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Abstract

The structures and the EPR spectra are described of compounds with formula M(ttcn),(A),, with A=BF,~;
M=Cu, Cd, Fe and the Cu(II)-doped Cd(II) and Fe(II) compounds. Single crystal structures are described for
the copper compound Cu(ttcn),(BF,),(MeCN), (1) at low temperature, and for the cadmium compound
Cd(ttcn),(BF,)(MeNO,), (2) and copper compound Cu(ttcn),(BF,).(MeNO,), (3) at room temperature. Compound
1 crystallizes in the space group P2,/c with a =20.695(2), b=14.944(1), c =8.864(1) A, B=90.797(8)° and Z=4.
The unit cell contains two crystallographically independent Cu ions, each at a crystallographic inversion center,
which are structurally almost identical. The copper ion with the CuSg* chromophore appears to be nearly
octahedral, just as found earlier for the room temperature structure. Relevant Cu-S distances are for Cu(A):
2.407, 2.419 and 2.458 and for Cu(B): 2.407, 2.428 and 2.461 A. Compound 2 also crystallized in the space group
P2,/c with a=10.314(2), b=15.138(2), c=9.461(2) A, B=99.39(1)° and Z=2. The Cd(II) ion is octahedrally
surrounded by six S atoms at almost equal distances varying from 2.649 to 2.663 A. Compound 3 crystallizes in
the space group Pbca with a=19.746(2), b=15.422(2), ¢=9.227(1) A and Z=4. The copper ion occupies a
crystallographic inversion center. The copper ion is significantly distorted from an octahedral arrangement of
the six coordinated sulfur atoms with Cu-S distances ranging from 2.343(2) to 2.504(2) A. Cyclic voltammetric
studies on Cu(ttcn),?* in aqueous buffer at pH 3 show a reversible one-electron reduction with E%=0.408(1)
V versus AgCl/Ag reference. EPR spectra were recorded of the pure copper compound acetonitrile solvate, as
well as of Cu(II) dopes in the isomorphous Fe(II) and Cd(II) compounds. The results indicate that in the case
of the undiluted copper compound only a single signal (g=2.06) is observed even down to 4 K, thereby not
providing any evidence of a Jahn-Teller splitting. However, Cu(II) dopes in the isomorphous, diamagnetic Fe(II)
compound show anisotropic signals below 100 K, with values for g, and g, of 2.113 and 2.027, respectively
(4,=153 G). At room temperature a complex spectrum of isotropic and anisotropic lines is observed. Dopes
in the corresponding Cd compounds show well-resolved spectra, with parameters similar to the Fe(II)-doped
species. Heat capacity measurements on compound 3 show no phase transition in the temperature range 1.2-300
K. Such measurements on compound 1 show phase transitions near 90 and 150 K.

Introduction

During the last few years a large variety of compounds
with the tridentate ligand 1,4,7-trithiacyclononane (ab-
breviated ttcn) has been reported and characterized
by spectroscopic and structural methods [1-26]. It ap-
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pears that for most metal ions regular, octahedrally
based geometries are found. Only with metal ions like
Pd(II) [5, 7, 19] and Pt(II) [8], that prefer square-
planar geometries, or metal ions like Cu(I) [14, 23]
and Au(I) [21], that prefer tetrahedral geometries, are
deviations from regular octahedral structures found. In
the case of Co(II), two different compounds have been
reported in the literature: one having one molecule of
nitromethane in the lattice [6], the other having two
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solvent molecules [1]. The first compound appears to
have an almost undistorted octahedral geometry;
whereas the second compound, differing only in one
solvent molecule, has a significantly distorted geometry,
ascribed to a Jahn-Teller distortion [6].

Surprisingly, regular octahedral geometry was also
found [1] for Cu(ll), despite the known preference for
Jahn-Teller distortions in cases of trigonal and octa-
hedral geometry. However because many copper com-
pounds show temperature dependent geometric dis-
tortions, and single copper ions in a host lattice of
regular symmetry may exhibit interesting spectroscopic
properties, a study of low-T spectra and structures of
pure copper and doped copper compounds was un-
dertaken. Therefore the X-ray structure of the
Cu(tten),(BF,),(MeCN), salt was redetermined at low
temperature (—156 °C), and dopes of Cu(Il) in the
Cd(II) and Fe(Il) isomorphous compounds were studied
spectroscopically. During the course of this investigation
a paper appeared describing the solution and frozen-
solution EPR of Cu(ttcn),(ClO,), [27]. The powder
spectrum of this compound is reported to be compli-
cated, due to exchange narrowing effects [27]. To fully
understand the dopes in the Cd lattice, the structure
of the Cd compound (as its BF, salt and nitromethane
crystallized product) was also determined. The X-ray
structure of the Cu(tten),(BF,),(MeNQO,), salt was de-
termined at room temperature.

Experimental

Starting material

Most solvents, metal salts and starting reagents were
commercially available and used without further puri-
fication.

The ligand 1,4,7-trithiacyclononane (ttcn) was ob-
tained from Aldrich Chemical Co., Milwaukee, WI and
used as received.

Synthesis of Cd(ttcn),(BF,),(MeNO,;),

A sample of ttcn (63.8 mg, 0.35 mmol) was dissolved
in ethanol (10 ml) by gentle heating. Cadmium(II)
tetrafiluoroborate (60 mg, 0.18 mmol) was added to the
warm ethanol solution. A white precipitate formed as
the ethanol cooled. The precipitate was filtered and
washed with diethyl ether (=3 ml) and allowed to dry
to give a white solid (120 mg, 95% yield). IR (KBr):
2988, 1649, 1424, 1289, 1053 (s, BF, ™), 929, 880, 824,
521 cm~'. Anal. Calc. for C,,H,,S;CdB,Fg(CH,-
NO,),2: C, 22.17; H, 3.80; S, 28.41; Cd, 16.60. Found:
C,21.94; H, 3.81; S, 28.82; Cd, 16.77%. Recrystallization
by vapor diffusion of diethyl ether into a nitromcthanc
solution of this complex yielded small translucent white
crystals suitable for X-ray structure analysis, which

contain two molecules of nitromethane per
Cd(tten),(BF,), unit but lose solvent on standing at
room temperature or on drying under reduced pressure
(elemental analysis is on dried sample).

Synthesis of Cu(tten),(BF,),(MeNO;), and
Cu(tten),(BF,),(MeCN),

A solution of copper(Il) tetrafluoroborate hydrate
(0.72 g, 2.6 mmol) in absolute ethanol (20 ml) was
added to a solution of ttcn (0.93 g, 5.2 mmol) in absolute
ethanol (20 ml). A brown solution formed immediately
followed by precipitation of a brown solid. The pre-
cipitate was filtered off and washed with absolute ethanol
to yield 1.24 g of a fine brown powder. This procedure
is the same as reported by Setzer et al. [1] and was
used to make several batches of the complex which
were recrystallized in the following ways.

Recrystallization of the crude product by vapor dif-
fusion of diethyl ether into a nitromethane solution
yielded small translucent brown crystals of
Cu(tten),(BF,),(MeNQ,), used for X-ray diffraction
analysis. IR (KBr): 2975, 1555, 1445, 1287, 1056 (s,
BF,~), 932, 893, 820, 669, 520 cm~'. Anal. Calc. for
C.H,S:CuB,F;: C, 24.11; H, 4.05; S, 32.18; Cu, 10.63.
Found: C, 24.05; H, 3.88; S, 32.46; Cu, 10.81%. This
analysis is on a dried sample.

Recrystallization of the crude product by vapor dif-
fusion of diethyl ether into an acetonitrile solution of
the crude complex yielded brown crystals whose IR
was identical with those reported for the copper complex
with acetonitrile as the solvent of recrystallization [1].
Solvent of crystallization is lost on standing at room
temperature or on drying under reduced pressure.

Synthesis of Cu-doped Cd(tten),(BF,),(MeNO,),

A sample of Cd(ttcn),(BF,),(MeNO,), (79 mg, 0.1
mmol) and Cu(ttcn),(BF,),(MeNQO,), (5.2 mg, 0.008
mmol) was dissolved in nitromethane (3 ml) and diethyl
ether was allowed to diffuse in overnight. Pale brown
crystals were obtained. Inductively coupled plasma
atomic emission (ICP-AES) analysis of this sample
showed 0.61% by weight copper.

Synthesis of Cu-doped Fe(ttcn),(BF,),

A sample of Fe(tten),(BF,), was prepared in a similar
manner to that reported by Wieghardt et al. [3] for
the preparation of Fe(ttcn),(PFy),. The synthesis of
Cu-doped Fe(ttcn),(BF,), was accomplished by using
the same procedure as that reported above for the
synthesis of Cu-doped Cd(ttcn),(BF,),(MeNQ,), except
that Fe(ttcn),(BF,), was substituted for Cd(ttcn),-
(BF4)2(MeNO;),.



Spectroscopic and instrumental techniques

IR spectra (4000-180 cm~') were recorded on a
Perkin-Elmer PE380 instrument, using KBr pellets and
nujol mulls between NaCl or polyethylene discs. EPR
spectra of powdered samples were measured on a Varian
E-3 EPR spectrometer using a 9.5 GHz microwave
bridge, at ambient temperature and liquid nitrogen
temperature. Spectra at 4.2 K were recorded at X-
band frequencies with the above mentioned equipment,
and at Q-band frequencies using Varian E9 equipment
at the University of Amsterdam. Elemental analyses
were performed at Galbraith Laboratories, Inc., Knox-
ville, TN.

Crystal structure determination of the copper compound
1

The intensities were measured at 117 K on an Enraf-
Nonius CAD4 diffractometer using a parallelepiped
crystal of dimensions 0.20x0.30x0.50 mm. Crystals
suitable for X-ray analysis were obtained from the
reaction mixture, without further crystallization. De-
tailed information on the data collection and processing
and the results of the refinement are given in Table
1. The position of the copper atom was obtained from
a sharpened Patterson map and the other non-hydrogen
atoms were found using the iterative Fourier program
AUTOFOUR [28]. The positions of the hydrogen atoms
were obtained from difference Fourier synthesis.

Conventional block-diagonal least-squares using an-
isotropic temperature factors for the non-hydrogen at-
oms, rapidly converged to a final R,, value of 0.0382
(R=0.0333) based on 3465 reflections with I>2o(I).
The hydrogen atoms were refined using one overall B

TABLE 1. Crystal data and details of measurement and structure
analysis and refinement of Cu(ttcn),(BF,);(MeCN), (1) at
117 K

Formula CuC,H3,N,S¢B,Fy
Molecular weight 679.943
Crystal system monoclinic
Space group P2,/c

a (A) 20.695(2)
b (A) 14.944(1)
c A) 8.864(1)
B( 90.797(8)
V (A% 2.6854(1)
VA 4

Dcalc (g CIII-S 1.68

A(Mo Ka) (A) 0.71073
Scan mode 1/w scan
Scan range 2<0<27.5
No. independent data collected 6392

No. data with I>20(]) 3465
Weighting scheme w=(1/0)2

R
Rw
Rint

0.0333 (3465 reflections)
0.0382 (3465 reflections)
0.0252
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TABLE 2. Fractional coordinates® for the cations Cu(ttcn)>*
and the anion and solvent molecule for 1 at 117 K

Atom x y z B,
Cu(A) 0 0 0 1084(14)
S1A)  —252(5) 2238(7)  —28049(12)  194(2)
S(2A)  10856(5) 5942(7) 2122(12)  180(2)
S(3A) 4713(5)  —14630(7)  —271712)  167(2)
C(1A)  —681(2) —551(3)  —3258(5)  185(9)
cA)  1272(1) 483(3) 251(5)  172(9)
C(A)  1517(1) —330(2) —656(5)  168(8)
C(4A) 1336(1)  —1255(3) —88(5)  173(9)
C(SA) 266(1)  —1918(2) 1591(5)  168(9)
c(6A)  —406(1) 13202)  —2966(5)  167(8)
N(A) 962(1) 2152)  —4097(5)  328(10)
C(7A) 2055(2) 17943)  —2890(6)  360(13)
C(8A) 1441(2) 2029(2)  —3571(5)  200(9)
B(A) 3149(2) 1166(3) 464(5)  174(10)
F(1A)  30009(10) 5953(13)  —7482(23)  309(6)
F(2A)  31465(10)  20318(13)  —625(35)  363(6)
F(3A)  26831(10)  10642(20)  15820(23)  368(6)
F(4A)  37595(10) 9609(13)  10554(23)  274(6)
Cu(B) 500 0 500 1171(14)
S(1B)  50668(5)  —2994(7) 22826(12)  199(2)
S(2B)  60211(5) 8336(7) 48314(12)  213(2)
S(3B)  56360(5)  —13403(7) 54668(12)  176(2)
C(1B)  5624(2) 588(3) 1775(5)  201(9)
C(2B)  6216(2) 699(3) 2812(5)  203(9)
C(3B)  6544(1) 20(3) 5787(5)  178(8)
C(4B) 6462(1) ~940(3) 5286(5)  164(9)
C(SB)  5484(1)  —1886(2) 3635(5)  172(9)
C(6B)  5565(1)  —1302(2) 2224(3)  153(8)
N(B)  —4135(1) 2907(2) 3445(5)  358(10)
C(7B)  —2962(2) 3356(3) 4110(6)  323(13)
C(8B)  —3622(2) 3101(2) 3732(5)  215(9)
B(B)  —1875(2) 3829(3) —597(5)  204(10)
F(2B) —19873(10)  34708(13)  8530(23)  311(6)
F(1B) —18618(10)  47472(13)  —4949(23)  367(7)
F(3B) —23544(10)  35801(13) —16244(35)  433(7)
F(4B) —12875(10)  35333(20) —11299(23)  431(7)
*Cu(A), Cu(B), S(A), S(B)x10°% x10* for all others.

®Equivalent isotropic thermal parameters A?x 10 for Cu(A) and
Cu(B) and A? for all others.

factor (2.52 A®) and riding on the parent atoms. The
e.s.d.s of the distances and angles given in this paper
were calculated based on an estimate of the variance-
covariance matrix obtained from a final full-matrix cycle
of least-squares. Table 2 contains a list of the coordinates
of the heavy atoms and B,, obtained from the trace
of the U tensor. See also ‘Supplementary material’.

Crystal structure of the cadmium compound 2

A colorless, trapezoidal, parallelepiped crystal, pre-
pared by vapor diffusion as described above, having
approximate dimensions of 0.55X0.18 X0.28 mm was
mounted in a glass capillary. The intensities were mea-
sured at room temperature using a Syntex P2, dif-
fractometer. Detailed information on the data collection
and processing and the results of the refinement are
given in Table 3. All calculations were performed on
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TABLE 3. Crystal data and details of measurement and structural analysis and refinement of Cd(ttcn),(BF,),(MeNO,), (2) and

Cu(ttcn),(BF,),(MeNO,), (3) at room temperature (23 °C+1)

Formula CdC, H30O,N,S¢B,F; CuCy H3,0N,S¢B,Fy
Molecular weight 768.80 719.91

Crystal system monoclinic orthorhombic
Space group P2,/c Pbca

a (A) 10.314(2) 19.746(2)

b (A) 15.138(2) 15.422(2)

c (A) 9.461(2) 9.227(1)

B( 99.39(1)

V (A% 1457.3 2810.0

V4 2 4

D, (g cm™) 1.75 1.68

A(Mo Ka) (A) 0.71073 0.71073

Scan mode 20/0 20/
Maximum 26 (°) 50.0 50.0

No. independent data collected 4273 2486

No. data with I>30(/) 2870 1098
Weighting scheme w=4F /g (F)w w=4F Y/c*(F )
py (cm™Y) 12.3 12.8

R 0.053 0.053

R, 0.068 0.061

a PDP-11/34 computer using SDS-PLUS [29]. The
position of the cadmium atom was obtained from a
Patterson map and the remaining non-hydrogen atoms
were located in succeeding difference Fourier syntheses.
Hydrogen atoms were included at idealized positions
and, in subsequent refinements, they were constrained
to ride on the atom to which they are bonded with
fixed isotropic thermal parameters. Full-matrix least-
squares refinement using anisotropic temperature fac-
tors for the non-hydrogen atoms converged to a final
R,, value of 0.068 (R=0.053) based on 2870 reflections
with I >30(I). The standard deviation of an observation
of unit weight was 3.19. The highest peak in the final
difference Fourier had a height of 0.91 e~ '/A® with an
estimated error based on o(F) of 0.13. The BF, anion
and solvent are not well-behaved as evidenced by their
large thermal parameters and the large residual electron
density in the final difference map. Table 4 lists the
coordinates of the non-hydrogen atoms and B.,. See
also ‘Supplementary material’.

Crystal structure of the copper compound 3

A dark rectangular crystal of Cu(ttcn),-
(BF,),(MeNO,), having approximate dimensions of
0.55%0.05x0.20 mm was mounted in a glass capillary.
The intensities were measured at room temperature
using a Syntex P2, diffractometer. Detailed information
on the data collection and processing and the results
of the refinement are given in Table 3 [29]. The structure
was solved using the Patterson heavy-atom method
which revealed the position of the Cu atom at crys-
tallographic inversion centers. The remaining atoms
were located in succeeding difference Fourier syntheses.

TABLE 4. Positional and thermal parameters for Cd(ttcn),-
(BF,),(MeNO,),

Atom x y z B (A%
cd 0.000 0.000 0.000 3.617(8)
S1 —0.0050(1) ~0.03821(9) 0.2739(1) 4.14(2)
s2 0.1274(1)  —0.15236(8)  0.0060(1)  4.09(2)
S3 0.2362(1)  0.06248(9)  0.1044(1)  4.80(3)
c1 0.0834(5) —0.14203)  0.2957(5)  4.5(1)
c2 0.0684(6) —0.1985(3)  0.1590(6)  4.8(1)
c3 0.2950(5) —0.1208(4)  0.0770(7)  5.4(1)
c4 03318(5) —00272(5)  0.0464(7)  5.7(1)
cs 02471(6)  0.0433(4)  02951(5)  5.4(1)
Cé6 0.1166(6)  0.0418(4)  0.3495(5)  5.3(1)
B 03514(6) —0.1061(5)  0.6534(7)  4.7(1)
Fl 03705(6) —0.1382(6)  0.5309(6) 13.5(2)
F2 02271(5) —0.1066(5)  0.6650(8) 13.4(2)
F3 03900(9) —0.0263(5)  0.674(1)  18.0(3)
F4 0.4173(9) —0.1466(7)  0.7524(9)  24.0(3)
o1 0.1855(6)  0.2054(6)  0.587(1)  14.6(3)
02 02785(9)  0.1983(7)  0.7980(7) 23.3(3)
N 0.2815(6)  0.1999(4)  0.6823(7)  8.1(2)
C 0.4028(7)  0.1927(6)  0.6333(9)  7.8(2)

*Anisotropically refined atoms are given in the form of the
isotropic  equivalent thermal parameter defined as:
87Uy + U+ Usn)f3.

Hydrogen atoms were included in the refinement but
constrained to ride on the atom to which they are
bonded. Full-matrix least-squares refinement led to a
final R, value of 0.061 (R=0.053) based on 1098
reflections with I>30(I'). The standard deviation of an
observation of unit weight was 2.29. There were three
correlation coefficients greater than 0.50. The highest
correlation coeflicient was 0.656 which was between



TABLE 5. Positional and thermal parameters for Cu(ttcn),-
(BF,),(MeNO,),

Atom x oy z B (AY)
Cu 0.000 0.000 0.000 2.63(3)
s1 ~00043(2)  —0.0349(2) 0.2649(3)  4.09(5)
S2 0.1107(1) 0.0508(2) 0.0345(3) 3.42(5)
$3 ~0.0483(1) 0.1474(2) 0.0361(3)  3.70(6)
cl 0.0637(6) 0.0397(7) 0.317(1) 4.6(3)
(o) 0.1277(5) 0.0356(7) 0.227(1) 42(2)
3 0.1572(5)  —0.0360(6)  ~0.054(1) 4.002)
c4 ~0.1385(4) 0.1271(6) 0.010(1) 42(2)
cs ~0.0233(5) 0.1939(6)  —0.134(1) 3.6(2)
cs 0.0360(5)  —0.1421(5) 0.268(1) 3.8(2)
B 0.3199(6) 0.1157(8) 0.062(1) 3.8(3)
F1 0.3090(6) 0.0328(6) 0.085(1)  13.3(3)
F2 0.3115(4) 0.1352(6) —00742(7)  9.8(2)
F3 0.2810(6) 0.1528(8) 0.150(1)  20.0(4)
F4 0.3836(5) 0.1256(7) 0.106(1)  11.7(3)
c7 0.1975(6) 0.1754(7) 0.717(1) 6.0(3)
N 0.1524(6) 0.1969(6) 0.602(1) 7.1(3)
o1 0.1744(9) 0.1801(6) 0482(1)  14.4(5)
02 0.1029(5) 0.2380(8) 0.6232)  14.4(4)

Anisotropically refined atoms are given in the form of the isotropic
equivalent displacement parameter defined as: (4/3)[a’B-
(1,1) +5%B(2,2) +¢*B(3,3) +ab(cos  ¥)B(1,2)+ac(cos B)B(1,3)+
be(cos a)B(2,3)].

two of the thermal parameters of atom F3. All three
are intraatomic correlations. The highest peak in the
final difference Fourier had a height of 0.55 e~Y/A?
with an estimated error based on AF of 0.10; the
minimum negative peak had a height of —0.34 e~ Y/
A with an estimated error based on AF of 0.10. Plots
of Sw(|F,|—|F|)* versus |F,|, reflection order in data
collection, (sin 6)/A, and various classes of indices
showed no unusual trends. Table 5 lists the coordinates
of the non-hydrogen atoms and B,, values. See also
‘Supplementary material’.

Electrochemical measurements

Cyclic voltammetric measurements were made with
a computer-controlled data acquisition system described
previously [30] and with a Cypress Systems (Lawrence,
KS) model CYSY-1H. Measurements were carried out
in aqueous tetrafluoroboric acid pH 3 with 0.1 M NaBF,
as supporting electrolyte. The reference electrode was
AgCl/Ag NaCl(sat) and the working electrode was either
Pt (1.2 cm?®) or glassy carbon (0.071 cm?). The cyclic
voltammetric data were analyzed using a PC-based
computation and curve fitting system [31]. A Princeton
Applied Research model 373 digital coulometer was
used for controlled potential coulometry along with a
Pine Instruments PIR rotator and DT6 rotating disk
electrode.

245

Formation constants

Formation constants were determined by titrating an
aqueous solution of 1.10x107* M in Cu(BF,),, with
an ethanolic solution 6.94x107> M in ttcn. Spectra
were recorded on a Varian Cary model 219 spectro-
photometer with computer interface for on-line data
acquisition. An Orion model 94-29 cupric ion electrode
was used to monitor free Cu®>* concentration during
the titration.

Results and discussion

Description of the structure of
Cu(ttcn),(BF,),(MeCN),

Coordination bond distances and angles of the cations
are given in Table 6. A drawing of the cation Cu(ttcn),?*
(A), with the atomic numbering, is given in Fig. 1. The
other cation is very similar in geometry. The ttcn ligand
acts as a tridentate ligand to the copper ions, occupying
a face of the octahedron.

The Cu-S distances (average 2.43 A) are comparable
to the distances found in similar compounds [32]. A
comparison of several tten structures is given in Table
7. The most surprising outcomes of the structure de-
termination at low temperature are: (i) The geometry
of the CuS, chromophore remains essentially octahedral
(to be sure the CuS, geometry is not precisely octahedral
as revealed by the small but real variation in the Cu-S
distances and S-Cu-S bond angles. Another way to
picture the modest distortion is by viewing the CuSg
chromophore down the pseudo C; axis through the
copper atom and perpendicular to the two parallel
planes each one defined by the three sulfur atoms in
the same ttcn ligand. In an ideal octahedron the dihedral
angle between the sulfur atom of one ttcn ligand and
the center of these planes and either cis sulfur atom
on the other ligand and the centers of the two planes
is 60° as illustrated in Fig. 2. However, in Cu(ttcn),?*
(A) these angles differ from 60° by 0.8-2.8° and in (B)
they differ by 0.2-2.5°); contrary to what one would
expect for a system sensitive to Jahn-Teller distortion*.
(ii) As a result of a phase transition somewhere between
300 and 117 K the molecular packing changes but the
two crystallographically independent Cu(II) sites have
statistically identical geometry. On cooling the Cu-S
bonds (on average) have decreased from 2.435 to 2.430
A. The heat capacity measurements show a phase
transition around 150 K and another between 50 and
100 K. The phase transition around 150 K is consistent
with the X-ray crystallographic structure studies. At

*It has been suggested [33] that the X-ray structure of this
complex at room temperature is a time-averaged structure. It is
surprising that this must still be the case at 117 K. Although
Jahn-Teller distortion is not manifested in the overall geometry
of the CuS, coordination sphere, analysis of the thermal parameters
show Jahn-Teller radii indicative of a strong Jahn-Teller effect
[34].
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TABLE 6. Bond lengths (A) and bond angles (°) in
Cu(itcn),(BF,),(MeCN),

Bond distances (A)*

Cu(A)-S(1A) 2459(1)  Cu(B)-S(1B) 2.408(1)
Cu(A)-S(2A) 2.4205(9) Cu(B)-S(2B) 2.459(1)
Cu(A»-S(3A) 24070(9) Cu(B)-S(3B) 2.4277(9)
S(1A)-C(1A) 1.823(4)  S(1B)-C(1B) 1.815(4)
S(1A)-C(6A) 1.823(3) C(6B)-S(1B) 1.819(3)
S(2A)-C(2A) 1.814(4)  S(2B)-C(2B) 1.816(4)
S(2A)-C(3A) 1.814(3) C(3B)-S(2B) 1.820(4)
S(3A)-C(4A) 1.820(3) C(4B)-S(3B) 1.821(3)
S(3A)-C(5A) 1.811(4) C(5B)}-S(3B) 1.811(3)
C(1A)-C(2A) 1517(5) C(1B)-C(2B) 1.519(5)
C(3A)-C(4A) 1.516(5) C(4B)-C(3B) 1.507(5)
C(5A)-C(6A) 1.516(5)  C(SB)-C(6B) 1.516(5)
N(A)-C(8A) 1.121(5)  N(B)-C(8B) 1.126(5)
C(TA)»-C(8A) 1.437(6)  C(7B)-C(8B) 1.450(6)
B(A)}-F(1A) 1.386(4) B(B)-F(1B) 1.376(5)
B(A)}-F(2A) 1.372(4)  B(B)-F(2B) 1.391(5)
B(A)-F(3A) 1.386(4) B(B)-F(3B) 1.377(5)
B(A)-F(4A) 1.392(4)  B(B)-F(4B) 1.378(4)
S(1A)-Cu(A)-S(2A) 91.86(3) S(IB)-Cu(B)-S(2B)  88.55(3)
S(1A)-Cu(A)-S(3A)  91.69(3) S(1B)-Cu(B)-S(3B)  88.39(3)
S(1A)-Cu(A)-S(1A) 180.00(9) S(1B)-Cu(B)-S(1B) 179.9(1)
S(1A)-Cu(A)-S(2A)  88.14(3) S(1B)-Cu(B)-S(2B)  91.45(3)
S(1A)-Cu(A)-S(3A) 88.31(3) S(IB)-Cu(B)-S(3B)  91.61(3)
S(2ZA)-Cu(A)-S(3A) 87.92(3) S(2B)-Cu(B)}-S(3B)  87.91(3)
S(2A)-Cu(A)-S(2A) 179.86(3) S(2B)-Cu(B)-S(2B)  180.0(1)
S(2A)-Cu(A)-S(3A)  92.08(3) S(2B)-Cu(B)-S(3B)  92.09(3)
S(3A)-Cu(A)-S(3A) 179.88(3) S(3B)-Cu(B)-S(3B) 179.9(1)
Cu(A}-S(1A)-C(1A) 97.6(1) Cu(B)}-S(1IB)-C(1B)  98.5(1)
Cu(A)-S(1A)-C(6A) 101.6(1) C(6B)-S(1B)-Cu(B) 102.8(1)
C(1A)-S(1A)-C(6A) 103.6(2) C(6B)-S(1B}-C(1B) 103.4(2)
Cu(A)-S(2A)-C(2A) 103.0(1) Cu(B)}-S(2B)-C(2B) 101.7(1)
Cu(A)-S(2A)-C(3A) 98.7(1) C(3B)-S(2B)-Cu(B)  98.1(1)
CRA)-S(2A)-C(3A) 103.7(2) C(3B)-S(2B}-C(2B) 103.2(2)
Cu(A)-S(3A)-C(4A) 103.6(1) C(4B)-S(3B)~Cu(B) 102.8(1)
Cu(A)-S(3A)-C(5A) 98.8(1) C(5B)-S(3B)-Cu(B)  97.9(1)
C(4A)-S(3A)-C(5A) 103.2(2) C(4B)-S(3B)-C(5B) 102.9(2)
S(1AC(1A)-C(2A) 1160(3) S(1B)-C(1B)-C(2B) 116.5(3)
S(ZA)-C(2A)-C(1A) 1132(2) S(2B)-C(2B)-C(1B) 113.4(3)
S(2A)-C(3A)-C(4A) 115.7(2) C(4B)-C(3B)-S(2B) 116.1(3)
S(3A)}-C(A)-C(3A) 1120(2) C(3B)-C(4B)-S(3B) 112.9(2)
S(3A)-C(5A)-C(6A) 116.0(2) C(6B)-C(5B)-S(3B) 115.6(2)
S(1A)-C(6A)-C(5A) 113.0(2) C(5B)-C(6B)-S(1B) 112.5(2)
N(A)-C(8A)-C(7A) 179.7(9)  N(B)-C(8B)-C(7B)  179.7(7)
F(1A)-B(A)-F(2A)  109.1(3) F(2B)}-B(B)-F(1B)  109.2(3)
F(1A)-B(A)-F(3A) 108.4(3) F(1B)-B(B)-F(3B)  108.9(3)
F(1A)-B(A)-F(4A) 109.5(3) F(1B)-B(B)-F(4B)  109.0(3)
F(2A}-B(A)-F(3A) 109.8(3) F(2B)}-B(B)-F(3B)  110.3(3)
F(2A)X-B(A)-F(4A) 109.2(3) F(2B)-B(B)-F(4B)  109.9(3)
F(3A)-B(A)-F(4A) 110.7(3) F(3B)-B(B)-F(4B)  109.1(3)

“Numbers in parentheses are e.s.d.s in the least significant digit.

room temperature the crystal is in the orthorhombic
space group Pbca [1] but on cooling to 117 K it changes
to the monoclinic space group P2,/c which is observed
at 117 K. The heat capacity measurements show a
further change on cooling below 100 K which may
coincide with a statically distorted CuS, core. Unfor-
tunately we do not have access to X-ray structure

C33A)

C4A)
N CEA) CBAY
==
p
- )

Fig. 1. ORTEP projection of the cation Cu(tten),>* in
Cu(ttcn),(BF,),(MeCN), at 117 K with atomic numbering and
25% probability ellipsoids. The structures for unit A and B are
the same within experimental error.

determination at 4.2 K. The remarkable feature, how-
ever, is that the CuS; octahedra are hardly distorted
even at 100 K.

Description of the structure of the cadmium compound
2

Coordination bond distances and angles for the cation
are given in Table 8. A drawing of the cation Cd(ttcn),>*
is given in Fig. 3. The cadmium atom is on a crystal-
lographic inversion center and the CdS¢** core has
slightly distorted octahedral geometry. The Cd-S bond
lengths in this complex, 2.649-2.663 A, are at the low
end of the range for Cd(II)-thioether complexes,
2.663-2.82 A [35-39]. The coordinated ttcn ligands are
close in geometry to the uncoordinated ligand [40].

Description of the structure of the copper compound 3
Coordination bond distances and angles for the cation
are given in Table 9. A drawing of the cation Cu(ttcn),>*
is given in Fig. 4. The tten ligand acts as a tridentate
ligand to the copper ion, but in dramatic contrast to
the corresponding acetonitrile solvate, i.e. copper com-
pound 1, the CuS;** core is substantially distorted
from octahedral. This is clearly illustrated by the large
difference of 0.16 A between the maximum and minimum
Cu-S bond lengths. (This CuS4 distortion can also be
pictured in the way described above for
Cu(tten),(BF,),(MeCN),. That is, by viewing down the
axis through the copper atom and perpendicular to the
two parallel planes each of which is defined by the
three sulfur atoms in the same ttcn ligand. The dihedral
angles between the sulfur atom of one ttcn ligand and
the centers of the two planes and either cis sulfur atom



TABLE 7. Structural properties of bis(ttcn) metal compounds
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Compound M-S distances S-M-S angles Comments Ref.
Rh(tten)(Tf), 2331, 2.345, 2.345 not reported octahedral 15
Ru(tten),(PFy); 2332, 2.334 88.8 octahedral 16
Ru(tten),(TE), 2.331, 2.344 87.6, 87.8, 92.2, 92.4 octahedral 12
Ru(tten),(BPh,),(dmso), 2.327, 2.336, 2.333 87.9, 88.1, 88.3 octahedral 13
Pt(ttcn),(PF), 2.25, 2.30 (2.88, 2.93) 88.1, 91.5 (84.0, 97.2) square planar 8
Co(ttcn)(BF,),(MeNO,) 2.253, 2.580, 2.635 86.0...94.1 tetragonal 6
Co(tten)(BFE,),(MeNO,), 2.240, 2.367, 2.356 88-92 near octahedral 1
Co(ttcn),(ClO,), 2.249, 2.253, 2.258 89.3 octahedral 4
Ni(tten)(BF,), 2.377, 2.380, 2.400 88-92 near octahedral 1
Cu(tten),(BF,),(MeCN), 2.426, 2.459, 2.419 872, 92.8 near octahedral 1
Cu,(tten)s(BF,),(H,0) 2.238, 2.320 94.2, 122.1 tetrahedral 22
Au(tten),(PFy), 2.350, 2.733, 2.825, 154, 113, 1184, distorted
2.302 156.4, 115.5, 110.8 tetrahedral 21
Pd(tten) (PFg), 2.333, 2.318, (2.957) 83-97 tetragonal 7
Pd(tten),(PFg),(H,0) 2.309, 2.314, (3.005) 82-98 tetragonal 5
Pd(tten),(C10,)(H;0)(H,0); 2.545, 2.356, 2.369 87.3, 87.2, 88.9 tetragonal 10
Fe(ttcn),(PFs), 2.241, 2.251, 2.259 89.2-90.8 octahedral 3
Fe(tten),(ClO,), 2.280, 2.285, 2.276 90.0, 90.2, 89.7 octahedral 23
Hg(tten),(PFs)2(H,0) 45 2.638, 2.728, 2.712 82.6, 81.0, 82.9 octahedral 20
(tetragonal
compression)
Ag(tten),(TE) 2.753, 2.727, 2.696 80.5, 80.1, 100.7, octahedral 25
79.3, 99.5, 99.9 (trigonal
elongation)
Ag,(tten);Ag(tten),(ClO,), 2.753, 2.691 90.1, 79.6, 116.0, distorted 14
159.7, 78.6 octahedral
Au(tten),(H;0)(Cl0,),(H,0); 2.926, 2.348, 2.354 not reported distorted 21
octahedral
Cd(ttecn),(BF,)(MeNO,), 2.649, 2.650, 2.663 83-97 octahedral this work
Cu(tten),(BF,);(MeCN), 2.407-2.458 86-94 octahedral this work
(117 K)
Cu(ttcn),(BF,),(MeNO,), 2.343, 2.487, 2.504 87-93 tetragonal this work

Fig. 2. Dihedral angle about the pseudo C; axis perpendicular
to the intraligand S,S,S planes.

of the other ligand and the centers of the two planes
differs from 60° by 0.4-3.7°.) This expected Jahn-Teller
distortion is observed at room temperature and heat
capacity measurements between room temperature and
4 K show no phase transitions. Hence solvation with
acetonitrile instead of nitromethane results in an enor-
mous difference in the temperature at which the static
Jahn-Teller effect manifests itself. Although lattice

forces resulting in this observation are not understood,
such effects have been reported before [27]. In an
attempt to identify these intermolecular interactions a
search of intermolecular non-bonded interactions was
made in Cu(ttcn),(BF,),(MeCN), and Cu(ttcn),(BF,),-
(MeNO,),. Only one such contact significantly less than
the sum of the van der Waals radii of the respective
atoms was found. In both molecule A and B of
Cu(ttcn),(BF,),(MeCN),, there is in each Cu(ttcn),**
unit and its nearest two symmetry related MeCN mol-
ecules two S---N symmetry equivalent distances of
3.339(3) and 3.340(3) A, respectively, in A and B. These
distances are significantly less than the sum of the van
der Waals radii for S and N (3.35 A). However, the
significance of this observation remains to be established.

Comparison of the Cu(ttcn),>* cation in the
Cu(ttcn),(BF,),(MeNO,), complex (3) with that in the
Cu(ttcn),(BF,),(MeCN), complex (1) at room tem-
perature reveal the way in which Jahn-Teller distortion
is achieved. The ttcn ligands in both complexes are
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TABLE 8. Bond lengths (A) and bond angles in TABLE 9. Bond lengths (A) and bond angles (°) in
Cd(ttcn),(BF,),(MeNO,), Cu(ttcn),(BF,),(MeNO,),

Bond distances (A)* Bond distances (A)*

Cd-Ss1 2.663(1) F2-B 1.305(5) Cu-S1 2.504(2) C3-C4 1.51(1)
Cd-S2 2.650(1) F3-B 1.276(5) Cu-S2 2.343(2) C5-Cé6 1.497(9)
Cd-S3 2.649(1) F4-B 1.228(5) Cu-S3 2.487(2) B-F1 1.31(1)
S1-C1 1.811(3) O1-N 1.228(7) S1-C1 1.833(8) B-F2 1.31(1)
S1-C6 1.806(4) 02-N 1.100(6) S1-C6 1.834(7) B-F3 1.25(1)
S2-C2 1.800(3) N-C 1.408(6) S2-C2 1.821(7) B-F4 1.331)
S2-C3 1.814(3) C1-C2 1.538(5) S$2-C3 1.818(7) C7-N 1.42(1)
S3-C4 1.814(4) C3-C4 1.507(6) S3-C4 1.825(6) N-01 1.22(1)
S$3-Cs 1.814(3) C5-Cé6 1.517(5) S3-C5 1.792(7) N-0O2 1.18(1)
F1-B 1.301(5) Ci1-C2 1.52(1)

Bond angles (°)* Bond angles (°)*

S1-Cd-S1 180 C4-S3-C5 103.4(2) S1-Cu-S1 180 C4-83-Cs 102.8(4)
S1-Cd-S2 83.01(2) 01-N-0O2 125.6(7) S1-Cu-S2 88.32(7) S1-C1-C2 116.0(5)
S$1-Cd-S2 96.99(2) 01-N-C 114.6(5) S1-Cu-S2 91.68(7) S2-C2-C1 112.2(5)
S$1-Cd-S3 82.96(2) 02-N-C 119.8(7) S$1-Cu~S3 93.02(6) S$2-C3-C4 116.1(5)
S1-Cd-S3 97.04(2) S1-C1-C2 114.02) S1-Cu-S3 86.98(6) S$3-C4-C3 111.2¢5)
S2-Cd-S2 180 S2-C2-C1 117.4(2) S$2-Cu-S2 180 S$3-C5-Cé6 117.7(5)
S2-Cd-S3 83.13(3) S2-C3-C4 115.5(3) $2-Cu-83 91.95(6) S1-C6-Cs 113.3(5)
S$2-Cd-S3 96.87(3) $3-C4-C3 118.6(2) S2Cu-83 88.05(6) F1-B-F2 110.8(9)
S$3-Cd-S3 180 S3-C5-C6 115.2(2) S3-Cu-S3 180 F1-B-F3 104(1)
Cd-S1-C1 102.1(1) S1-C6-C5 118.2(2) Cu-S1-C1 95.7(3) F1-B-F4 102.6(9)
Cd-S1-C6 96.8(1) F1-B-F2 111.5(4) Cu-S1-C6 101.2(2) F2-B-F3 116(1)
C1-S1-C6 103.4(2) F1-B-F3 113.8(5) C1-S1-C6 104.1(4) F2-B-F4 112.6(9)
Cd-S2-C2 97.1(1) F1-B-F4 110.3(5) Cu-52-C2 105.2(3) F3-B-F4 110(1)
Cd-S2-C3 102.6(1) F2-B-F3 106.1(4) Cu-S2-C3 99.4(2) C7-N-01 114(1)
C2-82-C3 103.3(2) F2-B-F4 111.3(6) C2-82-C3 104.5(4) C7-N-02 121(1)
Cd-S3-C4 97.6(1) F3-B-F4 103.5(6) Cu-S3-C4 101.5(2) 01-N-02 124(1)
Cd-S3-C5 102.6(1) Cu-S3-Cs 98.2(2)

*Numbers in parentheses are e.s.d.s in the least significant digits.
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Fig. 3. ORTEP projection of the cation Cd(ttcn),>* in
Cd(ttcn),(BF,),(MeNQO,), with numbering and 25% probability
ellipsoids.

*Numbers in parentheses are e.s.d.s in the least significant digits.

Fig. 4. ORTEP projection of Cu(ttcn),(BF,),(MeNQO,), at room
temperature with atomic numbering and 25% probability el-
lipsoids.

remarkably similar to each other in geometry. However,
in 3 there is a twist of the ligands relative to each
other resulting in two shortened, two elongated and
two essentially unchanged Cu-S bond lengths as shown
in Table 7 relative to 1. The slight changes in the
geometry of the ttcn ligands of 3 relative to 1 are
incremental and best revealed by the intraligand S- - - S
distances which difter by 0.08 A in 3 but by only 0.02



A in 1*. On the other hand, the interligand S---S
distances in the Cu(ttcn),?* unit differ by 0.15 A in
3 but by 0.06 Ain 1. Thus tetragonal distortion in the
cation is achieved not by significantly changing the
conformational geometry of the individual ttcn mole-
cules but by twisting the ligands each as a whole relative
to each other and the metal atom [33]. To be sure,
the geometry of the ligand can change, as illustrated
most dramatically in the bridging ttcn ligand in the
Cu,(tten),2* complex [22]. What is remarkable is the
apparent reluctance of the tten ligand to distort. The
relative energies of the various conformational minima
for ttcn are unknown but MM1 calculations suggested
that the observed [333] twist boat chair conformation
and the [1222] conformation with a C, axis should be
the lowest energy conformers [41]. Indeed the calcu-
lations suggested that the [1222] conformer is lower in
energy than the [333] conformer, but photoelectron
spectroscopic [41] and X-ray crystallographic [40] anal-
ysis show that this is not the case in the gas phase or
solid state. Nevertheless these results are of interest
in light of the structure of the bridging ligand in
Cu,(tten),>* which approximates [1222] conformation.

Because Jahn-Teller distortion in 3 is achieved pri-
marily by twisting ttcn units relative to each other rather
than by distortion of each unit we reexamined the
structure of Co(ttcn),(BF,),(MeNO,), (4)**. It has been
suggested [32] that the 0.12 A difference in bond lengths

*The S---§ distance in the free ligand is 3.45 A [40].

** Although the table of geometric parameters published for this
structure are correct [1], the negative sign for the x atomic
coordinate for S(1) is missing in the table of fractional atomic
coordinates for this complex, i.e. for atom S(1) in Table 4 the
x coordinate is — 0.0047.

249

in this compound requires that the ligand unit itself
distort. As shown in Table 10 the intraligand S---S
distances in this complex differ by only 0.05 A but the
interligand distances differ by 0.13 A. However, there
are also significant geometry changes in the ttcn ligands
in this complex relative to those of 1 and 3. The average
of the two different CSCC and SCCS dihedral angles
for the ttcn ligand in the cobalt complex are —135,
51 and 64° respectively, but —132, 58 and 56° re-
spectively, for the copper complexes. Thus Jahn-Teller
distortion in this complex occurs by both ligand distortion
and twisting of the ligands relative to each other.

In conclusion, Jahn-Teller distortion may be achieved
in metal bis (ttcn) complexes by either twisting the
ligand units relative to each other or by distorting the
ligand units. In 3 distortion is achieved predominantly
by twisting and in 4 by twisting and ligand distortion.
It appears that the means by which Jahn-Teller dis-
tortion is achieved results from a complex interplay of
factors including a contribution from the energy required
to distort the ttcn ligand.

Spectral information

The IR spectra of the several ttcn compounds are
very similar in line shapes and relative intensities
throughout the series Co, Ni, Cu, Fe, Cd, indicating
a similar ligand conformation for all compounds [42].

EPR powder spectra are recorded for the pure copper
compound (at 300, 77 and 4 K), for the Cu(Il) dope
in Fe(ttcn),(BF,), (at 300 and 77 K at X-band and at
Q-band frequencies). The results are summarized in
Table 11, and compared with the published data [27]
for the perchlorate salts in frozen dmso solution. As
can be seen from the Table, the parameters agree with

Fig. 5. ORTEP projection of the unit cell of Cu(ttcn),(BF,),(MeCN), at 117 K.
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Fig. 6. ORTEP projection of the unit cell of Cu(ttcn),(BF,),(MeNO,), at room temperature.

TABLE 10. Comparison of S---S distances in Cu(ttcn),(BF,),(MeCN), (1), Cu(ttcn),(BF,),(MeNO,), (3) and Co(ttcn),(BF,),-

(MeNOy), (4)

Compound Intraligand Interligand Ref.
S- - -8 distances S---S distances
@A) A)
Cu(ttcn),(BF,),(MeCN), (1) 3.37, 3.37, 3.39 3.48, 3.51, 3.54 1
Cu(ttcn),(BF,)(MeNOy), (3) 3.36, 3.38, 3.44 3.47, 3.48, 3.62 this work
Co(ttcn),(BF,),(MeNQO,), (4) 3.24, 3.24, 3.29 3.26, 3.27, 3.39 2
TABLE 11. EPR spectroscopic data of Cu(ttcn),?* species
Compound?® gy A values g A values
(Gauss) (Gauss)
Cu(ttcn), powder” 2.06 (isotropic)
Cu(ttcn), solution® 2.114 153° 2,027
Cd(ttcn), powder? 2.117 150° 2.045 20°
2.029 28°
Cd(ttcn), single crystal? 2.06 70
(along 3-fold axis)
Fe(tten), powder? 2.113 153? 2.035 and 2.025
(rhombic)

*Only the cationic part of the molecule is given.
lattice solvent. “Frozen DMSO solution at 130 K [27].
rhombic splitting was resolved only at Q-band.

®As the perchlorate and tetrafluoroborate, at 77 and 4 K; no effects seen of the
9Cu(IT) doped compound at 77 K (X-band and Q-band). The listed
“Error about 3-5 G.

fRotations around several crystal axes showed as extreme

values for 4, 152 Gauss at g, =2.10 and the values given in the Table for non-rotation sensitive orientations.

each other. At room temperature the doped compounds
contain Cu(II) ions which occur partly in dynamic and
statically distorted CuS,; chromophores. Upon cooling
all ions take the typical tetragonally elongated geometry
[43].

Electrochemistry of Cu(ttcn),”*
The cyclic voltammetry for Cu(ttcn),®* in aqueous
pH 3 solution yields a reversible current-voltage curve

with well-defined cathodic and anodic peaks. Data were
obtained from 5 mV/s to 20 V/s and agreement between
theory and experiment was excellent. From the curve
fitting over the specified scan rate range, a hetero-
geneous electron transfer rate constant of
kpr=13X10774£0.001 cm s™' («=0.454+0.04) and
E”=0.40840.002 V versus AgCl/Ag reference were
obtained. By contrast the approximate E® for the free
Cu(II)/Cu(I) couple in the same medium was below



0.12 V. The resulting positive potential shift on complex
formation is indicative of the preferential stabilization
of Cu(I) by about ten orders of magnitude. Controlled
potential electrolysis of the yellow Cu(ttcn),?* in
aqueous carbonate buffer pH 6 yields a colorless solution
and a one-electron reduction as determined by con-
trolled potential coulometry. No other redox processes
were observed in this medium. As expected, the cyclic
voltammetry of the product solution was similar to that
of the original solution which could be completely
regenerated by electrochemical oxidation. The elec-
tronic spectral data for this Cu(ttcn),®* in solution are
Amax 340 (54 1 mol~! cm™?), 430 (50 1 mol~! cm™?)
nm. Current voltage curves obtained at a rotating disk
electrode are further consistent with the diffusion-
controlled one-electron reduction of the Cu(II) complex.
Further details concerning the electrochemistry of this
system are given elsewhere [44].

Determination of formation constants

Spectrophotometric data were used to determine the
two successive formation constants for the copper ttcn
complex in water. A gradient search method [45] was
used to determine the best fit for the variation of the
complex absorbance with total ligand concentration.
The results of these calculations are K;=9x10%
K,=2x105 K,=K,K,=1.8x10". These formation con-
stants are two orders of magnitude greater than values
reported for all previous thioether donor systems [46],
indicating the advantages of preorganization in this
ligand.

Supplementary material

Tables of final hydrogen atom positional and thermal
parameters; tables of anisotropic temperature factors;
listings of structure factor amplitudes for compounds
1-3 are available from the authors on request.
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