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The relative yield of hypochlorous acid formed from chlorine
given by the concurrent reactions (eq 5-7) is

[HOCI])/[CLy) =
ksIOH™]/(ks[OH] + ks[HO,] + k5[RNH,])

In amine buffered solutions [OH-] ~ 10 M, whereas the
other reactants are present in molar concentrations. With
estimates of ks and k, provided by the data on the corre-
sponding reactions with HOCI, it is apparent that HOCI
formation can account for only a few percent of the loss of
Cl, under the reactor conditions and, therefore, that HOCI
cannot be an intermediate along the major pathways for singlet
oxygen production. Furthermore, because chloramines formed
from simple alkylamines do not react rapidly with HO, ion
(Table II) they also cannot serve as intermediates in the singlet
oxygen forming reactions. The absence of appreciable loss of
oxygen yields in the amine-containing solutions must therefore
be d21{e to preferential direct reaction between Cl, and the HO,™
ion,

Inorg. Chem. 1981, 20, 2438-2443

In summary, the reactivities of several compounds con-
taining monovalent chlorine toward hydrogen peroxide can be
understood in terms of the electrophilic nature of their con-
stituent chlorine atoms. The mechanism proposed for these
reactions is probably quite general, with hydroperoxide ion
representing one example of nucleophilic centers susceptible
to oxidative attack by these reagents.
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(21) The oxygen yields from reactors containing propylamine have been
found to decrease with increasing concentration levels of the amine; a
rate constant ratio of ks/ks = 4 can be estimated from the data.2?

(22) Richardson, R. J.; Ageno, H. Y.; Carr, P. A.; Hovis, F. E.; Hurst, J.
K., manuscript in preparation.
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Copper(I) and copper(II) complexes of the new ligands N,N’-bis(3-(2-thenylidenimino)propyl)piperazine (tipp) and
N,N"bis(3-(2-thenylamino)propyl) piperazine (tapp) have been synthesized. Complexes of the type [Cu(ligand)][C1O,],
ligand = tipp or tapp, have been prepared by the reaction of tipp or tapp with [Cu(MeCN),][ClO,]. Complexes of the
type [Cu(ligand)] X, (X = ClIO,", NO;~, OSO,CF;") have been prepared by the reaction of tipp or tapp with Cu(ClO,)»6H,0,
Cu(NO;),3H,0, or Cu(OSO,CF,),, respectively. The complexes have been characterized by conductivity measurements
and by infrared, electronic, and EPR spectroscopy. In addition the structure of [Cu(tapp)][ClO,], has been determined
by diffraction methods. The [Cu(ligand)][ClO,], complexes display CuN, coordination in solution and in the solid state.
The nitrate complexes are properly described as [Cu(ligand)(ONO,)|[NO,] in both solution and the solid state, with CuN,O
coordination. While the CuOSO,CF, salts show CuN,O coordination in the solid state, they display CuN, coordination
in solution. For the Cu(l) complexes the Cu(tapp)* ion is rapidly oxidized in solution while the Cu(tipp)* ion is more
stable and probably displays CulN,S, or CuN,S, coordination. For both the Cu(I} and Cu(II} complexes the tipp derivatives
undergo the expected hydrolysis of the imine linkages in solution. In the solid state the Cu(tapp)?* jon of [Cu(tapp)][ClO.],
displays a CuN, coordination that is severely distorted from square planar with N-Cu-N angles as small as 74.2 (2)° and
deviations from the CuN, plane as large as 0.397 (4) A. The disposition of the thiophene S atoms about the Cu ion is
suggestive of an incipient CuN,S, coordination. The material crystallizes with 4 formula units in space group Ci-C2¢a
of the orthorhombic system in a cell of dimensions @ = 11,302 (5), b = 16.239 (7), and ¢ = 13.948 (6) A. A crystallographic
twofold axis is imposed on the cation. The structure has been refined to a final R index on F2 of 0.079, on the basis of
167 variables and 2331 observations collected at =150 °C.

Introduction

Much current interest in the coordination chemistry of
sulfur-containing ligands centers on the search for synthetic
models for the metal sites of biological macromolecules and
especially on attempts to understand the unusual physical
properties of a variety of copper-containing proteins.2 The

(1) (a) University of Milano. (b) Northwestern University.

(2) (a) Malkin, R. In “Inorganic Biochemistry”; Eichhorn, G. L. Ed,;
Elsevier: Amsterdam, 1975; Vol. 2, pp 689-709. (b) Osterberg, R.
Coord. Chem. Rev. 1974, 12, 309-347. (¢) Malkin, R.; Malmstrom,
B. G. Adv. Enzymol. 1970, 33, 177-244. (d) Fee, J. A. Struct. Bonding
(Berlin) 1978, 23, 1-60. (e) Brill, A. S. “Transition Metals in
Biochemistry”; Springer-Verlag: New York, 1977; Chapter 3. (f)
Beinert, H. Coord. Chem. Rev. 1977, 15, 119-129. (g) Malmstrom,
B. G. In “New Trends in Bio-Inorganic Chemistry”; Williams, R. J. P,,
Da Silva, J. R. R. F., Eds.; Academic Press: London, 1978; Chapter
3. (h) Ibers, J. A.; Holm, R. H. Science (Washington, DC) 1980, 209,
223-235.

0020-1669/81/1320-2438801.25 /0

X-ray structural determination of copper(1I) poplar plasto-
cyanin at 2.7-A resolution® has provided valuable information
about the structure of one “blue” copper center Cu(his),-
(cys)(met), CuN,SS*. Yet important differences exist in the
amino acid contents and hence the nature of the “blue” sites
within the various proteins, An improved understanding of
the structure/function relationships in these and related copper
proteins must arise from complementary biological and model
studies. Despite recent activity the chemistry and reactivity
of copper(II) and especially copper(I) ions in nonclassical N,S,
coordination environments remains largely undeveloped. There
are a number of recent reports of low molecular weight com-
plexes whose properties may be related to those of the Cu(II)

(3) Colman, P. M,; Freeman, H, C.; Guss, J. M.; Murata, M.; Norris, V.
A.; Ramshaw, J. A. M.; Venkatappa, M. P. Nature (London) 1978, 272,
319-324.
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type 1 core,*” but data on the corresponding Cu(I) complexes
are scarce,!%!3

Our interest here focuses on the coordination chemistry of
copper(I) and copper(Il) ions with polyfunctional ligands
having nitrogen and sulfur donor atoms. We wish to provide
some understanding of the stereochemical preferences of the
two ions in an environment which can potentially provide a
variety of different arrangements. To this end we have syn-
thesized the new ligands N,N-bis(3-(2-thenylidenimino)-
propyl)piperazine (tipp) and NV,N’-bis(3-(2-thenylamino)-

/
NL

tipp

/ﬁ /ﬁf\

k)

tapp

propyl)piperazine (tapp), which can adopt a range of different
conformations and contain four nitrogen atoms and two
thiophene sulfur atoms as potential donor sites. The two
molecules differ mainly in the rigidity that the conjugation
of the Schiff base azomethine group to the thiophene ring
confers to that portion of the molecule in tipp compared with

(4) (a) Sugiura, Y.; Hirayama, Y.; Tanaka, H.; Ishizu, K. J. Am. Chem.
Soc. 1978, 97, 5577-5581. (b) Hirayama, Y.; Sugiura, Y. Biochem.
Biophys. Res. Commun. 1979, 86, 40-47,

(5) (a) Jomes, T. E.; Rorabacher, D. B.; Ochrymowycz, L. A. J. Am. Chem.
Soc. 1975, 97, 7485~7486. (b) Bereman, R. D.; Wang, F. T.; Najd-
zionek, J.; Braitsch, D. M. Ibid. 1976, 98, 7266-7268. (c) Miskowski,
V. M.,; Thich, J. A.; Solomon, R.; Schugar, H. J. Ibid. 1976, 98,
8344-8350. (d) Dockal, E. R.; Jones, T. E.; Sckol, W. F.; Engerer, R.
J.; Rorabacher, D. B.; Ochrymowycz, L. A. Ibid. 1976, 98, 4322-4324.
(e) Glick, M. D.; Gavel, D. P,; Diaddario, L. L.; Rorabacher, D. B.
Inorg. Chem. 1976, 15, 1190-1193. (f) Amundsen, A. R.; Whelan, J.;
Bosnich, B. J. Am. Chem. Soc. 1977, 99, 6730—6739. (g) Sugiura, Y.;
Hirayama, Y. Ibid. 1977, 99, 1581-1585.

(6) (a) Jones, M, H.; Levason, W.; McAuliffe, C. A.; Murray, S. G.
Bioinorg. Chem. 1978, 8, 267-278. (b) Braithwaite, A. C.; Rickard,
C.E. F; Waters, T. N. Inorg. Chim. Acta 1978, 26, 63-70. (c) Younes,
M.; Pilz, W.; Weser, U. J. Inorg. Biochem. 1979, 10, 29-39.

(7) Sakaguchi, U.; Addison, A. W. J. Chem. Soc., Dalton Trans. 1979,
600-608.

(8) (a) Amundsen, A. R.; Whelan, J.; Bosnich, B. Inorg. Chem. 1979, 18,
206-208. (b) Hughey, J. L., IV; Fawcett, T. G.; Rudich, S. M,; La-
lancette, R. A.; Potenza, J. A.; Schugar, H. J. Am. Chem. Soc. 1979,
101, 2617-2623. (c) Bereman, R. D.; Churchill, M. R.; Shields, G.
Inorg. Chem. 1979, 18, 3117-3121.

(9) Thompson, J. S; Zitzmann, J. L.; Marks, T. J.; Ibers, J. A. Inorg. Chim.
Acta 1980, 46, L101-L105,

(10) (a) Thompson, J. S.; Marks, T. J.; Ibers, J. A. Proc. Natl. Acad. Sci.
USA 1977, 74, 3114-3118. (b) Thompson, J. S.; Marks, T. I.; Ibers,
J. A, J. Am. Chem. Soc. 1979, 101, 4180-4192.

(11) (a) Dockal, E. R.; Diaddario, L. L.; Glick, M. D.; Rorabacher, D. B.
J. Am. Chem. Soc. 1977, 99, 4530-4532. (b) Karlin, K. D.; Dahlstrom,
P. L.; Stanford, M. L.; Zubieta, J. J. Chem. Soc., Chem. Commun.
1979, 465-467. (c) Brubaker, G. R.; Brown, J. N.; Yoo, M. K ; Kinsey,
R. A,; Kutchan, T. M.; Mottel, E. A. Inorg. Chem. 1979, 18, 299-302.

(12) Dagdigian, J. V.; Reed, C. A. Inorg. Chem. 1979, 18, 2623-2626.

(13) Hendriks, H. M. J.; Reedijk, J. Rec!. Trav. Chim. Pays-Bas 1979, 98,
95-100.
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the more flexible thenylamino group in tapp and in the con-
comitant donating vs. accepting abilities of the functional
groups involved. We report here the synthesis and the spectral
and chemical properties of copper(I) and copper(II) complexes
of these ligands and the X-ray structural investigation of a
member of this series of compounds, [Cu(tapp)][ClO,],.

Experimental Section

All chemicals were reagent grade and used as received. The solvents
were dried over molecular sieves (4 A). Elemental analyses were
performed by the Analytical Services Laboratory, Chemistry De-
partment, Northwestern University, and the Microanalytical Labo-
ratory, University of Milano. Infrared spectra were obtained with
a Perkin-Elmer 283 infrared spectrophotometer. Electronic spectra
were recorded on a Beckman DK-2A spectrophotometer equipped
with a reflectance attachment. EPR spectra were obtained with a
Varian E-109 spectrometer operating at X-band frequencies. 'H NMR
spectra were recorded on a Hitachi Perkin-Elmer R-20B instrument.
Natural-abundance *C NMR spectra were obtained on a JEOL
FX-90Q spectrometer operating at 22.5 MHz in pulsed Fourier
transform proton noise decoupled mode. Mass spectra were obtained
on a HP 5985 GC/MS system with a quadrupole mass analyzer.
Solution conductivities were measured on a EST Model 293 impedance
bridge, using a cell calibrated with a standard aqueous solution of
potassium chloride.

Preparation of tipp. A solution of 2-thiophenecarboxaldehyde (2.24
g, 20 mmol) and N,N"bis(3-aminopropyl)piperazine (2.00 g, 10 mmol)
in methanol (100 mL) was refluxed for 3 h. The solution was then
evaporated to dryness under vacuum to give a light yellow oil which
solidified upon standing at room temperature. The crude Schiff base
was crystallized from boiling hexane (100 mL). The light yellow
crystals which separated upon cooling were collected by filtration and
dried under vacuum (3.45 g, 89%). Anal. Calcd for CyoH2N,S,:
C, 61.82; H, 7.26; N, 14.42. Found: C, 61.73; H, 7.35; N, 14.53,
IR (KBr): »(C=N) 1630 (s); »(thiophene ring) 720 (s) cm™. UV
(acetonitrile); Ay, 276 (23840), 259 nm (25180 L/(mol cm)). 'H
NMR (CDCly/Me,Si): 8 1.85 (m, 4 H, CH,CH,CH,), 2.38 (t, 4
H, NCH,CH,CH,), 2.42 (s, 8 H, NCH,CH,N), 3.56 (1, 4 H,
CH,;N=), 6.9-7.4 (m, 6 H, thienyl =CH), 8.32 (s, 2 H, CH=N),
13C NMR (CDCly/Me,Si):'* 8 27.9 (t, CH,CH,CH,), 53.1 (4,
NCH,CH,N), 56.1 (t, NCH,CH,CH,) 59.2 (t, CH,N==), 127.2,
128.5, 130.0 (d, thienyl =CH), 142.5 (s, thienyl =C=), 154.1 (d,
CH==N). Mass spectrum, m/e (%): 388 (80, M*), 264 (19), 207
(13), 181 (100), 152 (34), 151 (29), 139 (36), 138 (29), 125 (94),
124 (77), 97 (61).

Preparation of tapp. To a methanolic solution (100 mL) of tipp
(3.88 g, 10 mmol) was added excess solid NaBH, (2.0 g) in small
portions while the solution was cooled in a water bath. When evolution
of H, had ceased, the mixture was warmed slowly and refluxed for
0.5 h. After evaporation of the solution under vacuum, the residue
was partitioned between chloroform (100 mL) and water (50 mL).
The organic phase was washed with an aqueous NaHCO; solution
almost saturated with NaCl, dried (MgSO,), and evaported to dryness
under vacuum. The residue was a yellow oil (~3 g, 75%). Anal.
Calcd for CogH3NLS,0.1CHCI;: C, 59.69; H, 8.00; N, 13.86. Found:
C, 59.55; H, 8.05; N, 14.07. IR (liquid film): »(NH) 3280 (w);
v(thiophene ring) 700 (s) cm™. UV (acetonitrile): Amex 233 nm
(18100 L/(mol cm)). 'H NMR (CDCly/Me,Si): 6 1.5-2.1 (m, 6
H, NH, CH,CH,CH,), 2.38 (t, 4 H, NCH,CH,CH,), 2.42 (s, 8 H,
NCH,CH,N), 2.67 (t, 4 H, CH,NH), 3.93 (s, 4 H, thenyl CH,),
6.8-7.3 (m, 6 H, thienyl =CH). °C NMR (CDCl;/Me,Si): 6 26.8
(CH,CH,CHy,), 47.9 (NHCH,CH,CH,), 48.4 (NCH,CH,CH,), 53.3
(NCH,CH,N), 56.9 (thenyl CH,), 124.1, 124.7, 126.5 (thienyl =CH),
144.3 (thienyl =C==). Mass spectrum m/e (%): 392 (2, M™), 295
(3), 352 (8), 222 (10), 211 (20), 197 (14), 183 (71), 127 (50), 126
(39), 97 (100).

Preparation of N, N-Bis(2-thienylidenimino)-1,10-decene (tid). A
mixture of 1,10-decanediamine (1.72 g, 10 mmol) and 2-thiophene-
carboxaldehyde (2.24 g, 20 mmol) in methanol (100 mL) was refluxed
for 4 h and then cooled. The small amount of undissolved solid was
filtered off, and the filtrate was evaporated to dryness under vacuum.
The residue was an oil which solidified upon standing. This crude

(14) Signal multiplicity was established by appropriate decoupling experi-
ments.



2440 [Inorganic Chemistry, Vol. 20, No. 8, 1981

tid

Schiff base was crystallized from boiling hexane (50 mL). The white
crystals which separated upon cooling were filtered and dried under
vacuum (2.9 g, 80%). Anal. Caled for Co,HsNLS,: C, 66.62; H,
7.83; N, 7.77. Found: C, 66.37; H, 8.03; N, 7.69. IR (KBr): »(C=N)
1630 (s); v(thiophene ring) 730, 710 (s) cm™. 'H NMR (CDCl,/
Me,Si): §1.1-1.9 (m, 16 H, CH,), 3.51 (t, 4 H, CH,N=), 6.9-7.4
(m, 6 H, thienyl =CH), 8.30 (s, 2 H, CH=N). Mass spectrum, m/e
(%): 360 (4, M™), 262 (4), 251 (10), 236 (5), 180 (12), 166 (17),
151 (16), 138 (20), 111 (46), 57 (100).

Preparation of Copper(I) Complexes. The copper(I) complexes
were prepared under nitrogen by addition of solid [Cu(MeCN),]-
[C1O,]* (1 mmol) to a stirred solution of the ligand (1 mmol) in
dichloromethane (30 mL). The resulting solution soon deposited a
yellow precipitate which was collected by filtration, washed with
dichloromethane, and Jried under vacuum.

[Cu(tipp) [C10,]. Anal. Calcd for C,qHpiCICuN,O,S,: C, 43.55;
H, 5.12; N, 10.16. Found: C, 43.20; H, 5.11; N, 10.01. IR:'®
y(C=N) 1612 (s); »(C10,) 1100 (vs, br), 620 (m); v(thiophene ring)
720 (s) cm™'. UV (acetonitrile): Apna, 390 sh (400), 276 (22 780),
259 nm (24430 L/(mol cm)). 'H NMR (MeCN-d3/Me,Si): §2.0
(m, CH,CH,CH,, obscured by solvent), 2.65 (s, 8 H, NCH,CH,N),
2.73 (t, 4 H, NCH,CH,CH,), 3.85 (t, 4 H, CH,N=), 7.1-7.8 (m,
3 H, thienyl =CH), 8.52 (s, 2 H, CH=N). 3C NMR (MeCN-
di/Me, Si): & 28.5 (CH,CH,CH,), 54.3 (NCH,CH,N), 58.5 (NC-
H,CH,CH,), 61.8 (CH,N==), 129.0, 131.2, 133.9 (thienyl =CH),
141.7 (thienyl C), 157.3 (CH=N).

[Cu(tapp)JC10,]. Anal. Caled for CoH3,CICuN,O,Sy: C, 43.23;

H, 5.81; N, 10.09. Found: C, 41.72; H, 5.00; N, 9.79. IR: »(NH)
3220 (m); »(ClO,4) 1100 (vs, br), 620 (m); v(thiophene ring) 740 (s)
cm™l,
[Cu(tid)[C10,]. Anal. Caled for C,0H,CICuN,0,S,: C, 45.88;
H, 5.39; N, 5.35. Found: C, 44.56; H, 5.34; N, 5.01. IR: »(C=N)
161? (s); »(C1O4) 1100 (vs, br), 620 (m); »(thiophene ring) 730 (s)
cm™l,

Preparation of Copper(II) Complexes. The copper(IT) complexes
with perchlorate or nitrate anions were prepared by mixing equimolar
methanolic solutions (20 mL) of the ligand (1 mmol) and Cu(Cl-
0,)26H,0 or Cu(NQ,;),-3H,0. The blue precipitates which formed
were collected by filtration, washed with methanol, and dried under
vacuum. The copper(IT) complexes with trifluoromethanesulfonate
anion were prepared by adding a methanolic solution (10 mL) of
Cu(0SO0,CF;),'7 (1 mmol) to a dichloromethane solution (20 mL)
of the ligand. After evaporation of the solvent under vacuum, the
solid residue was stirred in diethyl ether (40 mL), filtered, washed
with diethy! ether, and dried under vacuum. The complex [Cu-
(tipp) (OSO,CF;)] [OSO,CF,] is very hygroscopic.

[Cu(tipp) JC10,},. Anal. Caled for CyHsClL,CuN,OsS,: C, 36.90;
H, 4.34; N, 8.61. Found: C, 36.79; H, 4.34; N, 8.51. IR: »(C=N)
1615, 1600 (s); »(ClO,) 1060-1110 (vs, br), 620 (m); »(thiophene
ring) 760, 730 (s) cm™L,

[Cu(tapp) JC1O .. Anal. Caled for C,oH3,CL,CuN,OsSy: C, 36.67;
H, 4.92; N, 8.55. Found: C, 36.25; H, 4.95; N, 8.31. IR: »(NH)
3220 (m); »(ClO,4) 1060-1120 (vs, br), 620 (m); »(thiophene ring)
730 (s) em™.

[Cu(tipp) (OSO,CF;)]{OSO,CF;]. Anal. Caled for
C,HsCuFN,OgSy: C, 35.22; H, 3.76; N, 7.47. Found: C, 34.08;

Casella and Ibers

Table I. Crystallographic Details for [Cu(tapp)] [ClO,],

formula
fw

a, A

b, A

c A

V4

Pos g/cm®
P, 8lem®
space group
temp, °C
radiation

boundary faces of the
wedge-shaped cryst

cryst vol, mm?

4, cm™

transmission factors

receiving aperture

takeoff angle, deg

scan speed, deg in 2¢6/min
scan range, deg

bkgd counts, s

C,,H,;,CL,CuN,0,S,

655.08

11.302 (5)

16,239 (7)

13.948 (6)

4

1.63 (20 °C)

1.699 (150 °C)

C-C2ca

-150¢

Mo Keo from graphite monochro-
mator (A\(Mo Ka,)=0.7093 &)

{oo1}, {010}, (A11D), (111), (100)

0.0076

12.73

0.726-0.912

S5 mm high by 6 mm wide, 32 cm
from cryst

33

2

1.0 below Ko, to 0.9 above Ka,

10 (26 < 50°), 20 (26 > 50°) with
rescan option

(15) Hemmerich, P.; Sigwart, C. Experientia 1963, 19, 488-489.

(16) Infrared data for Cu(I) and Cu(II) complexes are from samples pre-
pared as Nujol mulls.

(17) Anhydrous Cu(SO,CF;), was obtained by the reaction of freshly pre-
pared cupric hydroxide and trifluoromethanesulfonic acid in methanol.
After evaporation of the solvent under vacuum, benzene was added to
the residue, which was then filtere¢ and dried under high vacuum at
80-85 °C. Titration for copper with EDTA gave a molecular weight
of 364 (calcd 361.7 for the anhydrous salt).

29 limits, deg 4<20 <64

data collected +h, +k,+l; also —h,—k,~1 (26 <
35%)

final no. of variables 167

final no. of observns 2331

R (on F?) 0.079

Ry, (on F?) 0.09%

error in observn of unit 1.13

weight, e?
R (on F for Fo* > 30(F,?)) 0.048
Ry (on F for Fg* > 30(Fg%) 0.045

4 The low-temperature sy stem is based on a design by J. C.
Huffman, Ph.D. Thesis, Indiana University, 1974, ® The diffracto-
meter was run under the Vanderbilt disk-oriented system: "~
Lenhert, P. G. J. Appl. Crystallogr. 1978, 8, 568-571.

H, 3.71; N, 7.52. IR: »(C=N) 1605 (s); »(OSO,CF;) 1305, 1280,
1270, 1245, 1225 (s), 1150 (s, br), 1030 (s, doublet), 640 (m); »-
(thiophene ring) 760 (s) cm™.

[Cu(tapp)(0SO,CF;)][0SO,CF;]. Anal, Caled for
CH3CuFN,O6S,: C, 35.03; H, 4.28; N, 7.43. Found: C, 34.40;
H, 4.14; N, 7.34. IR: »(NH) 3230, 3200 (m); »(OSO,CF;) 1305,
1290, 1275, 1260, 1240, 1225 (s), 1150 (s, br), 1030 (s, doublet), 640
(s); v(thiophene ring) 725 (m) cm™,

[Cu(tipp) (ONO,)INO;]. Anal. Caled for CooHosCuNO(S,: C,
41.70; H, 4.90; N, 14.59. Found: C, 41.20; H, 4.95; N, 14.40. IR:
y(C=N) 1605 (s); »(NO;) 1750 (w, br), 1470, 1420, 1350, 1330, 1290
(s), 1030 (m), 830 (m), 700-750 (s, br, containing also thiophene
ring absorptions) cm™.

[Cu(tapp) (ONO,)INO;]. Anal. Caled for C3oH;,CuNOGS,: C,
41.41; H, 5.56; N, 14.49. Found: C, 41.65; H, 5.63; N, 14.67. IR:
y(NH) 3240, 3180 (m); »(NOQ;) 1740 (w, br), 1470, 1420, 1365, 1340,
1320 (s), 1040 (m), 820 (w), 700740 (m—w, several bands containing
also thiophene ring absorptions) ¢cm™,

X-ray Study of [Cu(tapp)JClO,]),. Crystals suitable for X-ray study
were obtained by carrying out the synthesis of [Cu(tapp)][Cl1O,], from
dilute methanolic solutions of tapp and Cu(ClO,),»6H,0. On the
basis of a series of Weissenberg and precession photographs, the
material crystallizes in the orthorhombic system in space group
D3%-Cmca or C-C2ca, a nonstandard aspect of C3J-4ba2. The cell
dimensions and measured density are consistent with 4 formula units
per cell. This would require the cation to possess 2/m symmetry in
Cmca. This unlikely possibility, coupled with the obvious acentric
habit of the crystals, suggested to us that the correct space group is
C2ca and that the cation has a crystallographically imposed C, axis.

Data collection proceeded on a Picker automatic diffractometer
by methods standard in this laboratory.'® Various details are given
in Table I. The structure was solved in space group C2ca'® by direct

(18) See, for example: Waters, J. M.; Ibers, J. A. Inorg. Chem. 1977, 16,
3273-3277.
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Figure 1. Stereoview of the unit cell of [Cu(tapp)][ClO,),. Thermal ellipsoids are drawn at the 50% probability level except for hydrogen
atoms, which are drawn artificially small. The view is approximately down a, with b from right to left.

Figure 2. Stereoview of the [Cu(tapp)]** cation. The 509% probability ellipsoids are shown for the nonhydrogen atoms. Hydrogen atoms are

drawn artificially small.

methods and was refined by standard procedures.'® After a suitable
trial structure had been obtained and an absorption correction applied,
both possible enantiomers in the polar space group C2ca were examined
to establish the correct enantiomer for the particular crystal chosen
for study. Refinement of enantiomer A, in which all atoms were
assigned isotropic thermal parameters, converged to values of R and
R, on F, of 0.088 and 0.095 for the 2103 observations (including
Friedel pairs) and 74 variables. A similar refinement of enantiomer
B, in which all atomic coordinates had been reversed in sign, converged
to values of 0.082 and 0.087. Of the 413 Friedel pairs collected, the
74 pairs showing the largest differences were selected and of these
73 showed the correct trends for enantiomer B. There is no doubt
from these calculations that enantiomer B is correct and in ensuing
calculations it was selected. The final refinement was carried out
on F,%, with the use of only those reflections for which A, k, and /
are nonnegative. In this refinement the nonhydrogen atoms were
refined anisotropically. The hydrogen atoms were not refined but
were placed at their calculated positions (C-H = N-H = 0.95 A),
and each was assigned a fixed isotropic thermal parameter 1 A? greater
than the equivalent isotropic thermal parameter of the atom to which
it is attached. This refinement of 167 variables converged to values
of R and R,, (of F,%) of 0.079 and 0.099 and to an observation of unit
weight of 1.13 electrons? for the 2331 observations. The corresponding
conventional R indices on F, for those 1682 reflections having F,*
> 30(F,2) and hkl positive are 0.048 and 0.045, respectively.

Table II lists the final values of the atomic parameters. Table I11%
lists the values of 10|F,| and 10|F|. A negative entry implies that
F,? was observed to be negative.

Results and Discussion

Synthesis of the Complexes. The synthesis of 1:1 complexes
of copper(II) or copper(I) with tipp or tapp is straightforward.
On mixing the ligands and Cu(ClO,);»6H,0 or Cu(NO;),
3H,0 in methanol or dichloromethane, blue precipitates of
the Cu(Il) complexes readily form. The Cu(I) complexes are
obtained by adding [Cu(MeCN),][ClQ,] to the ligands in

(19) The general equ1valent posmons of C2ca are (0 0,0; '3 Yo Y/ +
L5 X k- -y -
(20) Supplementary material.

NID-

Figure 3. Inner coordination of [Cu(tapp)]** showing bond distances
and angles. Note that the cation has crystallographically imposed
C, symmetry.

dichloromethane under an inert atmosphere. The ligands tipp
and tapp cannot accommodate two cations at the same time.
On mixing the ligand and Cu(I) or Cu(ll) ions in 1:2 ratio,
we obtained as unique products the 1:1 complexes.

As we will discuss later in more detail, the complexes with
tipp undergo hydrolysis of the imine linkage in solution when
water is present, but the almost immediate precipitation of the
complexes and their stability in the solid state allow their
isolation. Such a hydrolysis reaction is known to occur on
complex formation of the parent N,N*-ethylenebis(2-thenyl-
idenimine) (eti).2!

S s

eti

For comparison purpose we have synthesized the ligand
N,N"bis(2-thenylidenimino)-1,10-decane (tid), which has a
size comparable with that of tipp and tapp and by similarity
with the parent ligand eti is not expected to bind the copper(Il)

(21) (a) Eichhorn, G. L.; Bailar, J. C., Jr. J. Am. Chem, Soc. 1953, 75,
2905-2907. (b) Eichhorn, G. L.; Trachtenberg, I. M. 1bid. 1954, 76,
5183-5185. (c) Ho, R. K. Y ; Livingstone, S. E. Aust. J. Chem. 1965,
18, 659-671. (d) Coakley, M. P,; Young, L. H,; Gallagher, R. A. J.
Inorg. Nucl, Chem. 1969, 31, 1449-1458,
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Table II.  Positional and Thermal Parameters for the Atoms of [Cu(tapp)] [CIO,],

A 8 2
ezggil....‘.'l‘.“..‘.“.‘.‘Z.Ullll“.'l"lz.l‘.l...‘I"Cgtklgsig 5".93%.."...."E;;.llll‘l'lleég.'.lll.lllgéél'..".'.lgezllll'
cu ] 0 0 11.95(u46) 11,561(25) 13.261031) 0 0 =0.,29¢(29)
CcL «0,04193(15) “0.371185(85) =0.101344(93) 25.25(83) 22.59(43) 23.33(58) -8,61(60) 9.38163) =7.55(4¢)
S 0. 04767 (15) 0.097736(82) 04217720 (9%) 21.11(84) 18,2347 26.17(61) 0.87(60) 5,19168) =1.91(46€)
0 0.06232({38) “0.33107(24} ~0.06539(29} 27.1(31) 18.8(15) Wk,9(25) ~3,8019) bk i25) =6.5(16)
0(2) =G,081069155) ~0.45084(27) ~0.13535(39) 78.7(58) 3.0z 99.6(4L0) -31,7132) 58.9144) =37.9(24}
03 -0.12831(35) -0.378021127) -0.02636(25) 13.1(28) 37.2(20) 20.,4(19) 2.7421) 8.3(18) 2,2015)
LY =0.08912(5Q1 =-0.32225(38} “0417762(34} 60,247} 83,6(35) 31401267 ~25.2136) -11.9029) 28,4026}
N(1) =0.14317(35) “0.07497(25) 0.00908(30) 13.0(27) 15,1114} 15.9(19) -2.5017) 1.5(20} «2.5014)
N(2) 0.11797(38) -0.07585(23) 0.06100¢27) 21.0(29) 9.5(13) 12.7(18) -0.9(17} -1.8120) 2.4(13)
c =-0.20021t49) -0.03915(32) 0.09536(37) 19.6(36) 16.8(19) 21.0425) ~3.0(23) 8.7125) -1.h(138)
€(2) -0.21866(45) 0.05229¢33) 0.07516(35) 15.3(34) 18.,9(20) 17.8(23) 2.0(21) 1.91023) =4 3(17)
ci3 «0.127661(50) “0416573(31) 0,01547(34) 28.4(37) 13.0017) 17.5(24) ~habl21) 0.01t26) =3.9016)
Cla) ~G+02786(47) ~0e 13144 (20) 0.08273(33) 3h.0ud) 10.0(15) 15.91(21) ~hek(20) -0.2022} 0.2(45})
cis} 0,09398(47) =0.16656{31) 0.05075(3%) 2443038) 10.9116) 18.0(23) 0.6(21) “1.6(24) g8.9(16)
ce) 0el4036(48) -0.05581 (31) 0.16512(36) 25.4(38) 14,517} 15.11(22) -1.8(22) “5.8(24) “0.70(16)
cn 0,16107(46) ¢.03578(31) 0.17982(33) 19,31(35) 13.9047) 13.9(22) 3.9(21) “0.9(23) -1.8(16)
c®) 0,26325(4b) 0.07860¢32) 0.16877(33) 20.5(35) 20.2€(19) 11,9120} 0.1¢(22) =1,7423) =0.7017)
cw 0.264915(53) 016345341 0.19168(36) 37.9145) 17.1019) 20.91(24) ~he7(2%5) “4.1(28) S.2(18)
cao 0,13623(54) 0.18292(31) 0.21792(36) 42,5(46) 12.5(17) 21.1(24) fe1i2u) =2.3(29) 2.5(17)
HIN(2) 0,188 ~0.068 0.023 1.9
H1C(1) «(.274 ~0.067 04110 2els
H2C(L)  =3.150 ~0.0u8 0.152 2.4
H1C(2} =0.,195 G.086 0.129 2.3
H2C(2) =0.300 0.06k 0.062 2.3
H1C(3) =0.199 -0.191 0.038 2.3
H2C(3) ~D.110 0,188 “D.046 2.3
HiC(4)  =~0.042 ~0.166 Oeibes 2.2
H2C(4) =0.029 -0.230 0.092 2.2
H1C(5) 0.152 -0.197 0.G87 2.3
H2C (5} Jsl00 ~0.182 -0.015 2.3
H1C(6) 0.07% -0.073 0.202 2.2
H2C(6) 0,209 ~0.086 0.18€ 2.2
H1C(8) 0,336 0,054 0.145 2.3
H1C(9) 0.312 0,203 0.189 2.7
H1C(10 0,110 0.238 0.237 2.5

@ Estimated standard deviations in the least significant figure(s) are given in parentheses. ? The form of the anisotropic thermal ellipsoid
is exp[~(B,,h* + B,k* + By,1* + 2B ,hk + 2B, hl + 2B, ,kl)]. The quantities given in the table are the thermal coefficients X 10%,

ion through the thiophene groups. We could isolate the Cu(I)
complex of tid, but any attempt to isolate the corresponding
complexes of Cu(Il) in reasonable purity was unsuccessful
owing to their extreme instability toward hydrolysis even in
the solid state.

Description of the Structure. The crystal structure of
[Cu(tapp)][ClO,], consists of the packing of four [Cu(tapp)]?*
cations and eight ClO4 anions in the unit cell (Figure 1). The
ions are well separated, there being no unusually short in-
termolecular interactions. Figure 2 displays the [Cu(tapp)]®*
cation, which possesses crystallographically imposed C, sym-
metry. Figure 3 displays the CuN, coordination geometry.
Bond distances and angles are tabulated in Table IV,

The ClO,4 anion in the present structure has nearly perfect
T, symmetry, despite the fact that two of the O atoms show
anisotropy of thermal motion which seems large for a structure
determined at -150 °C (root mean square amplitudes of vi-
bration for O(1) through O(4) are 0.127 (8), 0.153 (7), 0.218
(6); 0.121 (10), 0.169 (9), 0.384 (7); 0.093 (9), 0.153 (6),
0.224 (6); and 0.138 (8), 0.079 (8), 0.361 (7) A).

The CuNj, coordination sphere (Figure 3) is severely dis-
torted from square planar. The deviations of atoms N(1),
N(1), N(2), and N(2)’ from the best-weighted, least-squares
plane through the CuN, group are 0.397 (4), —0.397 (4),
~0.254 (4), and 0.254 (4) g While this distortion is toward
tetrahedral, the dihedral angle between the Cu-IN(1)-N(2)
and Cu-N(1)’'-N(2)’ planes being 25.4°, the N(1)~Cu-N(1)
angle of 74.2 (2)° represents a rhombic distortion. The Cu-
N{aminopropyl) and Cu-N(piperazine) distances are essen-
tially equal and are typical for Cull-N, distances.

_JW

1

1 L
Figure 4. 1*)C NMR spectrum at 22.5 MHz of [Cu(tipp)][C1O,] in
MeCN-d;/Me,Si. The intense signal at 118.2 ppm is due to the CN
group of the solvent.

Although the Cu(II) ion in the present structure is bonded
to the four available nitrogen atoms, Figure 2 displays a very
interesting aspect of the structure, namely, the rotation of the
thiophene groups so that the S atoms complete a reasonably
symmetric octahedral environment about the Cu(II) ion. The
Cu-S interaction of 3.469 (2) A is well beyond a bonding
distance. Yet there is no obvious packing interaction that
appears to be responsible for this rotation, and it is tempting
to describe the Cu(Il) ion in [Cu(tapp)]?* as possessing an
incipient CuN,S, coordination,
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Table IV. Bond Distances (A) and Angles (Deg) for
[Cu(tapp)] [CIO, ],

Hz H H
/C(3 \Hz /Cl5 \ - / )\Cw)%C(B) E(S)
HaC2)'™ \ / \s——Hmo>
Hzcm‘ / \
atoms dist atoms dist
Cu-N(1) 2.029 4) C(6)-C(7) 1.520 (7)
Cu-N(2) 2.005 (4 C(N)-C(8) 1.357.(7)
Cu--S 3.469 (2) C(8)-C® 1.423 (7)
N(1)-C(1) 1.484 (6) C(9)-C(10) 1.364 (8)
N(1)-C(2) ¢ 1.498 (6) C(10)-S 1.708 (6)
N(1)=C(3) 1.487 (6) S-C(7 1.713 (5)
C(1)-C(2) 1.526 (7) ClI-O(1) 1.437 (4)
C(3)-C(4) 1.526 (7) Cl-0(2) 1.423 (4)
C(4)-C(5) 1.503(7) CI-0(3) 1.435 (4)
C(5)-N(2) 1.505 (6) Cl-04) 1.431 (5)
N(2)-C(6) 1.510 (6)
atoms angle atoms angle
N(1)-Cu-N(1)’ 742 (2) C(AH-C(5)-N(2) 113.6 (4)
N(1)-Cu-N(2) 97.8 2) C(5)-N(2)-C(6) 109.4 (4)
N(1)=Cu-N(2) 157.8 (2) N(2)-C(6)-C(7) 111.5 (4)
N(2)-Cu-N(2)’ 96.6 (2) C(NH-C(B)L(OH) 112.0 (5)
N(1)-Cu-§ 110.1 (1) C@)-C(HC(10) 112.9(5)
N(1)-Cu-§' 84.5 (1) C(9)»C(10)-S 111.1 4)
N(2)Cu-S 78.8 (1) C(10)-S-C(7) 92.1 (3)
N(2)-Cu-§' 89.3 (1) S-C(N)-C(8) 111.8 (4)
S—Cu-§' 162.1 (1) C(6)-C(7)-S 120.0 (4)
N()-C(1)-C(2) 106.9(4) C(©6)-C(TH-C@®) 128.1 (5)
C()-N(D-C(2) 107.0 (4) O(1)-CIl-O(2) 108.9 (3)
C()-C(Q)-N(1) 1078 (4) O(1)=C1-0(3) 109.8 (2)
C()-N(1)-C(3) 113.0(4 O(1)=ClI-0(4) 108.3 (3)
C(2-N(1)-C(3) 111.04) 0OQ2)=CI-0(3) 110.0 (3)
N()-C(3)-C(4) 113.34) O0O@2)Ci-04) 110.5 4
C3-CA@-C5) 11494 O0OB)Cl-o04) 109.3 (3)

@ The primed atoms are related to the corresponding unprimed
atoms by the twofold symmetry operation.

Other distances and angles within the cation are remarkably
consistent and normal, probably as a result of the efficacy of
low-temperature crystallography and the lack of severe strain
in the multidentate ligand.

Conductivity Data. Conductivity data in various solvents
for the copper complexes of tipp and tapp stable in solution
are reported in Table V. Since the rather low values of the
molar conductivity at 10 M concentration obtained for some
copper(II) complexes could be indicative of anion coordination,
the equivalent conductance was measured over a concentration
range to establish the ion type in solution. From Onsager plots
(Ag — A, vs. c'/?) the slope A was obtained for the complexes;
theoretical A values could be calculated from the limiting law
expression?? with use of the constants appropriate to each
solvent.2  For all solvents the magnitude of the A4 slopes
clearly establishes the electrolyte type as 1:1 for [Cu-
(tipp)][C10,] and as 1:2 for all copper(II) complexes except
for those containing the nitrate anion.?* Even though the
copper(11) complexes containing the trifluoromethanesulfonate
anion have Ay values in nitromethane and acetone which lie
between the ranges expected for 1:1 and 1:2 electrolytes,? the
magnitude of the slopes A establishes that these are 1:2

(22) Harned, H. S,; Owen, B. B. “The Physical Chemistry of Electrolytic
Solutions”, 3rd ed.; Reinhold: New York, 1958; Chapter 5.

(23) Janz, G. J.; Tomkins, R. P, T. “Nonagueous Electrolytes Handbook™,
Academic Press: New York, 1972; Vol. 1, Chapter 3.

(24) (a) Feltham, R. D.; Hayter, R. G. J. Chem. Soc. 1964, 4587-4591. (b)
Deacon, G. B.; West, B. O. Aust. J. Chem. 1963, 16, 579-584.

(25) Geary, W. J. Coord. Chem. Rev. 1971, 7, 81-122.
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Table V. Conductivity Data for Copper Complexes in
Solution at 25 °C

complex solyent? Apg® A°

[Cu(tipp) ] [C1O,] AN 166 450 (363)4
NM 98 248 (202)4
AC 163 940 (685)4

[Cu(tipp)] [ClO,], AN 314 880 (1049)¢
NM 170 570 (577)¢
AC 156 1500 (1582)¢

[Cu(tapp)][ClO,], AN 300 950 (1044)¢
NM 160 575 (563)¢
AC 145 1440 (1545)°

[Cu(tipp)(ONO,)][NO,] AN 178
[Cu(tapp)(ONO,)][NO,] AN 146
[Cu(tipp)] [0SO,CF,], AN 2767

NM 126 560 (539)°
AC 122 1310 (1485)°
[Cu(tapp)][0SO,CF,], AN  248¢
NM 128 570 (534)°
AC 126 1340 (1473)°

@ AN = acetonitrile, NM = nitromethane, AC = acetone. ? Val-
ues interpolated at 107* M. € In parentheses are 4 values calcu-
lated from the limiting law expression,*? with use of constants
appropriate to each solvent.?* 9@ 1:1 electrolyte. € 1:2 electro-
Iyte. 717X 103M. £1.9x 10°*M

electrolytes. Good agreement is also generally found between
calculated and experimental 4 parameters. The Ay values
for the copper(II) complexes containing the nitrate ions fall
in the range for 1:1 electrolytes, and Onsager plots resulted
in unreliable extrapolation to high dilution. In these complexes
one of the two nitrate ions appears to be coordinated and the
other to function as a noncoordinating counterion. At high
dilution partial displacement of the coordinated ion by the
solvent apparently occurs. Therefore, we formulate these
complexes as [Cu(tapp)(ONO,;)][NO;] and [Cu(tipp)-
(ONO,)|[NO,], respectively. Molecular association in solu-
tion can be excluded for all the complexes. This would give
rise to ion types higher than 1:1 or 1:2 and could be easily
recognized by larger magnitudes of the A4 slopes.?*?
Copper(IT) Complexes. IR Spectra. Consistent with X-ray
structural data, the solid-state IR spectrum of [Cu(tapp)]-
[ClO,], exhibits two pronounced features: a single sharp band
at 3220 cm™, associated with the N~H stretching mode of
symmetrically coordinated tapp ligand, and two bands in the
region 1070-1100 cm™ and at 620 cm™, typical for nonco-
ordinated perchlorate.? Similar bands for noncoordinated
perchlorate are present also in the IR spectrum of [Cu-
(tipp)][Cl0O,4),. We thus conclude that in the solid state
Cu(tipp)?* also possesses a CuN, center. The symmetry of
coordination of the tapp ligand in [Cu(tapp)][ClO,], is ap-
parently broken in the related nitrate and trifluoromethane-
sulfonate derivatives. In the IR spectra of these compounds
two sharp bands occur in the 3150-3250-cm™* region of the
infrared spectrum, at 3230 and 3200 cm™ for [Cu(tapp)]-
[OSO,CF;],, and at 3240 and 3180 cm™ for [Cu(tapp)-
(ONO,)][NO;]. The relatively large separation between the
two »(N-H) peaks, especially in the latter case, is a strong
indication of nonequivalence of the two N-H groups within
the molecule. Yet both N—H groups must be coordinated, as
judged from the reduced frequency (compared with that in
free tapp) and sharpness of their absorption peaks.
Conductivity data have shown for [Cu(tapp)(ONO,)][NO;]
the presence of a coordinated nitrate ion in solution. In the
solid-state IR spectrum of this compound several bands in the
1300-1500- and 700-750-cm™ region as well as bands at 1740,
1040, and 820 cm™ can be assigned to nitrate absorptions.?¢%

(26) Nakamoto, K. “Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds”, 3rd ed.; Wiley-Interscience: New York, 1978,
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Figure 5. Infrared spectrum of [Cu(tipp)(OSO,CF;)][OSO,CF;]
{(Nujol mull) in the 1000-1300-cm™! region, showing the absorptions
of coordinate trifluoromethanesulfonate. Ionic trifluoromethane-
sulfonate has strong and unsplit bands at 1270, 1160, and 1030 em™.

The bands at 1365 and 820 cm™ are at approximately the
positions expected for ionic nitrate.’” The 1470-, 1420-, and
the apparently split 1330-cm™ band are assigned to coordi-
nated nitrate.?%2” The other bands are less helpful for
structural diagnosis or fall in the region of other absorptions
(e.g., the thiophene nuclei). However, IR data are apparently
consistent with the formulation as [Cu(tapp)(ONO,)][NO;]
for this compound also in the solid state. Infrared spectroscopy
is of only limited value in determining the mode of nitrate
coordination.” But we prefer the monodentate coordination
(and hence CuN,O) because for a chelating bidentate nitrate
the highest energy vibration mode (v(N==0)) usually occurs
at frequencies higher (1480-1650 cm™)? than those observed
here. A similar pattern for the bands of nitrate anions is
exhibited by [Cu(tipp)(ONO,)][NO;], which therefore we
believe has CuN,4O coordination in the solid state and in so-
lution.

The IR spectra of complexes containing the trifluoro-
methanesulfonate anions, when obtained as Nujol mulls,
display strong bands attributable to trifluoromethanesulfonate
in the region 1220-1310 ¢cm™ and at 1150, 1030, and 640 cm™.
The absorptions in the 1220-1310-cm™ region comprise several
strong, sharp, and well-resolved bands, while those at 1150
and 1030 cm™! appear as resolved doublets, broad and sharp,
respectively (Figure 5). Interestingly, when the IR spectra
are obtained from KBr pellets only a rather broad band at
1270 cm™ and unsplit bands at 1225, 1160, 1030, and 640 cm™!
appear. Since these bands belong to ionic trifluoromethane-
sulfonate, we ascribe the loss of extensive splitting to a large
extent of substitution of coordinated trifluoromethanesulfonate
by bromide ions in the KBr fusion mixture. For [Cu-
(tapp)(ONO,)][NO;] and [Cu(tipp)(ONO,)][NOs] almost
identical spectra are obtained in Nujol mulls and KBr pellets,
indicating that here substitution of coordinated nitrate by
bromide ion does not occur to a noticeable extent.

Coordination of trifluoromethanesulfonate anion occurs only
in the solid state, and conductivity data of [Cu(tapp)]-
[0SO,CF,], and [Cu(tipp)][OSO,CF;] show that in solution
the anions are noncoordinated. Therefore the coordinating
ability of trifluoromethanesulfonate appears to be intermediate
between that of nitrate and that of the perchlorate anion. On
the basis of this and of the presence of bands in the positions
expected for ionic trifluoromethanesulfonate under the enve-
lope of the IR bands assigned to this anion, we believe that
the copper(II) complexes of tapp and tipp contain one coor-
dinated and one noncoordinated trifluoromethanesulfonate

(27) Rosenthal, M. R. J. Chem. Educ. 1973, 50, 331-335.
(28) Lever, A. B. P.; Mantovani, E.; Ramaswamy, B. S. Can. J. Chem. 1971,
49, 1957~1964.
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Figure 6. EPR spectra of undiluted powder sample of copper(II)
complexes recorded at room temperature: (a) {Cu(tapp)][ClO,], (v
= 9.073 GHz), (b) [Cu(tipp)][ClO,4], (v = 9.073 GHz), (¢) [Cu-
(tapp)(ONO,)][NO;] (v = 9.073 GHz), (d) [Cu(tipp)(ONO,)][NO;]
(v = 9.074 GHz), (e) [Cu(tapp)(OSO,CF;)][OSO,CF;] (v = 9.073
GHz).

Table VI. Powder EPR Data of Copper(Il) Complexes at
Room Temperature

complex gi(av) gl
[Cu(tapp)][CIO, ], 2.05 2.167
[Cu(tipp)] [C10,], 2.05 2.172
complex g, £, &,
[Cu(tapp)(ONO,)][NO,] 2.030 2.065 2.195
[Cu(tapp)(0SO,CF )] [0SO,CF,] 2032 2108 2147
[Cu(tipp)(ONO,)][NO,] 2013 2090 2171

group in the solid state. Therefore, the complexes should be
correctly formulated as [Cu(tapp)(OSO,CF;)][0OSO,CF;] and
[Cu(tipp)(OSO,CF;)][0OSO,CF;] when in the solid state and
as [Cu(tapp)]{OSO,CF;]; and [Cu(tipp)][OSO,CF;], in
solution. By analogy with the corresponding nitrato complex,
we propose a monodentate mode of coordination for tri-
fluoromethanesulfonate. Its size (larger) and donor properties
(weaker than nitrate) are in favor of this suggestion.

The solid-state IR spectra of [Cu(tipp)][ClO,);, [Cu-
(tipp)(ONO,)][NO;], and [Cu(tipp)(OSO,CF3)][QSO,CF;]
show a shift to lower frequencies of the bands associated with
the C==N linkage relative to the position in the free ligand,
indicative of coordination. In [Cu(tipp)][ClO,], the »(C=N)
stretching band appears as a resolved doublet, at 1615 and
1600 cm™. Besides nonequivalence of the coordinated Schiff
base groups, splitting of this entity may be accounted for also
by coupling of the C=N groups in the ligand. In fact, in
acetonitrile solution a single band at 1605 ¢cm™ is observed.
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Table VII. EPR Spectral Data of Copper(Il) Complexes in
Frozen Solution at 77 K

104141,
complex solvent® gl cm™
[Cu(tapp)][CIO, ], AC 2.204 180
NM 2.243 209
TL/AN® 2,190 179
[Cu(tipp)] [CIO, ], AC 2210 155
NM 2.235 185

TL/AN®C 21190 179
TL/AN? 2212 165

[Cu(tapp)(ONO,)|[NO,]
TL/AN®:¢ 2,197 154

[Cu(tipp)(ONO,)][NO,]

[Cu(tapp)][0SO,CF,],  DC 2.203 180
TL/AN 2.197 174
[Cu(tipp)] [0SO,CF,], DC 2.197 190
TL/AN 2.193 184

2 AC = acetone, NM = nitromethane, DC = dichloromethane,
TL/AN = toluene/acetonitrile (1:1). ? Spectra recorded at 143 K.
¢ Tetraethylammonium perchlorate was added to the solution to
enhance resolution of the hyperfine structure.

Electronic and EPR Spectra. The X-band EPR spectra of
undiluted powder samples of copper(I1) complexes of tapp and
tipp are shown in Figure 6, and the derived g values are
summarized in Table VI. Although the powder technique
is of only limited value for determining the local copper en-
vironment,? the spectra display marked differences among the
complexes as a function of the anions. The EPR spectra of
perchlorate complexes show unresolved high-field components
and appear roughly axial (with gy > g,), those of nitrato
complexes are rhombic and show completely resolved g an-
isotropy, and that of [Cu(tapp)(OSO,CF;)][OSO,CF;] has
“reversed” g values (g, > gj) while the spectrum of [Cu-
(tipp)(OSO,CF;)] [OSO,CF;] falls into the uninformative “F”
class in the Hathaway classification.?® According to the IR
results and the structure of [Cu(tapp)]**, in all the copper(II)
complexes the amino groups of tapp or the imino groups of
tipp are both coordinated to the metal ion, and it seems rea-
sonable to assume that these ligands provide a N -binding site.
Therefore, we propose the following qualitative description for
the copper(I1) chromophores of these complexes in the solid
state. In [Cu(tipp)][ClOy],, with noncoordinated perchlorate,
a distorted square-planar CuN, geometry is present (lowest
g > 2.04, do 2 ground state),” similar to that of [Cu-
(tapp)][ClO,], and of other CuN, chromophores.?* The
nitrato complexes, with a monodentate bound nitrate, contain
CuN,O centers with stereochemistries intermediate between
distorted square pyramidal and trigonal bipyramidal. (For
[Cu(tapp)(ONO,)][NO;] the value of R = (g, - g1)/(g; — &)
of 0.27 suggests a predominantly d,z_,» ground state.’**) In
[Cu(tapp){OSO,CF,)][OSO,CF;], on the assumption of a
monodentate coordination of the trifluoromethanesulfonate
ion and a CulN,O core, the reversed g-value spectrum suggests
a nearly trigonal-bipyramidal geometry,* with the value of
R = 1.95 indicative of a predominantly d,: ground state,32%

(29) Hathaway, B. J.; Billing, D. E. Coord. Chem. Rev. 1970, 5, 143-207,

(30) (a) Yokoi, H.; Addison, A. W, Inorg. Chem. 1977, 16, 1341-1349. (b)
Nishida, Y.; Hayashida, K.; Sumita, A.; Kida, S. Inorg. Chim. Acta
1978, 31, 19-23. (c) Lancione, R. L.; Allen, N. C., Jr.; Buntaine, J.
R. J. Coord. Chem. 1979, 8, 201-205. (d) Bereman, R. D.; Shields,
G. D. Inorg. Chem. 1979, 18, 946-949.

(31) Peisach, J.; Blumberg, W. E, Arch. Biochem. Biophys. 1974, 165,
691-708.

(32) Billing, D. E,; Dudley, R. J.; Hathaway, B. J.; Tomlinson, A. A. G. J.
Chem. Soc. A 1971, 691-696.

(33) Hathaway, B. J. J. Chem. Soc., Dalton Trans. 1972, 1196-1199.

(34) (a) Bencini, A.; Gatteschi, D. Inorg. Chem. 1977, 16, 1994-1997. (b)
Goodgame, D. M. L,; Brun, G. Bull. Soc. Chim. Fr. 1973, 7,
2236-2238. (c¢) Wasson, J. R.; Klassen, D. M.; Richardson, H. W;
Hatfield, W. E. Inorg. Chem. 1977, 16, 1906-1910. (d) Slade, R. C.;
Tomlinson, A. A. G.; Hathaway, B. J.; Billing D. E. J. Chem. Soc. A
1968, 61-63.
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The features of the intermediate field component in the EPR
spectrum of [Cu(tipp)(ONO,)][NO;] may arise from copper
hyperfine structure.

The electronic reflectance spectra of the copper(II) com-
plexes are less informative than EPR data. A broad asym-
metric band roughly centered at ca. 600 nm is generally spread
over the range 450-950 nm, with poorly resolved shoulders
near 800 nm.

The EPR spectra of copper(II) complexes of tipp and tapp
recorded in frozen solutions do not mirror the large dissimi-
larities observed in the powder spectra (Table VII). All the
complexes exhibit spectra consistent with nearly tetragonal
symmetry (g > g, ), well-resolved parallel hyperfine structure,
and large 4| values. From these results we can exclude either
trigonal-bipyramidal or severely distorted structures in solu-
tion.?% The Ay values, more than the g values, show solvent
dependence, but in general both g and A4 values are typical
of N- or O-bonded Cu in tetragonal stereochemistries.’® The
spectra of tipp complexes are somewhat more spread out in
the high-field region than those of tapp complexes. This may
reflect the higher degree of rhombic distortion of the in-plane
component of the chromophore which is observed in the
powder spectra, but larger A4 values would also give rise to
the same effect. The quotient gJJ /A, proposed as an empirical
index of tetrahedral distortion,’ ranges here from 107 to 143
and indicates that such a distortion is not important for Cu-
(II)-tapp and —tipp complexes in solution.

The optical spectra seem more sensitive than EPR spectra
in revealing small differences in the coordination environment
in solution (Table VIII). In the visible region the complexes
of tapp exhibit a band near 600 nm, and those of tipp exhibit
two partially overlapping bands near 600 and 700 nm. The
spectra of the complexes containing perchlorate anions are
identical with those containing trifluoromethanesulfonate
anions, as expected from loss of coordination by the latter ions
in solution. The same spectra as those of the nitrato complexes
are obtained by adding nitrate ions to [Cu(tapp)]** or [Cu-
(tipp)]**.

The addition of various salts to solutions of [Cu(tapp)]**
or [Cu(tipp)]?* results in significant and often large changes
in the electronic and EPR spectra as a consequence of ready
coordination by the added anion. The same changes occur if
the nitrato complexes are used, indicating that the coordinated
anion can be displaced by a stronger ligand. For example, the
absorption maximum in the visible region shifts to longer
wavelength upon addition of chloride or bromide ions to
[Cu(tapp)]?* (735 nm) or [Cu(tipp)]** (810 nm) complexes.
An increase in the extinction coefficient in both cases (to above
400 for [Cu(tapp)]** and to 590 L/(mol ¢m) for [Cu(tipp)]**
in acetonitrile, upon addition of bromide) is probably the result
of a slight lowering of the symmetry of the metal complex to
accommodate the larger anion. The change in EPR spectra
can clearly be followed upon adding the anions to the tri-
fluoromethanesulfonate complexes in dichloromethane, where
a better resolution of hyperfine structure can be obtained.
Consistent with symmetry lowering upon coordination of bulky
anions, g, is found to increase slightly and A4 to decrease
markedly (to 165 X 107 cm™ for [Cu(tapp)]?* with added

(35) (a) Bencini, A.; Bertini, I.; Gatteschi, D.; Scozzafava, A. Inorg. Chem.
1978, 17, 3194-3197. (b) Barbucci, R.; Bencini, A.; Gatteschi, D. Ibid.
1977, 16, 2117-2120. (c) Barbucci, R.; Campbell, M. J. M. Inorg.
Chim. Acta 1978, 15, L15-L16. (d) Johnson, D. K.; Stoklosa, H. J.;
Wasson, J. R,; Seebach, G. L. J. Inorg. Nucl. Chem. 1975, 37,
1397-1403.

(36) (a) Wayland, B. B; Wisniewski, M. D. Chem. Commun. 1971,
1025-1026. (b) Wisniewski, M. D.; Wayland, B. B. J. Chem. Soc. A
1971, 2727-2728. (¢) Wayland, B. B.; Kapur, V. K. Inorg. Chem. 1974,
13,2517-2520. (d) McMillin, D. R.; Drago, R. S.; Nusz, J. A. J. Am.
Chem. Soc. 1976, 98, 3120-3126. (e) Sasaki, Y.; Sakurada, M,;
Matsui, M.; Shigematsu, T. Bull. Chem. Soc. Jpn. 1979, 52, 2295-2298.
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Table VIII. Electronic Specual Data of Copper(Il) Complexes in Solution

Amax» 1M (¢, L/ (mol cm))®

complex solvent®
[Cu(tapp)][ClO,], AC 610 (390)
‘AN 616 (370) 303 (7350)
NM 580 (460)
[Cu(tapp)(ONO,)][NO,] AN 637 (330)
[Cu(tapp)][0SO,CF,], DC 617 (290) 295 (7860)
AN 615 (380) 303 (7280)
[Cu(tipp)][CIO,], AC 680 (250) 595 (330)
AN 690 (275) 612 (305) 295 (23820)
NM 680 (190) 570 (335)
[Cu(tapp)(ONO,)}[NO,] AN 710 (285) 637 (2935)
[Cu(tipp)][OSO,CF,], DC 700 (220) 617 (270)
AN 690 (270) 612 (300)

@ AC = acetone, AN = acetonitrile, NM = nitromethane, DC = dichloromethane. ? Poorly resolved shoulders of low intensity in the range

800-850 nm occur in the spectra of all the complexes.

bromide and to 133 X 107 for [Cu(tipp)]?** with chloride).
The EPR spectra obtained from [Cu(tipp)]** complexes,
however, can hardly be considered of the axial type, because
of a broad and badly resolved feature in the high-field region.
Note that all these changes do not arise by displacement of
the ligand by the added anions. For instance, the IR spectrum
of a solution of [Cu(tipp)][ClO4], in acetonitrile containing
excess bromide ions shows clearly the bands of the coordinated
C==N bonds at 1605 and 1615 cm™!. Therefore, coordination
of bulky anions to [Cu(tapp]** and [Cu(tipp)]*, either in the
solid state or in solution, produces structural distortions toward
irregular stereochemistries. The effect is larger with tipp
complexes, and it is possible that steric repulsion between the
coordinating anions and the thiophene residues of the ligands
is responsible for this progressive distortion of the chromophore
with increasing size of the anion.

Somewhat surprisingly, the intensities of the visible bands
of [Cu(tapp)]?*, near 600 and 300 nm, decrease slowly with
time in donor solvents (acetonitrile, nitromethane) without
appreciable change in their positions, but they remain constant
in weaker donor solvents (dichloromethane, acetone). Slow
changes in the optical spectra are also observed in solutions
of [Cu(tipp)]** but occur mainly as a consequence of the
hydrolysis reaction of the ligand, as discussed below. Coor-
dination of [Cu(tapp)]** and [Cu(tipp)]?* by solvent is likely
to occur; it is evidenced by some solvent dependence of the
electronic and EPR spectra and is consistent with the loss of
coordination by trifluoromethanesulfonate in solution. The
decrease in intensities of the visible absorptions in donor
solvents may possibly be related to an increase of the overall
symmetry of the complex as the solvent enters in the metal
coordination sphere. The structural changes involved may be
minor, as the EPR spectra in frozen solution do not show
appreciable variation with time. No decrease in absorption
occurs in solutions either of [Cu(tapp)(ONO,)]* or of [Cu-
(tapp)]? containing chloride or bromide ions.

Reactions of [Cu(tapp)]** and [Cu(tipp)]** with Thiolates.
We have tried to exploit the apparent affinity of the Cu-
(II)-tapp and -tipp complexes for an additional anionic ligand
to form complexes with the thiolate anion. A current problem
in the chemistry of bioinorganic models is the difficulty of
preparing stable copper(II) thiolate systems. On mixing so-
lutions of [Cu(tapp)]** or [Cu(tipp)]** and of thiosalicylate
dianion in methanol, the intense blue color which is diagnostic
of copper(Il) thiolate ligation®’ readily develops, but the
systems are unstable at room temperature and the cupric ions
are rapidly reduced. At low temperatures the reduction is
slower, but attempts to isolate the complexes in reasonable
purity have been unsuccessful. Recently a Cul'N,~thio-

(37) Solomon, E. J.; Hare, J. W.; Gray, H. B. Proc. Natl. Acad. Sci. USA
1976, 73, 1389-1393,

salicylate complex (Cu(tet b)(0-SC¢H,CO,))® stable at room
temperature has been synthesized and has been characterized
by X-ray methods. The N, ligand is a macrocyclic tetramine
containing four secondary nitrogen donor atoms and a cavity
of the same size as that provided by tapp in [Cu(tapp)]?*. The
analogy of both overall donor properties and size between tet
b and tapp is therefore evident. The stability of the Cu(tet
b)-thiolate system must therefore be related to the macrocyclic
structure of the ligand. A rigid coordination environment
around the Cu(II) ion is probably able to prevent the coupling
of two thiolate residues to form the disulfide unit. This re-
quisite is certainly more than satisfactorily fulfilled in the
protein “blue” type 1 site. By contrast, a high degree of
stereochemical flexibility seems to be connected with the type
2 site. In particular, it has been shown that the type 2 site
has empty coordination positions readily available to the ad-
dition of even weak ligands.?2 These properties are clearly
exhibited by the Cu(II)-tapp and Cu(II)-tipp complexes
described here.

Copper(I) Complexes. The copper(I) complexes of tapp and
tid, [Cu(tapp)][ClO,4] and [Cu(tid)][ClO,], are moderately
air stable in the solid state but in solution undergo a rapid
aerobic oxidation as evidenced by the formation of para-
magnetic blue products. The copper(I) complex of tipp,
[Cu(tipp)] [ClO,], shows remarkable stability toward oxidation
both in the solid state and in solution. It is not oxidized by
dry oxygen, and it is only slowly decomposed in the presence
of water, because the hydrolysis products are apparently less
stable.

We have been unable to obtain suitable crystals of any of
the Cu(I) complexes, and hence deductions of stereochemistry
are based on spectroscopic data. In all the Cu(I) complexes
the presence of noncoordinated perchlorate is inferred from
infrared spectra. Bands related to ionic perchlorate are present
in the region 1070-1105 ¢cm™ and at 620 cm™, but the intense
absorption band around 930 cm™’, indicative of coordinated
perchlorate, 2?7 is absent. In [Cu(tipp)][ClO,] and [Cu-
(tid)][ClO,] the positions of the C=N stretching bands are
shifted to lower frequencies compared with those of the free
ligand (by 18 and 15 cm™!, respectively), suggesting the co-
ordination of the azomethine groups to the metal ion. The
presence in each of a single band implies equivalence of the
two coordinated C=N groups within the molecule. However,
for [Cu(tipp)][C1O,], a slight broadening of the imine band
in acetonitrile solution perhaps indicates a partial displacement
of this group by the solvent. In the IR spectrum of [Cu-
(tapp)][ClO,] the sharp band at 3220 cm™ can be assigned
to the N~H stretching mode associated with the secondary
amine function of the ligand. The N-H stretching vibration
is present as a weak band at 3280 cm™ in the free ligand tapp.
The reduced frequency and sharpness of the band in [Cu-
(tapp)][C1O,] suggest coordination of the secondary amine



Cu(I) and Cu(II) Complexes of tipp and tapp

(=N
B

0‘2(

0.
A
50 time (h) 100

Figure 7. Increase in the rate of ligand hydrolysis in [Cu(tipp)][ClO4],
upon addition of a known amount of water. The concentration of
[Cu(tipp)])?* in both solutions is 1.54 X 1072 M in undried acetonitrile
at 25 °C; the cell path is 0.5 mm. A is the starting solution; B contains
5.55 X 102 M of added water.

nitrogen atoms by the Cu(I) ion. The occurrence of a single
N-H stretching band must be related to the equivalence of
the two secondary amine groups in the molecule.

The instability of [Cu(tapp)]* and [Cu(tid)]* precluded
reliable studies in solution, but for [Cu(tipp)]* additional
information could be obtained from NMR spectra. In the 'H
NMR spectrum, the signals of the protons on the thiophene
nuclei display a pattern which is different from that observed
in the free ligand, as if the environment of both these groups
has changed. The 3C NMR spectrum of [Cu(tipp)][ClO,]
shows only signals attributable to one kind of thiophene nucleus
and, in general, is consistent with symmetry between the two
functional parts of the molecule, as is found in the free ligand
(Figure 4). A symmetric environment around the Cu(l) ion
can be provided by tipp with both thiophene groups either
coordinated or noncoordinated to the metal ion. Since con-
ductivity data show that the complex is monomeric in solution,
we assume that the tipp ligand folds around the Cu(l) ion.
From the stability of [Cu(tipp)]* toward oxidation,’7-® we
conclude that here the Cu(I) ion is associated with the two
thiophene groups in contrast to the copper(I) complexes with
eti2l° and with simple N-(2-thenylidene)alkylamines.® Since
the imine groups appear to be coordinated to the metal ion,
we propose a CuN,S, coordination set for [Cu(tipp)] [ClO;],
although a CuN,S, coordination, in which the Cu-S inter-
action is stronger than in [Cu(tapp)][ClO,],, is also possible.

Ligand Hydrolysis in Cu—tipp Complexes. The hydrolysis
of imine linkages coordinated to metal ions is well-known,*
and in particular the ligand hydrolysis in [Cu(eti),][ClO,],
has been recently studied in detail*' (see eq 1). The same
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(38) Jardine, F. H. Adv. Inorg. Chem. Radiochem. 1975, 17, 115-163.

(39) Kuma, H.; Motobe, K.; Yamada, S. Bull. Chem. Soc. Jpn. 1978, 51,
2429-2430.

(40) (a) Lindoy, L. F. Quart. Rev. 1971, 25, 379-391. (b) Hipp, C. J.;
Busch, D. H. In “Coordination Chemistry”; Martell, A. E., Ed.; Am-
erican Chemical Society: Washington, D.C.; 1978, Vol. 2, Chapter 2.

(41) Braithwaite, A. C.; Rickard, C. E. F,; Waters, T. N. J. Chem. Soc.,
Dalton Trans. 1978, 2149-2153,
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Figure 8. Comparison of the ligand hydrolysis rate between [Cu-
(tipp)] [ClO,], (@) and [Cu(tipp)] [C1O,] (©) Concentration of both
solutions is 2.5 X 1072 M in undried acetonitrile. Cell length = 0.5
mm. Temperature = 25 °C.

dissolved in undried solvents. The hydrolysis can be followed
by IR spectroscopy, through the appearance of the carbonyl
band of 2-thiophenecarboxaldehyde at 1675 cm™ and of the
amine »(NH,) band at 3250 and 3300 cm™. We did not
attempt to measure hydrolysis rates owing to the inaccuracy
of measuring very small amounts of water. However, an
indication of how fast the reaction occurs can be obtained from
the plots in Figure 7. The difference between the upper (B)
and lower (A) curve is related to the effect of the addition of
a known amount of water ([H,0]:[Cu?*] = 3.6) on the rate
of hydrolysis of [Cu(tipp)][ClO,], in acetonitrile. A broad-
ening of the coordinated C=N band in the IR spectrum in-
dicates that water molecules probably enter into the copper(11)
coordination sphere.

By carrying out parallel experiments with the same solvent
and at the same temperature, we have established that (i) the
imine linkage undergoing the hydrolysis must be coordinated
to the metal ion and (ii) the rate of hydrolysis of [Cu(tipp)]**
is higher than that of [Cu(tipp)]*. Point i has been established
with use of a ratio [tipp]:[Cu?*] of 2:1. Two bands of equal
intensity are present at the beginning in the IR spectrum, at
1635 and 1605 cm™, the former related to noncoordinated and
the latter to coordinated Schiff base groups, respectively. As
the hydrolysis proceeds, only the 1605-cm™ band decreases
in intensity, while that at 1635 em™ remains unchanged. Thus
the free Schiff base present in solution does not displace the
hydrolysis products from coordination to copper(II). Point
ii is readily explained. The charge of [Cu(tipp)]** is higher
than that of [Cu(tipp)]*, and hence there is a higher degree
of polarization of the coordinated C=N bond and the carbon
atom is more susceptible to nucleophilic attack. In Figure 8
a comparison of the rates of hydrolysis for [Cu(tipp)][C1O,]
and [Cu(tipp)][ClO,], in undried acetonitrile is shown. The
straight lines have been drawn only to aid in visualization of
the effect and do not necessarily imply a linear relationship.

Conclusions

The copper(I) and copper(II) complexes with the new lig-
ands tapp and tipp have been synthesized and characterized.
These ligands provide a wide range of coordination arrange-
ments to satisfy the stereochemical preferences of the metal
ions and to accommodate within the metal coordination sphere
even rather bulky anions which may act as competing ligands.
In the Cu(II)-tipp and ~tapp systems the ligands behave as
N, tetradentates.*> The thiophene residues behave as bulky
substituents to the copper(1l) ion. The solid-state structure
of [Cu(tapp)][ClO;,], shows an incipient CuN,S, coordination.
The nitrate and trifluoromethanesulfonate complexes contain

(42) Wood, J. S. Prog. Inorg. Chem. 1974, 16, 227-486.
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one coordinated anion, and the metal ion is five-coordinate,
with a CuN,4O core. Upon increasing the size of the coor-
dinated anion, from nitrate to trifluoromethanesulfonate, a
progressive structural distortion of the complex from nearly
square pyramidal to nearly trigonal bipyramidal results. The
trifluoromethanesulfonate anion must be considered a weak
ligand, and its coordinating ability appears to be intermediate
between that of the perchlorate and nitrate anions. In solution
these Cu(Il) complexes appear more regular because the bulky
trifluoromethanesulfonate ions are displaced by solvent mol-
ecules. The EPR spectra from frozen solutions are typical for
nearly tetragonal symmetry, in accordance with the finding
that in solution the symmetry of the ligand field is higher than
the ligand geometry.** The optical spectra, though in general
not especially good indicators of geometry for copper(II)
complexes, seem more sensitive to small differences in the
coordination environment. Appreciable distortions from tet-

(43) (a) Yokoi, H.; Sai, M.; Isobe, T.; Ohsawa, S. Bull. Chem. Soc. Jpn.
1972, 45, 2189-2195. (b) Casella, L.; Gullotti, M.; Pasini, A.; Rock-
enbauer, A. Inorg. Chem. 1979, 18, 2825-2835.

Inorg. Chem. 1981, 20, 2448-2456

ragonal geometry, comparable with those occurring in the solid
state, are evidenced by the EPR spectra from frozen solutions
when chloride or bromide ions coordinate to the copper-
(ID)—-tapp and -tipp complexes. Rather drastic changes, in
these cases, are also observed in the optical spectra.
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Cyclometalated Formazan Derivatives of Ruthenium and Osmium: Structure of
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1,5-Diphenylformazans, PAN=NC(R)=NNHPh (R = H, Me, or Ph), react with the complexes RuH,(CO)(PPh,);,
RuH,(CO)(AsPh;);, RuHCI(CO)(PPhj);, Os(0,CCF,;),(CO)(PPh;),, and OsH(O,CCF;)(CO)(PPh;), in boiling 2-
methoxyethanol or dimethylformamide over a period of 30 min to 4 h to afford cyclometalated formazan derivatives

M((0-CsH,)N=NC(R)=NNPh)(CO)(EPh,), (M = Ru, E = P, R = H, M¢, or Ph; M = Ru, E = As,R = Ph; M =
Os, E = P, R = H, Me, or Ph) as deep green, air-stable, crystalline solids. The initial products formed in these reactions
appear to be N!,N3-chelate formazan complexes which subsequently rearrange and undergo cyclometalation. Isomeric

intermediates of the form Ru(PhN=NCH=NNPh)H(CO)(PPh;), have been isolated as pink (cis-PPh; ligands) or purple
(trans-PPh, ligands) complexes from the reaction of RuH,(CO)(PPh;); with PhN=NCH=NNHPh and have been shown

to convert to the green cyclometalated complex Ru((o-(IZ(,HA)N=1<ICH=NNPh)(CO)(PPh;)z on further heating. The

structure of the green complex Ru((o-(IZ(,HA)N=?\IC(Ph)=NNPh)(CO)(PPh;)z has been established by an X-ray diffraction
study. The complex crystallizes in space group C3,-P2,/c (a = 18.539 (3) A, b = 25.381 (6) A, ¢ = 19.391 (4) A, B =
97.36 (1)° at 0 °C) with two pseudosymmetrically related molecules per asymmetric unit. The structure, described by
399 variable parameters, was refined with use of 8498 reflections having F,* > 30(F,?) to values for R and R,, of 0.081
and 0.107. The compound contains six-coordinated ruthenium(II) bound to a trans pair of triphenylphosphine ligands
(average Ru-P = 2.384 (5) A), a carbony! group (average Ru-C = 1.83 (1) A, C-0O = 1.17 (1) A), and a planar, tridentate,
cyclometalated formazan ligand coordinated through nitrogen atoms N' (Ru-N = 2,163 (7) A) and N* (Ru-N = 2.02
(1) A) and the ortho carbon atom of the phenyl ring on the N* nitrogen atom (Ru-C = 2.091 (9) A). The bond lengths
found for the formazan skeleton are consistent with extensive electron delocalization throughout the chelate rings and the
adjoining pheny! groups.

Introduction

Formazan, NH!=N2CH>=N*‘N%H,, is the hypothetical
parent member of a series of 1,5- or 1,3,5-substituted for-
mazans (ArN=NCR=NNHAr, where Ar = aryland R =
H, alkyl, or aryl), the first examples of which were synthesized
in 1892 by Bamberger® and von Pechmann.* Subsequent

(1) This is part 21 of Complexes of the Platinum Metals. For part 20, see:
Harris, A. D.; Robinson, S. D.; Sahajpal, A.; Hursthouse, M. B, sub-
mitted for publication in J. Chem. Soc., Dalton Trans.

(2) (a) Northwestern University. (b) King’s College.

(3) Bamberger, E.; Wheelwright, E. Ber. Dtsch. Chem. Ges. 1892, 25, 3201.

(4) von Pechmann, H. Ber. Disch. Chem. Geo. 1892, 25, 3175.
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workers have introduced a wide variety of functional groups
onto the 1-, 3-, and 5-substituents to generate a diverse range
of formazans,>® which have found important applications as
colorimetric agents,” metal extractants,® pigments,>!! and

(5) Bednyagina, N. P.; Postovskii, I. Ya.; Garnovskii, A. D.; Osipov, O. A.
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