-Ni(l)-N(ll) 
N(lO)-Ni(l)-N( 12) 
N(lO)-Ni( 1 )-NU 3) 
N(l l)-Ni(l)-N(l2) 
N(l l)-Ni(l)-N(l3) 
N(l2)-Ni(l)-N(l3) 
0(4)-C:1(3)-0(5) 
0(4)-C1(3)-0(6) 
0(4)-C1(3)-0(7) 
0(5)-C1(3)-0(6) 
0(5)-C1(3)-0(7) 
0(6)-C1(3)-0(7) 
Ni( l)-S(8)-S(9) 
Ni( l)-S(8)-C( 14) 
S(9)-S(8)<(14) 
S(8)-S(9)-C(26) 
Ni( lbN( 1 O)-C(15) 
Ni(1)-N( 12)-C(27) 
Ni( l)-N(l O)C(20) 
Ni( 1)-N( 12)C(32) 
C( 15)-N( lO)-C(20) 
C(27)-N(12)-C(32) 
Ni(l)-N(ll)-C(21) 
Ni( 1)-N( 13)-C(3 3) 
Ni(l)-N(ll)-C(25) 
Ni(l)-N(13)-C(3 7) 
C(21)-N(ll)-C(25) 
C(33)-N(13)-C(37) 

88.5 (2) 
94.0 (4) 
95.3 (4) 
169.0 (4) 
95.7 (4) 
80.4 (4) 
159.7 (4) 
86.1 (4) 
101.9 (4) 
79.4 (5) 
94.5 (5) 
170.2 (5) 
93.1 (6) 
97.6 (5) 
76.2 (5) 
108.0 (14) 
112.4 (17) 
106.5 (16) 
107.5 (16) 
116.6 (16) 
105.9 (15) 
108.0 (3) 
96.8 (6) 
101.2 (7) 
101.5 (7) 
124.9 (10) 
120.2 (11) 
114.9 (11) 
117.5 (12) 
120.2 (14) 
121.7 (15) 
113.2 (10) 
114.2 (11) 
130.8 (12) 
128.9 (11) 
116.1 (14) 
116.6 (14) 

N(ll)-C(21)-C(20) 
N(13)C(3 3)-C(3 2) 
N(l l)-C(21)-C(22) 
N(13)-C(33)-C(34) 
C(2O)-C(21 )-C(22) 
C(32)-C(33)-C(34) 
N(ll)-C(25)-C(24) 
N(13)-C(3 7)-C(36) 
C(2 1 )C(22)-C(23) 
C(22)-C(23)-C(24) 
C(23)-C(24)-C(25) 
C(33)-C(34)-C(35) 
C(34)-C(35)-C(36) 
C(35)-C(36)-C(37) 

N(12)4(32)-C(33) 
N( 1 O)-C(2O)-C(2 1) 

S(8)-C( 14)-C(15) 
S(9)-C(26)-C(27) 
N(lO)-C(lS)-C(16) 
N(12)-C(27)-C(28) 
S(8)-C( 14)-C( 19) 
S(9)-C(26)-C(31) 
N( 1 O)-C( 15)-C( 14) 
N(12)4(27)4(26) 
C( 14)-C(lS)-C(16) 
C(lS)-C(16)-C(17) 
C(l6)-C(l7)-C(18) 
C( 17)-C(18)-C(19) 
C(18)-C(19)-C(14) 
C(19)-C(14)-C(15) 
C(26)-C(27)-C(28) 
C(27)<(28)-C(23) 
C(28)-C(29)-C(30) 
C(29)4(3O)-C(3 1) 

C(3 l)-C(26)-C(27) 
C(30)-C(3 1)-C(26) 

113.3 (14) 
113.6 (16) 
122.5 (15) 
121.7 (16) 
123.7 (15) 
124.6 (16) 
123.1 (18) 
123.5 (15) 
116.7 (17) 
122.2 (21) 
119.4 (21) 
119.9 (17) 
118.4 (17) 
119.8 (16) 
118.1 (15) 
117.8 (16) 
121.3 (13) 
124.5 (15) 
124.4 (15) 
122.3 (16) 
117.9 (14) 
118.0 (15) 
115.0 (15) 
114.4 (15) 
120.5 (16) 
117.8 (16) 
121.0 (18) 
123.6 (19) 
116.0 (17) 
120.8 (16) 
123.0 (18) 
119.8 (19) 
115.5 (20) 
125.8 (20) 
118.5 (18) 
117.4 (17) 

The esd is in the units of the least significant digit given for the corresponding parameter. 

for octahedral nickel(I1)-unsaturated nitrogen (pyridyl, 
imine, and oxime) distances9’30931333-37 but is approximately 
3a shorter than the mean value (2.1 1 (2) A) found in the 
very similar complexg [Ni(PMS)Cl]+, which has saturated 
as well as unsaturated nitrogen donor atoms. A number of 
 author^^*-^ have interpreted related results in terms of n 
bonding between transition metals and unsaturated nitrogen 
ligands; however, some of these claims have been disputed?l 
and other authors have reported no evidence for such bond- 
ing42 or have suggested that the observed phenomena are 
associated with alternate effects.% Such bonding could 
account, at least in part, for the short Ni-Cl distance by 
facilitating the delocalization of antibonding electron densi- 
ty from the metal ion. 

(34) R. C. Elder, Inorg. Chem., 7, 2316 (1968). 
(35) P. L. Cullen and E. C. Lingafelter, Inorg. Chem., 9, 1865 

(36) M. G. B. Drew, D. H. Templeton, and A. Zalkin,Inorg. 

(37) F. Madaule-Aubry and G. M. Brown, Acta Crysfallogr., 

(38) P. Ford, D. P. Rudd, R. Gaunder, and H. Taube, J. Amer. 

(39) J. E. Falk, J. N. Phillips, and E. A. Magnusson, Nature 

(40) J. deO. Cabral, H. C. A. King, T. M. Shepherd, and E. 

(41) D. P. Graddon and E. C. Walton, Ausf.  J. Chem., 18, 507 

(1970). 

Chem., 7, 2618 (1968). 

Sect. B, 24, 745 (1968). 

Chem. SOC., 90, 1187 (1968). 

(London), 212, 1531 (1966). 

Koros,J. Chem. SOC., 859 (1966). 

(1965). 
~ 

(1963). 
(42) J. A. Hoppe and R. L. Ward, J. Chem. Phys., 89, 1211 

When all nickel(II)-donor atom bond distances are con- 
sidered in trans pairs (see Table V), a structural trans effect 
seems apparent. Considering the nickel(I1)-imine nitrogen 
atom distances, it is seen that the one trans (Ni(1)-N(12)) to 
the chloride ion is longer (2.073 (15) A) than the one trans 
(Ni(1)-N(10)) to the pyridyl nitrogen N(13) (2.022 (14) A) 
(Ala = 3.4). A nearly identical effect has been observed in 
the very similar complexg [Ni(PMS)Cl]+ (see Table V). The 
longest NiII-N bond which is trans to C1- in the latter com- 
plex has been attributed to “cumulative chelate ring  train."^ 
However, the apparent differences in the chelate ring confor- 
mations and in the resulting strain between [Ni(DTPP)Cl]+ 
and [Ni(PMS)Cl]+ suggest the need for an additional or 
alternative explanation. 

The trans effect is well documented kinetically43tw and 
s p e c t r o s ~ o p i c a l l y , ~ - ~ ~  but less so structurally, particularly 
with regard to the trans influence of ~hloride~’-~’ and the 

(43) F. Basolo and R. G. Pearson, Progr. Inorg. Chem., 4, 381 

(44) J. M. Pratt and R. G. Thorp, Advan. Inorg. Chem. Radio- 

(45) M. J .  Church and M. J. Mays, J. Chem. SOC. A ,  3074 (1968). 
(46) J. P. Yesinowski and T. L. Brown, Inorg. Chem., 10, 1097 

(47) J. A. J. Jarvis, B. T. Kilbourn, and P. G. Owston, Acta 

(48) C. F. Liu and J .  A. Ibers,Inorg. Chem., 9, 773 (1970). 
(49) Y. P. Jeanin and D. R. Russell, Inorg. Chem., 9, 778 (1970). 
(50) M. R. Snow, J. Amer. Chem. Soc., 92, 3610 (1970). 
(51) M. Dwyer and I .  E. Maxwell, Inorg. Chem., 9, 1459 (1970). 

(1962). 

chem., 12, 375 (1969). 

(1971). 

Crysfallogr., Sect. B, 21, 366 (1971). 



2534 Inorganic Chemistry, Vol. 13, No. 11, 1974 Warner, Ottersen, and Seff 

Table V. Coordination SDhere Trans-Pair Bond Lengths (A) 
[Ni(DTPP)Cl]+ INi(PMS)Cl]+ 

Trans to  
C1- pyridyl 

Ni-N(imine) 2.073 (15) 2.022 (14) 

Trans to  
c1- pyfidyl 

Ni-N(amine) 2.167 (14) 2.081 (15) 

Trans to Trans to  
imine sulfur amine sulfur 

Ni-N(pyridy1) 2.091 (14) 2.058 (15) 2.099 (17) 2.076 (12) 

general trans effect in octahedral complexes.44253 We pro- 
pose that the lengthening of the Ni-N bond that is trans to 
the chloride ion in both of these complexes (see Table V) 
represents a structural trans effect. This lengthening is con- 
sistent with chloride destablization of a trans group via the 
o-inductive mechanism43344354 that has been proposed to ac- 
count for the trans ground-state effects observed nonkinet- 
ically, as well as for some of the kinetically observed effects. 

Tables IV and V), it is seen that the one trans (Ni(1)-N(13)) 
to the imine nitrogen (N(10)) is longer (2.091 (14) A) than 
the one trans (Ni(1)-N(11)) to the sulfur S(8) (2.058 (15) A). 
The small difference in these bond lengths (A/o = 2.2) pre- 
cludes further discussion of this effect. However, it is in- 
teresting that again a nearly identical effect has been ob- 
served in the very similar complexg [Ni(PMS)Cl]+ (see Table 
V), even though the "wrap" of the ligand is different. 

The CSSC torsion angle of 5 5.4 (1 0)" is appreciably less 
than 90' where lone pair-lone pair repulsions between the 
sulfur atoms would be minimized and favorable drr overlap 
would be maximized. Actually, this distortion would be 
facilitated by the removal or polarization of the lone-pair 
electrons by complexation, allowing the dihedral angle to 
deviate from 90" with a diminished increase in the potential 
energy of the SS b o r ~ d . ~ ~ - ~ '  Nevertheless, this small angle, 

(52) S. A. Wunderlich and D. P. Mellor, Acta Cvystallogr., 1, 130 
(1964); 8, 57 (1965). 

(53) R .  C. Elder and M. Trkula, J. Amer. Chem. Soc., 96, 2635 

(54) M. L. Tobe, "Inorganic Reaction Mechanisms," Nelson, Lon- 

(55) D. B. Boyd, Theor. Chim. Acta, 30, 137 (1973). 
(56) D. B. Boyd, J. Amer. Chem. Soc., 94, 8799 (1972). 

Considering the nickel-pyridyl nitrogen distances (see 

(1974). 

don, 1972, p 57. 

apparently required of the ligand upon coordination, would 
be expected to lead to a 0.04-8 increase, or somewhat less 
on the basis of the argument just presented, in the length of 
the SS bond." The structure of 2,2'-diaminodiphenyl di- 

as compared to the structures of diphenyl disul- 
fides9 and dibenzyl disulfide,6' indicates that electronic 
factors are operative61 which cause the CS bond to decrease 
to 1.76 8 and the SS bond to increase to 2.06 A; the same 
situation appears to occur here in [Wi(DTPP>Cl]'where ( 2 -  
pyridylmethy1)imino groups (-N= C-C5H4N) replace the 
amines. Combining the above considerations satisfactorily 
accounts for the geometry of the CSSC group. 

to be unaffected by  coordination to Ni(II), except for the 
sterically induced alteration of the dihedral angle and the 
resulting effect on the bond lengths. In contrast, metal dn 
to sulfur drr back-bonding appears to affect the geometry o f  
the disulfide moiety in several coppeu(1)-aliphatic disulfide 
complexes. lo, 
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