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tography (UV/vis (nm): 410, 567) was dissolved in CHCl; and treated
with 30 drops of water and 30 drops of concentrated HCL. Anal. Caled
for FeCgoH,30,F 5 NgCl: C, 46.55; H, 1.82; N, 7.24; F, 34.36; Cl, 2.29.
Found: C, 46.42; H, 2.03; N, 7.40; F, 34.35; Cl, 2.51. '’F NMR (ppm
vs. external Freon-F11); ~64.3 (3 F),-73.0 (2 F),-116.2 (2 F). UV/vis
(nm): 415, 498, 570.

Fe(a’FPP-3) and («*FPP-3)FeOFe(a‘FPP-3). In a drybox, K(Et;)H
(320 uL, 1.0 M solution from Aldrich) was added dropwise to a solution
of Fe(FPP-3)ClI (0.50 g, 0.32 mmol) in THF (200 mL) at -35 °C. It
was warmed to room temperature and stirred for 45 min. The solution
was rotovapped to dryness. Dry degassed toluene was added, the solution
filtered through a Teflon membrane and the solvent removed in vacuo.
The remaining solid was pumped on to remove Et;B, dissolved in CH,Cl,,
and crystallized with heptane. Yield: 0.27 g, 55%. '°F NMR (in
toluene-d;, ppm vs. external Freon-F11): -88.6 (3 F, -129.8 (2 F),
-134.7 (2 F). UV/vis (nm): 430, 533, 560. The !°F NMR spectrum
was also recorded for the bis(pyridine) adduct Fe(FPP-3)(py),. '°F
NMR (in toluene-dg, ppm vs. external Freon-F11): -81.5 (t,3 F),-121.3
(.2 F),-1279 (s, 2 F).

To convert the product to the u-oxo dimer, dry dioxygen was bubbled
through a solution of Fe(FPP-3) in dry toluene for 15 min, and then the
toluene was removed in vacuo. °F NMR (ppm vs external Freon-F11):
-82.7 (3 F), -123.3 (2 F), 1294 (2 F). UV/vis (nm): 404, 565.

Fe(a'FPP-7)Br. The procedure described for Fe(FPP-3)Br was fol-
lowed. Yield: 0.147 g, 13.9%. Anal. Calcd for FeCysH;NgO,FgoBr:
C, 38.15; H, 1.18; N, 4.68; F, 47.64. Found: C, 40.36; H, 1.67; N, 4.65;
F, 47.85. UV/vis (nm): 417, 504, 570, 639.

Fe(a’HPP-7)Br. The procedure described for Fe(FPP-3)Br was
followed. Yield: 0.340 g, 30.5%. Anal. Calcd for FeCq4HggNzO,4Br:
C, 69.50; H, 6.75; N, 8.53. Found: C, 69.61; H, 6.94; N, 8.47, UV vis
(nm): 415, 509, 581.

Fe(T,.mPP)CL Iron powder (0.50 gm) and glacial acetic acid (500
mL) were added to a round-bottom flask equipped with a reflux con-

denser and nitrogen inlet. The apparatus was attached to a Schlenk line
and pump—flushed seven times, and the solution was refluxed for 24 h. .
H,T,PP (1.0 g, 1.49 mmol) and NaCl (0.50 g) were added to CHCl,
(25 mL). This mixture was stirred for 15 min and added to the reaction,
and the reaction solution was refluxed for 2 h. The volume was reduced
to 50 mL and 50 mL of water added. This mixture was sonicated and
filtered, and the solid was dried on a high-vacuum line. The crude
material was purified by column chromatography on acid alumina,
eluting with CHCl;. A light pink band was discarded and was followed
by a major dark band, which was collected and rotovapped down to
~100 mL. Heptane (100 mL) was added and the solvent volume slowly
reduced on a rotoevaporator until a precipitate formed, and then the
mixture was refrigerated overnight. Yield: 0.537 g, 44.8%. Anal. Caled
for FeC,gHyN,Cl: C, 75.85: H, 4.77; N, 7.37; Cl, 4.66. Found: C,
76.01, H, 5.25; N, 7.10; Cl, 4.88. UV /vis (nm): 376, 415, 507, 575.
Fe(T, 4 6.mcoPP)Cl (E26585-17). The procedure described for Fe-
(T,-m.PP)Cl was followed. Yield: 74.4%. UV/vis (nm): 418, 509, 586.
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Binucleating pyrazolylpyridazine and phthalazine ligands form predominantly binuclear copper(II) complexes in which, in many
cases, the metal centers are bridged by a hydroxide group in addition to the diazine bridge. Low magnetic moments for these
species (uo(room temperature) < 0.74 up) indicate strong spin exchange between the copper(II) centers. One complex, Cu,-
(PPD)(OH)Br,.1.5H,0 (PPD = 3,6-bis(1-pyrazolyl)pyridazine), was found to be diamagnetic at room temperature. The crystal
and molecular structures of [Cu,(PPDMe)(OH)Cl,][CuCl;(H,0)]1-H,0 (V) and [Cu,(PPDMe)(OH)(NO;),(H,0),](NO;)-H,O
(VII) (PPDMe = 3,6-bis(3,5-dimethyl-1-pyrazolyl)pyridazine) are reported. The trinuclear species (V) contains the unusual
tetrahedrally distorted anion [CuCl3(H,0)]™ and a binuclear hydroxo-bridged cation. V crystallized in the monoclinic system,
space group Am, with @ = 7.4942 (4) A, b = 20.418 (1) A, ¢ =7.5092 (5) A, 8 = 90.93 (1)°, and two formula units per unit
cell. VII crystallized in the monoclinic system, space group P2,/c, with a = 6.787 (2) A, b = 20.986 (3) A, ¢ = 16.825 (3) &,
8 = 95.49 (2)°, and four formula units per unit cell. Refinement by full-matrix least squares gave final R factors of 0.039 for
both systems. The copper centers in the binuclear cation in V are close to square planar with a bridging hydroxide angle of 126.0
(5)° and a Cu---Cu separation of 3.384 (2) A. In VII the copper centers are considered to be distorted four-coordinate with
axial contacts greater than 2.3 A, a bridging hydroxide angle of 119.3 (2)°, and a Cu---Cu separation of 3.338 (1) A. Varia-
ble-temperature magnetic studies on both complexes indicate strong antiferromagnetic exchange in both cations.

Introduction

Tetradentate phthalazine,?*® pyridazine,>!%2} and pyrazole
ligands® have been shown to generate principally binuclear
transition-metal complexes. Many of the copper(11) derivatives
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of the phthalazine systems have multiple bridges between the metal
centers, including a hydroxide bridge, which is considered to be

(1) (a) Memorial University. (b) National Research Council.

(2) Andrew, J. E,; Blake, A. B. J. Chem. Soc. A 1969, 1408.

(3) Ball, P. W,; Blake, A. B. J. Chem. Soc. A 1969, 1415.

(4) Andrew, J. E.; Ball, P. W.; Blake, A. B. J. Chem. Soc., Chem. Commun.
1969, 143.

(5) Ball, P. W,; Blake, A. B. J. Chem. Soc., Dalton Trans. 1974, 852.

© 1985 American Chemical Society



4720 Inorganic Chemistry, Vol. 24, No. 26, 1985

R R
N N
Vi
R \N/ \N—-N \N/ R

PPD(R=H),PPDMe (R = Me)

@é iﬁ
N
\N/ \ / \N/

N—N

PPT
Figure 1. Structure of PPD (R = H), PPDMe (R = Me), and PPT.

the primary pathway for antiferromagnetic exchange, a feature
which is characteristic of these systems.5!%!6!" The magnitude
of the exchange integral has been shown to be a function of the
hydroxide bridge angle, which can be varied by “tuning” the
dimensions of the binuclear center with appropriately chosen anion
bridges, the copper ion ground state, and also the chelate ring
size.!#1617 The largest exchange observed so far (~2J = 800 cm™)
was for the complex Cu,(MIP)(OH)Cl;-2H,0 (MIP = 1,4-bis-
(1-methyl-2-imidazolyl)phthalazine), which involved five-mem-
bered chelate rings and an oxygen (OH) bridge angle of 126.2°.16
Complexes of the pyridylaminophthalazine ligands involving
six-membered chelate rings and hydroxide bridges were observed
to have much weaker exchange (-2J < 540 cm™) associated with
smaller oxygen bridge angles (<116°).!417

An approximately linear correlation between hydroxide bridge
angle and exchange was observed for a series of phthalazine
complexes involving d,=_,» copper ion ground states.’® Other
unrelated systems involving single hydroxide bridges, much larger
bridge angles,”*?* and d,:_,» copper ion ground states were shown
to approximate this relationship, but for complexes with d_: ground
states no such correlation was observed.!*26
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Table I. Crystal Data

CU3C14I'(I€)ClsN603 Cu,CiHNsO 3

(Vi)
cryst syst monoclinic monoclinic
space group Am P2/c
a, 7.4942 (4) 6.787 (2)
b, A 20.418 (1) 20.986 (3)
¢, A 7.5091 (5) 16.825 (3)
8, deg 90.93 (1) 95.49 (2)
Vv, Al 1148.9 2385.34
z 2 4
p(caled), g em™ 1.99 1.797
4, mm™! 3.38 1.87
radiation; A, A Mo Kay; 0.70932 Mo Kay; 0.709 32
temp for data collen, °C 22 22
octants of data colled +h,+k,+] +h+k,+!

-h,+k,+1 ~h+k+i

-h~k,~l (partly)  —h,~k~I (partly)
equiv reflens agreement  0.02 0.009

min an max transmission 0:52—0.65 0:69—0.76

Table II. Final Atomic Positional Parameters and Equivalent
Isotropic Debye-Waller Temperature Factors (Esd’s) for
[Cu,(PPDMe)(OH)CL,1 [CuCl;(H,0)]-H,0 (V)

atom x y z B,* A?
Cu(l) 0 08286 (5) 0 261 (4)
Cu(?)  0.04023 (24) 0 0.4140 (3)  2.52 (6)
Cl(1) -02472(3)  0.13458 (12) 00829 (4)  3.41 (9)
Cl(2) 0.2216 (3) 0.08184 (12) 0.3291 (4) 3.73 (11)
Cl(3) -0.0939 (7) 0.6064 (8) 3.7 (19)

0.0680 (3)
o(l) -0.0910(12) 0
0(2) 05763 (16) 0

0.0687 (16) 3.5 (4)
0.2647 (21) 5.8 (7)

O(3)  -0.1654 (20)  0.0582 (7) 0.4450 (23) 3.9 (6)
N(1) 03057 (10) 0.1330 (3) -0.1766 (11) 2.3 (3)
N(2)  0.1508 (10) 0.1553(3)  -0.0959 (11) 2.4 (3)
N(3) 02031 (9) 00323(3) -0.1032 (10) 2.12 (24)
C(1)  0.3985(11) 0.1849 (4)  —0.2466 (11) 2.5 (3)
C(2) 03028 (14) 02394 (4)  —0.2093 (14) 3.1 (4)
C(3) 01500 (12) 02195(4)  —0.1169 (11) 2.3 (3)
C(4) 05662 (13) 0.1798 (5)  -0.3520 (17) 3.5 (4)
C(5)  -0.0001 (16) 0.2622 (5)  —0.0594 (16) 3.3 (4)
C(6)  0.3330 (11) 0.0651 (4)  -0.1792 (12) 2.2 (3)
C(7) 04827 (12) 0.0337 (4)  -0.2503 (14) 2.7 (3)
H2) 0327 0.285 ~0.258 2.7
H(4A)  0.546 0.159 -0.446 2.4
H(4B) 0.615 0.221 -0.393 3.6
H(S5A) -0.044 0.247 0.031 2.5
H(5B)  0.045 0.294 -0.006 5.2
H(5C) -0.051 0.291 -0.184 7.3

9B, is the mean of the principal axes of the thermal ellipsoid.

The importance of systems of this sort as structural/magnetic
probes for the binuclear copper active sites in oxyhemocyanin and
oxidase/oxygenase enzymes containing type III copper centers
and the demonstrated catecholase activity of the phthalazine
complexes Cu,(PAP)(OH)X, (X = Cl, Br; PAP = 1,4-bis(2-
pyridyl)aminophthalazine)?” has led us to investigate the copper
coordination chemistry of other binucleating diazine ligands, e.g.
PPD (3,6-bis(1-pyrazolyl)pyridazine), PPDMe (3,6-bis(3,5-di-
methyl-1-pyrazolyl)pyridazine) and PPT (1,4-bis(1-pyrazolyl)-
phthalazine) (Figure 1). These tetradentate, pyrazolyldiazine
ligands form predominantly binuclear copper(II) complexes in-
volving, in most cases, hydroxide bridges and exhibiting reduced
magnetic moments. Full structural details are reported for the
complex [Cu,(PPDMe)(OH)Cl,][(CuCl;(H,0)]1-H,0 (V), which
consists of a binuclear, hydroxide-bridged, copper(II) cation, with
a hydroxide bridge angle of 126.0°, and an unusual mononuclear
anion [CuCl3(H,0)]~. The structural details for the complex
[Cu,(PPDMe)(OH)(NO,),(H,0),](NO;)-H,0 (VII) are also
reported, and in this system a hydroxide bridge angle of 119.3°
is found. Limited variable-temperature magnetic data (80-200

(27) Lever, A. B. P.; Ramaswamy, B. S,; Pickens, S. R. Inorg. Chim. Acta
1980, 46, L59.
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K) are reported for both V and VII, which indicate strong an-
tiferromagnetic exchange between the copper(II) centers in the
binuclear cations.

Experimental Section

Synthesis of Ligands. The syntheses of PPD?® and PPDMe? have
been reported previously. However the following procedure was found
to be more effective for the production of these ligands and also PPT.

3,6-Bis(1-pyrazolyl)pyridazine (PPD). Pyrazole (6.8 g, 0.10 mol) was
dissolved in dry THF (250 mL), and potassium metal (3.9 g, 0.10 mol),
cut into small pieces, was added under nitrogen. The potassium disap-
peared on reaction with pyrazole, leaving a white suspension. 3,6-Di-
chloropyridazine (7.4 g, 0.05 mol) was dissolved in a minimal volume of
dry THF under nitrogen and added to the suspension of potassium py-
razolide. The mixture was refluxed for 4 h, during which time the color
changed from white to red-brown, and then added to 1 L of water,
containing ice, with stirring. The remaining white solid was filtered,
washed with water, dried, and recrystallized from DMF (yield 9.3 g
(88%); mp 238-242 °C (lit.?® 238-240 °C)).

3,6-Bis(3,5-dimethyl- 1-pyrazolyl)pyridazine (PPDMe) (yield 80%; mp
165-167 °C (lit.”® 166-167 °C)) and 1,4-bis(1-pyrazolyl)phthalazine
(PPT), which was recrystallized from THF (yield 50%; mp 133-134 °C),
were prepared similarly. Anal. Caled for C{,HoNg (PPT): C, 64.1; H,
3.82; N, 32.1. Found: C, 64.0; H, 3.78; N, 32.1. Mass spectrum, major
mass peaks (m/e (relative intensity)): 262 (100), P, 235 (55), 195 (24),
168 (7), 128 (21), 102 (9). 'H NMR (CDCl;) (3 (relative intensity)):
6.55 (4) (pyrazole H;), 7.93 (8) pyrazole H,,), 8.55 (4) (phthalazine
Hg), 9.15 (4) (phthalazine H,).

[Cu,(PPDMe)(OH)(NO,),(H,0),](NO;)-H,0 (VII). PPDMe (0.50
g, 1.9 mmol) was dissolved in acetonitrile (50 mL) with warming and the
solution filtered. A solution of Cu(NO;),3H,0 (0.90 g, 3.7 mmol)
dissolved in water (10 mL) was filtered and then added and the resulting
dark blue solution warmed on a steam bath until crystals began to form.
A blue crystalline product was obtained on standing overnight, which was
filtered and dried in air. All other complexes were prepared similarly
by using various solvent combinations (ligand dissolved in organic sol-
vent): I, II (DMF/H,0), III, IV (CH,CN/H,0), V, VI, VIII
(MeOH/H,0; VI resulted by dissolving V in water and adding excess
ClOy, IX, X, XIII, XIV (EtOH/H,0), XI, XII (EtOH/EtOH). All
complexes are listed in Table VIII.

Analyses. C, H, and N analyses were carried out by Canadian Mi-
croanalytical Service, Vancouver, Canada. Copper analyses were de-
termined by atomic absorption with a Varian Techtron AA-5, after
digestion of the samples in concentrated HNO, or aqua regia. Satis-
factory C, H, N, and Cu analyses were obtained for all complexes re-
ported.

Physical Measurements. Electronic spectra were recorded with a Cary
17 spectrometer and infrared spectra with a Perkin-Elmer Model 283
spectrometer. Magnetic susceptibilities were obtained at room temper-
ature by the Faraday method using a Cahn Model No. #7600 Faraday
Magnetic susceptibility system coupled to a Cahn gram electrobalance.
Variable-temperature (80-200 K) magnetic data were obtained courtesy
of B. Van der Griendt, Department of Chemistry, Gorlaeus Laboratories,
State University Leiden, The Netherlands, using a PAR model 150A
vibrating sample magnetometer. Nuclear magnetic resonance spectra
were run as solutions in deuterochloroform on a Bruker WP80 spec-
trometer (SiMe, internal standard) and mass spectra were obtained on
a V.G. Micromass 7070 HS spectrometer with a direct-insertion probe.

Crystallographic Data Collection and Refinement of the Structures.
[Cuy(PPDMe) (OH)CL][CuCl;(H,0)-H,0 (V). Crystals of V are deep
green. The diffraction intensities of an approximately 0.2 X 0.15 X 0.13
mm crystal were collected with graphite-monochromatized Mo K« ra-
diation by using the 6,26 scan technique with profile analysis®® to 26,,,,
= 65° on a Picker four-circle diffractometer with a PDP-8¢ computer.
A total of 2801 reflections were measured, of which 2556 were unique,
and 2007 reflections were considered significant with I, > 2.50(/,).
Lorentz and polarization factors were applied, and absorption corrections
were calculated. The cell parameters were obtained by least-squares
refinement of the setting angles of 36 reflections with 26 > 45° (A(Mo
Ka;) = 0.709 32 A).

The structure was solved by Patterson and heavy-atom techniques and
refined by full-matrix least-squares methods to final residuals of Ry =
0.039 and R,, = 0.049 for the significant data (0.063 and 0.068 for all
data) with unit weights. Only six H-atoms could be located from dif-
ference maps. Crystal data are given in Table I, and final atomic pos-

(28) Addison, A. W.; Burke, P. J. J. Heterocycl. Chem. 1981, 18, 803.
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Table V. Final Atomic Positional Parameters and Equivalent
Isotropic Debye-Waller Temperature Factors (Esd’s) for
[Cu,(PPDMe) (OH)(NO,),(H,0),](NO;)-H,0 (VII)®

atom x y z B,,, A?
Cu(l) 0.25134 (12) 0.40088 (3) 0.32871 (4) 2.37 (4)
Cu(2) 0.35363 (13) 0.55142 (3) 0.38171 (4) 2.40 (4)
Oo(1) 0.3228 (6) 0.46332 (16) 0.41121 (20)  2.30 (18)
0(2) 0.3598 (6) 0.58115 (17)  0.49289 (21)  2.60 (20)
O(3)  0.5714(6) 037229 (18) 0.30675 (24)  3.18 (21)

o4 0.8406 (9)
N(1) 0.0415 (10)
o(l) 02193 (7)
0(12) -0.0662 (7)
O(13)  -0.0247 (9)

0.58505 (23)
0.3342 (3)

0.33189 (20)
0.37854 (24)
0.29254 (24)

0.1819 (3) 6.6 (3)
0.4221 (3) 3.3(3)
0.4062 (3) 3.26 (23)
0.3938 (3) 4.8 (3)
0.4637 (3) 6.1 (3)

N(2) 0.6973 (11)  0.4315 (4) 0.1069 (4) 5.0 (4)
0(21) 07104 (10)  0.4364 (3) 0.1795 (3) 8.3 (4)
0(22) 06048 (11)  0.3920 (3) 0.0716 (5)  11.5 (6)
0(23)  0.7855(9)  0.4729 (3) 0.0724 (3) 6.8 (4)
N(3)  -0.1335(12) 0.5540 (4) 0.3937 (4) 4.8 (4)
O(31) -0.2877(9)  0.5324 (3) 0.3799 () 11.7(6)
0(32) -0.0126 (10)  0.5709 (3) 0.3537 (4) 8.9 (4)
0(33) -0.0829 (14)  0.5585 (4) 0.4666 (4)  14.1 (7)
N(4) 0.1721 (7)  0.38761 (23)  0.1605 (3) 2.36 (23)
N(5) 0.1520 (8)  0.35422 (23)  0.2297 (3) 2.52 (24)
N(6) 0.2654 (7)  0.46721 (22)  0.2463 (3) 2.15 (23)
N(7) 0.3234 (7)  0.52648 (22)  0.2667 (3) 2.10 (24)
N(8) 0.3993 (8)  0.63361 (22) 0.3278 (3) 2.39 (24)
N(9) 0.3947 (8)  0.62895 (23)  0.2455 (3) 2.34 (23)
c() 0.1201 (10)  0.3510 (3) 0.0941 (4) 3.0 (3)
C(2) 0.0672 (11)  0.2940 (3) 0.1225 (4) 3.4 (3)
6 0.0861 (10)  0.2969 (3) 0.20356 (4) 2.9 (3)
C(4) 0.1343 (18)  0.3724 (5) 0.0100 (5) 46 (5)
C(5) 0.0441 (15)  0.2459 (4) 0.2628 (5) 4.1 (4)
c(6) 0.2357(9)  0.4511 (3) 0.1708 (3) 2.2 (3)
c(7) 0.2646 (10)  0.4947 (3) 0.1101 (3) 3.0 3)
C(8) 0.3217 (10)  0.5550 (3) 0.1308 (3) 2.7 (3)
C) 0.3474 (9)  0.5698 (3) 0.2124 (3) 2.3 (3)
C(10)  0.4350 (10)  0.6874 (3) 0.2133 (4) 2.8 (3)
C(l1) 04656 (10) 0.7283 (3) 0.2746 (4) 2.9 (3)
C(12) 04438 (10)  0.6941 (3) 0.3451 (4) 26 (3)
C(13)  0.4605 (13)  0.7192 (4) 0.4294 (3) 3.8 (4)
C(14) 04417 (16) 0.6986 (4) 0.1258 (5) 4.2 (5)
HQ) 0.02191 0.25552 0.08829 3.96
H(7) 0.24402 0.48172 0.05152 3.67
H(8) 0.34838 0.58791 0.08896 3.37
H(11)  0.50152 0.77512 0.27075 3.37
H(41)  0.103 (11)  0.345 (3) -0.018 (4) 5.2(23)
H(42) 0047 (10)  0.403 (3) -0.003 (4) 3.6 (19)
H(43) 0318 (16)  0.380 (5) 0.001 (6) 15.7 (40)
H(51) 0136 (11)  0.241 (3) 0.301 (4) 6.1 (24)
H(52) -0.108 (12)  0.254 (4) 0.288 (5) 9.0 (26)
H(53)  0.03697 0.20375 0.23590 4.45
H(131) 0373 (11)  0.699 (3) 0.464 (4) 7.3 (25)
N(132) 0470 (11)  0.766 (3) 0.436 (4) 6.7 (21)
H(133)  0.60389 0.70697 0.45007 417
H(141)  0.480 (10)  0.733 (3) 0.125 (4) 3.8 (20)
H(142) 0561 (11)  0.670 (3) 0.104 (4) 7.4 (25)
H(143) 0308 (10)  0.687 (3) 0.094 (4) 6.0 (21)

?Hydrogen atoms for which esd’s are not given were not refined. B,
is the mean of the principal axes of the thermal ellipsoid.

itional parameters and equivalent isotropic temperature factors are listed
in Table II. All calculations were performed with the NRC PDP-8e
system of programs,’ adapted for the VAX 11/780 computer. Scat-
tering factors were taken from ref 32. Anisotropic thermal parameters
(Table III) and a listing of structure factors (Table IV) are included as
supplementary material.

[Cu,(PPDMe)(OH)(NO;),(H,0),J(NO;)-H,0 (VII). Crystals of VII
are blue. The diffraction intensities of an approximately 0.25 X 0.2 X
0.15 mm crystal were collected with graphite-monochromatized Mo K«
radiation generated at 50 KV and 16 mA by using the §/26 scan tech-
nique and profile analysis with a Picker four-circle diffractometer and
PDP-8¢ computer.’® The data were collected to 28 = 50°, giving a total

(31) Larson, A. C.; Gabe, E. J. “Computing in Crystallography™; Delft
University Press: Delft, Holland, 1978; p 81.

(32) “International Tables for X-ray Crystallography”; Kynoch Press: Bir-
mingham, England, 1974; Vol. IV, Table 2.2B, p 99.
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Table VIII, Spectral and Magnetic Data

Thompson et al.

b

Heffs

no. compd IR, cm™ d-d [shoulder],* cm™ HB

I Cuy(PPD)(OH)Cl,;2H,0 3550 (OH), 3400, 3350 (H,0), 340, 323 (Cu—Cl) 14 500 0.55
I Cuy(PPD)(OH)Bry1.5H,0 3520 sh (OH), 3430, 3380 (H,0), 260 (Cu-Br) 16700, 19000 c

I Cu(PPD)y(NO,), 1763, 1748 (v, + v,, NOy) 15800 1.83

IV Cu(PPD),(ClO,),0.5H,0 3450 (H,0), 1130, 1105, 1070, 1040 (C1O,") 15800 1.84

V. [Cuy(PPDMe)(OH)Cl,][CuCly(H,0)]-H,0

3530 (OH), 3400 (H,0), 315, 305, 290 (Cu—Cl)

[10900], 14700, [16400]  1.03

VI [Cuy(PPDMe)(OH)CL]-CIO, 3570 (OH), 1100 (ClO,) 15900 0.26

VI [Cu,(PPDMe)(OH)(NO,),(H,0),]NO;H,0 3540 (OH), 3490, 3280 (H,0), 1781, 1761, 1756, 1742 16000 0.55
(v + vy, NOy)

VI Cu(PPDMe),(ClO,),H,0 3370 (H,0), 1100 (CIO,) 11100, 13 300 1.98

IX  Cu,(PPT)(OH)CL;:2H,0 3500 (OH), 3420, 3300 (H,0), 303, 288, 280 (Cu-Cl) 14800 0.54

X  Cuy(PPT)(OH)BryH,0-0.25EtOH 3520 (OH), 3440, 3350 (H,0), 268, 239 (Cu-Br) 15400 0.36

Xl Cuy(PPT)Cly4H,0 3400 (H,0), 340, 330, 305 (Cu—Cl) [11500], 14300 1.38

X1l Cuy(PPT)Br,3H,0 3420 (H,0), 270, 240 (Cu-Br) 17800 0.93

XIII Cu,(PPT)(OH)(NO,);-H,0 3520 (OH), 3380 (H,0), 1760, 1752, 1730 (v, + v,  [12300], 15400 0.74
NO;y)

X1V Cu(PPT),(ClO4),1.5EtOH-H,0 1100 (ClO4) 17400 1.84

4Mull transmittance. ®Room temperature. ¢ Diamagnetic.

of 5340 valid measurements of which 4210 are unique and 3142 reflec-
tions are considered to be significant at the 2.5¢(/,,) level. Lorentz and
polarization factors were applied, but no absorption correction was cal-
culated (¢ = 1.87 mm™). The cell parameters were obtained by the
least-squares refinement of the setting angles of 44 reflections with 26
> 40°. Crystal and other data are given in Table I.

The structure was solved by the application of MULTAN.3* The H
atomic positions of PPDMe were calculated; 10 of the Me group H atoms
were located from D maps and the remaining 2 calculated, Attempts to
locate the H atoms of H,0O and OH were unsuccessful. The structure
was refined with full-matrix least squares and the final agreement factors
are Ry = 0.050 and R,, = 0.039 with counting statistics weights and Ry
=0.071 and R,, = 0.040, including insignificant reflections. The atomic
positional parameters and equivalent isotropic temperature factors are
listed in Table V. All calculations were performed by using the NRC
PDP-8¢ system of programs®! adapted for a VAX 11/780 computer.
Scattering factors were taken from ref 32. Anisotropic thermal param-
eters (Table VI) and structure factors (Table VII) are included as sup-
plementary material.

Results and Discussion

When water is a major solvent component in the synthesis of
copper chloride and bromide complexes of PPD, PPDMe, and
PPT, hydroxide-bridged binuclear derivatives are produced. These
are characterized by the appearance of generally sharp absorptions
in the infrared above 3500 cm™ (Table VIII). In some cases (XI,
XII), if the water content is minimized, binuclear tetrahalide
derivatives are produced. This phenomenon has also been observed
with complexes of other tetradentate pyridazine and phthalazine
ligands.!&1%-23

A binuclear nitrate derivative of PPD could not be synthesized,
but with PPDMe and PPT hydroxide-bridged nitrate species were
produced. Binuclear complexes could not be synthesized with
copper perchlorate, and in all cases mononuclear derivatives were
obtained. This trend of the formation of predominantly binuclear
derivatives with normally coordinating anions and mononuclear
species with poorly coordinating anions reflects the obvious ligand
field requirement of the copper centers in these systems. It was
noticeable in the syntheses of some complexes, especially of PPD,
that if equilibrium conditions were unfavorable for complex
formation, unreacted ligand began to crystallize from the reaction
mixture. Complex formation was achieved by the choice of an
appropriate solvent system and heating of the reaction mixture
until product began to form.

The mononuclear complexes appear to contain two bidentate
ligands, which are presumably bound via one pyrazole and one
pyridazine or phthalazine nitrogen. This situation has been ob-
served before with other tetradentate phthalazine ligands!®!¢ and
is usually characterized by the appearance of a more complex CN
stretching region in the infrared than for the more symmetrical,
binuclear derivatives. For III and IV three bands are observed

(33) Germain, G.; Main, P.; Woolfson, M. M. Acta Crystallogr., Sect. A:
Cryst. Phys., Diffr., Theor. Gen. Crystallogr. 1971, A27, 368.

in this region while for I and II only two are evident. A similar
situation is observed for the other mononuclear bis(ligand) de-
rivatives.

The splitting of the nitrate combination bands** in the infrared
spectrum of III suggests the presence of monodentate nitrate and
a six-coordinate derivative, in keeping with electronic spectral data.
IV exhibits a »; perchlorate absorption in the infrared, which is
split into several major components, suggesting coordinated
perchlorate and a six-coordinate complex. III and IV appear to
be structurally similar with a tetragonally distorted six-coordinate
stereochemistry. In contrast VIII has ionic perchlorate, and
judging by the low-energy visible absorption, it probably has a
distorted tetrahedral structure. The presence of the methyl groups
on the pyrazole ring in PPDMe may result in enough of a steric
effect to generate this tetrahedral distortion. For XIV ionic
perchlorate and a higher energy visible band suggest a square-
planar derivative. The higher magnetic moment associated with
VIII is indicative of a system with a dominant T ground term.

The apparently trinuclear complex V in fact has a rather un-
usual structural arrangement involving a hydroxide-bridged bi-
nuclear cation with a distorted tetrahedral species, [CuCl;(H,0)],
as the counteranion (see structure description). The binuclear
cation is an essentially planar species with distorted four-coordinate
square-planar metal centers. The oxygen bridge angle at hydroxide
is 126.0°, and the metal-metal separation is 3.384 A. The rich
visible absorption observed for this species (Table VIII) is thus
associated with two differing copper centers, and the room-tem-
perature magnetic moment thus becomes the average of a spin-
coupled pair and an essentially spin-free copper center in the ion
[CuCl;(H,0)]"

Complex VI probably contains the same hydroxide-bridged
binuclear cation present in V and is characterized by a single visible
band at 15900 ¢cm™. This band corresponds closely with one
component of the visible absorption envelope for V, estimated at
16400 cm™. The other two lower energy absorptions in V are
therefore associated with the distorted tetrahedral anion [Cu-
Cl3(H,0)]". The analogous nitrate complex VII is again a hy-
droxide-bridged species but with a smaller oxygen bridge angle
of 119.3° and a copper—copper separation of 3.338 A. This
complex exhibits four discernible nitrate combination band (v,
+ v,) absorptions,* indicative of more than one different type of
nitrate group. The X-ray structure reveals an ionic nitrate, an
intermolecular bridging nitrate, and a “pseudo” bidentate nitrate.
Absorptions at 1756 cm™ and two bands at 1761 and 1742 cm™
can be associated with ionic and bidentate nitrate respectively,
while the high-energy band (1781 cm™) is assigned to the in-
termolecular bridging nitrate. A high-energy combination band
at 1784 cm™ was associated with a bidentate intramolecular nitrate

(34) Lever, A. B. P.; Mantovani, E.; Ramaswamy, B. S. Can. J. Chem. 1971,
49, 1957.



Binuclear Copper(II) Complexes

(H,0)]-H,0 (V) with hydrogen atoms omitted for clarity. The primed
atoms are related to the unprimed atoms by the transformation x, -y, z.

Table IX. Interatomic Distances (A) and Angles (deg) Relevant to
the Copper Coordination Spheres in
[Cu,(PPDMe)(OH)CL,] (CuCl;(H,0))-H,0 (V)¢

Cu(l)-Cu(1y  3.384 (2) Cu(2)-Cl2) 2252 (3)
Cu(1)-Cu(2)  3.548 (2)  Cu(2)-Cl(3)  2.252 (5)
Cu(1)-0(1) 1.898 (4)  Cu(2)-O(3)  1.963 (13)
Cu(1)-N(3) 2006 (6)  Cu(1)-CI(2)  2.955 (5)
Cu(1)-N(2) 2003 (7)  Cu(2-O(l)  2.758 (4)
Cu(1)-CI(1) 2.229 (2)

Cu(1)-0(1)-Cu(1) 126.0 (5) CI(2)-Cu(2)-CI(3)  90.1 (2)
Cu(1)-0(1)-Cu(2)  97.5 (3) CI(2)-Cu(2)-CI(3Y 156.4 (2)
O(1)-Cu(1)-N(3)  85.6 (3) CI(2)-Cu(2)-0(3)  93.6 (4)
N(3)-Cu(1)-N(2)  78.8 (3) Cl(2)-Cu(2)-O(3) 164.0 (6)

N(2)-Cu()-CI(1)  103.1 (2) CI(3)-Cu(2)-CI(3y 176.2 (2)
Cl()-Cu(1)-0(1) 924 (2) CI(3)-Cu(2)-0(3)  36.0 (6)
O()-Cu(1)-N(2)  164.4 (3) CI(3)-Cu(2)-O(3Y  86.4 (4)
N(3)-Cu()-Cl(1) 1723 (2). O(3)-Cu(2)-O(3)’  74.5 (6)

C1(2)-Cu(2)-C1(2)" 95.8 (1)

4Esd’s are given in parentheses.

bridge in a related binuclear phthalazine complex!”.

The hydroxy-bridged species, I, II, IX, X, and XIII, appear
to involve binuclear centers bridged by just the diazine (N-N)
and a hydroxide, while the species XI and XII probably involve
a diazine (N-N) and a halogen bridge. Structurally these systems
will probably resemble related complexes involving tetradentate
phthalazine and pyridazine ligands with five-membered chelate
rings.!6:19-23

Description of the Structures of [Cu,(PPDMe)(OH)Cl,]-
[CuCl;(H,0)]-H,0 (V) and [Cu,(PPDMe)(OH)(NO,),-
(H,0),](NO,;)-H,0 (VII). The structure of V is shown in Figure
2, and interatomic distances and angles relevant to the copper
coordination spheres are given in Table IX. The binuclear cation
in V consists of an essentially planar species with two four-co-
ordinate metal centers bound to the tetradentate binucleating
ligand via atoms N(2), N(3), N(3), and N(2)’. A crystallographic
mirror plane bisects the cation, through the oxygen bridge (O(1))
and the pyridazine ring, and the anion. The two pyrazole rings
are coplanar and canted by 6.2° with respect to the pyridazine
ring. The two copper centers are bridged by the diazine fragment
of the pyridazine ring (N(3)-N(3)’) and an oxygen (O(1)).
Although a hydrogen atom could not be located on O(1), other
data, including an infrared band at 3530 cm™!, leave little doubt
as to the identity of this bridge as hydroxide. The copper centers
are essentially planar with a displacement of Cu(1) of 0.103 (4)
A with respect to the mean plane of the N,CIO entity. A large
angle of 126.0° is observed at the oxygen bridge with a copper—
copper separation of 3.384 A,

The oxygen bridge angle and copper—copper separation in V
compare closely with values of 126.5°,3.376 A and 128.1°, 3.398
A for the complexes [Cu,L(OH)Cly(H,0)] and [Cu,L(OH)Br,],,
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Figure 3. View of the binuclear cation in [Cu,(PPDMe)(OH)(NO;),-
(H,0),](NO;)-H,0 (VII) with hydrogen atoms omitted for clarity.

Table XI. Interatomic Distances (A) and Angles (deg) Relevant to
the Copper Coordination Spheres in
[Cuy(PPDMe)(OH)(NO;),(H,0),](NO;)-H,0 (VII)*

Cu(1)-0(1)
Cu(1)-0(11)
Cu(1)-N(5)
Cu(1)-N(6)
Cu(1)-0(12)
Cu(1)-0(3)
Cu(1)-Cu(2)

0(11)-Cu(1)-0(1)
O(11)-Cu(1)-N(5)

1.936 (3)
1.973 (4)
1.993 (5)
1.973 (4)
2.553 (5)
2.317 (4)
3.338 (1)

93.4 (2) 0O(2)-Cu(2)-0(1)
98.1 (2) O(2)-Cu(2)-N(8)
N(5)-Cu(1)-N(6)  78.1 (2) N(8)-Cu(2)-N(7)
N(6)-Cu(1)-0(1)  90.0 (2) N(7)-Cu(2)-0(1)
O(11)-Cu(1)-N(6) 175.6 (2) O(2)-Cu(2)-N(7)  174.4 (2)
N(5)-Cu(1)-0(1) 166.6 2) N(8)-Cu(2)-O(1)  167.0 (2)
0(12)-Cu(1)-0(3) 149.7 (2) 0O(32)-Cu(2)-O(31") 168.6 (3)

Cu(2)-0(1)
Cu(2)-0(2)
Cu(2)-N(7)
Cu(2)-N(8)
Cu(2)-0(32)
Cu(2)-0(31%)

1.931 (3)
1.969 (4)
1.995 (4)
1.986 (5)
2.518 (6)
2.470 (7)

93.0 (2)
99.7 (2)
78.0 (2)
89.7 (2)

N(1)-O(11) 1262 (8) O(I11)-N(1)-0(12)  118.9 (5)
N()-O(12)  1.249 (8)  O(12)-N(1)-O(13)  120.9 (6)
N(1)-0(13)  1.231 (8) O(13)-N(1)-0(11)  120.2 (6)
Cu(1)-O(11)-N(1)  106.3 (4)
Cu(1)-0(1)-Cu(2)  119.3 (2)

%Esd’s are given in parentheses.

respectively, where L is the related pyridazine ligand 3,6-bis(2-
pyridyl) pyridazine,?®?* and also with values of 126.3° and 3.425
A found for the complex [Cu,(MIP)(OH)CI,(H,0)]H,0 (MIP
= 1,4-bis(1-methyl-2-imidazolyl)phthalazine).!® In all these
systems each copper center is part of a five-membered chelate
ring involving one diazine nitrogen atom and one nitrogen atom
from a peripheral donor group. The transition from a similar
six-membered chelate ring, observed in several pyridylamino-
phthalazine complexes, to five-membered rings results in significant
expansion of the binuclear centers, and increases in Cu—O-Cu
bridge angles of as much as 26° are observed.!2!416.17

The anion {CuCl;(H,0)], found in V, represents an unusual
and to our knowledge previously unreported species, which occupies
a symmetric position in the crystal lattice with the chlorine atoms
CI(2) and Cl1(2)’ lying above the copper atoms in the binuclear
cation. The triangular framework of the three copper atoms can
be considered to be linked by the chlorine atoms C1(2) and CI(2)’
and oxygen O(1) but the copper—chlorine separation (Cu(1)-
CI(2)) of 2.955 A and copper—oxygen separation (Cu(2)-O(1))
of 2.758 A indicates little, if any, interaction. The anion structure
is disordered with two chlorine atoms (Cl1(2), C1(2)’), two oxygen
half-atoms (O(3), O(3)’) and two chlorine half-atoms (CI(3),
Cl1(3)") bound to Cu(2). A reasonable way to consider this ion
would be as an average of two flattened tetrahedra Cu(2)-Cl-
(2)-C1(2)’'-O(3)-Cl1(3)’ and Cu(2)-Cl1(2)-Cl(2)'-O(3)'-CI(3).
The fact that C1(2) and CI(2)’ are not disordered indicates the
possibility of some interaction, albeit small, with the two copper
centers in the binuclear cation.

Figure 3 illustrates a structural representation of VII, and
appropriate interatomic distances and angles relevant to the copper
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Figure 4. Molecular packing arrangement in [Cu,(PPDMe)(OH)-
(NO3),2(H;0),]1(NO,)-H,0 (VII), showing chains parallel to the a axis,
and the cross-linking between the chains.

coordination spheres are given in Table XI. The two copper(II)
centers are bridged by the pyridazine group (N(6)-N(7)) and a
hydroxide. Although a hydrogen atom could not be located on
O(1), other data, including an infrared absorption at 3540 cm™,
leave little doubt as to the identity of this bridge group as hy-
droxide. The molecule is essentially planar; the distance from
Cu(1) to the mean plane of O(1), O(11), N(5), and N(6) is -0.079
(3) A while the distance from Cu(2) to the mean plane of O(1),
0(2), N(7), and N(8) is 0.014 (2) A. Each copper center has
four relatively short bonding interactions (<2 A) and two longer
contacts. Defining the coordination number of each copper may
be a matter for personal choice, but certainly in terms of strongly
bound ligands four-coordination would be appropriate. While
oxygen O(11) is bound to Cu(1), oxygen O(12) at a distance of
2.55 A may also be considered to have a weak interaction with
the copper center. It has been suggested that in unsymmetrically
coordinated bidentate nitrate groups the difference between the
Cu—-O bond lengths, involving the two coordinated oxygen atoms,
falls in the range 0.2-0.7 A.>* In this case the difference is less
than 0.6 A. In another example of a nitrato complex, where, even
though the Cu-O bond length difference was 0.84 A, other
structural and spectral evidence suggested a weak interaction
involving a distant nitrate oxygen atom.> Perhaps, therefore,
both copper centers should be regarded as severely tetragonally
distorted octahedra.

The binuclear center is characterized by a metal-metal sepa-
ration of 3.338 A, an oxygen bridge angle of 119.3°, and Cu-O(1)
separations of 1.936 and 1.931 A. The oxygen bridge angle is
somewhat smaller than those observed in V, in related pyridyl
pyridazine complexes (122-128°)!%23 and in the complex [Cu,-
(MIP)(OH)Cl3(H,0)]H,0 (126.3°).1¢ The molecules of VII are
stacked together in the lattice, as shown in Figure 4. There are
two chains of contacts, O(12)-Cu(1)-0(3)-0(12”) and O-
(31)-N(3)-0(32)-Cu(2)-0(31”), which are roughly parallel to
the a axis. The molecules in the stack formed by these chains
are cross-linked, via contacts at O(1), to the molecules in another
similar stack. There is also a cross-like between the chains
themselves, via hydrogen bonds through O(3)-0(21)-N(2)-0O-
(23)—-0(4)-0(32”). Relevant distances and angles are given in
Table XII.

The symmetric nature of the cation in V contrasts with that
observed for VII in which two nitrate groups are weakly associated

(35) Addison, C. C.; Logan, N.; Wallwork, S. C.; Garner, C. D. Q. Rev.,
Chem. Soc. 1971, 25, 289,
(36) Thompson, L. K,; Ball, R. G.; Trotter, J. Can. J. Chem. 1980, 58, 1566.

Thompson et al.

Table XII. Intermolecular Distances (A) and Angles (deg) Relevant
to the Stacking Arrangement of Molecules in
[Cuy(PPDMe) (OH)(NO3),(H,0),]1(NO;)-H,0 (VII)*

0(12)-Cu(l) 2553 (5) O(3)-0(12)-Cu(l)  122.0 (2)
Cu(1)-0(3) 2317 (4) O(12)-Cu(1)-O(3)  149.7 (2)
0(3)-0(12") 2743 (6) Cu(1)-0(3)-0(12)  135.1 (2)
N(3)-0(32)  1.165(9) N(3)-0(32)-Cu(2)  125.4 (6)
0(32)-Cu(2) 2518(6) O(32)-Cu(2)-0(31") 168.6 (3)

Cu(2)-0(31")  2.470 (7)
O(317)-N(3") 1.143 (10)

Cu(2)-0(31")-N(3") 144.9 (7)

0(33H)-0(1) 2780 (9) O(33H-O(1)-0(2*)  89.5 (2)
o()-0(2%)  2.729 (5)
0(3)-0(21) 2769 (7) O(12)-0(3)-0(21)  92.0 (2)
0(23)-0(4) 2990 (8) O(23)-0(4)-0(32") 1220 (2)
O(4)-0(327)  2.982 (8)

aSymmetry code: (none) x, y, z; () —x, y, z; (") 1 + x, y, z; (*) —x,
-v,-z; ) 1 + x, -y, -2z

with one copper center and one with the other. The copper—copper
separation in V is slightly larger than that in VII, but the oxygen
bridge angle of 126.0° is very much larger than that in VII
(119.3°). The diazine (N-N) bond length in V (1.317 A) is
somewhat shorter than that in VII (1.339 A), but slightly larger
Cu-N-N (diazine) angles offset this difference, giving rise to the
larger copper—copper separation in V. The major difference
between the binuclear centres (Cu,N,O) rests with the Cu-O-
(bridge) bond lengths and the O(bridge)-Cu-N angles. In V
significantly shorter Cu—-O(bridge) bond lengths occur with O-
(bridge)-Cu—N angles that are in excess of 4° smaller than in
VII. This leads to a much larger oxygen bridge angle in V. A
chemical rationale for this difference can be advanced by con-
sidering the fact that chlorine atoms occupy the fourth in-plane
coordination sites in V, while a water molecule and a nitrate group
exist in these positions in VII. The electronegative chlorine atoms
can be considered to enhance the Lewis acidity of the copper
centers, thus favoring the formation of shorter Cu—O(bridge) bonds
in V.

Magnetism. All of the binuclear complexes have reduced
room-temperature magnetic moments indicative of antiferro-
magnetic exchange between the copper(II) centers. The hy-
droxide-bridged species have very low moments (<0.74 ug), and
in once case, Cu,(PPD)(OH)Br;:1.5H,0 is diamagnetic. XI and
XII are clearly not hydroxide-bridge species but because of reduced
room-temperature moments are likely to be halogen bridged. The
mononuclear derivatives are characterized by having “normal”
room-temperature moments indicative of nonexchanged centers.
The trinuclear derivative, V, which has been shown to consist of
a binuclear center and an isolated mononuclear center, has a
room-temperature moment of 1.03 ug. The Cu(1)-Cl(2) distance
(2.955 A) and the Cu(2)-O(1) distance (2.758 A) are too large
to consider the possibility of any spin exchange between the bi-
nuclear center and Cu(2), and so the magnetism can be explained
in terms of the contribution of two isolated centers. Variable-
temperature magnetic measurements were carried out on powdered
samples of V and VII in the temperature range 80-200 K. The
data for V appear to follow the Curie law fairly closely, with an
extrapolated intercept of the linear reciprocal susceptibility/
temperature plot of close to absolute zero, indicating that the
binuclear center contributes little to the total susceptibility of the
system. It was not possible to fit the experimental data to the
Van Vleck equation®’ for exchange-coupled pairs of copper(1I)
ions with meaningful values of the variables g and ~2J. Assuming
a magnetic moment at 200 K of 1.8 up for the anion [CuCl;-
(H,0)] the calculated value for the exchange-coupled cation is
<0.3 ug, indicating a very strongly coupled binuclear center. This
value agrees closely with that observed for the complex Cu,-
(PPDMe)(OH)C1,:CIO, (VI), which appears to have the same
binuclear cation. Variable-temperature data for VII were fitted

(37) Van Vleck, J. H. “The Theory of Electric and Magnetic
Susceptibilities”; Oxford University Press: London, 1932; Chapter IX.
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to the Van Vleck equation with g =2.0 £ 0.1 and -2J = 750 +
50 cm™!. The large scatter in the data obtained for this system
and the narrow range of temperature over which measurements
were made place large errors on the values of g and ~2J, but the
results clearly indicate a strongly antiferromagnetically coupled
complex.

The fact that Cu,(PPD)(OH)Br;-1.5H,0 is diamagnetic at
room temperature is unusual (repeated measurements with large
samples gave the same result) and suggests very large antifer-
romagnetic exchange. Other examples of binuclear copper(II)
complexes that are diamagnetic are rare and usually involve
1,3-azide or O-carbonate bridges.’** 1In the carbonate-bridged
systems a single oxygen atom bridges the two copper centers, and
Cu~O—Cu angles of greater than 172° lead to room-temperature
diamagnetism. A linear relationship between the exchange integral
(-2J) and Cu—O-Cu bridge angle has been demonstrated for a
series of related dihydroxo-bridged copper(II) systems* and also
for a series of related monohydroxo-bridged copper(II) systems
involving d > ground states with exchange increasing with bridge
angle.!!” Such a relationship has, however, not been demonstrated
with other oxygen bridge groups, and although the carbonate-

(38) Davis, A. R.; Einstein, F. W, B.; Curtis, N. F.; Martin, J. W. L. J. Am.
Chem. Soc. 1978, 100, 6258.

(39) Davis, A. R,; Einstein, F. W. B. Inorg. Chem. 1980, 19, 1203.

(40) Churchill, M. R.; Davies, G.; El-Sayed, M. A.; El-Shazly, M. F,;
Hutchinson, J. P.; Rupich, M. W. Inorg. Chem. 1980, 19, 201.

(41) Churchill, M. R.; Davies, G.; El-Sayed, M. A.; Hutchinson, J. P. Inorg.
Chem. 1982, 21, 1002.

(42) McKee, V.; Dagdigian, J. V.; Bauy, R.; Reed, C. A. J. Am. Chem. Soc.
1981, 103, 7000.

(43) Agnus, Y.; Louis, R.; Weiss, R. J. Am. Chem. Soc. 1979, 101, 3381.

(44) Comarmond, J.; Plumieré, P.; Lehn, J.-M.; Agnus, Y.; Louis, R.; Weiss,
R.; Kahn, O.; Morgenstern-Badarau, 1. J. Am. Chem. Soc. 1982, 104,
6330.

(45) Crawford, V. H. Richardson, H. W.; Wasson, J. R.; Hodgson, D. J;
Hatfield W. E. Inorg. Chem. 1976, 15, 2107.
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bridged species are diamagnetic, it is not clear whether such large
oxygen bridge angles are necessary to cause complete spin pairing
at room temperature. An extrapolation of a linear plot of room-
temperature magnetic moment against hydroxide bridge angle
for a related series of monohydroxo-bridge copper(II) complexes
with d,2_,2 copper ion ground states!®!” suggests that an angle of
about 145° should lead to room-temperature diamagnetism. It
is of interest to note that oxyhemocyanin is “diamagnetic” over
the temperature range 5-260 K*47 (27 > 1100-1250 cm™) and
appears to have a single atom, endogenous bridge (probably an
oxygen atom) according to EXAFS and other studies. Assuming
reasonable values for the Cu—~OR (bridge) (1.90 A) and Cu-Cu
(3.65 A) separations in oxyhemocyanin a Cu—O-Cu angle of
~145° would result by simple trigonometry.*®
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Reactions of cis-[(CcHsN)PCL], (5) with (C¢Hs),NH, (n-C4H;),NH, or i-C;H,NH, yield the new trans-1,3,2,4-diazadiphos-
phetidines [(C{HsN)PN(CgHs),]; (6), [(CsHsN)PN(n-C4Hy),], (10), and [(C;HsN)PNH(i-C3H,)]; (12), respectively. 6, 10,
and 12 have been characterized in solution by spectral data. 5 and 6 have been characterized by single-crystal X-ray crystallographic
analysis. Lattice parameters and space group information are as follows. For §: a = 16.034 (5) A, 5 =11.405 (3) A, ¢ = 7.826
@) A, a = 8 =~ =90°, orthorhombic, Cmc2,, Z =4. For6: a=7.795 (3) A, b =13.533 (8) A, ¢ = 17.046 (7) A, 8 = 103.12
(3)°, monoclinic, P2,/¢, Z = 2. Structures were solved and refined by direct methods to (5) R = 0.061 and R,, = 0.077 for 390
independent reflections and (6) R = 0.097 and R,, = 0.108 for 801 independent reflections. 5 is a cis isomer with a planar P,N,
ring (approximate C,, molecular symmetry). 6 is a trans isomer (C; molecular symmetry). 5, 6, 10, and 12 are obtained in their
thermodynamically favored isomeric forms. From 6-C;H;NH, and [(C¢H;s),N],PCI-CcHsNH, [in the presence of (C,Hs);N]
reactions the thermodynamically stable cis-[(CsHsN),P,N(C¢Hs),(NHCH;)] is obtained and characterized. cis-
[(CeHN),P,(CI)N(C¢Hj),] is characterized tentatively as the major product of the reaction of a deficiency of (CsH;),NH with
5. Relative stabilities of cis and trans isomers in N(ring)-aryl-substituted diazadiphosphetidines and the factors that influence
these are discussed.

Introduction

Structural properties of phosphorus(III) 1,3,2,4-diazadiphos-
phetidines,? especially 2,4-diamino-1,3-dialkyl-substituted species
(1; R = alkyl), have received considerable recent attention.

(1) Permanent addresses: (a) Institute of Nuclear Energy Research,
Lung-Tan, Taiwan. (b) Department of Chemistry, Lake Forest College,
Lake Forest, II 60045.

(2) The 1,3,2,4-diazadiphosphetidine nomenclature system advocated by
Chem. Abstr. and diazadiphosphetidine are used synonomously
throughout this paper.
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Cis—trans isomerism,>2* rotation around exo-P-N bonds,20-2225-27
and the factors that affect relative isomer stability have been

(3) Shaw, R. A. Phosphorus Sulfur 1978, 4, 101 and references cited
therein.
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