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Abstract

[CsH/N,[CuCl,).H,O, M, =413-62, monoclinic,
C2/c, a=8457(2), b=14318(2), c= 14382 (2) A,
B=9582(1)°, V=17324(5 A% Zz=4, D,=
1:59 g cm ™3, A(Mo Ka) =0-71069 A, w=
1879 cm ™!, F(000) =836, T=293K. The 1526
unique reflections (26 < 50°), of which 1288 had F, =
3o0(F,), refined to a final R of 0-035 and wR = 0-038.

[CsH,N,OL[CuCl,), M, =427-6, triclinic, Pl, a=

7-554 (1), b=7968(), c=14518(3)A, a=
103-23(2), B=9330(2), ¥y=9959(2)3°, V=
838-0(3) A%, Z=2, D, =169 gcm >, A(Mo Ka) =

0-71069 A, 1 = 19-6 cm !, F(000) =430, T =293 K.
The 2185 unique reflections (260 < 45°), of which
1680 had F, = 30(F,), refined to a final R of 0-047
and wR = 0-040. The structures of both compounds
consist of discrete CuCl~ anions and organic
cations with the stoichiometric formulas indicated in
the title. The geometry of both of the CuCl~ ions is
intermediate between tetrahedral and square planar,

0108-7681/90/040508-12$03.00

with trans angles (average) of 134-6 and 137-8°
respectively, and Cu—Cl distances (average) of
2:247 A for both salts. The structural chemistry of 62
isolated CuCl3~ anions is reviewed. The trans
Cl—Cu—Cl angles in non-disordered CuCl2~ anions
range from 125 to 180°. Correlations of this trans
Cl—Cu—Cl angle with hydrogen bonding to the
cation, with the average Cu—Cl distance, and with
the d-d electronic transition energy are examined.
Finally, a review is given of structures in which the
CuCl; ™ anion acts as a coordinating ligand.

Introduction

A major goal of the research program in this labora-
tory has been the synthesis and characterization of
various copper(I) halide oligomers. A particularly
fruitful approach has employed substituted pyridi-
nium cations as counterions. In the process of these
syntheses, the 4-aminopyridinium (4AP) and 2-

© 1990 International Union of Crystallography
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amino-3-hydroxypyridinium (2A3HP) cations were
used. The technique utilized in the syntheses involved
the combination of various stoichiometric propor-
tions of either 4APCl or 2A3HPCI with CuCl, in
HCI solutions. This approach with 4AP has yielded
two compounds, 4-aminopyridinium aquapenta-
chlorodicuprate(Il) monohydrate (Bond & Willett,
1987), and bis(4-aminopyridinium) tetrachloro-
cuprate(I) monohydrate. The structural characteris-
tics of the latter compound are reported in this
paper. In the 2A3HP system, synthesis of the
bromide oligomer led to the formation of bis(2-
amino-4-bromo-3-hydroxypyridinium) hexabromodi-
cuprate(Il) (Willett, 1987), the bromination of the
pyridine ring occurring catalytically. An analogous
synthesis, using 2A3HPCI yielded the compound
bis(2-amino-3-hydroxypyridinium) tetrachloro-
cuprate(II).

The structural characteristics of these two salts are
reported in this paper. A survey of the structural
parameters of the 62 isolated CuCl3~ anions struc-
turally characterized to date is given. The correlation
between the anion geometry and the energy of the
d-d transition bonds (at both room and liquid-
nitrogen temperatures) is reexamined. Finally, the
role of the CuCl3~ anion as a coordinating ligand is
examined.

Data collection and structure solution

Yellow blocky crystals and red needles separated out
upon evaporation of a saturated solution of 4-
aminopyridine and CuCl, in a dilute HCI solution.
The red crystals were shown to be the desired
oligomeric species by crystallographic analysis (Bond
& Willett, 1987). In order to determine the identity
of the undesired yellow crystals, so that an improved
synthetic procedure could be derived, its crystal
structure was determined. A crystal of the yellow
species of dimensions 0-5x 0-5x 0-25mm was
mounted on a glass fiber for data collection. Data
were collected on a Syntex P2, diffractometer system
upgraded to Nicolet P3F specifications, with Mo Ka
radiation and a graphite monochromator (Campana,
Shepherd & Litchman, 1981). The monoclinic unit
cell and orientation matrix were defined by least-
squares refinement of 25 accurately centered high-
angle (34 <26 < 39°) reflections. Empirical absorp-
tion corrections (x =1870cm™') assuming an
ellipsoidally shaped crystal (minimum transmission
=(0:617, maximum transmission = 0-762). Data col-
lected for positive values of , k, and all / (0 < h <11,
0<k=18, —20=/<20), with w scans (scan width
= 1-0°), and with scan speeds ranging from 39 to
29-3° min~'. Two standards (112, 133) monitored
every 100 reflections, variation within counting sta-
tistics. 1751 reflections measured, Rperpe = 0-0266.
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Systematic absences: Ak/, h + k odd; A0/, / odd. Inten-
sity statistics indicated the presence of a center of
inversion, leading to the choice of C2/c as the pre-
ferred space-group selection. Direct methods yielded
the positions of the Cu, Cl, C and N atoms. Sub-
sequent difference maps, starting with these posi-
tions, yielded all other atom positions. Refinement
on F via a cascading block-diagonal least-squares
algorithm with anisotropic thermal parameters for
the non-H atoms and isotropic thermal parameters
for the H atoms (fixed values approximately 20%
larger than the corresponding heavy atoms), gave a
final value of R=0-0349 and wR =0-0379 for all
observed reflections greater than 3¢ (Sheldrick,
1986), where R=Y||F)| — |E|[/Z|F,] and wR=
Iw(F,| = [F)YZwlF|> and  w=[0%F,)+ glF,’],
g = 0-00027. Scattering factors, corrected for anoma-
lous dispersion, were taken from International Tables
for X-ray Crystallography (1974). A total of 117
parameters were refined with the maximum shift/
e.s.d. = 0-059 on the last cycle of least squares. The
goodness of fit was 1-315. The largest residual on the
final difference map was approximately 0-39 e A 3
near Cl(2) and the most negative peak was
—0-27 ¢ A3, Final positional parameters are given
in Table 1 with selected bond distances and angles
reported in Table 2.*

In the second compound, yellow blocky crystals
separated out upon evaporation of a saturated solu-
tion of 2-amino-3-hydroxypyridine and CuCl, in
dilute HCI solution. Data were collected on a Syntex
P2, diffractometer system upgraded to Nicolet P3F
specifications, with Mo Ka radiation and a graphite
monochromator (Campana et al., 1981). The triclinic
unit cell and orientation matrix were defined by
least-squares refinement of 25 accurately centered (11
< 28 < 36°) reflections. Empirical absorption correc-
tions (u =19-6cm™') assuming an ellipsoidally
shaped crystal (minimum transmission = 0-252,
maximum transmission = 0-273). Data collected for
hyallk,andall/(0<h<9, —10=sk=<9, -20</<
16), with @ scans (scan width = 0-8°), and with scan
speeds ranging from 3-9 to 29-3° min~'. Two stand-
ards (202, 012) monitored every 100 reflections,
variation within counting statistics. 2386 reflections
measured, Rperge = 0:0220. The space group PT was
indicated by the analysis of intensity statistics. Direct
methods yielded the positions of the Cu, Cl, C and N
atoms. Subsequent difference maps, starting with
these positions, yielded all other atom positions.
Refinement on F with anisotropic thermal param-

* Lists of observed and calculated structure factors, anisotropic
thermal parameters and H-atom parameters have been deposited
with the British Library Document Supply Centre as Supplemen-
tary Publication No. SUP 52837 (27 pp.). Copies may be obtained
through The Technical Editor, International Union of Crystallog-
raphy, 5 Abbey Square, Chester CHI 2HU, England.
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Table 1. Atomic coordinates (% 10%) and equivalent
isotropic  thermal  parameters (A*x10%)  for
[CsH/N,],[CuCl,]. H,O

The equivalent isotropic U is defined as one third of the trace of
the orthogonalized U, tensor.

x y z Ueq
Cu 0 5264 (1) 2500 37 (D
CI(1) 1942 (1) 6284 (1) 2984 (1) 51(1)
Cl(2) 1455 (1) 4234 (1) 1782 (1) 591
N(1) 1140 (4) 2469 (2) 3584 (2) 51(1)
N(2) 495 (5) 1035 (2) 5952 (2) 61 (1)
c() 1517 (5) 704 (3) 5377 (3) 57(1)
cQ2) 1770 (4) 1165 (2) 4581 (3) 45 (1)
C@3) 935 (4) 2000 (2) 4354 (2) 38 (1)
C(4) -92(5) 2312 (3) 4991 (3) 51(1)
C(5) —289 (5) 1833 (3) 5764 (3) 58 (1)
o(1) 0 103 (3) 2500 49 (1

Table 2. Bond distances (A) and bond angles (°) for
[CsH;N,),[CuCL].H,0

Cu—ClI(1) 2:255 (1) C(1)—CQ) 1-357 (6)
Cu—Cl(2) 2:239 (1) C2)—C3) 1411 (5)
N(1)—C(3) 1-323 (5) C(3)—C(4) 1:397 (5)
NQE—C(1) 1-341 (6) C—C(5) 1:332 (6)
NQ)—C(5) 1-335 (6)

Cl(1)—Cu—CI(2) 98-7 (1) C(1H—CQ)—C3) 119:3 (4)
Cl(1)—Cu—Cl(1a) 992 (1) N(1)—C(3)—C(2) 121-3 (3)
Cl2)—Cu—Cl(la) 1346 (1) N(1)—C(3}—C(4) 122:0 (3)
Cl(2)—Cu—Cl(2q) 97-6 (1) C(Q—C(3)—C(4) 1167 (3)
C1)—N@2—C(5) 121-1 (4) CE)—C@E)y—C(5) 12144 (4)
NQE)—C(1)—C(2) 121-0 (4) NQ)—C(5—C(4) 120-5 (4)

eters for the non-H atoms and isotropic thermal
parameters for the H atoms (fixed values approxi-
mately 20% larger than the corresponding heavy
atoms), gave a final value of R=0-0473 and wR =
0-0389 for all observed reflections greater than 3¢
(Sheldrick, 1986), g = 0-00009. Scattering factors,
corrected for anomalous dispersion, were taken from
International Tables for X-ray Crystallography
(1974). A total of 190 parameters were refined, maxi-
mum shift/e.s.d. = 0-025 on the last cycle of least
squares. The goodness of fit was equal to 1:477. The
largest residual on the final difference map was
0-32e A3 near Cu and the most negative peak was
—0-45 ¢ A3, Final positional parameters are given
in Table 3 with selected bond distances and angles
reported in Table 4.*

Structure descriptions

The structure of the first compound consists of dis-
crete CuClZ™ anions, 4AP cations and water mol-
ecules, with the amine and water molecule hydrogen
bonding to the anion (Fig. 1). The copper ion and
the water O atom sit on crystallographic twofold
axes. The copper ion has a coordination geometry
intermediate between tetrahedral and square planar

* See deposition footnote.

[C5H7N2]2[CUC]4] Hzo AND [C5H7N20]2[CUC14]

Table 3. Atomic coordinates (* 10%) and equivalent
isotropic  thermal  parameters (A?x10%)  for
[CsH,N,OL[CuCl,]

The equivalent isotropic U is defined as one third of the trace of
the orthogonalized U, tensor.

x y z Ueq
Cu 4304 (1) 5450 (1) 7532 (1) 46 (1)
CI(1) 5259 (2) 3118 (2) 7921 (1) 52(1)
Cl(2) 1385 (2) 4143 (2) 7109 (1) 52.(1)
Cli(3) 3839 (2) 8091 (2) 8270 (1) 64 (1)
Cl(4) 6715 (2) 6268 (2) 6822 (1) 64 (1)
o(18) 2543 (6) 11978 (5) 5265 (3) 61 (2)
N(11) 3333 (7) 9899 (7) 3708 (4) 63 (2)
C(12) 2820 (8) 9206 (8) 4427 (4) 46 (2)
N(13) 2713 (7) 7488 (6) 4388 (4) 54 (2)
C(14) 2126 (9) 6746 (8) 5084 (5) 64 (3)
C(15) 1636 (9) 7693 (8) 5868 (5) 68 (3)
0(28) 3163 (6) 3748 (6) —226 (3) 70 (2)
N(@21) 868 (7) 4258 (7) 1065 (4) 66 (3)
C(22) 332 (8) 3041 (8) 257 (4) 46 (3)
N(23) -1323 (7) 2065 (7) 79 4) 61 (3)
C(24) - 1899 (11) 769 (10) - 728 (7) 79 (4)
C(16) 1745 (8) 9509 (8) 5962 (4) 57 (3)
C(17) 2335 (8) 10259 (7) 5258 (4) 45 (2)
C(25) —-776 (12) 427 (10) — 1383 (6) 78 (4)
C(26) 978 (10) 1415 (8) -1233(5) 60 (3)
C(27) 1531 (8) 2691 (8) —443 (4) 46 (3)

Table 4. Bond distances (A) and bond angles (°) for

[CsH;N,OL[CuCly]

Cu—Cl(1) 2:276 (2) C(15—C(16) 1-410 (9)
Cu—ClI(2) 2:260 (2) 0(28)—C(27) 1-348 (7)
Cu—CI(3) 2:228 (2) N@21)—C(22) 1-336 (7)
Cu—Cli(4) 2:224 (2) C(22)—N(23) 1:335 (8)
O(18y—C(17) 1:350 (7) C(22—C(27) 1-414 (9)
N(11)—C(12) 1-340 (9) N(23)—C(24) 1-368 (9)
C(12)—N(13) 1-346 (8) C(24y—C(25) 1-326 (13)
C(12—C(17) 1-412 (8) C(16)—C(17) 1:361 (9)
N(13)—C(14) 1-348 (10) C(25—C(26) 1-401 (11)
C(14—C(15) 1:325 (10) C(26)—C(27) 1-342 (8)
Cl(1)—Cu—Cl(2) 966 (1) NQED)—C(22)—C(27) 1209 (5)
CI(1—Cu—CI(3) 1379 (1) N(23}—C(22)—C(27) 1168 (5)
CIQ2—Cu—CI(3) 97:9 (1) C(22)—N(23)—C(24) 1239 (6)
Cl(1)—Cu—Cl(4) 961 (1) N(23)—C(24)—C(25) 1196 (7)
Cl(2—Cu—Cl(4) 1378 (1) C15—C(16)—C(17) 1203 (6)
CI(3y—Cu—Cl(4) 990 (1) O(18)—C(1—C(12) 1139 (5)
N(11}—C(12)—N(13) 122:0(5) O(I18}—C(17—C(16) 1264 (5)
N(11)—C(12—C(17) 1209 (6) C(12)—C(17)—C(16) 119-7 (6)
N(13)—C(12)—C(17) 117-1 (6) C(24)—C(25—C(26) 1189 (6)
C(12—N(13)—C(14) 1231 (5) C(25—C(26)—C(27) 121-2(7)
N(13)—C(14—C(15) 121:3 (6) 0(28)—C(27—C(22) 113:5(5)
C(18—C(15—C(16) 1185 (7) O(28)—C(Q27—C(26) 1268 (6)
N@21)—C(22)—N(23) 1223 (6) CQ2r~C(27—C(26) 119-7 (6)

with a trans bond angle of 1346 (1)°. The Cu—ClI(1)
bonds (2:255 A) are longer than the Cu—Cl(2) bonds
(2:239 A) owing to their extensive involvement in
hydrogen bonding. CI(1) is hydrogen bonded to
H(la) (an amine H atom) and CI(2) is hydrogen
bonded to H(15) (the second amine H atom) with
distances of 2-582 and 2-586 A, respectively. The
water hydrogen bonds to CI(1) and Cl(la) of a
neighboring molecule with a bond length of 2:457 A.

The structure of the second compound consists of
discrete CuCl; ™~ anions and 2A3HP cations (Fig. 2).
The copper ion again has a coordination geometry
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intermediate between tetrahedral and square planar.
The trans bond angles are 1379 (1)° for CI(1)—
Cu—CI(3), and 137-8(1)° for CI(2)—Cu—Cl(4).
The Cu—Cl bond lengths range from 2-224 (2) to
2:276 (2) A. As above, two of the Cu—Cl distances,
Cu—CI(1) and Cu—Cl(2), are longer owing to their
extensive involvement in hydrogen bonding. CI(1) is
hydrogen bonded to H(lla) (an amine hydrogen),
CI(2) is hydrogen bonded to H(O18) (a hydroxy H
atom), and CI(3) is hydrogen bonded to H(N23) (a
pyridinium H atom), with Cl---H distances of
2:37(1), 2-15 (1) and 2-26 (1) A, respectively.

Examination of the stereo plot of the 4AP salt
(Fig. 3) reveals that the CuCl~ anion and water
molecule form layers normal to the ¢* direction (at z
=4 and 3) separated by layers of 4AP cations. The
pyridine rings form stacks running in the (110) and
(110) directions. The anionic and cationic layers are
held together by the N—H--Cl and N—H---O hydro-
gen bonds discussed above. The O—H--CI(1) hydro-
gen bonds tie the water molecules and CuCl;~
anions together into chains running parallel to the a
axis, while the hydrogen bonds from the amino
groups to the CuClZ™ anions unite the chains into
the layers.

Examination of the stereo plot for (2A3HP),CuCl,
(Fig. 4) shows that the cations and anions in this salt
hydrogen bond to form layers normal to the c¢*
direction. The amine and hydroxy groups on two
equivalent 2A3HP cations tie adjacent anions

a_{ s
Fig. 1. View of the structure of (4AP),CuCl;.H,O, illustrating a
portion of the hydrogen-bonding network. A twofold axis runs
horizontally through the Cu and the O(a) atoms.

oI28)
Fig. 2. lllustration of the asymmetric unit of (2A3HP),CuCl,.
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together by hydrogen bonds to CI(1) and Cl(2). In
addition, two equivalent 2A3HP cations hydrogen
bond to CI(3) through the pyridine N atom.

Structure correlations

Listed in Table 5 are structural data on the more
than 60 CuCl;~ anions whose structures have been
reported in the literature. This certainly has to be
one of the most intensively crystallographically stud-
ied transition-metal complex ions. In the following
paragraphs, possible correlations are explored; speci-
fically, between the average Cu—Cl bond distance
and the average trans CI—Cu—Cl angle, 6; between
0 and the extent of hydrogen bonding; and between
0 and the electronic transition energies. To facilitate
the comparison, the data in Table 5 are listed in
order of increasing values of 6.

Thermal motion and disorder

Care must be taken in interpreting the structural
parameters in Table 5 because of the varying effects
of thermal motion in different structures. This is
most readily seen in the high-temperature determina-
tions listed in Table 5, which show anomalously

Fig. 3. Stereographic view of (4AP),CuCl,.H,0 as viewed parallel
to the b axis.

Fig. 4. Stereographic view of (2A3HP),CuCl, as viewed parallel to
the a axis.
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Table 5. Structural parameters of isolated CuCl3™ anions
Cu—Cl Cl—Cu—Cl
N---Cl hydrogen distance, trans angle,

Compound Acronym bonding distance* (A) AUt (AY) av. (A) av. (°) Ref.
C4:HauO,P,CuCly (2tbpo.H"), — 00313 2:225 1052 a
CsH;3oN,C1,CuCl, (Me;NH), — 0-0106 2:24 110-6 b
C3:HoN,S:CLL,CuCly CPZ.H — 00340 2:252 115-0 c
CuH7N,,CloCu;CuyCly N(2amet)pipzH, 00057 2245 1256 d
C,4H33N,00,CuCl, DZH 3-136. 3-206, 3-432, 3-243 0-0178 2-246 125-8 e
C3HyN,O,CuCly dietamacet 324 2:24 1279 f
CasHaoP,CuCl.H,0 TPhP 3-22, 3-21 (3-18, 3:33) 2-242 128-7 g
CeH;N;CuCl, 4(2amet)! Meimid 3-240, 3-274, 3-278, 3-335, 3-385 0-0068 2-242 120-0 h
Cs,CuCl, (Cs), — 00189 2:230 129-2 ij
C,,H:N,CuCl, N,N’-DM-4 4'-BP — 0-0108 2-247 129-2 k
C3HN,CuClt [N(CH3).); — 0-0653 2:225 1292 L.om
C,sHN,CuCLt nmpH 3-55, 3-35, 3:45, 3-44 0-0215 2-208 130-6 n
CHy;N,0,CuClL H,0 (MescH), 3-311, 3355, 3-221 (3-142, 3-190) 2-236 1315 o
C4H4:0,P,CuCly (2tbpo.H™), —_ 0-0333 2-244 1319 P
C1H 4N, 04 sCuCl, bzpipzn.H,0 3-150 (3-225, 3-498) 2:251 132:2 q
Cy0H;,N,CuCl TMBA — 0-0223 2-256 1324 r
CesH 0sNC1,CuCl, PCP NR 2-264 132:6 s
CyH,P,CuClLt Me,P — 0-1520 2-205 133-0 !
C,;H,;N,SCuCl, PZH?** — 0-0110§ 2-248 1332 u
Co0H33NsOPsCuCl, {NPMe,);H, 3-19 (3-31) 0-0142 2:255 1334 v
CoH,aN>CuCl, pipdn 3-388, 3-395, 3-216, 3-265, 3-379, 3-260 2:249 133-5 w
CsH ) (N,OCuCl, N(2amet)mfH, 3-329, 3-304, 3-307, 3-357 2-250 133-8 X
C1H;yN,04 sCuCl, bzpipzn.H,0 3-155 (3-120) 2-249 1338 q
C,,H3N,0SClL,CuCl, Thianine 3-33, 3-44 (3-27) 0-0058 2:254 1338 ¥y
CyoH,4N,CuCL.H,0 4AP.H,0 335, 3-35 (322, 3:31) 0-0180 2:247 134-6 This work
CsHzoN,CuClyt (IPA), 319, 3-26, 313, 3-28 0-0949 2:211 134-8 2z
Cy;H;,N,CuCl, (TEA), 311 0-0140 2:241 134-8 aa
C;;H,N,S,CuCl, (4-N-MPPD)S, 3-14, 3-16 2:251 135-1 bb
CyHi;sN,CuCly bzpipzn 3-302, 3-249, 3-325, 3-278, 3-388 2-247 1353 q
CsH,N;CICuCl§ (DMA), 3-124, 3-292, 3-240, 3-240 0-0404 2:230 135-8 cc
CsH o P,CuClit Me,P — 00417 2-240 135-8 1
CyH,.P,CuCLi Me,P — 0-0384 2:244 136:6 !
CyoH sN,CuCl, 2A3HP 316, 3-33, 3-34, 3-36 (310, 3-19) 0-0122 2-247 137-8 This work
C,,H;sN,CuCl, bzpipzn 3372, 3-158, 3-330, 3-183, 3-322, 3-484 2249 1379 q

2249 1379 q
CyH3,N,CuCl, dmampH 3-40, 3-31, 3-13, 345, 3-11, 3-28 00373 2:241 1373 dd
C33H4oN,S,C1,Cu,Clg CPZH 3-315, 3-318 0-0075 2:254 1382 c
C,H,,N,CuCl, (DEA), 3-306, 3-269, 3-451, 3-225, 3-249 223 139 ee
CoH;,N,CuCl, dmampH 3-17, 3-26, 3-37, 3:31, 331 0-0368 2:236 1392 dd
CgH,,NO,CuCl, Cytosinium 3-279, 3-372, 3-110, 3-352, 3-257 2:237 1392 Vi
CgH,P,CuCl, Me.P — 00452 2:240 1398 t
C,;;HgN,CuCl, 5-MAP 3-389, 3-249, 3-389, 3-249 0-0185 2240 140-0 g8
CsH;N,CuCl, (DEA), 3-266, 3-414, 3-274, 3-449, 3-383, 3-231, 3-370 220 141 ee
C,4H;6N,ClCu,Cu,Clg N(2amet)pipzH, 3-492 0-0139 2:266 1413 d
C,oH,¢N,CuCly NPhpipzH, 3-295, 3-368, 3-253, 3-228, 3-347 2-2498 1420 hh
CysHgN,:0,Cu,Clg. 3H,0 cinH, 3-17, 3-18 (3-26) 0-0110 2:251 1421 ii
C6H33N40,8,CuCl, 3,2-DEAMO 3-139, 3-139 00149 2-240 143-5 yii
CoH2sN,CuCl¢ IMepipzH,Cl 317, 3-20, 3-47 0-0242 2-256 1452 kk
CsH,;N,CuCl, (DEA), NR 2:243 145-3 I
C¢H,(N,OCuCl, N(2amet)mfH, 3-219, 3-242 2-267 1462 x
C,Hy,N,CuCL§ DPACC 3-28, 3-31, 3-36, 3-28, 3-22, 321 00295 2-248 146-4 mm
C),H,,N,CuCly DPACC 3-28, 3-31, 3-36, 3-26, 3-22, 3-21 00183 2:252 146-6 mm
CysHgN,0,Cu,Clg.3H,0 cinH, (311, 319, 3-31) 0-0338 2247 148-0 ii
C,;H;gN,CuCl, bzpipzn 3-338, 3156, 3-140, 2-940 2-230 1509 q
C, HgN,CuCl, bzpipzn 3-130, 3-132, 3-295, 3-174 2:227 151-8 q
CyoH,N¢CLCuCl, 2,6-DA-3,5-DCP 3-077, 3-310, 3-392, 3-265, 3-126, 3-455, 3-351 0-0140 2:263 156:6 nn
C,H;N,CuCl, (DEA), NR 2:254 159-3 n
C;H,;N,CuCl, (DEA), NR 2:261 178-5 i
Ce:HssN,0,CuCl, Methadone — 2:263 180 00
C,gHN,CuCl, nmpH 3-349, 3-312, 3-223, 3-356 00153 2:265 180 n
CgH,,NO,CuCl, Creatinium - 3-212, 3:337, 3-239 00299 2:251 180 PP
C¢H,¢N,OCuCl, N(2amet)mfH, 3-271, 3-397, 3-219, 3-242 2:2717 180 x
C1aH2N,S,CuCly (2AbtH), 315, 3-22 0-0130 2-270 180 qq

References: (a) Massabni er al. (1983), (b) Clay er al. (1973), (c) Obata er al. (1984), (d) Antolini er al. (1980), (¢) Noren er al. (1989), () Shvelashvili et al.
(1989), (g) Harlow & Simonsen (1976), (h) Glowka & Gilli (1989), (i) McGinnety (1972), (j) Helmholz & Kruh (1952), (k) Russell & Wallwork (1969), ()
Clay et al. (1975), (m) Morosin & Lingafelter (1961), (n) Harlow er al. (1974), (0) Buser & Watt (1979), (p) Halvorson (1989), (9) Antolini er al. (1981), (r)
Bonamico er al. (1967), (s) Nelson & Simonsen (1981), (1) Pressprich (1989), (1) Von Dreele & Harris (1983), (v) Calhoun & Trotter (1974), (w) Fernandez er
al. (1987), (x) Battaglia et al. (1982), (y) Caira et al. (1974), (z) Bloomquist er al. (1981), (aa) Lamotte-Brasseur et al. (1973). (bb) Brianso er al. (1988), (cc)
Willett & Larsen (1971), (dd) Harlow er al. (1975), (ee) Bloomquist er al. (1988), (f}) Ogawa et al. (1979), (gg) Place & Willett (1987), (hh) Batiaglia er al.
(1979), (ii) Dyrek et al. (1987), (jj) Bonamartini-Corradi et al. (1971), (kk) Bonamartini-Corradi (1989), (/) Simonsen & Harlow (1977). (mm) Bond e al.
(1988), (nn) Willett & West (1987), (00) Nelson et al. (1979), (pp) Udupa & Krebs (1979), (g4) Antolini er al. (1988).

* O—Cl bond distances are given in parentheses; NR, not reported.

T Defined as (Unqq) = Usgr-

1 High-temperature structure or disordered room-temperature structure.
§ Geometric average (U,,U,,U;;)".
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short apparent Cu—Cl distances because of large
librational motion and/or disorder. Those under-
going large librations can be identified by large
values of AU =(Uqc)) = Ueqcu. Other types of
motion (translational or screw-type motion, or dis-
order) may not be revealed by this parameter.
Before proceeding with an analysis of the struc-
tural data, it is appropriate to examine the structures
where disorder is likely present. In a number of
structures, identified by footnote } in Table 5, dis-
order has been clearly identified in the structure
determination. In all cases, these structures are
characterized by large AU values and abnormally
short Cu—Cl distances. This is most apparent in two
compounds where the structures of both the high-
temperature and low-temperature phases have been
determined (Harlow, Wells, Watt & Simonsen, 1975;
Simonsen & Harlow, 1977; Bloomquist, Pressprich &
Willett, 1988), where a decided decrease in the trans
angle occurs simultaneously with the increase in
apparent thermal motion. One case where this does
not occur is in [(C;H,),NH,],CuCl, (Bond, Johnson
& Willett, 1988). In this case, however, the major
change involved in the phase transition is the onset
of disorder in only one of the —C;H; groups. Two
of the structures reported, the (CH;),N* salt
(Morosin & Lingafelter, 1961) and the corresponding
(CH;),P " salt (Pressprich, 1989) exhibit a sequence
of commensurately modulated/incommensurate/
disordered phases. The high-temperature disordered
phases clearly exhibit large AU values and shortened
Cu—<Cl bond lengths. The first three entries in Table
5, with 6 <125° probably also correspond to
systems with disorder undetected by the authors. The
tetragonal 2tbpo.H™ salt (Massabni, Nascimento,
De Almeida Santos, Francisco & Lechat, 1983) is
reported to contain an elongated tetrahedral geom-
etry, which does not remove the Jahn-Teller-type
degeneracy for the CuCl2~ anions. Our reinvesti-
gation of this system has revealed that the stable
crystalline material at room temperature is triclinic
with 8 = 131-9° (Halvorson, 1989; Halvorson, Willett
& Massabni, 1990). Thus, the original determination
must have been carried out on a metastable phase,
and the large AU value is consistent with the appar-
ent elongated structure arising from disorder over
two or more compressed tetrahedral orientations.
The AU value for the [(CH;);NH];Cu,Cl, salt (Clay,
Murray-Rust & Murray-Rust, 1973) is small, so
disorder may not seem readily apparent. However,
the magnitudes of the individual U, values for the
Cu and Cl atoms are as large or larger than those for
the C and N atoms. Thus disorder seems likely. The
CPZ.H salt (Obata, Kawazura & Miyamae, 1984)
contains two independent CuCl;~, one with 8=
114-95°, and one with @ = 138-25°. The latter has a
rather small AU value and U, values appear normal.
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For the nearly tetrahedral anion, however, the Cl U,
values are abnormally large, as is evident from the
AU value in Table 5. Disorder of the phenothiazine
ring is observed so that disorder of the latter CuCl;~
ion is not unreasonable. Examination of the thermal-
ellipsoid parameters (or thermal-ellipsoid plots where
parameters are not published) indicate that several
other systems may have bond lengths affected by
apparent shortening caused by libration or disorder.
These include the Ph,P* (Harlow & Simonsen,
1976), mescH™ (Buser & Watt, 1979) and creatinium
(Udupa & Krebs, 1979) salts. The lack of published
or plotted thermal-ellipsoid plots prohibits com-
ments on several other suspicious cases.

Angular distortion

The bulk of the systems have 8 values between 125
and 145°; in addition, five compounds have planar
CuCl™ anions (@ = 180°). A smattering of structures
with anion trans angles between 148 and 180° have
been reported. Unfortunately, most of these struc-
tures contain two or more anions with substantially
different trans angles. The 2,6-diamino-3,5-dichloro-
pyridinium salt (Willett & West, 1987) is the only
exception. Thus, unique interpretation of physical
properties is difficult. Several nonisolated CuCl3~
anions are known which have 150<6<175°
(Antolini, Menabue, Pellacani, Saladini & Marco-
trigiano, 1982; Larson, Hazell, Toftland, Anderson,
Bisgard, Edlund, Eliasen, Herskind, Laurensen &
Peterson, 1975; Anderson & Willett, 1974; Willett,
Place & Middleton, 1988). In these, other ligands
(usually chloride ions) occupy axial coordination
sites at long distances (>3-2 A). It has been argued
(McDonald, Riley & Hitchman, 1988) that these
interactions do not seriously perturb the d-d transi-
tions. This will be true only when these axial dis-
tances are extremely long.

A feeling for the shape of the potential curve for
the angular deformation of the isolated CuCl;~
anion can be obtained from the distribution of the
values of 6. From the histogram in Fig. 5, it can be
deduced that the minimum occurs at 135 = 5°, with a
secondary minimum at 180°. The local minimum at
= 180° must be attributable to interactions with its
crystalline environment, since such a minimum is not
predicted for the free ion (Lohr & Lipscomb, 1963).
A broad maximum appears to cover the range from
160 to 175°, and again for 8 < 125°. The three entries
in Table 5 with 8 < 120° certainly correspond to
systems with disordered orientations of the pseudo-
C, axes, although the disorder was not identified in
the publications.

A correlation between geometry and hydrogen
bonding has previously been postulated (Willett,
Haugen, Lesback & Morrey, 1974). This was based
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on the observation that when little or no hydrogen
bonding occurs to the CuCl%~ ion, the trans bond
angle, 8, is usually less than 132°, with the anion
generally becoming more planar as the extent of
hydrogen bonding increases. As is usual, as more
data becomes available, some simplistic arguments
must be modified. The geometry of a truly isolated
CuCl2~ ion represents a balance between crystal-field
stabilization effects, favoring a square-planar geom-
etry, and ligand-ligand electrostatic repulsion,
favoring the tetrahedral coordination. In a crystal,
the anion is subjected to other influences, some of
electrostatic origins, and others which are simply
steric in nature. In general hydrogen bonds tend to
remove charge from the Cl atoms. This reduces the
electrostatic repulsions between the Cl atoms and
allows the CuCl;~ ion to move toward a square-
planar geometry. The data in Table 5 generally
support this correlation, with shorter and/or more
hydrogen-bonding interactions present as the anion
approaches planarity. Additionally, the reduction of
the # angle when hydrogen-bonding interactions are
broken or weakened by onset of disorder supports
this contention. However, it is clear from Fig. 5 that
the potential surface is rather flat and that other
crystal forces (e.g. packing) can have a substantial
effect upon the observed geometries. This is most
evident in examination of the five reported planar
ions, where the methadone salt shows little or no
hydrogen bonding in contrast to the other four salts.

Cu—<Cl distances

It has also been suggested that a correlation exists
between the average Cu—Cl distance and the aver-
age trans angle, 6 (Smith, 1976). The reduced electro-
static repulsion in the planar limit should lead to a
slight shortening of the bonds. When the data is
plotted (omitting the high-temperature structures), a
diagram is obtained with a nominal slope for a linear
fit of 0-00039 A deg~'. However, the slope is unduly
influenced by the values at the extreme ends of the
range of @, and the scatter of values found for 130 <
6 < 150° is nearly as large as the total scatter. Thus,

20~ Angular deformation of the CuCI anion

Number

100 110 120 130 140 150 160
()

170 180

Fig. S. Distribution of 8 values for the 62 known CuCl}~ anions.

[C5H7N2]2[CUC14].H20 AND [C5H7N20]2[CuCl4]

no conclusive correlation exists from this simple
analysis. Part of the problem, of course, is the fact
that the bond lengths are uncorrected for thermal
motion and thus the bond lengths will be anoma-
lously short when large librational motions are
present. In the frequent absence of published aniso-
tropic thermal parameters, it is impossible to make
these corrections systematically. In the limited
number of cases where we were able to make
librational corrections, no substantial decrease in the
amount of scatter was obtained. A feel for the effect
of thermal motion can be obtained however, from a
three-dimensional plot of @ versus the average
Cu—<Cl distance (Fig. 6), where the third coordinate
is AU. It is seen that a majority of the compounds
with short (<224 A) Cu-Cl distances undergo quite
large librational motions. Examination of those data
points in Fig. 6 with small AU values lends support
to the idea that the average Cu—Cl distance shortens
by a maximum of 0-02 A as @ decreases from 180 to
125°, but a quantitative estimate is impossible to
make. The earlier statement regarding the significant
shortening of the Cu—Cl distance as 6 decreased
was probably biased by structural results on dis-
ordered systems.

Electronic spectra

Table 6 compares the d-d electronic absorption
energy, 4E,,, with the average trans angle. At room
temperature, a single broad band is normally
observed in the near-IR region of the spectrum. At
liquid-nitrogen temperature, this is generally resolved
into several overlapping bands. The band positions
have been correlated with the trans Cl—Cu—Cl
angle, 6 (Harlow et al., 1975) or the dihedral angle,
4, between the CuCl, planes which do not contain @
(Battaglia, Bonamartini-Corradi, Marcotrigiano,
Menabue & Pellacani, 1979). When the energy of the
band maximum, AE,, at room temperature is plot-
ted against the zrans angle, the relationship seen in
Fig. 7 is obtained. A monotonic relation between
AE,;and @ clearly exists. A plot of the energy of the
highest energy transition versus 6 yields a similar plot
that is nearly linear. The linearity is undoubtably
fortuitous, and since the maximum energy transition

Bond length (A)

Fig. 6. Cu—Cl distance and trans bond angle versus AU.
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Table 6. Electronic spectra of CuClZ~ anions

Av. trans

Acronym* angle (°) Band maximum
(2tbpo.H"), 105-2
N(2amet)pipzH, 1256, 141-8 8890, 10990
DZH 125-8 7900
TPhP 1287 9110
(Cs), 1292 90501
[N(CH3)4), 129-4 9000
nmpH 130-6 9100%
bzpipzn.H,0 132-2, 1338
TMBA 1324 8850
pipdn 1335
N(2amet)mfH, 133-8
4AP.H,O 134-6
(TEA), 134-8 9390
(IPA), 134-8 9500%
(4-N-MPPD)S, 1351 9800
bzpipzn 135-3, 1379 10200
(DMA), 135-8 9520
dmampH 137-3, 139-2 10200
(DEA), 1389, 141-0
5-MAP 1399
NPhpipzH, 142:0 10750
cinH, 142-1, 1482 11100
3,2-DEAMO 143-5 10810
IMepipzH,Cl 145-2 10420
(DEA), 145-3, 159-3, 178-8
N(2amet)mfH, 146-2
DPACC 1466 11200
bzpipzn 150-9, 151-8 12500
(2AbtH), 180 13500
nmpH 180 13600
Methadone 180 13200
N(2amet)mfH, 180
Creatinium 180 ~ 13500

Electronic spectra (cm™')

B, —'E ’B,—'B, ’B,—4, Ref.

6250 9520 a

b

¢

d

4800, 5500 7900 9050t e
6000 9000 f8

h

6350 9390 i
5900 9200 g

6620 9710 k

6250 9620 ]

6750 8850 9730 m
8000 9400 n, g

o

7000 10300 ¥4

i

7400 108001 4

7500 10800+ q

7300 102003 r

7200 8900 9900 m

8930 10750 !

9100 11100 g

s

~9000 ~11000 t

(9900, 12900, 15300 - unassigned) 0

9300 11500 ]

9800 12700 u

i

13500 11500 15500 v
14300 12500 169001 how
14000 12200 16600 X,y

14290 11500 16400 z

14000 12300 16500 y
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References: (a) Massabni et al. (1983), (b) Antolini et al. (1980), (c) Noren et al. (1989), (d) Harlow & Simonsen (1976), (e) Ferguson (1964), (f) Willett er al.
(1967), (g) Dyrek et al. (1987), (h) Harlow et al. (1974), (i) Antolini er al. (1981), (/) Furlani et al. (1967), (k) Doadrio & Gutierrez Rios (1979), (/) Battaglia
et al. (1982), (m) Gaura et al. (1982), (n) Lamotte-Brasseur (1974), (o) Willett et al. (1974), (p) Brianso et al. (1988), (¢) Harlow et al. (1975), (r) Hill & Smith
(1973), (s) Bonamartini-Corradi e al. (1971), (1) Marcotrigiano et al. (1979), () Bond et al. (1988), (v) Antolini et al. (1988), (w) Cassidy & Hitchman
(1975), (x) Riley & Hitchman (1987), (v) McDonald & Hitchman (1986), (z) McDonald et al. (1989).

* See Table S for identification of acronyns.

t Low-temperature data.

1 High-temperature data.

may not be readily resolvable at room temperature,
the former plot seems preferable.

The structure of the 4AP salt corresponds well
with the spectroscopic properties previously reported
(Gaura, Stein, Willett & West, 1982). The maximum
in the electronic absorption band caused by the d-d
transitions occurs at 9730 cm ', This would predict
a trans angle of approximately 135°, close to the

AE, (10%cm ")
S 2 8

©

130 140 150 160 170 180
6 ()

Fig. 7. Bond energy for the maximum of the d-d transitions at
room temperature versus trans bond angle.

observed value of 134-6°. Conversely, the crystal-field
model developed to predict the trans angle (Gaura et
al., 1982), predicted a value of about 131° for the
4AP salt. For the 2-amino-5-methylpyridinium salt,
(SMAP),CuCl,, recently reported by Place & Willett
(1987), the band maximum occurs at 9900 cm ™' and
the average trans angle is predicted to be about 137°,
somewhat less than the observed value of 139-8°.

AE(10%cm™")

F'rrirrrrr1rirrrqrrT

1 1 1 1 1 1

130 140 150 160 170 180

6()

Fig. 8. Transition energies, AE, of the d-d bands at low tempera-
ture versus average trans bond angle, 8. Filled circles are the
reported values cited in Table 7. The curves show calculated
energies from angular overlap model equations.
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Table 7. Geometry of coordinated CuCl;~ anions
Cu denotes the Cu atom in the CuCI3™ anion, Cu’ denotes the Cu atom in the other moiety. Cl, denotes the bridging chloride ion.
Compound Cu'—Cl, (A) Cu—Cl,—Cu (°) Cu—Cl, av. (A) Cu—Cl, (A) CI—Cu—<Cl, av. (") Ref.
Cul*CuCl, 2-507 110-67 2:243 2-266 1343 a
[Cu(dapdo)CI},CuCl, 2-604 138-84 2:246 2273 133-85 b
Cu(TIM)CuCl, 2:676 1158 2:249 2:309 12714 ¢
3-163 122-0 2:227
(1,4DMP),Cu,Cl,, 2:457 129-5 2-249 2-235 1332 d
2-868 1251 2:316
[Cu(L*(H,0)}- 3-011 1350 2:250 2:252 133-22 e
[Cux(L*),)(CuCly), 3-407 1650 2:279
3-736 108-5 2:228
CujCu"L;Clg 2:372, 2:373 85-85, 85-64 2:256 2:263, 2:273 1414 ¥
2:340 108-79 2-280
2:514 1251 2223
Et,NCn,Cl, 2:342 872 2:254 2:254 1339 g
(EtyN),Cu,Cl,, 2-316, 2-662 95-5, 88-3 2:250 2-324, 2:250 141-4 h
A;Cu,Clg 2:290-2-319 92-9-94-6 2:290-2-319 124-8-147-6 ij
(2-303 av.) (934 av.) (2:254 av.) (2303 av.) (142 av.)
Cu(TSMO),Cu,Cls 2-894 112:3 2:250 2:213 142-8 i

References: () Comba et al. (1988), L*= 12-methyl-12-nitro-1,4,7,10-tetraazacyclotridecane. (b) Vasilevesky, Rose et al. (1989), dapdo = 2,6-diacetyl-
pyridine dioxime. (c) Vasilevesky, Stenkamp et al. (1989), TIM = 2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclohexadec-1,3,8,11-tetraene. (d) Bond & Willett
(1990), 1,4DMP = | 4-dimethylpyridinium. (€) Schlemper et al. (1989), L’ = 2-methyl-1,3-di-2-pyridyl-2-propanol. (f) Ainscough er al. (1985), L=
tetrahydrothiophene. (g) Willett (1987). (k) Willett & Geiser (1986). (i) See Landee ez al. (1988). (/) Reported values are averages for eight structures.

When the individual d-d transitions are resolvable,
a more quantitative analysis of the angular depen-
dence of the spectra can be made. Fig. 8 shows the
correlation of the resolved spectra (3B,—?%4,, °B,—
2B,, 2B,—2E), with average trans angle. In this case,
the angular overlap model (AOM) was used to
generate the solid curves (Smith, 1976; McDonald et
al., 1988) since it provides a convenient method to
predict the change in transition energies as a function
of anion geometry. The equations for the transition
energies of any complex of general D,,symmetry as
a function of distortion angle 6 are

2B, —2E = 3e,(sin*a — ;sin?2a)
+ e,(sin?2a — 2cos2a — cos’a)
2B, 24, =3¢, sin‘a — de (cos’a — 3sin’a)?
— 2e,sin2a + 16e4(cos’a — 3sin’e)?
— 13-3e,,(sin*a cos’a)
2B,—2B, =3¢, sin‘a + e, (sin>2a — 4sin’a)
— 13-3¢,,(sin*acos’a)

where a = 6/2. The parameters e, and e, represent
the o- and 7-bonding effects of the ligands, e, takes
into account the lowering of the d,. orbital caused by
configuration interaction, and e, represents the pos-
sible effects of the mixing of metal 4 and p orbitals.
Calculated parameters using the AOM are e, = 5100,
e, =820, e4 = 1450 and ey, = 550 cm~'. This is in
fair agreement with the previously reported values of
e, = 5030, e, =900, e, = 1320 and e, =160 cm™'
(McDonald et al., 1988). The larger value for e,,
suggests that the metal 4p orbitals mix into the d..
orbital to a greater extent than was previously
thought (McDonald et al., 1988).

The CuCl; ™ anion as a ligand

In addition to existing as an isolated anion, the
CuCl:~ ion can act as a coordinating ligand to other
metal(II) ions. Possible coordination modes of
CuCl3™ anions to other metal ions, M, are structures
(Ia)(Ic) and (II). In all cases reported to date, M is
another copper ion. Because of the very flexible
nature of the copper(Il) coordination sphere, this
coordination can take a variety of forms, either as a
monodentate or bidentate ligand which can interact
with one, two, or more additional copper(II) ions.
Some of the important structural parameters are
summarized in Table 7.

M—Cl—CuCly

AN
MC'/CUCIZ
(Ia) (Ic)
M—Cl o
C:J\CIZ M< CI>CUC|,
c—m
(1) (Ih

Included are several structures which have been
reported where the CuCl;™ anion acts as a simple
monodentate ligand, occupying the axial coordina-
tion site of a square-pyramidal complex, as denoted
in (Ia). In the macrocyclic complex involving
(12-methyl-12-nitro-1,4,7,10-tetraazacyclotridecane)-
copper(Il) (Comba, Curtis, Lawrence, O’Leary,
Skelton & White, 1988), the basal plane contains the
four N ligands of the macrocycle, while one Cl atom
from the CuCl2~ anion occupies the axial position
with a short axial Cu—Cl distance of 2:507 A. The
bridging Cu'—Cl—Cu angle is extremely small at
110-67°, where Cu’ denotes the Cu atom to which the
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CuCl;~ anion is bridging, and Cl, denotes the bridg-
ing chloride ion. The CuCl~ ion acts as a bridging
group in a trimeric complex involving two CuL®Cl*
cations, where L*= 2 6-diacetylpyridine dioxime,
which symmetrically sandwiches a CuCl3™ anion, as
in (Ib). The basal plane of each cation is occupied by
the three N atoms of the bidentate ligand and a
chloride ion (Vasilevsky, Stenkamp, Lingafelter,
Schomaker, Willett & Rose, 1989). For each cation,
the fifth, axial, site of the coordination sphere is
occupied by a Cl atom of the CuCl;~ anion at
2:604 A. This distance is 0-1 A longer than in the first
complex discussed, and the Cu'—Cl,—Cu angle is
opened up to 138-8°. This type of unit is linked
together into infinite chains in CuL*CuCl,, L*=
CsHN, (Vasilevsky, Rose, Willett & Stenkamp,
1989). The L*ligand forms the basal plane for a
4 + 2 coordinated copper(II) ion, while the fifth site
is occupied by a Cl atom from an anion at distances
of 2:676 A. The back of the macrocycle is relatively
open, and a Cl atom from an adjacent CuCl;~ ion
forms a long semicoordinate bond of 3-163 A. The
bridging is thus quite asymmetric, with the bridging
Cu'—Cl,—Cu angles equal to 115-8 and 122-0°,
respectively.

The CuCl; ™~ anion can also bridge between neigh-
boring atoms in oligomeric or polymeric species, as
in (Ic¢). The structure of tetrakis(l1,4-dimethyl-
pyridinium) tetradecachloropentacopper(II) contains
bibridged CuCl, chains in which the copper(II) ions
have either distorted square-pyramidal or 4+ 2
coordination geometries. The CuCl3~ anion
appended to this chain bridges two such adjacent
coordination sites: one Cl atom occupies the fifth
coordination site of square-pyramidal geometry at
an extremely short distance of 2-457 A, while a
second chloride atom is semicoordinated to the
neighboring copper(II) ion at a distance of 2-868 A.
The bridging Cu'—Cl,—Cu angles are 125-1 and
129-5°, respectively. Both the (Ib) and (I¢) types of
bridging features are incorporated in the compound
[Cuy(L*),][Cuy(L*),(H,0),)[CuCly),, where L°=2-
methyl-1,3-di-2-pyridyl-2-propanol (Schlemper, Pat-
terson & Stunkel, 1989). Two of the Cl atoms of each
CuCl3~ anion occupy the two semicoordinate sites
on one side of the centrosymmetric nonhydrated
dimer. These Cu’--Cl distances are 3-011 and
3-736 A. A third Cl atom then links to one of the
semicoordinate sites on the hydrated dimer (Cu---Cl
=3-407 A, Cu'—Cl—Cu = 165-0°), while the final Cl
atom is involved in a hydrogen bond to a semicoord-
inated water molecule. This links the dimeric units
together into infinite chains.

It is also possible for the distorted tetrahedral
CuCl3~ species to act as a bidentate ligand, as in (II).
In one sense the simplest examples are the isolated
Cu,CI2~ dimer, composed of two edge-shared, dis-
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torted tetrahedra (see Landee, Dijili, Mudgett,
Newhall, Place, Scott & Willett, 1988, and references
therein). Here the edge sharing may be viewed as
mutual bidentate coordination. In Cu(TMSO),-
Cu,Clg, two of the terminal Cl atoms (one per
copper ion) also are involved in monodentate bridges
to the square Cu(TMSO)3* cations, yielding an
infinite chain structure (Landee et al., 1988). Biden-
tate coordination is also observed in (Et,N),Cu,Cl,,
(Willett & Geiser, 1986) where two Cl atoms on each
of two terminal CuCl;~ species coordinate to an
axial (Cu—Cl=2662A) and an equatorial
(Cu'—Cl =2-316 A) site on each of two central five
coordinate copper(II) ions. Similar bidentate coordi-
nation occurs in the mixed-valence salt CulCu"-
L;Cls, where L = tetrahydrothiophene. In this
structure, an identifiable CuClZ~ anion acts as a
bidentate ligand coordinating to a copper(I) ion in a
central CusL; core. In addition, the other two Cl
atoms form mondentate bridges to adjacent Cu;L,
cores (Ainscough, Brodie, Husbands, Gainsford,
Gabe & Curtis, 1985). Finally, in Et,NCu,Cl,
(Willett, 1987), the alternating mixed-valence
(Cu'Cu"'Cl,), chain can be viewed as CuCl3~ anions
serving as a double-bidentate ligand which coordi-
nate to pairs of Cu' ions.

The examples given here involve coordination of
the CuCl$~ anion to other copper ions. There is, in
principle, no reason why this could not involve other
metal ions. With paramagnetic metal ions, bridging
coordination of type (I6) can lead to the formation
of alternating-spin magnetic chain systems; systems
which are of considerable interest at present in low-
dimensional physics. One of the features substan-
tiated again by the data in Table 7 is the flexibility of
the CuClI2 ™~ potential surface, this time in the form of
the variability of the Cu—Cl bond lengths. The
Cu—<Cl distances involved in bridge formation can
stretch out to 2:325A. Concomitantly, the non-
bridging distances shorten down as far as 2-181 A
[see Table VI in Landee ez al. (1988)]. The net result
is that the average Cu—Cl distance is nearly
invariant at 2-251 = 0-004 A. A similar effect has
been observed in stacked planar Cu,Cl3,,, anions
(Willett, 1988).

This work was supported by NSF grant DMR-
8803382. The X-ray equipment was purchased in
part with funds provided by the National Science
Foundation (CHE-8408407) and by The Boeing
Company.
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Structure of 3,4,5-Trihydroxybenzoic Acid Octyl Ester (Octyl Gallate) Dihydrate at
123 K. A Non-Mesogenic Amphiphilic Molecule
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Abstract

The crystal structure of 3,4,5-trihydroxybenzoic acid
octyl ester (octyl gallate) dihydrate, C,sH,,05.2H,0,
is triclinic, P1, with a=6:617(1) [6:648 (1)], b=
9956 (2) [9:995 (3)], ¢ = 14-088 (4) [14:327 (D] A, «
=79-08 (2) [79-78 (3)], B =85-58 (3) [86-59 (4)], v =
70-80 (2) [70-99 (3)I°, V' =860-5A%, Z=2, D.=
1-229 [1-183]gem ™3, A(Mo Ka) =0-7093 A, u =
0-58 cm ™', F(000) = 344 at 123 K [290 K]. The struc-
ture was solved by direct methods and refined to
R(F?) = 0-059 for 302 parameters and 3655 observa-
tions. The alkyl chain of the molecule is in the fully
extended conformation. The molecular packing is
head-to-head bilayer with interdigitizing alkyl chains.
The gallate head groups are hydrogen bonded with
the water molecules to form a strong system of intra-
and intermolecular hydrogen bonds consisting of
finite and infinite chains. The crystals undergo
crystal-to-crystal phase transitions at 365 K on heat-
ing and at 333 K on cooling, but despite the molecu-
lar packing which is analogous to that of the
mesogenic alkyl glycosides, there is no thermotropic
liquid crystal phase prior to the formation of the
isotropic liquid phases at 376 K. Similary, no lyotrop-
ic liquid crystal phases are observed at room tem-
perature in contact with a mixture of water and
propanediol in which the crystals are soluble.

Introduction

The amphiphilic carbohydrates such as the n-alkyl
1-0O- or 1-S-pyranosides (Jeffrey, 1984, 1986), n-alkyl
gluconamides (Pfannemiiller, Welte, Chin &
Goodby, 1986) and the 1-deoxy-1-(N-methylalk-
amido)-D-glucitols (MEGA-N) (Goodby, Marcus,
Chin, Finn & Pfannemiiller, 1988) are mesogens
when the alkyl chain length exceeds seven C atoms.
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They also undergo one or more crystal-to-crystal
phase transitions prior to forming thermotropic
liquid crystals of the smectic type in the temperature
range 333-463 K. When sufficiently soluble, they
form lyotropic liquid crystals at room temperature
with water or water-alcohol mixtures. The B-alkyl
glucosides, especially n-octyl-B-D-glucopyranoside,
and the glucitol derivatives (MEGA-8 to MEGA-12)
are well known surfactants used in the crystallization
of membrane proteins (Baron & Thompson, 1975;
Hildreth, 1982). n-Octyl-1-O-B-glucopyranoside has
also been shown to have a beneficial effect on the
crystal growth of soluble proteins (McPherson, Kos-
zelak, Axelrod, Day, Williams, Robinson, McGrath
& Cascio, 1986).

The crystal structures have been determined for
anhydrous n-octyl-1-O-a-D-glucopyranoside (van
Koningsveld, Jansen & Straathof, 1988) and its
hemi- and monohydrate (Jeffrey, Yeon & Abola,
1987), n-decyl-1-O-a-D-glucopyranoside (Moews &
Knox, 1976), n-heptyl-S-a-D-mannopyranoside
(Carter, Ruble & IJeffrey, 1982), n-octyl-1-O-B-D-
xylopyranoside (Bhattacharjee & Jeffrey, 1983), n-
octyl-pD-gluconamide  (Bhattacharjee, Jeffrey &
Goodby, 1985; Zabel, Miiller-Fahrnow, Hilgenfeld,
Saenger, Pfannemiiller, Enkelmann & Welte, 1986),
1-deoxy-(N-methylnonamido)-p-glucitol (Miiller-
Fahrnow, Zabel, Steifa & Hilgenfeld, 1986) and 1-
deoxy-(N-methyloctanamido)- and  1-deoxy-(N-
methylundecanamido)-D-glucitol (Jeffrey & Malus-
zynska, 1989).

Two types of molecular packing are observed:
hydrogen-bonded ‘head-to-head’ bilayers with inter-
digitizing alkyl chains in the alkyl pyranosides and
alkyl gluconamides, and ‘head-to-tail’ monolayers
with interdigitizing alkyl chains in the glucitol
alkamide derivatives. In both types of structure, the
hydrogen bonding is extensive, linking the head
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