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A series of linear pentamiclear cobalt complexes including both neutral and one-electron oxidation forms have been synthesized. The
one-electron oxidation products are prepared either by reacting with silver salt or with bulk electrolysis. In all of these complexes the
pentacobalt chain adepts a symmetrical amangement and s helically wrapped by four tpda (the dianion of N,N"-bis{u-pyridyl)- 2,6-
diaminopyridine) ligands. Two sets of Co—Co bond distances are observed, in which the average internal (inner) one is about 0.06 A
lenger than the external (outer) cne. Upon one-glectron oxidation, the average Co—Co and Co—N bond distances are not significantly
different from those of the neutral analogues whereas the Co-X (X = axial ligand) bond lengths exhibit a slight decrsase. All of these
complexes show two reversible redox couples at about +0.35 and +0.85 V (vs. Ag/AgCl). The first oxidation is a metal-centered
reaction and the product is stmcturally characterized. The second oxidation product is stable at the time scale of
spectroelectrochemistry, but proceeds auto-reduction reaction and forms the corresponding one-electron oxidation product under the
crystallization conditions, The NMR results are consistent with the paramagnetism of both neutral and oxidized complexes. The
magnetic measurements indicate that the neutral and one-electron oxidation molecules have spin states of § = 1/2 and 1, respectively.

Introduction

The metal-metal interactions in dinuclear complexes have been
intensively studied and well understood."™ The multinuciear
compounds with oligo-ce-pyridylamine as the supporting ligands
have received increasing attention because of their versatile
chemical and physical properties and the potential application as
molecular metal wires since the first reports of the trinuclear
copper and nickel complexes bridged by di-o-pyridylamido
ligand in 1990-1991.%° In the past decade, a number of tri-,”™
tetra,” penta-,u'ls hepta-,”"‘s and nonanuclear'” metal string
complexes have been successfully synthesized and structurally
characterized.

In 1994 we reported the fiest unsymmetrical structure of a
tricobalt complex [Co,(dpa),Cl;] (dpa = the dianion of
dipyridylamine), in which the central cobalt ion forms metal-
metal bond with one of the two terminal cobalt ions and leaves
the other terminal cobalt ion isclated.” Three years later, the
symmetrical structure of this complex was discovered by Cotton
et al,"® Further work by the same group confirmed that both
symmetrical and unsymmetrical structures can exist. [n this class
of linear metal string complexes, both symmertrical and
unsymmetrical structures were only found for the molecules with
a trichn:»mil.].m,9 tricobalt, '* or pentachromium core."*** To sce
whether or not compounds other than above multinuclear metal
complexes can adopt both symmetrical and asymmetrical
structures we decided to synthesize the pentacobalt complexes.
In our previous brief communication,? we described the
synthesis, crystal structure, and magnetic propertics of
[Cos(tpda}NCS),], where tpda is the dianion of N,N'-bis{ce-
pyridyl}- 2,6-diaminopyridine (tripyridyldiamine, abbreviated by
tpdaH,). Unlike the case of [Coy(dpa}sCly] that both
unsymmetrical and symmetrical strnuctures can exist, the five
cobalt atoms in [Cos{tpda)(NCS8)a] can only exist in a
symmetrical arrangement, Theoretical calculations show that the
bond order between adjacent cobalt atoms is 0.5 with o
character (Figure 1.2 It is desirable 1o study how the nature of
the axial ligand influences the metal-metal interactions in the
pentacobali compounds. Therefore, a series of Cos{tpda)(X);
camplexes, where X is the axial ligand, were prepared and their
crystal structures and physical properties were investigated.

The phenomena of one and two steps spin-crossover have been
found in the neutral and onc-electron oxidation products,
respectively, of linear tricobalt complexes.”'" The phenomena of
spin-crossover observed in triceball complexes prompted us to
study if the neutral and one-electron oxidation analogues of the
pentanuclear cobalt complexes can underge spin-crossover
process. In additon to the neutral compounds, a series of one-
electron oxidation complexes were also synthesized and
structurally characterized, and their NMR and magnetic
properties were investigated. A comparison was made between
the structures and physical properties for the neutral and
oxidized complexes. Based on the crystal structures, NMR data
and magnetic properties of the neutral and oxidized complexes
along with the M.O. calculaticns, the electronic configuration of
the pentacobalt complexes is described.

For clarity, the pentacobalt complexcs presented in this paper
are listed as follows: [Cos(tpda)y(NCS);] (1}, [Cos(tpda)yCla] (23,
[Cos(tpda)e(Ns )] ), [Cosltpda)a(CN )] 4,
[Cos(tpda)y(SO:CF3h]  (5), [Cositpda)(NCSLUCIO)  (6),
[Cos(tpda),Cla J(CIO,) (7, [Cos(tpda)y(SO;CF;):)( S04CF;) (8).

Results and Discussion
Synthesis

We have developed a general method for the synthesis of a series
of oligo-a-pyridylamine ligands. The desired ligand, tpdaH;, can
be prepared from the reaction of 2.6-diaminopyridine with 2.5
equivalent of 2-chloropyridine in the presence of potassium #-
butoxide. The reaction of tpdaH; with CoCl; in molien
naphthalene generated the mononuclear complex fn situ. The
reaction was then followed by the addition of potassium r-
butoxide in #-butanol to give the expected produet,
[Cos(tpda)yCl;], with a 10% yield. Under a modified condition, a
high yield (42%) for the synthesis of [Cos{tpda)y(NC8),] was
achieved, in which excess NaSCN was added immediately after
the addition of potassium r-butoxide. The high yielding and
reproducible reaction conditions allow us to obtain a large
amount of material for ligand exchange and to prepare the
oxidized counterparts. The one-electron oxidation products were
obtained either by reacting the neutral complexes with silver
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Scheme 1 General route for the preparation of pentadentate ligand NN°-
dipyridyl-2.6-diaminopyridine (tpdaH,;) and linear pentanuclear cobalt
string complexes.

salts or by bulk electrolysis at Eypy = +0.55 ¥, which is positive
to the formal potential for the first oxidation. The syothesis of
the ligand, and the pentanuclear cobalt complexes including both
neutral and ocne-electron oxidation products is outlined in
Scheme 1. The spectroscopic data for compounds 1-8 are given
in Table 1.

A summary of structural data for compounds 1-5 and 6-8 are
listed in Table 2 and 3, respectively. Table 4 gives some selected
bond distances for compounds 1-8. In all these complexes, the
pentacobalt chain helically wrapped by four tpda ligands is linear
and symmetrical. In compounds 2 and 5, the molecule resides on
a crystallographic site of 2-feld symmetry with the central coblat

Table 1 Speciroscopic data for compounds 1-8.

IR {viem™) UV/VisiNIR mass (m/'z)
(A ma/im)
1 2060, 1605, L5735, 1548, 289,339, 391,513, 1455, 1379
1473, £451 722
T 1601, 1545, 1470, 1420 294, 331,351,524, 1409, 1374, 1339
752
3 2038, 1603, 1575, 1547, 294,327,375, 527, 1423, 1381, 1339
1473, 1452, 140% 730

4 2099, 1603, 1575, 1547, 292,342,401, 516, 1391, 1365, 1339
14735, 1452, 1423, 1410 385, 693

5 1605, 1579, 1549, 1475, 286, 308, 380, 514, 1437, 1488, 1339
1455, 1413 794
6 2067, 1603, 1577, 1548, 305, 376,573, 917 1455, 1397
1467, 1424
7 160Z,1577, 1545, 1467, 306,374, 585,939 1409, 1374, 1339
1424
B 1603, 1574, 1548, 1469, 302, 373, 547, 058 1637, L488, 1339
1423

Fig.2 Crystal structure of 1. Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atems are omitted for clarity.

Fig. 3 Crystal structure of 6. Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are omitted for clarity.

atom on a 2-fold axis perpendicular to the Ces chain. The crystal
structures of the neutral compounds 1-5 have much in cornmon
except that the axial ligands are different. As an example, Figure
2 shows the crystal structure of compound 1. In the complexes,
two types of Co—Co bond distances are observed. The average
intemal Co—Co bond lengths fall into the range of 2.22-2.24 A,
whereas the external ones tange from 2.27 10 2.29 A, All of the
Co-I distances lie in the range of 1.90-1.99 A, Unlike the case
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Table I Crystal data for compounds 1-5

1-CH-Cly L2O{CoHs)y 172H:Q 22CHCLy T{(CHS),

3-2CH,CLy: 17300 4 3CHACL-O{CoHs ), 5 2CH,CI;

Formula CasHs2ClCosN:8§,0
Formula weight 1586.96 1723.56
Temperature (K} 295 (2) 15401
Diffractometer MNONIUS, CAD 4 NONIUS, Kappa CCD
Wavelength (A) 0.71073 0.71073
Crystal system Triclinic Moneclinic
Space group P-1 C2fc
a(A) 1180200 27.5435(5)
b(A) 14.631(N 13.7477(3)
c(A) 20.184¢4) 18.6694(4)
o (®) 7342(2) 90
B (%) 77.7%32) 99.4304(8)
¥ 87.56(2) 0
Vi{Ah/Z 12639111/ 2 £973.8¢(2)/ 4
Absorption Coefficient 1.453 1.531
(mm}
Crystal size (mim) 0.50 = .05 = 0.05 0.50 « 0.40 x (15
8 range for data 1.54-22.50 193 - 27.50
collection (*)
Reflection collected 8526 38777

8526 (R = 0.0000)
0.1451,0.1290

[ndependent reflections

Re R.# (all data)” 0.1220,0.2671

CoeHseCLCasN0  Captlag mClLiCosN2600 .15

7956 (R = 0.0719)

CasHgaClsCosMzO  CoaHagCly CosFeN D48,

1599.72 1720.74 1 8077.7%
150(1) 150(13 150(1)
Bruker, SMART NONIUS, Kappa CCD NONIUS, Kappa CCD
0.71073 0.71073 071473
Rhombobedral Monoclinic Monoclinic
R-3 P2,/c Cdle
403422(11) 21.1260(1) 24.2255(%)
40.3422(11) 16.0070(1) 15.2801(3)
21.0202(6) 22.6729(D) 19.3286(3}
90 ] 90
50 111.6851{4) 103.148%(7)
120 20 H
20626.9¢(14) ¢ 18 T124.54(B) / 4 6967.2(2) /4
1.4640 1427 1.463

048 % 0.12 x0.10
1.01 —27.50

0.40 x 0.35 « 0.25
1.70 - 27.50

0.25 = 0.20 x 0,10
1.73-27.50

89076
15139 (R, =0.0498)
0.0792, 0.1861
0.0537,0.1644
1.054

106884
16333 (Riw = 0.0620)
0.0882, 0.1754
0.0570, 0.1480
1.046

24766
8002 (Riy= 0.0556)
0.1080, 0.204
0.0635, 0.1697
1.051

Ry, R A (> 20(0))” 0.0491, 0.1067 0.0807, 0.2300
GOF 1001 1.030
* Ry = EFu-FAEIF; R’ = [EWIF-FAEwF,?
0.07 Y r r Y . T
-3
oo Wowooooooooooooo ]
0.054 o°° -
o o
= ao
g 0.044 o | =
2
* g 9 =
g 0.03 o“u I g
& Ko
= 002 _
=
- E
0.01 - a J
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Fig. 4 Temperature-dependent magnetic effective moment (O) and
molar magnetic susceptibility ({0} for compound 6.

of [Coy(dpa)CL}"" in  which both symmetrical and
unsymmetrical forms can exist, the structure of [Cos(tpda),X;]
can only be observed in the symmetrical form.

it is possible that the identity of the axial ligand could
influence the Co—Co and Co-N bond distances. Indeed, the weak
nature of the axial ligand SO;CF5” in compound 5 is reflected on
both the externat Co—Ce and Co-N bond distances, which are
0.026 and 0.025 A shorter, respectively, as compared to those of
complex 4 which has strong axial ligands (CN).

The molecular structures of the one-electron oxidation
compounds &8 are similar to those of the neutral analogues
except for the presence of a counter anion to compensate the
positive charge on the Cog core. Some selected bond distances
are listed in Table 4. We expected that some of the interatomic
bond distances would be shorter as compared to these in the
neutral compounds., However, the Co—N distances for all cobalt
atoms remain essentially unchanged upon one-clectron oxidation.
Moreover, all of the Co—Co bond lengths are shightly longer (by

about 0.01-0.02 A) than those in the neutral analogues. Figure 3
shows the crystal structure of compound 6.

In the case of tricobalt complexes, the average Co-—CI bond
distance in the one-electron oxidation species is 0.15 A shorter
than that of the neutral one.!” This is a result from removal of
one electron from the singly occupied HOMO which has Co—Co
nonbonding and Co-Cl antibonding characters as suggested by
theoretical calculations.'® Similar 1o the case of the tricobalt
compounds, theoretical calculations for the pentacobalt
complexes reveal that the singly occupied HOMO also bhas
characters of metal-metal nonbonding and metal-ligand
antibonding. It was expected that removal of an electron from
the HOMO of the neutral complexes resulted in a decrease in
CoCl bond distances and remained unchanged in Co-Co
distances. However, a significant decrease in the Co-X bond
distances was not observed upon one-electron oxidation. We
believe that the electron cannot be removed from the singly
occupied HOMO o”(3), but from the §"(5) orbital to form a
paramagnetic complex with 8 =1 as will be discussed later on.

Magnetic Properties

It has been shown that trinuclear cobalt complex [Coy(dpa)aCl;]
undergoes spin-crossover process at temperatures above 160
K.™® Unlike the magnetic properties of [Cay(dpa)sCly], the
phenomenon of spin-crossover is not observed for the neutral
molecules of pentacobalt complexes at temperatures below 300
K. As previously reported, the effective moment of 1.90 wg at
300 K for [Cos(tpda)(NCS)] is consistent with M.O.
calculation as deseribed in Figure 1.2 Based on the theoretical
calculations, the one-clectron oxidation products of the
pentacobalt complexes should be diamagnetic if the electron is
removed from the singly occupied HOMO of the neutral
analogucs. However, an effective mapgnetic moment of 0.0 gy
was not observed for the one-electron oxidation complex at
temperatures from 5 to 300 K. The molar magnetic susceptibility
(£} and effective magnetic moment (i4g) of compounds 6
versus temperature are presented in Figure 4. The measured jq
values are essentially constant between 50 and 300 K and follow
Curie law with precision, The effective magnetic moment of
293 g at 300 K indicates that the complex is paramagnetic and
that there are two unpaired electrons in the molecule, even
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Table 3 Crystal data for compounds 6-8

G 7-3CHC], 3
Formula CaaHiClCoMN 18,0, CaHsCleCosMNa(y CoiHasCosFoR04S,
Formula weight 1555.41 1764.93 1787.01
Temperature (K) 150(1) 15001} 150¢1)
Diffractometer NONIUS, Kappa CCD NONIUS, Kappa CCD NOKIUS, Kappa CCD
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Orthothombic Monoelinic Monoclinic
Space group Pbca Pn P2,
a(A) 17.6284(3) 15.6128(2) 13.8805(2)
b (A) 17.1624{7) 27.9023(5) 17.2756(2}
c (A} 40.0873(4) 15.8641(3) 13.9058(1)
ai{?) 90 90 90
A7) 90 92.3899(14) 99.7585(4)
v 90 90 90
V{AYzZ 12128.2(4)/ 8 6904.9(2) / 4 1286.37(8)/ 2
Absorption Coefficient {mm™) 1.523 1.589 1.433
Crystal size (mum}) 0.30 x 0.30 = 0,10 0.40 % 0.27 x 0.02 0.20 x 012 = 0.04
6 range for data collection {°) 1.54 =25.00 146-27.50 2.36 -27.50
Reflection collegted 27753 44517 48312
Independent reflections G118 (Rin = 0.0647) 26581 {R;y = 0.0590) 13837 (Riy = 0.0544)
Ry, R, (all data)* 0.0895, 0.1684 0.1179,0.2241 0.0700, 0.1337
Ry R (£ 20(0))° 0.0581, (1444 0.0736, 0.1921 0.0538, 0.1476
GOF 1.149 1.122 1.046
* Re = EFFYLF; Rur' = (EwiF,F T EwE]
»
o (a)
S N 25pA]
. LY
(b)
5 ! 7 T : g
B [ i
| ‘ , 41 ! 25pAT
40 30 i) 10 -0 M 30 400 S50 600 W70 (C)
Fig. 5 'H NMR spectra of compounds L (top) and & {bottorn} in T,
and CD:Cly, respectively, at 20 °C, The starred peaks correspond to the 5 {]. MA‘I
solvent. *
though the measured value is slightly higher than the expected (d)
(ca. 2.83 i) At temperatures below 30 K, the effective
magnetic moment drops sharply as the temperature decreases.
This indicates that there are antiferromagnetic interactions in the 2.0 MAI

Cos unit. A similar magnetic behavior for one-electron oxidation
complexes 7 and 8 with effective moments of 3.18 and 2.86 pq,
respectively, at 300 K is also observed. On the basis of the
magnetic measurements, the electronic configuration of the one-
electron oxidation products of [Cos(ipda),X;] can best be
described as the molecules being in a high-spin (8 = 1) state
whete both the ¢"(3) and 3°%(5) orbitals are singly occupied
(Figure 1) This literally rell us why the metal-ligand bond
distances do not change as significantly as those in the case of
trinuclear cobalt complex [Co;{dpa),Ci;] upon one-electron
oxidation.

NMR Spectroscopy

To see whether or not both the neutral and one-electron
oxidation compounds of the pentacobalt complexes are
paramagnetic as revealed by magnetic measurements, we
decided to examine the 'H NMR spectra. Figure 5 shows the 'H
MNMR spectra of complexes 1 and & at room temperature. As
expected for paramagnetic complexes, broadened peaks and
large chemical shifts of resonance signals were observed for both

+1.5 +1.0+0.5 0.0 -0.5 1.0
E (V vs Ag/AgCl)

Fig. 6 The cyclic voltammograms of linear pentanuclear string
complexes in CH;Cl; containing 0.1 M TBAP. Compounds (a) L; (b) 2;
{c) 3 (dy 4.

compounds 1 and 6. For the symmetrical structures of 1 and 6,
there should be only six peaks. Indeed, six lines with intensity
ratios, consistent with those expected (i.e., 2:2:2:2:2:1), centered
at 21.19, 8.51, 447, -1.58, -2.51 and -6.01 ppm were recorded
for 1. The spectrum of 6 also consists of six signals spanning in a
larger range, which were found at 32.05, 21.16, 16.24, -15.33, -
19.34 and -68.39 ppm with expected intensity ratios. Similar to
compounds ! and 6, the spectra of both compounds 2 and 7
consist of six signals in similar ranges as those of 1 and 6,
respectively. The 'H NMR spectra of these neutral and one-
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Table 4 Selected band distances for compounds 1-8

1 2 3 5 6 7 8

Co{t1-X" 2.076(T) 2.445(2) 2,093(4) 2.024(2) 2.244(3) 2.076{5) 2.416(3) 2.186(4)
Co(5)-X" 2.671(8) 2.445(2) 2,089(4) 2.038(4) 2.244(3) 2.0578) 2.408(3) 2203(4)
Co(1)-Co(2) 2.276(2) 2.2B2(1) 2.258(1) 2279(1) 2.253(1) 2.29%1) 2.300(2) 22821
Co{2)-Col3) 2.232(2) 2.235(1) 2.223(1) 12201) 2.225(1) 2.238(1) 2.246(2) 2253(1)
Co{3)-Cot4} 2.232(2) 2.235(1) 222101 2231(1) 2.225(1) 2.243(13 2.244(2) 2.241(1)
Co{d)-Cot5) 2271 2.282(1) 2.264(1) 2.286(1) 2.353(1) 2.276(1) 2.285(2) 2.200(1)
Co(1}-W 1.975(7) 1.983(5) L.972(4) 1.982(3) 1.96H4) 1.973(5) 1.989(8} L.967(6)
Ca2}pN 1.899(7) 1.914{4) 1.906(4) 1.909(3) 1.914(4) 1.902{4) 1.901(8) LB34(5)
Cal3)-N 1.939(7) 1.930(4) 1.934(3) 1.932(3) 1.938(4) 1.932(4) 1.926(7) 1.920(5]
Ca(4)-N 1.903(7) 1.914(9) 1.922(3) 1.914(3) 1.914(4) 1.900(5) 1.501(8) 1.895¢5)
Cof5)-N 1.970(8} 1.98%(5) L970) 1.987%3) 1.960(4) 1,965 1.987(5) 1.961¢3)

“ X = axial ligand.

0.8

Absorbance

=
I

0.0

400 600 800 100K}

Wavelength / nm

Fig. 7 UV-Vis spectral changes for the first oxidation of compound L in
CH,Cl, with 0.1 M TBAF at various applied patentials from +H,18 to
HA44 Y,

electron oxidation pentanuclear cobalt complexes clearly show
the paramagnetism of these compounds in sclution at room
temperature, even though we arc unable to make a
straightforward assignment for each of the resonance peaks
simply by 1-D 'H NMR. These data are consistent with the fact
that the electron is not removed from the singly occupied
HOMO o"{3) of the neutral melecules upon one-electron
oxidation.

Electrochemistry

The electrochemistry of compounds 1, 2, 3, and 4 has been
carried out. Figure 6 shows their cyclic voltammograms in
CH>Cl; containing 0.1 M TBAP. All these complexes exhibit
two reversible redox couples at about E;,; = +0.35 and +0.85 V,
respectively. Both electrochemical reactions involve one electron
transfer as ascertained by spectroelectrochemistry.’®  For
compound 2, ancther two oxidative waves at potentials of about
+1.25 and +1.40 V, which are well resolved by using differential
pulse techniques, are observed and each step involves one-
electron abstraction as judged by the peak current maximum.
The first reduction near -0.50 V is reversible for 1, and
irreversible for 2, 3, and 4. For compound 4, a small reduction
peak near -0.35 V was observed upon the first reduction. This
peak progressively increases as the potential is scanned in ¢ycles
between 0,00 and -0.75 V, indicating that an absorbed species
forms when compound 4 is electrochemically reduced. The
electrochemical reductive behavior of 4 and the characterization
of the adsorbed species will be published elsewhere.

Figure 7 illustrates spectral changes of compeund 2 at applied
potentials from +0.18 to +0.44 V in CH,Ci; containing 0.1 M
TBAP. The peaks at 350, 523 and 750 nm shift to 308, 377, 588

) en

Absorbance
o
[ =}

0.4 943
|
no—
400 600 800 1000
Wavelength { nhm

Fig. B UVY-¥is spectral changes for the second oxidation of compound 1
in CH;Cly with 0.1 M TBAP at various applied potentials from HL60 to
+L10 Y.

and 945 nm with clear isosbestic points ar 293, 317, 370, 383,
543, 733 and 774 nm, The resulting spectrum is similar to that of
the one-electron oxidation products of 2, obtained by chemical
method, suggesting that the oxidation is a metal-centered
reaction. Based on the spectral changes of 2 at various applied
potentials, the number of electrons transferred is calculated to be
one.” The one-electron oxidation species of 2 is then
characterized as [Cos(tpda),CL;][C10,], which is further
confirmed by the X-ray crystal structure of complex 7.

The second oxidation was also  investigated by
spectroelectrochemistry as shown in Figure 8. The peaks at 308,
377, 588 and 945 nm shift to 293, 372 and 578 nm with clear
isosbestic points suggesting that no intermediates are produced
during the owxidation reactions. The oxidation reaction is
reversible. The initial spectrum is restored completely upon re-
reduction at +0.55 V. The number of electrons transferred
involved in this oxidation reaction is one, which is calculated
from the spectral changes at various applied potentials between
+0.65 and +1.10 V., The result is consistent with that obtained by
cyclic voltammetry. Attempts to isolate and crystallize the two-
electron oxidation product were unsuccessful although it was
stable at the time scale of spectreelectrochemistry. The two-
electron oxidation species undergoes auto-reduction to form the
corresponding one-efectron oxidation product as evidenced by
the UV-Vis spectrum. The spectroelectrochemical behavior of
complexes 1, 3 and 4 is similar to that of 2. However, the
products of the second oxidation are relatively unstable.



CREATED USING THE RSC ARTICLE TEMPLATE - SEE HTTP://WYWW.RSC ORGAS/JOURNALS/TEMPLATES/ITEMPLATES. MTM FOR FURTHER DETAILS

Conclusion

This work described the preparation, crystal structures, and the
properties of linear pentanuclear cobalt metal string complexes
including both neutral and one-electron oxidation compounds.
As far as we are aware of, this is the first study on the one-
electron oxidation products of the pentacobalt string complexes.
Unlike the tricobalt system, all the structures of these complexes
in this study are symmetrical and the phenomena of spin-
crossover are not observed. The magnetic measurements show
that the neutral and one-electron oxidation molecules exhibit
spin states of 8§ = 1/2 and 1, respectively. These are consistent
with the structural analyses, and rationalized by the qualitative
M.O. calculations. Our efforts are currently devoted to the
synthesis of multicobalt complexes with a longer chain and self-
assembled multinuclear metal string complexes.

Experimental

Materials

All reagents and solvents were obtained from commercial
sources and were uwsed without further purification wunless
otherwise noted. CH,Cl; used for electrochemistry was dried
over CaH; and freshly distilled prior to use. #-BuQH was dried
over magnesium turnings and freshly distilled prior to use. Tetra-
m-butylammoninm perchlorate (TBAP) was recrystallized twice
from ethyl acetate and further dried under vacuum.

Physical Measurements

Absorption spectra wete recorded on a Hewlett Packard madel
8453 spectrophotometer. IR spectra were performed with a
Nicolet Fourier-Transform IR spectrometer in the range of 500-
4000 cm''. FAB-MS mass spectra were obtained with a JEOL
HX-110 HF double focusing spectrometer operating in the
positive ion detection mode. Molar magnetic susceptibility was
recorded in the range of 5-300 K on 5 SQUID system with
10,000 Gauss external magnetic field. Electrochemistry was
performed with a three-electrode potentiostat (Bioanalytical
Systems, Model CV-27) and a BAS X-Y recorder in a CH,Cly
solution deoxygenated by purging with prepuried nitrogen gas.
Cyclic voltammetry was conducted with the use of a home-made
three-electrode cell equipped with a BAS glassy carbon (0.07
em®} or platioum (0.02 cm®) disk as the working electrode, a
platinum wire as the auxiliary elecirode, and a home-made
Ap/Ag(Cl (sat’d) reference electrode. The reference electrode is
separated from the bulk solution by a double junction filled with
electrolyte solution. Potentials are reported vs. Ag/ApCl (sat'd)
and referenced to the ferrocene/ferrocenium (Fo/Fe') couple
which occurs at Byp = +0.54 V vs, Ag/ApCl (sat’d). The working
electrode was potished with 0.03 ¢ m aluminum on Buchler felt
pads and was put under ultrasonic for 1 min prior to each
experiment. The reproducibility of individual potential values
was within 25 mV. The spectroclectrochemical experiments
were accomplished with the use of 2 1 mm cuvette, a 100 mesh
platinum gauze as working electrode, a platinum wire as
auxiliary electrode, and a Ag/AgCl {sat'd) reference electrode.

Preparation of Compounds

[Cos(tpda),{NC8);], 1. Ligand tpdaH; (1.05 g, 4.0 mmole),
CoCl; (0.65 g, 5 mmole} and naphthalene (20 g) were placed in
an Erlenmejer flask. Before r-BuOK (0.9 g, 8.0 mmole) in #-
butanel {10 mL}) and NaSCN (3.24 g, 40 mmole} was added, the
mixture was heated and stirred at 160 °C for 16 hr. The
temperature was increased and n-butanol was slowly evaporated
in a period of 30 min. The resulting solution was then stirred at
220 °C for an additional 30 min. After the mixture was cooled to
80 °C, hexane (100 mlL) was added and the precipitate was
filtered. The solid was extracted with CH;Cly and recrystallized

from CHaCly and methano! to remove the mononuclear complex.
Crystallization from CH,Cl; and ether afforded 0.61 g of dark
brown crystals (42%), TR (KBr) viem™ = 2060 (C=N), 1605,
1575, 1548, 1473, 1451 {py}; UV/Vis (CHZCLy) Apa/im {e/dm’
mol™ cm™") = 289 (7.44 x 10%), 339 (7.94 » 10%), 391 (744 x
1%, 513 (1.57 % 10%, 722 (6.01 = 10%); MS(FAB) m/z 1455
{[Cos(tpda)s(NCS);]"), 1397 ([Cos(tpda}yNCS]). EA (%)
[Cos(tpda)y{NCS);]): caled. C 51.15, H 3.05, N 21.17; found C
5129, H3. 10, N 21.78.

[Cos(tpaa)Cly], 2. Ligand tpdaH; (1.05 g, 4.0 mmale),
CoCl; (0.65 g, 5 mmole) and naphthalene (20 g) were placed in
an Erlenmejer flask. Before #BuOK (0.9 g, 8.0 mmole) in »-
butanol {10 mL) was added, the mixture was heated and stirred
at 160 °C for 16 hr. The temperature was increased and n-
butanol was slowly evaporated in a period of 30 min. The
resulting solution was then stirred at 210 °C for an additional 20
min. After the mixture was cocled to 80 °C, hexane (100 mL}
was added and the precipitate was filtered. The solid was
extracted with CH;Cl; and recrystallized from CH,Cl; and
methanol to remove the mononuclear complex. Crystallization
from CHCI; and ether gave 0.14 g of dark brown crystals (10%).
IR (KBry viem” = 1601, 1545, 1470, 1420 (py) UV/Vis
(CHLCE} Apeonm (e/dm’ mol™ eni'y = 294 (7.67 * 10%, 331
(7.96 > 10™), 351 (8.12 = 10%), 524 (1.78 » 10", 752 (6.02 x 10%);
MS(FAB) vz 1409 ([Cos(tpda),C1.T"), 1374 ([Cos(tpda)Cl]T,
1339 ([Cos(tpda)s]™). EA (%) [Cos(tpda)iCly): caled. C 51.09, H
3.14, N 19.86; found C 50.70, H 3.27, N 19.88.

[Cos(tpda)(Nyll, 3. Method 1: Ligand tpdaH; (1.05 g, 4.0
mmole), CoCly (0.65 g, 5 mmole} and naphthalene (20 g) weres
placed in an Erlenmejer flask, After the mixture was stirred at
160 °C for 16 hr, +-BuOK (0.9 g, 3.0 mmole) in »-butanol (10
mL) was added. NaN; (2.60 g, 40 mmole) was then
portionwisely added to the mixture. The temperature was
increased and s-butanol was slowly cvaporated in a period of 30
min. The resulting solution was then stirred at 210 °C for an
additional 10 min. After the mixture was cooled to B0 °C,
hexane (100 mL) was added and the precipitate was filtered. The
solid was extracted with CH,;Cl; and recrystallized from CH.Cl;
and methanol to remove the mononuelear complex.
Crystallization from CHyCl; and ether afforded 0.3¢ g of dark
brown crystals {(21%). CAUTION: NaN; is potentiafly
explosive though we have not experienced any problems under
the reaction conditions. IR (KBr) vem'' = 2038 (N3), 1603,
1575, 1547, 1473, 1452, 1409 (py); UV/Vis (CH;Cly} Ap,/om
{efdm’® mol™ cm™) = 294 (5.85 x 10Y), 327 (6.10 x 10";, 375
(6.00 = 10%, 527 (1.64 = 10", 730 (6.49 x 10%); MS(FAB) m/z
1423 ([Cos{tpda)(N;k]), 1381  ([Costpda)iN,]), 1339
{[Cos(tpda),]". EA (%) [Cos(tpda)y(Na}k}2CH,Cly: caled. C
46.73, H3.04, N 22.85; found C 46.97, H 3.28, N 23.43.

Method 2: To a solution of [Cos(tpda),(NCS):] (140 mg, 0.10
mmole) in CHzCly (50 mL) was added AgClO, (70 mg, 0.33
mmole) in CHyOH (1 mL}. The selution tumed from dark brown
to bright blue. After stirring for 5 min, the mixture was then
filtered. CHyOH (50 mL) and NaN; (320 mg, 50 mmaole) were
added to the filtrate. The resulting mixture was stirred overnight
and then the solid was filtered out. Solvent was removed under
reduced pressure. The product was obtained from crystallization
by slow diffusion of ether vapor into the solution. Yield: 102 mg,
72%.

[Cositpda),(CN);l, 4. Method 1 To a solution of
[Cosltpda),Cly] (140 mg, 0.10 mmole) in a mixture of CH.Cl,
(50 mL} and CH;0H (50 mL) was added NaCN {245 mg, 50
mmole). The resulting mixture was stirred overnight and then the
solid was filtered out. Solvent was removed under reduced
pressure, Crystals were obtained from crystallization by slow
diffusion of ether vapor into the solution of the product in
CH,Cl,. Yield: 120 mg, $6%. TR (KBr} wem™ = 2009 (C=N),
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1605, 1575, 1547, 1475, 1452,1423, 1410 I;pz'); UViVis (CHCly)
A/ (E/dM® mol™ conly = 292 (5.78 x 10%), 342 (6.55 x L0,
401 (4.64 = 10*), 516 {9.98 x 10%), 585 (5.49 x 10%), 695 (6.49 x
10°; MS(FAB) mf= 1391 ([Cos(tpda)y(CN)]), 1365
([Cositpda)CN]"), 1339 ([Cos(tpdal]).  EA (%)
[Cos(tpda){CN),): caled. C 53.50, H 3.17, N 22.14; found C
5317, H 333, N 22.09.

Method 2 A procedure similar o method 2 for
[Cos(tpda)s{N1)a] was employed except that NaCN instead of
NaN; was used to give 73% of the product.

[Cosltpda)(SO,CF3):), 5. To a solution of [Cos(tpda),Cly]
{140 mg, 0.10 mmole} in CH,Cl; (50 mL) was added TISO,CF,
(177 mg, 0.50 mmole) in CH;OH (2 mL). The resulting solution
was stirred for 2 br and then filtered. Solvent was removed under
reduced pressure. The product was obtained from crystallization
by slow diffusion of ether vapor into the solution. Yield: 150 mg,
91%. IR (KBr) viem™ = 1605, 1579, 1549, 1475, 1455,1413 (py);
UVVis (CHCla) A p/tin (/dm® mal™ om''y = 286 (5.23 = 10%),
308 (5.36 x 10%), 380 (5.67 x 10%), 514 (R.98 x 10%), 794 (2.64 x
10%; MS(FAB) miz 1637 ([Cos(tpda)(OTR:]"), 1488
([Costpda)OTI), 1339 ([Cos(tpdan]’). EA (%)
[Cos(tpda)(OTL);]: caled. C 4547, H 2.71, W 17.10; found C
45.28, H 2.84, N 17.40.

[Cositpda),(NCS), | (ClO,), 6. A solution of
[Cos(tpda)y(NCS),] (100 mg) in CH;Cl; (20 mL) containing 0.1
M TBAP was electrolyzed at Eqpy = +0.55 V vs Apg/ApCl. The
reaction was monitored by UWV/Vis spectroscopy. After the
reaction was complete, the solution was concentrated under
reduced pressure. Deep blue crystals were obtained by slow
diffusion of ether vapor into the concentrated CH,Cl, sclution.
Samples for analysis were crystatlized twice from CH,Cl; and
ether. Yield: 77 mg (72%). IR (KBr) viem™ = 2067 (C=N), 1603,
1577, 1548, 1467, 1424 (py); UV/Vis (CH;Cly) Apy/nm (g/dm’
mol! cm™ = 305 (6.91 x 10%, 376 (6.70 x 10%), 573 (146 x
109, 917 {695 = 10" MS(FAB) m/z 1455
([Cos(tpda)e(NCS)]7), 1397 ({Cos(tpda)NCS]). EA (%)
[Cos(tpda){NCSKH](CLOy): caled. C 4788, H 2.85, N 19.81;
found C 47.88, H 2.92, N 20.52.

[Cos(tpda)CLI(CIOy), 7. A procedure similar to that for
[Cos(tpda)y(NCS))(CI0,)  was  employed except  that
[Cos(tpda},Cl,] instead of [Cos(tpda}s(NCS);] was used to obrain
the product. Samples for analysis were crystallized twice from
CH,Cl, and ether. Yield: 78 mg (73%). IR (KB1) viem’' = 1602,
1577, 1545, 1467, 1424 (py); UV/Vis (CHyCl) dme/nm (2/dm’
mol! cor') = 306 (7.36 % 10%), 374 (7.31 = 10%), 585 (1.44 =
10%, 939 (6.85 » 10%); MS(FAB} m/z 1409 ([Cos(tpda}CL]),
1374 ([Cos(tpda)CI]"), 1339 ([Cos(tpda)eC11D. EA (%)
[Cos(tpda)CLL{CI0,): caled, C 47.72, H 2,94, N 18.55; found C
47.46, H .05, N 19.06,

|Cos(tpda) (OTT),](OTT), 8. To a solution of
[Cos(tpda)y,{NCS);] {145 mg, 0.10 mmol} in CH,Cl; (50 ml) was
added AgOTf (103 mg, 0.40 mmol) in CH;0H (1 mbl). The
resulting mixture was stired for 5 min. The solution turmed from
dark brown to bright blue. After the solution was filtered solvent
was removed under reduced pressure. The blue solid was
dissolved in a mixture of CH,Cl; and CH;0H, and crystallized
by slow diffusion of ether vapor into the solution to %ivc dark
blue crystals with a 2% yicld (93 mg). IR (KB0) vicm™ = 16[]35
1574, 1548, 1469, 1423 (py); UV/¥is (CH;Cly) Apa/nm (6/dm
mol™” em') = 302 (1.26 x 10%), 373 (1.29 = 10%), 574 (2.11 =
10%, 958 (858 x 10" MS(FAB) m/z 1637
([Cos(tpda)e(OTH)]"), 1488 ([Cos(tpda)(OTH]D, 1339
([Costpda)] ). EA (%) [Cos(tpda)a(OTf)(OTH): caled. C 42,34,
H2.48, N 15.68; found C42.17, H2.57, N 16.04.

Crystal Structure Determinations

The chosen crystals were mounted on a glass fiber, Data
collection was carried out on a NONIUS CADd diffractometer
for 1 and on a BRUKER SMART CCD for 3 with Mo radiation
(A = 0.71073 A). Cell gﬂaramctcrs were retrieved and refined
using the CAD4 software™ on 25 reflections for 1 and the S4INT
software® on all reflections for 3. Data reduction was performed
on the NRCSDP™ and SAINT® software for 1 and 3, respectively.
An empirical absorption was based on the symmetry-equivalent
reflections and absnr?::ion corrections were applied with the P8I
SCAN and SAD485™ programs, respectively. Data collection for
2,4,5,6, 7, and 8 was carried out on a NONIUS Kappa CCD
diffractometer. Cell parameters were retrieved and refined using
DENZO-SMN software on all observed reflections.®* Data
reduction was performed with the DENZO-SMN software.” An
empirical absorption was based on the symmetry-equivalent
reflections and absomption corrections were applied with the
SORTAV program.® All the structures were solved by using the
SHELXS-97% and refined with SHELXL-97" by full-matrix least
squares on F* values. Hydrogen atoms were fixed at calculated
positions and refined using a riding mode. The detailed crystal
data are listed in Tables 2 and 3.
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Synopsis

Linear pentacobalt complexes:
synthesis, structures, and physical
properties of both nestral and one-
electron oxidation compounds

Chen-Yu Yeh, Chung-Hsien Chou,
Kun-Chih Pan, Chih-Chieh Wang,
Gene-Hsiang Lee, Y. Oliver Su and
Shie-Ming Peng*

Both neutral and  one-electron
oxidation compounds of linear
pentanuclear coball complexes are
prepared and structurally characterized,
and their structures are compared,
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The one-glectron oxidized linear pentanuclear nickel
complexes [Nis(tpda)(HONBF(BF,): (1) and
[Mis{tpda)y(SOLCR)(S03CF3)  (2) have  been
synthesized by reacting the neutral compound
[Nis(tpda)sCly] with the comesponding silver salts.
These compounds have been characterized by
various spectroscopic techniques. Compound 1
crystallizes in the monoclinic space group F2,/n with
a=15.3022(1) A, b = 31.0705(3) A, c = 15.8109(2) A,
£ = 82.2425(4y, V = 7511.49(13) A’ 7 = 4, and
compeound 2 in the monoclinic space group C2/c with
a=42.1884(7) A, b= 17.0770(3) A, c = 21.2117 (4 A,
B = 102.5688(8)°, V = 14916.1(5} A®, Z = 8. X-ray
structural studies reveal an unsymmetrical Nis unit for
both compound 1 and 2. Compounds 1 and 2 show
stronger Ni—Mi interactions as compared to the
neufral compounds.

Much attention has been paid to linear multinuclear
metal string complexes due to their attractive properties
such as strong metal-metal interactions in the molecules
and their potential to be applied as molecular electronics.”
'2 A number of multinuclear metal string complexes have
been prepared and structurally characterized since the first
reports of the trinuclear copper and nickel complexes
bridged by di-2-pyridylamido ligand (dpa} in 1950-1991."
Previous reports showed that there are no metal-metal
bonds in the neutral form of m-, penta-, hepta-, and
nonanuclear nickel complexes.>* In these multinuclear
nickel complexes, all the internal nickel ions are in a low-
spin state, whereas the two external nickel! ions are in a
high spin-state with S = 1. The antiferromagnetic coupling

constants between the two terminal nickel ions are -99, -8.3,

-3.8, and -1.7 ¢m™! for the tri-, penta-, hepta-, and
nonanickel dichloride complexes, respectively.! To see
whether or not the metal-metal interactions and the
structures can be influenced upon oxidation, we decided to
synthesize the one-electron oxidation counterparts of the
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800 1000

400 600
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Figure 1. UV-Vis spectra of (a) [Ni{tpda),Cly] (solid ]me] (b) 1 (dash
line); (c) 2 {dot ling) in CHCl;. Concentration: 1.0 » 10

linear pentanuclear nickel string complexes, We report here
the synthesis and the unusual unsymmetrical structures of
the linzar one-electron oxidation pentanuclear string
complexes, [Nis(tpda)y(HOWBF)¥BF,): (1) and
[Nis(tpda){SO3CF1);)(S0:CFy) 2) (tpdaH, =
tripyridyldiamine), along with their magnetic properties.
To the best of our knowledge, compounds 1 and 2 are the
first linear multinickel complexes with an unsymmetrical
structure.

The one-clectron oxidation of the pentanuclear nickel
complexes were achieved by the reaction of excess silver
salts and [Nis(tpda)Cly] (3). Two one-electron oxidation
products, 1 and 2, were obtained and characterized by
various spectroscopic methods such as mass, UV-Vis, IR,
and X-ray diffraction. The UV/Vis/Near IR spectra of
complexes 1 and 2 showed significant differences from that
of the neutral compound, [Nis(tpda)sCl;]. As shown in
Figure 1, upon one-electron oxidation the peaks for
[Nis{tpda),Cl;] at 292, 373, 480, 548, and 594 nm shifted
to 281, 372, 652, and 1150 nm for 1, and 282, 372, 669,
832, and 1010 nm for 2.

The most unambiguous confimation for compounds 1
and 2 is from the X-ray crystal structures. Some selected



Figure 2. Crystal Structure of compound 1. Atoms are drawn at the 30%
prebability level and hydrogen atoms are omitted for clarity.

Figure 3. Crystal Structure of compound 2. Atoms are drawn at the 30%
probability level and hydrogen atoms are omitted for clarity.

bond distances for 1, 2, 3, and [Cos{tpda),(INCS);] (4) are
given in Table 1."* In compound 1, five nickel ions are
helicelly supported by four tpda® ligands in a spiral
configuration and essentially form a linear arrangement as
shown in Figure 2. The axial ligands are provided by a BF
anion and a HzO molecule. The two positive charges in the
Nis core are compensated by two BF, anions. The axial
H:0 ligand forms H-bonding with one of the BF, ions, in
which the O(1)-F(5) distance is 2.704 A, The nickel-axial
ligand bond distances are 2.255(6) and 2.470(4) A for
Wi{1)-0(1) and Ni(5)}-F(1), respectively. The most striking
feature in the crystal structure of 1 is that the Ni; chain of
the molecule adopts an unsymmetrical structure with Ni-Ni
distances of 2.337(1), 2.261{1), 2.245(1), and 2.300({1) A
for Ni(1}-Ni(2), Ni(2)-Ni(3), Ni(3}-Ni(4), Ni(4)-Ni{5),
respectively. Compared to the Ni-Ni bond lengths in 3,
both the internal and external Ni-Ni bond distances in
compounds 1 and 2 are shorter by 0.04-0.08 A. Unlike the
case of compound 3 where the Ni-N distances for the
terminal Ni tons are considerably longer than these for the
internal Ni ions, the average Ni-N distances in 1 are
2.023(5), 1.895(5), L.911(5), 1.892(5), and 1.929(5) A for
Ni(1), Ni(2), Ni(3), Ni(4) and Ni(5), respectively. These
results indicate that Ni{1) is in a high-spin state while the
other four Ni ions are in a low-spin state, and the one-
electron oxidation occurs at the terminal Ni(5) ion.
However, we cannot rule out the possibility of the positive

Tablel. Selected bond distances for 1,2, 3, and 4.

L 2 3 4
M(1)X 2255(6)  2.059(7)  2.346(3) 207(1)
M(5)-¥ 2470(4) 23388} 2.346(3) 2.06(1)

MID-M(Z) 233K 2358{2)  2385(2)  2281(%)

M(2-M(3)  2260{1)  2276(2)  2306(1)  2.236(%)

M3)-M{4) 22451 224S(1)  2306(1)  2.233(3)

M(H-MS)  2300¢1)  2308(1)  2385(2)  2.277(3)
M(IRN 20235}  2081{10)  2.011{9) 1.96(1)
M{Z}-N 1895(5) 137410} L.99(2) 1.90(1)
M(3}N 1.911(9) 1.904(9) 1.904(8) 1.93(1)
M(4)-N 1.492(5)  1.885(11) LK) 1.90{1)
M(35)-N 1.929(5) L948(8) 21119 196(1)

* X, Y =axial ligands. X = H;0, ¥ = BF, for 1; X = Y = CF.80, for 2,
X=¥=Cl'for3; X =Y =NCS5,M=Co" for 4.
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Figure 4, Temperature-dependent magnetic effective moment (O3] and
molar magnetic susceptibility {O) for compound 1. Solid lines represent
fitting of the experimental data.

charge being delocalized in the four low-spin nickel ions.

It has been found that trinuclear cobalt and chromium
complexes exhibit both symmetrical and unsymmetrical
structures depending on the nature of the axial ligands,* the
crystal environment,” and the oxidation states.*'® The
unsymmetrical structure of compound 1 might be induced
by the different nature of the axial ligands, BF, and H,O,
or by the different Ni-Ni interactions occurring in the
molecule. However, the possibility of being induced by the
different nature of the axial ligands should be ruled out as
evidenced by the crystal structure of 2, in which the two
axial ligands are the same (Figure 3). Compared to 1, the
extent of asymmetry of compound 1 iz even more
pronounced as judged from the unsymmetrical Ni-Ni bond
distances of 2.358(2), 2.276(2), 2.245(2), and 2.304(2; A,
The significant differences between the two terminal nickel
ions can also be viewed from the different metal-ligand
bond distances of 2,053(7) and 2,338(8) A for Ni{1}-O(1)
and Ni(5-0{4), respectively. The average Ni-N lengths
are not significantly different from those in compound 1 as
shown in Table 1. According to the structural analyses, the
electronic configuration of 2 can be considered identical
with that of 1.

Theoretical calculations show that there are no metal-
metal bonds in the neutral molecules of the pentanickel



complexes and the bond order for Co—Co in neutral
pentacobalt complexes is estimated to be 0.3." Comparing
compounds 1 and 2 to 3 and 4, the Ni-Ni bond distances
are in between the comesponding metal-metal distances in
3 and 4. We believe that considerable unsymmetrical Ni—
Ni bonding interactions, especially, on the Ni{5) site exist
in1and 2.

The measured effective magnetic moment g and the
molar magnetic susceptibility ™ of compound 2 with
respect to temperatures are given in Figure 4. The
experimental data obtained are close to the simulated
values (solid lines)." At the temperatures measured, the
effective magnetic moment gy of 1.87 ig at 5 K increase
gradually to a value of 2.86 x5 at 300 K without reaching
saturation. The effective magnetic moment at room
temperature 1s smaller than the estimated value of 3.32 yp
{two independent sping of § = 1 and § = 1/2). The magnetic
data supgest that the terminal Ni{l} ion with S = 1 is
antiferromagnetically coupled with the terminal Ni(5) ion
with § = 172 or the remaining Ni; unit with a delocalized
unpaired electton. The coupling constants of the
antiferromagnetic interactions in the pentanickel core are
estimated to be -555 and -318 em’! for 1 and 2, respectively,
which are much higher than those for 3 (-8.3 cm™) and
[Niy(dpa}Cly] (-99 cm™"), indicating that there are strong
metal-metal interactions in these oxidized complexes. The
magnetic results are in agreement with the X-ray crystal
structural analyses.

In summary, the one-glectron oxidation products of the
pentanuclear nickel string complexes have been
successfully synthesized. The unusual unsymmetrical
structures of these oxidized complexes are proven by X-ray
crystal structure analysis. One of the terminal nickel ion
(Ni{1)) can be regarded as being in a high-spin state with S
= 1 while the other four nickel ions are in a low-spin state
with a localized {on Ni(5)) or delocalized electron. The
differences in the metal-metal interactions between the
neutral and one-electron oxidation complexes might shed
light on the application of these molecules as “'molecular
switches”. The studies on the conductivity of both the
neutral and one-electron oxidation complexes using SAM
techniques are currently underway in our laboratory.
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Synopsis.

The one-electron oxidation preducts of the neutral pentanuclear nickel complex [Mis(ipda),Cl;] have been synthesized
and structurally characterized. The Mis unit of these oxidized complexes adopts an unsymmatrical structure and exhibits
stronger metal-metal interactions as compared to the neutral analogues.

i
N R
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=2

X—N—
Ni—=Ni 2385 2.306 2306 2385 n=0

MNi—MNi 2,337 2.261 2245 2.300 n=1
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The electrochemical properties of [Cry(dpa)sCly] and [Cos(dpa)sCly], where dpa is the anion of bis(2-pyridyl}amine, have been studied
by cyclic voltammetry (CV) and spectroelectrochemistry. An electrochemical method has been developed to obtain the oxidized

spccws of the trinuclear metal complexes by electrolysis. [Cra{dpa)sCly] exhibits two reversible redox couplcs aE =

+0.18 and +0.95

¥ in CH;Cl,. The one-electron oxidation leads to an uncharacterized oxidized spectes [Cryfdpa)X¥]" (X, Y = axial ligand) as major
product and [Cry(dpa)«Cl;]" as minor product. The two-electron oxidized product is unstable and proceeds auto-reduction reaction to
form JCry(dpalCL;]J(CIOy), which has been structurally characterized. [Coa{dpa),Cl;] shows two reversible redox couples at E,, =

+0.43 and +1.34 V in CHCL.

One-electron oxidation generates a stable product and this product is characterized as

[Cos(dpa)sCLJ(CIO.}. The X-ray crystal structures of [Cri{dpa)yCl](CI0,) and [Coy{dpa)CLJ(CIOy) generated by electrochemistry are

comparable with those by chemical methods.

Intrﬁduction

Linear polynuclear metal complexes continue to attract much
attention of inorganic chemists because of their fascinating
chemistry such as spin interactions, metal-meta] bonding, and
their potential as molecular metalwires." During the past decade,
much effort has been devoted to the variation of metal centers,
the increase of the chain length, the structural characterization,
and the demonstration of the electronic configuration of lhesc
cnmzp]exes For mstance tnnuclcar metal complexes of Cr.*

Co ™ Ni.b Cu’” RW and Ru® wrapped by four bis(2-
pyridyllamido (dpz) ligands have been synthesized and
strucrurally characterized, and their magnetic behavior has been
described.

Among these trinuclear metal complexes, tricobalt and
trichromium complexes are the most interesting ones since they
exhibit both symmetrical and unsymmel:ncal structures
depending on the nature of the axial ligands, the crystal
environment™® and the oxidation states.*'” Despite the extensive
studies on the structural characterization and magnetic properties
of the compounds containing a trichromium or tricobalt core, the
electrochemistry of these compounds has not been extensively
investigated. We report here the electrochemical properties of
[Cry(dpa)sCly] and [Cos(dpa)sCl;] along with the structures of
their one-electron oxidized species obtained by electrochemical
method. The schematic molecular structures of [Cri(dpa),Cl;]
and [Coy(dpa)4Cl;] are given in Scheme 1.

(2, L)

MII__ M"

4 M=Cr, Co
C— M"

Scheme 1

Results and Discussion

Electrochemical Properties of [Cry{dpa),Cl;|

The eyclic voltammograms of [Cry(dpa)Cl;] in CH,Cl, are
summiarized in Figure 1. Twao reversible redox couples occur at

+0.18 and +0.95 ¥ after | minute vpon the addition of TBAP
(Figure la). The couple at +3.93 ¥V exhibits abnormal current
magnitude and shape broadening. Most likely, it involves two
species. A irreversible wave at —0.50 V is observed, the height of
which increases, while the magnitude of the coupls at +0.18 V
decreases over time with addition of TBAP. A quasi-reversible
peak at .73 V appears beyond the first reduction, the height of
which increases upon decreasing the scan rate. This observation
indicates that the reduction at —0.50 V is followed by a chemical
reaction.

When TBAC instead of TBAP is used as the electrolyte, only
one redox couple at +0.18 V is observed and the redox waves at
+0.95 V (Figure la and Ib) are out of the breakdown limit in the
solvent system. Furthermore, the irreversible cathodic current
at -0.50 V in Figure 1b disappears. These observations indicate
that there is a chemical reaction between [Cry(dpa),Cl;] and
perchlorate, and the reaction produces a new complex. The
irreversible reduction wave at —-0.50 V in Figure 1b corresponds
to the reduction of this newly formed complex. The formation of
this new complex is observed by the UV-Vis spectral changes of
[Criy(dpa)Cl;] in the presence of 1.0 M TBAP as shown in
Figure 2. The resulting spectrum is identical with that of one-
electron oxidation species obtained by electrolysis at Eypy =
+05 V and is similar to those of [Cr;{dpa)‘F;]’,
[Crs(dpa)s(OHXCF;803)]" and [Cry{dpa)y(OHNCIO.)]", which
have already been stucturally characterized.””  The
electrochemical and UV-Vis spectroelectrochemical
characteristics of the new complex thus suggest that ligand
exchange is followed by the one-clectron oxidation, presumably
leading to the new species, [Cry{dpa),XY] (X =Y = ClOy, or X
= Cl and ¥ = Ci0y). Attempts to isolate and crystallize this
product were unsuccessful.

As mentioned above, the second oxidation wave in Figure la
and 1b could involve two species. This is evidenced by thin layer
spectroelectrochemistry. About 10% of the one electron-oxidized
species of [Cry(dpa),Cls], obtained by electrolysis at +0.50 V,
can be rereduced back to [Cry{dpa),Cl;] at +0.00 V, a potential at
which [Crs(dpa),XY]" cannot be reduced. This indicates that
during the one-electron oxidation, {Cry(dpa),Cly]" is the minor
praduct, the amount of which is dependent on the electrolysis
time, At the time scale of cyclic vollammetry, one-electron
oxidation species, [CridpalCl]’, could coexist with
[Cry{dpa),XY]", thus resulting in the breadening of the second
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Fig. 1 The cyclic voltammograms of frichromium complexes in CH,Cl.
(a) [Crildpa),Cly], 1 min after the addition of TBAP (0.1 M); (b)
[Cri(dpakCL], 30 min after the addition of TBAP (0.1 M} ()
[Crs(dpa)aCl;], electrobyte = 0.1 M TBAC; (d} [Crs(dpa)CL2](CIOy), 30
min after the addidon of TBAP (0.1 M),
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Fig. 2 UV-Vis speciral changes for the reaction between [Cridpa).Ch]
and 0.1 M TBAP in CH.Cl,. (a) freshly prepared; (b) 1; (<) 2; (d} 8; {e}
25; (£) 150 min after the addition of TBAP.

oxidation wave as shown in Figure 1b. These two one-electron
oxidation species, upon further oxidation, lead to the same
product as will be discussed later,

To further investigate the two electron-oxidized product of
[Crs(dpa),Cl;], thin-layer UV-Vis spectroelectrochemistry was
employed. After electrolysis at +1.25 V the two-electron
axidation species is obtained. The two-electron oxidized species
is stable at the time scale of spectroclectrochemistry. However,
attempts to isolate this oxidized species were unsuccessful. This
oxidized species undergoes auto-reduction reaction to form a
one-eleciron oxidation product as shown in Figure 3. The
resulting spectrum of this awto-reduction reaction is identical

Absorbance

Wavelength/nm

Fig. 3 UV-Vis spectral changes of auto-reduction of [Crs(dpa)CL])"
obtatned by electrolysis at +1.25 V in CH,Cl; with 0.1 M TBAP. Time
interval = 6 min.

I 2.5 nA

'R I T I TR TR |
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Fig. 4 The cyclic voltammograims of [Co:{dpa)«Cl;] in CH;Cl; with 0.1
M TBAP.

TBAC
[Cra(dpa)sCly)° [Cra(dpa)Clo]*

E1'r2 =+0.18V

-e” |TBAP Ep = +0.95V

[Cra(dpa)sXY]" + €I € . [Cra(dpa)sClo}**

Scheme 2 The electrochemical oxidation pathways of [Cry(dpa)sCly] in
CH:Cl; containing TBAF or TBAC.

with that of [Cry(dpa),Ci;]" obtained by electrolysis at +0.5 V in
CH,Cl; containing 0.1 M TBAC. This auto-reduction product,
[Cry{dpa)Cl]", is further characterized by the X-ray crystal
structure. These results indicate that the two-electron oxidation
species is [Cry(dpa) LT

To see whether or not [Cry(dpa),Cl;]* can react with TBAFP,
we decided to study the electrochemical behavior of this
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Table 1 Crystal data for [Cri(dpa)C1:){CIGy) and [Coy(dpa)eCL(CI0O,).

[Cry{dpa)sC1;)(CI04) [Cos(dpa)ClI(C10)

L75CH:Cl0.25(CH o) ‘2CHClz
Farmula Cyz2H1eClasoCralN (204 25 CaH 1 ChCoN 120,
Fw 117428 ns.m
Crysial system monoclinic monoclinic
Space group P2yn B2n
a, ! 11.5505(4} 11.4454(3)
b, A 21.0962(7) 20.9334(5)
c. A 19.8401{7) 19.6688(5)
B deg 93.590(1) 92.499(1)
v, A 4823,0(3) 4708.0(2)
F {000) 2380 2416
Crystal size 0.35 x 0.25 x 0.05 0.40 = 0.40 x 0.20
[mm}
[!] 1.41 to 27.50 1.42 to 27.50
Reflections 42333 43377
Absorption mulb-scan multi-scan
comrection
Max and min 0.86 and (.70 0.80 and 0.64
trans
Refinement least-squares on E* least-squares on F
meihod
Z 4 4
T.K 1501} 150(1)
Deute, glem’ 1.617 1.650
Data‘restraints’ 11072/8/621 10811:3/618
para
Ry, Ru{F?) 0.1058, 0.15%4 0.0357, 0,0941
(all data)”
Re, Ru(FH 0.0580, 0.1424 0.0553, 0.1002
[I> 2
GOF 1.048 1.067

“ Re = LIF, - FAVELFul RlF) = [EwIE — FAHEwiR 0™

Table ? Comparison of Cr-Cr and Cr-Cl bond lengths (A) in
[Cra(dpa)yClLIX).

X Cr{)-Cr2) Cr2)-Crd) Cx-Cl  Cr3kCl
CI0y 2.061¢1) 2492(1)  Z413(1}) 23031
AICL 2.011) 2.555(1)  2441(2) 227402
FeCl 2.009(1) 2.56X1)  2.44612) 2.278(2)

Cl 212 24701} - -

I 208%(1) 2.49(1)

PE, 2.09(2) 2.48(2)

W = ClOy, this wark; X = AICly, FeCly, Cl, 1, and PF, see referece 4.

Table 3 Comparison of important bond lengths (A) in [Cos(dpakCL](X)
(X = C]O.L, BFJ).

ClO. BF.”
Cof1)-Co{2) 2.3214(4) 2.3168(8)
Cof)-Co(3) 2.33L1{d) 2.3289(8)
Co(1)-C1 236747 2350(1)
Co(3)-C1 2.3821(7) 23761
Co(1)}-N 1.979(2) 1.975(4)
Co(2}-N 1.874(2) 1.36%(4)
Co(3)-N 1.97%2) 1.97%4)
“ reference 9.

oxidized species in CH;Cl; containing 0.1 M TBAP. As shown
in Figure 1d, two well-defined redox couples at +).18 and +0.935
W are observed, indicating that there are no reactions between
[Cry(dpa)sCl;]” and TBAP. These results also provide strong
gvidence that the peak broadening at +0.95 ¥ in Figure lais a
tesult of the oxidation of [Cry{dpa)XY]".

According to the electrochemical and thin layer UV-Vis
spectroelectrochemical results, the electrochernical reactions of
[Cry(dpa)yCl;] is proposed in Scheme 2. In CH:Cl; containing
0.1 & TBAP, ligand exchange is followed by a one-electron
oxidation of [Cry(dpa},Cl;] to form a stable oxidized product,
[Cry{dpa}yXY]". However, the reaction of one-electron oxidation
followed by ligand exchange cannot be rled out. Further
oxidation at +1.25 ¥V gives a two-glectron oxidation product,
which can undergo auto-reduction reaction to form a stable one-
electron oxidation species [Cry(dpa)CLT

Electrochemical Properties of [Cos(dpa},Cly]

Figure 4 shows the cyclic voltammograms of {Cos{dpa),Cl;] in
CHCl; containing 0.1 M TBAP. Two reversible redox couples
at +(L.44 and +1.34 V, and an imreversible wave at —0.75 V are
observed. By judging from the peak currents, the two oxidation
waves involve the same number of electrons. To investigate the
stability of the oxidized species, thin layer UV-Vis
spectroelectrochemistry is employed. Figure 5 shows the
absorption spectra of [Coi(dpa),Cl;] in CH)Cl, at various
potentials. As the applied potential increases, the peak at 568 nm
shifts to 730 nm with a clear isosbestic point at 462 nm. The
resulting spectrum is identical with that of [Cox(dpa),Cli]"
obtained by the reaction between [Coy(dpa),Cl;] and NOBF,.*
According to the data obtained from spectroelectrochemistry, the
formal potential of this electrochemical reaction is calculated to
be H}1.44 V and the number of electrons transferred is calculated
to be 1.0. When the one-electron oxidation species is rereduced

06F

Absorbance

200 60 500 T000
Wavelength/nm

Fig. § UV-Vis Spectral changes of [Coy{dpa}.Cl,] during oxidation at
various applied potentials from +0.25 to +0.51 ¥ in CH;Cl; with 0.1 M
TBAP.

at +0.25 V¥, it can be completely converted back to
[Cos{dpa)iCl;]. The one-electron  oxidation species  of
[Cos(dpa)sCly] is characterized as  {Coy(dpa)sCl2](ClO,), which
is further confirmed by the X-ray crystal structure. Attempts 1o
characterize the two-electron oxidation species of [Coydpa)yCl,]
were unsuccessful since it was unstable at the time scale of thin
layer spectroelectrochemistry,

Electrolysis and Crystallization

The one-electron oxidation species [Cry(dpa),CL)J(C10,) can be
obtained by aute-reduction of the two-electron oxidation product
generated by bulk electrolysis in CH,Cl; at +1.25 V. After the
starting material is completely converted to the product as
evidenced by UV-Vis spectroscopy, ether is slowly evaporated
into the CH,Cl; solution containing the oxidized compound. The
erystals of the product and TBAP grow separately. High quality
of crystals for X-ray crystallography is selected by hand. The
crystals for analysis can be obtained by crystallizing twice from
CH;Cl; and ether., The other one-clectron oxidation species,
[Cry{dpa) XY]{C10,), can be obtained by employing a procedure
similar to that described above after bulk electrolysis at +0.5 V
in CH;Cl,. However, atternpts to characterize this oxidized
species were unsuccessful.
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Fig. 6 The crystal structure of [Cry{dpa}CL]'. Atoms are drawn at the
50% probability level and hydrogen atoms are omitted for clarity.

The synthesis of the one-electron oxidation compound of
[Cas(dpa)yCla], in which the anion is tetraflouroborate, and its
crystal structure have been reported. By using bulk electrolysis
in CH,Cly at +0.75 V another one-electron oxidation form of
[Cox(dpa),Cly], in which the anion is perchlorate, can be
synthesized. High quality of crystals for X-ray crystallography
can be obtained by employing a method similar to that for
[Crs(dpa)sCh](CLO,).

Crystal Structure of [Cry{dpa),CL}{C10.)

The crystal structure of [Cry{dpa)sCl;)(C10,) have not been
previously reported. The detailed crystal data are listed in Tables
1. As shown in Figure 6, the core structure of
[Cri{dpa)yCLI(CIOy) is not significantly different from those
reported by Cotton er al.* The selected bond distances along with
those reported are listed in Table 2, This compound crystallizes
in the P2\/n space group. The three Chromium atoms are in a
linear arrangement helically wrapped by four dpa ligands. As
expected, this molecule is unsymmetrical with Cr-Cr distances of
2.061(1) and 2.492(1) A, The bond distances are consistent with
the fact that Cr{1} and Cr{2) group up to form a quadruple bond,
isolating Cr{3). The average Cr(1)-N distance is 2.111{(4) A&,
which is 0.027 A longer than the Cr(3}-N distance. The Cr-Cl
bond distances of 2.413(1) and 2.303(1) A are comparable with
those in [Cry(dpa),Cl;)}(FeCly) and [Cri(dpa)CLI(AICL). These
bond distances are in a good agreement with Cr{1} and Cn(2)
being Cr¥, and Cr(3) being Cr.

Crystal Structure of [Coy(dpa)C1:](CIQ,)

Figure 7 shows the X-ray crystal structure of
[Cos(dpa)sClyJ(CIOy). The selected bond distances along with
those reported” are listed in Table 3. This compound crystallizes
in the P2/n space group and isomorphous with that of
[Cry(dpa)yC1:J(CI0,}. The structure consists of a linear chain of
three cobalt atoms supported by four dpa” ligands in a helical
configuration and two chloride ions as the axial ligands. The
pasitive charge is compensated by a perchlorate anion. The Co-
Co-Co unit is symmetrical with Co{1}-Co(2) and Co(2)-Ca(3)
distances of 23214(4) and 2.3311(4) A, respectively. The
terminal Co-N bond distances are 1.979(2) for both Co(]) and

ci

Fig. 7 The crystal structure of [Cos(dpalClz}". Atoms are drawn at the
501% probability level and hydrogen atoms are omitted for clanity,

Co(3). and the central Co-N bond distance is 1.874(2) A. The
average Cr-Cl bond length is 2.375(1) A, significantly shorter
than that of [Coy(dpa),Cl,]) (2.469(2) A). All the bond distances
described  above are  compamable  with  those in
[Coy(dpa)sCL;}{BF,) as listed in Table 3.

Conclusions

The electrochemical properties of [Cry(dpa),Cly] and
[Coi(dpa)sClz] have been demonstrated. The one-electron
oxidation compounds of the trichromium and tricobalt
complexes c¢an be gensrated by bulk electrolysis and are
sufficiently stable to be isolated. The structures of
[Cri(dpa)Cl;]" and [Costdpa)sCl;]” with perchlorate as the
counter anton are compared with those of their analogues with
different counter anions. Electrochemical methods have provided
feasible means to prepare the single crystals of the oxidized
species of linear trinuclear metal complexes and can be used for
other multinuclear metal string complexes. Efforts along this line
are underway in our laboratory,

Experimental Section

Materials

All reagents and solvents were obtained from commercial
sources and were used without further purification unless
otherwise mnoted. [Coj(dpa)sCly] was prepared accoerding to
previously reported procedures from the literatures.™  CH,Cl
used for electrochemistry was dried over CaHy and freshly
distilled prior to use. Tetra-n-butylammonium perchlorate
(TBAP) and tetra-n-butylammonium chloride (TBAC) were each
recrystallized twice from ethyl acetate and toluene, respectively,
and further dried under vacuum.

Physical Measurements

Absorption spectra were recorded on a Hewlett Packard model
84353 spectrophotometer. IR spectra were performed with a
Nicelet Fourier-Transform IR or MAGNA-IR 500 spectrometer
in the range of 500-4000 ¢cm”. FAB-MS mass spectra were
obtained with a JEOL HX-110 HF double focusing spectrometer
operating in the positive ion detection mode. Electrochemistry
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was performed with a three-electrode potentiostat (Biganalytical
Systems, Model CV-27) and a BAS X-Y recorder in a CH;Cl,
solution deoxygenated by purging with prepuried nitrogen gas.
Cyclic voltammetry was conducted with the use of a home-made
three-electrode cell equipped with a BAS glassy carbon (0.07
cmz) or platinum (0.02 cml) disk as the working electrode, a
platinum wire as the auxiliary electrode, and a home-made
Ag/ApCl (sat'd) reference electrode. The reference electrode is
separated from the bulk solution by a double junction filled with
electrolyte solution. Potentials are reported vs. Ag/AgCl (sat'd)
and referenced to the ferrocene/ferrocenium (Fo/Fc®) couple
which occurs at E 5 = +0.54 V vs. Ag/AgCl (sat’d). The working
electrode was polished with 0.03 x m aluminum on Buehler felt
pads and was ultrasonicated for | min prior to each experiment.
The reproducibility of individual potential values was within 15
mV. The spectroelectrachemical experiments were accomplished
with the use of a | mumn cuvette, a 134 mesh platinum gauze as
warking electrode, & platinum wire as auxiliary electrode, and a
Ag/AgCl (sat’d) reference electrode. The design of cuvettes for
spectroelectrochemical measurements has been described.”? A
two-arm U-shape cell with a fritted-glass separator was used for
bulk electrolysis. The cell is equipped with platinum gauzes as
working and auxiliary electrodes, and a Ag/AgCl (sat’d)
reference electrode, which is placed close to the working
electrode,

Preparation of Compounds

[Cry{dpa),Cl;]. Anhydrous CrCl: (0.37 g, 3.0 mmole),
dipyridylamine {0.68 g, 4.0 mmole) and naphthalene (20 g) were
placed in an Erlenmeyer flask. The mixture was gently refluxed
under an argon atmosphere for 4 hr, A soluton of potassium ¢-
butoxide {0.45g, 4.0 mmole} in ~butanel (5 mL) was added
dropwise. The resulting solution was further refluxed for 2 hr
until it turned a dark green, After the mixture had cooled, hexane
(100 mL) was added and the precipitate was filtered. The solid
was extracted with CH;Cl;, and crystallized from CHiCl; and
ether to give 0.68 g of deep brown crystals (75%}. IR (KBr)
viem = 1605, 1594, 1547 (pyridyl); UV/Vis (CHyCly) Aje/nm
(e/dm® mol' em™) = 230 (2,91 = 10%, 292 (3.66 x 107), 608
(144 = 10% 672 (129 = 10%; MS(FAB) m/z 906
([Cry{dpa)Ch]), 871  ([Cry(dpa)Cl]). EA (%)
[Cry{dpa)yCl;]-{CH.CL - (CH O): caled. C 51.30, H 412, N
15.62; found C 51.46, H 421, N 1643,

[Cry(dpa)CLI{C10y). A solution of [Cry(dpa),Cl] (100 mg)
in CH;Cl; (20 mL} containing 0.1 M TBAP was electrolyzed at
Eupt. = ¥1.25 V vs, Ag/AgCl. The reaction was monitored by
UV/¥is spectroscopy. After the reaction was complete (about 60
min), the solution was concentrated under reduced pressure.
Dieep brown crystals were obtained by slow evaporation of ether
into the concentrated CH,Cl; solution. Samples for analysis were
crystallized twice from CH,Cl; and ether (80 mg, 72%). IR {(KBr)
viem™ = 1609, 1601, 1562 {pyridyl); UV/Vis (CH2Cly) Ae/nm
(g/dm® mol! cm™) = 295 (4.72 x 10°), 496 (262 x 0%, 578
(246 x 107), 692 (1.97 x 10M, 795 (1.10 = 10"); MS(FAB) m/z
906  ([Cry(dpa)CL]"), 871 ([Cr(dpahCll); EA (%)
[Cry(dpa)yCLI(C10.32CH,Cly2H,C: caled. € 41.59, H 3.32, N
13.86; found C 41.65, H 3.38, N 14.23,

|Coy{dpa)CL)(CLO,). A solution of [Coy(dpa),Ch] (100 mg)
in CH;Cl, (20 mL) containing 0.1 M TBAP was electrolyzed at
B = H.80 V vs. Ag/AgCl The reaction was monitored by
UV/Vis spectroscopy. After the reaction was complete, the
solution was concentrated under reduced pressure. Dark green
crystals were cbtained by slow evaporation of ether into the
concentrated CH;Cl; solution. Samples for analysis were
crystallized twice from CH,Cl; and ether (84 mg, 76%). IR (KBr)
viem' = 1603, 1574, 1562, 1552 (C=C); UWV/Vis {CHCly)
Amadtim (E/dm’® mol™ enn™) = 305 (5.10 = 10%), 434 (6.20 x 10%),
724 (3.76 % 10%; MS(FAB) miz 927 {[Coydpa).Cl,]"), 892

([Cox(dpa)Cl); EA (%) [Coy(dpa)iCL)(CIO)-CHClH,O:
caled. C 43.55, H3.21, N 14.86; found C 43.54, H 3.28, N 15,16,

Crystal Structure Determinations

The chosen crystals were mounted on a glass fiber. The
diffraction data were collected on a Bruker SMART
diffractometer exquipped with a CCD detector, @ Mo radiation (A
= (.71073 A), and 2 liguid nitrogen low-temperature contraller.
Fer each structure, data were measured using o scans of 0.3° per
frame for 5 and 10 s for [Coi(dpa)yCL]J(CIO,) and
(Cry{dpa),CL)(C10,), respectively, until a complete hemisphere
had been collected. Cell parameters were retrieved using
SMART software" and refined with SAINT on all observed
reflections. Data reduction was performed with the SAINT
software’ and corrected for Lorentz and polarization effects,
Absorption  comrections were applied with the program
SADABS.'” The detailed crystal data are listed in Table 1.
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Synopsis

TBAC
The electrochemical properties of [Cratdpa)aCly]’ ==———=[Cr3(dpakChl’

linear trichromium and tricobalt Bua =018V
complexes with bis(2-pyridyl)-amido o |TBAP Eyp = 40.95V
ligands

[CrafdpalgX¥]” + F — = [Cry{dpalChi2”

Kun-Chih Pan, Chen-Yu Yeh, Chang-
Ling Chiang, Y. Oliver Su, Gene-Hsiang
Lee and Shie-Ming Peng

The electrochemical properties of
[Crs(dpa)Cly] and [Cos(dpa).Cl;] have
been studied, and electrochemical
methods have been developed to
obtain the oxidized species of these
trinuclear metal complexes.



