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Stoichiometric transmetalation of the tetranuclear copper(I) complexes (DENC),Cu,X, (I: DENC = N,N-diethylnicotinamide;
X = Cl or Br) by tris(S-methyl isopropylidenehydrazinecarbodithioato)cobalt(III) (Co(NS)s, II) in aprotic solvents under dinitrogen
is preceded by electron transfer from copper(I) to cobalt(I1I) and gives cobalt(II)-containing products. The stoichiometries I +
II = (DENC);Cu;Co(NS),X, (IIT) + Cu(NS)(s) and I + 2II — (DENC),Co,X, (VI) + 2Cu(NS)(s) + 2Cu(NS), were
established by gravimetric determination of insoluble Cu(NS)(s) and other techniques. Product III reacts stoichiometrically with
dioxygen to give tetranuclear (DENC);Cu;CoX,0, (IV). Electron transfer from copper(I) and coordinated NS rapidly follows
rate-determining O, insertion intothe halo cores of III. Product III is stoichiometrically transmetalated by 1 mol of M(NS),
reagents to give heterometallic dimers (DENC),CoMX, (VIII) or by 2 mol of M(NS), to give heterometallic trimers
(DENC),Co(NS),M,X, (IX). Stoichiometric aprotic oxidation of IX with dioxygen gives trimeric products (DENC);CoM,X,0
(X). Product IV is transmetalated by 1 mol of M(NS), to give the less stable trimeric (DENC);CoCuMX,0O (XI) and by 2 mol
of M(NS), to give the trimeric product X. The spectral and other properties of these transmetalation products are compared

and discussed.

Introduction

Direct transmetalation of tetranuclear copper complexes by
M(NS), reagents in aprotic solvents leads to a wide variety of
new polymetallic products.!”” Here, NS is a monoanionic S-
methyl hydrazinecarbodithioate Schiff base, and a major driving
force for transmetalation is the formation of very stable Cu(NS)*
and Cu(NS),!"57 coproducts. The reactions described in previous
parts of this series are stepwise, stoichiometric processes. Evidence

has been presented for structurally required Cu-X-M-S rings
(X = Cl or Br; S = carbothioate sulfur) that facilitate metal
exchange.’ Aside from providing metal complexes that have not
been obtained by other means, transmetalation is also useful in
assigning the spectra of (u-0),[LCu],” and (us-O)[NCu] X!
complexes.

Part 56 described the transmetalation of tetranuclear copper(I)
complexes [(DENC)CuX], (I: DENC = monodentate N,N-di-
ethylnicotinamide)® by M(NS), reagents (M = Co, Ni, Cu, or
Zn). The products (DENC);CuM(NS)X, and (DENC),M,X,
were obtained with 1 and 2 equiv of M(NS), reagents, respectively,
as verified by gravimetric determination of 1 and 4 equiv of the
insoluble coproduct Cu(NS).¢ The oxidation of (DENC),;Cu;M-
(NS)X, complexes by dioxygen in aprotic solvents proceeds by
rate-determining dioxygen insertion into the X, reactant core
followed by rapid 4-electron transfer (from copper(I) and coor-
dinated NS),° analogous to the behavior of the parent
[(DENC)CuX], complexes.? The products (DENC),Cu,CoX,0,
apparently contain u-oxo and u4-0xo groups that lead to distinctive
patterns of transmetalation.

This is the first report of the transmetalation of [(DENC)CuX],
complexes by a M(NS), reagent, [I.° We have used gravimetric
determinations of the Cu(NS) coproduct and other techniques
to establish the formation of cobalt(II)-containing products
(DENC);Cu;Co(NS),X, and (DENC),Co,X, with 1 and 2 equiv
of Co(NS);, respectively. Electron transfer from copper(I) to
cobalt(III) precedes transmetalation. Dioxygen insertion is the
rate-determining step in the aprotic oxidation of
(DENC);Cu;Co(NS),X, complexes by dioxygen. Consecutive
transmetalation of [(DENC)CuX], with Co(NS), and M(NS),
reagents gives a variety of heterometallic trimer and dimer
products. All the systems investigated are shown in Scheme L.

Experimental Section

Most of the procedures and measurement techniques of this work have
been described previously.!®* Tris(S-methyl isopropylidenehydrazine-
carbodithioato)cobalt(III) (II) was synthesized by a literature method.’

tOn leave of absence from the Department of Chemistry, Faculty of
Science, Alexandria University, Alexandria, Egypt.
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General Transmetalation Procedure. A clear yellow solution of
(DENC),Cu,X,? (I; 5 mmol) in anhydrous methylene chloride (30 mL)
was treated dropwise with 1 or 2 equiv of the brown mer isomer of II°
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in methylene chloride (20 mL) under dinitrogen. The latter solution was
allowed to stand so that fac— mer isomerization was complete®'® before
addition, which resulted in a rapid color change to deep blue, signaling
the formation of cobalt(I1).%’ This color change was much faster than
the subsequent precipitation of virtually insoluble’ Cu(NS) (eq 1 and 2)
and the formation of black Cu(NS), (eq 2) (see Results and Discussion).

I + II = (DENC),Cu;Co(NS),X, + DENC + Cu(NS)(s) (1)
il
I + 211 — (DENC),C0,X, + 2Cu(NS), + 2Cu(NS)(s)  (2)
VI

After 12 h of reaction at room temperature under dinitrogen the
product mixtures were filtered (Schlenk) to remove Cu(NS)(s), which
was washed with hexane, dried at 100 °C under vacuum, and weighed.®

Product Filtrates. The product filtrates from reaction 1 were used for
the following purposes. Filtrates from the reaction in nitrobenzene were
used to establish the presence of III and free DENC in eq 1 by cryos-

(1) Part 7: Davies, G.; El-Sayed, M. A.; El-Toukhy, A. Inorg. Chem. 1986,
25, 2269.
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copy.5® Filtrates in both solvents were either added under dinitrogen to
a large excess of hexane to precipitate (DENC);Cu;Co(NS),X, (III),
which was analyzed (Table I), or aprotically oxidized with dioxygen (eq
3).6 The stoichiometry of reaction 3 was established by manometric

11l + O, — (DENC),Cu;CoX,0, + N,S, 3)
v

dioxygen uptake measurements,® and the kinetics with excess IIT were
measured by conventional spectrophotometry.® The products IV and
N,S, were separated by gel-permeation chromatography (methylene
chloride eluant).*¢ Product IV was isolated by vacuum solvent evapo-
ration from the first brown eluted band. The product of oxidation of
coordinated NS-, N,S,, was identified by thin-layer chromatography of
the solids isolated from subsequent fractions, as described previously.®

The spectrum of the black filtrate from reaction 2 was not affected
by exposure to dioxygen. The first two products were easily separated
by gel-permeation chromatography (methylene chloride eluant).? The
dimeric product, VI, eluted first as a bright blue band, was obtained by
vacuum solvent evaporation. Species V, a homologue of III (Scheme I),
is proposed as an intermediate in the formation of VI (Results and
Discussion).

Synthesis of Heterometallic Complexes. Dimers. The dimers
(DENC),CoMX,2H,0 (VIII) (Scheme I) were obtained by treatment
of the product mixture from reaction 1 with 1 equiv of M(NS), under
dinitrogen (eq 4). The reactions were all complete within 6 h at room

[11 + M(NS), — (DENC),CoMX, + Cu(NS), + 2Cu(NS)(s)  (4)
VIII

temperature in methylene chloride (see below). Stoichiometries of eq 4
were established by weighing the precipitated Cu(NS)(s). The first two
products in eq 4 were easily separated by gel-permeation chromatography
(methylene chloride eluant)® and products VIII were isolated by vacuum
solvent evaporation from the first eluted band in each system.
Trimers. Trimeric transmetalation products IX were obtained by
treating the product mixture from reaction 1 with 2 equiv of M(NS),
under dinitrogen (eq 5). The precipitated Cu(NS) was filtered

(DENC);Cu;Co(NS), X, + 2M(NS), —
(DENC),Co(NS),M,X, + Cu(NS); + 2Cu(NS)(s) (5)
IX

(Schlenk) and determined gravimetrically.® The filtrate was then either
added to excess anhydrous hexane under dinitrogen (to precipitate the
trimer) or treated with excess dioxygen (eq 6).

IX + '/,0, — (DENC);CoM,X,0 + N,S, (6)
X

The stoichiometries of reactions 6 were established by manometric
dioxygen uptake measurements. Products X were isolated by gel-per-
meation chromatography and characterized as described previously.
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Trimeric products XI and X were also obtained by treatment of IV,
(eq 3) with 1 or 2 equiv of M(NS), in methylene chloride at room
temperature (eq 7 and 8, respectively). Products X and XI were isolated

IV + M(NS), — (DENC),CoCuMX,0 + Cu(NS), + (DENC)CuO
XI

0]
(DENC),CoM,X,0 + 2Cu(NS), + (DENC)CuO
X

(8)

by vacuum evaporation from the first eluted bands from gel-permeation
chromatography of product solutions.

Analytical and spectral data for transmetalation products are collected
in Tables I and II, respectively.

IV + 2M(NS), —

Results and Discussion

Our basis for discussion of the transmetalation and oxidation
chemistry of I and their transmetalated derivatives is a cubane
structure for I consisting of a tetrahedron of halogen atoms with
a (DENC)Cu center in each tetrahedral hole.?

The following evidence indicates that electron transfer from
I to I1I (eq 9) precedes transmetalation.!! First, all the products

I+ III — I* + Co(NS);” ©9)

contain cobalt(II), and not cobalt(III), as indicated by charac-
teristic blue colors and electronic spectral features.>” Second,
formation of blue colors in reactions 1 and 2 occurs very soon after
the reactants are mixed and is much faster than the formation
of pale yellow Cu(NS)(s) and black Cu(NS),. Third, we have
observed that transmetalations of copper(II) complexes with II,
in which electron transfer is not expected, are slower than the
corresponding transmetalations with M(NS), reagents. Indeed,
reactions 1 and 2 proceed at rates similar to those of the
[(DENC)CuX],/M(NS), reactions reported earlier.® Thus, the
effective transmetalating agent in these systems is cobalt(II),
tentatively formulated as Co(NS);™ in eq 9.!!

Reaction 1. The stoichiometry of eq 1 was confirmed by
gravimetric determination of the precipitated Cu(NS)(s).6
Tetranuclear products III were precipitated from the product
filtrates by addition to excess hexane under dinitrogen. Cryoscopic

(11) Although eq 9 is written as an outer-sphere redox reaction it seems likely
that an inner-sphere mechanism obtains, perhaps within the Cu—X-

M-S rings that are believed to be necessary in copper(II)/M(NS),
systems.” We are currently exploring this possibility.
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Table II. Spectral Data
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(12) Davies, G.; Ei-Toukhy, A.; Onan, K. D.; Veidis, M. Inorg. Chim. Acta
19885, 98, 85.

(13) Lever, A. B. P. Inorganic Electronic Spectroscopy; Elsevier: Amster-
dam, 1968; p-333.

(14) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds, 3rd ed.; Wiley: New York, 1978; p 226.
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absorption by copper(I) is expected in this region.5?
Complexes III are discrete tetranuclear species (Table I). Their
proposed core structure (Scheme I) retains most of the features
of the structures of 1.} The apparent presence of 4- or 5-coordinate
cobalt(IT) can be reconciled in two ways. The cobalt(II) center
could consist of bidentate NS ligands with long bonds to bridging
X. This would tend to destabilize the tetranuclear structure (eq
11), which is contrary to cryoscopic evidence. We prefer alter-

(DENC),Cu;Co(NS),X, — (DENC);Cu;X, + Co(NS),
1
(11)

native structure III in Scheme I, since there is evidence for opening
of M(NS), chelate rings on coordination of additional ligands."’

Whatever their detailed structures, products III are formed by
transmetalation of copper(I) (eq 1) and not copper(II) (eq 12)

(DENC),Cu X4+ + Co(NS);” —
(DENC);Cu;Co(NS)X, + Cu(NS), (12)

after electron transfer (eq 9). This is consistent with reaction 13
I + Cu(NS), — (DENC),Cu;Cu(NS)X, + Cu(NS)(s) (13)

observed previously.® Reactions 1, 2 and 13 occur because Cu-
(NS)(s) is more thermodynamically stable than dissolved Cu(N-
S),.

Reaction 2. Reaction 2 is the analogue of reaction 14 observed
previously.® However, because of prior electron transfer, only 2
mols of Cu(NS)(s) are precipitated in eq 2. The likely respective

I + 2M(NS), = (DENC);M,X, + 4Cu(NS)(s) (14)

intermediates (DENC),Cu,(Co(NS),),X, (V) and
(DENC),Cu,(M(NS)),X,5 are not stable tetranuclear species.
They lose 2 mol of Cu(NS), and 2 mol of Cu(NS)(s), respectively,
presumably because of major core structural changes on trans-
metalation of more than one copper(I) center. These decompo-
sitions must be faster than transmetalation because V — VI is
not intercepted by excess Co(NS); and reaction 14 proceeds even
in the presence of excess M(NS),.°

Analytical (Table I) and spectral data (Table II) for product
VI (X = CJ) from reactions 2 and 14 (M = Co)® are identical,
indicating formation of the same dimeric product.

Reaction 3. Stoichiometry and Products. Manometric dioxygen
uptake measurements confirmed the stoichiometry of eq 3. The
chromatographically isolated product IV is tetranuclear (Table
I). Its IR spectrum contains bands at 1635 cm™! (monodentate
DENC)?8%12 and no absorption at 1000 cm™ (no coordinated
NS").® Reaction 3 is thus analogous to the corresponding aprotic
reactions of I¥ and (DENC);Cu;M(NS)X,¢ with dioxygen, in
which a total of 4 electrons are transferred to dioxygen to give
oxo—metal(II) products. These four electrons are donated by the
two copper(I) centers and the two coordinated NS~ ligands of III
(eq 15).

2NS™— N,S, + 2¢” (15)

Product IV has previously been obtained through reaction 16.5
Evidence has been presented for its proposed core structure
(Scheme I).* One of the curious features of its electronic spectrum

(DENC),Cu;Co(NS)X, + O, —
(DENC),Cu;CoX,0; + '/,N,S, (16)

(Table II) is that it contains little or no absorption from the
cobalt(II) center.

Kinetics and Mechanism of Reaction 3. Reactions of excess
IIT with dioxygen in methylene chloride and nitrobenzene were
easily monitored by conventional spectrophotometry in the
wavelength range 700-900 nm. The concentrations of III were
always sufficient to ensure pseudo-first-order conditions. Plots
of In (4. — A,) vs. A, where A, is the absorbance at time ¢ under
fixed experimental conditions, were linear to at least 4 half-lives

(15) Iskander, M. F.; El-Sayed, L.; Labib, L.; El-Toukhy, A. Inorg. Chim.
Acta 1984, 86, 197.
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Figure 2, First-order kinetic plots for reaction of excess IIla with di-
oxygen (1 X 10™* M) at 32 °C and monitoring wavelength 900 nm.
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Figure 3. Plots of kg vs. [I11], in reaction 3 for X = Cl at 32.0 °C (@)
and X = Br at 25 °C (O) in nitrobenzene.

Table III. Kinetic Parameters for Oxidation of N,Cu,X,,
N;Cu;Co(NS)X,, and N;CuyCo(NS),X, Complexes
(N = DENC; X = Cl, Br) by Dioxygen in Aprotic Solvents

k‘l‘,a AHT‘, AST‘,a
reactant M~ s kcal mol™! cal deg™ mol™!

N,Cu,Cl ¢ 5.4 21£03 48 £ 3
N,Cu,Cl>4 16.2 39 +£0.3 -40 £ 3
N,Cu,Br 4 066 5906 -40 £ 3
N;Cu;Co(NS)Cl 54 43403 41 %3
N;Cu;Co(NS),Cl, (lla)¢ 053 3.1 @03 -49 % 3
N;Cu;Co(NS),Br, (IIIb)?  0.026 5.2+0.3 48 £ 3

4Given at 25 °C. *Data from ref 8. °In methylene chloride. “In
nitrobenzene. °Data from ref 6.

(Figure 2) with no spectrophotometric evidence for precursors or
intermediates, indicating that the rate-determining step in reaction
3 is first order in [O,]. The pseudo-first-order rate constants, kg,
were accurately proportional to [III] (Figure 3), indicating that
reaction 3 has the second-order rate law 17. Rate constants kr

d[IV]/dt = k[II1][O,] (17)

and their respective activation parameters are compared with those
for aprotic oxidation of [(DENC)CuX],® and (DENC),Cu,Co-
(NS)X,® complexes in Table III.

Interpretation of the Kinetic Data. It has previously been
concluded that the rate-determining step in the aprotic oxidation
of N4Cu,sX, complexes (X = Cl or Br) by dioxygen is insertion
of O, into the halo core of the copper(I) reactant.® This conclusion
is based on simple second-order oxidation kinetics, no detectable
precursors or intermediates, negligible solvent effects, low acti-
vation enthalpies (increasing as X is changed from Cl to Br) and
very negative activation entropies.®

These features are observed in the corresponding oxidations
of (DENC);Cu;M(NS)X,8 and (DENC);Cu;Co(NS),X, (III)
(Table IIT). The data for III fit the AH7*/AST* correlation noted
previously,$ indicating that insertion of O, into the cores of all
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Figure 4. Electronic spectra for VI (--), VIIIa (----), VIIIc (---), and
VIIId (—) in methylene chloride at 25 °C.

of these complexes is rate-determining. Relatively low kr values
for oxidation of III in Table III are ascribed (a) to insertion
obstructed by the two NS ligands on cobalt(II) and (b) to the
presence of one formal copper(II) center in III that “stiffens” the
core relative to those in N,Cu,X,? and (DENC);CusM(NS)X,.6
which contain no copper(II).

Because insertion is rate-determining we have no information
on the rates of electron transfer from copper(I) and NS~ to di-
oxygen. However, if dioxygen is prefentially inserted through a
face of III that is unobstructed by NS, then rapid transfer of 2
electrons from the two formal copper(I) centers in III would give
O,% in the intermediate that is capable of aprotic, intramolecular
oxidation of coordinated NS~ (eq 15). The resulting disulfide is
easily lost,S particularly if NS~ is monodentate in III, as proposed
in Scheme 1.

Reactions 4. Reactions 4 are stoichiometric transmetalation
reactions that provide a valuable route to heterobimetallic com-
plexes VIII. The proposed intermediate VII presumably decom-
poses because of marked instability of a species with M on a C,
axis of the tetrahalo core, which may facilitate NS~ ligand transfer
to copper(II)—product III, which also contains one copper(II)
and two NS~ ligands, is much more stable.

The IR spectra of isolated dimers VIII contain bands for co-
ordinated water (3400 c¢cm™')!* monodentate DENC (1635
cm™1)6812 gnd no bands for coordinated NS~ at 1000 cm™.

Comparison of the electronic spectra of VI and VIII (Figure
4) allows an assessment of the effects of replacement of one of
the cobalt(II) centers of VI with M in what are almost certainly
common p,u-dihalo-bridged structures.!? The bands at 570-630
nm are due to 4- or 5-coordinate cobalt(I).%!* The molar ab-
sorptivity per cobalt(II) center decreases progressively with M
= Cu, Co (in VI), Ni, and Zn in VIII (Table II).

Reactions 5. Trimeric products IX are obtained by treatment
of TII with 2 equiv of M(NS), in methylene chloride under di-
nitrogen. Stabilization of intermediate VII occurs through
transmetalation of its copper(II) center by M, which is evidently
faster than NS~ ligand transfer VII — VIIL

Analytical data (Table I) and the presence of an IR band at
1000 cm™ confirm that IX are trimeric species with coordinated
NS~ ligands.®® Their IR spectra also indicate the presence of
monodentate DENC ligands and coordinated water molecules (see
above).

The molar absorptivities per cobalt(II) of (DENC);Co-
(NS),M,X, complexes IX in the 570-630 nm region decrease as
M is varied from Cu to Zn, as found for dimers VIII (see above).

Reactions 6. Stoichiometry and Products. The stoichiometry
of reactions 6 was established by manometric dioxygen uptake
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measurements in nitrobenzene, and the trimeric oxidation products
(DENC);CoM,X,0 (X) were easily separated by gel-permeation
chromatography (methylene chloride eluant).?

The trimeric products X (Table I) have IR spectra indicating
the presence of coordinated water and monodentate DENC and
the absence of coordinated NS~. Their electronic spectra (Table
IT) are dominated by bands due to 4- or 5-coordinate cobalt(II).
Once again, the molar absorptivities per cobalt in X decrease in
the order M = Cu > Co > Ni > Zn. Products X probably do
not contain terminal oxo groups because they are not initiators
for the oxidative coupling of phenols by dioxygen.! We suggest
a u4-0X0 core structure because complexes containing u,-0xo groups
(as in IV) can be completely transmetalated,’*¢ but in this case
the (u-oxo)copper unit is lost to give X before this occurs. We
have been unable to monitor the kinetics of reactions 6 by spec-
trophotometry because of negligible differences in the electronic
spectra of reactants IX and products X. However, these reactions
are not slow on a synthetic scale: coordinated NS~ oxidation by
O, could be catalyzed by transient cobalt(III) formation in IX.

Reactions 7 and 8. Our study of reactions 7 and 8 is an ex-
tension of previous work® in which we transmetalated the nickel(II)
analogue of IV, (DENC),;Cu;NiCl,0,, with 2 or 3 equiv of bis-
(S-methyl isopropylidenehydrazinecarbodithioato)nickel(II)
(Ni(NS),) and obtained X (Co = M = Ni). Satisfactory ana-
lytical data were also obtained with M = Co and Zn in X (Table
I). Loss of a formal CuO unit'® on transmetalation of IV with
2 or more equiv of an M(NS), reagent thus appears to be
characteristic of core structure IV and distinguishes it from the
alternative bis(u-oxo) structure.’®

We have investigated reaction 7 with M = Co, Ni, and Zn. The
analytical data (Table I) indicate that XI are not particularly
stable species. Lower than expected copper contents indicate
reaction 18 on the time scale of transmetalation. Products labeled

XI — VIII + “CuO” (18)

“XI” are thus best regarded as mixtures of IX and VIII that are
difficult to separate by gel-permeation chromatography.

Species VII and XI are both trimers containing a single cop-
per(II) center that disproportionate to give VIII. However, XI
is definitely more stable than the intermediate VII, because CuO
loss from XI can be prevented by faster transmetalation with
M(NS); (eq 8).

Proposed Core Structures. None of the transmetalated products
of this study have been obtained as single crystals, but the core
structures proposed in Scheme I are consistent with their spectral
and other properties. When present, copper(II) has been assigned
one terminal DENC ligand (except in dimer VIIId) following our
previous observations.'®!2 In other cases we have arbitrarily
allocated DENC ligands to give 5-coordinate metal centers
throughout.

Relative Stabilities. Species III, V, and VII all contain cop-
per(II) and coordinated NS~ but only III are stable to intramo-
lecular NS~ ligand transfer to copper(II), which in the other cases
results in the loss of Cu(NS),. Thus, although copper(I) is
transmetalated in preference to copper(II), copper(I) in III retards
intramolecular NS~ ligand transfer to copper.

On present evidence we suggest processes IV — X and IV —
X1 — VIII as diagnostic of the proposed core structure IV.
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