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Bis(trimethylphenylammonium) bis(1,1-dicarboethoxy-2,2-ethylenedithiolato)nickelate(II), ((CH3)3(CsHs)N)2Ni(S;z-
C=C(COOC;,H5)2)2 (A), crystallizes in the triclinic space group Pl with one molecule per unit cell. The cell dimensions
area =9.032 (3) A, b =8.716 (4) A, c=15.532(6) A, « = 82.04 (2)°, 8 = 114.73 (2)°, and v = 114.48 (2) A. Potassium
bis(1,1-dicarboethoxy-2,2-ethylenedithiolato)cuprate(III) etherate, KCu(S,C=C(COOC,Hs)2)2:O(C2H35); (B), crystallizes
in the monoclini¢ space group C2/c with four molecules per unit cell. The cell dimensions are @ = 13.781 (3) A, b = 17.527
(3) A, c = 12903 (2) A, and B8 = 107.21 (1)°. Intensity data for both A and B were coliected with a four-circle
computer-conitrolled diffractometer using the #-26 scan technique. All 25 nonhydrogen atoms in A were refined anisotropically
and the 24 hydrogen atoms were included as fixed atoms. In B one of the ligand ethyl groups and the unique ether ethyl
group were constrained to refine as groups of fixed geometry. Of the remaining nonhydrogen atoms only the copper, sulfurs,
and the carbonyl oxygen atoms were refined anisotropically. Refinement by full-matrix least squares on 451 data for A
and 1571 data for B gave final R values of 0.038 for A and 0.060 for B. The geometry of the MS4 moiety in both structures
is square. Average values of selected bond distances and bond angles are as follows: for A, Ni-S = 2.195 (2) A,
S-S(intraligand) = 2,789 (2) A, S-S(interligand) = 3.389 (2) A, S-Ni-S(intraligand) = 78.90 (6)°, S-Ni-S(interligand)
= 101.10 (6)°; for B, Cu-S = 2.195 (5) A, S-S(intraligand) = 2.766 (6) A, S—S(interligand) = 3.407 (8) A, S~Cu~
S(intraligand) = 78.14 (24)°, S—Cu~S(interligand) = 101.87 (23)°. A plot of normalized differences between corresponding
structural parameters of the ligands in the two structures vs. the expected values of a normal distribution of random errors
indicates systematic differences in the ligand structural parameters and a higher localization of charge on the sulfurs in
B. These data and the identical M-S bond lengths in both structures suggest that in B the oxidation is centered in the
Cu-S chromophore.
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Introduction

One of the most interesting characteristics of coordination
compounds with sulfur-containing ligands is the diversity of
their redox properties. Detailed studies by various
investigators! have indicated that the reversible oxidations
observed with a variety of 1,2-dithiolate complexes? involve
molecular orbitals whose metal and ligand characters vary with

the type of ligand. With certain 1,1-dithiolates? irreversible
oxidations give rise to sulfur-rich species* in which sulfur
insertion results in an expansion of the metal-ligand four-
miembered ring.’

Recent electrochemical studies have shown that the di-
thiocarbamate complexes undergo reversible oxidation state
changes.6 Synthetic and x-ray studies indicate that the
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~ 3 3 . Table I. Crystal Intensity Measurement and Structure
S AN N=C N 0=NR Determination Data for the M(S,CC(COOC, H;),),”™ Complexes
RyN-CT M C-NR, «~— RN=C_ _M_ | 2
~g 1S ) S KCu(§,C,0,H,,),* ((CH,;),(C,H,)N),Ni-
- (A) (8) O(C,Hy), (8,C40,H,,),
Mol wt 645.0 799.1
I a, A 13.781 (3) 9.032 (3)
b, A 17.527 (3) 8.716 (4)
_ c, A 12.903 (2) 15.532 (6)
v /T\ Mﬂ"}'s\c NP e et 10721 () 1473 ()
R, N=C - — - C-NR 8, deg : -
2NN g 2 NG g R v, deg 90.00 114.48 (2)
() d(obsd), 1.70 (5)¢ 1.26 (4)b
(¢ gem?
Figure 1. Valence tautomers in oxidized metal dithiocarbamate d(calccl); 1.44 1.32
complexes. gcm
zZ 4 1_
Space group C2/cC P
AMo Ka), A 0.7107 0.7107
/\C I \ W /\ - /\ 4 Ne= i, o 12.10 7.28
\/ v\ / \ / \ f \ / \ / Crystal 0.10X 0.10x 0.22 0.20X 0.22 X 0.34
dimensions, mm
Reflections 1311 2059
measd
a [} £ Takeoff angle, deg 3.5 3.5
26 range, deg 0<26<30 0<26<40
[ Unique reflections 608 1897
Final R, ¢ 0.060 0.038
3 5—s Final R, 0.068 0.053
=0’ 1 \Cu'{ \C= . —o” e Nem Reflectionsused 451 1571
Nt N7 Nor g7 in refinement®
= S SDOUW" 2.12 1.85
d € @ Measured by flotation in CCl, /benzene mixture. It is proba-
. ble that the bulk density of the sample is greater than that of the
Figure 2, Possible resonance forms of Culll(DED),", crystallographic grade crystals due to loss or replacement of the
ether of crystallization. ? Measured pycnometrically. € System-
tris(dithiocarbamato) complexes M(Radtc)st, M = Fe, Mn, atic absences: hkl, h + k # 2n; k0], [+ 2n. The choice of the
and Ni, can be described, at least formally, as Fe(IV),7»8 tc]intrtlc s;t)ace grot}ﬁ wa;conﬁr;neild by the successful refinement of
. . . e e structure. he choice of the centric space group was
Mn(IV),9 aIr}(Ii N1(IV)“_’+-complcxes, reSpeCtIVCIX' Slmllalrlly the confirmed following the successful refinement of the structure.
planar Cu (detc)Z. complex has been isolated!! and €R, =TIAFITIF,l. TR, = [Ew(AF)*/EwlF,1*]''2. € Criterion
structurally characterized.!? for acceptance F* > 30(F1) h Standard deviation of an obser-
The ability of the dithiocarbamate ligands to stabilize metal vation of unit weight (“‘goodness of fit”); (SW(AIF)?/(ny — np))?
ions in high formal oxidation states has been rationalized in
terms of (a) a delocalization of charge on the ligand!3 (Figure tautomers considered in this model are analogous to forms b
1B) and (b) S-S interligand interactions!® (Figure 1D). and d of Figure 2.
Recently we reported! on the synthesis and structural In this paper we report in detail the structural character-
characterization of a new class of oxidized 1,1-dithiolate ization of the isoelectronic M(DED)2" complexes (M = Cu,
complexes of copper and iron with the 1,1-dicarboethoxy- n=1; M = Ni, n = 2) and our findings concerning the nature

2,2-ethylenedithiolate ligand (DED?2"). By contrast to the of the M-S bond in these complexes.
previously studied4 oxidized 1,1-dithiolate complexes, no sulfur

addition was detected on the coordinated (DED?") ligand Experimental Section

which instead maintained its structural integrity following X-Ray Diffraction Measurements. Collection and Reduction of Data.
oxidation. The existence of unusually high oxidation states Specific details concerning crystal characteristics and x-ray diffraction
of the DED complexes must be explained, then, as a conse- methodology are shown in Table I.

quence of any of the following reasons: (a) S-S interactions, Intensity data for both compounds were obtained on a Picker-
(b) oxidation of the metal ion, and (c) covalency in the M-S Nuclear four-circle diffractometer equipped with a scintillation counter
bond (Figure 2). and pulse height analyzer and automated by a DEC PDP 8-1 computer

and disk with FACS-I DOS software. Graphite monochromatized
Mo Ka radiation (26, = 12.50°) was used for data collection and
cell dimension measurements (Ké; A 0.7107 A). Intensity data were
collected using a 6-26 scan technique with a scan rate of 1°/min in

Qur structural studies on the DED complexes were
initiated!4 in an attempt to explore in detail the nature of M-S
interactions in these complexes. An additional impetus for

these'studles was provided by the fact that_a better u_nder- 26. The scan width was centered on the predicted position of the Mo
standing of the M-S bond is needed for the interpretation of Ka) peak and expanded at the high-26 end to allow for aj—a;
the redox activity of certain copper- and iron-containing separation at higher angles. Stationary-crystal, stationary-counter
enzymes. For example, the nature of the “EPR-inactive background measurements were made for 10 s at each end of the scan
Cu?*”, a proposed electron-accepting site in various multi- range. Three reflections well separated in reciprocal space were
copper blue oxidases!S and cytochrome ¢ oxidase,'6 has been measured after every 100 data measurements to monitor crystal and

instrumental stability.

The raw data were reduced to net intensities,!® estimated standard
deviations were calculated on the basis of counting statistics, Lor-
entz—polarization corrections and decay corrections (where applicable)

the subject of considerable discussion. A suggested modell?
that appears to be in accord with various experimental ob-
servation is a copper—mercaptide redox center. In this model

'the state of copper is indetermir}ablc, in that the COPpeI:_SUIfur were applied, and equivalent reflections were averaged.!® The es-
Interaction can be regarded either as a copper(I)—dlsulﬁde timated standard deviation of the structure factor was taken as the
coordination or as a Cu?* covalently bound to a mercaptide larger of that derived from counting statistics and that derived from

function (i.e., a Cu?*-stabilized “sulfur radical”). The valence scatter of multiple measurements.
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Table II
a. Positional and Thermal Parameters of Atoms in KCu(DED),-OEt,

Atom x y z B’ B, By, B,, By, By,
Cu 0.25 0.25 0.00 8.9 (2) 6.1 (3) 7.3(2) —-0.7 (2) 2.8(2) 04 (2)
K 0.00 0.3882 4) 0.25 9.2 (4) 6.7 (5) 8.1 (4) 0.0 42 (3) 0.0
S 0.1763 (4) 0.3306 (3) © 0.0835 4) 10.1 (4) 7.1 4) 8.3(3) -1.2(3) 4.3(3) 0.7 (3)
S(2) 0.2925 (4) 0.3602 (3) —0.0537 (4) 9.9 (3) 6.5 (4) 8.9 (3) ~0.8 (3) 4.7 (3) 0.6 3)
o) 0.0825 (10)  0.4675 (9) 0.1271 (10) 11.0 (9) 94 (11) 11.1 9) -1.6(8) 7.2 (8) 1.4 (D)
0(Q3) 0.1781 (11)  0.5818 (9) -0.1076 (11) 10.2.(10) 9.7 (11) 9.4 (9) 2310) 3.9 (8) 2338

Atom x y z B, A Atom x y z B, A?
0(2) 0.1364 (8) 0.5843 (9) 0.0931 (8) 823 C@O)» 0.3823 0.5876  —0.1034 10.5 (12)
0®4) 0.3281 (11)  0.5274 (10) —0.0456 (11) 1094y C(8)¢° 0.3917 0.5310 -0.1913 11.1 (12)
o(s) 0.00 0.2293 (15) 0.25 119¢) = C'(7)° 0.3355 0.5619  —0.1653 7.8 (14)
c) 0.1320 (15)  0.5063 (15) 0.0881 (15) 7.1(6) C'(8)¢ 0.4520 0.5549  -0.1250 10.7 17)
CQ2) 0.1983 (14)  0.4804 (13) 0.0202 (14) 68() CO)*° —0.0996 0.1811 0.2032 11.0 (12)
C(3) 0.2285 (19) 0.5365 (17) -0.0527 (18) 8.0 (7)) cC@oye -0.1550  0.2173 0.0928 14.3 (19)
Cc4) 0.2186 (12)  0.4068 (13) 0.0178 (11) 61(5) C'(9° —0.0688 0.1789 0.1450 104 (17)
C(5) 0.0697 (14)  0.6155 (13) 0.1567 (14) 86(5) C'(10)¢ -0.1642 0.2249 0.1446 13.2 (25)
C(6) 0.0827(17)  0.7011 (16) 0.1478 (17) 118 (D)

b. Positional and Orientational® Parameters of Groups in KCu(DED),-OEt,
%
Group x y z ¢ 2} 08 Atoms occupancy
ETH(2) 0.3870 (18) 0.5593 (21) —0.1473 (24) 25.1 (40) 44.7 (25) 0.0 C(7), C(8) 60
ETH(2) 0.3938 (30) 0.5584 (27) —0.1452 (33) 85.2 (38) —18.8 (39) 0.0 C(7), C(8) 40
ETH(3) -0.1273 (23) 0.1992 (22) 0.1480 (29) -151.7 (54) 62.1 (35) 0.0 C(9),C10) 60
ETH(3) —-0.1165 (36) . 0.2019 (33) 0.1448 (38) 58.4 (35) -0.2 (51) 0.0 C(9),C10) 40

@ Atomic positions generated from groub coordinates. 2 In this table and Table III, the form of the temperatlire factor is T =exp[—0.25-
(B, h%a*? + B,,k*b*? + B, 1%c*? + 2B, hka*b* + 2B, hla*c* + 2B,;klb*c*)] for anisotropic and T = exp[—~B(sin? §)/x?] for isotropic

thermal parameters. € Orientational parameters are given in degrees.

group. See text for definition of groups.

The least-squares program used minimizes Y w(A|F])2. The
weighting function used throughout the refinement of both structures
gives zero weight to those reflections with F2 < 3¢(F2) and w =
1/a%(F) to all others, The ignorance factor p in the expression for
o2(F?) was 0.04 in both cases.!®

The scattering factors of the neutral nonhydrogen atoms were taken
from the tables of Doyle and Turner!® and real and imaginary
dispersion corrections20 were applied to all of them. The spherical
hydrogen scattering factor tables of Stewart, Davidson, and Simpson?!
were used in the refinement of the Ni structure.

KCu(DED)»*0(C2Hj5)2.22 Crystals suitable for x-ray diffraction
work were obtained by crystallization from pyridine/ether mixtures.
These were stable indefinitely at low temperatures (ca. —10 °C) but
decomposed very slowly in air at room temperature.

A fresh crystal was mounted on a glass fiber in air and used for
cell dimension measurements and data collection. The cell dimensions
(Table I) were obtained by least-squares refinement on the 26 values
of 18 carefully centered reflections with 28 between 24 and 28°.

A total of 1311 data were collected in the hemisphere of reciprocal
space xh,+k,x/, with a basic scan width of 1.4° in 26. At 26 > 30°
very few intensities were “observed” and data collection was halted.?3
Several reflections which had peak intensities greater than 10000
counts/s were remeasured at the end of data collection with a zir-
conium attenuator placed in the diffracted beam and scaled by the
known attenuation factor. The standard reflections showed an isotropic
decline during the data collection period to 86% of their initial values
and the data were corrected for this decay during processing.

Two reflections which had attenuated peak heights greater than
10000 counts/s ((202), (110)) were eliminated from the final data
set.
(Me3PhN),;Ni(DED),.22 Crystals suitable for x-ray diffraction
work were obtained on cooling a hot solution of the compound in
nitromethane. A fragment of one of the needlelike crystals was
mounted on a glass fiber in air and used for data collection and cell
dimension determination.

The cell dimensions (Table I) were obtained by least-squares
refinement on the setting angles of 12 carefully centered reflections
with 28 values between 25 and 30°.

A total of 2059 intensities were measured in the hemisphere of
reciprocal space +h,£k,%/ out to a 26 angle of 40° ((sin §)/\ < 0.481),
using a base width for the scan of 1.0° in 26. Zirconium attenuators

p must be fixed at an arbitrary value to allow refinement of the ethyl

were automatically inserted in the diffracted beam when the count
rate exceeded 10000 counts/s and the reflection and background
counts were remeasured with the attenuators in place. The standard

~ reflections showed no systematic variation over the data collection

period.

Determination of the Structures
A. KCu(DED)>O(C;Hs),. A three-dimensional Patterson synthesis

~was solved in the centric space group C2/c to yield the positions of

the potassium, the copper, and the two sulfur atoms. The other
nonhydrogen atoms were located on subsequent Fourier syntheses
following least-squares refinements. These also revealed the ether
molecule coordinated to the potassium. The refinement of all atoms
with isotropic temperature factors gave a conventional R value of 0.11
but large thermal parameters and unreasonable distances for C(7)
and C(8) in one of the ethyl groups of the DED ligand (ETH(2))
and C(9) and C(10) in the unique ethyl group of the ether molecule
(ETH(3)). These two ethyl groups were then constrained to refine
with a fixed C-C distance?* of 1.54 A and the copper, potassium,
sulfur, and carbonyl oxygen atoms refined with anisotropic thermal
parameters to an R; of 0.07. A difference Fourier showed broad peaks
around the two constrained ethyl groups which suggested disorder.
Several trial disorder schemes were refined with constraint on the ethyl
C-C distance. A minimum R value was obtained for both ETH(2)
and ETH(3) disordered with an occupation ratio of 60:40 for the two
possible positions. The final R value was 0.060; the weighted R (Table
I) was 0.068. During the last cycle of refinement all parameter shifts
were less than 20% of their esd. No attempt was made to locate the
hydrogen atoms, and the final difference Fourier map showed
maximum deviations of +0.7 and —0.5 e/A3. The final parameters
of the structure with their estimated standard deviations as calculated
from the inverse least-squuares matrix are given in Table II.

B. (Me3PhN);Ni(DED),. A three-dimensional Patterson synthesis
yielded the positions of the nickel atom, at the origin, and of 17 other
nonhydrogen atoms.. Three cycles of least-squares refinement of the
positions and isotropic thermal parameters of these atoms gave an
R value of 0.32 and the subsequent Fourier synthesis revealed the
remaining nonhydrogen atoms of the structure.

Refinement of all nonhydrogen atoms with anisotropic thermal
parameters converged to an R; of 0.051. A difference Fourier showed
peaks near the predicted positions for the hydrogen atoms, but many



1856 Inorganic Chemistry, Vol. 15, No. 8, 1976

Coucouvanis, Hollander, and Caffery

Table III. Positional and Thermal Parameters of Atoms in (Me,PhN),Ni(DED),
Atom X ¥y z B, B,, B, B, B, B,
Ni 0 0 0 3.534) 341 4) 3924 1.45 (3) 1.57 (3) -0.12(3)
S(1) 0.1134 (2) ~0.1462 (1) 0.116 07 (8) 498 (1) 431 (N 4.54 (6) 2.61 (6) 1.92 (%) 0.05 (5)
S(2) -0.0547 (2) 0.0616 (2) 0.112 86 (8) 4.67(7) 4.74 () 4.34 (6) 2.66 (5) 191 (5 0.14 (5)
o) 0.2667 (5) —0.2427 (5) 0.3221(2) 9.5(3) 8.1 (2) 5.6(2) 6.6 (2) 1.9 (2) -0.3 (2)
0(2) 0.2343 (5) —0.1426 (5) 04352 (2) 8.2 (2) 7.3Q2) 4.2 (2) 5.0Q2) 2.002) 0.8 (1)
0(3) —0.0891 (6) ~0.0046 (5) 0.3235(3) 55Q2) 9.0 (3) 7.5(12) 3.0(2) 2.8 (2) -1.3(2)
0@4) 0.1903 (5) 0.1800 (5) 0.3703 (3) 6.2 (2) 6.3(2) 8.6 (2) 2.5(2) 1.7 (2) -3.4(2)
C() 0.2115 (7) -0.1569 (7) 0.344 7 (4) 51(3) 5.4 (3) 4.0 (3) 2503) 1.0 (2) —-0.3 (2)
C@2) 0.1115 (6) -0.0612 (5) 0.2835(3) 352 3.6 2) 4.0 (3) 1.5(2) 1.2(2) -0.6 (2)
Cc3) 0.0565 (8) 0.0358 (7) 0.3271 (3) 4.2 (3) 5.4 (3) 3.7 @) 2.203) 0.7 (2) -0.3(2)
Cc4) 0.0650 (5) -0.0539 (5) 0.1877 (3) 3.12) 2.8 (2) 4.5 (3) 0.7 (2) 1.7 (2) -0.3 (2)
() 0.3378 (10) —-0.2274 (9) 0.5051(5) 123 (5) 9.5 (5) 56@) 7.54) 2.0 (3) 1.9 (3)
C(6) 0.3469 (12) ~0.1993(12) 0.5961(5) 13.2 (6) 17.3(8) 594 9.6 (6) 3.7 4) 35 @)
c(h 0.1539 (11) 0.2844 (11) 0.4187 (6) 12.1 (&) 12.2 (6) 9.9 (5) 6.9 (5) 1.3 @) -59 @)
C(8) 0.2432 (14) 0.2818 (11) 0.5174 (6) 19.8 (8) 12.2 (6) 8.0 (5 10.3 (6) 79 (%) 2.0 (4)
N 0.4206 (5) 0.5766 (4) 0.1518 (3) 3.5@) 3.4 (2) 6.1 (2) 1.2(2) 1.5Q2) -0.7 2)
c® 0.5312 (6) 0.4814 (6) 0.160 7 (3) 393) 3.1 Q) 5.1(2) 1.3(2) 192) -0.1(2)
C(0) 0.4498 (1) 0.3138 (7) 0.136 9 4) 4.3(3) 4.4 (3) 9.7 4 1.6 (2) 29@3) —0.6 (3)
c(11) 0.5485 (%) 0.2238 () 0.1452 (5) 6.9 4) 4.5 (3) 114 (4) 2503) 4.1(3) -0.4 (3)
C(12) 0.7304 (9) 0.3021 (9 0.1806 4) 7.3 @ 6.8(4) 7.1(3) 4.8 (3) 4.0 (3) 1.9 (3)
C(13) 0.8097 (M) 0.4695 (8) 0.204 2 (4) 4.3(3) 6.6 (4) 7.8 (3) 2.6 (3) 2.5(2) 0.7 (3)
C(14) 0.7114 (1) 0.5607 (6) 0.1948 4) 3803 4.6 (3) 7.7 (3) 1.7 (2) 2.0 (2) 0.1(2)
C(15) 0.2701 (11) 0.5408 (11) 0.056 7 (5) 10.6 (5) 13.6 (6) 7.9 4) 9.0 (5 -1.2@) -1.7(4)
C(16) 0.3346 (11) 0.5096 (10) 0.221 5 (6) 125 (5 12.0 (5) 11.8 (5) 7.3 (5) 7.8 (5) 1.0 4)
can 0.5196 (9) 0.7551 (8) 0.171 7 (10) 524) 454 35.4 (14) 19(3) 5.0 (%) ~-3.8 (6)
Atom x y oz B,A? Atom x y z B, A?
HQ) 0.0299 0.2416 0.4027 15.000 H(13) 0.79917 0.240 0.1877 10.000
H(2) 0.1933 0.3972 0.3992 15.000 H(14) 0.9354 0.5239 0.2278 10.000
H(®3) 0.2189 0.3498 0.5482 15.000 H(15) 0.7678 0.6779 0.2117 10.000
H#4) 0.3673 0.3247 0.5336 15.000 H(16) 0.2014 0.6021 0.0522 20.000
H(S) 0.2039 0.1691 0.537 15.000 H(17) 0.1976 0.4235 0.0486 20.000
H(6) 0.454 -0.1834 0.5063 15.000 H(18) 0.3153 0.5742 0.0087 20.000
H() 0.2825 —0.345 0.4894 15.000 H(19) 0.2638 0.5686 0.2169 20.000
H(8) 0.4144 -0.2543 0.6426 15.000 H(20) 0.4238 0.5252 0.284 20.000
HQO) 0.2305 -0.2432 0.5946 15.000 H(21) 0.2620 0.3928 0.2076 20.000
H(10) 0.4020 -0.0816 0.6115 15.000 H(22) 0.4414 0.8072 0.1646 20.000
H(11) 0.3242 0.2595 0.1136 10.000 H(23) 0.5756 0.8013 0.1286 20.000
H(12) 0.4916 0.1069 0.1277 10.000 H(24) 0.607 0.775 0.2348 20.000

Figure 3. Molecular structure and labeling in (Me, PhN), Ni-
(DED),. Thermal ellipsoids as drawn by ORTEP*® represent the
50% probability surfaces. Primed atoms are related to unprimed
atoms through the center of symmetry at the nickel atom. Hy-
drogen atoms have been omitted for clarity.

were poorly resolved and the anisotropy of the motion of the carbon
atoms of the ethyl groups of the ligand and the methyl groups of the
cation suggested that refinement would not be feasible. Therefore,
the idealized positions of the hydrogen atoms were calculated, using
a carbon-hydrogen distance of 0.95 A26 and tetrahedral or planar
geometry .as required. The hydrogen atoms were included in cal-
culation of the structure factors but not refined. The positions of the
hydrogens were recalculated after each cycle of least squares, and
their thermal parameters were held fixed at 15.0 A2 for the ethyl,
10.0 A2 for the phenyl, and 20.0 A2 for the methyl hydrogens.
Refinement converged to R; = 0.038, R = 0.053. All parameter
shifts in the last cycle were less than 5% of their estimated standard
deviations. In the final difference Fourier map the highest peaks (~0.4

OKIII
Figure 4, Molecular structure and labeling for KCu(DED),-OFEt,.
The thermal ellipsoids as drawn by ORTEP*? represent the 20%

probability surfaces. Only the 60% occupied component of the
disordered ethyl groups has been drawn.

e/A3) were found in the region of the N(CH3)3 group, where the
anisotropic thermal model gives the poorest fit. The final parameters
and their esd’s are given in Table III.

Listings of the observed structure factors, their esd’s, and the
differences (|[Fo| = |Fq|) for both structures are available. (See
paragraph at the end of the paper regarding supplementary material.)

Results and Discussion

In both structures (Figures 3 and 4), the central metal atom
lies on 4 crystallographic center of symmetry which requires
the MS; unit to be strictly planar. This plane forms a small
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Table IV. Bond Distances (&) and Angles (deg) in (PhMe,N),Ni(DED), and KCu(DED),-O(C,H;),

(a) Complex Anion

Distance

M =Ni M=Cu Angle M =Ni M=Cu
M-S, 2.196 (1) 2.199 (5) S,-M-S, 78.90 (6) 78.14 (24)
M-S, 2,193 Q) 2.190 (5) S,-M-§,’ 101.10 (6) 101.87 (23)
S,---S, 2.789 (2) 2.766 (6) M-§,-C, 872 (2) 89.2 (6)
(bite)
S, -8, 3.389(2) 3.407 (8) M-§,-C, 87.1 (2) 89.6 (7)
C,-S, 1.738 (5) 1.77 (1) S,-C,-S, 106.2 (2) 102.9(7)
C,-S, 1.749 (4) 1.76 2) 5,-C,C, 129.2 (2) 128.6 (10)
c,C, 1.367 (6) 1.32 (2) S,-C,-C, 124.6 (2) 128.5 (10)
C,C, 1.450 (7) 1.51 (2) C,-C,-C, 124.5 (5) 118.3 (22)
C,C, 1.486 (7) 1.50 (3) C,-C,-C, 117.7 4 121.6 (19)
C,-0, 1.208 (6) 1.18 (2) C,-C,-C, 1184 (4) 119.6 (22)
C,~0, 1.348 (6) 1.37 2) C,-C,-0, 127.6 4) 127.0 (19)
C,-0, 1.190 (6) 1.15 2) C,-C,-0, 110.5 (4) 107.5 (16)
C,-0, 1.337 (6) 1.36 (2) 0,-C,-0, 121.9 4) 125.5 (16)
0,-C; 1.449 (6) 1.50 (2) C,-C;-0, 125.5 (4) 127.5 21)
C,-C, 1.430 (10) 1.52 (3) C,-C,-0, 112.0 (4) 110.0 (18)
0,-C, 1.465 (7) 1.60, 1.692 0,-C;-0, 122.5 (4) 122.4 (19)
C,-C, 1.404 (10) 1.540 C,-0,-C; 116.6 (5) 111.2 22)
S,---0, 3.062 4) 2.860 (15) 0,-C;-C, 108.7 (4) 102.3 (14)
C,;-0,-C, 117.2 (6) 119.6,103.3¢
0,-C,-C, 110.1 (5) 94.1,90.1¢
(b) Complex Cation
Distance Distance Angle Angle
N-C, 1.498 (6) K-0, 2.610 (15) Cy-N-C,; - 110.5 (4) C,-Ci3Cys 121.1 (6)
N-C,, 1491 (1) K-0, 2.647 (16) C,-N-Cy 108.3 (4) C,;-C,,C, 119.2 (5)
N-C,, 1.507 (8) K-0, 2.784 (26) C,-N-C,, 114.1 (4) 0,-K-0, 122.2 (5)
N-C,, 1.437 (7) O, -0, 4,723 (28) C,s-N-C,, 105.1 (6) 0,-K-0, 101.4 (6)
Cy-Cyo 1.357 (7)) O, -0, 4.205 (25) C,s-N-C,, 111.0 (7) 0,-K-0, 80.54)
C,0-C,: 1.372 (7) 0,-+:0, 3.397 (18) C,s-N-C,, 107.4 (7) 0,-K-0,’ 87.3 (5)
1=Ci12 1.374 (8) 0,---0, 3.630 (19) -C,-Ci0 119.1 (4) 0,-K-0,’ 115.6 (4)
12=Ci3 1.356 (8) 0,0, 4417 (24) N-C,-C,, 120.5 (4) 0,-K-0,’ 157.1 (10)
13=C1a 1373 (D) 0,-C, 1.57, 1.66% C,0=C,-C,, 1204 (5) K-0,-C, 122.5,122.1¢
14=Co 1.362 (6) Cy-Cyo 1.54b Cy,-C,Cy, 120.1 4) C,-0,-C,’ 115.0,115.7¢
1-Cia 120.0 (5) 0,-C,-C,, 105.8,90.3¢
12=Cis 119.1 (6)

@ Distances and angles involving disordered ethyl groups refined as rigid bodies.  The first and second entries refer to the groups having re-
spectively 60% and 40% occupancy. Standard deviations are not available for these parameters. ? Fixed by rigid-body refinement.

Table V. Deviations (A) from Least-Squares Planes in Ni(DED),?” and Cu(DED),”

Plane 1 Plane 2 Plane 3
Ni(DED), *~
C(1) 0.010 (6) S(2) 0.000 (1) C(l) -0.009 (6) C(2) 0.002(5)
C(2) 0.003 (5) o) 0.034(5) C(2) 0.002(5) C(3) -0.009 (5)
C(3) —0.024 (6) 02)® 0.020 @) O(1) 0.002 (5) 0(3) 0.002 @4)
C4) 0.015(5) Ne -0.374 4) 0(2) 0.001 4) 0@4) 0.0024)
S(1) -0.001 (1) Ni¢  —0.266%
Dihedral angles: plane 1-plane 2, 0.7°; plane 1-plane 3, 77.7°;plane 1-NiS,, 9.0°
Cu(DED),"
C(1) ~-0.050 (20) S(2) 0.000 (1) C(l) -0.014 20) C(2) ~0.000 (20)
C(2) —0.037 (18) o) 0.156 (13) C(2) 0.003(18) C(3) 0.002 (25)
C(3) 0.131 (24) 0(2)¢ -0.295 (11) o) 0.002(13) 0(3) —0.000 (14)
C(4) -0.025(15) K¢ 0.100% 0(2) 0.001 (1D 0(4) -0.000 (15)
S(1) —0.001 (1) Cus 0.193%

Dihedral angles: plane 1-plane 2, 11.6°; plane 1-plane 3, 136.1°; plane 1-CuS,, 6.5°

@ Atom not included in calculation of the best plant. ® Due to symmetry restrictions no esd is available.

dihedral angle (9.0° for Ni, 6.5° for Cu) with the best plane
(Table V) through the S;C4 “backbone” of the DED ligand.
This “step” conformation has been observed in many sulfur
chelates which contain a planar MSy group.2’-2° The two
independent metal-sulfur distances in each of the two MS4
groups are not significantly different from each other. In
addition, the distances of the S-S intraligand (“bite”) and
interligand contacts (Table IV) are such that resonance forms
involving disulfide bonds (Figure 2d, e) are not important in
the description of the electronic structure of the copper

complex. The DED ligands in the two structures are re-
markably similar. In both structures one of the carboethoxy
groups per ligand has been twisted around the C—C single bond
so that it forms a large angle with the C4S; “backbone” of
the ligand. The other carboethoxy group is essentially coplanar
with the “backbone” (Table V). The observed twisting
confirms a prediction made earlier on the basis of infrared data
from various DED complexes.3¢

A comparison of the bond distances in the DED ligands
(Table IV) reveals a pattern of variation which would indicate
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Figure 5. Resonance forms of the DED?" ligand.
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Figure 6. Normal probability plot comparing intraligand distan-
ces in the Ni(DED),* and Cu(DED),” complexes. The least-
squares line with slope 1.64 and intercept —0.45 (see text) is indi-
cated.

that charge is more localized on the sulfur atoms in the Cu(III)
complex than it is in the Ni(II) complex (i.e., the resonance
form shown in Figure 5a is favored). However, the differences
involved are all less than 3 times their combined standard
deviation, (oni2 + ocu?)!/2, except for the difference in the
S-S bite distance, which is 3.6 times its pooled esd. Little
confidence could be placed, therefore, in conclusions based on
the differences of individual bond lengths.

However, if the normalized differences, (dni — dcu)/ (62(dni)
+ a2(dcy))!/2, are ordered and plotted against the expected?!
values of a normal distribution of random errors, the resulting
“normal probability plot” can act as an indicator of systematic
differences affecting the ligand as a whole.3%33 If there are
no systematic effects present and the esd’s have been assigned

Coucouvanis, Hollander, and Caffery

correctly, the plot should be linear with a slope of 1.0 and pass
through the origin.

A normal probability plot of the differences dn; — dcy for
34 intraligand distances involving bond lengths, bond angles,
and torsion angles32 was constructed. In this plot (Figure 6)
distances involved in the torsion angles around C(1)-C(2) and
C(2)—C(3) and all distances involving C(7) and C(8), which
are disordered in the Cu(III) complex, were excluded. The
plot is clearly nonlinear and intercepts the y axis well away
from the origin, indicating that there are indeed systematic
differences between the two ligands. The least-squares straight
line through all of the points has a slope of 1.9, indicating a
general underestimation of the esd’s of the distances which
is common in x-ray crystallographic studies.32

The extremes of the probability plot (labeled in Figure 6)
represent differences in the configuration of the ligand around
C(4) and C(2), in particular the angles S(2)-C(4)-C(2) and
C(4)-C(2)-C(1) (vide infra). However, the remaining dis-
tances also show systematic deviation from a normal dis-
tribution (a least-squares line through the remaining points
has a slope of 1.64 and an intercept of —0.45), and this de-
viation, taken as a whole, is significant. Analysis of the
particular distances involved indicates that the nature of the
systematic variation is precisely that expected, a reduction of
resonance form b with respect to form a (Figure 5) in the
copper complex. This change can be explained either by simple
Coulombic arguments if a high positive charge is localized on
the copper (i.e., Cu(IlIl)) or by contributions from resonances
forms of the type b and ¢, involving covalency of the Cu-S
bond (Figure 2). The Ni-S distances lie in the middle of the
range observed previously (2.13-2.24 A).27-2% The average
Cu-S distance can be compared to the 2.22 (2) A distance
observed in Cu((n-Bu),dtc) 131234 and the 2.19 (1) A distance
in CuBry((n-Bu)adtc)35 where the copper atom is chelated by
the 1,1-dithio acid moiety in oxidized planar complexes.

The potassium ion is five-coordinate, and the coordination
geometry can best be described as distorted trigonal bipy-
ramidal with the two O(1) carbonyl oxygens and the ether
oxygen defining the equatorial plane (Figure 7, Table IV).
Although § is a low coordination number for potassium, it can
be seen from Figure 7 that while S(1) is too far away (3.824
(5) A) to be considered a coordinating atom, it does occupy
a possible coordination site and blocks further coordination.
The low coordination number must be considered a conse-
quence of the efficient packing of the structure.

The strong interaction of the potassium ions also accounts
for the deviation in the angles around C(4) and C(2) men-
tioned above, overcoming the repulsion of the essentially
coplanar thiolate and carbonyl groups and reducing the
S(1)-0(1) distance from 3.06 A in the Ni(II) complex to 2.86
A in the Cu(III) complex.

Intramolecular contacts are normal between both the anions
themselves and the ether of solvation. There are only three
nonbonded contacts less than 3.5 A. They are between O(1)
and C(1) of neighboring layers (3.42 (2) A), between O(3)

Figure 7. Stereoscopic view of the packing in KCu(DED),-OEt, showing the linkage of the anions into a three-dimensional structure by the
potassium coordination. Only the 60% occupied component of the disordered ethyl groups is shown.



Metal Ions in High Formal Oxidation States

Inorganic Chemistry, Vol. 15, No. 8, 1976 1859

Figure 8. Stereoscopic view of the contents of one unit cell of (Me,PhN),Ni(DED), as drawn by ORTEP.** This view is from the same di-

rection and with the same thermal ellipsoids as Figure 3.

Figure 9. Stereoscopic view of the molecular structure of KCu(DED), OEt,, illustrating the disordered ethyl groups on the ligand and the
ether. Thermal ellipsoids are drawn at the 20% probability surface for the ordered atoms and for the 60% occupancy atoms. The atoms with

occupancy of 40% are represented by arbitrary small spheres.

and C(10) of the 40% occupied ether (3.42 (2) A), and be-
tween C(7) of the 60% occupied ETH(2) and C(9) of the 40%
occupied ether molecule (3.47 (2) A) (Figure 7).

The packing of the Ni(II) complex is shown in Figure 8.
The plane of the phenyl ring makes an angle of 86.6° with
the NiS4 plane. All contact distances between the cation and
the anion are normal, as are all bond distances within the
cation itself (Table IV).

The packing of the anions and cations for the Cu(IIl)
complex is shown in Figures 7 and 9 and illustrates the nature
of the disorder in the structure. The potassium ions lie on a
crystallographic twofold axis and link the complex anions into
infinite ribbons through coordination by carbonyl oxygen O(1),
approximately in the plane of the ligand (the potassium jon
lies only 0.1 A from the mean plane through the ligand
backbone). The potassium then links these ribbons together
into an infinite three-dimensional structure through coordi-
nation by the second carbonyl oxygen, O(3). The coordination
sphere of the potassium is completed by the oxygen of the ether
molecule, which occupies holes in the three-dimensional
cation—anion structure.

M-S Bonding. A description of the M—S bonding in highly
oxidized sulfur chelates presents a problem when the relative
importance of ionic vs. covalent character is to be considered.
An ionic bond can be envisioned if the oxidation is centered
on the metal ion (Figure 2a), while a covalent bond results
when a mercaptide free-radical electron is coupled with a metal
d electron (Figure 2c).

The identical Ni-S and Cu-S bond distances observed in
the structures reported herein (2.194 (5) A) can be rationalized
in terms of either the ionic or covalent models. In the structure
of the Cu(DED)»2~ complex, values of the ligand structural
parameters when taken individually do not seem to be sig-
nificantly different from those in the Ni(II) complex at the
3¢ level. However, the probability plot (Figure 6) shows that,
collectively, the ligand parameters in the copper complex are
systematically different from those in the nickel complex.

The observed differences are consistent with a greater
localization of charge on the sulfur atoms of the DED ligand
in the copper complex. This localization can be envisioned
as a consequence of Coulombic effects due to a Cu(III) ion.
This interpretation of the data must take into account the
following observations: (a) the expected reduction of the ionic
radius of copper is not reflected in a shorter Cu-S bond and
(b) the slightly greater contribution of form a (Figure 5) to
the structure of the ligand is not evident in the frequencies of
the C~O vibrations in the copper complex. The first of the
two observations can be rationalized if a concomitant increase
of the ionic radii of the sulfur donors offsets the effect of a
shorter Cu(IIl) radius. The similar C-O vibrations at 1712
and 1683 cm™! for the copper complex and 1713 and 1678
cm™! for the nickel complex?® can be explained if the C=0
vibration is strongly coupled with the C—C vibration.

The identical lengths of the Ni-S and Cu-S bonds also can
be interpreted in terms of significant covalency in the Cu-S
bond. Recently, similar Fe—S bond lengths in the low-spin
Fe(pyrr(dtc));* and Fe(Etadtc); complexes® (2.300 (2) and
2.306 (1) A, respectively) led investigators to the conclusion
that an increase of the oxidation state of iron had only a
minimal contribution to a shortening of the Fe~S bond.82

Arguments for covalency in the M—S bond of oxidized sulfur
chelates also can be advanced by a study of redox potentials.
Particularly in copper complexes, the nature of the ligands
seems to affect the ease of reduction of the oxidized copper
chelates. The reduction potentials of the copper(III) tetra-
peptide complexes®? (0.60 and 0.58 V, respectively, for the
tetraglycine and tetraalanine complexes of Cu(III)) are at the
high end of the observed range, and these molecules will
oxidize iodide ions. Somewhat lower values are observed38
with various “Cu(III)” sulfur chelates (0.47-0.19 V) and these
often are obtained by I, oxidation of the reduced complexes.
Finally the Cu(DED),~ complex reduces with great difficulty
(-0.50 V) and the Cu(DED)2*~ complex is oxidized readily
by air in water solution.36
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The degree of covalency in the Cu~-N bond of oxidized
nitrogen chelates probably is minimal; however, the lower
values and variations in the redox potentials of sulfur chelates
suggest that various degrees of covalency in the Cu~S bonds
are important. It is apparent that a convincing case cannot
be made for either an ionic or a covalent description of the
M-S bond in oxidized sulfur chelates. The oxidation of sulfur
chelates perhaps can be described better as a loss of electron(s)
from an orbital composed primarily of metal and sulfur atomic
functions. The relative contribution of sulfur atomic functions
to this molecular orbital will depend on the electronic char-
acteristics of the sulfur ligands under consideration.

A description which attributes oxidation of metal-sulfur
complexes to electron loss from the M-S bond may be ap-
plicable to certain biological systems. The coordination en-
vironment of an M-S chromophore then would be of im-
portance in determining the potential of electron transfer. In
galactose oxidase, M-S coordination is implicated?® and the
presence of Cu(I1I) has been proposed for the metal ion in the
active state of the enzyme.*0 The presence of the Culll-S
chromophore in the active form of galactose oxidase may be
one of several other thiometallyl groups in biological systems
capable of undergoing a two-electron-transfer reaction of the
type

+2e”
thiometallyl *=—= thiometallyl(?~2)*

-2e”
Although the axial ligands in horseradish peroxidase*! are not
known with certainty, the possibility exists that the FelV-S
chromophore is present in the two oxidized forms (compounds
I and II, respectively), for which Mossbauer data show the
presence of what formally has been described as Fe(IV).42
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