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The crystal and molecular structure of dichlorotetrapyrazolecopper(ll), Cu(NHN:CHCH:CH),Cl,,
was determined by single-crystal neutron diffraction techniques. This compound crystallizes in the
monoclinic system with a= 13657 (5), b=9-200 (5), c=14-900 (5) A, =118-04 (1)°, space group C2/c,
00=1-63 g cm~3 and Z=4. The structure was refined by least-squares calculations to a conventional R
value of 3% for 1143 reflections. The Cu(C;H;N,),Cl, molecule is centrosymmetric with the Cu atom
at the center of a distorted octahedron formed by two chlorine atoms and a nitrogen atom from each
of four pyrazole rings. The accurate location of the hydrogen atoms shows that the conformation of the
complex is due to intramolecular hydrogen bonding. The coordination distances Cu-Cl and Cu-N
(284 and 2-02, 2-01 A, respectively) are significantly different from those of the corresponding nickel
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analog (Ni-Cl and Ni-N 2-51; and 2-10, 2:09 A, respectively).

Introduction

As part of a study of compounds with complex cations,
the structure of dichlorotetrapyrazolecopper(Il),
Cu(Pz),Cl,, (Pz=pyrazole, NHN:CHCH:CH) has
been determined by single-crystal neutron diffraction
methods.

The purpose of this investigation is to compare the
structural features of Cu(Pz),Cl, with those of the
related nickel complexes, Ni(Pz),Cl, and Ni(Pz),Br,,
whose structures have been determined by X-ray
diffraction methods (Reimann, Mighell & Mauer,
1967; Mighell, Reimann & Santoro, 1969).

Neutron diffraction was used to assign unambig-
uously the carbon and nitrogen atoms of the pyrazole
rings and to obtain accurate hydrogen atom parameters
for detecting possible hydrogen bonding in the struc-
ture as postulated in the nickel analogs.

Experimental

Crystals of Cu(Pz),Cl, were grown by slow evapora-
tion of an aqueous solution of CuCl, and pyrazole.
The crystal data for this complex are reported in Table
1. The chemical analysis for copper, chlorine, carbon
and nitrogen gave: Cl, 17:35%; Cu, 15-81%; C,
35:22%; N, 27-52%, in close agreement with the
formula assigned from the complete structure deter-
mination. A piezoelectric test was negative.

The crystal chosen for the neutron diffraction meas-
urements was a prismatic needle approximately 5 mm
long and between 1-5 and 2:0 mm in diameter. The
needle axis was [001] and the prism was bounded by
prominent, well formed {010} and {110} faces. It was
mounted on a computer-controlled four-circle dif-
fractometer at the National Bureau of Standards’ re-
search reactor (Alperin & Prince, 1970) with the needle

Table 1. Crystal data for
dichlorotetrapyrazolecopper(1l), Cu(Pz),Cl,

a=13-657 (5) A*  Space group C2/ct
b= 9-200 (5) Z=4

¢=14-900 (5) 0,=1-63 g cm™3%
p=118-04 (1)° 0,=1635gcm™3

Systematic extinctions

hkl, h+k=2n+1
hOl, 1=2n+1

* The unit-cell dimensions were refined by least squares
using X-ray powder data (Mo Ka=0-71069 A).

1 Assigned on the basis of the complete structure determina-
tion.

1 Determined by the flotation method.

axis approximately parallel to the ¢ axis of the dif-
fractometer. Integrated intensities were measured by a
procedure described previously (Prince, 1972) only if
the intensity at the peak position exceeded that at
background positions on either side by more than 2g,
where o=(I,+1,)"/* and I, and I, are peak and back-
ground intensities, respectively. All reflections in the
range —5°<y<90° and 20<100° with a neutron
wavelength of 1-232 A were measured. All reflections
except those of the type 40/ which had y values greater
than 5° were measured in at least two symmetry-related
positions. The integrated intensities were converted to
F values and merged to form a unique set. Of 1666
unique reflections within the limiting sphere, 1143 had
observable intensities. The R index for equivalent re-
flections, defined by R=>|F,, — Fuul/>um, was 0-018.

Refinement

Space group and lattice parameters suggest that
Cu(P2),Cl, is isostructural with the nickel analog
Ni(Pz),Cl,. The initial refinement was therefore car-



2480

ried out by using the atomic parameters of the nickel
complex. With this assumption, however, the structure
did not refine to a satisfactory R value and some of the
parameters for one of the pyrazole rings were very
different from the expected values. At this stage, the
atoms C(3) and N(2) in ring | were interchanged.
With this assignment the refinement rapidly converged
to a conventional R value of 4%. Neutron scattering
amplitudes used were: Cu, 0:76; CI, 0-96; N, 0-94; C,
0-665; H, —0-374 (Bacon, 1972).

The final stage of refinement was performed using
the program RFINE (Finger, 1972), and included a
secondary extinction parameter S of the form F_, .=
Foac(14+ SpF%,,) Y4 where f=[22%/(V?sin 20)] and
V is the volume of the unit cell. S represents the pro-
duct Tr*, where T is an absorption averaged path
length through the crystal, and is treated here as a
constant, and r* is a parameter with units of length.
Weights for this stage of refinement were assigned by
w=1/g? and o=[0?%,, +(0-015F,,)*"? where o, is
computed from counting statistics. Five cycles of re-
finement gave a weighted R index of 0-039 and an un-
weighted R of 0-030. There was no systematic variation
of the goodness of fit as a function of FZ, or of sin /4,
and a difference Fourier map contained no features
with amplitudes greater than 5% of the smallest
atomic peaks in an F,, synthesis. Observed and cal-
culated structure factors, atomic parameters and ther-
mal parameters are reported in Tables 2,1 3 and 4.

T Table 2 has been deposited with the British Library
Lending Division as Supplementary Publication No. SUP
31064 (14 pp., 1 microfiche). Copies may be obtained through
The Executive Secretary, International Union of Crystallog-
raphy, 13 White Friars, Chester CH1 1 NZ, England.
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Table 3. Aromic coordinates

The numbers in parentheses are standard deviations in the last
significant figures.

X/a Y/b Zc

Cu 0 0 0

Ci 0:0961 (1) —0-1857 (1) —0-0895 (1)
N(1) 0-1427 (1) —0-0185 (1) 0-1322 (1)
N(2) 0-2318 (1) —0:0960 (1) 0-1445 (1)
N(@3) 0-0601 (1) 0-1705 (1) —0-0428 (1)
N(4) 0-1107 (1) 0-1544 (2) —0-1001 (1)
1) 0-:3140 (2) —0-0862 (2) 02412 (2)
C(2) 0-2754 (2) 0-0015 (2) 0-2935 (1)
C@3) 0-1673 (1) 0:0412 (2) 0-2216 (1)
C4) 0-1345 (2) 0-2837 (2) —0-1270 (2)
C(5) 0-0963 (2) 0-3891 (2) —0-0859 (2)
C(6) 0-0506 (2) 0-3123 (2) —0-0338 (1)
H(1) 0-3919 (4) —0-1395 (6) 0-2649 (5)
H(2) 0-3202 (5) 0-0331 (8) 0-3714 (4)
H(3) 0-1072 (4) 0-1073 (5) 0-2297 (4)
H®@4) 0-1752 (6) 0-2912 (6) —0-1740 (6)
H(5) 0-1008 (5) 0-5061 (5) —0:0920 (5)
H(6) 0-0110 (5) 0-3516 (5) 0-0096 (4)
H(®®) 0-2300 (3) —0-1502 (5) 0-0862 (4)
H(8) 0-1252 (4) 0-0509 (5) —0-1151 (4)

Discussion

Cu(Pz),Cl, is centrosymmetric with the copper atom
located at the center of symmetry and all other atoms
in general positions. The asymmetric unit therefore
contains one half of a copper atom, one chlorine atom
and two pyrazole ligands. Fig. 1 shows a stereographic
view of the molecule of Cu(Pz),Cl,.

A comparison of the bond distances and angles of
this structure with those of the related Ni(Pz),Cl, and
Ni(Pz),Br, complexes is given in Tables 5 and 6. The
bond distances of the pyrazole rings are similar in the
three complexes but the coordination distances differ

Table 4. Anisotropic thermal parameters

The general anisotropic temperature factor has the form exp[— %(h’a“Bu+k2b*zBu+Izc*2333+2hka*b*Bu+2hla*c*Blg
+2klb*c* B13)]. The numbers in parentheses are standard deviations in the last significant figures.

B!.l BZZ BJ.’S BlZ Bl3 BIS
Cu 2-74 (8) 2:75 (8) 223(7) —0-78 (6) 0-78 (6) 0-60 (6)
cl 3:58 (5) 2-94 (5) 3-25 (5) 0-41 (4) 192(5)  —007 (4)
N(1) 2-54 (5) 2:67 (5) 229(4)  —013(3) 0-99 (4) 0-06 (3)
N@2) 3:17 (6) 3-04 (5) 3-54(6)  —0-02 (4) 173 (5) 0-07 (5)
N(3) 2:98 (5) 2:48 (5) 2:85(5)  —0-42 (4) 1-46 (4) 0-26 (4)
N(4) 4-29 (6) 2:97 (6) 407(6)  —0-05 (4) 273 (5) 037 (4)
cq) 2:74 (8) 3-75 (8) 3:90 (9) 0-42 (7) 1:02 (7) 0-89 (7)
CQ2) 3-58 (9) 4-53 (9) 2328  —015(D) 0-61 (7) 0-32 (6)
C(3) 312 (7) 3-08 (7) 2:22 (7) 0-09 (6) 117 (6) 0-18 (5)
C(4) 524 (10) 3-14 (8) 532 (11) 0-07 (7) 3-84 (9) 0-86 (7)
C(5) 4-65 (10) 2:62 (8) 516 (10)  —0-31 (6) 3-04 (9) 0-59 (7)
C(6) 3-60 (7) 2:67 (1) 3-82(8)  —0-30 (6) 220 (7) 0-01 (6)
H(1) 37 (2) 7:0 (3) 83 (3) 148 (2) 18 (2) 13 (2
HQ) 77 (3) 9-7 (4) 31 (2) -03(3) 06 (2) 08 (2)
H(3) 55 (2) 57(2) 54 (2) 12 (2) 2:9 (2) 07 (2)
H(4) 119 (4) 64 (3) 110 (4) -03(3) 9-9 (4) 12 (3)
H(s) 9-4 (4) 31 (2) 102 (4) -02(2) 67 (3) 122
H(6) 9-0 (3) 44 (2) 83 (3) —-06 (2) 67 (3) -09 (2)
H(7) 56 (2) 45 (2) 55 (2) -03(2) 35 (2) —06 (2)
H(8) 76 (3) 39 (2) 72 (3) 01 (2) 52 (2) 0-0 (2)
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significantly. Specifically, for the chloride complexes,
Cu(Pz),Cl, and Ni(Pz),Cl,, the Cu—Cl distance is 2-84

compared to the Ni—Cl distance of 2:51 A and the
average Cu—-N coordination distance is 2:02 A com-

Table 5. Comparison of bond distances in
Cu(P2),Cl,, Ni(Pz),Cl, and Ni(Pz),Br,

The numbers in parentheses are the standard deviations.

Cu(Pz),Cl;* Ni(Pz),Cl,t Ni(Pz),Br,t

Me-CIl(Br) 2840 (1) A 2507 (1) A 2682 (1) A
Me-N(1) 2-024 (1) 2:097 (2) 2-101 (4)
Me-N(3) 2:009 (1) 2:087 (2) 2080 (5)
Ring 1
N(1)-N(2) 1-347 (2) 1-345 (4) 1-338 (9)
N(2)-C(1) 1-351 (2) 1:357 (4) 1:362 (9)
C(H-C(2) 1-385 (3) 1-:371 (7) 1-:356 (15)
C(2)-C(3) 1-405 (3) 1:393 (5) 1-383 (10)
C(3)-N(1) 1-330 (2) 1-:329 (4) 1-:326 (9)
C(1)-H(1) 1-070 (5) -
C(2)-H(2) 1-068 (5) -
C(3)-H@3) 1-072 (5) -
N(2)-H(7) 0-992 (5) -
Ring 2
N(3)-N(4) 1-:336 (2) 1-342 (6) 1-349 (14)
N(@H-C4) 1-342 (2) 1-:333 (6) 1-342 (13)
C(4—-C(5) 1-:374 (3) 1:356 (6) 1-346 (16)
C(5)-C(6) 1-:396 (3) 1-389 (6) 1-395 (15)
C(6)-N(3) 1-324 (2) 1-321 (4) 1-317 (8)
C4)-H4) 1-082 (5) -
C(5)-H(5) 1-084 (5) -
C(6)-H(6) 1-081 (5) -
N(4)-H(8) 1-018 (5) -

* Neutron diffraction data.
t X-ray diffraction data.
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pared to the average Ni-N distance of 2:09 A (Jahn-
Teller effect). Thus, in the coordination octahedron of
the copper complex the metal-chlorine distances are
longer and the metal nitrogen—distances are shorter
than the corresponding distances in the related nickel
complex. A similar comparison may be made between
Cu(Pz),Cl, and Ni(Pz),Br,.

This neutron study makes it possible to distinguish
unambiguously carbon and nitrogen atoms of the
pyrazole rings and thus to establish that these rings are
coordinated to the transition metal vig a nitrogen atom.
The hydrogen atom positions were accurately deter-
mined in this experiment. There are six (C-H) dis-
tances and two (N-H) distances. For the two crystallo-
graphically independent pyrazole rings the average
N-H distance of 1-02 A is significantly shorter than
the average C-H distance of 1-:08 A. In the complex
Co(Im)¢(NOQs), (Im=imidazole=NHCH:NCH:CH),
also studied by neutron diffraction (Prince, Mighell,
Reimann & Santoro, 1972), a similar difference in
N-H and C-H bond lengths is observed.

The accurate location of the hydrogen atoms es-
tablished that there is internal hydrogen bonding in
the complex similar to that postulated in the related
nickel complexes. These bonds are presumed to be
responsible for the fact that the plane of each pyrazole
ring and the plane defined by the coordinating pyr-
azole nitrogen atoms N(1), N(1"), N(3), and N(3")
form a dihedral angle of about 90°. The N-H-.-Cl
hydrogen bonds are stronger than the C-H-.-.-Cl
bonds since the hydrogen atoms attached to the ni-
trogen atoms N(2) and N(4) are closer to the chlorine

Table 6. Comparison of the bond angles of the pyrazole rings in Cu(Pz),Cl,, Ni(Pz),Cl,
and Ni(Pz),Br, given respectively, in columns one, two and three

Ring 1
C(3)-N(1)-N(2) 107-2 106-2 105-5
N(1)-N(2)-C(1) 110-8 111-1 1123
N@2)-C(1)-C(2) 107-1 106-6 104-8
C(1)-C(2)-C(3) 105-4 105-8 1075
C(2)-C(3)-N(1) 109-6 110-3 110:0

Ring 2
N(4)-N(3)-C(6) 106-2 104-9 104-3
C(4)-N(4)-N@3) 1113 111-7 111-8
C(5)-C(4)-N@4) 107-3 107-4 107-4
C(6)-C(5)-C4) 104-6 104-8 104-8
N(3)-C(6)-C(5) 110-6 111-1 111-7

Fig. 1. Stereoscopic view of the complex dichlorotetrapyrazolecopper(Il), Cu(Pz),Cl,. For simplicity the atoms are drawn as
spheres of arbitrary size.

AC3IB-8
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atoms than the hydrogen atoms attached to C(3) and
C(6). The distances for these four internal hydrogen
bonds are: in ring one, N(2)-H(7)---Cl 2:40 A and
C(3)-H(3)---Cl 2:66 A; in ring two, N(4)-H(®)- - - Cl
2:28 A and C(6)-H(6)- - -Cl 2:73 A. As the N-H---Cl
bonds are stronger than the C-H---Cl bonds, the
rings are tipped slightly toward the chlorine atoms
forming the N-H- - -Cl bonds, as shown in Table 7.
Both the ring tipping and the shorter hydrogen-bond
distance involving H(8) show that ring 2 is more
strongly hydrogen bonded than ring 1.

Table 7. Tilt of the pyrazole rings due to hydrogen
bonding in Cu(Pz),Cl,, Ni(Pz),Cl, and Ni(Pz),Br,

Angle Cu(Pz2),Cl, Ni(Pz),Br. Ni(Pz),Cl,
Ring 1

N(2)-N(1)-Cu 125° 126° 123°

C(3)-N(1)-Cu 128 128 130
Ring 2

N(4)-N(3)-Cu 122 122 121

C(6)-N(3)-Cu 132 134 134

The data of Table 7 show that a similar tipped ring
orientation is found in the complexes Ni(Pz),Cl, and
Ni(Pz),Br,.

Although the molecular structure of Cu(Pz),Cl, is
very similar to those of Ni(Pz),Cl, and Ni(Pz),Br,. the
packing of the copper complex is different from that
of the nickel complexes. If one were to reverse the
assignment of N(2) and C(3) in ring | in the copper
complex (equivalent to a rotation of 180° about the
N(1)-Cu bond or, alternatively, to a rotation of 90°
about the Cu-Cl bond), then the packing of the three
compounds would be the same. There is the possibility
that the assignment of N(2) and C(3) tor the nickel
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complexes was incorrect as the structures of these
compounds were determined by X-ray diffraction. For
this reason a neutron structure determination of
Ni(Pz),Cl, is planned. However, the evidence available
at present (i.e., the close agreement of bond distances
and angles of the Pz ligands, of the hydrogen bonding
and of the thermal parameters for the three complexes,
and the fact that the R values are higher if one refines the
nickel compounds with the N(2) and C(3) atoms in-
terchanged) strongly suggests that the assignment of
N(2) and C(3) is correct as reported.

All computer calculations (except for the final re-
finement cycles) on this structure were performed
using the X-RAY Program System (1972).

The stereo figure was drawn with the ORTEP For-
tran plot program (Johnson, 1965).
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Structure Cristalline du Tripolyphosphate de Zinc Heptadécahydraté: Zns(P3010)..17TH,O

PAR M.T. AveErRBUCH-PoucHoT, A. DURIF ET J. C. GUITEL
Laboratoire des Rayons X, CNRS, B.P. 166, Centre de Tri, 38042-Grenoble Cedex, France

(Regu le 14 avril 1975, accepté le 18 avril 1975)

Zinc tripolyphosphate heptadecahydrate, Zns(P;0,¢),.17H;0, is triclinic with a=10-766 (8), b=
10316 (8), c=8525 (5) A, a=111-39 (5), B=115-08 (5), y=70-19 (5)°, and Z= 1. The atomic arrange-
ment has been determined by using 3558 independent reflexions. The final R value is 0-04. This is the
first known crystal structure of a bivalent cation tripolyphosphate.

Introduction

Les principales caractéristiques cristallographiques et
la préparation chimique du tripolyphosphate de zinc

heptadécahydraté: Zng(P;04),.17H,O ont déja été
décrites (Averbuch-Pouchot & Durif, 1975). Nous
rappelons simplement sa maille: a=10,766 (8), b=
10,316 (8), ¢=8,525 (5) A; a=111,39 (5), B=



