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When the tellurium-capped tri-iron carbonyl cluster [Et;N]>[TeFes(CO)g] was treated with 1 equiv of CuX in THF at
0 °C, CuX-incorporated clusters [Et;N]o[TeFes(CO)oCuX] (X= CI, [EtsN]o[1a]; Br, [EtsN]o[1b]; I, [Et4sN]o[1¢]) were
formed, respectively. X-ray analysis showed that 1a—1c each exhibited a TeFe; core with one Fe—Fe bond bridged
by one CuX fragment. When the reactions were carried out at a molar ratio of 1:2 (X= Cl, Br) or 1:3 (X= 1) in
tetrahydrofuran (THF) or MeCN at 0 °C, Cu,X,-incorporated clusters [Et;N]o[TeFes(CO)oCusXs] (X=Cl, [EtsN]o[2a];
Br, [EtsN]o[2b]; I, [Et4N]o[2¢]) were obtained, respectively. Cluster 2a was structurally characterized by X-ray analysis
to display a TeFes core, in which one TeFe, plane was asymmetrically bridged and capped by one x3-CuCl and
another u4-CuCl with two Cu atoms bonded. Complexes 1a—1¢ underwent skeleton expansion to form CusX-
incorporated di-TeFes clusters [{TeFes(CO)q},CusX]?~ (X= Cl, 3a; Br, 3b; I, 3c), respectively, upon treatment with 1
equiv of [Cu(MeCN)4][BF,4] at 0 °C. X-ray analysis showed that 3b and 3¢ each consisted of two TeFes clusters that
were linked by a CusX moiety. However, a similar reaction for 1a and 1b with 1 equiv of [Cu(MeCN)4][BF,] at room
temperature produced Cu,X,-linked di-TeFe; clusters [{TeFes(CO)o}2CusXo]?~ (X= Cl, 4a; Br, 4b). Cluster 4a was
shown by X-ray analysis to have two TeFes cores linked by a Cu,Cl, moiety. Clusters 4a and 4b were also produced
directly from the reaction of [Et4N]o[TeFes(CO)q] with 4 equiv of CuX (X=Cl, Br) in THF. Furthermore, the nature, the
formation, the cluster transformation, and the electrochemistry of the CuX-incorporated mono- or di-TeFejs clusters are
explained in terms of the effects of tellurium, copper halide, and the size of the metal skeleton, all of which are

elucidated by molecular calculations at the B3LYP level of density functional theory.

Introduction

Chalcogen-containing transition metal complexes have
drawn increased attention in recent years, mainly because
of their unusual structures and novel chemical reactivities, as
well as for their close relationship with material science and
catalysis.' In contrast to sulfur- and selenium-transition
metal complexes, tellurium-containing transition metal com-
plexes have attracted much attention, particularly because of
the pronounced effect of the Te element on the entire metal
skeleton.* However, study into the potential use of tellurium
as a stabilizing ligand for metal clusters has been limited, and
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its use in their formation has been scarce. Previous studies on
tellurium-containing iron carbonyl clusters have focused on
their synthesis and structural features.’® Thus, the ability of
these complexes to function as building blocks for metal
expansion reactions in terms of the effect of tellurium and
transition metals is of great interest and is a challenge because
of their potential uses in the preparation of mixed metal
nanoparticles in nanotechnology.’
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The previous study showed that the tellurium-capped tri-
iron carbonyl complex, [TeFes(CO)o*~,* exhibited an inter-
esting affinity toward organic and inorganic electrophiles. >
Recently, we have reported a series of copper halide-incorpo-
rated triiron selenide carbonyl clusters from the reaction of
[SeFe;(CO)o*~ with CuX (X = Cl, Br, I).® Along this line, we
attempted to extend our work® into whether [TeFe;(CO)o]*~
could be used as a building unit for further metal expansion
reactions. It has been shown that [TeFes(CO)o*~ can be linked
by Cu" cations to give a novel ternary semiconducting
Te—Fe—Cu polymer.” To pursue the main-group element
and the linker effects, the reactions of [TeFe;(CO)ol*~ with
various amounts of CuX (X = Cl, Br, I) have been syste-
matically studied to probe the complicated coupling effect of
tellurium and iron atoms in terms of different copper halides. In
this study, we describe a rational route to a new series of CuX-,
Cu,yXs-, CusX-, or CuyXs-incorporated nanosized mono- or
di-TeFes carbonyl clusters. Also, with the aid of molecular
calculations at the B3LYP level of density functional theory,
the present study further pursues the nature, the structural
transformation, and the electrochemistry of the resultant
Te—Fe—Cu clusters in terms of the effects of copper halide
and the size of the metal skeleton.

Results and Discussion

Reaction of [EtyN],;[TeFe3;(CO)o] with 1 equiv of CuX
(X= Cl, Br, I). When the tellurium-capped tri-iron cluster
[TeFes(CO)o*~ was treated with 1 equiv of CuX (X = ClI,
Br, I) in tetrahydrofuran (THF) in an ice—water bath,
mono-CuX-TeFes clusters [TeFe;(CO),CuX]*™ (X = CI,
1a; Br, 1b; I, 1c) were produced, respectively, in good
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(9) Shieh, M.; Ho, C.-H.; Sheu, W.-S.; Chen, B.-G.; Chu, Y.-Y.; Miu,
C.-Y.; Liu, H.-L.; Shen, C.-C. J. Am. Chem. Soc. 2008, 130, 14114.

X =Cl, 4a; Br, 4b

Figure 1. ORTEP diagram showing the structure and atom labeling for
1a, showing 30% probability thermal ellipsoids.

yields (Scheme 1). X-ray analysis showed that 1la—1c¢ each
exhibited a TeFes; core with each Fe atom coordinated by
three terminal carbonyls, in which one Fe—Fe bond was
further bridged by one CuX fragment (X= Cl, 1a; Br, 1b; I,
1c¢) (Figure 1, Supporting Information, Figures S1 and S2).
These structures are structurally similar to their Se analo-
gue [SeFes(CO)oCuX]*~ (X = CI, Br, I).* The IR absorp-
tions (vco) of la—1le¢ are shifted to lower energies as
compared to their corresponding Se analogue, probably
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because of the better electron delocalization of Te versus Se
onto the Fej ring.

Reaction of [EtyN];[TeFe3;(CO)o] with 2 equiv of CuX
(X = Cl, Br) or 3 equiv of Cul. If [TeFe;(CO)o]*~ was
further treated with 2 equiv of CuX (X = CI, Br) in THF
or with 3 equiv of Cul in MeCN in an ice—water bath,
Cu,X,-incorporated TeFe; clusters [TeFe;(CO)oCusXo]*~
(X = Cl, 2a; Br, 2b; I, 2¢) were obtained, respectively, in
good yields (Scheme 1). Clusters 2a—2¢ were characteri-
zed by spectroscopic methods and elemental analysis.
Cluster 2a was further structurally characterized by
X-ray analysis to consist of a TeFe3;(CO)q cluster with
one Fe—Fe edge bridged by one Cu atom in which the
TeFe,Cu butterfly was further capped by another Cu
atom with the two Cu atoms covalently bonded and each
externally bound to one CI atom (Figure 2). Cluster 2a
can also be viewed to display a Cu-capped TeFe;Cu
trigonal bipyramidal core geometry with one uy-CuX

Figure 2. ORTEP diagram showing the structure and atom labeling for
2a, showing 30% probability thermal ellipsoids.
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occupying the axial position and another u;-CuX capping
the Fe,Cu triangle. Clusters 2b and 2¢ were believed to be
isostructural with 2a because of their IR absorption
patterns similar to that of cluster 2a, which is different
from those observed for the Fe;—Cu,X,-incorporated
clusters [SeFe;(CO)yCu,X,]*~ (X = Cl, Br)® (Supporting
Information, Figure S3).

Reaction of [Et,N],[TeFe3(CO)o] with 4 equiv of CuX
(X=Cl, Br). Further investigation focused on the employ-
ment of [TeFes(CO))*~ as a building block with an
increased amount of CuX to form the TeFes-based
expanded framework. Results showed that if [Te-
Fe;(CO)o]*~ were treated with 4 equiv of CuX in THF
at room temperature, CuyXs-linked di-TeFe; clusters
[{TeFe;(CO)o}>CusXs]*~ (X = Cl, 4a; Br, 4b) were for-
med, respectively, in good yields (Scheme 1). Clusters 4a
and 4b were structurally analogous to one another based
on the similar IR absorption patterns and their formula-
tions were further substantiated by elemental analysis.
X-ray analysis showed that 4a consisted of two TeFes-
(CO)y clusters each bridged and capped by two covalently
bonded Cu atoms in which the two TeFe;Cu, clusters
were further connected by two Cl atoms (Figure 3). The
formation of CuyX--linked di-TeFes clusters 4a and 4b
were considered a result of the coupling reaction of 2a or
2b with the elimination of 2 equiv of X~ (X = CI, Br).
Therefore, an excess amount of CuX (X = Cl, Br) used in
this case functioned as the oxidizing agent to induce the
dimerization of 2a or 2b. However, a similar reaction with
Cul failed to give the analogous complex [{TeFes-
(CO)o}>Cuul,]*~ (4c) because of its poor stability com-
pared to 4a and 4b. This phenomenon was further sup-
ported by density functional theory (DFT) calculations
(discussed later).

Structural Transformation of 1a—1c, 2a—2¢, 3a—3c, 4a,
and 4b. Since CuX-, Cu,X,-, and CuyX,-incorporated
mono- or di-TeFes-based clusters were accomplished by
fine-tuning the ratios of [TeFe;(CO)o)*~ and CuX (X =
Cl, Br, I), the controlled stepwise construction of these
TeFes-based frameworks was further investigated and
successfully achieved (Scheme 2).

As expected, when mono-CuX-TeFes clusters 1la—1¢
were treated with 1 equiv of CuX in THF (X= CI, Br) or 2

®os

Figure 3. ORTEP diagram showing the structure and atom labeling for 4a, showing 30% probability thermal ellipsoids.
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equiv of Cul in MeCN at 0 °C, Cu,X,-incorporated
TeFe; clusters 2a—2c¢ were produced, respectively, in
good yields. On the other hand, if clusters 1a and 1b were
treated with 1 equiv of [Cu(MeCN)4][BF4] in THF at
room temperature, CuyX»-linked di-TeFe; complexes 4a
and 4b were obtained, respectively. In contrast, if a
similar reaction of complexes la—1c with 1 equiv of
[Cu(MeCN)4][BF,] in THF was carried out at 0 °C, the
new CusX-incorporated di-TeFe; clusters [{TeFes-
(CO)g}zCu3X]27 (X= ClI; 3a; Br, 3b; 1, 3¢) were produced.
X-ray analysis showed that clusters 3b and 3c each
consisted of two TeFej clusters that were further linked
by a CuzX moiety (X = Br, 3b; I, 3¢) (Figure 4 and
Supporting Information, Figure S4). However, cluster 3a
was only observed spectroscopically and is believed to be
structurally similar to 3b and 3¢ because of their similar
IR absorption patterns. The poor stability of 3a is also
supported by DFT calculations and will be discussed
later. The kinetic product 3a was found to quickly trans-
form to its thermodynamic product 4a at room tempera-
ture while cluster 3b coupled with 1 equiv of CuBr in
THF at room temperature to give cluster 4b. However,
cluster 3c failed to form the analogous 4¢ under similar

013\

X =Cl, 4a; Br, 4b

conditions because of the poor stability of 4¢ (discussed
later).

In addition, Cu,X5-incorporated clusters 2a and 2b
could undergo dimerization to give CuyX--linked di-
TeFesclusters 4a and 4b, respectively, upon treatment
with 1 equiv of [Cu(MeCN)L][BF4] in THF at room
temperature, through oxidative coupling processes via a
loss of halide. Unlike the cases for 2a and 2b, when 2¢
reacted with 1 equiv of [Cu(MeCN),][BF,4] in THF at
room temperature, the Cusl-incorporated di-TeFe; com-
plex 3¢ was formed as the final product with no observa-
tion of the Cuyl,-linked di-TeFes product because of the
poor stability of 4c compared to 4a and 4b. It is also of
great interest to note that cluster 4b could be produced
from cluster 1b via the stepwise addition of
[Cu(MeCN)4][BF4] and CuBr, regardless of the addition
order, with the formation of either cluster 2b or cluster 3b
as the intermediate.

Structural Comparison of la—1c, 2a, 3b, 3¢, and 4a.
According to the single-crystal X-ray analysis, complexes
la—1c and 2a displayed either the CuX- or Cu,Xs,-incor-
porated TeFes-based structures while complexes 3b, 3c,
and 4a exhibited either Cu3;X- or CuyXs-incorporated

\
\\‘\'
o4

06 &

Figure 4. ORTEP diagram showing the structure and atom labeling for 3b, showing 30% probability thermal ellipsoids.
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di-TeFes-based structures. These clusters reached a range
of nanosized regions of approximately 0.81 nm (CuX-
TeFe; core), 0.84 nm (Cu,X,-TeFe; core), 1.37 nm
(CusX-di-TeFes core), and 1.50 nm (CuyX5-di-TeFes core).

Clusters la—1c were isostructural species and each
displayed a TeFe; tetrahedral geometry with one us-Te
atom and one Fe—Fe bond bridged by one CuX (X = ClI,
Br, I) fragment (Figure 1, Supporting Information,
Figures S1 and S2). Complexes 1a and 1b each contained
two independent but chemically similar asymmetric
anions in the unit cell, which were similar in bond
distances and angles—only one structure is described for
comparison. [EtyN],[1a] was structurally similar to the
previously reported [PPNJ],[1a],>® but with different
cations. In addition, Cu,Cl,-incorporated TeFes cluster
2a had a TeFe;3(CO)g core in which one triangular TeFe,
plane was asymmetrically bridged and capped by two
bonded Cu atoms at a distance of 2.5988(9) A (Figure 2).
It is noted that the Cu,X, fragment in the related com-
plexes [SeFe;(CO)oCu,X,]>~ (X = Cl, Br) asymmetrically
bridged and capped the Fe; plane.® These contrasting
bonding modes were probably due to the better overlap
between Te and Cu atoms because of the larger size of Te
versus Se.

On the other hand, Cus;X-incorporated di-TeFe; clus-
ters 3b and 3c are isostructural species and each consist of
two TeFe;(CO)y units linked by three Cu atoms in a
triangular arrangement where the Cu---Cu bond is
externally bridged by one X (X = Br, I) atom, respectively
(Figure 4 and Supporting Information, Figure S4). Alter-
natively, clusters 3b and 3¢ also possess two TeFe; cores,
each with one TeFe, face capped by a Cu atom, for a
TeFe;Cu trigonal bipyrimidal geometry, two of which are
further linked by a us-Cu atom and an X atom (X = Br, I).
Noteworthy in 3b and 3c is that each Te atom is coordi-
nated to three Fe and two Cu a.toms 1n a us-Te fashion
which is rarely cited in the literature.'® However, in both
clusters one of the us-Te atoms possesses the elongated
Te—Cu bond, (Te(1)—Cu(l): 3.234(2) A for 3b; Te-
(2)—Cu(3): 2.791(1) A for 3c), which is within the van
der Waals interaction (the sum of the van der Waals radii
for Cu and Te is 3.50 A; the sum of the covalent radii for
Cuand Teis 2.52 A) Furthermore, three Cu atoms in 3b
and 3¢ form an almost isosceles triangle with two short
sides and one long side that is further bridged by one
X (X = Br, I) atom, giving a Cu3;X bonding mode
(Cu(1)—Cu(2): 2.648(2) A, Cu(2)—Cu(3): 2.777(2) A,
Cu(l)---Cu(3): 3.1992) A for 3b; Cu(l)—Cu(2):
2.681(1) A, Cu(2)—Cu(3): 2.713(1) A, Cu(l)---Cu(3):
3.205(2) A for 3c¢). The X-bridged Cu(1)---Cu(3) in 3b
is shorter than that in 3¢, probably because of the smaller
size of Br versus I. In addition, the dihedral angles of
CusX (X = Br, 3b; I, 3¢) for 3b and 3c are 15.29(7)° and
4.71(4)°, respectively, which indicates that the Cu;Br ring

(10) (a) Cador, O.; Cattey, H.; Halet, J.-F.; Meier, W.; Mugnier, Y.;
Wachter, J.; Saillard, J.-Y.; Zouchoune, B.; Zabel, M. Inorg. Chem. 2007, 46,
501. (b) Lorenz, A.; Fenske, D. Angew. Chem., Int. Ed. 2001, 40, 4402. (c)
Langetepe, T.; Fenske, D. Z. Anorg. Allg. Chem. 2001, 627, 820. (d) Eichhofer,
A.; Corrigan, J. F.; Fenske, D.; Troster, E. Z. Anorg. Allg. Chem. 2000, 626, 338.
(e) Shieh, M.; Chen, H.-S.; Yang, H.-Y.; Ueng, C.-H. Angew. Chem., Int. Ed.
1999, 38, 1252. (f) Brennan, J. G.; Siegrist, T.; Stuczynski, S. M.; Steigerwald, M.
L. J. Am. Chem. Soc. 1989, 111, 9240. (g) Fenske, D.; Steck, J.-C. Angew.
Chem., Int. Ed. Engl. 1993, 32, 238.
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in 3b exhibits a butterfly like geometry, but the Cusl ring
in 3¢ displays an almost planar tetragon. It is also noted
that clusters 3b and 3¢ represent unprecedented examples
of the Cu3X (X = Br, I)as a bridging unit to coordinate to
both main-group and transition-metal atoms. A similar
bonding mode of the almost planar MsX is also found in
[{RusC(CO)4}2Ag;CIP .M

Further, the Cu,Cl,-linked di-TeFes cluster 4a, which
has a crystallographic center of symmetry at the center of
the CuyCl, hexagonal plane, is shown in Figure 3. The
core geometry of 4a could be described as two TeFe; units
sandwiching a planar CuyCl, unit. In the CusCl; hexago-
nal plane, the Cl-bridged Cu- - - Cu distance is 3.849(2) A,
which is significantly longer than the unbridged Cu— Cu
edges (2. 536(2) A) because of the effect of the bridging
chloride ions and is considered to be nonbonding. The
Cl-bridged Cu-:-Cu distance is longer than the CI-
bridged Cu—Cu edges found in [{TeRuS(CO)M}z-
Cu,CLP™ (2.779(1) A)” [{RU6C(CO)16}2CH4CI2]
(3.0114)  A),"” and [{FesCu,C(CO)ia(u-Cl)}o>~
(2.667(1) A) 4 Moreover, the bond angle of Cu(1)—Cl-
(1H)— Cu(2a) is 119.4(1)°, which is much larger than that
found in [{TeRuS(C0)14}2Cu4C12]2* (77.19(5)°),"2
{RUGC(CO)16}2CU4C12] (86 9(2) ) and {FC4CU2-
C(CO)(u- Cl)}z] ~(92.18(4) )14 but closer to [{SeFes-
(CO)o}>CusCLI*~ (104.73(5)°)® because of the effect of
nonbonded Cu---Cu. The bonding mode of the M4X,
unit in 4a is similar to that in [{RugC(CO)i¢}o-
CuAg,CLI*™ and [{RugC(CO) 6}2A2 X0l (X = CI,
Br, I)'>'® and is the same as that found in
[{SeFe3(CO)o},CuyCll*~.*

Additionally, it is interesting to note that the Cu atoms
in these complexes interact with the C atoms of their
neighboring CO ligands that adopt a weakly semibridging
geometry. These Cu—C distances are within the van der
Waals interaction (2.37(1)—2.58(1) A, 1a; 2.429-
(6)—2.642(9) A 1b; 2.417(8)—2.605(8) A lc 2.322-
(5)—2.866(6) A, 2a; 2. 24(1)—2.88(1) A 3b 2.306(8)—
2.878(8) A, 3c¢; 2.21(1)—2.894(9) A, 4a) and the
corresponding Fe—C—O0 angles are slightly bent from
180° (170.7(9)—177(1)°, 1a; 173.8(5)—174.9(6)°, 1b;
173.2(7)—175.4(8)°, 1¢; 167.1(5)—173.6(5)°, 2a; 166-
(1)—177(1)°, 3b; 168.5(7)—175.1(8)°, 3¢; 164.8(9)—176.5-
(9)°, 4a) (See Figures 1—4, Supporting Information,
Figures S1, S2, and S4).

For comparison, the average bond distances of 1la—1c,
2a, 3b, 3¢, 4a, and related complexes are listed in Table 1. In
general, the average Te—Fe, Fe—Fe, Te—Cu, and Fe—
Cu distances of 1a—Ic, 2a, 3b 3¢, and 4a were basmally
similar to those found in the related complexes.*¥ %7
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M. C. J. Chem. Soc., Dalton Trans. 1996, 4033.
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Zacchini, S. Inorg. Chim. Acta 2009, DOI: 10.1016/5.ica2009.01.025.
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nomet. Chem. 2007, 692, 5071.
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Table 1. Average Bond Distance (A) for [Bt,;NJy[TeFes(CO)o], [EtsN][1a, [EtsN]:{1b], [Et;N]y[1¢], [Et:N]s[2a], [EtsN]:[3b], [Et:;N]s[3¢], [Et;N],[4a], and Related Complexes

complex Fe—Fe Te—Fe Fe—Cu Te—Cu Cu—Cu Cu—X  ref.
[EtsN]o[TeFe(CO)s] 2.631(7) 2.486(9) 4
[Et;N]-[1a] 2.64(1)" 2.750(2)°  2.487(6) 2.48(2) 2.163(3) a
[EtsN][1b] 2.639(32” 2.733(1)°  2.489(4) 2.49(2) 2.308(1) a
[EtsN][1¢] 2.64(1)" 2.723(2)°  2.486(8)" 2.48(1) 2467(1) a
[Et;N]-[2a] 2.65(2)” 2.797(1)°  2.5044(8)° 2.518(1)°  2.54(2)  2.7279(8)  2.5988(9) 2.16(1) a
[EtsN]-[3b] 2.65(1)” 2.67(4)° 2.49(1)" 2.54(4)° 2.533)  2.8(3) 2.71(9)°3.1992)¢  2333) a
[Et;N]>[3¢] 2.655(9)? 2.68(2)°  2.492(3)? 2.56(5)° 2.53(2)  2.68(8) 2.70(2)° 3.2052)  2.502) a
[Et,N]-[4a] 2.74(4)° 2.49(1)° 2.54(2) 2.536(2)° 3.849(2)Y  2.23(6) a
[PPhy][TeFes(CO)o(u-AuPPhs)] 2.621(12” 2.836(3)°  2.49(3)° sa
[PPN][HTeFe;(CO)o] 2.63(1)P 2.728(1)°  2.491(3)° sb
[H>TeFe;(CO)o) 2.6741(9)P 2.70(3)°  2.545(4) sb
[TeFes(CO)oIr(CsMes)] 2.61(1)” 2.585(1)°  2.521(1)" 2.53(3)° s
[{Et,N}{TeFe;(CO)yCu}l.. 2.64(2)° 2.5009( )[72.5269(4)" 2.45(3)  2.7(1) 9
[{TeFes(CO)oCus} (u-4,4'- dipyridyl); sl.  2.634(6)” 2.703(3)°  2.505(2)" 2.54(4) 2.52(5)  2.7(1) 2.815(2) 9
[TeFes(CO)oCus(MeCN),] 2.75(5)° 2.486(3) 2.52(5) 9

[PPhy]o[{TeRus(CO)14}2CuyClo]
[PPN][{RugCu,C(CO);6}-Clo]

2.608(1)°2.779(1)7  2.232) 12
2.6773)°3.011(4)7  2.19(1) 13

“This work. ® Unbridged. ¢ Bridged by the metal fragment or H. “Bridged by the CI, Br, or I atom.

(@ ® o
© (@ @© ;

Figure 5. Spatial plots of (a) HOMO and (b) LUMO of [TeFe;(CO)o]*~ and HOMO-3 of (c) 1a, (d) 1b, and (e) 1c¢ (isovalue = 0.032—0.055).

However, the bridged Fe—Fe bond lengths in 1a—1c, 2a,
3b, 3¢, and 4a were significantly longer than their unbridged
Fe—Fe distances and the Fe—Fe bond in [TeFe;(CO)o)*~
because of the effect of bridging copper halide. Similar
lengthening of the Te—Fe bonds by the bridging CuCl and
the bridging Cu;X (X = Br, I) units was also noticed in the
cases of 2a, 3b, and 3c. The average Te—Cu bond distances
for 3b and 3c were 2.8(3) and 2.68(8) A, respectively, which
are comparable with that of 2a (2.7279(8) A). These unique
Te—Cu interactions of the Cu,Cly-incorporated TeFe;
complex 2a and CusX-incorporated di-TeFe; complexes
(X'= Br, I) 3b and 3¢ were not observed in the CuX-TeFe;
complexes 1a—1¢ and the CuyCl,-linked di-TeFe; complex
4a. Finally, the average Fe—Cu bond distances of la—l¢c
(2.48(2), 2.49(2), and 2.48(1) A) were slightly shorter than
those found in 2a (2.54(2) A), 3b(2.53(3) A), 3¢ (2.53(2) A),
and 4a (2.54(2) A) probably because of the effect of the size
of the metal skeleton.

DFT Calculations. To better understand the relevant
expansion reactions and the electronic structures of clus-
ters 1a—dc, a hybrid density functional (B3LYP)'"'® with
the modest basis set of LanL.2DZ was employed for each
complex. The geometry of [TeFe;(CO)o>~ was taken

(17) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Becke, A. D.
J. Chem. Phys. 1992, 96, 2155. (c) Becke, A. D. J. Chem. Phys. 1992, 97,9173.
(18) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

from its single-crystal X-ray crystal data and the geome-
tries of la—1¢, 2a—2¢, 2a’—2¢/, 3a—3¢, and 4a—4c¢ were
optimized with the same level of theory.

The calculation shows that the HOMO (highest occu-
pied molecular orbital) of [TeFe;(CO)]*~ receives a
major contribution from the d orbitals of the Fe atoms
(Figure 5a). Thus, it is suggested that CuX (X = CI, Br, I)
could interact with the Fe atoms of [TeFe;(CO)o]*~ to
form Cu—Fe bonds to give clusters 1a—1e¢. Furthermore,
complexes 2a—2c¢ can be seen as the result of the capping
of 1 equiv of CuX (X = CI, Br, I) on the TeFe,Cu plane of
the Fe—Fe bridged CuX-clusters 1la—1¢, respectively. The
formation of complexes 2a—2¢ can be related to the
HOMO-3 of complexes 1la—1c (Figure 5c—e), each of
which receives a significant contribution from the d and p
orbitals of the Fe and Cu atoms and from the p orbitals of
the Te and X atoms. Further, for the formation of 2a—2¢
from la—1e¢, the steric effect should also be taken into
account. Two orientations of the incoming CuX (X = CI,
Br, I) toward complexes 1a—1¢ are possible (Scheme 3);
oneis from the A side (the TeFe,Cu plane) and the other is
from the B side (the Fe;Cu plane). By considering
the larger angle and the less-steric hindrance of the COs
for the TeFe,Cu versus the Fe;Cu ring, CuX is more
susceptible to attack from the A side (forming 2a—2c)
rather than from the B side (forming 2a’—2c¢’). These
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conclusions are supported by the calculations showing
complexes 2a—2c¢ to be more stable than the proposed
isomers 2a’—2¢’ (AE = —0.81, —1.38, and —2.05 kcal/
mol, respectively).

Moreover, when clusters 1la—1lc reacted with
[Cu(MeCN)4][BF,], clusters 3a—3¢ were produced. The
highest occupied molecular orbital (HOMO) energy
levels of 3a—3c were increasingly negative values of
3a < 3b < 3¢ (—0.04386, —0.04714, and —0.04878 au,
respectively) and the HOMO—-LUMO energy gaps
(LUMO: lowest unoccupied molecular orbital) showed
an increasing order of 3a < 3b < 3¢ (55.56, 57.74, and
58.05 kcal/mol, respectively), which indicated that the
stability of 3a—3c was on the order of 3¢ > 3b > 3a.
These results conform to our experimental results that 3a
is less stable than 3b and 3¢ and was not isolated under our
conditions.

Furthermore, for complexes 4a—4c, Cuyl,-linked com-
plex 4¢ was not found in our experiments. The HOMO
energy levels of 4a—4c show an increasing negative value
of 4c < 4b < 4a (—0.09964, —0.10143, and —0.10239 au,
respectively), and the HOMO—LUMO energy gaps
showed an increasing value of 4¢ < 4b < 4a (62.53,
63.65, and 64.25 kcal/mol, respectively), indicating that
4c¢ was the least stable. With the formation of complexes
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4a and 4b from la and 1b at room temperature, it was
proposed that dicopper-bridged monohalide anionic spe-
cies “[TeFe3(CO)oCu,X] 7 (X = ClI, Br) could exist as
intermediates in the course of the reaction, then undergo a
further coupling reaction to produce complexes 4a and
4b, respectively (Scheme 4). The calculations showed that
the formation of the proposed intermediate [TeFes-
(CO)¢Cu,Br]™ from complex 1b was favorable (AE =
—454 and AG = —430 kcal/mol) and the reaction energies
AE= 6 and AG = 15 kcal/mol were also calculated for a
further formation to 4b, which supported our proposed
pathway. On the other hand, the Cu;Br-incorporated
complex 3b was isolated as an intermediate for the
formation of 4b from 1b at 0 °C, which was also supported
by the calculations showing that the formation of com-
plex 3b from 1b, and the further transformation of 3b
to 4b, were both thermally favorable (AE= —403, AG =
—379 kcal/mol and AE = —45, AG = —36 kcal/mol,
respectively).

The natural population analyses (NPA)'” and Wiberg
bond indices® for clusters [TeFe;(CO)o]*~ and 1a—4b are
compared in Table 2. For clusters 1a—1¢, 2a—2c¢, 3b, 3c,

(19) (a) Reed, A. E.; Weinhold, F. J. Chem. Phys. 1983, 78, 4066. (b) Reed,
A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985, 83, 735.
(20) Wiberg, K. B. Tetrahedron 1968, 24, 1083.
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Table 2. Results of Natural Bond Order and Natural Population Analyses of [TeFe;(CO)o]*~ and Optimized Structures 1a—Tc, 2a—2c, 3b, 3¢, 4a, and 4b Calculated at the

Level of B3LYP/LanL2DZ

Wiberg bond index

natural charge

TeFe;(CO)y
complex Te—Fe Fe—Fe Cu—Fe Cu—X Cu—Cu Cu—-Te Te Fe Cu X (sum) Cu,, X, (sum)

[TeFey(CO)* (m =n = 0) 0.41 0.11 —0.19 —-0.41 —2.00

lagm=n=1) 0.44 0.18 0.08 0.30 —0.07 —-0.36 0.68 —0.78 —1.90 —0.10
Ibm=n=1) 0.44 0.20 0.08 0.30 —0.06 —0.37 0.65 —0.78 —1.87 —0.13
le(m=n=1) 0.44 0.20 0.08 0.31 —0.06 —0.36 0.64 —0.77 —1.87 —0.13
2a(m =n = 2) 0.44 0.19 0.08 0.30 0.04 0.11 —0.05 -0.38 0.67 —0.77 —1.80 —0.20
2b(m =n = 2) 0.43 0.19 0.08 0.31 0.03 0.11 —0.04 -0.39 0.65 —0.76 —1.78 —0.22
2c(m=n=2) 0.43 0.19 0.07 0.33 0.03 0.11 —0.05 —-0.37 0.63 —0.75 —1.76 —0.24
3b(m=3n=1) 0.40 0.19 0.08 0.23 0.03 0.14 —0.10 —0.38 0.64 —0.65 —3.27 1.27
3c(m=3,n=1) 0.39 0.19 0.07 0.27 0.03 0.14 -0.10 —0.39 0.60 —0.58 —3.22 1.22
da(m=4,n=2) 0.46 0.18 0.09 0.18 0.05 0.09 —042 0.64 —0.70 -3.16 1.16
4b(m =4,n=2) 0.45 0.18 0.09 0.21 0.05 0.09 —0.41 0.64 —0.66 —3.24 1.24

4a, and 4b, it reveals that the Fe atom carried —0.36 ~
—0.42 charges while the Cu atom carried +0.60 ~ +0.68
charges, which suggests some degree of ionic interaction
for the Fe—Cu bond. Their relevant Wiberg bond indices
ranged from 0.07 to 0.09, which is consistent with the
weak bonding between Fe and Cu in these complexes.
Further, the sum of the natural charge for [TeFe;(CO)q]*~
was —2.0, which was more negative than that found in
la—4b, indicating that the electron density is withdrawn
by CuX fragments as CuX (X = CI, Br, I) was introduced
into [TeFe3(CO)ol*~ (Table 2). The Wiberg bond indices
of Cu—X for 1a—1c and 2a—2c ranged from 0.30 to 0.33,
which were larger than those found in 3b, 3¢, 4a, and 4b
(0.21—0.27), and is indicative of a weaker Cu—X bond as
the metal skeleton was increased. In addition, relatively
greater Wiberg bond indices were found for the Te—Fe
bonds in 1la—1¢, 2a—2c, 3b, 3¢, 4a, and 4b, indicating the
importance of the Te—Fe bonds for the TeFe; frame-
work.

Electrochemistry. To explore the effect of CuX on the
TeFe; core, we decided to also examine the electroche-
mical properties of [Ety;N]o[TeFe;(CO)o], [EtsN]o[1a],
[EtyN][1b], [EtsN][1c], [Et4N][2b], [EtsN]o[3b], and
[Et4N],[4b] by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV). Because of the interference of
Et,N*, the scan range was set between ~ 40.50 to ~
—0.10 V and the electrochemical data of all these com-
plexes are summarized in Table 3.

As shown in Figure 6a, the CV of [TeFe;(CO)ol*~
reveals one quasi-reversible oxidation at £, = 0.124 V
(AE= 74 mV), one quasi-reversible reduction at £}, =
—0.244 V (AE= 158 mV), and one irreversible reduction
wave at —0.523 V. The DPV indicates that these two
quasi-reversible, one-electron redox couples appear at
0.135 (W1, = 105mV) and —0.270 V (W, = 92 mV),
respectively (Figure 6b). The DFT calculation shows that
the HOMO and LUMO of [TeFe;(CO)o]*~ came mainly
from the Fe; ring (Figures 5a and 5b), suggesting that the
two quasi-reversible reduction and oxidation processes
may have occurred in the Fe; ring.

In the CuX-incorporated system, the electrochemistry
of complexes la—1¢, 2b, 3b, and 4b show some significant
differences as compared with that of [TeFe;(CO)ol*~
(Figure 7 and Supporting Information, Figure S5). As
shown in Figure 7a and Supporting Information, Figure
S5, the CVs of 1a—1¢, 2b, 3b, and 4b are somewhat broad

Table 3. Electrochemical Data of [EtyN]y[TeFe;(CO)y), [EtyN],[1a], [EtyN],[1b],
[EtaNy[1c], [EtsN][2b]. [EtsN][3b], and [EtyN][4b]

oxidation process reduction process

complex E*4 (V) E (V) E*Y (V) E™(V)
[EtyN]o[TeFe3(CO)y] 0.135¢ —-0.270¢  —0.523¢
[EtyN],[1a] 0.294¢ —0.289 —0.146% —0.654
[EtyN][1b] 0.256* —0.333 —0.144% —0.620°
[EtyN][1c] 0.338¢ —0.349 —0.162¢ —0.618¢
[Et4N][2b] 0.236° —0.259 —0.124¢ —0.484¢
[Et4N],[3b] 0.292¢ -0.219 —0.116° —0.516"
[Et4N],[4b] 0.262¢ —0.209 —0.130¢ —0.486"

“From differential pulse voltammetry.

and cannot be assigned unambiguously, but each show a
sharp irreversible oxidation peak at around —0.209 to
—0.349 V because of the desorption of Cu.*' Therefore, the
DPV studies were further carried out to explore their redox
behavior. As listed in Table 3, the DPVs of complexes 1a—1c,
2b, 3b, and 4b each revealed one quasi-reversible oxidation at
around 0.236—0.338 V, one quasi-reversible reduction at
around —0.116 to —0.162 V, and one irreversible reduction
wave at around —0.484 to —0.654 V. It was noted that the
quasi-reversible oxidation and the irreversible reduction wave
for 1la—1c, 2b, 3b, and 4b were attributable to the
[TeFe;(CO)o)*~ core and the Cu™ ion.”"*> More importantly,
complex 1b showed a one-clectron, quasi-reversible reduction
at —0.144 V (W, = 132 mV) (Figure 7b), which revealed a
more anodic shift (126 mV) compared to that of
[TeFes(CO)ol*~ (—0.270 V), which was attributed to the
presence of the lower electron charge on the Fe; core owing
to the electron-withdrawing effect of the CuBr fragment.
Complexes 1a and 1c exhibited reduction potentials similar
to 1b, which was indicative of the small effect of halide, which
may be understood with the aid of DFT calculations because

(21) (a) Xue, X.; Wang, X.-S.; Xiong, R.-G.; You, X.-Z.; Abrahams,
B.F.; Che, C.-M.;Ju, H.-X. Angew. Chem., Int. Ed. 2002, 41,2944. (b) Scheer,
M.; Schindler, A.; Merkle, R.; Johnson, B. P.; Linseis, M.; Winter, R.; Anson,
C. E.; Virovets, A. V. J. Am. Chem. Soc. 2007, 129, 13386. (c) Doescher, M. S.;
Tour, J. M.; Rawlett, A. M.; Myrick, M. L. J. Phys. Chem. B 2001, 105, 105. (d)
Hagenstrom, H.; Schneeweiss, M. A.; Kolb, D. M. Langmuir 1999, 15, 7802.

(22) (a) Yam, V. W.-W.; Lee, W.-K_; Lai, T.-F. Organometallics 1993, 12,
2383. (b) Yam, V. W.-W,; Lee, W.-K.; Cheung, K.-K.; Crystall, B.; Phillips, D. J.
Chem. Soc., Dalton Trans. 1996, 3283. (c) Yam, V. W.-W.; Fung, W. K.-M,;
Wong, M.-T. Organometallics 1997, 16, 1772. (d) Yam, V. W.-W.; Fung, W. K.
-M.; Cheung, K.-K. Organometallics 1998, 17, 3293.
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Figure 6. (a) Cyclic voltammogram (CV) and (b) differential pulse
voltammogram (DPV) in CH;CN solution for [EtyN][TeFe;(CO)q]
(1073 M). Conditions: electrolyte, 0.1 M BuyNClOy; working electrode,
platinum electrode; scan rate, 100 mV s~ !. Potential are vs SCE.

of the close values for their electron affinity and the LUMO
energy level (Supporting Information, Table S1).

In addition, compared with the one-electron reduction
at —0.144 V for 1b, complexes 2b, 3b, and 4b each showed
a quasi-reversible reduction at —0.124, —0.116, and
—0.130 V, respectively (Table 3 and Figure 7b), approxi-
mately consistent with the decreasing negative charges for
each TeFe;(CO)q core from 1b, 2b, to 3b (Table 2), which
was related to the increased size of the skeleton and the
higher number of CuBr or Cu" incorporated into the
TeFe3;(CO)y core. The exception in the case of 4b may be
related to the fact that the LUMO of 4b had the least
percentage of contribution from the TeFe; core com-
pared with those of 1b—3b. Lastly, the decreased negative
quasi-reversible reduction potentials for 2b, 3b, and 4b
versus 1b can be explained by the calculated electron
affinity and the LUMO energy level (Supporting Infor-
mation, Table S1).

Conclusion

A new series of nanosized CuX-, Cu,X,-, CuzX-, and
CugX,-incorporated mono- or di-TeFes-based complexes

T T 7 L B B
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Figure 7. (a) Cyclic voltammograms (CVs) and (b) differential pulse
voltammograms (DPVs) in CH;CN solution for [Et4N]2L1b], [Et4N],[2b],
[Et4N]>[3b], and [Et4N],[4b] with a concentration of 10~ M. Conditions:
electrolyte, 0.1 M BuyNClO,4; working electrode, platinum electrode; scan
rate, 100 mV s~ '. Potential are vs SCE.

were systematically synthesized from the reactions of
[TeFe;(CO)o]*~ with appropriate amounts of CuX or fol-
lowed by [Cu(MeCN)4][BE,4]. The effect of CuX or Cu™ on
the stepwise cluster growth processes and their electrochemi-
stry were investigated in detail with respect to the coupling
effect of the TeFe; core and the size of the metal skeleton,
which is supported by theoretical calculations. Some signifi-
cant characteristics were noted. First, novel Cu;X-incorpo-
rated di-TeFe; clusters [{ TeFe(CO)o}»CusX]*~ (X = CI, Br)
are kinetically controlled intermediates for the formation of
CuyXs-linked di-TeFe; clusters, which represent unprece-
dented examples of Cu;X (X = Br, I) as the bridging units
that coordinate to both main-group and transition-metal
atoms. Second, pronounced anodic shifts for the electroche-
mical reduction of the TeFe; core were noticed as an



10766 Inorganic Chemistry, Vol. 48, No. 22, 2009

increased number of either CuX or Cu* were introduced or
as the size of the metal skeleton was increased. Lastly, this
study provides a thorough review of the construction of
ternary Te—Fe—Cu clusters from both synthetic and theore-
tical viewpoints.

Experimental Section

All reactions were performed under an atmosphere of pure
nitrogen using standard Schlenk techniques.?® Solvents were
purified, dried, and distilled under nitrogen prior to use. CuCl
(Aldrich), CuBr (Strem), and Cul (Aldrich) were used as
received. [EtsN]o[TeFe;(CO)o]® and [Cu(MeCN),|[BF,**
were prepared according to the published methods. Infrared
spectra were recorded on a Perkin-Elmer Paragon 500 IR
spectrometer as solutions in CaF, cells. Elemental analyses of
C, H, and N were performed on a Perkin-Elmer 2400 analyzer
at the NSC Regional Instrumental Center at National
Taiwan University, Taipei, Taiwan.

Synthesis of [Et,N],[TeFe3;(CO)yCuCl] ([Et4N],[1a]). THF (20
mL) was added to a mixture of 0.50 g (0.62 mmol) of
[Et4N][TeFe;(CO)o] and 0.067 g (0.68 mmol) of CuCl in an
ice—water bath. The mixture was stirred in an ice—water bath
for 15 min to give a reddish-brown solution, which was filtered,
and solvent was removed under vacuum. The residue was then
washed with Et,O/MeOH several times and extracted with
THF, which was recrystallized with Et,;O/MeOH/THF to give
0.44 g (0.49 mmol) of the reddish-brown sample of [Et;N],-
[TeFe;(CO)9CuCl] ([EtyN]p[1a]) (79% based on [Et4N],-
[TeFes(CO)g)). IR (vco, THF): 2008 (w), 1947 (vs), 1919 (m),
1890 (w), 1862 (w) cm ™ '. Anal. Caled for [Et,N]y[1a]: C, 33.12;
H, 4.45; N, 3.09. Found: C, 33.21; H, 4.43; N, 2.97. Crystals of
[Et4N],[1a] suitable for single-crystal X-ray analysis were grown
from Et,O/THF.

Synthesis of [Et,;N],[TeFe;(CO)oCuBr] ([Et4N],[1b]). The pre-
paration and purification of [Et;N],[1b] was similar to that of
[Et4N]»[1a] by using 0.50 g (0.62 mmol) of [Et4N],[TeFe;(CO)q]
and 0.099 g (0.69 mmol) of CuBr. The yield was 0.42 g (0.44
mmol) of [EtyN],[TeFe3(CO)yCuBr] ([Et4N],[1b]) (71% based
on [EtyN],[TeFe3(CO)o)). IR (vco, THF): 2008 (w), 1947 (vs),
1918 (m), 1890 (w), 1863 (w) cm™ '. Anal. Calcd for [Et,N]y[1b]:
C, 31.52; H, 4.24; N, 2.94. Found: C, 31.56; H, 4.40; N, 2.97.
Crystals of [Et4N],[1b] suitable for single-crystal X-ray analysis
were grown from Et;O/MeOH/THF.

Synthesis of [EtyN],[TeFe3(CO)oCul] ([EtyN],[1c]). The pre-
paration and purification of [Ety;N],[1¢c] was similar to that of
[Et4N]o[1a] by using 0.50 g (0.62 mmol) of [Et4N],[TeFe;(CO)q]
and 0.13 g (0.68 mmol) of Cul. The yield was 0.59 g (0.59 mmol)
of [EtyN][TeFe;(CO)oCul] ([EtgyN]p[le]) (95% based on
[EtyN],[TeFe3(CO)q]). IR (vco, THF): 2008 (w), 1948 (vs),
1918 (m), 1892 (w), 1865 (w), 1780 (w) cm'. Anal. Calcd for
[Et4N],[1c]: C, 30.01; H, 4.03; N, 2.80. Found: C, 30.01; H, 4.14;
N, 2.66. Crystals of [Et4N],[1¢] suitable for single-crystal X-ray
analysis were grown from Et,O/MeOH/THF.

Synthesis of [Et,;N];[TeFe;(CO)oCu,Cl;] ([EtyN],[2a]). THF
(20 mL) was added to a mixture of 0.50 g (0.62 mmol) of
[Et4yN],[TeFe3(CO)o] and 0.14 g (1.41 mmol) of CuCl in an
ice—water bath. The mixture was stirred in an ice—water bath
for 3.5h to give a purple solution, which was filtered, and solvent
was removed under vacuum. The residue was then washed with
Et,O several times and extracted with THF, which was recry-
stallized with Et,O/THF to give 0.40 g (0.40 mmol) of
[Et4yN]o[TeFe3(CO)oCu,Cly] ([Et4yN][2a]) (65% based on

(23) Shriver, D. F.; Drezdon, M. A. The Manipulation of Air-Sensitive
Compounds; Wiley-VCH Publishers: New York, 1986.

(24) (a) Kubas, G. J. Inorg. Synth. 1979, 19, 90. (b) Simmons, M. G.;
Merrill, C. L.; Wilson, L. J.; Bottomley, L. A.; Kadish, K. M. J. Chem. Soc.,
Dalton Trans. 1980, 1827.
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[Et4N],[TeFe3(CO)q]). IR (vco, THF): 2019 (m), 1972 (s,br),
1910 (w) cm™ . Anal. Caled for [EtyN],[2a]: C, 29.83; H, 4.01; N,
2.78. Found: C, 29.68; H, 4.21; N, 2.78. Crystals of [Et4N],-
[2a] suitable for single-crystal X-ray analysis were grown from
Et,O/THF.

Synthesis of [Et4N];[TeFe3(CO)oCu,Br;] ([Et4N],[2b]). The
preparation and purification of [Et;N],[2b] was similar to that
of [Et4yN][2a] by using 0.50 g (0.62 mmol) of [EtyN],-
[TeFe;(CO)g] and 0.22 g (1.53 mmol) of CuBr. The yield was
0.56 g (0.51 mmol) of [Et4N],[TeFe;(CO)yCu,Br,] ([Et4N],[2b])
(82% based on [Et4N]5[TeFe;(CO)o)). IR (vco, THF): 2019 (m),
1973 (s,br), 1961 (m,sh), 1898 (w) cm '. Anal. Calcd for
[Et4N],[2b]: C, 27.43; H, 3.69; N, 2.56. Found: C, 27.55; H,
3.67; N, 2.54.

Synthesis of [EtyN];[TeFe3(CO)oCu,l,] ([Et4N],[2¢]). MeCN
(20 mL) was added to a mixture of 0.40 g (0.50 mmol) of
[Et4N]5[TeFe;(CO)g] and 0.29 g (1.52 mmol) of Cul in an
ice—water bath. The mixture was stirred in an ice—water bath
for 20 h to give a reddish-brown solution, which was filtered,
and solvent was removed under vacuum. The residue was then
washed with hexanes and Et,O several times. The THF extract
was recrystallized with Et,O/THF to give 0.30 g (0.25 mmol) of a
reddish-brown sample of [EtyN],[TeFe;(CO)oCusl,] ([Et4N],-
[2¢]) (50% based on [Et4N],[TeFe;(CO)g)). IR (vco, THF): 2019
(m), 1973 (s,br), 1961 (m,sh), 1895 (w) cm™'. Anal. Caled
for [Et4yN]y[2¢]: C, 25.22; H, 3.39; N, 2.35. Found: C, 25.55; H,
3.07; N, 2.06.

Synthesis of [EtyN][{TeFe3(CO)o},CuzCl] ([Et4N],[3a]).
THF (15 mL) was added to a mixture of 0.19 g (0.21 mmol) of
[Et4N],[1a] and 0.070 g (0.22 mmol) of [Cu(MeCN),][BF4] in an
ice—water bath. The mixture was stirred in an ice—water bath
for 30 min to give a purplish-brown solution, which was filtered,
and solvent was removed under vacuum. The residue was then
washed with Et,O several times. The THF extract solution was
shown by IR spectroscopy to be [Et4N],[{TeFe3(CO)y},CusCl]
([Et4N]y[3a]) by comparison with those of [Et4N],[3b] and
[EtyN]5[3¢c]. IR (vco, THF): 2018 (vw), 1972 (s), 1959 (vs),
1902 (w) cm ™.

Synthesis of [EtyN][{TeFe3;(CO)o},CusBr] ([Et4N],[3b]).
THF (15 mL) was added to a mixture of 0.15 g (0.16 mmol) of
[Et4N]5[1b] and 0.051 g (0.16 mmol) of [Cu(MeCN)4][BF4] in an
ice—water bath. The mixture was stirred in an ice—water bath
for 30 min to give a purplish-brown solution, which was filtered,
and solvent was removed under vacuum. The residue was then
washed with Et,O several times. The THF extract was recrys-
tallized with Et,O/THF to give 0.11 g (0.07 mmol) of a purplish-
brown sample of [EtyN],[{TeFe;(CO)y},Cu;Br] ([Et4N]5[3b])
(88% based on [EtyN],[1b]). IR (vco, THF): 2019 (m), 1972
(s), 1959 (vs), 1903 (w) cm '. Anal. Caled for [EtsN],[3b]: C,
25.07; H, 2.48; N, 1.72. Found: C, 25.34; H, 2.69; N, 1.50.
Crystals of [Et4N],[3b] suitable for single-crystal X-ray analysis
were grown from Et,O/THF.

Synthesis of [Et,;N];[{TeFe3(CO)o},Cusl] ([Et4N],[3c]). The
preparation and purification of [Et4N],[3¢] was similar to that of
[Et4N]5[3b] by using 0.18 g (0.18 mmol) of [Et4N],[1c] and 0.067
£ (0.21 mmol) of [Cu(MeCN),][BF,4]. The yield was 0.10 g (0.06
mmol) of [Et4N],[{TeFe;(CO)o}>Cusl] ([Et4N]»[3¢]) (67% based
on [EN],[1¢]). IR (vco, THF): 2018 (m), 1975 (s), 1957 (vs),
1893 (w) cm™ . Anal. Calcd for [EtuN]y[3c]: C, 24.35; H, 2.41;
N, 1.67. Found: C, 24.46; H, 2.47; N, 1.58. Crystals of
[Et4N]5[3¢] suitable for single-crystal X-ray analysis were grown
from Et,O/THF.

Synthesis of [EtyN],[{TeFe;(CO)o},CusCly] ([EtyN],[4a)).
THF (20 mL) was added to a mixture of 0.50 g (0.62 mmol) of
[EtyN]5[TeFe;(CO)o] and 0.27 g (2.73 mmol) of CuCl in an
ice—water bath. The mixture was stirred at room temperature
for 4 h to give a purplish-brown solution, which was filtered, and
solvent was removed under vacuum. The residue was then
washed with hexanes and Et,O several times. The THF extract
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was recrystallized with Et,O/THF to give 0.36 g (0.21 mmol) of a
purplish-brown sample of [EtyN][{TeFe;(CO)y},CuyCls]
([Et4N]y[4a]) (68% based on [Et4N]o[TeFe;(CO)o]). IR (vco,
THF): 2019 (vw), 1982 (vs), 1970 (s), 1934 (vw), 1911 (w) cm .
Anal. Calcd for [Et4N],[4a]: C, 24.31; H, 2.40; N, 1.67. Found:
C, 24.07; H, 2.38; N, 1.84. Crystals of [Et4N],[4a] suitable for
single-crystal X-ray analysis were grown from Et,O/THF.

Synthesis of [EtyN],[{TeFe;(CO)o},CuyBr,] ([Et4N],[4b]).
The preparation and purification of [Et4N],[4b] was similar to
that of [Et4N],[4a] by using 0.50 g (0.62 mmol) of
[Et4N]»[TeFe;(CO)o] and 0.36 g (2.51 mmol) of CuBr. The yield
was 0.48 g (027 mmol) of [Et4N]2[{TCFC3(CO)9}2CU4BI'2]
([Et4N],[4b]) (87% based on [EtyN],[TeFe;(CO)q]). IR (vco,
THF): 2019 (w), 1982 (vs), 1970 (s), 1936 (vw), 1910 (w) cm "
Anal. Calcd for [Et4N],[4b]: C, 23.09; H, 2.28; N, 1.58. Found:
C,22.84; H, 2.24; N, 1.37.

Conversion of [Et,N],[1a] to [Et,;N],[2a]. THF (15 mL) was
added to a mixture of 0.18 g (0.20 mmol) of [Et4N],[1a] and 0.022 g
(0.22 mmol) of CuClin an ice—water bath. The mixture was stirred
in an ice—water bath for 30 min to give a reddish-brown solution,
which was filtered, and solvent was removed under vacuum. The
residue was then washed with hexanes and Et,O several times. The
THF extract was recrystallized with Et,O/THF to give 0.14 g (0.14
mmol) of [Et4N],[2a] (70% based on [Et;N],[1a]).

Conversion of [Et4N],[1b] to [Et4N],[2b]. Similar to the con-
version of [EtyN],[1a] to [Et;N],[2a], the reaction was carried
out by using 0.18 g (0.19 mmol) of [Et4;N],[1b] and 0.031 g (0.22
mmol) of CuBr. The yield was 0.11 g (0.10 mmol) of [Et4N],[2b]
(53% based on [Et4N],[1b]).

Conversion of [Et,;N],[1¢] to [Et4N];[2¢]. MeCN (20 mL) was
added to a mixture of 0.62 g (0.62 mmol) of [Et4;N],[1c] and 0.24
g (1.26 mmol) of Cul in an ice—water bath. The mixture was
stirred in an ice—water bath for 24 h to give a reddish-brown
solution, which was filtered, and solvent was removed under
vacuum. The residue was then washed with hexanes and Et,O
several times. The THF extract was recrystallized with Et,O/
THF to give 0.51 g (0.43 mmol) of [Et4N],[2¢] (69% based on
[EtsN[1¢c]).

Conversion of [Et;N],[2a] to [Et4N],[4a]. THF (10 mL) was
added to a mixture of 0.06 g (0.06 mmol) of [Et;N],[2a] and
0.020 g (0.06 mmol) of [Cu(MeCN),][BF,] in an ice—water bath.
The mixture was stirred at room temperature for 2 h to give a
purplish solution, which was filtered, and solvent was removed
under vacuum. The residue was then washed with hexanes and
Et,O several times. The THF extract was recrystallized with
Et,O/THF to give 0.04 g (0.02 mmol) of [Et4N],[4a] (67% based
on [Et4N],[2a]).

Conversion of [EtyN],[2b] to [Et,N],[4b]. Similar to the con-
version of [Et4N],[2a] to [Et4N],[4a], the reaction was carried
out by using 0.22 g (0.20 mmol) of [Et4;N],[2b] and 0.063 g (0.20
mmol) of [Cu(MeCN)4][BF4]. The yield was 0.16 g (0.09 mmol)
of [Et4N],[4b] (90% based on [Et4N],[2b]).

Conversion of [Et,N],[2¢c] to [Et;N],[3c]. THF (20 mL) was
added to a mixture of 0.30 g (0.25 mmol) of [Et4N]»[2¢] and 0.080
g (0.25 mmol) of [Cu(MeCN)4][BF,4] in an ice—water bath. The
mixture was stirred at room temperature for 5 h to give a brown
solution, which was filtered, and solvent was removed under
vacuum. The residue was then washed with hexanes and Et,O
several times. The THF extract was recrystallized with Et,O/
THEF to give 0.17 g (0.10 mmol) of [Et4;N],[3c] (80% based on
[Et4N][2¢]).

Conversion of [Et,;N],[3b] to [Et4N],[4b]. THF (15 mL) was
added to a mixture of 0.16 g (0.10 mmol) of [Et4;N],[3b] and
0.015 g (0.10 mmol) of CuBr in an ice—water bath. The mixture
was stirred at room temperature for 4 h to give a purplish
solution, which was filtered, and solvent was removed under
vacuum. The residue was then washed with hexanes and
Et,0 several times. The THF extract was recrystallized with
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Et,O/THF to give 0.12 g (0.07 mmol) of [Et4N],[4b] (70% based
on [Et4N],[3b]).

Conversion of [Et;N],[1a] to [Et;N],[4a]. THF (20 mL) was
added to a mixture of 0.23 g (0.25 mmol) of [Et4N],[1a] and
0.081 g (0.26 mmol) of [Cu(MeCN),4][BF,] in an ice—water bath.
The mixture was stirred at room temperature for 4.5 h to give a
purplish solution, which was filtered, and solvent was removed
under vacuum. The residue was then washed with hexanes and
Et,0 several times and extracted with THF to give 0.18 g (0.11
mmol) of [Et4N],[4a] (88% based on [Et4N],[1a]).

Conversion of [Et4N],[1b] to [Et4N],[4b]. Similar to the con-
version of [EtyN]y[1a] to [EtyN],[4a], the reaction was carried
out by using 0.19 g (0.20 mmol) of [Et4;N],[1b] and 0.063 g (0.20
mmol) of [Cu(MeCN),][BF,]. The yield was 0.11 g (0.06 mmol)
of [Et4N],[4b] (60% based on [Et4N],[1b]).

X-ray Structural Characterization of [Et,;N];[TeFe;(CO)o-
CuCl] ([EtyN],[1a]), [EtyN]s[TeFe3(CO)yCuBr] ([EtyN][1b]),
[EtyN]y[TeFe3(CO)oCul] ([EtN]y[1c]), [EtsN]:[TeFe3(CO)oCu,Cly]
([EuNL[2a]), [Et4N][{TeFe3(CO)o}>CusBr] ([EtaN]2[3b]), [EtaN]-
[{TeFe3(CO)o}>Cusl] ([EtaN]y[3c]), and [EtsN]o[{TeFe3(CO)o}o-
CuyCly]  ([EtyN]y[4a]). Selected crystallographic data for
[EtaN]o[1a], [EtsN][1b], [EtaN][1c], [EtsN]o[2a], [EtsN]o[3b],
[Et4N],[3c], and [Et4N],[4a] are given in Table 4. Selected bond
distances and angles of [EtyN]y[1a], [EtyN],[1b], [EtyN]y[1c],
[Et4N],[2a], [Et4N],[3b], [Et4N]»[3c], and [Et4N],[4a] are shown
in Supporting Information, Table S2. All crystals were mounted
on glass fibers with epoxy cement. Data collection for
[Et4N],[1a] was carried out using a Siemens Smart CCD
(charged coupled device) diffractometer. Data collection for
[EtaN][1b], [EtsN]o[1c], [EtsN][2a], [EtaN][3b], [EtsN][3c],
and [Et4N],[4a] was carried out using a Bruker-Nonius Kappa
CCD diffractometer with graphite-monochromated Moy, ra-
diation in the 26 range of 2.0—50°, and an empirical absorption
correction by multiscan was applied.”> The structures of
[Et4N],[1a]—[Et4N].[4a] were refined by SHELXL packages,?®
and all of the non-hydrogen atoms were refined with anisotropic
temperature factors.

Computational Details. All calculations reported in this study
were performed via the DFT?’ with Becke’s three-parameter
(B3) exchange functional and the Lee—Yang—Parr (LYP) cor-
relation functional (B3LYP)'"'® with a LanL2DZ basis set
using the Gaussian 03 series of packages. The geometry of
[TeFes(CO)o]*~ was taken from its single-crystal X-ray crystal
data without further modification. The geometries of la—lIc,
2a—2c¢, 2a’—2¢’, 3a—3c, and 4a—4c¢ were optimized and found to
be local minima in a potential energy surface by perform-
ing frequency calculations and by observing a lack of imaginary
vibrations. Natural charges'® and Wiberg bond indices®
were evaluated using the Weinhold NBO method.?® Graphical

(25) Blessing, R. H. Acta Crystallogr., Sect. 41995, 51, 33.

(26) Sheldrick, G. M. SHELXL97, version 97—2; University of Gottingen:
Gottingen, Germany, 1997.

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, Jr.,J. A.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y .; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A_;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Revision
B.04; Gaussian, Inc.: Wallingford, CT, 2004.

(28) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899.
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Table 4. Crystallographic Data for [EtyN]y[TeFe;(CO)oCuCl] ([EtyN]y[1a]), [EtyN]s[TeFe3(CO)oCuBr] ([EtyN]y[1b]), [EtyN]o[TeFe;(CO)oCul] ([EtyN]y[1c])
[EtsN][TeFe3(CO)yCuyCly] ([EtyN][2a]), [EtsN][{TeFes(CO)o}2CusBr] ([EtsNL[3b]), [EtsN][{TeFes(CO)o}>Cusl] ([EtaN]o[3e]), and [EtyN]y[{TeFe3(CO)o}2CusCly]

([EtsN]>[4a])

[EtuN]>[1a] [Et4N]>[1b] [EtsN][1c]
empirical formula C25H40C1CUFC3N209TC C25H40B1‘CUFC3N209T6 C25H4()ICUFC3N20:)TC
formula weight 906.73 951.19 998.18
crystal system monoclinic triclinic triclinic
space group Ce Pl P1
crystal dimensions, mm 0.22 x 0.20 x 0.18 0.38 x 0.18 x 0.11 0.38 x 0.24 x 0.06
a, A 18.953(3) 9.0411(1) 9.4787(2)

b, A 12.944(2) 20.2015(3) 10.2155(2)

¢, A 29.403(5) 21.3876(4) 19.0383(4)

o, deg 65.656(1) 82.241(1)

p, deg 99.278(4) 89.869(1) 79.680(1)

y, deg 82.329(1) 88.790(1)

v, A’ 7119(2) 3521.12(9) 1797.04(6)

zZ 8 4 2

D (caled), gem™® 1.692 1.794 1.845

u, mm”" 2.712 3.800 3.471

diffractometer, Smart CCD Kappa CCD Kappa CCD

radiation (1), A 0.71073 0.71073 0.71073

temperature, K 298(2) 200(2) 200(2)

6 range for collection, deg 2.09—24.98 2.09—25.39 2.16—25.37

Tnin/ Timax 0.59/0.64 0.31/0.41 0.35/0.72

no. of independent reflections (I > 20([)) 8874 (Rin = 0.0253) 8626 (Rin, = 0.0717) 5676 (Riny = 0.0348)

no. of parameters 731 751 374

R19/wWR2¢ (I > 20(1)) 0.040/0.086 0.050/0.124 0.053/0.153

R1¢/wR2“ (all data) 0.058/0.092 0.088/0.146 0.061/0.160

[Et4N][2a] [Et4N]o[3b] [Et4N]y[3¢] [Et4N],[4a]

empirical formula C25H40C12CU2F63 C34H40BTCLI3F66 C34H401CU3F66N2 C34H40C12CL14FC() NzolgTez
Np_OgTe NzolgTez OlgTez

formula weight 1005.72 1625.51 1672.50 1680.04

crystal system monoclinic monoclinic monoclinic monoclinic

space group P2y/n P2/c P2i/a P2y/n

crystal dimensions, mm 0.40 x 0.18 x 0.10 0.13 x 0.05 x 0.02 0.18 x 0.14 x 0.05 0.14 x 0.10 x 0.03

a, A 11.1306(2) 17.5999(3) 13.5631(2) 11.7406(3)

b, A 14.5567(3) 8.9940(1) 21.7605(4) 17.8279(5)

¢, A 22.3697(5) 32.2236(6) 17.2648(3) 12.3063(4)

o, deg

B, deg 96.307(1) 96.358(1) 98.830(1) 92.422(1)

7, de

v, A§ 3602.8(1) 5069.4(1) 5035.1 (2) 2573.6(1)

VA 4 4 4 2

D (caled), gem ™ 1.854 2.130 2.206 2.168

u, mm’- 3.330 4.879 4.732 4.537

diffractometer Kappa CCD Kappa CCD Kappa CCD Kappa CCD

radiation (1), A 0.71073 0.71073 0.71073 0.71073

temperature, K 100(2) 200(2) 200(2) 298(2)

6 range for collection, deg 2.14-25.02 2.26—25.36 2.22-25.33 2.01-25.00

Tmin/ Tmax 0.43/0.53 0.63/0.92 0.63/0.77 0.63/0.73

no. of independent reflections (7 > 20(1)) S181 (Rine = 0.0597) 5950 (Rine = 0.1055) 7121 (Rijne = 0.0754) 3663 (Rin, = 0.0625)

no. of parameters 398 595 595 298

R14/wR2“ (I > 20(1)) 0.041/0.100 0.067/0.167 0.047/0.121 0.063/0.164

R1¢/wR2“ (all data) 0.059/0.127 0.115/0.207 0.073/0.152 0.086/0.195

“The functions minimized during least-squares cycles were R1 = S_||F,| — |Fo||/S2|Fo| and wR2 = [SIw(Fo> — FA /S w(F2"2.

representations of the molecular orbitals were obtained using
CS Chem3D 5.0.

Electrochemical Measurements. The cyclic voltammetry mea-
surements were performed at the room temperature under a
nitrogen atmosphere and recorded using a BAS-100W electro-
chemical potentiostat. A platinum disk working electrode, a
platinum wire auxiliary electrode, and a non-aqueous Ag/Ag™*
electrode were used in a three-electrode configuration. Tetra-n-
butylammonium perchlorate (TBAP) was used as the support-
ing electrolyte, and the solute concentration was ~10"* M.
The redox potentials were calibrated with a ferrocenium/ferro-
cene (Fc/Fc) couple in the working solution and referenced
to SCE.
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