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ABSTRACT: Dinuclear silver(I) complexes with bridging N-
phosphorylated azolylidene ligands have been synthesized.
Subsequent transfer of the ligands to other group 11 metal
centers (Cu, Au) has been accomplished, highlighting the
usefulness of the silver complexes as an easy to handle, air- and
moisture-stable source of these ligands. Preliminary results
indicate that dinuclear copper(I) complexes with N-
phosphorylated imidazolylidene ligands display notable
catalytic efficiency in nitrene transfer reactions.

■ INTRODUCTION

N-Heterocyclic carbenes (NHC)1,2 represent a recent but
extremely valuable addition to the arsenal of supporting ligands
for metal complexes available to the organometallic chemist.1,3

However, although a lot of different NHC ligand structures
have been proposed, modular NHC-based ligand systems, the
steric and electronic properties of which can be easily and
extensively tuned by substitution of one of the moieties making
out the ligand, are still underdeveloped.4 In this connection, a
yet almost unexplored class of NHC-based ligands with these
characteristics is represented by phosphorylated azolylidenes
with a direct N−P bond (Scheme 1). In the past few years,
several original synthetic approaches to such free carbenes have
been developed by some of us as well as by others.5

Furthermore, very recently the first examples of dinuclear
complexes with these carbenes as ligands have been reported by

us6 (with Ag) as well as by the group of Hofmann (with Cu).7

In light of our continuing research interest on the synthesis and
application of NHC complexes of coinage metals,8 we wish
now to report on the development of a general strategy for the
mild and productive synthesis of complexes of such ligands with
group 11 metal centers, as well as on preliminary data
concerning the properties of such complexes.

■ RESULTS AND DISCUSSION

Free N-phosphorylated azolylidenes can be distilled without
decomposition under high vacuum, but they are quite unstable
and tend to decompose with time even when kept under strict
exclusion of air and moisture. Therefore, in order to have more
practical, stable, and easy to handle reagents for the preparation
of metal complexes of such carbene ligands, we considered the
use of the corresponding Ag(I) complexes. Such complexes
should serve as stable transmetalating agents, easily transferring
the NHC ligand to other metal centers in analogy to Ag(I)
complexes with more traditional NHC ligands.9

The commonly employed route for the preparation of Ag(I)-
NHC complexes, upon direct reaction of the azolium NHC
precursor with Ag2O,

9 can be readily applied to our novel
phosphorylated ligands, and we have very recently reported on
the success of this synthetic strategy for the preparation of
stable Ag complexes with ligands 2 and 3 (Scheme 1).6

Similarly, treatment of a solution of the imidazolium precursor
of 1 (Scheme 1) in dichloromethane with 0.5 equivalent of
Ag2O at room temperature yielded cleanly the dinuclear
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Scheme 1. N-Phosphorylated Azolylidene Ligands Employed
in This Work
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complex 1-Ag as a crystalline, colorless, air-stable solid (Scheme
2). The same complex was formed even when an excess of
Ag2O was used.

We were able to determine the crystal structure of complex
1-Ag (Figure 1). The imidazolylidene rings and the silver atoms

connected to them are found almost in a plane (the sum of
N2−C10−N1, N1−C10−Ag1, and N2−C10−Ag1 angles is
359.7°). The phosphorus atoms connected to Ag protrude
instead above and below this plane as the angle C10−Ag1−P1
is 166.99(7)° (torsion angles C10−Ag1−Ag1′−P1 12.40(7)°;
P1−Ag1−C10′−N1′−87.3(4)° , N1′−P1′−Ag1′−C10
85.2(3)°). The Ag−C and Ag−P bond lengths are in the

characteristic range for other silver(I) carbene and phosphine
complexes previously reported.10,11 Finally, the very short
recorded intermetallic distance of 2.8221(3) Å in 1-Ag
(compare the conventionally tabulated covalent radius of 1.45
± 0.05 Å for silver) makes it likely that closed shell d10−d10
interactions12 are present in the complex.
We then started to investigate whether the Ag(I) complexes

could indeed act as transmetalating agents. Indeed, the
phosphorylated imidazolylidene ligand 1 could be cleanly
transferred under mild conditions from 1-Ag to either Cu(I) or
Au(I) centers (Scheme 3).
The identity of the Cu complex 1-Cu was confirmed by

comparison with its characterization data reported by
Hofmann, who prepared the same complex starting from the
free carbene ligand.7 Instead, the identity of the Au complex 1-
Au was confirmed by determination of its crystal structure
(Figure 2). The structure of complex 1-Au is as expected

similar to that of complex 1-Ag. Relevant bond lengths are
slightly shorter than in the Ag case; for example, the metal−C
and metal−P bond lengths are respectively 2.111(2) and
2.3852(6) Å in 1-Ag versus 2.061(7) and 2.299(2) Å in 1-Au.
Nevertheless, such bond lengths are in agreement with those of
other gold(I) carbene and phosphine complexes previously
reported.13 The Au−Au distance of 2.8099(4) Å is very short,
as it lies below the Au−Au distance in elemental gold (2.88 Å),
making it likely that closed-shell d10−d10 interactions are

Scheme 2. Synthesis of Complex 1-Ag

Figure 1. ORTEP view of complex 1-Ag (left) and view along the Ag−
Ag direction (right). Thermal ellipsoids are at the 50% probability
level. Hydrogen atoms and triflate anions are omitted for clarity.
Selected bond lengths [Å] and angles [deg]: C10−N1 1.372(3), N2−
C10 1.343(4), P1−Ag1 2.3852(6), C10−Ag1 2.111(2), P1−N1
1.739(2), Ag1··Ag1′ 2.8221(3), N2−C10−N1 104.5(2), C10−Ag1−
P1 166.99(7), Ag1−Ag1′−C10 88.13(6), Ag1−Ag1′−P1 87.92(2),
P1−N1−C10 121.8(2).

Scheme 3. Synthesis of Complexes 1-Au and 1-Cu

Figure 2. ORTEP view of complex 1-Au (left) and view along the
Au−Au direction (right). Thermal ellipsoids are at the 50% probability
level. Hydrogen atoms and triflate anions are omitted for clarity.
Selected bond lengths [Å] and angles [deg]: C1−N1 1.347(8), C1−
N2 1.322(9), P1−Au1 2.299(2), C1−Au1 2.061(7), P1−N1 1.756(5),
Au1···Au1′ 2.8099(4); N1−C1−N2 106.8(5), C1−Au1−P1 177.5(2),
Au1−Au1′−C1 89.4(2), Au1−Au1′−P1 89.16(4), P1−N1−C1
125.5(4).
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present also in this case.12 The main difference between the
structures of the Ag and the Au complexes is the higher degree
of planarity of the latter (Figure 2, right side), in which the
coordination geometry around the two Au atoms is almost
perfectly linear (C1−Au1−P1 angle 177.5(2)°) and with the
coordination axes parallel to each other. Consequently, gold
atoms, phosphorus atoms, and imidazolylidene rings all lie in
the same plane.
The NMR spectrum of the 1-Au complex exhibits the

expected peaks, and it turns out to be very similar to that of 1-
Ag. The carbene carbon resonance in the 13C NMR spectrum
of 1-Au is found at 192.7 ppm, well below the value in the free
ligand (223.6 ppm) and similar to the value for the Ag complex
(195.1 ppm).
Transmetalation to Au was successful also with complexes 2-

Ag and 3-Ag (Scheme 4) and yielded the corresponding Au
complexes 2-Au and 3-Au, which once again displayed
spectroscopic features analogous to the corresponding Ag
complexes (see the Supporting Information) On the other
hand, transmetalation to Cu apparently yielded products that
were too unstable to be conveniently isolated in pure form and
characterized.
The molecular structure of 2-Au was determined by means

of single-crystal X-ray diffraction analysis (Figure 3). As
expected, the gold atoms are linearly coordinated (C1−Au1−
P1 angle 177.6(3)°), as in the case of 1-Au, and the Au−C and
Au−P bond lengths (Au1−C1 2.03(1) Å, Au1−P1 2.288(3) Å)
are also very close to those exhibited by 1-Au. The Au1−Au1′
distance (2.8554(7) Å) is slightly longer than in 1-Au; the same
trend for the metal−metal distance is observed in the
corresponding silver complexes (2-Ag6 vs 1-Ag). The structure
of complex 2-Au is also very similar to that of the parent silver
complex 2-Ag,6 the main difference being, as in the case of
ligand 1, the Ccarbene−metal−P angle (177.6(3)° for Au and
166.99(7)° for Ag).
Finally, we have preliminarly investigated the properties of

the newly synthesized complexes 1-Cu and 1-Au. The
photophysical properties of the Au complex were evaluated in
the solid state under conditions previously employed by some
of us for investigating related dinuclear dicarbene complexes of
gold(I).8b Unfortunately, it was determined that despite the
very short Au−Au distance the complex displayed negligible
emission under these conditions (Φ < 0.01). On the other
hand, the catalytic efficiency of 1-Cu in nitrene transfer
reactions was also preliminarly evaluated (Scheme 5). Once
again reaction protocols previously developed by some of us for
related dinuclear dicarbene copper(I) catalysts8a were em-
ployed. Excellent results were obtained in the aziridination of
styrene with in situ formed N-tosyliminophenyliodinane, in

which the new complex displayed higher catalytic efficiency
(94% yield) compared to more conventional dinuclear
dicarbene copper(I) complexes.8a Moderate yields were
recorded also in the more challenging C−H insertion of the
nitrene into the α-C−H bond of dioxane (41% yield).

■ CONCLUSIONS
In conclusion, we have shown with the present work that N-
phosphorylated azolylidenes can act as bridging ligands in

Scheme 4. Synthesis of Complexes 2-Au and 3-Au

Figure 3. ORTEP view of complex 2-Au (left) and view along the
Au−Au direction (right). Thermal ellipsoids are at the 50% probability
level. Hydrogen atoms and triflate anions are omitted for clarity.
Selected bond lengths [Å] and angles [deg]: C1−N1 1.38(1), C1−N3
1.35(2), P1−Au1 2.288(3), C1−Au1 2.03(1), P1−N1 1.75(1), Au1−
Au1′ 2.8554(7); N1−C1−N3 102.6(9), C1−Au1−P1 177.6(3), Au1−
Au1′−C1 88.5(3), Au1−Au1′−P1 89.45(8), P1−N1−C1 125.9(8).

Scheme 5. Nitrene Transfer Reactions Catalyzed by
Complex 1-Cu
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dinuclear metal complexes of group 11 metals. In particular, we
have demonstrated that disilver(I) complexes of such ligands
behave as convenient, air-stable reagents that transfer the
carbene ligand to other metal centers. Further studies on the
properties of such complexes as well as on the preparation and
characterization of complexes with other metals are currently
under way.
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