COMMUNICATION

Inorganic Chemistry

pubs.acs.org/IC

A Unique Three-Dimensional Coordination Cluster Based on a Silver

Carbene Complex

Agnes Mrutu," Diane A. Dickie," Karen L. GoldbergfE and Richard A. Kemp*‘*’§

"Department of Chemistry and Chemical Biology, University of New Mexico, Albuquerque, New Mexico 87131, United States
"Department of Chemistry, University of Washington, Seattle, Washington 98195, United States
SAdvanced Materials Laboratory, Sandia National Laboratories, Albuquerque, New Mexico 87131, United States

e Supporting Information

ABSTRACT: In an attempt to perform a simple anion-
exchange reaction on a pincer-carbene-ligated nickel com-
plex using AgNO;, we instead obtained an unexpected
three-dimensional (3D) Agy cluster containing a [Age] core
in a twisted-bowtie geometry. The reverse-transmetalation
reaction by which the carbene is transferred from nickel to
silver is virtually unprecedented. The CNC pincer-carbene
ligands exhibit unusual bridging modes of ligand bonding
for all three donor atoms. Another unique feature is that the
final structure exhibits a 3D structure brought about by the
connection of two-dimensional layers of the [Agg] core viaa
seventh Ag ion.

During the past several years, there has been intense interest
within the inorganic and organometallic literature concern-
ing the synthesis and characterization of new multidentate ligands,
as well as the coordination chemistry of these ligands. While precise
reasons for this interest vary depending on the ultimate applications
of the complexes, enhanced levels of thermal stability and improve-
ments in air and moisture stabilities are often highly desired pro-
perties. One unique subset of multidentate ligands is the so-called
pincer family of ligands, where a trans-spanning, tridentate ligand is
complexed to a metal ion to yield a relatively rigid, stable coordina-
tion complex." Pincer ligands have shown a rich reaction chemistry,
with a range of transition-metal, main-group, and lanthanide com-
plexes known. Unique stabilities are seen when these pincers are
complexed with electron-rich, late-transition-metal ions,” and this
area is of particular interest to our research groups® > and others"®”
because these late-transition-metal pincer complexes have found
use in a variety of catalytic and organometallic applications.*”
These pincer ligands can be systematically modified to offer a
variety of ligand frameworks containing specific donor atoms. In
this submission, we restrict ourselves to a class of pyridine-based
pincer ligands containing N-heterocyclic carbene (NHC) do-
nors, the neutral CNC ligands. The naming of these ligands as
“CNC” follows the accepted convention of creating an abbrevia-
tion from the atoms that designate the points of attachment to
the metal ion. Even more specifically, we are interested in neutral
CNC ligands with NHC groups directly attached in a meta
orientation on the pyridine ring (A), which will permit a more
rigid framework to be formed when compared to those NHCs
containing a methylene bridge (B) (Figure 1). The precursor
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salts for both of these classes of CNC ligands have been pre-
viously synthesized.">""

Concurrently, there has also been increasing attention paid to
silver-based clusters that can be used in various applications,
including recent literature reports of uses in photoluminescence, "'
in the preparation of novel nanomaterials,"* and in molecular
cylinders."> However, solid-state structures for these clusters are
rare, and computational studies can be required to determine the
structures of the clusters.'®

When these two areas of research are combined, silver(I)-
containing carbene complexes have gained special attention, with
applications as diverse as synthetic carbene-transfer reagents'” to
antimicrobial pharmaceuticals.'®'® Again, depending on the ulti-
mate purpose, the chemical properties of the silver(I) carbene
complex can be greatly controlled. In a search of the Cambridge
Structural Database (CSD; Nov 2010 update),”® we find that
there is an unexpectedly small number of CNC-containing silver(I)
complexes that have been structurally characterized. Of these
complexes, the vast majority assume well-behaved monomeric or
dimeric solid-state structures, while only one is found as a linear
polymer, utilizing the bridging nature of the NHC ligand to link
multiple Ag ions."

In an attempt to perform a simple anion exchange using a type
A CNC—NI halide salt, we surprisingly observed a transmetala-
tion reaction that instead produced a novel Ag(CNC)-contain-
ing cluster. In order to effect the Br /NO; ™ exchange, a 7-fold
excess of AgNO; was added at 25 °C to a suspension of
[(MeCNC)NiBr] "Br~ in methanol (Scheme 1).>' The solution
was allowed to stir for 2 h and then filtered to remove excess
AgNOs. After filtration, the solution was concentrated by the
removal of methanol and allowed to crystallize under an inert
atmosphere. Two types of crystal morphologies were obtained
and could be physically separated. Product 2 was obtained as
large, colorless crystals suitable for single-crystal X-ray analysis
(vide infra). Product 3 precipitated as a microcrystalline colorless
material that diffracted poorly and was unsuitable for X-ray study.
However, 3 had an elemental analysis corresponding to an overall
molecular formula of (MECNC)AgNO3. Nickel appears to have
been lost as NiBr,. We found 2 and 3 to be largely insoluble in
most solvents. As such, the '"H NMR data obtained were not
particularly informative because only broad signals were obser-
ved in the NMR spectrum. The IR spectrum of 2 in a Nujol mull
indicated the presence of metal-coordinated NO3  groups in the
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Figure 1. CNC ligands either with NHCs directly attached (A) or with
NHCs attached via a bridging —CH,— group (B).

Scheme 1. Syntheses of Complexes 2 and 3
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product, with characteristic absorptions at 1400, 814, and
723 cm” '.** However, the elemental analysis and X-ray data for 2
indicated that the product was not the expected anion-exchanged
[(MCCNC)NIONO,]"NO; "~ salt.

To determine the structure of 2 with certainty, a single-crystal
X-ray diffraction analysis was performed, and the results showed
that the M*CNC pincer ligands were no longer bound to Ni"' ions
but rather to Ag' ions. Compound 2 crystallizes in the monoclinic
crystal system, space group P2(1)/n. A formulation with the
overall stoichiometry of [ (" °CNC),Ag,(NO3),(H,0)05], could
be assigned for 2, indicating that a virtually unprecedented
reverse-transmetalation reaction had occurred to transfer
MECNC from nickel to silver. To our knowledge, the only prior
instance of a reverse transmetalation of nickel and silver is a single
example using large 2,6-diisopropylphenyl ligands over a 24 h
reaction time reported by Pugh et al.** While this transfer to
silver(I) was most unexpected, what is also of interest is that the
solid-state structure of 2 is a three-dimensional (3D) polymer in
which two-dimensional (2D) networks of [Agls clusters are
linked by a seventh Ag ion to form an extended coordination
structure. We speculate that the formation of the insoluble 2
upon crystallization acts as the major driving force for this
reverse-transmetalation reaction.

Figure 2 highlights the core Agg cluster that crystallizes in a
twisted-bowtie geometry. While this bowtie arrangement is
unknown for silver, it has been seen previously by Furuya and
Gladfelter in a mixed [Fe,Ru,] cluster.>* While the seven Ag—
Ag bonds vary significantly in length from 2.726 to 3.349 A, all
are within the range for Ag—A%wbond lengths reported in the
CSD.? Also shown are the two “*CNC ligands, which bind to
all six Ag ions of the bowtie in a crisscross (X) (see the Sup-
porting Information for more views) fashion (C4—N3—C12
and C17—N8—C2S5 define the attachment points to Ag for the
two CNC ligands). The imidazole rings of the carbenes
s-stack with one other, at a centroid- - - centroid distance of
3.87 A for the C4/C25 rings and of 4.19 A for C12/C17.2° Most

Figure 2. Asymmetric unit of 2 with a twisted-bowtie configuration of
the [Ag]e cluster highlighted (50% ellipsoids). H atoms are not shown.

Figure 3. 2D layer structure of complex 2 showing the relative position
of the Ag clusters (shown in green) and the bridging nitrate groups (N
atoms shown in blue and O atoms shown in red).

unusual, all three of the donor sites in each CNC ligand are
bridging in nature (bound to multiple metals), with the pyridyl
N atoms bridging the two inner Ag1 and Ag4 atoms, while each of
the carbene atoms bridges both an inner Ag atom and an outer Ag
atom of the bowtie structure. The Ag—N bonds are relatively
long, measuring between 2.714(5) and 2.788(5) A. The bonds
between the carbenes and the inner Ag atoms range from
2.132(6) to 2.174(6) A, while those to the outer Ag atoms are
longer and more varied, from 2.329(6) A for Ag3—C17 to
2.528(6) A for Ag2—C4. All are within previously reported
values for silver carbenes.”® That all of the ligands bridge is
particularly intriguing because the question of bridging versus
terminal (bound to one metal) NHC carbenes has recently been
addressed by Hor et al.”” The other ligands bound to the outer
Ag2, Ag3, Ag$5, and Ag6 atoms to complete the coordination are
nitrate anions.

These Agg clusters are coordinated to each other via nitrate
anions that serve as bridges to form 2D layers, and this structural
feature can be seen in Figure 3. For clarity, the CNC carbene
ligands complexed to the bowtie Ags cluster are not shown in
this view. One can see that the NO; anions are coordinated
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only to the terminal Ag atoms and the inner Ag atoms (Agl and
Ag4) are not bound to any nitrate anions.

Lastly, the 2D layers are extended into a 3D network by the
seventh Ag ion, Ag7. This Ag7 ion has a coordination number of
8. Of note is that Ag7 is not bound to any CNC ligand fragment
but rather only to four nitrate groups. One nitrate group (N17,
019, 020, and 021) is disordered over two positions in a 1:1
ratio. Ag7 serves to act as a bridge to connect the outer Ag ions of
the adjacent layers.

In summary, we have prepared a highly unusual 3D coordina-
tion complex 2 by a unique and unexpected reverse-transmetala-
tion carbene-transfer reaction from nickel to silver. Compound 2
contains a previously unknown Ags twisted-bowtie cluster struc-
ture as a core. This core of Ag atoms is bound in an unprece-
dented bonding pattern in which all CNC donor atoms of each
ligand act in a bridging fashion to Ag ions. Bridging nitrate groups
allow a 2D-layered structure to form, and a nitrate-bound seventh
Agion connects the layers into a 3D complex. Well-defined struc-
tures of the Ag; clusters are extremely rare and are of interest.
Lastly, we are examining in more detail the unusual reverse-
transmetalation reaction that led to the formation of this Ag
cluster.

B ASSOCIATED CONTENT

© Ssupporting Information.  Detailed synthetic procedure
resulting in the preparation of 2 and 3, full characterization data,
X-ray crystallographic data for 2 in CIF format, and additional
thermal ellipsoid plots and views of 2. This material is available
free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: rakemp@unm.edu.

B ACKNOWLEDGMENT

We thank DOE-BES (Grant DE-FG02-06ER15765 to RA.K.
and K.IG.), the National Science Foundation (Grant CHE-
0443580 for purchase of the X-ray instrument), and the NSERC
(Post-Doctoral Fellowship to D.A.D.) for funding this work. Sandia
is a multiprogram laboratory operated by Sandia Corporation, a
Lockheed Martin Company, for the United States Department
of Energy under Contract DE-AC04-94AL85000. We also
thank Dr. Lev Zakharov for discussions concerning disorder in
the X-ray structure.

B REFERENCES

(1) Morales-Morales, D.; Jensen, C. The Chemistry of Pincer Com-
pounds; Elsevier Science: Amsterdam, The Netherlands, 2007; p 466.

(2) Diez-Gonzalez, S.; Marion, N.; Nolan, S. P. Chem. Rev. 2009,
109, 3612-3676.

(3) Denney, M. C.; Smythe, N. A; Cetto, K. L; Kemp, R. A;
Goldberg, K. L. J. Am. Chem. Soc. 2006, 128, 2508-2509.

(4) Boro, B. J.; Duesler, E. N.; Goldberg, K. I; Kemp, R. A. Inorg.
Chem. 2009, 48, 5081-5087.

(5) Fulmer, G. R;; Muller, R. P.; Kemp, R. A.; Goldberg, K. L. J. Am.
Chem. Soc. 2009, 131, 1346-1347.

(6) Goldman, A. S.; Roy, A. H.; Huang, Z.; Ahuja, R.; Schinski, W.;
Brookhart, M. Science 2006, 312, 257-261.

(7) van der Boom, M. E.; Milstein, D. Chem. Rev. 2003,
103, 1759-1792.

(8) Peris, E.; Crabtree, R. H. Coord. Chem. Rev. 2004, 248, 2239-2246.

(9) Pugh, D.; Danopoulos, A. A. Coord. Chem. Rev. 2007, 251, 610-641.

(10) Grundemann, S.; Albrecht, M,; Loch, J. A.; Faller, J. W,;
Crabtree, R. H. Organometallics 2001, 20, 5485-5488.

(11) Peris, E.; Mata, J.; Loch, J. A.; Crabtree, R. H. Chem. Commun.
2001, 201-202.

(12) Liu, B.; Chen, W,; Jin, S. Organometallics 2007, 26, 3660-3667.

(13) Catalano, V. J; Malwitz, M. A. Inorg. Chem. 2003,
42, 5483-548S.

(14) Wu, Z.; Lanni, E.; Chen, W.; Bier, M. E,; Ly, D; Jin, R. J. Am.
Chem. Soc. 2009, 131, 16672-16674.

(15) Rit, A;; Pape, T.; Hahn, F. E. . Am. Chem. Soc. 2010, 132
4572-4573.

(16) Xiang, H.; Wei, S.-H.; Gong, X. J. Am. Chem. Soc. 2010, 132
7355-7360.

(17) De Fremont, P,; Scott, N. M,; Stevens, E. D.; Ramnial, T.;
Lightbody, O. C,; Macdonald, C. L. B.; Clyburne, J. A. C.; Abernethy,
C. D;; Nolan, S. P. Organometallics 2005, 24, 6301-6309.

(18) Kascatan-Nebioglu, A.; Panzner, M. J.; Tessier, C. A.; Cannon,
C. L.; Youngs, W. J. Coord. Chem. Rev. 2007, 251, 884-895.

(19) Melaiye, A.; Simons, R. S.; Milsted, A.; Pingitore, F.; Wesdemiotis,
C,; Tessier, C. A,; Youngs, W. ]. J. Med. Chem. 2004, 47, 973-977.

(20) Cambridge Structural Database, version 5.32. See: Allen, F. H.
Acta Crystallogr. 2002, BS8, 380-388.

(21) Inamoto, K.; Kuroda, J.-i.; Hiroya, K.; Noda, Y.; Watanabe, M;
Sakamoto, T. Organometallics 2006, 25, 3095-3098.

(22) Hester, R E.; Krishnan, K. J. Chem. Phys. 1967, 47, 1747-1755.

(23) Pugh, D, Boyle, A; Danopoulos, A. A. Dalton Trans.
2008, 1087-1094.

(24) Furuya, F.R; Gladfelter, W. L. Chem. Commun. 1986, 129-130.

(25) According to the CSD, the vast majority (>99%) of Ag—Ag
bonds lie in the range of 2.60—3.7 A (see the Supporting Information).

(26) Janiak, C. J. Chem. Soc,, Dalton Trans. 2000, 3885-3896.

(27) Han, X; Koh, L.-L.; Liu, Z.-P.; Weng, Z.; Hor, T. S. A. Organo-
metallics 2010, 29, 2403-2405.

2731 dx.doi.org/10.1021/ic200029¢ |Inorg. Chem. 2011, 50, 27292731



