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The implication is that less P-N = bonding is present for
axial bonds compared to equatorial bonds.”* The presence
of relatively rigid five-membered rings, fused to the diaza-
diphosphetidine ring, and the tendency of the axial nitrogen
atoms toward planarity may be responsible to some extent for
the widening of the equatorial NA1-P1-NB4 angle to 133.8
(1)° and the displacement of the structure toward a square
pyramid (40.4% based on unit vectors). In the case of the
cis-facial structures VIII, this displacement corresponded to
a structure near the midpoint between the two idealized
pentacoordinated geometries.’

It is interesting that each of the five-membered rings tends
to be coplanar with its attached phenyl ring. The dihedral
angles between these pairs of planes are 7.5, 10.4, and 17.9°
for phenyl rings attached at CA3, CC3, and CB3, respectively
(Table D). This agrees with the double-bond character implied
by the length of the C—C bond, averaging 1.470 (4) A, at the
point of attachment of the phenyl groups. However, bond
distance data for both the fluoro and chloro derivatives of VIII®
are very similar to those for IX reported here, and in these
structures, the dihedral angles between planes of the five-
membered rings and attached phenyl groups range from 22
to 26°.> Possibly, crystal-packing forces for the cis-facial
structures VIII lead to the out-of-plane rotation of the phenyl
groups (with respect to the five-membered rings) without
appreciable loss of C—C r bonding.

The partial facial-meridonal structure for the tricyclic ar-
rangement around P1 of IX may be compared with the com-
pletely cyclized bis(cyclenphosphorane) (CgH;¢N,4P), con-
taining two N, macrocycles with saturated five-membered
rings (XI). In this structure,?® the P-N axial bonds are 1.782

(18) Holmes, R. R. ACS Monogr. 1980, No. 175, 85-86.
(19) Hoffmann, R.; Howell, J. M.; Muetterties, E. L. J. Am. Chem. Soc.
1972, 94, 3047.

(2) A, and the P-N equatorial bonds, 1.694 (2) A.
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XI

The 3'P NMR data for IX indicate that the solid-state
structure is retained in solution. The presence of an equilib-
rium mixture of two diastereomers, each containing a five-
coordinate and four-coordinate phosphorus atom, is supported
by the observance of the two AB spin systems with appropriate
chemical shifts for these coordination numbers. Assuming the
retention of the basic ring triazaphosphole structure of X, it
is reasonable to conclude that the pentacoordinated phosphorus
atom is the spirocyclic center containing the fused five-mem-
bered rings.
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Crystals of the green form of the title compound are monoclinic, space group I2/a, with @ = 15.934 (3) A, b = 13.023
(DA, c=14.069 (3) A, 8 = 118.89 (1)°, and Z = 8. Crystals of the yellow form are monoclinic, space group P2,/a,
witha =15909 (3) A, 5=12.420 3) A, c = 6.355 (1) A, 8 = 98.77 (5)°, and Z = 4. The crystal structures were determined
by three-dimensional X-ray diffraction and refined to R = 0.047 and 0.045 for the green and yellow forms, respectively.
In the green crystals two crystallographically independent [CuCl,]? anions are present, one of them with a flattened-tetrahedral
geometry and the other square planar for symmetry requirements. In the yellow form only [CuCl,]*" distorted-tetrahedral
ions are present. In both modifications, the anions form hydrogen bonds with the N-(2-ammonioethyl)morpholinium cation,
with stronger bonds being present in the green modification. The spectroscopic and magnetic properties of the complexes

are explained in the light of their known crystal structures.

Introduction

The great interest in the tetrachlorocuprates(II) stems from
the fact that they show a great variety of coordination numbers

(1) (a) University of Parma. (b) University of Bari. (c) University of
Modena.
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and geometries®? and, in some cases, a discontinuous reversible
thermochromic behavior.

(2) Smith, D. W. Coord. Chem. Rev. 1976, 21, 93 and references cited
therein.

(3) Bloomquist, D. R.; Willett, R. D. J. Am. Chem. Soc. 1981, 103, 2615
and references cited therein.
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This last phenomenon in [CuCl,]?" salts consists of a color
change at a certain temperature value as a consequence of a
transformation of the coordination geometry. In general the
green to yellow color change is the result of relaxation of anion
geometry from a sterically crowded square-planar arrangement
of ligands to a less constrained distorted-tetrahedral configu-
ration* favored by a weakening of the hydrogen-bonding
network as a result of the increasing disorder due to thermal
motion.

While there are some spectroscopic evidences of this,>”’
structural evidence is only reported for the bis(methylphen-
ethylammonium) tetrachlorocuprate(II) system, which at 25
°C is greeen and contains square-coplanar [CuCl,}* ions and
at 80 °C is yellow and contains flattened-tetrahedral [CuCl,]*
ions,® and for the bis(isopropylammonium) tetrachloro-
cuprate(II) system, the room-temperature structure of which
consists of ribbons of five- and six-coordinate copper(II) ions,’
while the structure of the high-temperature phase turns out
to contain distorted-tetrahedral [CuCl,}*" ions.'® In all cases,
however, the two forms interconvert at a well-defined tem-
perature value, called the “temperature transition”.

In this paper we report the first instance of a compound,
[ N-(2-ammonioethyl)morpholinium tetrachlorocuprate(II),
which exists in two forms, one green and one yellow, both
stable at room temperature. The compounds were charac-
terized by means of structural, spectroscopic, and magnetic
measurements.

Experimental Section

All reagents were reagent grade and used as received.

Preparation of the Complexes. The yellow form, [/N-(2-amet)-
mfH,]CuCl,, was prepared by mixing copper(II) chloride dihydrate
and the amine (1:1 molar ratio) in concentrated hydrochloric acid.
Anal. Caled for CgH,,CuN,OCl,: C, 21.33; H, 4.78; N, 8.30. Found:
C, 21.39; H, 4.83; N, 8.28.

The green form was prepared by mixing copper(II) chloride di-
hydrate and the amine (1:1 molar ratio) in concentrated hydrochloric
acid, then adding ethanol until incipient precipitation, and then letting
the solution stand for several hours. Anal. Caled for CgH,,CuN,OCly:
C, 21.33; H, 4.78; N, 8.30. Found: C, 21.43; H, 4.79; N, 8.21.

Physical Measurements. The electronic spectra of the solid com-
pounds were recorded at room temperature as mull transmission
spectra with a Shimadzu MPS 50L spectrophotometer. The infrared
spectra as Nujol mulls on KBr pellets as support (4000-250 cm™)
were recorded with a Perkin-Elmer 180 spectrophotometer. The
room-temperature magnetic moments were measured with the Gouy
method by using Ni(en),S,0; as calibration standard and correcting
for diamagnetism with the appropriate Pascal constants. Differential
scanning calorimetric analysis (DSC) was performed with a Per-
kin-Elmer DSC-1 instrument in the 30-200 °C temperature range.

X-ray Data Collection. In both compounds, preliminary cell di-
mensions were obtained from rotation and Weissenberg photographs;
subsequently these values were refined by least-squares using 26 values
of 15 high-angle reflections accurately measured on an “on-line”
single-crystal automated Siemens AED diffractometer with Mo Ka
radiation (A = 0.710688 A) for the green form and Cu Ke radiation
(A = 1.54178 A) for the yellow form. The refined cell constants and
other relevant crystal data are given in Table I. Crystals were mounted
with their [010] and [100] axes along the ¢ axis of the diffractometer
for the green and yellow forms, respectively, and intensity data were
collected at a takeoff angle of 3° with use of the Nb-filtered Mo K«
radiation for the former and Ni-filtered Cu K« radiation for the latter.
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Table I. Summary of Crystal Data Collection
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I (green form)

II (yellow form)

mol formula

C,H,CLCuN,0

C,H,C1,CuN,0

mol wt 337.5 337.5
a, A 15.934 (3) 15.909 (3)
b, A 13.023 (1) 12.420 (3)
¢, A 14.069 (3) 6.355 (1)
g8, deg 118.89 (3) 98.77 (5)
V, A® 2556 (1) 1241 (1)
zZ 8 4
dohsq (by flotation), 1.74 1.78
g cm™?
dcaleq> 8 cm~3 1.75 1.80
space group® 2/a P2./a
cryst dimens, mm 0.10 x 0.23 X 0.07 X 0.26 X
0.59 _ 0.88
radiation Mo Ka (A= CuKo (A=
0.710688 A) 1.54178 A)
abs coeff, cm™! 25.3 104.1
F(000) 1368 684
unique data used 1453 2165
(> 2a(D)
no. of variables 129 127
% R (R =ZIAF)/ 4.7 445
ZiF,0)
% Ry (Ry = 4.8 5.6

[SWIAFP/ SwF,?] 172

@ The standard lattices can be obtained by applying the following
transformation matrices: for the green form, from I2/a to C2/c,
~1,0,-110,—1,0110,0, 1i(a=14.236,b=13.023,c=14.069 &;
8= 121.0°); for the yellow form, from P2 jatoP2,/c, 10,0, 10,1,
011,0,01(@=6.355,b=12.420,c=15.909 A;8=98.77°).

The moving-counter-moving-crystal scan technique was employed
with a drive speed related to the number of counts on the peak (lowest
speed 2.5°/min). After every 20 reflections one reflection was
measured as a check of alignment and of crystal and instrument
stability. No significant change in the measured intensity of this
reflection was observed during the data collection. The intensities
of 2580 independent reflections were measured for the green compound
and 2371 for the yellow one; of these 1435 and 2165, respectively,
having 1 > 24(l) were considered as observed and used in the structural
analyses (a(1) = [(total counts) + (0.005(intensity)]'/?). After the
usual data reduction, the intensities were put on an absolute scale
by least squares. The correction for absorption was applied only to
the data of the yellow compound, its transmission factors ranging from
0.09 to 0.53. For the green crystals the uF value is very low (0.21);
therefore, with assumption of cylindrical shape for the crystals, the
absorption correction factor 4* is unchanged in the 3-266 range (1.40).

Structure Analysis and Refinement. Both structures were solved
by the heavy-atom method and refined by full-matrix least squares
with anisotropic thermal parameters for Cu, Cl, O, N, and C. The
hydrogen atoms were located in AF maps and included in the cal-
culations of the final structure factors. The function minimized was
S w(|F| ~ |FJ)?, with w = k/[c*(F,) + g(F,)?], where k = 1 and g
= 0.00574 for the green crystal and £ = 0.539 and g = 0.00917 for
the yellow crystal. The final R’s were 0.047 and 0.045 for the green
and yellow forms, respectively. The atomic scattering factors were
taken from ref 11. The effects of anomalous dispersion were corrected
by including the values of Af” and Af” in the calculation for Cu and
Cl for both compounds. The fractional atomic coordinates are listed
in Table II. A listing of observed and calculated structure factors
for the reflections used in the structural analyses with thermal pa-
rameters is available in the supplementary material. All the calcu-
lations were performed on the Cyber 7600 computer of the Centro
di Calcolo dell’Italia Nord Orientale, Bologna, Italy, using the SHELX
system.!?

Results and Discussion

Description of the Structures. Bond distances and angles
for both forms are quoted in Table III; the hydrogen-bonding

(11) “International Tables for X-ray Crystallography”; Kynoch Press: Bir-
mingham, England, 1974; Vol. IV, pp 99, 149.

(12) Sheldrick, G. M. “A Program for Crystal Structure Determination”;
University Chemical Laboratory: Cambridge, England, 1976.



Tetrachlorocuprate(II) Complexes

Table II. Fractional Atomic Coordinates for Cu, Cl, O, N, and C
with Esd’s in Parentheses

x y 2

(a) Green Form

Cu(l) 0 -0 0

Cu(2) 0.2500 0.3898 (1) 0

CI(1) 0.1438 (1) -0.0399 (2) 0.0181 (1)
Cl(2) 0.0710 (1) 0.0332 (1) 0.1843 (1)
CI(3) 0.2191 (1) 0.2717 (1) 0.0981 (1)
Cl(4) 0.3568 (2) 0.5036 (2) -0.0010 (2)
0] -0.1381 4) 0.1758 (4) 0.2699 (5)
N(1) 0.2010 (4) 0.4461 (5) 0.2516 (4)
N(2) —0.0209 (3) 0.3211 4) 0.2331 4)
c 0.1236 (5) 0.4264 (6) 0.2786 (6)
CQ2) 0.0542 (4) 0.3485 (5) 0.2018 (5)
C@3) 0.0167 (6) 0.2594 (6) 0.3360 (6)
C4) —0.0616 (6) 0.2293 (7) 0.3605 (7)
C(5) -0.1776 (5) 0.2387 () 0.1758 (7)
C(6) -0.1020 (5) 0.2650 (6) 0.1424 (6)

(b) Yellow Form

Cu —0.1057 (0) 0.1871 (0) -0.0059 (1)
CK1) —0.1362 (1) 0.2097 (1) -0.3617 (2)
Cl(2) 0.0203 (1) 0.2746 (1) 0.0403 (2)
CI1(3) —0.2348 (1) 0.2247 (1) 0.0769 (2)
Cl4) ~0.0693 (1) 0.0441 (1) 0.2034 (2)
0] 0.4059 (2) ~0.0668 (2) 0.4556 (6)
N(1) 0.0567 (2) 0.1946 (3) 0.5460 (6)
N(2) 0.2616 (2) 0.0763 (2) 0.4205 (5)
cQ) 0.1496 (2) 0.1812 (3) 0.5586 (9)
C(2) 0.1678 (2) 0.0957 (3) 0.4026 (6)
C(3) 0.2807 (3) 0.0065 (4) 0.2412 (7)
C4) 0.3752 (3) —-0.0134 (4) 0.2598 (9)
C(s) 0.3932 (3) 0.0018 4) 0.6282 (8)
C(6) 0.2991 (3) 0.0247 4) 0.6288 (7)

Figure 1. Projection of the structure of the green form along [010].
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Table III. Bond Distances (A) and Angles (Deg) with Esd’s in
Parentheses for the [CuCl,]*" Anions®

(a) Green Form
2.240 (1) Cu(2)-C1(3) 2.269 (1)
Cu(1)-CI1(2) 2.314 (1) Cu(2)-Cl4) 2.266 (3)
CI(1)-Cu(1)-C1(2) 89.80 (5) Cl1(3)-Cu(2)~-Cl(4)! 93.17 (2)
CI(3)Cu(2)-Cl4) 146.24 (8) Cl(4)-Cu(2)-Cli(4)* 97.88 (2)
Ci1(3)-Cu(2)-CI(3)! 95.11 (1)

Cu(1)-Ci(1)

(b) Yellow Form
Cu-Cl(1) 2.256 (1) Cu-CI1(3) 2.245 (1)
Cu-Cl2) 2.259 (1) Cu-Cl(4) 2.241 (1)
CI(1)-Cu-C1(2) 96.97 (6) Cl(2)-Cu-Ci(3) 133.98(5)
CI(1)-Cu-C1(3) 98.30 (7) Cl1(2)-Cu-Cl(4) 99.22 (6)
Cl(1)-Cu-Cl(4) 133.61(5) Ci(3)-Cu-Cl(4) 100.87 (7)

@ The superscript i denotes the symmetry operation ¥/, - x, »,
-z,

Table IV, Hydrogen Bonding Distances (A) and Angles (Deg)

(a) Green Form¢

N(1)-+-Cl(4)! 3.271 (6) N(1)-:C1(3)H 3.397 (6)
Cl@)t-H(1) 2.43 CI(3)i.--H(3) 2.64
N(1)-H(1) 0.84 N(1)-H(3) 0.93
N(1)-Cl(1)E 3.219 (5) N(2)--Cl(2)ti 3.242 (5)
CI(D)i. H(2) 255 Cl(2)ii-..H(4) 2.35
N(1)-H(2) 0.93 N(2)-H(4) 0.89

N(1)-H(1)--Cl(4)! 167 N(1)-H@3)CI(3)E 138
N(1)-H(2)--CI(1)#f 128 N(2)-H(@)--Cl(2 174

(b) Yellow Form

N(1)--CK2) 3.329 (4) N(2)--Cl(3)H 3.304 (3)
Cl(2)H(1) 2.35 CI(3)1i...H(4) 2.61
N(1)-H(1) 1.08 N(2)-H(4) 0.95
N(1)---0l 3.023 (5) N(2)--CKDY 3.307 (3)
Oi-H(2) 2.37 CI(1)i¥---H(4) 2.54
N(1)-H(2) 0.97 N(2)-H(4) 0.95
N(1)-+-Cl(4)it 3.357 (4)

Cl(4)ii---H(3) 253

N(1)-H(@3) 0.96

NQ)-H@4)--CI(3)iil 130

N(1)-H@1)--Cl(2) 150 L
N(2)-H(4)--C1(1)"¥ 138

N(1)-HQ2)-O! 124
N(1)-H(3)--Cl1(4)" 145

¢ The superscripts denote the following symmetry operations:
i=Y,—x,y, —zyii=,—x Yy =y, Yr=ziii=—x, Y, + y,
!/ 2 —z2. © The superscripts denote the following symmetry opera-
tions: i=Y,-x, Y, +y 1~z;ii=—x, y, 1 —z;iii=Y, +x, Y/, -
yziiv=Y,+x Y-y, 1+2

Figure 2. Projection of the structure of the yellow form along [001].

distances are depicted in Figures 1 and 2 and quoted in Table
IV, ’

Both structures consist of N-(2-ammonioethyl)morpholinium
dications and discrete [CuCl ] anions. The most relevant
differences for the structures of the green and yellow form are
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Table V. Room-Temperature Magnetic (ug) and Spectroscopic
(cm™) Results for the Solid Complexes

green form yellow form
Meft 1.85 1.93
d-d bands 9300 6250
11560 9620
14 290 sh
16 400
charge-transfer bands 22220 sh 21980 sh
25640 24510

the different geometries of the [CuCl,]*” chromophore in the
two cases. In the green crystals, two crystallographically
independent [CuCl,]?" anions are present, the former, lying
at the origin of the cell, square planar for symmetry re-
quirements and the latter, on the twofold axis, exhibiting a
very flattened tetrahedral geometry. In the green form, the
Cu-Cl distances in the square-planar [CuCl,]?" anion are
significantly different (2.240 (1), 2.314 (1) A), the former
being comparable to the 2.248-A value found in the
(PhCH,CH,NMeH,),CuCl,® low-temperature form, in which
square-planar [CuCl,)?" anions are present. The Cu-Cl dis-
tances in the tetrahedral unit (green form) are very similar
(2.269 (1), 2.266 (1) A) and comparable to those found in
other flattened-tetrahedral [CuCl,]? anions.!»'* The de-
formation from tetrahedral geometry can be expressed by the
dihedral angle C1(3)CuCl(3)! A C1(4)CuCl(4)! (i = !/, - x, y,
-z) of 45.8°, similar to the 49.5° value found in (C;;H;¢N,-
0S),CuCl,!5 and intermediate between tetrahedral (90°) and
square-planar (0°) configuration. As illustrated in Figure 1
and Table IV, packing is mainly determined by Cl.-HN hy-
drogen bonds, the shortest of them involving the square-planar
[CuCl,])* anion.

The influence of hydrogen bonds on Cu—-ClI distances is
confirmed on observing that the Cu—-Cl(2) (2.314 (1) A)
longest bond length corresponds to the CI(2)«-H shortest
distance. In the yellow form, the CuCl distances (2.241-2.259
A) are quite similar and are within the range previously found
for other [CuCl,]?> anions having similar tetrahedral distortion.
The distortion from the tetrahedral geometry in this compound,
measured by the CI(1)CuCl(3) A Cl(2)CuCl(4) dihedral angle
(63.0°), is smaller than that found in the green compound but
similar to the 63.7° value found in [(C,H;);NH],CuCl,.'¢
The smaller deformation of the tetrahedron in the yellow form
can be explained by observing the Cl--HN hydrogen bond
values, which are similar (3.31-3.36 A) and weaker than those
found in the green compound; one of them can be considered
as a bifurcated hydrogen bond. Moreover, in this compound
the morpholine oxygen atom also participates in the packing,
forming an O--HN hydrogen bond.

In both compounds the morpholine moiety exhibits the
“chair” conformation, as indicated by the puckering param-

(13) Battaglia, L. P.; Bonamartini Corradi, A.; Marcotrigiano, G.; Menabue,
L.; Pellacani, G. C. Inorg. Chem. 1979, 18, 148 and references cited
therein.

(14) Antolini, L.; Menabue, L.; Pellacani, G. C.; Saladini, M.; Marcotrigi-
ano, G.; Porzio, W. J. Chem. Soc., Dalton Trans. 1981, 1753.

(15) Bonamartini, A.; Nardelli, M.; Palmieri, C.; Pelizzi, C. Acta Crystal-
logr., Sect. B 1971, B27, 1775.

(16) Lamotte-Brasseur, J.; Dupont, L.; Dideberg, O. Acta Crystallogr., Sect.
B 1973, B29, 241.
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eters:'7 g, = 0.042 A, g, = 0.568 A, ¢, = 235°, 0 = 0.57 A
(green form); g, = 0.031 A, g; = 0.589 A, ¢, = 162°,Q =
0.59 A (yellow form). The distances of N and C atoms from
the main plane through the carbon atoms are —0.65 and +0.66
A, respectively, for the green form and +0.67 and -0.69 A
for the yellow form. The kind of conformation and bond
distances and angles in the morpholine ring are usual in the
coordinated and uncoordinated morpholine molecule.!8

Differential Scanning Calorimetric, Magnetic, and Spec-
troscopic Results. DSC measurements indicate that both
compounds are stable in the temperature range between 30
°C and their melting points (190 °C).

The room-temperature magnetic moments (Table V) of the
compounds are typical of “magnetically dilute” systems."

The room-temperature electronic spectrum of the yellow
form (Table V) agrees very well with those normally found
for similarly flattened tetrahedral [CuCl,}*” (D, symmetry)
anions,'>2%22 while that of the green form (Table V) is com-
plicated by the simultaneous presence of two unequally
flattened [CuCly]? units in the cell. However, in the light of
its known crystal structure, by using the correlation between
the d~d band maximum transition and the degree of tetra-
hedral distortion, expressed as a diehedral angle, previously
reported,'* we were able to find the theoretically predictable
d—d band maximum for {CuCl,]? anions with experimental
dihedral angles of 45.8 and 0° at 11410 and 16260 cm™,
respectively. Thus the bands at 9300 and 11 560 cm™ can be
reliably assigned to the lower distorted-tetrahedral [CuCl,)>
unit and the other two to the square-planar [CuCl,]* unit,
present in the green form.

Comparison with the band intensities and positions of other
complexes containing square-planar [CuCl,}?" anions, which
present three distinct peaks in the ranges 11500-12 500,
13 600-13 840, and 16 100-16 530 cm™' 323 strongly supports
our tentative assignments.

Comparison of the infrared spectra of the two forms shows
that there are no appreciable differences in band shapes and
positions of the cation, even though it is differently involved
in hydrogen bonding in the crystal packing of the two com-
pounds, which confirms the insufficiency of this technique to
point out these types of differences.
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