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ing. Intensity studies14 indicate that M-CN "back" n bond- 
ing is greater for Pt(CNj4'- than for the other two. A com- 
parison of intensities and force constants suggests that Pd-C 
has slightly greater a-bond strength than Ni-C while Pt-C 
has greater o-bond strength and greater n-bond strength than 
either of the other two species. 

A comparison with C O ( C N ) ~ ~ -  indicates that the M-C 
bond is weaker for the hexacyanide even though intensity 
~ t u d i e s ' ~  indicate that the Co-C bonding is stronger than 
that for Pt-C. The comparison suggests that the M-C u 
bond is inherently weaker for hexacyanides though its effect 
on  strengthening the CN bond is greater. Similar studies of 
other metal cyanide complexes should throw further light 
into these interesting bonding systems. 

55-3; Ni('3C1"N)42-, 52540-564; Pd("C14N),z~, 15004-87-2; Pd- 
Registry No. Ni('ZC14N)42-, 48042-08-6; Ni(''C' 5N)42- ,  52540- 

(I2C1 5N)42-, 52540-57-5; Pd('3C'4N)4 '-, 52540-5 8-6; Pt(l 2C14N)4 2-, 

15004-88-3; Pt( 'ZC15N)4 '-, 52540-59-7; Pt( '3C'4N)4 2-, 52540-60-0; 

I4N), , 5 2540-6 2-2 ; K, Pd(' * C' N) .H 0, 1 64 5 7 -3 4-4 ; K,Pd(l C1 N) 4 .  

HZO, 52540-63-3; KzPd('3C'4N)4*H20, 52540-64-4; K,Pt(12C14N)4. 
3H20, 14323-36-5; KzPt( '2C15N)4.3Hz0,  52540-65-5; K2Pt(13C- 
14N)4*3Hz0,  52540-66-6. 

K,Ni(lZC'4N)4, 14220-17-8; K,Ni(1ZC'SN)4, 52540-61-1; KZNi(I3C- 

(14)  M. N. Memering, L. H. Jones, and J. C. Bailar, Jr., Inorg. 
Chem., 12, 2 7 9 3  (1973) .  

the CN stretches. Discrepancies in isotope shifts for MC 
stretching modes have been observed previously though to 
a lesser extent. In this case the deviations are well outside 
experimental error and must arise from some perturbation 
we do not yet understand. The observed shifts in the solid 
state for the Pt compound are in much better agreement. 
This suggests that there may be some distortion caused by 
interaction with the solvent for the Pt and Pd species. Nev- 
ertheless, as mentioned above, the force field is well fixed 
by the CN stretches so that the results on  the stretching 
constants are definitely significant. The use of solid-state 
frequencies has little effect on  the calculated force constants. 

In Table VI we present the internal coordinate stretching 
force constants for comparison among the M(CN)42- com- 
plexes and with C O ( C N ) ~ ~ - .  It is apparent that both the 
CN and MC bond strengths are greater for Pt(CN4'- than 
for Ni(CNj4'-. This indicates greater u-bond strength for 
Pt-C than for Ni-C.13 Note also that F M ~ , C ~  and Ft,c,Mct 
are greater for the Pt complex, as can be expected for strong- 
er M-C bonding. The Pd complex falls in between with Pd- 
C more like Ni-C but FCN(Pd) more like FCN(Pt). The pic- 
ture is no doubt complicated by some differences in 71 bond- 

(13)  L. H. Jones, Inorg. Chem., 2 ,  7 7 7  (1963) .  
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{Bis [ 2-(2-pyridyl)ethyl] disulfide}copper(I) perchlorate, alternatively named [ 2,2'-(dithiodiethylene)dipyridine]copper(I) 
perchlorate, Cu(C,H4NCH2CH,SSCH,CHzC5H4N)C104, has been synthesized by disulfide ligand reaction with Cu(I1) and 
subsequent Cu(1) coordination with excess disulfide. Its crystal structure has been determined by single-crystal X-ray dif- 
fraction techniques. After large-blockdiagonal least-squares refinement using anisotropic thermal parameters for nonhy- 
drogen atoms and isotropic ones for hydrogens, the conventional R index converged at 0.043. The yellow crystals form in 
the monoclinic space groupP2, /c  with a = 10.408 (3) A, b = 8.249 (2) A,  c = 20.662 (7) A, p = 108.99 (3)', and Z = 4. 
Half (C,H,NCH,CH,S-) of two different ligands is coordinated to each Cu(1) ion. This results in two six-membered chelate 
rings and a somewhat distorted tetrahedral coordination environment of two sulfur and two nitrogen atoms about each Cu- 
(I). The remaining halves of each disulfide ligand associate with different Cu(1) ions, forming a cationic polymeric chain. 
The average Cu(1) bond distances to  the sulfur and nitrogen donor atoms are 2.322 (1) and 2.029 (1) A, respectively. The 
Raman shift of the S-S stretch is 484 cm-' , significantly less than the expected value for the uncoordinated disulfide ligand. 
This correlates qualitatively with the observed coordination of the disulfide moiety, the closing of the CSSC dihedral angle 
to 59.7 (l)', and the lengthening of the S-S bond to 2.081 (1) A. A uv band associated with the complexed disulfide ap- 
pears at 293 mp, as compared to 248 mp in the uncoordinated ligand. A similar band a t  approximately 330 mfi is observed 
in the oxidized form of ceruloplasmin, in which the complexation of Cu(1) by disulfide has been reported. 

Introduction 
In order to elucidate the role of transition metal ions in the 

structure and function of some metalloenzymes and metallo- 
proteins, attempts have been made to synthesize aliphatic 
disulfide complexes of transition metal ions and to determine 
their molecular structures. A detailed introduction can be 
found in the reports of the first two structures determined 
in this laboratory: those of a Ni(I1) complex,' chloro(bis- 
{2- [(2-pyridylmethyl)amino]ethyl] disulfide)nickel(II) per- 
chlorate, and of a Cu(1) complex: cyclo-di-p- {bis [2-(N,N- 

(1)  P. E. Riley and K. Seff,Inorg. Chem., 11,  2 9 9 3  (1972) .  
(2)  (a) T. Ottersen, L. G. Warner, and K. Seff, J. Chem. Soc., 

Chem. Commun., 8 7 6  (1973);  (b) L. G. Warner, T. Ottersen, and 
K. Seff, Inorg. Chem., 13,  1904 (1974) .  

dimethy1amino)ethyll disulfide'Jdicopper(1) tetrafluoroborate, 
[Cu(RSSR) 12 (BF4)z. 

It has recently been reported that the oxidized form of 
the two-electron copper oxidase ceruloplasmin, present in 
the 0-globulin fraction of mammalian blood serum, has Cu(1)- 
complexed RSSR at its two-copper site.3 Perhaps the readily 
prepared copper(1) organic disulfide small-molecule com- 
plexes can act as models for the corresponding active site in 
the large metalloprotein ceruloplasmin and in other copper 
oxidases as well. 

Unfortunately, [CU(RSSR)]~(BF~)~  is unstable, both in 

(3)  W. Byers, G. Curzon, K. Garbett, B. E. Speyer, S. N. Young, 
and R. J .  P. Williams, Biochim. Biophys. Acta,  310,  38  (1973) .  
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the atmosphere and in an X-ray beam, so that the diffraction 
data were less than optimal. Small and possibly important 
alterations in the geometry of the disulfide ligand were indi- 
cated upon complexation, but the high associated standard 
deviations made these results only marginally significant. By 
replacing the dimethylamino groups at each end of the sym- 
metric ligand with a-pyridyl groups, a complex was formed 
with CuC104 which was stable. In order to  verify that anoth- 
er disulfide complex had been prepared and to  establish (with 
greater precision) the small structural alteration in the disul- 
fide portion of the ligand upon complexation, the molecular 
structure was determined crystallographically. 

Preparation Section 

obtained from the G. Frederick Smith Chemical Co. and Chemicals 
Procurement Laboratories, Inc., respectively. All other chemicals 
were of reagent grade quality. The laser Kaman (excitation at 5145 
A), infrared, and ultraviolet spectra were obtained using Cary 82, 
Perkin-Elmer IR-10, and Cary 14 spectrometers, respectively. The 
elemental analyses were performed by Galbraith Laboratories. 

Preparation of Bis [2-(2-pyridyl)ethyl] Disulfide (Alternately 
Named 2,2'-(Dithiodiethylene)dipyridine), pyCW ,CH,S§CN,CB,py. 
This ligand was prepared following the method of Bauer and Gardella., 
Solid disulfide could not be isolated from this extract; therefore the 
solution was reduced to an oil using a rotary evaporator and dissolved 
in methanol. This methanol solution was used in the complexation 
reactions. 

Preparation of {Bis[2-(2-pyridyl)ethyl] disulfidejcopper(1) 
Perchlorate, [Cu(pyCH,CB,SSCH,CH,py)](ClB,). A 0.93-g (0.0025- 
mol) sample of cupric perchlorate, hydrated, was dissolved in 50 ml 
of methanol and filtered. The methanolic ligand solution (0.0075 
mol) was added to the Cu(I1) salt solution. Initially the solution 
was deep green, but  it gradually turned yellow as a small amount of 
tan precipitate formed. The tan precipitate was removed by filtration. 
Clusters of yellow, lathe-shaped crystals formed from the filtrate by 
slow evaporation over a period of 10 hr. These crystals were isolated 
by filtration, washed with methanol and ether, and vacuum-dried at 
room temperature. Anal. Calcd for CuC,,H,,N,S,ClO, : Cu, 
14.46; C, 38.27; H, 3.67; S, 14.59;C1,8.07. Found: Cu, 14.33; 
C, 38.29; H, 3.60; S, 14.53; C1, 8.24. 

[CuL],(ClO,),, from hot methanol led only to decomposition. Also, 
attempts to isolate this complex via direct combination of Cu(CH,- 
CN),C10, and the disulfide ligand were unsuccessful. 

with Cu(I1) to produce Cu(I) and disulfides 

2Cu2" + 2RS- 2 2Cut + RSSR 
The direction in which this equilibrium lies i s  dependent upon the 
valence specificity' of the coordination environment available to 
copper. With regard to  the formation of the Cu(I) complex discussed 
herein, the mercaptide apparently was produced via a base' and/or 
metal induced cleavage of the disulfide bond. In the presence 
of excess disulfide, the copper(1) disulfide complex forms and is sta- 
bilized by the Cu(1) specificity of the disulfide moiety. 

The enhanced stability of this complex, [CuL],(ClO,),, relative 
to  cyclo-di-p-{bis [ 2-(N,N&methylamino)ethyl] disulfide}copper(I), 
[CU(RSSR)],~*, may be accounted for in part by the coordination of 
the trigonal pyridine nitrogen in the former, in place of the pyramidal 
amine nitrogen of the latter. The greater s chanacter of the bonding 
orbital of the pyridine in [CuLInn' is expected to cause a greater 
Gu(1) affinity. Also, the six-membered chelate ring in [CuL],"+ is 
much less Cu(II) specific than is the five-membered chelate ring in 
[Cu(RSSR)], *+. 

observed for an intermediate disulfide complex isolated in the pal- 

Cupric perchlorate, hydrated, and 2-mercaptoethylpyridine were 

Attempts to recrystallize this yellow coppeI (I) disulfide complex, 

Discussion. It is well known that mercaptides react reversibly 

(1) 

The instability of [CuLInn* in hot methanol is analogous to that 

(4) L. Bauer and L. A. Gardella, Jr., J. Oyg. Chem.. 26, 8 2  (1961). 
(5) P. Hemmerich in "The Biochemistry of Copper," J .  Peisach, 

P. Aisen, and W. E. Blumberg, Ed., Academic Press, N. Y., 1966, p 
15. 

Vol. 1, A. Senning, Ed., Marcel Dekker, New Vork, N. Y., 1971, p 
197; (b) N. A. Rosenthal and G. Osier, J. Amer. Chem SOC., 8 3 ,  
4445 (1961). 

(7) T. Boschi, B. Crociani, L. Toniolo, and U. Belluco, Inorg. 
Chem., 9, 532 (1970). 

(6) (a) J .  L. Kice in ''Sulfur in Organic and Inorganic Chemistry," 

H ( 3 1 )  

Figure 1.  The bis [ 2-(2-pyridyl)ethyl] disulfide tetradentate ligand 
coordinated to  two symmetryequivalent Cu(1) ions, whose coordina- 
tion spheres are further completed with the coordinating atoms of 
two other disulfide molecules. Ellipsoids of 15% probability are 
used. [C. K. Johnson, ORTEP, Report ORNL-3794, Oak Ridge 
National Laboratory, Oak Ridge, Tenn., 1965.1 

ladium chloride assisted scission of the disulfide bond in diphenyl 
disulfide.' These complexes as well as [CU(RSSR)] ,~* may be 
examples of intermediates in the concomitant electrophilic and 
nucleophilic catalysis of the scission of a sulfur-sulfur bond.6a 

Characterization and Spectra 

tion and equivalence of pyridyl groups have been made for 
ligands containing the 2-substituted pyridine moiety.',' The 
infrared spectrum (of a Nujol mull) of the complex [CuL],- 
(C104), falls into series Four v(C=C), v(C=N) bands 
occur at 1604,1580,1481, and 1443 cm-' as compared to 
bands at 1592,1570,1472, and 1434 cm-' in the uncoordi- 
nated ligand L. The presence of only four bands and the 
shifts to  higher energy have been taken as indicators of the 
approximate equivalence' and of the coordination'-'' of the 
2-pyridyl groups, respectively. The disappearance of the 
ring-breathing mode at 991 cm-' in the ligand and its re- 
placement by a 1019-1003-cm-' band in the complex also 
indicate pyridyl moiety coordination .'> 

in the uncoordinated ligand and are tentatively a~signed','~ 
to y(C-H) and @(C-C). In the complex, the first of these 
bands occurs at 763 cm-' , while the second splits into a 
sharp band at 747 cm-' and a shoulder at 720 cm-l. This 
splitting also is believed to be an indicator of pyridine co- 
ordination . *$  '3  l3 

As the crystal structure shows (see Discussion of the Struc- 
ture) the 2-pyridyl groups are coordinated but are not equiv- 
alent. It seems apparent that the previously described in- 
frared correlations are valid and useful. However, given the 
crystallographic nonequivalence of the pyridyl groups in the 
complex [CuLInn+ and the observed multiplicity in the form 
of unresolved shoulders of each band in the 1450-1610-cm-' 
region for both the "free" ligand and the complex, the num- 

Extensive infrared correlations pertaining to the coordina- 

Two bands of medium intensity occur at 760 and 744 cm-' 

(8) D. A. Baldwin, A. B. P. Lever, and R. V. Parish, Inorg. Chem., 

(9) M. Keeton and A. B. P. Lever, Inovg. Chem., 10, 47 (1971). 
(IO) P. E. Figgins and D. H. Busch, J. Phys. Chem., 65, 2236 

(11) S. P. Sinha, Specrrochim. Acta, 20, 879 (1964). 
(12) J. H. S. Green, W. Kynaston, and H.  M. Paisley, Spectrochim. 

(13) N. S. Gill and H. I .  Kingdon,Aust. J. Chem., 19, 2197 (1966). 

8, 107 (1969), and references therein. 

(1 961). 

Acfu,  19, 549 (1963). 
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0 
Figure 2. A stereoview (ORTEP) of a section of the polymeric chain showing two complete disulfide ligands. Ellipsoids of 15% probability 
are used. Cu(1) ions are blackened. 

mH(38)  ,f$ 

Figure 3. The near-tetrahedral coordination about a single Cu(1) ion 
illustrated (ORTEP) with two half ligand molecules. The coordinates 
in Table I are plotted directly to give this figure. Ellipsoids of 15% 
probability are used. 

ber of v(C=C), v(C=N) bands should be used with caution 
in deciding the relative equivalence of 2-pyridyl groups. 

Although considerable difficulty was encountered in obtain- 
ing the Raman spectra of these compounds (that of the "free" 
ligand was not obtained) due to fluorescence and extensive 
localized heating by the laser beam, a strong band at 484 
cm-' was observed for the complex using a rapidly rotating 
sample h01der.I~ This band is assigned to u(S-S) and repre- 
sents a significant shift (of about 2 5  cm-') to  lower energy 
relative to that expected for the uncomplexed ligand. Linear 
aliphatic disulfides (R-CHz-SS-CHz-R) generally prefer the 
gauchegauche gauche conformation's-'7 about the CSSC 
moiety, which is present (see Figures 1-3) in the complex, 
and exhibit a v(S-S) Raman band in the 506-512-cm-' re- 
pion,Zb,15,18-21 Th e v(S-s) Raman band in [Cu(RSSR)],- 
(BF4)zz occurs at 463 cm-' , 4 3  cm-' lower than its position 
in the uncomplexed ligand salt l6 RSSR.2HCl. These shifts 
in v(S-S) are believed to be due to shifts in electron density 
associated with disulfide coordination and incorporation into 
chelate rings and are expected to correlate with the lengthen- 
ing of the s-S bond and the alteration of the CSSC dihedral 
angle (See Discussion of the Structure). 

(14) W. Kiefer and H. J. Bernstein, Appl. Spectrosc., 25, 609 

(1 5 )  H. Sugeta, A. Go, and T. Miyazawa, Bull. Chem. SOC. Jap., 

(16) T. Ottersen, L. G. Warner, and K. Seff, Acta Crystallogr., 

(17) J. D. Lee and M. W. R. Bryant, Acta Crystallogr., Sect. B, 

(18) B. Schrader, Angew. Chem., Int. Ed. EngL, 12, 884 (1973). 
(19) E. J.  Bastian and R. B. Martin, J. Phys. Chem., 7 7 ,  1129 

(20) R. B. Martin, J. Phys. Chem., 7 8 ,  8 5 5  (1974). 
(21)  H. E. Van Wart, A. Lewis, H. A. Scheraga, and F. D. Saeva, 

(1971). 

46, 3407 (1973). 

Sect. B ,  29,  2954 (1973). 

25, 2497 (1969). 

(1973). 

Proc.Nat. Acad. Sci., U. S.,  7 0 ,  2619 (1973). 

The gauche,gauche,gauche conformation about the CSSC 
moiety occurs in both complexes [CuL],(C104X, and [Cu- 
(RSSR)]2(BF4), and the S-S bond lengths do  not differ 
significantly in these determinations; however the magnitude 
of the v(S-S) shifts (relative to those of the uncomplexed 
ligands) are significantly different (25 cm-' vs. 43 cm-', 
respectively). The direction (increased shift) and perhaps 
the magnitude of this difference appears to be consistent 
with the enhanced Cu-S interaction, the smaller chelate rings, 
and the increased strain throughout the cyclic dimeric com- 
plex' [CU(RSSR)]~" as compared to [CuLInnt. It also may 
be related to the very different CSSC dihedral angles observ- 
ed: 106.3 (9)' in the dimer and 59.7 (1)" in [CUL],~'. Ap- 
parently v(S-S) is a function of some if not all these param- 
eters, and it appears likely that v(S-S)  of complexed organic 
disulfide ligands and its shift relative to that of the uncom- 
plexed ligand might be a useful indicator of the stereochem- 
istry and of the degree of coordination of the S-S group. 

The uv spectrum of [CUL],,(C~O~)~, whether taken of a 
Nujol mull, a DMSO solution, or a methanol solution, ex- 
hibits a broad shoulder at about 290 mp ( E  - lo3 M-' cm-') 
and a multiplet absorption at 261 mp (e -104M-' cm-') 
due to the pyridine chromophore. The relatively intense 
290-mp absorption accounts for the yellow color of this 
complex and is nearly identical with the lowest energy uv 
absorption observedzb for [CU(RSSR)]~~+.  This band is ex- 
pected to  be due to  a charge transfer between Cu(1) and the 
disulfide moiety' or to a disulfide absorption that has been 
significantly red-shifted due to complexation2z923 and/or 
CSSC dihedral angle alteration from 90°.24-z6 The similarity 
of this 290-mp band to the 293-my band observed for the 
penicillin analogs cis-dithiazabicyclooctanes ,2' which have 
CSSC dihedral angles of 60.5', suggests that they are due to 
red-shifted na -+ u* disulfide transitions. However, its simi- 
larity to the 290-mp band in [CU(RSSR)],~~ where the CSSC 
dihedral angle is 106.3' and the 330-mp band associated with 
a copper(1) disulfide site in the oxidized form of ceruloplas- 
min3 suggests that these bands are due to charge transfer be- 
tween Cu(1) ions and disulfide sulfur atoms. The specific 
assignment of these uv bands remains unresolved. The in- 
tense uv bands which occur at  approximately 293 mp in both 
[CU(RSSR)]~~+ and [CuLInnt and at approximately 330 mp 
in ceruloplasmin3 may indicate a structural similarity between 

(22) W. M. Moreau and K. Weiss, J. Amer. Chem. SOC.,  88, 204 

(23) B. Nelander, Spectrochim. Acta, Part A ,  29, 859 (1973), and 

(24) D. B. Boyd, J. Amer. Chem SOC., 94, 8799 (1972). 
(2 5) A. Hordvik, Quart. Rep.  Sulfur Chem., 5 ,  2 1 (1 970). 
(26) G. Bergson, G. Claeson, and  L. Schotte ,  Acta Chem. Scand., 

(27) S. Kukolja, P. V. Demarco, N. D. Jones, M. 0. Chaney, and 

( 19 66). 

references therein. 

16, 1159 (1962). 

J. W. Paschal, J. Amer. Chem. SOC., 94, 7592 (1972). 
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these complexes and the copper(1) disulfide protein chromo- 
phore. 

The complex bis(2,2'-dithiodipyridine)copper(l) perchlo- 
rate recently has been preparedeZ8 Its color and uv-visible 
and infrared spectra, as well as its overall stability, are com- 
parable to those of the complex [CuL],(ClO,),, described 
herein. The Raman shift values for the uncomplexed ligand 
2,2'-dithiodipyridine and its Cu(1) complex are 548 and 536 
cm-' , respectively. This shift of 12 cm-" to lower energy 
coupled with the other data strongly imply the formation of 
another organic disulfide complex containing pyridyl and/or 
disulfide moieties coordinated to Cu(1) ions. 

Diffraction Section 
Preliminary oscillation and Weissenberg photographs indicated 

monoclinic symmetry; all reflections (h01) with 1 odd and (OkO) with 
k odd were systematically absent, uniquely defining the space group 
as P 2 ,  IC. 

A Syntex four-circle computer-controlled diffractometer with 
graphite-monochromatized Mo KO radiation (Ka, ,  h 0.70926 A; Ka,, 
h 0.71354 A) and a pulse height analyzer was used for preliminary 
experiments and for the measurement of diffraction intensities. The 
cell parameters and their standard deviations were determined by a 
least-squares treatment of the angular coordinates of 15 independent 
reflections with 20 values up to 23.5". The program used was writ- 
ten by Robert A. Sparks and is part of the diffractometer program 
library. The temperature was maintained between 19 and 20". 

data collection. The 0-20 scanning mode was used with a scan speed 
(0) variable from 1 to 24" min-' , depending on the peak intensity 
of the reflection. Background counting time at each end of the scan 
range was equal to half of the scan time, and the scan range varied 
from 2.0" at low 28 to 2.3" at  55".  The variations in the intensities 
of three check reflections, which were remeasured after every 100 
reflections during data collection, were not significant, so no decay 
correction was applied. 

according to the formula 

a(1) = [w2(CT + B1 t B z )  + (p1)2]1'2 

where w is the scan rate, CT is the total integrated count, B ,  and B ,  
are the background counts, and the intensity is I = w(CT - B ,  - B 2 ) .  
A value of 0.02 was assigned to the empirical parameter p to account 
for instrumental inaccuracies. The weights ( w j  used in least-squares 
refinement of the structural parameters were the reciprocal squares 
of u(Fo). Of the 3872 unique reflections measured, those for which 
28 < 52",  3109 had intensities larger than 3 times their standard 
deviations. These were regarded as the observed reflections, and 
only these were used in further calculations. The intensities were 
corrected for Lorentz and polarization and for the absorp- 
tion of X-rays (p = 17.7 em-');'" transmission coefficients" ranged 
from 0.80 to 0.99. The monockromator crystal was assumed to be 
half-perfect and half-mosaic in character in the polarization correc- 
tion. 

The atomic scattering factors of Doyle and Turner32 were used 
for Cu+, CI", So, 0", N o ,  and C". The first three were modified to  
account for the real part of the anomalous dispersion correction. '' 
The atomic scattering factors used for hydrogen were those of Stewart, 
et al. 34 

Crystal Data 

A crystal of dimensions 0.45 X 0.28 X 0.08 mm was used for 

Standard deviations were assigned to the individual reflections 

(Bis[ 2-(2-pyridyl)ethyl] disulfide}copper(I) perchlorate, alter- 
natively named [ 2,2'-(dithiodiethylene)dipyridine]copper(I) per- 

(28)  L. G. Warner, unpublished work. 
(29)  T. Ottersen, LP-73 computer program, University of Hawaii, 

(30)  T. Dahl, '4BSCO computer program, Chemistry Department, 

(31)  W. R. Busing and H. A. Levy, Acta Cvystallogr., 10, 180 

(32) P. A. Doyle and P. S. Turner, Acta Crystullogv., Sect. A ,  24, 

(33)  C. H. Dauhen and  D. H. Templeton, Acta Crystallog?., 8 ,  841 

(34)  K .  F. Stewart, E. R. Davidson, and W. T. Simpson, J. Chem. 

1973.  

University of Oslo, modified by  T. O., 1 9 7 3 .  

(1957) .  

3 9 0  (1968) .  

(1955) .  

Phys., 42, 3 1 7 8  (1965) .  

chlorate, C,,H,,N,O,ClS,Cu, [CuL],(CIO,),, is monoclinic, with 
space group P 2 , l c :  a = 10.408 (3) A, b = 8.249 (2) A, c = 20.662 
(7) A, P = 108.99 (3)", V =  1677 A 3 ,  mol wt 439.4 amu, dobsd(flota- 
tion) = 1.76 (2) g/cm3, dcalcd = 1.739 g/cm3, 2 = 4,  F(000) = 904. 
Figures in parentheses are estimated standard deviations in the units 
of the least significant digit given for the corresponding parameter. 

Structure Determination 
The position of the cuprous ion was indicated on a three-dimen- 

sional Patterson function. Positions for all other nonhydrogen atoms 
were found by successive cycles of Fourier refinement using the fast- 
Fourier a l g ~ r i t h m . ~ ~  This model was refined to R , = 0.083. (R , = 
(ZIFo - lFcl l ) /ZFo a n d R ,  = [Zw(Fo - IFcl)2/~wFo2]1".) After 
least-squares refinement to convergence using anisotropic thermal 
parameters, R ,  became 0.053. The positions of 12 of the 16 hy- 
drogen atoms were determined from a difference Fourier function; 
the remaining four atomic positions were calculated. 36 All hydrogen 
atom positions and their isotropic thermal parameters were then re- 
fined, together with all other parameters, by large-block-diagonal 
least-squares (approximately half of the structure at a time by full- 
matrix methods) to the final error indices, R ' = 0.043 and R ,  = 
0.046. The program used, UCLALS4," minimizes Z w ( A F ) * .  

The "goodness of fit," {Zw(F,  - IFcl)z/(m -s)}",, is 1.76. The 
number of observations is m ,  and s, the number of parameters, is 281. 
The overdetermination ratio (mls) is 11.1. In the final cycles of re- 
finement, the parametric shifts involving hydrogen positional param- 
eters were all less than 10% of their corresponding esd's, and those 
involving hydrogen thermal parameters were less than 25% of their 
esd's. For all nonhydrogen parameters, the final shifts were less than 
1% of their corresponding esd's. The largest peak on the final dif- 
ference Fourier function, whose esd is 0.12 e A - 3 ,  was 0.5 e K 3  in 
height and was located very near the Cu(1) ion at  a chemically im- 
plausible position. The positional and thermal parameters of the non- 
hydrogen atoms are presented in Table I,  and those of the hydrogen 
atoms are in Table 11. 

Discussion of the Structure 

have come together to form polymeric chains, portions 
of which are illustrated in Figures 1 and 2. The 2-pyridyl 
groups and the sulfur atoms all function as ligands, forming 

Cu(1) ions and bis [2-(2-pyridyl)ethyl] disulfide molecules 

six-membered &SCCC=& chelate rings, two of which are 
associated with each metal ion to give nearly regular tetra- 
hedral Cu(I), as Figure 3 illustrates. The packing of these 
chains is indicated in Figure 4. 

This complex has a morphology entirely different from 
that of {bis [2-(N,N-dimethylamino)ethyl] disulfide}copper- 
(I),* [Cu(RSSR)Iz2', in which discrete binuclear complexed 
cations with central CuSSCuSS rings and ancillary kuSCCN 
rings were found. The aliphatic disulfide bond length is, 
within experimental error, the same: 2.081 (1) a as com- 
pared to 2.075 (6) A in [CU(RSSR)]~~' .  (Molecular dimen- 
sions are listed in Table 111.) These disulfide bond lengths 
are approximately 0.04 a longer than the value of 2.04 a 
whch  is normally observed38i39 in aliphatic disulfides whose 
CSSC dihedral angles are close to 90". 

In contrast to [CU(RSSR)]~~+ whose CSSC dihedral angle 
is 106.3 (9)", the comparable angle in the polymeric complex 
described herein, [CuL],,', is 59.7 (1)'. We suggest that 
these dihedral angles differ from the normal value24338 of 
about 90" because of the steric requirements imposed by 
the polydentate coordination of the disulfide ligand and the 
strained nature of the chelate ring systems within each com- 
plex. 

7 

(35)  C. R. Huhhard, C. 0. Quicksall, and R .  A. Jacobsen, ALFF,  

(36) K. Seff, HFIND computer program, University of Hawaii, 

(37) P. K. Gantzel, R .  A. Sparks, and K. N. Trueblood, UCLALS4, 

Ames Laboratory Fast Fourier, Iowa State University, 1971.  

1971.  

American Crystallographic Association Program Library (old), No. 
317,  modified. 

(38) A. Hordvik, Acta Chem. Scand., 20, 1 8 8 5  (1966).  
(39)  J .  D. Lee,Naturwissenschaften, 59,  36 (1972).  
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Table I. 

Atom 

Fractional Atomic Coordinates (X lo5)  and Thermal Parameters (X lo5) for Nonhydrogen Atoms' 

X Y 2 PI ,  P 2 2  P 3 3  012 P I 3  023 

10,786 (4) 38,480 (4) 26,353 (2) 717 (4) 899 (5) 145 (1) 12 (7) 128 (3) -65 (3) 
68,001 (7) 9,543 (10) 41,843 (4) 657 (7) 1295 (11) 182 (2) -3 (14) 79 (5) 27 (7) 
54,981 (30) 16,498 (48) 41,103 (17) 775 (27) 2516 (64) 313 (9) 608 (68) 212 (24) -176 (37) 
78,562 (30) 21,198 (39) 44,771 (16) 972 (29) 1634 (46) 316 (8) -717 (61) 64 (25) 117 (32) 
68,371 (37) 4,820 (66) 35,235 (17) 1218 (38) 3741 (100) 259 (8) 689 (101) 222 (28) -598  (48) 
70,415 (41) -4,153 (46) 46,268 (22) 1507 (45) 1718 (53) 429 (12) -573 (81) -65 (36) 739 (42) 

-203 (7) 25,980 (8) 33,124 (3) 604 (6) 685 (8) 172 (2) 34 (12) 168 (5) 31 ( 6 )  
5,368 (7) 1,955 (8) 32,499 (3) 589 (6) 667 (8) 173 (2) -59 (11) 155 (5) -57 (6) 

25,565 (24) 51,860 (30) 33,137 (12) 555 (21) 923 (32) 171 (6) -47 (44) 112 (17) -56 (22) 

10,912 (33) 31,402 (34) 41,672 (14) 928 (32) 770 (35) 149 (6) -219 (54) 238 (23) -64 (23) 
25,963 (33) 33,362. (36) 42,522 (15) 778 (30) 892 (37) 166 (7) 40 (54) 41 (22) 65 (25) 
29,475 (28) 49,253 (34) 39,959 (14) 556 (24) 856 (35) 170 (6) 111 (50) 89 (19) -12 (25) 
36,546 (32) 61,104 (41) 44,561 (16) 691 (28) 1155 (43) 180 (7) -134 (60) 40 (22) -95 (29) 
40,018 (35) 75,603 (42) 42,185 (19) 782 (31) 1062 (45) 273 (9) -449 (64) 154 (27) -228 (33) 
36,485 (35) 77,941 (41) 35,193 (20) 778 (32) 996 (42) 295 (10) -296 (61) 285 (28) 85 (33) 
29,308 (32) 65,915 (40) 30,880 (17) 663 (28) 1160 (43) 202 (7) - 91 (55) 186 (23) 153 (28) 

1,336 (32) -6,979 (33) 39,727 (14) 813 (29) 743 (34) 156 (6) -231 (51) 79 (21) 7 (23) 
74 (29) -25,472 (33) 38,968 (15) 645 (26) 695 (34) 188 (7) 32 (50) 15 (21) 110 (25) 

-19,713 (25) -26,648 (30) 28,603 (12) 653 (23) 833 (31) 171 (6) -123 (44) 161 (18) -49 (21) 

-14,017 (28) -31,408 (32) 35,139 (14) 598 (26) 691 (32) 179 (7) 58 (47) 172 (21) -33 (24) 
-20,902 (35) -41,585 (41) 38,250 (17) 842 (32) 1181 (45) 202 (8) -131 (61) 250 (25) 175 (29) 

-39,776 (34) -41,855 (47) 27,998 (20) 650 (30) 1423 (53) 282 (10) -452 (64) 239 (27) -184 (35) 
-32,450 (32) -31,750 (43) 25,161 (16) 639 (29) 1350 (47) 186 (7) -325 (60) 92 (23) -105 (29) 

-33,869 (39) -46,939 (47) 34,667 (21) 898 (35) 1311 (51) 324 (11) -533 (72) 514 (32) 92 (39) 

a See Figure 1 for the identities of the atoms. The estimated standard deviation is in the units of the least significant digit given for the 
corresponding parameter. The temperature factor is e x ~ [ - ( P ~ , h '  + Pz2k2 + P3JZ + Pl&k + PI& + P23k01. 

x 
Figure 4. A stereoview (ORTEP) of the packing of the complexed cations and perchlorate ions. Ellipsoids of 15% probability are used. Cu(1) 
ions are blackened. 

Table 11. Fractional Atomic Coordinates (X lo3) and Thermal 
Parameters (Az X 10) for Hydrogen Atoms 

X Y 2 B 

H(25) 101 (5) 238 (6) 452 (3) 37 (9) 
H(26) 68 (5) 421 ( 6 )  427 (2) 34 (8) 
H(27) 290 (5) 243 (6) 406 (2) 33 (8) 
H(28) 314 (4) 330 (5) 473 (2) 28 (8) 
H(29) 386 (5) 598 (6) 492 (3) 38 (9) 
H(30) 453 (5) 830 (6) 454 (3) 41 (10) 
H(31) 392 (7) 887 (8) 331 (4) 62 (14) 
H(32) 259 (5) 660 (6) 260 (2) 37 (8) 
H(33) -68 (5) -18 ( 6 )  398 (2) 29 (8) 
W34) 81 (5) -44 (6) 436 (3) 38 (9) 
W35) 29 (5) -296 (6) 432 (2) 33 (8) 
H(36) 61 (5) -299 (6) 369 (2) 36 (9) 
H(37) -164 (4) -440 ( 5 )  426 (2) 28 (7) 
H(38) -382 (6) -538 (8) 367 (3) 55 (12) 
H(39) -484 (6) -457 (7) 250 (3) 50 (10) 
H(40) -364 (4) -284 (6) 205 (2) 30 (8) 

This conclusion is supported by the "normal" unaltered 
CSSC dihedral angle (97.7 (8)") and S-S bond length (2.04 
( 2 )  A) that have been observed crystallographically (see 
Table IV) for chloro(diethy1 disulfide)copper(I),40 [Cu(Etz- 

S2)C1],. This complex has six-membered CuSSCuSS rings 
but lacks the accompanying chelate rings or the bridging lig- 

- 
(40) C.-I. Branden, Acta Chem. Scand., 21, 1000 (1967). 

ands that would impose additional stereochemical influences 
upon the disulfide moiety. 

According to H0rdvik,2~,~' a relationship exists between 
the CSSC dihedral angle and the S-S bond length in uncom- 
plexed disulfides. At dihedral angles of approximately 106 
or 60°, as are observed in [Cu(RSSR)I2'+ and [CuLInn+, 
respectively, the S S  bond length is expected to be between 
2.05 and 2.06 a because of increased lone pair-lone pair re- 
pulsions and diminished 71 overlap between disulfide sulfur 
atoms. The additional 0.02-0.03 A lengthening (to 2.08 a) 
observed in [CU(RSSR)]~~+ and [CuLInn+ is believed to be 
primarily electronic in origin, involving the Cu(1) cation. 

An increase of about 0.02 A in the Cu-S bond distance and 
a corresponding decrease of 0.09 A in the Cu-N bond distance 
is observed in [CuL],"+ as compared to [CU(RSSR)],~+ (see 
Table IV). The decrease in the Cu-N distance is consistent 
with possible metal to nitrogen n b a ~ k - b o n d i n g ; ~ ~ , ~ '  this is 
possible only in [CuL],"+ where the ligand contains a 2-py- 
ridyl group. The 2-pyridyl group, with the greater s char- 
acter of its nitrogen o-bonding orbital and its relatively low- 
lying nitrogen 2pn* orbitals, leads to a greater stability of 
the Cu(1) oxidation state. The pyridyl2pn* orbitals may 
compete with the sulfur 3dn orbitals for electron density 

(41) R. C. Elder, Inorg. Chem., 7, 231 (1968), and references 
therein. 

(42) L. G. Warner, T. Ottersen, and K. Seff, Inorg. Chem., 13, 
2529 (1974). 
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Table 111. Molecular Dimensionsa 

CU(l)-S(7) 
Cu(l)-S(8)' 
CU( 1)-N(9) 
Cu(l)-N(lO)' 
SU)-S(8) 
SU) -C( l l )  
S(8)-W8) 
C(ll)-C(12) 
C(18)-C(19) 
C(12)-C(13) 
C( 19)-C(20) 
N(9)-C(13) 
N (1 0)-C( 20) 
N(9)-C(17) 
N(10)-C(24) 
C(13)-C(14) 
C(14)-C(15) 
C(15)-C(16) 
C(16)-C(17) 
C(20j-C(21) 
C(21)-C(22) 
C(22)-C(23) 
C(23)-C(24) 

S(7)-Cu(l)-S(8)' 
S(7)-CU(l)-N(9) 
S(7)-Cu(l)-N(lO)' 
S(8)'-Cu(l)-N(9) 
S(8)'-C~(l)-N(10),) 
N(9)-Cu( 1)-N( 10) 

Cu(l)-S(7)-S(8) 
CU( 1)'-S(8)-S (7) 
CU(l)-S(7)-C(11) 
Cu(l)'-§(8)-C( 18) 
CU(l)-N(9)-C(13) 
C~(t)-N(9)-C(17) 
C~(l)'-N(10)-C(20) 
Cu(l)'-N( 10)-C(24) 

S(7)-S(8)-C(18) 
S(8)-§(7)-C(11) 
S(7)-C(ll)-C(12) 
S(8)-C( 18)-C(19) 
C(1 l)-C(12)-C(13) 
C(18)-C(19)-C(20) 
C(12)-C( 13)-c(14) 
C(19)-C(20)-C(21) 
C( 12)-C( 13)-N(9) 
C(19)-C(20)-N(10) 

N(9)-C(13)-C(14) 
C(13)-C(14)-C(15) 
C( 14)-C( 1 5)-C( 16) 
C(15)-C(16)-C(17) 
C( 16)-C( 17)-N(9) 
C(17)-N(9)-C(13) 
N(lO)-C(20)-C(21) 
C(20)-C(21j-C(22) 
C(21)-C(22)-C(23) 
C(22)-C(23)-C(24) 
C(23)-C(24)-N(lO) 
C(24)-N( lO)-C(20) 

C(1 l)-S(7)-S(8)-C(18) 
Cu(l)-S(7)-S(8)-C~(l)' 
S (~ ) -S (~) -CU(  l)'-S(7)' 
S(S)'-Cu(l)-S(7)-S(S) 
CU( 1)-S (7)-S(8)-C( 18) 
C~(l) ' -S(8)-S(7)-C(ll)  
Cu(l)-N(9)-C(13)-C(12) 

2.0807 (9) 
1.824 (3) 
1.832 (3) 
1.527 (5) 
1.535 (4) 
1.503 (4) 
1.504 (4) 
1.351 (4) 
1.345 (4) 
1.353 (4) 
1.351 (4) 
1.395 (4) 
1.385 (5) 
1.383 (5) 
1.379 (5) 
1.390 (4) 
1.384 (5) 
1.375 (6) 
1.382 (5) 

Bond Andes, Den 
108.36 (3) 
103.67 (7) 
115.44 (7) 
118.24 (7) 
108.33 (10) 
103.33 (7) 

100.61 (3) 
11 1.06 (4) 
101.15 (10) 
98.62 (11) 

122.4 (2) 
117.7 (2) 
124.3 (2) 
117.4 (2) 

100.96 (9) 
101.06 (9) 
116.2 (2) 
110.6 (2) 
114.2 (2) 
114.4 (2) 
120.4 (3) 
121.0 (3) 
11 8.8 (2) 
11 8.0 (2) 

120.8 (3) 
120.3 (3) 
118.6 (3) 
118.6 (3) 
123.3 (3) 
118.2 (2) 
121.1 (3) 
120.2 (3) 
118.7 (4) 
118.6 (4) 
123.1 (3) 
118.3 (3) 

C(ll)-H(25) 
C(l1)-H(26) 
C( 12)-H(27) 
C(12)-H(28) 
C(14)-H(29) 
C(lS)-H(30) 
C(16)-H(31) 
C(17)-H(32) 
C(18)-H(33) 
C(18)-H(34) 
C(19)-H(35) 
C(19)-H(36) 
C(21)-H(37) 
C(22)-H(38) 
C(23)-H(39) 
C(24)-H(40) 

0(3)-C1(2)-0(4) 
0(3)-C1(2)-0(5) 
0(3)-C1(2)-0(6) 
0(4)-C1(2)-0(5) 
0(4)-C1(2)-0(6) 
0(5)-C1(2)-0(6) 
H(25)-C(ll)-S(7) 
H(25)-C(ll)-C(12) 
H(25)-C(ll)-H(26) 
H(26)-C(ll)-S(7) 
H(26)-C(ll)-C(12) 
H(27)-C(12)-C(11) 
H(27)-C(12)-C(13) 
H(27)- C(12) -H(28) 
H(28)-C(12)-C(11) 
H(28)-C(12)-C(13) 
H(29)-C(14)-C(13) 
H(29)-C(14)-C(15) 
H(30)-C( 15)-C( 14) 
H(30)-C(15)-C(16) 
H(31)-C(16)-C(15) 
H(31)-C(16)-C(17j 
H(32)-C( 17)-C(16) 
H(32)-C(17)-N(9) 
H(33)-C(18)-S(8) 
H(33)-C(18)-C(19) 
H(33)-C(18)-H(34) 
H(34)-C(18)-S(8) 
H(34)-C(18)-C(19) 
H(35)-C(19)-C(18) 
H(35)-C(19bC(20) 
H(35)-C(19)-H(36) 
H(36)-C(19)-C(18) 
H(36)-C(19)-C(20) 
H(37)-C(21)-C(20) 
H(37)-C(21)-C(22) 
H(38)-C(22)-C(21) 
H[38)-C(22)-C(23) 

1.433 (3) 
1.437 (3) 
1.432 (4) 
1.423 (4) 

0.98 (5) 
1.04 (5) 
0.95 (5) 
0.97 (4) 
0.92 (5) 
0.94 (5) 
1.06 (5) 
0.95 (5) 
0.95 (5) 
0.90 (5) 
0.89 (5) 
0.93 (5) 
0.89 (4) 
0.90 (6) 
0.96 (6) 
0.96 (4) 

110.1 (2) 
109.0 (2) 
110.4 (2) 
109.2 (2) 
108.0 (2) 
110.0 (2) 
112 (3) 
109 (3) 
104 (4) 
104 (3) 
111 (3) 
110 (3) 
113 (3) 
104 (4) 
111 (3) 
105 (3) 
122 (3) 
118 (3) 
118 (3) 
123 (3) 
122 (4) 
120 (4) 
128 (3) 
109 (3) 
106 (3) 
114 (3) 
109 (4) 
108 (3) 
110 (3) 
107 (3) 
110 (3) 
104 (4) 
113 (3) 
108 (3) 
114 (3) 
125 (3) 
120 (4) 
122 (4) 
124 (4) 
117 (4) 
118 (3) 
119 (3) 

Some Dihedral Angles, Deg 
59.73 (13) C~(l)'-N(lO)-C(20)-C(19) 1.7 (3) 
92.77 (5) N(9)-Cu(l)-S(7)-C(ll) 8.0 (2) 

128.42 (5) N(l0)-C~(l)'-S(8)-C(18) 3.3 (2) 
121.93 (5) S(7)4(8)-Cu(l)'-N(9)' 11.0 (1) 

18.0 (3) S(8)-Cu(l)'-N( 10)-C(20) 21.1 (2) 

163.4 (1) S(8)4(7)-Cu( 1)-N( 10)' 6.7 (1) 
163.5 (1) S(~)-CU( 1)-N(9)-C( 13) 16.5 (2) 

a The esd given is in the units of the least significant digit given for the corresponding value. The coordinates of the primed atoms are related 
to those given in Table I by -x, I- y ,  - z. 
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Table IV. Comparisons of Crystallographic Information Concerning Copper(1) Disulfide Complexes‘ 
Bond lengths, A CSSC dihedral 

angle, deg s-s Cu-s CU-N c-s 
[Cu(RSSR)], ’+ 106.3 (8) 2.075 ( 6 )  2.300 (8) 2.13 (2) 1.83 (2) 
[CuLl,n+ 59.7 (1) 2.081 (1) 2.321 (1) 2.029 (2) 1.828 (3) 
[ C u m  2 s ,)C11, 97.7 (8) 2.04 (2) 2.37 (3) 1.85 (6) 

copper(1) (this work). [Cu(Et,S,)Cl], is chloro(diethy1 disulfide)copper(I) [C.-I. Branden, Acta Chem. Scand., 21, 1000 (1967)]. 
a [CU(RSSR)],~+ is cyclo-di-p{bis-[ 2-(N,Ndimethylamino)ethyl] disulfide)dicopper(I).2 [CuLInn+ is {bis[ 2-(2-pyridyljethyl] disulfide}- 

delocalization from the Cu(1). The corresponding increase 
in the Cu-S bond distance is consistent with a reduction in 
Cu(1) dn to S dn back-bonding’ that is required by the oc- 
currence of Cu to N n bonding. The increased electron 
density that Cu to S 71 bonding would delocalize into the 71 
systemof each disulfide sulfur atom could be a n t i b ~ n d i n g ~ ~  
in nature and account, at least in part, for the observed ad- 
ditional lengthening of the S S  bond. 

The relatively short CUI-N bond length in [CuL],”’, 
averaging 2.03 A ,  is consistent with the presence of an ap- 
preciable covalent interaction and supports our interpreta- 
tion of the bonding in these copper(1) organic disulfide com- 
plexes. Not only is the Cu-N bond distance in [CuLInn+ 
significantly shorter than the corresponding distance of 2.1 3 
A in [CU(RSSR)]~’+, which possesses tertiary amine nitrogen 
donor atoms, it also is shorter than the Cu(1) to unsaturated 
nitrogen distance (2.12 A) in Cu(1) complexes containing 
pyridazine and 4-cyanopyridine as ligands.43 In contrast, 
shorter distances (1 32-1.99 A; see ref 2b for further refer- 
ences) are observed for unsaturated acyclic nitrogen atoms 
in a series of cyanide, nitrile, triazine, and azo complexes. 

possibility of the participation of this bond3’ in the signifi- 
cant delocalization of electron density into the disulfide 
moiety, consistent with the metal-donor atom bonding 
proposed for these Cu(1) complexes. 

The Cu dn to S dn back-bonding proposal requires that 
relatively little such bonding occurs in chloro(diethy1 disul- 
fide)copper(I) because its Cu-S bond length is longest (see 
Table IV) by approximately 0.05 A, and the S-S bond length 
is “normal” or unaltered due to complexation. Such metal 
to sulfur 71 bonding coupled with the information in Table 
IV suggests that the two chloride ion donors of [Cu(Et,S2)- 
C‘I], are better stabilizers of Cu(1) electron density than are 
the two pyridyl nitrogen donor atoms of [CuL],”’, which 
in turn are better stabilizers than are the two amine nitrogen 
donor atoms of [CU(RSSR)]~’+. 

The tetrahedral angles about Cu(1) range from 103.3 to 
118.2” (see Table 111). This range is appreciably less than 
that found earlier in [CU(RSSR)]~~+, 89.6-1 23.9’. The 
“bite” angles at the Cu(1) ion, which are associated with the 
six-membered chelate rings in [CuLInn+, and the five-mem- 
bered chelate rings in [CU(RSSR)]~’+ range from 103.67 (7) 
to 108.33 (10)” and from 89.5 (4) to 91.4 ( 5 ) ” ,  respectively. 
The smaller range of the tetrahedral angles about Cu(1) and 
the closer approximation of the chelate “bite” angles to the 
regular tetrahedral value imply a lesser degree of strain with- 
in the chelate rings and coordination environment of Cu(1) 
in [CUL],~”. Not only is this consistent with the proposal 
that the small degree of S-S bond lengthening due to com- 
plexation is a result, at least primarily, of electronic factors 
rather than of chelate ring strain but it is also consistent with 
the greater overall stability of [CuLInn+ in comparison to 
[CU(RSSR)]~~+. 

The identical nature of the C-S bond lengths precludes the 

(43) D. T. Cromer and A. C .  Larson, Acta Crystallogr., Sect. B, 
28, 1052 (1972). 

Table V. Deviations of Atoms from Least-Squares Planes (A X lo3)‘ 
Plane 1 Plane 2 Plane 3 Plane 4 

N(9) 14 N(10) -6 Cu(1) 0 Cu(1)’ 0 
C(13) -15 C(20) 5 S(7) 0 S(8) 0 

0 C(14) 4 C(21) 0 N(9) 0 N(10) 
C(15) 16 C(22) -8 C(11) 249 C(18) -104 
C(16) -11 C ( 2 3 )  3 C(12) 1078 C(19) 916 
C(17) -8 C(24) 6 C(13) 323 C(20) 399 
CU(1)  537 CU(1)’ 39 
S(7) 1584 S(8) 917 
C(11) 1251 C(18) 1238 
C(l2) -58 C(19) 14 

4 b X c  -9120 -5119 6166 7070 
(ib 4101 7989 -7145 -7071 
4c 87 3157 1415 104 

’ D 1.402 2.050 2.130 1.198 
6 12 5 0 0 
‘ Itahc 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 coordinates of the primed atoms are related to those given in 
Table I by -x,  + y ,  -z. The direction cosines (X lo4),  4, 
are with respect to orthogonal axes. D is the distance (in A) from 
the plane to the origin. The rms of the italic deviations (A X lo’) 
from the plane is 6 .  

The two nonequivalent six-membered CUSCCC7& rings 
have dissimilar conformations, as can best be seen by examin- 
ing the displacements of the atoms not used to define the 
planes described in Table V. Specifically, the Cu(1) ion lies 
0.04 A from the plane of one coordinating pyridyl ring and 
0.54 A from the plane of the other, as can easily be seen in 
the figures. The Cu( 1)-N( 10) distance, corresponding to 
the near-planar contact in plane 2 of Table V, is slightly 
shorter (by 0.014 A) than the Cu(1)-N(9) distance, perhaps 
because the planar conformation is more suitable for 71 back- 
bonding. The atoms of the pyridine rings are nearly planar, 
exhibiting rms deviations of 0,012 and 0.005 A from the 
best least-squares plane, The C S  bond lengths are also 
normal:’ averaging 1.828 8. The perchlorate group is very 
regular with bond lengths averaging 1.431 A (see Table III), 
in excellent agreement with the value (1.43 A) reported in 
bis(m-xy1ene)silver perchlorate.M The 0-C1-0 angles are 
all quite close to the regular tetrahedral value, ranging from 
108.0 to 110.4’. 
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The crystal structure of the complex NaOH~2C,H,,Q,~8H20, where C 8 H , 6 0 4  is 1,4,7,10-tetraoxacyclododecane, has been 
determined by a single-crystal three-dimensional X-ray diffraction study. This substance crystallizes in space group Pbcn, with 
lattice constants a = 14.794 t 0.004, b = 15.845 t 0.004, and c = 23.960 i 0.006 A (Z = 8). The intensities of4781 unique 
reflections were measured on a Picker four-circle diffractometer (0-20 scan, Cu Kcu radiation) and the structure was solved 
by Patterson and Fourier methods. Full-matrix least-squares refinement of the coordinates and anisotropic temperature 
factors of the Na, 0 ,  and C atoms converged at a final R I = 6.6% for 2926 reflections above background. The methylene 
hydrogens were located but their positions were not refined. The sodium ion forms an eight-coordinated sandwich com- 
plex of approximate D ,  symmetry with two polyether rings, each of which manifests approximate C, symmetry. The oxy- 
gen atoms are arranged at the corners of a square antiprism at  an average Na-O distance of 2.485 A.  The hydroxide ion is 
associated with the water molecules to form infinite sheets of linked four- and five-membered rings extending in planes per- 
pendicular to the c axis. 

I n ~ ~ ~ a ~ c t ~ o n  

dodecane complexes with alkali halide salts have revealed 
some novel structural properties.' In these compounds, 
species of D4 symmetry are formed, where the oxygen at- 
oms of two cyclomer molecules occupy the vertices of a 
square antiprism centered on the cation. These units form 
organic layers through the crystal, while the halide ions are 
associated with water molecules in infinite two-dimensional 
hydrogen-bonded networks. These aqueous layers have an 
interesting structure based on six-membered rings. As a re- 
sult of t h s  organization of the crystal lattice the positive 
and negative ions are completely separated. 

The discovery of these structures raised the question of 
whether the basic D4 unit and the presence of discrete, alter- 
nating aqueous and organic strata might be unique to  the 
alltali halide complexes MX.2C8H,,O45H20 or occur general- 
ly in a broader class of compounds. The preparation of a 
crystalline complex of 1,4,7 ,lo-tetraoxacyclododecane with 
NaOH afforded an opportunity to  explore this question fur- 
ther and to extend our knowledge of the structural system- 
atics of cyclomer chelates with alkali ions as applied to a 
chemical of major industrial significance. We report here a 
three-dimensional X-ray diffraction study of NaOH.2C8H16- 
04.8H20 which establishes that the structural principles of 
the alkali halide series are effectively retained in the caustic 
complex. However, as might be expected from the differ- 
ences in stoichiometry, the detailed arrangement of atoms 
within the hydrogen-bonded aqueous layer is fundamentally 
dissimilar in the caustic structure and is in fact based on five- 
membered rings. 
Experimental Section 

Crystallographic investigations of 1,4,7,1 O-tetraoxacyclo- 

Crystals of NaOH~2C,H,,0;8H20 are readily obtained by cool- 

( 1 )  The crystallographic w-ork was carried out  by F. P. Boer, 
M. A. Neuman, and F. P. van Remoortere; E. C. Steiner synthesized 
the complex. 

( 2 )  (a) F. P. van Remoortere and F. P. Boer, Inorg. Chew., 13, 
2071 (1994); (b) H. W. Rinn, E. C. Steiner, and F. P. Boer, unpub- 
lished results. 

ing slightly a saturated aqueous solution of SaQH, to which 2 equiv 
of cyclomer had been added. The crystals are colorless rectangular 
prisms, elongated markedly along the b axis and flattened along a .  

A crystal of dimensions 0.1 2 X 0.50 X 0.20 mm (along Q, b, and 
c, respectively) was selected and mounted in a 0.3" diameter thin- 
walled glass capillary with the b axis of the crystal approximately 
parallel to  the capillary axis. The crystal was then aligned and exam- 
ined by photographic methods on a Weissenberg goniometer to de- 
termine the space group and preliminary lattice constants. The reci- 
procal lattice symmetry D2h and the reflection conditions Okl ( k  = 
2n), h01 ( I  = 2n) ,  and hkO (h + k = 2n) recorded on  the h0l and h l l  
Weissenberg levels establish the space group uniquely as Pbcn (No. 60, 
D2h''). The crystal was then carefully centered on  a Picker four- 
circle goniostat, and the dimensions of the orthorhombic cell were 
calculated by least-squares refinement of the setting angles of 11 re- 
flections with Cu Kcl radiation ( h  1.5418 A). The lattice parameters 
a = 14.794 2 0.004, b = 15.845 i 0.004, and c = 23.960 * 0.006 A 
(at 25") are consistent with a calculated density of 1.232 g cm-3 for 
mol wt 536.55 and 2 = 8.  The estimated standard deviations of 
the lattice constants, as computed in the least-squares analysis, were 
a factor of 10 better than the errors assigned above, which reflect 
our experience with systematic errors and reproducibility of results 
under different experimental conditions. The presence of 8 formula 
units/unit cell does not impose any requirements on  the symmetry 
of the complex. 

Intensity data were gathered using the 0-20 scan mode of the 
diffractometer with Ni-filtered Cu Kcl radiation. The takeoff angle 
of the tube was 3", and a counter aperture 6.0 X 6.0 mm was placed 
30 cm from the crystal; 1.5 mm diameter incident- and exit-beam 
collimators were used to restrict stray radiation. The scan speed was 
2"/min over 20 angles of 2" + A, where A is the separation of the Kcl 
doublet; this range was sufficient to allow for the observed mosaic 
spread of the crystal. Two stationary-crystal, stationary-counter 
background counts of 10 sec were taken at each end of the scan. At- 
tenuators were used to  prevent the count rate from exceeding 12,000/ 
sec. The reciprocal lattice was recorded to near the instrumental 
limit (sin 0 = 0.906) and a total of 4781 independent reflections was 
measured. A test reflection (614) monitored after every 50 measure- 
ments showed fair stability; the root-mean-square deviation in intensi- 
ty was 1.5% and some measurements deviated by a5 much as 4%. An 
error o(1) = [(0.02I)' + N o  + k*Nb]"' was assigned to the net in- 
tensity I = N o  - kNb of each reflection in order to establish the 
weights w ( F )  = 4 F 2 / u 2 ( F 2 )  for subsequent least-squares refinement, 
where the quantity Zw( IF, I - IFc 1)' was minimized. Here N o  is 
the gross count, Nb is the background count, k is the ratio of scan 
time to background time, and the F 2  are the intensities corrected for 
Lorentz and polarization effects. The 1852 reflections for which 


