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The preparation of CusOCle(2-mepy)s-xH:0 and [CuCl(OCH;)(2-mepy)]: by the reaction of copper(II) chloride with 2-
methylpyridine in methanol and the conversion of the first compound into the second in solution have been studied. The
infrared and electronic spectra and the magnetic moments of both compounds and the molecular structure of CuOCls(2-
mepy )s have been determined. CusOClg(2-mepy )s- xH,0 crystallizes in the monoclinic space group P2:/c with a = 12,73 £

0.02,b = 12,07 £ 0.02, ¢ = 21.54 % 0.03 4,8 = 90.7 £ 0.2°; Z = 4.

Positions of all atoms except hydrogen in the Cus-

OClg(2-mepy)s molecule were determined and the structure was refined to an R factor of 0.082 for 1824 reflections measured

from multiple-film Weissenberg photographs.

The CuyOCls cluster is more distorted than in other known structures of
this type, possibly due to steric interference by the methyl gtoups of the 2-methylpyridine ligands.

The water of crystalliza-

tion indicated by chemical analysis and the infrared spectrum was not revealed by the X-ray analysis and must therefore be

assumed to be in a disordered state.

The deep blue compound dichlorobis(2-methylpy-
ridine)copper(II), Cu(2-mepy).Cly, is well known?! and
its structure has been determined.? McWhinnie™ re-
ported that, when copper(11) chloride dihydrate reacts
with 2-methylpyridine in methanol or ethanol, a mix-
ture of Cu(2-mepy),Cl: and a green solid was formed
and he formulated the latter as Cu(2-mepy)Cle. We
have now studied this compound and determined its
structure.

Experimental Section

Analytical reagent grade methanol was used in all preparations.
Magnetic measurements were carried out by the Gouy method
using HgCo(NCS), for calibration. Infrared spectra were ob-
tained using Grubb Parsons GS4 and DM4 spectrometers and
Nujol and hexachlorobutadiene mulls. Electronic spectra were
measured on a Unicam SP 500 spectrometer with reflectance
attachment.

Carbon, hydrogen, and nitrogen analyses were performed
by the Australian Microanalysis Service, Melbourne, Australia.

Cu,OClg(2-mepy )y HyO.—2-Methylpyridine (0.72 g) in metha-
nol (5 ml) was added to a solution of copper(II) chloride dihy-
drate (0.85 g) in methanol (30 ml). Dark olive green leaflets
formed immediately and the mixture was allowed to stand for 2
hr. The crystals were filtered off and washed with methanol;
yield 0.8 g. Amnal. Calcd for C24Hsoclecu4N402l C, 330, H,
3.5; Cl, 24.4; Cu, 29.1; N, 6.4. Found: C, 32.9; H, 3.5;
Cl, 24.7; Cu, 29.2; N, 6.1. The magnetic moment was 1.90
BM at 24°.

[CuCl{OCH;)(2-mepy)]s.—CuOCle(2-mepy ) H:O (0.5 g) was
dissolved in boiling methanol (75 m!) containing 2-methylpyr-
idine (0.75 ml). On cooling, green needles slowly crystallized
and after some hours were filtered off. Care was taken to draw
air through the crystals for only a short time as decomposition
readily occurred on the surface; yield 0.33 g. Anal. Caled for
CisHoClLCusN:Oq:  C, 37.7; H, 4.5; Cl, 15.9; Cu, 28.5; N,
6.3. Found: C, 36.8; H, 4.5; Cl, 16.2; Cu, 28.4; N, 6.3.
The magnetic moment was 0.62 BM at 30°.

(1) (a) D. P. Graddon, R. A. Schulz, E. C. Watton, and D. G. Weedon,
Nature, 198, 2699 (1963); (b) W. R. McWhinnie, J. Chem. Soc., 2059 (1964);
(c¢) C. M. Goldstein, E. F. Mooney, A. Anderson, and H. A. Gebbie, Speciro-
chim. Acta, 21, 105 {1965).

(2) V. F. Duckworth, D. P. Graddon, N. C, Stephenson, and E. C. Wat-
ton, I'norg. Nucl. Chem. Leil., 8, 557 (1967).

It has been shown that the oxygen atom in the cluster is derived from water.

Reaction of CuCl; with 2-Methylpyridine under Anhydrous
Conditions.—The reaction described above for the preparation of
CuOClg(2-mepy)s- H:O was carried out under anhydrous condi-
tions by the use of a vacuum system. Copper(1I) chloride
dihydrate was dehydrated by heating at 110°, 2-methylpyridine
was dried over calcium hydride, and methanol was dried by
reaction with magnesium. A green solution was formed on
mixing the methanol solutions and within 1 hr crystals of [CuCl-
(OCHj3)(2-mepy )]s commenced to form slowly. After standing
overnight the sealed reaction tube was opened and the crystals
were filtered off (0.2 g from 0.92 g of CuCly-2H;0).

Reaction of CuCly-2H,0 with 2-Methylpyridine in the Absence
of Oxygen.—Dissolved oxygen was removed from the reagents
used in the above preparation of CusOCls(2-mepy)s- HyO by de-
gassing the methanol solutions in a vacuum system. On mixing
the solutions CusOCls(2-mepy)s-H:O was formed in the same
yield.

X-Ray Data.—Crystals of Cu:OCls(2-mepy )s- H2O (or CuOCle-
(2-mepy)s) belong to the monoclinic system and form as very
thin leaflets with {100} as the main faces. The unit cell dimen-
sions, measured from Weissenberg photographs with super-
imposed powder lines of silicon (& = 5.4305 4), ate a = 12.73 =+
0.02, b = 12,07 = 0.02, ¢ = 21.54 = 0.03 4, 8 = 90.7 = 0.2°,
V = 3309 A%, The systematic absences were #0l for [ = 2x + 1
and 0kO for 2 = 2n 4 1, corresponding to space group P2i/c
(no. 14). Density measurements, by flotation in mixtures of n-
propyl iodide and carbon tetrachloride, gave a value of dn =
1.73 £+ 0.01 g cm™® compared to calculated values dy = 1.756 g
cm ™3 for four molecules of CusOCls(2-mepy)s- H.O per unit cell
and Dx = 1.72 g cm 3 for CusOCl(2-mepy )s. The crystal used
for intensity measurements was a rectangular fragment measur-
ing approximately 0.04 mm in the a direction and 0.06 mm in the
¢ direction, cut from a hexagonal platelet and mounted along its
long dimension (ca. 0.2 mm) which corresponded to the b direc-
tion. Data for seven layers 2K/ (K = 0-6) were collected from
multiple-film equiiniclination Weissenberg photographs recorded
with Cu Ke radiation. Intensities were estimated visually
against a scale of timed exposures of a reflection from the same
crystal, averaging over equivalent reflections and correcting
empirically for spot shape on upper layer photographs (by esti-
mating the spot area with the aid of a graduated eyepiece).
The intensities were corrected for Lorentz and polarization ef-
fects but no absorption correction was made. The linear absorp-
tion coefficient for Cu Ko radiation is 76.8 em~! and the maxi-
mum and minimum transmission coefficients were estimated to be
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approximately 0.77 and 0.85. The F, values of the vacious
layers were brought to a common scale by reference to 4k0 data
from another crystal (of approximate dimensions 0.04 X 0.05 X
0.1 mm). Approximate values of an overall temperature factor
(B = 3.0) and a scale factor for placing the data on an absolute
scale were derived from a Wilson plot. The intensity data were
not very extensive, probably because of the small size and flaky
habit of the crystals, and the 1950 independent observed reflec-
tions represent only 50-55% of the possible total in the recorded
layers. Attempts to grow larger crystals produced polycrystal-
line specimens.

Determination and Refinement of the Structure.—The analysis
was initiated on the basis of the empirical formula Cu,Cl;ONs-
CyoHys, assuming two dimeric molecules Cu:CLOH(2-mepy): in
the asymmetric unit. A three-dimensional Patterson synthe-
sis was calculated, with the F,® values modified by a factor exp
(2B sin? §/A%), and from its Harker section P(u, !/, w) and
Harker line P(0, v, 1/2), the positions of four heavy atoms situ-
ated at the corners of a nearly regular tetrahedron with inter-
atomic distances of the order of 3 A were deduced. Assuming
these to be copper atoms, it was apparent that the molecule must
be tetrameric rather than dimeric as originally expected. An
electron density distribution, based on the contributions of the
four copper atoms, showed the positions of the six chlorine atoms
in a rather distorted octahedral arrangement approximately
concentric with the tetrahedron of copper atoms. Successive
Fourier and difference syntheses with a progressively increasing
number of contributing light atoms revealed the nitrogen and
carbon atoms of the 2-methylpyridine rings but no peaks could
be detected in any reasonable positions for the two expected
hydroxide oxygen atoms. However, difference maps consis-
tently showed a peak (ca. 5 e~ A—%)at the center of the Cuy tetra-
hedron, somewhat higher than the nitrogen peaks (ca. 4 e~ A~%).
This peak was therefore assumed to be due to oxygen, revealing
a central unit CuOCl;, similar to those in CusOCL{((CsHj5)s-
PO)s® and CuOCls(py)s.* The infrared data and to some extent
also the results of the chemical analysis seemed to require a
molecular composition CusOCli(2-mepy)s-H.0, but, although
peaks due to all 24 carbon atoms showed up quite clearly, there
was no indication of a second oxygen peak (hydrate oxygen) in
either the Fourier or difference distributions. The analysis was
therefore continued assuming CusOCls(2-mepy )4 as the contents
of the asymmetric unit, the reliability index R = E/FO — }FCH)/
2 F,, calculated with the coordinates of the 39 atoms in the unit,
being 0.19 at this stage.

The structure was then refined by full-matrix least-squares
calculations, minimizing the function Sw(kF, — ‘FCW Initially
unit weighting was used, reflections with ,Fc| < 0.5k F, and with
’FD — [Fcl/kl > 20 being given zero weights. The atomic scat-
tering factors used were those given for neutral atoms in ‘‘Inter-
national Tables for X-Ray Crystallography,’” 1962, with the real
part of the anomalous dispersion correction (—2.1 e™) applied
to the copper scattering curve. Two cycles, in which the posi-
tional and isotropic thermal parameters of all atoms and the
overall scale factor were varied, reduced R to 0.13. Adjustment
of interlayer scale factors to give £F, = Z‘Fc[ and correction of
some errors in the intensity data resulted in R = 0.11, and, in
three further cycles, the isotropic refinement converged to R =
0.10 for 1824 measured reflections. Finally, two refinement
cycles were calculated in which the overall scale factor, co-
ordinates of all atoms, and anisotropic thermal parameters for
the copper, chlorine, oxygen, and nitrogen atoms were varied,
with the isotropic temperature factors of the carbon atoms held
constant at the values obtained in the last isotropic cycle. The
resulting R value was 0.082 with all parameter shifts in the last
cycle less than half the corresponding standard deviations. The
final refinement cycles (one isotropic, two anisotropic) were
calculated using a weighting factor 1/F,?, with a maximum value
of 1/(2.25F0;.)2, Fmin being the average minimum observable

(3} J. A. Bertrand and J. A. Kelley, J. Amer. Chem. Soc., B8, 4746 (1966);
J. A. Bertrand, Inorg. Chem., 6,495 (1967).
(4) B.T. Kilbourn and J. D. Dunitz, Inorg. Chim. Acla, 1, 209 (1967).

Naipa S. GiLL aND META STERNS

structure factor. DParallel calculations using unit weighting
with the rejection routine described above gave an identical value
of R and no significant differences in the final positional and ther-
mal parameters.

Because of the relatively high standard deviations of the co-
ordinates of the carbon atoms (ca. 0.04 A), it was considered that
anisotropic refinement of the carbon thermal parameters would
have little physical meaning. For the same reason, no serious
attempts were made to Jocate the hydrogen atoms. A difference
map, calculated after the final least-squares cycle, showed no
peaks higher than 0.8 e~ A3 compared to 2-3 e~ A-% for carbon
atoms in the initial difference syntheses, most of the higher posi-
tive regions corresponding to possible hydrogen atom sites.

The final positional parameters, together with the isotropic
temperature factors of the carbon atoms, are given in Table I

TaBLE I
FinaL PosITIONAL PARAMETERS FOR ALL ATOMS AND
IsoTrOPIC TEMPERATURE PARAMETERS FOR CARBON
AToms FOR CusOCl(2-mepy )s®

Atom % ¥ z B, A2

Cu(l) 0.2125(2)  0.2519(3)  0.2223 (1)

Cu(2) 0.1818(2) 0.2322 (3) 0.0804 (1)

Cu(3) 0.4025(2) 0.2082 (3) 0.1410 (1)

Cu(4) 0.2474(2)  0.0208(4)  0.1622 (1)

CI(1) 0.3489 (&) 0.3734 (6) 0.1994 (3)

Cl(2) 0.0373 (4) 0.3064 (6) 0.1455 (2)

C1(3) 0.3518 (4) 0.2389 (8) 0.0342 (2)

Cl(4) 0.1557 (4) 0.0131 (6) 0.0678 (2)

Cl(5) 0.4245 (4) 0.0504 (6) 0.2043 (3)

CI(6) 0.1407 (4) 0.0866 (5) 0.2571 (2)

0 0.2587 (9)  0.1729(14) 0.1504 (5)

N(1)  0.1739(12) 0.3420 (15) 0.2973 (6)

N(2) 0.1055 (12) 0.2888 (16) 0.0078 (7)

N(@3) 0.4448 (13) 0.7423 (17) 0.3726 (8)

N(4) 0.2423 (12) 0.8597 (18) 0.1788(7)

cQ) 0.3172 (18) 0.2427 (23) 0.3516 (10) 6.4 (7)
C(2) 0.2344 (16) 0.3318(20) 0.3514(9) 4.8(6)
C@3) 0.2088 (16)  0.3965(20) 0.4020 (9) 4.6 (8)
C4) 0.1305 (17) 0.4730(22) 0.3977(10) 5.6 (6)
C( 0.0728 (16) 0.4906 (20) 0.3395(9) 4.7 (5)
C(6)  0.1001(17) 0.4172(21) 0.2007(9) 4.6 (5)
C(7) 0.2013 (21) 0.4699 (25) 0.0177 (12) 7.8(8)
C(8) 0.1223 (16) 0.1109 (26) 0.4868 (10) 4.8(6)
C(9) 0.0664(19) 0.0668(23) 0.4335(11) 6.5 (7)
C(10) 0.0060(19) 0.6359 (26) 0.0929 (12) 6.9(7)
C(11) 0.0322(17) 0.7377(24) 0.0689 (10) 6.1(6)
C(12) 0.0317 (13) 0.2753(20) 0.4819(9) 4.2 (5)
C(13) 0.4315(18) 0.5738(23) 0.4361(10) 6.1 (7)
C(14) 0.3851(168) 0.6784(22 0.4075(10) 5.1(7)
C(15) 0.2793 (16) 0.7110(21) 0.4211(10) 5.2 (6)
C(16) 0.2433(19) 0.8046 (25) 0.3933(11) 6.5(7)
C(17) 0.3024 (18) 0.8687(22) 0.3852(11) 6.2(7)
C(18) 0.4104 (18) 0.8336 (25) 0.3444 (10) 5.6 (8)
C(19) 0.3852(20) 0.8306(25) 0.1031(12) 7.7(7)
C(20) 0.3079(20) 0.7855(29) 0.1521(12) 6.8(7)
C(21) 0.3100(21) 0.6753(32) 0.1701(13) 8.3 (8)
C(22) 0.2842 (22)  0.6392(28) 0.2143 (13) 8.5(8)
C(23) 0.1667 (18) 0.7153 (26) 0.2384(11) 6.3 (7)
C(24) 0.1701(18) 0.8262(26) 0.2200(11) 6.0(7)

@ Numbers in parentheses are estimated standard deviatious
in the last digit(s).

and the anisotropic therinal parameters of thi¢ copper, chlorine,
oxygen, and nitrogen atoms in Table II. Table III lists the
observed and final calculated structure factors.

The following FORTRAN programs, modified for the IBM 360/50
computer, were used: MU-FR3 (White, 1966) for Patterson and
Fourier syntheses; ORFLS (Busing, Martin, and Levy, 1962)
for structure factor calculations and least-squares refinement;
DISTAN (Shoemaker, 1963) for interatomic distances and angles.
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TaBLE 11

Anistropic Thermal Parameters (xlo‘) for Copper, Chlorine, Oxygen
and Nitrogen Atoms with Standard Deviations (no"} in Parentheses®

Equivalent

isotropic
Atom by b2, b3 b1z bys bas 8
Cu(l) 65(2) 62(5}) 18(1) 0(2) 0(1) 0(1) 3.8
Cu(2) 61(2) 61(5) 16(1) 1(2) -2(1) 7(1) 3.5
Cu(3) 52(2) 69(5) 20(1) -3(2) -2(1) 2(1) 3.7
Cu(4) 68(2) 48(7) 21(1) -1(2)  -5(1) 4(1}) 3.7
cL(1) 94(5) 79(9) 41¢2) 220(5)  10(2) -17(3) 6.1
€i{2) 73(4) 136(9) 20(1) 374} 2(2) 7(2) 5.5
Cci(3) 65(4) 123(9) 22(1) -8(4) 1(2) 9(2) 5.1
Ci(4) B9 (4) 83(9) 19(1) -22(4) -5(2) 5(2) 4.7
Ci(5) 70(4) 90(9) 35(2) 11(4) -14(2) 14(3) 5.4
Ci{s) 96(4) 67(8) 19(1) -4(4) 7(2} 5(2) 4,5
0 67(10) 59(23) 11(3) 13(10)  0(4)  -5(5) 3.3
N(1) 64(12) 96(23) 13(4) 9(12) -5(S) -6(6) 4.0
N(2) 74(13) 48(23) 24(4) -32¢12) -5(6) 4(7) 4.0
N(3) 91(14) 55(25) 30(4) -4(14) -2(6) 10(8) 4.9
N4 79(13) 93(31) 16(4) 14(13) -1(6) 0(8) 4.5

o
Root-Mean-Square Amplitudes of Vibration (A]b

Major axis Median axis Minor axis

cu(l) 0,231 0.214 0.207
(0.998, 0.012,-0.056) (+3.006, 0.994, 0.110) (0.057,-0.110, 0.992)
Cu(2) 0.224 0.217 0.189
(0,975,-0.103,-0.197) (0.181, 0.882, 0.435) (0.129,-0.459, 0.879)
Cu(3) Q.227 0.218 0,204
(-0.192, 0,920, 0.341} (-0.296,-0.386, 0.874) (0.936, 0.067, 0.347)
Cu(4) 0.

0.242 0.218 187
(0.901,-0.065,-0.428) (0.432, 0.185, 0.883) (-0.022, ¢.981,-0,195)]
ci(l) 0,319 0,276 0.231
(0.316,-0.293, 0.902) (0.916,-0.154,-0.371) (0.248, 0,943, 0.219)
Cci(2)

0.325 0.236 0.21
(0.301, 0,950, 0.,080) (0.953,-0,297,-0.054) (0.027,-0,093, 0.995)

Ci(3) 0.231 0.223

(0.986, 0.057, 0.154) (-0.144,-0.157, 0.977)
0.238

(0.474, 0.877, 0.078)

0.303

(-0.080, 0.986, 0.147)
ci(4) 0.210

(0.098,-0.140, 0.985)
0.224

(0.802,-0.442, 0.401)

0.281
(0.875,-0.460,-0,153)
CcL(s)

0.298 0.259
(-0.277, 0.321, 0.906) (0.529, 0.838,-0.135)

ci(6) 0.282 0.226 0.205
(0.992,-0.044, 0.121) (-0.013, 0,898, 0,440)  (-0.128,-0.438, 0.890)
0 0.239 0.206 0.159
(0.930, 0.364,-0.043) (-0.366, 0.914,-0.178)  (-0.026, 0.181, 0.983)
N(1) 0.171
(0.136, 0.076, 0.988)
0.174
(0.381, 0.924,
0.198
(0,029, 0.980,-0.197)

0.268 0.228
(0.201, 0.974,-0.103) (0.970,-0,213,-0.117)

N(2) 0.260

0.233
(0.850,-0.360,-0.385) (0.364,-0,127, 0.923) -0.023)

N(3)

0,275 0.266
(0.865,-0.123,-0.487) {0.501, 0.157, 0,851)

o

N(4)

0, 269 0,247 0.191
(0.568, 0.823,-0.021) (0.822,-0.568,-0.027) {(0.034, 0,002, 0.999)

@ The anisotropic temperature factors are defined by 7' =
exp[— (buh? + buk? + byl? + 2bihk + 2bishl + 2b1:k1)]. b Direc-
tion cosines of the principal axes relative to the crystallographic
axes a, b, ¢, repectively, are given in parentheses.

Results and Discussion

Preparations, Properties, and Infrared Spectra.—
Using methanol as solvent the reaction of copper(II)
chloride dihydrate with 2-methylpyridine in the molar
ratio 1:1.5-1:2 yields only dark olive green leaflets of
p4-0x0-hexa-u-chloro-tetrakis[(2-methylpyridine)cop-
per(II)] hydrate, CusOCl(2-mepy)s-H;O (I). The
empirical formula of this compound was deduced from
analytical data and the presence of water was indicated
by the infrared spectrum, Table IV, which has a set of
absorption bands in the region 3350~3550 cn—!. The
intensity of these bands is of the same order as that of
the C-H stretching frequencies in the region of 3300
cm~! and they can only be attributed to water in the
crystal lattice. The X-ray structure analysis of I
established a molecular structure similar to that of
CuOCl(TPPO),® (TPPO = triphenylphosphine oxide)
and CuOCli(py)* but did not reveal the presence of
water molecules. Therefore we can only conclude that
the water is in a disordered state and it is possible that
there is less than one molecule per molecule of the
complex, There is no indication that water is bonded
to any of the four copper atoms in the molecule.
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Compound I can be recrystallized from methanol
containing a small amount of 2-methylpyridine, but as
this is increased, the color of the solution changes
from olive green to green and a second green compound
crystallizes as needles. This compound, which is
somewhat unstable, surface decomposition occurring
readily, was found to be di-u-methoxo-bis[chloro(2-
methylpyridine)copper(II)],  [CuCl(OCH;)(2-mepy) |-
(II), from analytical data, the infrared spectrum, and
an X-ray structure determination. The structure
consists of centrosymmetric dimeric units[CuCl(OCHj)-
(2-mepy) ]. with methoxy groups bridging the copper
atoms and these units form infinite chains through long
Cu-Cl bonds (2.94 = 0.004 A compared to 2.27 =%
0.004 A within the units). Thus the compound would
be more accurately formulated as [Cu.Cl(OCHjz),-
(2-mepy):], and each copper atom has distorted tetrag-
onal-pyramidal coordination conmsisting of one chlo-
rine, one nitrogen, and two oxygen atoms in a distorted
plane with a second chlorine atom of another dimeric
unit completing the pyramidal arrangement. The
structure, determined from 847 photographically re-
corded reflections and refined to K = 0.073, will be
described fully in a later paper.

The infrared spectrum of II, Table IV, shows no
absorption bands in the region of 3500 cm—!, while
there is a very strong band at 1055 cm—! that is not
present in the spectrum of I and is attributed to the
C-O stretching mode of the methoxy group. This
strong absorption band obscures the CH, rocking mode
of the 2-mepy ligand, which is also obscured in the
spectrum of I by the bands due to »is. and », although
it is well- defined at 1043 cm™! in the spectrum of Cu-
(2-mepy).Clo.** Possible assignments are given for
all bands in the spectra of I and II but from these lim-
ited data bands in the region of 230-350 cm—! are not
assigned specifically to Cu-Cl or Cu-N vibrations.
At about 550 cm~! a strong band is observed in the
spectrum of II and a set of medium to strong bands in
that of I compared to only a weak band due to e, of
the 2-methylpyridine ligand in the spectra of complexes
such as Cu(2-mepy),Cl; and tetrahedral M (2-mepy),X,.?
This difference is attributed to a copper-oxygen stretch-
ing mode also occurring in this region. Other bands
due to such a vibration would also be expected but have
not been identified.

Magnetism.—Compound I has a magnetic moment of
1.90 BM at room temperature, somewhat lower than
those reported for the TPPO complex,® CusOCl,4—,3
and CuOBre(py)s,® it being assumed that the last two
compounds have the same type of structure.”” In con-
trast, the moment of II is low, 0.6 BM, and interaction
between the copper atoms leading to coupling of spins
must take place through orbitals of the bridging oxygen

(5) N.S. Gilland H. J. Kingdon, Aust. J. Chem., 19, 2197 (19686).

(6) C. M. Harris and E. Sinn, I'norg. Nucl. Chem. Lett., 8, 125 (1969).

(7) After this paper had been submitted for publication, the structure of
[(CH)«N[CusOClw] was published by J. A. Bertrand and J. A. Kelley,
Inorg. Chem., 8, 1982 (1969), confirming this assumption. It has also been
reported (P. W. Ball, Coord. Chem. Rev., 4, 361 (1989)) that the magnetic
moment of the TPPO complex is 1.87 BM rather than 2.2 BM.3



Naipa S. GiLL AND META STERNS

1622 Inorganic Chemistry, Vol. 9, No. 7, 1970

TasLe 111

OBSERVED AND CALCULATED STRUCTURE FacTORS [F(000) = 1704]

’.,MI »

1

1 s

T |7

1

A

l{nlcl

1Y

LARLA

-

LG e U b e P P A & L T L AL D5 0 e MR T o e T T OEC T e D DU 3E AN Y g A 03D St G DT LT G e SRR ML e DN D £ Lt Tt T T NGO 0L 3 C OIS T L P et T G Dt I AR O 0 NPT DO I T
IR L I LIAG DI e £t o b S B (0 & e I ot 0 DU F A e e AN T 8 A g L e LT S 4B v o L PO BT I I C IV o 6 P T ot e 7 o £ TN AU S e o o R (e 3 (T L2 0 e e

<~

PTG T T 0D Tl s DA T T T TR T 0 SCURMMINA T (8 A PN 0 — LN Rt o D e DIV AT O Cd Ier e 0 0 I ot DO QA O MUAND 3 ™ U AP P (U 5O OF COA $ AT AR OT EAMIALAN I G F DA IS DN T i 8 01 F 31
O O L DI LT T O G I I T At O N 0 LS NS U 10 D o L 08 3 1 O T AT o DU P L (I 1O LT U IR 1013 € R RN AT 3 R A N U LS g U S T 0 B (7O 0 IO (N SR 0 T N (70007 F (e T (e 1 e ey

O 4L 8 DU LT O FOPT T Qe O DA B ONO S S Dy (=) ™ 0l O P C O SN E RS DECANOT 11000 © DOM 1~ BF TN - ey 01 0 Dy DO DR BO C iy 4 TADD OO DUMDN AT S CINN S AR N NI GGt

SRITES SZRIRAR SRISILR SRRSTRAAR PRShA bttt by prhesvivit SIEPTARAD P
FT T I I T IT TS ETIT I T E T T UGG DDLU 1 0B DUNPE A L0 D0C OO Lol o630 AL DA L G DI P PP PP PP P P P - T G 8 031208 @ XG @ BT Q0 HDA TLG G R OG 0T 00 00 0 € C L O Gttty RO A
IR R AR R R [N NN NN IRRERERRERE] KRN [KEEARERK [ e R At

] e e

TR T RO O P R O R (YEIATE D 0 0 7 O QNN IR O g 10 G QM AN 0 D N LG OINT § DU OF 0 o F & P D a DOy
e N ST ER A e TN T AN SR $ T TS R ADA T I T D S T SN R AR Mo T N e e

T DC BLP T L 0L, HNINTE o (A TP € TN G UV @ G O 3 M 3t MG F 2 F it T T O AT (N IO, IR D DU S0 T ST 3 Rt O ot
FEENIL SR T ARINEIIR 0 G E G S O L 3 DT A 6 F T Qs D0 ) F e Ao O TS L T 2 8 L U P P 1 DRI VT A A e 5 T

D DI P A L S UL O IR DD 4 U D LDCR 2 D F U DM MDA - O OO PN LD A SO D TR T IAM F 0 O 000 ) LT 0ot Q0 L0
S T e e R N S R N e

C R OT AR DI AT § 0 DO 0L A T Nt C D D0 D P OO A U E OO T 7T Mt £t D T e & TR I T NICGIONC F LA UUA T F 0T T P C AT
TN SOT T MO 0 G AE IR SN T FF R U S T N 8O G R T 05 L O N M S DO I T AN M T S NCO 6

U DGO BT O T O SRR 5 DN O I 07 O 4 OE IS DU 4 O B 0 G U O O N TEC M £ DN N e s U B 0 R D P Nt N UG 8 1 CE e PRI ot €T I 00 Ot NI TR Ut A DI 00 C et I (0 0 D0 200 € M o1\ M8 0 F ST 0 I T AL U0 U1 & 2 oty

ot plisnio it LIS poniuiit ety Ak PomiN il Ay PRk iy bRt pteab}

DDE 0 00 L L OO0 DT DI PP I PP I PP P P @0 T (T 0 A € @ L I @ GO0 1T 30 PO - OEC B 3¢ GOty | CLCCLAnGGOCE O NN IO N T TN RO (€6 (e e, 7
IR} IRERE] [AEXRERR RN [

o o e e
[ R e e ettt e OO IR RN KR IR YR ERREEY
rvrey 0ot

R ]

e A L DTS O Dt P et 300 T O 0 o B U O NIt ot ol P D FUIC 10 P DO DO PPt S O IO A S (2102 0D T i G A M 0 0 NGO T A€ I PG i ¥ S0 IUA DT 1t s DT € af 0 e DNNCE D 2 D0 7T € s DAY T ISRl L e T e 37
NEEARR T nemea

B R R A R TR Ry T R e T T R R R G e R R S R R L B L L L B A s A R SR R B P S e R B S m e S PRV RS SRR IO ISR T 9T
ot S

I 0 DINT T Rt (1 (N AR U TN T Ot CH D T o a0 C T AP P P (1O & (O RO IR R OO0 D3 & 0 P (U0 @O I DT 4P 1 57 (P e it D DDUOT Pt 0 T D3 N Y 05 6 0 DUNG 1T 90 DO IV 041 PP & G0 2 AUt St DI 1 D il b AN MV 2P e
T TR

R R oy T IR R €7 €T @ 7 4740 3 40 DE 7 9 et 7 409 9 (e 2P P S0 AN GG e D10 v il i i (LN T RIS kil 107 DN T LT (0 i 03 e et D 31 e R G s 3 & 4T S L0 Gouies o Nt § B L

%

O e B

NI OF T NI N N OB QNI OO (v A DN DO CNDN OO — NI IO ) ™ $~ 01Ok Nyl U G 1) Y (VI I O @10 it L3 &t (e 1 OP 000 OV D@ D=0 Tt PO i i3 10 DD DI 1 L0 i) O G NI L0 AU 16 QT = 1 O D eaon
—— peAmvinii At phgibanti PRSP jibhiby P sty onsniz

CreerCnLeac - VN eorseue I I (01 0 P ST 1107 00 PP 1) L1613 LR U o 0 7T T T T T T

R N s
Titena T ey (R RN R RN IRRRSER]

IRRRR] RN

PO DN ca O 2 O INED FNT FOLOC KX AP s el 4uS Nt dMOM D BION £ NE LD DT ST DC 3T DO D@ 00 Gty B P NG T F B D LR DBIN L DT P T LW 0T ACANAT L3 DO G103 G T LOULDINE o460 O 4T ot 0 (N 4N C M (R DD FUNE G PP D DI Da P ¥ N0 er e T 1 P Dot G
AT o SRR RS FIIE NI ORI TN TO MR et AR T 02 AR 1 18 0 I T A I DU TR £ £ i R R T e 0 £ L A P LN AR 6 08 RS PRI 0 S N 3 A SR SRS S N PR R e

DINTE D 3OO UNTC ot DI 0 G F TP 14 LA DI T DD DI I D OO 00UV O L It G P 0L T 000 1 P P ST O IV P rd DO Pt O O (003 MU D3 T 3 1 0 T U R DN G e Tt b0 06 € DR TS s DA ([ LUR NI GO (VR I 0.0 0 AP
L R TGO N 0 0 NG o NN T O 13 000 R0 v ELT F W G- R IR G X S MG S 100 0 o RSN R N e N R e R

B o o e
PROMERNViY

SR T N O OO SN L TT OGNS TINCOANMY LR DT Ot S GO DR TOSNMENN 00 N 1N L0 Omtyee § 00 IOR F 00N 0 oty OGN G107 = £ DO G D= 0 NN L 0 GO I OO DN O 0 € ATCTUS DT 2oV DI Owsfrf G I DA QA F LC ST T N 12, 7 3 DT DDt NI Dt
Pt peta et priond EASh A IRANN ity joRhaty pubhains it CRLIAER Py b oAt uiter pustina

U IR A
I EEEERNER]

O8O LT P (I 7 A o
' [ERRREA

coccaror ce

e T I I T T T T TI T IF T LLT LIS
1 IREERRRR]

X DL DL DECCOLL OO L L LDEL Pt B PP PP I P P P R 0 D 0 0 T 00T 0T
(RN ERE] RRRXRRRREERR] (REERREEN] [RRREX]

NG TOF COTOC AN oGT P LT NN A GO C i€ O 0 O DT T D DA AP It T DY DD (bt SO 0F PO Lo F DT ot AP D 13 AL VDL - a0 2 DI 0\ $ ORI IL DT DO L § T F DT LO e IT 0 e 0 e PP P T 310 D M I TP AN e G € 00 G e IG RN ST I e T AN SRS 8 PO F 3 € Ty

B N e T N N R S R N LI T AR e @R N e (A DU MG S § R T T I e S LU0 T A o
N L e i
MDPOMMITA et SO AT LR § DU T I DO TN N R OO IR DA AIC A D AID R 0 U NNT I N MR P S0V 0 TP T Y TP P 1O AT 1.6 39 VDT DO DI TR | F 1 7 T $O0 T rih e i g T S B S peatN
T DO PO (4L T 00 MLV ) (. (D P UL, TN P NI DU M7 T OV F I 1V 51 DT 0110 1P T 506 NN 1360 AT OV G 7 P C o (R ENE (T (M U0 C O 17 F 970 F OO I 1 AN 6 0T C o NENT Lo B e s T AL
~ P = N Pt

-
MOONIC SO AN N0 T T O N L7 NDLNOM S NMOR A M OF € T O e 1T ¢ P Nt (3 OO DNDONHN G T0 O 4N O D PP EC— DN NI TGN Dt AD iy et iy Ot O LU B 6 O AN DO =T DI 0 O P e IO B 5 it T R0 )20 £ P DT 0 £
o ittt Pt s e by ptemiahaa ity poiini AN it STELLAR bbb
CeLeCacrcoototn e ML B I N

D 0.0 L D00 0D OO DL DOL DL L B PP PP b P [ O GO & ML R ET QX € T DL COT 0TI TOO PP C IO CE TTOO CCTODNCTEL Crarmemeierestvruin
AN 1 [REN R RN [REER] - I R R e e el
O ey

'
1
'
'
(
'
'
'
'
'
'
‘
‘
i O
i

DOMLOT DL S T NC i LIS P £ AR IO A A DU he 0P g U0 (03I AT 90 S IO DU P 0 L P 8 S N RIS 00 Tt AT P sy TP L 0T aP DI GO F DT I C I GANL NN T 0 O T M & F e e I s Dot oot DC ISP S DD G 0 TE D =& i A DN -0

LA O U @ ety TRDC E L8N R DNTHT RIN DT €70 0 0 T I T 1P D G I R A NP D I T T B0 N R U 8 0 DU 0.0 N T NI SN N S N L N DR 18 S G i £ 2300 S
SRS [Si=hina
DAL O PN OO LLNT oD | P Nt D A0 Cra e T DL OUNC TE ORGP P TUD F 0 0 4" (VA IO 10 oo B AT ORI $ 30T DD LO T O OTNTNS T T 0 DS TRACIEC DT DT MU D F T FE T DIV Rlrtedo ORILL ™ E e, T D DD AN i e D N7
REER IS Pt CRCCR TN NP € SRR TP IR 3 T 6T NN O . 22«2242u462112~SAH32215!35537555«4&5:25r9«1~377F~3391211rﬁhall?v525?13515&&213?7(25¢5715:1/hA««17~7:2
= = o e ~ Lsl
x

ORI DT NS ST DO

NI T AN £ 0 € Gt U0 G 08 O F DT O rmtaF I DT O P Qi AT (T O O ekt 1 D= RN I 8 O D1t 18 Dt N T YD T Gt T O™ O i D0 i N DI X B C N G Oran 10 3 1 D Tt SOy o L (T e SO NI T i &
PRI A Py [Smiiiaiion PR hbind pobick SELIAAN A vt dubienity

O L0 A ot NN
PR I ik vt i
) i i

CONLCEES TG C T E Sttt

ERNNLN evrvew
R IR

O NI TR (0 6 1 5 AL 8 .00 )
Ty Pruacny

B T AU ST PSR IP ST NPT Y
' IREERN]

e T T TS IIII TSI TSI IS ST
IRERRARRR]

ONT TN PP Oer =@ DL A DE IDA AN T VO LT F et O DIEMM IOt 0 L ~d MNT i D T ROC T WM U P s O G D FW LT 0 Dt 10 F LU DT 0 O abe ey mtret= N0 D UV T PP 2 0L 00T O T P 0D et 0 8 IO D= LI MM it DO O D3 TGP O D EOSINT MNP E e
D = e o e e N B R e & N N e e e =R LR SR U R SR

DD T T O D QNN T Mepel 007 2001 0 DU eI AT DO NG N NN D0 T NN OO @ A =rd LA P & PO G0 PNt I M € DU 0t e £ 10 6 @) U D TINO Pt © AN I (O O TS (D i1 (V-G Tt € D= € I 907 1 At O D WA AW ot o st IO £ 7 NI DS L0 DT £t I8 9 e D0 M e
DTCMENOTNNG SISMTE 3 NN M R ST NN RANNOT O T TEACNOM M0 O 0 QNN MU DR T G SN F M0 P NP D T G NG (.0 05 8 SN NS O ADGR 0 M0 F NN TN T3 3 17 DA 70 AN O TR SO NNV
T ORI DO NI T 0D T T OF G DX O AN UR T & O T 0T 004N ORI TN LG T Coid i OF 2 D 006 0 1T DEE “t N0 T 10 G0 AU NS R TINOR T —rNM I O AN L0 1 TR D 7 O T Ot L tifiod O Qs DR DN LINT T (N 31000 TN O DN M T O 7 e,
bbbt Aty [ Brh T it SILAENR Pl pait P piviiubig ptiithbbhit e N it STRIRR e ——e

e o cmm

L R T

CaDXEIITEIECE
AAEREERERY

TS IIIL T TE LN NN L L DAL LU IO o 08 U DL D€ 00 0oL DDGDL D L0 DL« LD I PP o P P P Db PP PP - T 0 @ X era T o @
IRRRRRRRRRRR) IR EER] IR (RN

RN ERERE]

DU DD U D L A O AU T ) er sV s NG D 5T DN D P T D NP L e FUAL s P A0 4P T T Dot 0s8) 3 TP DL AN B O T LU G OO P Tyt D Lot DD

P DO O M DAY DO 0 €O (s O e s DT (NG DD A DCI DT 4 DO AT <O F U T 1 aht 08 WA 1 € D1
T T e e B R D e LD DU ¥ €l EP R O 3T 71 ettt rvia S8 PP C A 08 e U3 A8 O < 2L 1A PV E 0 e 0 E S U O 1 38 2 T T IO I o 0 10 1 00 R F £

I e R e e ey
it = ~ON [l

M R O DT I 0 C Rl o 0y b i P € O P S e i O 0 (A7 (0 D P (LD e 2. (N (e 8 D AN D Dt (0 VA P s 0 (0 r OO 0 U L PP 0 @ K T (07 SN it BT LTI U e 3 (1O D L F T O TN 4 7 R AN Ot O 0 N0 D DN L LMD 47T F 0 F P T i it o e e

B N R e T R e N ST O AN S~ UAN D OO NG N L T SO R T O & T & P I SRR 7 N O i R A 0, e
= = W v PRy i
>
D Rt R P L. Gt 1N E O SN O T W I 0 & 4T A 30 O X FON OB PO F DD T il T DORF £ DC Gt T A 10T i N DDA 76 OO TN TR 070 © NI T DI DO s R LU O 0 0 C ot N L™ et Y T O 0 M IO et 1 4 e G 15t 60 S8 3 s oo 4 S 01
LZRIAN SRAAAR pltahely pteabe it A v Py SZILAANES pothuibubiot. 8 PO ibhislg LIS IILRY
DO DBLHDLDO DL L OLED ol DI P PPl e e PP P P P T P 00 L 00 L T X DVPCCETETTETCCOT T F O OT G FOCLOOOTO s INNNAIA O | ceucccecat aualena ¥ N N N N N N
[RRR] [ [AAEN

v IEEEEEER)

PR GNP A T AN DRI DC CNO DAOUNAM A TP (ot T 1 U IO O R £ Tl DO T NI DM A AR D OO D FAC DO PORUBRT DAC AL ML ENTNTN L DL TANDI FI0C Tl O P et NG D NGO 0 G Dot s K AP P UV 05 O T 7 €D 5.C o 4 e 40 W01 ST 0
I G R L IO DM I G0 @ AN O T O TN T TS NG ST O ONG R S Cr 50§ M i S R T O D 0U N, AT VTR 0 CE LT SR AR § S SO0 R 18 i e
wad N s - el = e =

3 N 20 T i O T e TS T OO O P 0 0O I 272 8 D 0O 0T 000 DD IS0 I DINC AN MU OO § LTI CE (8 C T JINNS O MIRE T T IO I R0 D O I 310 0 O D MO ORI I I O N ST O 7 ) e NG N ¢
SRR X ANIG T I DT IR LG DT 0 = S8 T MDA D D0 NN S S LR ME G SN 3 000 N S O™ TR ©.F ¥ VM 0 7 GO A R i BN G g eure oL S R IR RER-h R R

[Shahtn .l sty e Pl = == = ol ono

O B O T D F Ot NI ST 0 P 10 Gt N DL Ut N1 D= 000 Gt QT O st £ F 0O Q00—+ AT U= O VAT 1 DG o 60 P AN -+ N0 410 Pll] T O e UV i < U D 06 T C N 1320 O SOt S S B30 (I 0 P (TS 1) 3 DI D0 11D HO P O E31mttd AT D 03 € e ol P P (13 7 e 00 e &

PRl R pltmilbiutulie) Pt et et ettt Al N e ety pimbpi iy =5
COTLOL LLLALOOL e S NI NN IR NI A O o N OO O OOME OO O TS T ET I T T ILL T IIT T TL TG L F T E T A O DO DA AN U 00 00§ 5L L €D OO
O NN RN RN RN RN IRRRXRRARRRRRE] [N P
AU O e I B U I O OO T D P et 4 (D M= A 0.0 D0 N DO 2 N DT WL 0 T 4O DO TP e i00 NG DU TNt Pl NC 00 I Ut NI DT INDO A - Dt DO s L1 CT D0 P WD A DMC AT TND P NG LT O TUIII-C O TS T N L I T T d e D e g
L L B L T e L L M St} SR
RATRT 2TV aem TR A hi Pt =4 ~a2 e P
A D £ O T DM DI 1101 O AN AT AN ORI N IOE ¢ 6 NIPAIT T80 AT 57 ) S0 €L QD EIONG 4 40 0008 1 EAmTNTNT 0 £1 TLOME AT © 4N 00 OF BT AN E 1D T TONGOT MG 0 G O MO ST O MR f= £ e e
L P At e <mo o WOELF LT FEDT UL TP LO ST OO 3D LT 6L NAT AR IL D 58D TG, T o
ESipa Py e e - Pt il e L oy = P oy

Acstu@anAb&}ZhAEZ&&RJZ«ea?heih522465055372AéCZAbOZ«AJZAh?a4592h82?453324i2452«t%4294su«oﬁZ&biﬂv~5822A682h2~5§1ZhOZLhﬂhahbunzs?aangaaO«bZhiO?nZ«bﬁaaeuahﬁﬁzzaeiﬁnba7hhAC~bza‘ﬂ

e 2ALAR sty panaity Pty osininby ity prabiiiel S S Py P e i A

L T T T
[RRR]

TS ST S
IRRRKI

A 000 0 4 00040 DI [t . 8 0 € 6
[EEENN] RN [ERNRN] (KX

e DM G L LSl e g
Pt [

GO0 O T IO C U s et et N B 7 TV ) T
Vit

IO RN [l



(2-METHYLPYRIDINE)COPPER (II) COMPLEXES

TABLE IV
INFRARED SPECTRA (CM™1)

Assignment® Z-mer(.}l\{ém's;dine Cu40C16(2-mepy)4.xH20 (CuCl(OCHs) (Z-mepy)]z
O-H str 3562, 3451, 3355
2® 3083 3106 3106
7,20a 3062, 3049 13077 {3076
20b 3014 3043 3030
CH3 antisym str 2960 2984 2986, 2948
CH3 Sym str 2927 2932 !2913, 2871
CH3 str (OCHs) 2799
8a 1592 1613 1610, 1589
8b 1572 1571 1571
19a 1477 1486 1492
196 ] 1449 1452 1457
CHy antisym det) 1433 1431 1432
14 1376 1387 1379
CHy sym def 1361
3 1281 1302 1308
13 1238 1239 1240
9a 1151 1158 1160, 1152
i8b 1103 1111 1110
18a 1050 1063 1063
CHy Tock (OCHy) 1055
CHy rock 1042 -
1 898 1034, 1031 1030
12 800 803 803
10 754 781, 769, 765 760, 757
4 732 732 724
6b 629 656 653
6a 547 581, 5§73
Cu-0 str s6d, 552 sh, 539, sh
11 470 478 476
16a 402 442, 432 431
15 357 396 393
Cu-ligand str 266, 248 356, 271, 233

@ Assignment of bands of 2-methylpyridine follows that of
Goldstein, et al.le bx of v, of 2-methylpyridine. ¢ Very broad
band with two shoulders.

atoms of the methoxy groups since the Cu-Cu distance
in the dimeric unit is large, 3.02 A.

Electronic Spectra.—Reflectance spectra determined
in the range 10,000-20,300 cm—' showed one absorp-
tion band for each compound. This band, which is
attributed to d-d transitions, lies in the near-infrared
region, is very broad, and extends well into the visible
region. The maxima are at 13,600 cm~! for I and

Inorganic Chemistry, Vol. 9, No. 7, 1970
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Figure 1.—Perspective drawing of the CusOCl(2-mepy)s mole-
cule. The carbon atoms are designated by their numbers.

14,300 cm~! for II. Another band, most likely due to
a charge-transfer transition, occurs well into the ultra-
violet region, and in the case of I a shoulder on this
band is observed at 23,300 cm—!, while in the case of IT a
small maximum is observed at 26,300 cm~!. Compari-
son with the reflectance spectrum of Cu,OClL(TPPO),?
shows that the d—d band of I is at a higher energy than
those of the former as would be expected when a ligand
is changed from an oxygen-bonded to a nitrogen-bonded
one.

Structure of Cu,OCL(2-mepy)s.—The structure of
the tetrameric molecule is shown in Figure 1 and the
packing of molecules in the unit cellin Figure 2. The
central unit Cu,OCl is of the same type as those in

Figure 2.—Contents of the unit cell projected on the ac plane.
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Cu,OCL(TPPO),? and in CusOCls(py)4,* with the copper
atoms disposed tetrahedrally around a central oxygen
atom and bridged in pairs by chlorine atoms. In the
TPPO complex,?® the Cu,OCly cluster has exact 43m
symmetry, the chlorine atoms forming an octahedron
concentric with the Cuy tetrahedron, with the Cu-O
bonds along the threefold axes and each copper atom
coordinated to three chlorine atoms at distances of
2.38 A, the central oxygen atom and the oxygen atom of
the triphenylphosphine oxide at the wvertices of a
trigonal bipyramid. In the structure of Cu,OCl(py)s*
the central unit is somewhat distorted and the distortion
is still more pronounced in the present structure of
Cu,OCl(2-mepy), as might be expected considering
the lower symmetry of the 2-methylpyridine ligand.
Interatomic distances and angles for the central unit of
Cu4OCls(2-mepy )4 are listed in Tables V and V1.

TABLE V
INTERATOMIC Di1sTANCES IN THE CuyOCliN; CLUSTER (A)“

Cu(1)-Cl(1) 2,329 (8)  Cu(1)-Cu(4) 3.109(5)
Cu(1)-Cl(2) 2.644 (8)  Cu(2)-Cu(3) 3.096 (5)
Cu(1)-Cl1(8) 2.324 (8)  Cu(®)-Cu(4) 3.206(8)
Cu(2)-Cl(2) 2.310(8)  Cu(3)-Cu(d) 3.041(6)
Cu(2)-CI(3) 2.394(8)  O-CI(1) 2.87(2)
Cu(2)-Cl(4) 2.679(8)  O-CI(2) 3.03(2)
Cu(3)-Cl(1) 2.458(8)  O-CI(3) 2.90 (2)
Cu(3)-Cl(3) 2.411 (8)  O-Cl4) 2.92(2)
Cu(3)-ClI(5) 2.357(8)  O-CL(5) 2.81 (2)
Cu(4)-Cl(4) 2.335(8)  O-Cl{6) 2.95 (2)
Cu(4)-Cl(5) 2.445(8)  CH1)CL(2)  3.96 (1)
Cu(4)-C1(6) 2.503(8)  CL(1)-CI(3)  3.91(1)
Cu(1)>-0 1.92 (2) ClI(1)-CI(5)  4.02(1)
Cu(2)-0 1.93 (2) CL1)-C1(B)  4.54 (1)
Cu(3)-0 1.89 (2) Ci(2)-C1(3)  4.55(1)
Cu(4)-0 1.86 (2) Cl2)-Cl4)  4.12(1)
Cu(1)-N(1) 2.01(2) Cl(2)-Cl6)  3.73 (1)
Cu(2)-N(2) 1.96 (2) Cl(3)-Cl(4)  38.77(1)
Cu(3)-N(3) 2.01 (2) CIB)-CI(3)  4.40(1)
Cu(4)-N(4) 1.98(2) Cl(4)-Cl(3)  4.51(1)
Cu(1)>-Cu(2)  3.085(5) Cl@4)-CL(6) 4.18(1)

Cu(1)-Cu(3) 3.048 (5) Cl(5)-CL(6) 3.83 (1)
e Numbers in parentheses in Tables V and VI are standard
deviations in the last significant digit, calculated from standard
deviations of the atomic coordinates.

The CuwO tetrahedron is reasonably regular, the
Cu~Cu distances being between 3.05 and 3.21 A, each
+0.005-0.006 A, and the Cu~O-Cu angles varying from
106.3 t0 115.8°, each =0.8°. All Cu-0O and Cu-N bond
distances have the usual values but the fivefold coor-
dination around the copper atoms is rather irregular,
the extent of distortion from a trigonal-bipyramidal
arrangement being different for the four copper atoms.
For Cu(l), the bonds Cu(1)-Cl(1) and Cu(1)-Cl(6)
(2.329 = 0.008 and 2.324 = 0.008 A) are considerably
shorter than the values reported for Cu,OClL(TPPO).?
and the angle between these bonds is 155.0 = 0.4°.
The coordination is thus intermediate between a trig-
onal bipyramid and a tetragonal pyramid with
CI(1), O, ClI(8), and N(1) as the base and Cl(2) (at
2.64 A from Cu(l)) as the apex. The coordination
around Cu(2) and Cu(4) is similar and it appears that,
for these three copper atoms, the distortion of the trig-

Nama S, GILL AND META STERNS

TABLE VI
Bonp Axcres 1v THE CuOCl Ny CLUSTER (DEG)
Cl(1)-Cu(1)-Cl1(2) 105.3 (4) N(1)-Cu(1)-CI(6) 95.9 (7)
Cl(1)-Cu(1)-Cl(6) 155.0(4) N(2)-Cu(2)-Cl(2) 90.7 (7)
C1(2)-Cu(1)-C1(6) 97.0(4) N(2)-Cu(2)-CI(3) 95.6 (7)
Cl(2)~-Cu(2)-C1(38) 150.4 (4) N(2)-Cu(2)-Cl(4) 101.8(7)
Cl1(2)-Cu(2)-Cl(4) 111.0(4) N(3)-Cu(3)-CI(1) 100.6(7)
Cl(3)-Cu(2)-Cl(4) 95.9 (4) N(3)-Cu(3)-Cl1(3) 94.5 (7)
Cl(1)-Cu@B)-Cl1(38) 106.9 (4) N(3)-Cu(3d)-Cl(5) 98.1(7)
Cl(1)-Cu3)-Cl(5) 113.0(4) N(4)-Cu(4)-Cl(4) 95.8 (7)
Cl(3)-Cu(3)-Cl(5) 134.8(4) N{4)-Cu(4)-CI1(5) 96.3 (7)
Cl(4)-Cu(4)-Cl1(5) 141.0(4) N(4)-Cu(4)-C1(6) 98.0(7)

Cl(4)-Cu(4)-Cl(68) 116.0(4) O-Cu(1)-N(1) 175.7 (9)
Cl(5)-Cu(4)-Cl(6)  98.8(4) O-Cu(2)-N(2) 178.3 (9)
0-Cu(1)-Cl(1) 84.4(6) O-Cu(3)-N(3) 177.5(9)
0-Cu(1)-Cl1(2) 81.6 (6) O-Cu(4)-N(4) 176.4 (9)
0-Cu(1)-CI(6) 87.6 (6) Cu(1)-0-Cu(2) 106.8 (8)
0-Cu(2)-C1(2) 90.8 (8) Cu(1)-0-Cu(3) 106.3 (8)
0-Cu(2)-Cl1(3) 83.4(6) Cu(l)-0-Cu(4) 110.9 (8)
0-Cu(2)-Cl(4) 76.9(6) Cu(2)-0-Cu(3) 108.4 (8)
0-Cu(3)-CI(1) 81.6 () Cu(2)-0-Cu(4) 115.8 (8)
0-Cu(3)-Cl1(3) 83.6 (6) Cu(3)-0-Cu(4) 108.3 (8)
0-Cu(3)-ClI(5) 82.2(8) Cu(l)-CI(1)-Cu(3) 79.0(3)
O-Cu(4)-Cl(4) 87.7(6) Cu(1)-Cl(2)-Cu(2) 76.7(3)
0-Cu(4)-Cl(5) 80.4 (6) Cu(2)-Cl(3)-Cu(3) 80.2(3)
0-Cu(4)-CI(6) 81.2 (6) Cu(2)-Cl(4)-Cu4) 79.2(3)

N(1)-Cu(1)-CI(1)  91.1(7)
N(1)-Cu(1)-CI(2)  100.4 (7)

Culd)-Cl(5)-Cu(4) 78.5(3)
Cu(1)-CI(6)-Cu(4) 78.2(3)

onal-bipyramidal coordination is at least partly due to
steric interference by the methyl group of the 2-methyl-
pyridine bonded to each copper atom. The chlorine
atoms forming the shorter bonds, with the larger angle
between them, are in each case those nearest the respec-
tive methyl carbon atoms C(1), C(7), and C(19).
The relevant C—Cl approach distances () are: C(1)-
Cl(1) = 3.66, C(1)-Cl(8) = 3.55, C(7)-Cl2) = 3.87,
C(7)-CI(3) = 3.40, C(19)-Cl{4) = 3.73, C(19)-Cl(5) =
3.46 (£0.03 A). It might be expected that the prox-
imity of the methyl carben atom C(13) to CI(3) and
ClI(5), at 3.45 = 0.03 and 3.56 = 0.03 A, respectively,
would cause the same kind of distortion in the coor-
dination around Cu(3). However, the environment
of Cu(3) is less distorted than those of the other copper
atoms, as can be seen from the observed bond distances
and angles (Tables V and VI). This could perhaps be
explained by the fact that C1(3) and CI(5) are also close
to C(7) and C(19), respectively, which might oppose
to some extent the distorting effect of C(13) on these
two chlorine atoms. A more detailed quantitative
evaluation of the steric effects of the methyl groups is
not possible from the present results since the quality
of the data was not sufficiently good to locate the methyl
hydrogen atoms or to decide whether the methyl groups
are fixed or rotating. This also prevents a quantita-
tive examination of intermolecular contacts, which
could be partly responsible for the distortion of the
CusOCl; cluster, but, from inspection of the intermolec-
ular C-C and C-Cl distances, it appears that the main
reason for the distortion is intramolecular steric effects
of the methyl groups, compared to CuOCli(py)s*
for which it was suggested that the observed distortion
is due mainly to intermolecular interactions. Steric
hindrance was also assumed to be the cause of Cu(2-
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mepy).Cle? adopting a structure different from that of
Cu(py):Cly,® the close approach of the methyl groups
to the sixth coordination position about the metal
leading to a distorted tetragonal-pyramidal arrange-
ment.

The 2-methylpyridine molecules are not appreciably
distorted and the bond distances and angles do not
deviate appreciably from the accepted values. The
C-N bond distances have an average value of 1.34 A
and range from 1.31 to 1.39 A, the average value of the
aromatic C-C distances is 1.40 A, with a range of 1.36-
1.46 A, and the four C-C bonds to the methyl carbon
atoms C(1), C(7), C(13), and C(19) are 1.51, 1.55,
1.52, and 1.55 A. The standard deviations are between
0.03 and 0.04 A for C-N distances and between 0.04
and 0.05 A for C-C distances. The bond angles within
the aromatic rings range from 115 to 124°, with an
average value of 120°, and the eight angles involving
the methyl carbon atoms have a range of 115-125°,
with an average of 120°, all standard deviations being
between 3 and 4°.

The aromatic rings are essentially planar, the average
deviations of the atoms from the mean ring planes being
ca. 0.02 A, while the largest deviation is 0.04 A which
is of the order of the maximum standard deviation of
the coordinates of the carbon atoms. The methyl
carbon atoms C(1), C(7), C(13), and C(19) are dis-
placed by 0.02, 0.12, 0.03, and 0.06 A from the planes of
the respective rings. The deviations of C(7) and C(19)
may simply indicate an underestimate of coordinate
errors, but, for both atoms, the displacement is to the
opposite side of the ring plane from the nearest chlorine
atoms.

It has not been possible to reach a definite conclusion
regarding the presence of water of crystallization in the
structure. Since no hydrate oxygen atoms could be
located from the X-ray structure analysis, it must be

(8) J. D. Dunitz, Acta. Crystallogr., 10, 307 (1957).
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assumed that the water of crystallization is in a dis-
ordered state. From the molecular packing, the only
sites which could accommodate water molecules appear
to be on either side of the screw axes at !/s, ¥, !/4 and
/s, 3, 3/s and near the symmetry centers at /s, O,
1/, and Y/, /s, 0. Water molecules in the former sites
could conceivably have some effect on the positions of
Cl(1) and CI(5), contributing to the distortion of the
molecule, but there was no evidence whatsoever of any
residual electron density in this region. The small
peaks (ca. 0.8 e~ A—%) observed on the two symmetry
centers in difference maps are much lower than would be
expected for oxygen atoms. Water molecules on the
symmetry centers would account for only 0.5 H;O per
molecule of CuOCl(2-mepy)s and, moreover, weuld
have to exhibit complete rotational disorder.

Source of Oxygen in Cu,OCL(2-mepy),.—Although
several complexes of the type Cu,OClsL4 have now been
described, the source of the oxygen atom in the CuO
cluster has not been identified. It could originate in
an oxygen or water molecule, since neither species
were excluded in any preparation or in some other oxy-
genated species in each case  Variation of the reaction
conditions has now shown that the oxygen atom in I
originates in water. The reaction of copper(I1I) chlo-
ride with 2-methylpyridine in methanol using the same
quantities as in the preparation of I but under anhy-
drous conditions and with the removal of dissolved
oxygen led to the formation of II directly. Only a
small amount of II crystallized from the volume of
solvent used and when the mother liquor was exposed to
the atmosphere the color changed from green to dark
olive green and I crystallized out owing to its lower
solubility, thus showing that either oxygen or water was
the source of the oxygen atoms. When only oxygen
was removed from the reagents, I was obtained in the
same yield as when the methanolic solutions of cop-
per(II) chloride dihydrate and 2-methylpyridine were
mixed under normal conditions.



