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Four-center two-step redox systems [see Eq. (1)] with coor-
dinating heteroatoms in 1,4-positions have long played a
prominent role in coordination chemistry as potentially
noninnocent[1] chelate ligands. Reducible a-diimines (E,
E’= NR) including 1,4-diazabutadienes,[2] o-quinonedi-
imines[3] or “polypyridines” of the 2,2’-bipyridine or 1,10-
phenanthroline type[4] have thus been studied particularly
under the aspect of light-induced charge transfer, while the
more easily reduced a-diketones and especially o-quinones
(E, E’= O)[5] can exhibit the phenomenon of redox isomerism
(“valence tautomerism”) in their transition-metal com-
plexes.[6] The related complexes of a-dithiolene ligands (E,
E’= S), long known[7] and recently reinvestigated,[8] are often
cited as prototypes of coordination compounds with partially
covalent metal–donor bonds.

Mixed systems E¼6 E’ are also known in the form of, for
example, a-iminoketones[9] (E = NR, E’= O, especially o-
quinonemonoimine derivatives[1a]), as a-iminopyridines[10] or
as a-azoimines, RNNC(R’)NR’’ [Eq. (2)], involving the
strongly p-electron-accepting azo function[11] and heteroar-
omatic components such as pyridines or tetrazines.[12]

Recently, complexes of reduced a-azoimines were obtained
from the ring opening of 1,2,4,5-tetrazines.[13]

The hitherto neglected combination RNNC(R’)O
[Eq. (3)], coupling p-electron-deficient[14] carbonyl and azo
functions, has been observed and structurally established in

doubly and singly reduced form;[15] however, the unreduced
group N=N�C=O was not yet described as part of an isolated
metal chelate system.

Herein, we report spectroscopic and structural evidence
for a first such case by example of the heterodinuclear
compound [CuI(adc-pip)(dppf)](BF4), (1)(BF4), obtained as a
deep purple material by reacting azodicarboxylic acid dipi-
peridide (adc-pip) with [Cu(dppf)(CH3CN)2](BF4) (dppf =

1,1’-bis(diphenylphosphino)ferrocene).[16a] Azodicarbonyl
compounds [R(O)CNNC(O)R]n are not only valuable
reagents in organic synthesis[17] but also unique noninnocent
ligands[15] that tend to coordinate in a bridging manner, while
the organometallic dppf is a well-used ligand for structure
fixation, electron transfer, and catalysis.[18]

The molecular structure of 1+ (Figure 1)[19] shows how one
of the N=N�C=O functions chelates the copper(I) center of

heterodinuclear [Cu(dppf)]+ without being reduced to the
monoanionic (radical) or dianionic form. This assignment
follows not only from the composition of the material but also
from the analysis of the strongly alternating intrachelate
bonds with lengths dN=N = 1.258(7), dC�N = 1.466(8), and dC=

O = 1.234(7) <. Apparently, there is relatively little p back-
donation from this form of copper(I), which might otherwise
lengthen the double bonds and shorten the single bond or
even cause an eventual reduction of the ligand. With dCu�N =

1.990(5) and dCu�O = 2.170(4) < the metal chelation is rather
asymmetric, in agreement with the different basicities of N
and O; the dihedral angle between the P1-Cu-P2 and O1-Cu-
N2 planes is 87.148 so that the configuration at the metal
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J. Heyrovský Institute of Physical Chemistry
v.v.i. , Academy of Sciences of the Czech Republic
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center can be described as distorted tetrahedral. The stability
of the situation with unreduced N=N�C=O is probably
favored by the rigidity of the heterodinuclear [Cu(dppf)]+

complex fragment.
The closely related complex [Cu(adc-NMe2)(dppf)](BF4),

(2)(BF4), was obtained using azodicarboxylic acid bis(dime-
thylamide).[16] In both cases, attempts to obtain tetranuclear
Cu2Fe2 complexes[15] were unsuccessful, possibly owing to
steric hindrance. The external addition of an electron to 1+ at
�0.87 V versus ferrocene/ferrocenium (Fc+/0) in CH2Cl2/0.1m
Bu4NPF6 at �70 8C[20] produces a neutral radical complex
[CuI(adc-pipC�)(dppf)], as evident from a partially structured
EPR signal of approximately 16 mT total width at g= 2.0073.
Most instructively, the spectroelectrochemical monitoring of
the reduction by carbonyl vibrational spectroscopy (Figure 2)
shows a negligible shift (1712!1708 cm�1) for the uncoordi-
nated carbonyl group but a considerable low-energy shift
from 1672 to 1565 cm�1 for the coordinated C=O function.[16b]

The second reduction at �1.76 V also occurs in the chelate
ring [Eq. (3), R’= C(O)pip], as evident from the shift of
ñCO(coord.) to 1482 cm�1 and the stationary 1708 cm�1 band
(Figure 2), still assigned to ñCO of the uncoordinated carbonyl
group.

The reduction steps of (1)(BF4) are accompanied by UV/
Vis spectroscopic changes, showing first a bathochromic shift
of the metal-to-ligand charge transfer (MLCT, d(CuI)!p*)
band from 520 nm (e = 2550m�1 cm�1) to 640 nm (e =

1400m�1 cm�1)[16b] and then, in the second reduction step, the

disappearance of any absorption in the visible owing to full
occupation of the p acceptor molecular orbital.

The oxidation of heterodinuclear (1+)(BF4) at + 0.37 V
versus Fc+/0 occurs reversibly at the ferrocene function, as
confirmed by virtually unchanged carbonyl stretching bands
in the IR spectrum and by the emergence of the typical[21]

ferrocenium absorption shoulder at about 770 nm in addition
to the hypsochromically shifted MLCT band (520!462 nm,
e = 3170m�1 cm�1).[16b]

We have thus shown that the heterodinuclear complex
cation [Cu(dppf)]+ can engage in charge transfer relative to
the strongly p-accepting chelate system N=N�C=O without
causing full electron transfer, thus allowing for the first time
to study the spectroscopy and structure of an unreduced a-
azocarbonyl metal complex. We assume that both the steric
hindrance and the donor effect of the dialkylamino substitu-
ents at the carbonyl carbon atoms are responsible for this
result. Other potential chelate ligands containing the RN=N�
C(R’)=O function may thus be devised to serve as a new kind
of p acceptor in coordination chemistry.
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Figure 1. Molecular structure of the cation in the crystal of (1)-
(BF4)·H2O. Selected bond lengths [H] and angles [8]: Cu–P1 2.228(2),
Cu–P2 2.254(2), Cu–N2 1.990(5), Cu–O1 2.170(4), C1–O1 1.234(7),
C1–N1 1.466(8), N1–N2 1.258(7), N2–C2 1.470(7), C2–O2 1.216(7),
Cu–Fe 4.048; P1-Cu-P2 109.85(6), P1-Cu-N2 128.01(15), P1-Cu-O1
116.66(12), P2-Cu-N2 115.71(14), P2-Cu-O1 104.02(12), N2-Cu-O1
75.29(17).

Figure 2. IR spectroelectrochemistry of the conversion 1+!1C (bottom)
and 1C!1� (top) in CH2Cl2/0.1m. Bu4NPF6.
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