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ABSTRACT: A series of picolyl-substituted NHC-bridged triangular complexes of Ag(1)
and Cu(I) were synthesized upon reaction of the corresponding ligand precursors,
[Him(CH,py),]BF, (la), [Him(CH,py-3,4-(OMe),),]BF, (1b), [Him(CH,py-3,5-
Me,-4-OMe), |BE, (1c), [Him(CH,py-6-COOMe),]BF, (1d), and [Hsim(CHzpy)z]-
BF, (1e), with Ag,O and Cu,O, respectively. Complexes [Cus(im(CH,py),)s](BF,)3
(2a), [Cus(im(CH,py-34-(OMe),),)3](BE,); (2b), [Cus(im(CH,py-3,5-Me,-4-OMe),);]-
(BE,)3, (2¢), [Ags(im(CH,py-3,4-(OMe),),)3] (BF,4)3, (3b), [Ags(im(CH,py-3,5-Me,-
4-OMe),);](BF,)3 (3c), [Ags(im(CH2PY'6'COOMe)2)3](BF4)3 (3d), and [Ags(sim-
(CH,py),)sJ(BE,); (3e) were easily prepared by this method. Complex 2e,
[Cus(*im(CH,py),)3](BE,)3, was synthesized by a carbene-transfer reaction of 3e,
[Ag3(sim(CH2py)2)3] (BF,)3, with CuCl in acetonitrile. The ligand precursor 1d did not
react with Cu,O. All complexes were fully characterized by NMR, UV—vis, and
luminescence spectroscopies and high-resolution mass spectrometry. Complexes

2a—2c, 2e, and 3b—3e were additionally characterized by single-crystal X-ray diffraction. Each metal complex contains a nearly
equilateral triangular M; core wrapped by three bridging NHC ligands. In 2a—2c and 2e, the Cu—Cu separations are short and
range from 2.4907 to 2.5150 A. In the corresponding Ag(I) system, the metal—metal separations range from 2.7226 to 2.8624 A.
The Cu(I)-containing species are intensely blue photoluminescent at room temperature both in solution and in the solid state.
Upon UV excitation in CH3CN, complexes 2a—2c and 2e emit at 459, 427, 429, and 441 nm, whereas in the solid state, these bands
move to 433, 429, 432, and 440 nm, respectively. As demonstrated by "H NMR spectroscopy, complexes 3b—3e are dynamic in

solution and undergo a ligand dissociation process. Complexes 3b—3e are weakly photoemissive in the solid state.

B INTRODUCTION

N-heterocyclic carbenes (NHCs) are excellent ligands for
transition metals, and ever since the isolation of the stable, free
NHC ligands by Arduengo and co-workers' in 1991, NHCs have
found widespread application in transition-metal chemistry,
particularly in catalysis.” ® The NHC complexes of Ag(I) are
incredibly simple to prepare and routinely employed as con-
venient carbene-transfer reagents.s’lo’11 Yet, on their own, Ag(I)
NHC complexes are receiving increased attention because of
their application as antimicrobial agents.>>"? In contrast, copper-
(I) NHC complexes are much less prevalent in the literature
but are starting to gain interest throu7gh their application in
catalysis, for example, hydrosilylation,” dipolar cycloaddition,
and ® C—N/0%° and C—C bond formation.>*’

Because of their excellent sigma-donating ability and the ease
with which the precursors can be structurally modified with
additional functional groups, NHCs are also ideal ligands for
maintaining multimetallic architectures, producing complexes
with short metal—metal interactions.””'" These noncovalent,
attractive (metallophilic) interactions are often responsible
for luminescence freq7uent1y observed in compounds of the
group 11 metals.">”!” While aurophilic attractions between
Au(1) centers are the most well-studied,"® 2 the metallophilic
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interactions of the lighter coinage metals Cu and Ag remain less
explored.** ?*

In 2003, we reported the structure and luminescent properties
of the NHC-bridged trimetallic complex, [Ags;(im(CH,py),)3]-
(BF,)s, containing a nearly equilateral Ag>" triangular core with
very short Ag---Ag separations ranging from 2.7598(8) to
2.7765(8) A (Scheme 1).*° Despite the Coulombic repulsion
between the cationic Ag(I) centers, the observed intermetallic
separations are considerably shorter than the sum of the van der
Waals radii and even shorter than the Ag- - - Ag distance found in
the bulk metal (2.889 A).*”” Likewise, a similar Ag- - - Ag separation
was found in the analogous 2-quinolyl-substituted NHC com-
plex, [Ags(im(CH,quin),);](BF,)3.”® This triangular [AgsL;]>"
arrangement appears to be a common structural motif in silver-
NHC chemistry, and a number of other groups have reported
similar complexes. Youngs and co-workers® found Ag- - -Ag
separations of 2.7869(6)—2.8070(5) A in the hydroxymethyl-
substituted complex, [Ags(im(CH,py-6-CH,0H),);](NO3)s3,
whereas Lee®® and co-workers observed Ag- - +Ag separations
ranging from 2.8182(5) to 2.8312(5) A in the closely related
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methyl-substituted complex, [Ag;(im(CH,py-6-Me),)3](PFs)s.
Extending the NHC backbone, Chen and co-workers®" prepared the
benzimidazole-NHC-based triangular Ag; complex, [Ag;(benzim-
(CH,py),)3](BE,)s, that contains very short Ag- - Ag separa-
tions of only 2.777(1) A. Finally, the triangular [Ag3L3] motifis
not limited to symmetrically substituted NHC ligands. In 2005,
we reported™” the structure of [Ag;(MeimCH,py);(MeCN),]-
(BF,)3; (MeimCH,py = 1-methyl-3-[ (2-pyridyl)methyl]imidazol-
2-ylidene), which also contains a Agy>" triangular core bridged by
the dissymmetric bidentate MeimCH,py ligand with Ag---Ag
separations ranging from 2.7598(8) to 2.7832(8) A. Two of the three
silver centers are coordinated by additional acetonitrile molecules that
occupy the remaining coordination sites resulting from the lack of a
second picolyl donor group on the NHC ligand. The role of ligand
constraint in these short separations can be discounted because the
im(CH,py), ligand is capable of spanning metal —metal separations as
long as 4.6 A and as short as 2.49 A, as demonstrated in this work.

The Cu(I) NHC chemistry is still relatively unexplored®*
compared to that of Ag(I) even though the apphcablhty of Cu(I)
NHC molecules to catalysis has been demonstrated.**”~” The
analogous NHC-bridged [CusLs]*" triangular complexes are
conspicuously absent from the literature. Only recently, two
examples of related copper complexes with less flexible linker-free
1,3-bis(2-pyrimidinyl)imidazolylidene ligands have been reported.*®
There are, however, reports of other structural motifs exhibiting
short intermetallic contacts between Cu(I) or Ag(I) with NHC
ligands bearing pyridyl functional groups. For example, tri- and
tetranuclear copper and silver NHC complexes showing short
1ntermetalhc distances are known for linear,* %’ butterfly, or
rectangular®”**~* arrangements of the metal atoms There also
exists an extensive body of literature on trian §ular d"® complexes
bridged by anionic pyrazolate ligands;*>>° however, in these
cases, the metal—metal separations are typically greater than 3 A.

In this Article, we present an extended study on NHC-bridged
triangular complexes of Cu(I) and Ag(I) where we explore the
modulation of the intermetallic distances by steric and electronic
effects and its implication on the luminescent behavior.

B RESULTS

As shown in Scheme 2, the imidazole-based NHC ligand pre-
cursors lb 1d were prepared analogously to the previously
reported”" imidazolium salts, 1a, by simple alkylation of imidazole
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with the respective (halomethyl)pyridine. The imidazolinylidene-
based NHC orecursor le was prepared analogously to literature
procedures®>>* by first condensing 1,2-diaminoethane with pyri-
dine-2-carboxaldehyde to form a Schiff base that was then reduced
with NaBH,. The resulting secondary amine was cyclized with
triethyl orthoformate in the presence of NH,BF, to yield the
imidazolinium salt.

According to Scheme 3, the triangular carbene compounds 2a—2c¢
were conveniently prepared by stirring the respective ligand precursor
with an excess of Cu,O in refluxing acetonitrile. The corresponding
silver complexes, 3b—3d, were prepared at room temperature
analogously to the preparation of 3a%° leemse, as shown in
Scheme 4, the saturated NHC precursor le [H%im(CH,py),]BF,
reacts smoothly at room temperature with excess Ag,O to form
[Ags(*im(CH,py),)s](BE,)s, 3e. The corresponding reaction
with Cu,O failed, and [Cu3(sim(CH2py)2)3] (BF,)s, 2e, could
only be obtained through a transmetalation reaction>* of the
silver analog with CuCl. All attempts to prepare the Cu(I)
triangular complex with the ester-containing ligand precursor
1d failed. The direct reaction with Cu,O did not produce any
metalated product, and the transmetalation of 3d with copper
halide yielded only impure, multimetallic mixtures.

All of these metal complexes dissolve readily in common
organic solvents, including acetonitrile, acetone, and dichloro-
methane, except for 2¢ and 3¢, which are nearly insoluble in
chlorocarbons. The copper compounds are air-stable in solution
and in the solid state. The analogous silver compounds do not
noticeably decompose when protected from ambient light.
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Crystals suitable for single-crystal X-ray diffraction were
obtained for complexes 2a—2c, 2e, and 3b—3e. Crystals of
2b-6.5CH;CN grown from acetonitrile and diethyl ether con-
tained significant solvent disorder and yielded poor data. Its
structure is provided in the Supporting Information (Figure S3).
Better quality crystals were obtained by slow vapor diffusion of
Et,O into propionitrile solutions of 2b. Crystallographic details
are listed in Table 1. Comparative views of the cationic portions
of the copper-containing species 2a—2c and 2e are presented in
Figure 1, while complete thermal ellipsoid plots and bond
distances and angles are provided in the Supporting Information.
Selected bond distances and angles for 2a and 2b are listed in
Table 2, whereas distance and angle data for 2¢ and 2e are
provided in Tables 3 and 4, respectively.

As seen in Figure 1, the copper-containing cations are nearly
D5 symmetric with a triangular Cu; core wrapped by three NHC
ligands. Each Cu(I) center is coordinated by two pyridyl groups
and two bridging NHC moieties from alternating ligands. The
methylene linkages of the same NHC ligand are positioned to
opposite faces of the Cu; core. Both 2a and 2b crystallize in the
monoclinic space group P2,/c each with a complete cation in the
asymmetric unit, whereas complex 2c crystallizes in the mono-
clinic space group C2/c¢ with only one-half of the cation in the
asymmetric unit. The remaining atoms of the cation are related
by a crystallographic 2-fold rotation. Complex 2e crystallizes in
the trigonal space group R3, and only one-third of the complex is
crystallographically unique with the remaining atoms related by
3-fold symmetry.

The metal—metal separations in 2a—2c and 2e are very
similar and remarkably short. As shown in Table 2, the Cu—Cu
separations range from 2.5088(8) to 2.5143(7) A for the
unsubstituted pyridyl complex, 2a, and these distances are quite
similar to the values (2.5014(5)—2.5150(5) A) in the di-
methoxy-substituted pyridyl-containing complex, 2b. The short-
est separations, albeit not by much, are found in the mixed
dimethylmethoxy—pyridyl-substituted complex, 2c, where the
Cul—Cu2 and Cu2—Cu2A distances measure only 2.4907(10)
and 2.5054(12) A. Saturating the imidazole backbone has very
little effect on the Cu—Cu distances, and metal—metal separa-
tion measures 2.4929(7) A in the highly symmetric complex, 2e.
Likewise, there is little variance in the Cu—C and Cu—N
separations in 2a—2c and 2e; however, the average Cu—N
distances do roughly track the trend in metal —metal separations.
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Table 1. X-ray Crystallographic Data for 2a—2c, 2e, and 3b—3e
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Figure 1. X-ray crystallographic drawings of the cationic portions of 2a—2c and 2e. All but the metal atoms are represented as small spheres. Hydrogen
atoms are not shown for clarity. Complete thermal ellipsoid drawings and bond distances and angles are presented in the Supporting Information

(Figures S1—SS).

The shortest Cu—Nyy. at 2.141 A is found in 2c, followed very
closely by 2b where Cu—N,,. is 2.143 A. The two complexes
without auxiliary pyridyl-substitutions (2a and 2e) have similar,
yet slightly longer, Cu—N,,, separations of 2.155 and 2.151 A,
respectively. The Cuj cores of 2a—2c possess nearly equilateral
angles close to 60°, whereas in 2e, the core is crystallographically
restrained to an equilateral triangle. In all of the copper-contain-
ing complexes, the N,,—Cu—N,,, angles, which range from 91 to
98°, are more reflective of a cis coordination mode, while the
Cearbene—Cu—Clypene angles are distorted from linearity and
range from 162.2(1)° to 164.8(1)°.

Crystallographic data for the Ag(I)-containing triangular
species, 3b—3e, are presented in Table 1. Both 3b and 3c
crystallize with one complete cation in the asymmetric unit,
whereas 3d and 3e possess 3-fold symmetry and crystallize with
only one-third of the cation in the asymmetric unit. Structural
diagrams of 3b—3e are presented in Figure 2, while complete
thermal ellipsoid plots and bond distances and angles are
presented in the Supporting Information. Selected bond dis-
tances for 3b and 3c are presented in Table 5, whereas Tables 6
and 7 list selected distances and angles for 3d and 3e, respec-
tively. Like their copper congeners, the cations of 3b—3e all
contain equilateral (or nearly equilateral) Ag; cores wrapped by
three NHC ligands. The bridging carbene moieties position

themselves nearly perpendicularly to the trimetallic face, forcing
the pendant picolyl groups to either side of the Ags core. Like its
copper counterpart, the shortest Ag—Ag separation is found in
the dimethylmethoxy—pyridyl-substituted complex, 3¢, where
Agl—Ag2, Agl—Ag3, and Ag2—Ag3 measure only 2.7634(3),
2.7276(3), and 2.7226(3) A, respectively. These values are very
close to those found in the saturated backbone complex, 3e,
where all three symmetry-related Ag—Ag distances measure only
2.7292(5) A. Not surprisingly, the longest Ag—Ag separation is
measured in the ester containing complex, 3d, where this
substitution in the 6-position of the pyridyl group causes
significant congestion around these aryl groups. The carbonyl
moiety of the ester group is directed toward the nitrogen atom of
the adjacent pyridyl ring with an O—N separation of ~3.1 A.
Figure 3 presents a larger view of this steric congestion. In the
dimethoxy-substituted pyridyl complex 3b, the Ag—Ag separa-
tions of 2.7471(6), 2.7568(6), and 2.7584(6) A for Agl—Ag2,
Ag2—Ag3, and Agl—Ag3, respectively, although longer than
those found in 3¢, are still quite short. The average Ag—N
separations roughly track the trend observed in the Ag—Ag
distances. In the series, complexes 3¢ and 3e have nearly equal
Ag—N,,. separations of 2.37 and 2.36 A, respectively, consistent
with their shorter Ag—Ag distances. The longest Ag—N distance
of 2.685(4) A is found in the ester-containing species 3d where

8468 dx.doi.org/10.1021/ic201053t |Inorg. Chem. 2011, 50, 8465-8476



Inorganic Chemistry

Table 2. Selected Bond Lengths (A) and Angles (°) for 2a
and 2b

2a 2b
Cul—Cu2 2.5088(8) 2.5014(5)
Cu2—Cu3 2.5143(7) 2.5150(5)
Cul—Cu3 2.5089(8) 2.5055(5)
Cl1—Cul 2.040(4) 2.051(3)
Cl—Cu2 2.030(5) 2.014(3)
C16—Cu2 2.044(5) 2.007(3)
C16—Cu3 2.026(5) 2.042(3)
C31—Cul 2.044(4) 2.056(3)
C31—Cu3 2.033(5) 2.039(3)
Cul—N3 2.165(4) 2.132(3)
Cul—NI12 2.128(4) 2.139(2)
Cu2—N4 2.189(4) 2.134(3)
Cu2—N7 2.146(4) 2.158(2)
Cu3—N8 2.130(4) 2.153(3)
Cu3—NI11 2.171(4) 2.143(2)
Cul—Cu2—Cu3 59.93(2) 59.928(13)
Cu2—Cul—Cu3 60.14(2) 60.306(14)
Cul—Cu3—Cu2 59.93(2) 59.765(13)
Cul—C1—Cu2 76.12(16) 75.96(10)
Cu2—C16—Cu3 76.31(17) 76.8(1)
Cul—C31—Cu3 75.96(15) 75.44(10)
N3—Cul—N12 91.73(15) 96.08(10)
N4—Cu2—N7 94.31(15) 92.13(10)
N8—Cu3—N11 93.36(15) 97.53(10)
Cl1—Cul—C31 163.70(19) 163.45(11)
Cl1-Cu2—C16 163.36(18) 164.56(11)
C16—Cu3—C31 164.28(18) 162.22(11)
C4—N1-N2—Cl10 —34.5 272
C19—N5—N6—C25 —417 218
C34—N10—N9—C40 —40.5 321

the carbonyl—pyridyl repulsion prevents closer approach of the
nitrogen-containing moiety (Figure 3). The intermediate with a
Ag—N,,. separation of 2.40 A is 3b.

In CD;CN solution, the 'H NMR spectra (Supporting
Information) of the copper-containing species are consistent
with their solid-state structures. The approximate D3 symmetry is
reflected in the diastereotopic methylene linkages that appear as
AB quartets between 4.35 and 5.28 ppm for 2a—2c. In 2e, these
methylene linker resonances are shifted upfield to 4.27 and 3.92
ppm and are joined by an AA’BB’ pattern at 3.76 and 3.5S
ppm assigned to the backbone protons of the imidazolinylidene
NHC ligand. The pyridyl protons in 2a were assigned based on
its 2D-ROESY, gCOSY, and gHSQC spectra, and notably, the
signal of the H® of the pyridyl ring appears at 6.585 ppm, which is
unusually shielded by 1.96 ppm relative to its ligand precursor.
This diamagnetic anisotropy>> stems from the orientation of this
proton and its close 5proximity (2.9 A) to the centroid of the
NHC imidazole ring. 657 Saturating the imidazole removes the
aromaticity, and hence the “ring current”, and forces the H°
signal in 2e back downfield to 7.82 ppm even though the distance
between the proton and the centroid of the imidazolinylidene
remains short at ~3.0 A. In the dimethylmethoxy-substituted
pyridyl complex 2c, the H® resonance is easily identified as a
singlet that appears at 6.23 ppm, whereas the corresponding

Table 3. Selected Bond Lengths (A) and Angles (°) for 2¢”

Cul—Cu2 2.4907(10)
Cu2—Cu2A 2.5054(12)
Cul—C1 2.032(6)
Cu2—Cl16 2.029(6)
Cu2—Cl 2.026(5)
Cul—-N3 2.129(5)
Cu2—N4 2.154(5)
Cu2—N7 2.139(5)
Cul—Cu2—Cu2A 59.806(18)
Cu2—Cul—Cu2A 60.39(4)
Cul—C1—Cu2A 75.74(19)
Cu2—C16—Cu2A 76.2(3)
N3—Cul—N3A 93.3(3)
N4—Cu2—N7 95.16(18)
Cl—Cul—CIlA 164.4(3)
Cl-Cu2—Cl16 163.7(2)
C10—NI1-N2—-C4 122
C18—N5—NSA—C18A 16.5

 Symmetry operator for atoms labeled A: —x, y, —z + 1/2.

Table 4. Selected Bond Lengths (A) and Angles (°) for 2e*

Cul—CulA 2.4929(7)
Cul—Cl 2.042(4)
Cul—CIA 2.044(4)
Cul—N3 2.153(4)
Cul—N4A 2.148(4)
Cul—CulA—CulB 60.0
Cul—Cl1—CulA 7520(13)
N3—Cul—N4A 93.28(13)
Cl—Cul—ClA 164.80(13)
C4—N1-N2—C10 67.6

? Symmetry operator for atoms labeled A and B: (A) —y + L, x — y + 1;
(B) —x+y, —x+1,z

proton in 2b resonates at 6.28 ppm. Both of these complexes
have short proton—NHC ptr0i4 Separations ranging from 2.8 to
30A

At room temperature, all of the triangular Ag; compounds are
fluxional. As shown in Figure S19 (Supporting Information), in
CD;CN at 25 °C, the methylene protons in the dimethoxy-
substituted 3b appear as two broad resonances at 4.83 and 5.60
ppm. In the dimethylmethoxy-substituted 3c, the corresponding
resonances have coalesced to a very broad single peak at 5.12 ppm.
The dynamic process in the ester-containing 3d is more facile,
and at room temperature, the methylene protons are close to the fast
exchange limit, appearing as a sharp singlet 5.44 ppm. Saturating
the imidazole backbone as in 3e retards this process, but the
complex is still fluxional with four broad resonances appearing at
4.57,4.22,3.89, and 3.62 ppm associated with the four methylene
groups. This dynamic behavior is consistent with the pyridyl
dissociation mechanism as is the observation that the sterically
encumbered 3d exhibits the most facile exchange. Furthermore,
mixing samples of 3¢ and 3e leads to rapid ligand exchange, as
evidenced by the increased number of resonances observed in the
"H NMR spectrum. In contrast, mixing 2¢ and 2e results only in
the superposition of the two spectra, indicating that there is no
exchange. Likewise, addition of [Cu(NCCHj3),]BF, to an NMR
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Figure 2. X-ray crystallographic drawings of the cationic portions of 3b—3e. All but the metal atoms are represented as small spheres. Hydrogen atoms
are not shown for clarity. Complete thermal ellipsoid drawings and bond distances and angles are presented in the Supporting Information (Figures

S6—S9).

sample of 3b nearly instantaneously generates a spectrum con-
sistent with a mixture of Cu- and Ag-containing species.
Variable-temperature NMR data are presented in the Sup-
porting Information (Figures $20, S24, $30), and portions of the
VT NMR spectra (dg-acetone) for 3e and the room-temperature
spectrum of 2e are shown in Figure 4. The poor solubility of
complexes 3b—3e made it difficult to find a single solvent in
which the complexes remain soluble at low temperature while
spanning a wide enough temperature range to capture the entire
dynamic process. In all cases, the stopped exchange limit
exceeded the experimental conditions. Switching from ds-acet-
onitrile to dgs-acetone appears to slow the dynamic process. For
example, in dg-acetone at 25 °C, the methylene resonances of 3b
now appear as a broad AB quartet that coalesces into two broad
singlets near 50 °C, but this temperature is still below the fast
exchange limit. Lowering the temperature regenerates the AB
quartet and shifts the two pyridyl resonances downfield to 7.13
and 7.19 ppm and the NHC backbone proton to 7.95 ppm.
At —8S °C, the complex starts to precipitate. A similar trend is
observed for 3¢, but the process is more facile. In dg-acetone at
25 °C, the methylene protons appear as two broad, unresolved

resonances that split into an AB quartet at ~15 °C. A similar
trend is observed for the saturated ligand species 3e (ds-acetone)
where the stopped exchange limit again exceeds the experimental
conditions, but a clear pattern similar to that of 2e is observed
at —60 °C. Heating this sample to 50 °C significantly broadens
the four methylene resonances but does not bring it to the fast
exchange limit. The ester-containing species, 3d, has poor
solubility in acetone. In CD3;CN at —40 °C, the sharp singlet
observed at room temperature corresponding to the fast ex-
change of the methylene protons only broadens slightly, indicat-
ing only slight diminution of the dynamic process.

The "*C{'H} spectra of 2a—2c, 2e, and 3b—3e show the
expected signals at shifts comparable to the ligand precursors,
except for the NHC carbon signals, which are not observed in the
routine 1D spectra. Only by performing gHMBC experiments
could the carbene shift be determined; crosspeaks with the
carbene were observed for both the CH, linker groups and HYS
of the NHC. For the silver compounds 3b and 3c, additional ! Jagc
coupling constants of 96(1) and 97(2) Hz, respectively, were
observed. The resolution of the 2D spectrum did not allow
further analysis into '’Ag and '®Ag contributions or detection of
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Table 5. Selected Bond Lengths (A) and Angles (°) for 3b
and 3¢

3b 3c
Agl—Ag2 2.7471(6) 2.7634(3)
Ag2—Ag3 2.7568(6) 2.7226(3)
Agl—Ag3 2.7584(6) 2.7276(3)
Cl—Agl 2.224(6) 2261(3)
Cl—Ag2 2.244(5) 2.218(3)
C16—Ag2 2.234(5) 2.202(3)
C16—Ag3 2.255(5) 2.261(3)
C31—Agl 2.242(6) 2.282(3)
C31—Ag3 2.242(3) 2.277(3)
Agl—N3 2.405(4) 2.365(3)
Agl—NI12 2.381(S) 2.352(3)
Ag2—N4 2.382(5) 2.347(3)
Ag2—N7 2.427(4) 2.436(3)
Ag3—N8 2.386(5) 2.375(3)
Ag3—NI11 2.418(4) 2.360(3)
Agl—Ag2—Ag3 60.154(15) 59.624(8)
Ag2—Agl—Ag3 60.098(15) 59.446(8)
Agl—Ag3—Ag2 59.748(15) 60.931(8)
Agl—Cl1—-Ag2 75.88(18) 76.18(9)
Ag2—C16—Ag3 75.78(18) 75.19(10)
Agl—C31—Ag3 75.91(18) 73.48(10)
N3—Agl—N12 99.25(15) 109.38(9)
N4—Ag2—N7 102.09(16) 100.54(9)
N8—Ag3—NI11 103.95(15) 98.51(10)
C4—N1-N2—CI10 —184 -19
C19—N6—N5—C25 —25.1 2.1
C34—N9—N10—C40 —28.1 0.0

additional splitting by the remaining silver nucleus not bridged by
the NHC. Similar experiments for 3d and 3e did not reveal the
Ag—C coupling.

All of the compounds were further characterized by high-
resolution electrospray mass spectrometry (Figures S42—S48,
Supporting Information). With the exception of 3d, the multi-
metallic assemblies remain intact in the gas phase where peaks
with the proper isotopomer patterns corresponding to
{[M3L3](BE,),}" are observed. For 3d, only peaks correspond-
ing to ligand precursor (1d) were observed.

In acetonitrile, the electronic absorption spectra of the ligand
precursors la—1e each show a single sharp band between 253
and 265 nm associated with the pyridyl 7—s* transition. All but
the ester-containing ligand precursor (1d) also show additional
weak shoulders at ~294 nm. These features are generally
retained in the Cus-containing species along with additional
peaks at 374, 366, and 373 nm for 2a, 2b, and 2c, respectively. In
the saturated ligand system, 2e, this band appears blue shifted to
338 nm. As shown in Figure 5, the copper-containing triangles
2a—2c and 2e exhibit very intense, blue photoluminescence in
solution. The trend in emission maxima roughly follows their
substitution pattern. At room-temperature (CH3CN), the di-
methoxy-substituted 2b and dimethylmethoxy-substituted 2c
have the most blue shifted emission maxima at 427 and
429 nm, respectively, followed by the saturated imidazole-con-
taining complex 2e, which emits at 441 nm under UV excitation.
At 459 nm, the emission of the unsubstituted species, 2a, is

Table 6. Selected Bond Lengths (A) and Angles (°) for 3d*

3d
Agl—AglA 2.8624(9)
Cl—Agl 2.240(5)
Cl—AglA 2.240(5)
Agl—N3 2.685(4)
Agl—N3B 2.685(4)
AglA—Agl—AglB 60.0
Agl—Cl1—AglB 79.4(2)
N3—Agl—N32A 75.72(10)
C3—-N1-N1C—-C3C —11.7

“ Symmetry operator for atoms labeled A—C: (A) —x +y, —x, z; (B) x, x
—y, —z+1/2;and (C) —y, —x, —z + 1/2.

Table 7. Selected Bond Lengths (A) and Angles (°) for 3e*

3e

Agl—AglA 2.7292(5)
Cl—Agl 2.241(6)
Cl—AglB 2.236(6)
Agl—N3 2.358(6)
Agl—N4A 2.372(6)
AglA—Agl—AglB 60.0
Agl—C1—AglA 75.11(19)
N3—Agl—N4B 95.26(18)
C10—N1-N2—C4 644

? Symmetry operator for atoms labeled A and B: (A) —x + ]
(B): =y x—y 2

the most red shifted. The excitation spectra (Supporting In-
formation) for 2a—2c show that these emission bands are
effectively populated by two states. Changing the solvent has a
negligible effect on the emission maxima, and 2b shows no
measurable change in emission maximum or peak shape in
chloroform, dichloromethane, acetone, or acetonitrile. However,
in the solid state, the emission maxima of 2a shifts markedly to
433 nm, whereas only small shifts in the emission maxima are
observed for 2b, 2¢, and 2e, which now emit at 429, 432, and
440 nm, respectively. The silver-containing triangles 3b—3e are
much less emissive and less well-behaved. As evidenced by their
dynamic NMR spectroscopic behavior, complexes 3b—3e dis-
sociate in acetonitrile solution, and their corresponding lumines-
cence spectroscopy is unreliable. In the solid state, only
complexes 3¢ and 3e yielded reliable data with emission maxima
at 425 and 424 nm, respectively. The emission spectra for solid
samples of complexes 3b and 3d are similar with broad weak
emission bands centered at ~410 nm.

l DISCUSSION

This work and the recent reports from the groups of Youngs,*
Lee,*® and Chen®" and our group clearly demonstrate that
picolyl-substituted NHC molecules are excellent ligands for
stabilizing the triangular [AgsL;]>" structural motif and that
subtle substitutions in ligand design can lead to significant
variation in Ag—Ag separation. For example, the silver triangle,
[Ag;(im(CH,py),)3](BFy)s, derived from the unsubstituted
picolyl NHC ligand contains Ag(I) - - - Ag(I) separations ranging
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Figure 3. X-ray crystallographic representation of the steric repulsion between
the methyl ester and pyridyl groups in the crystal structure of 3d-MeCN. One
ligand is shown as transparent spheres with van der Waals radii.
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Figure 4. Part A: subset of the variable-temperature NMR spectra for
the methylene region of [Ags(*im(CH,py),);](BF,); (3e) in d-
acetone. Part B: room-temperature NMR data for the methylene region
of [Cus(%im(CHapy),)s] (BF4)s (2€) in ds-acetonitrile.

from 2.7598(8) to 2.7765(8) A.*® Incorporation of a methyl
group into the 6-position on the pyridyl group introduces some
steric encumbrance at the pyridyl centers, preventing their close
approach to the Ag center, as evidenced by the relatively long
(>2.5 A) Ag—N separation. As a consequence, the Ag- - -Ag
separations lengthen to 2.8182(5)—2.8312(5) A Youngs and
co-workers noted a similar trend in the 6-hydroxymethyl-pyridyl-
substituted NHC complex [Ag;(im(CH,py-6-CH,OH),);]-
(NO;); where the Ag- - - Ag separations are similarly lengthened

Intensity

EE2S8CESCRE S
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Figure 5. Normalized room-temperature emission spectra (CH3;CN)
for 2a—2c and 2e.

and range from 2.7869(6) to 2.8070(5) A].>® This substitution is
taken to an extreme in 3d where the incorporation of a methyl
ester group adds significant steric repulsion between the carbonyl
and pyridyl groups. The longer Ag---Ag separations of
2.8624(9) A are consistent with very long Ag—N,, separations
of 2.685(4) A. This weak ligand attachment is also manifested in
VT NMR spectroscopy where the stopped exchange limit eluded
detection. Such long Ag—N interactions are not frequently
encountered in the literature, but a few exist. For example,
comparable distances were found in a butterfly-shaped tetrame-
tallic cluster*" with a 1-[(1,8-naphthyridin-2-yl)methyl]-3-[ (2-
pyridyl)methyl Jimidazolylidene (Ag—N up to 2.656 A) and in
the [tris-(2-methylphenyl)phosphine]{bis[(2-pyridyl)methyl]-
amine}silver cations where the longest Ag—N distances measure
2.618 and 2.659 A.>**

The shorter Ag- - - Ag separations found in 3b and 3¢ ranging
from ~2.72 t0 2.76 A are consistent with the addition of electron-
donating groups onto the pyridyl rings, though the effect is not as
dramatic as the differences seen by incorporating sterically
encumbering groups. Saturated imidazole NHC ligands are not
significantly better sigma donors than their unsaturated
counterparts,60 and therefore, the short Ag- - - Ag separation of
2.7292(5) A measured in 3e likely originates from geometric
considerations rather than electronic.®’ The Sim(CH,py), ligand
is less rigid and allows for increased flexibility of pendant picolyl
side arms. This is manifested in the increased CH,—N—N—CH,
torsion angle of 64° in the %im(CH,py),-containing complex
compared to 30—34° for the same measurement in the unsatu-
rated analog, [Ags(im(CH,py),)s] (BE,)3.%°

To the best of our knowledge, complexes 2a—2c and 2e are
the first triangular NHC-bridged [CusL;]** complexes with
flexible pendant arms reported. Unlike their Ag(I) congeners,
these complexes are robust and substitution-inert, making them
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ideal molecules for continued investigation. Complexes 2a—2c
are air stable and easily prepared by the simple reaction of Cu,O
with the appropriate ligand precursor. The similarly stable
complex 2e with its saturated ligand backbone could only be
prepared through a transmetalation reaction with 3e and cuprous
halide. The inability to prepare the ester-containing Cu; complex
with the ligand precursor 1d is not unexpected given that the
smaller triangular Cu; core relative to the Ags analog would
induce increased congestion around the Cu(I) centers, prevent-
ing adequate pyridyl coordination. Triangular Cuz complexes are
abundant in the literature; however, a search of the Cambridge
Crystallographic Data Centre found only a modest number of
Cuj;-containing complexes with Cu—Cu separations shorter than
2.6 A. Most relevant is the closely related [Cus(impy,);]**
complex very recently prepared by Chen and co-workers
through a novel electrochemical procedure. Here, the Cu—Cu
separations are similarly short and range from 2.465(1) to
2.497(1) A. None of the remaining entries in the CCDC is a
homoleptic complex with neutral ligands, making the short
Cu- - +Cu separations of ~2.5 A found in 2a—2c and 2e
partlcularly noteworthy. For example, Floriani and co-workers®
reported very short Cu—Cu separations ranging from 2.44 to
2.60 A in the mesityl-bridged Cu4(Mes)4(SC4H8)2 complex.
Subsequently, Jakle and co-workers®® reported a similar per-
fluorophenyl-bridged Cu, cluster with 2.43—2.47 A Cu—Cu
separations. Slightly longer Cu—Cu separatlons of 2.519 A were
reported by Hawthorne and co-workers®® in the1r trinuclear

“cupracarborane” complex. Yam and co-workers®®~ % have ex-
tensively explored phosphine-bridged Cu; complexes that are
face-capped by an acetylide ligand and found Cu—Cu separa-
tions ranging from ~2.45 to 3.27 A. The Cu—Cu separations
measured in 2a—2c¢ and 2e follow a similar trend observed in the
analogous Ag complexes where increased electron density at the
pyridyl site results in a shorter Cu—Cu separation. The differ-
ences in the separations are quite small, and the shortest
separations are found in the complex with the most electron-
rich pyridyl substitution, 2c, followed very closely by the
dimethoxy complex, 2b, then the saturated imidazole backbone
complex, 2e. The longest separations at ~2.51 A are found in the
unsubstituted species.

One of the most striking features of complexes 2a—2¢ and 2e
is their intense, blue photoemission. Although the nature of the
excited state is yet undetermined, preliminary data point toward a
predominantly metal cluster-centered process. The lack of any
solvent effect on the emission energy is in conflict with the
generation of a polar excited state typical of metal-to-ligand
charge transfers; however, a delocalized and symmetrical charge-
transfer process is possible. Unlike the extensively studied
pyrazolate-bridged Cuy triangular complexes*’>° whose close
intermolecular metal —metal interactions allow for excimer for-
mation, all of the complexes reported here have very long (>10 A)
intermolecular Cu- - - Cu separations in the solid state. In the
absence of excited-state aggregation, the phosphorescent state of
the isolated pyrazolate-bridged Cu; complex was assigned to a
metal cluster-centered charge-transfer process mixed with some
ligand-to-metal charge-transfer character.” Lastly, given that the
ligand precursors are lummescent an intraligand transition
perturbed by the metal centers’" is possible; however, the lack
of a similar emission in the Ag; complexes discounts this
mechanism. Regardless of the mechamsm, blue emitting orga-
nometallic compounds are rare,”>” > and this property is a highly
desirable feature for efficient organometallic light-emitting

diodes (OLEDs).”"7>7*76~7% Consequently, we are currently
exploring other substitutions that might influence the emission
properties and give insight into the excited state along the factors
that influence the material processing characteristics.

The difference in the dynamic nature of the Ags- and Cus-
containing complexes is interesting. In the absence of steric
congestion in the 6-postion of the pyridyl group, this dynamic
behavior likely originates from the geometric differences in the
metal core sizes. The smaller Cu; cores induce less strain across
the ligand than their Ag; counterparts. This is evidenced by the
longer intraligand N,,, - - - N, separations by ~0.4 A in the silver
complexes relative to the copper-containing species and by the
slight expansion observed in the angles around the methylene
linkages in the corresponding Ag systems. The nature of the
substituents in the 6-substituted pyridyl complexes is also
important. In systems contaimng a Lewis basic heteroatom (e.
g, COOMe, 3d; and CH,OH™), only a singlet for the CH,
protons indicating fast exchange is observed, suggesting that
competition for Ag coordmatlon is possible. However, spectator
substituents (benzo”® and Me) in these positions appear to
freeze the dynamic motion on the NMR time scale perhaps by
buttressing the ligands against each other, and sharp AB quartets
are observed despite the rather long Ag—N separations, indicat-
ing a weaker pyridyl coordination. In the absence of substituents,
as in [Ag;(im(CH,py),); J(BE,)5,%° 3b, 3¢, and 3e, the facile
exchange process leads to smgle resonances. The compound
[Ags(benzim(CH,py),);](BF,)5>" also shows a broad singlet,
but this is likely due to the different coordination mode of the
ligand and hence a different exchange phenomenon. Silver NHC
complexes are expected to exhibit Jagc couphng, however, such
51gnal splitting is frequently not observed. Typlcal ]lO7AgC and
]logAgC coupling constants for [ Ag(NHC) species range
from 180 to 189 Hz,”* ®* and these values are larger than those
observed here. However, the bridging nature of the NHC
observed in the Ag; triangular complexes would be expected to
decrease the coupling constants. A ]logAgC of 104.5 Hz was
measured for the unsubstituted [Ag;(im(CH,py),)s](BF,)3
complex, which is in good agreement with the values found
for 3b and 3c.

Bl CONCLUSION

In this paper, we report the preparation of several new picolyl-
substituted N-heterocyclic carbene precursors and their Cu(I)-
and Ag(I)-containing triangular M; complexes. These eight
complexes add to the growing family of NHC-bridged triangular
structural motifs. Substitution away from the coordination
sphere subtly influences the short M—M separations, whereas
substitution at the 6-position of the pyridyl ring perturbs metal
coordination in the silver-containing species, which, in turn,
reduces the dispersivity at the Ag(I) center, resulting in longer
Ag—Ag separations. Whereas the Ag(I) species are weakly
photoluminescent at best, the Cu(I) congeners are intensely
blue emissive.

B EXPERIMENTAL SECTION

All chemicals were used as received. NHC precursors, 1a>' and 1e,
and  2-(bromomethyl)-6-(methoxycarbonyl)pyridinium bromide
were prepared from the literature procedures. NMR spectra were
measured on a Varian V500 NMR System spectrometer at the indicated
frequencies and were referenced relative to the residual solvent signal.
Assignments were based upon interpretation of gCOSY, gHSQC, and

52,53
83,84
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gHMBC experiments. Deuterated solvents were deoxygenized by two
freeze—thawing cycles for measurement of the copper compounds.
Fluorescence spectra were recorded on a Jobin Yvon Horiba Fluoro-
Max-3 instrument. High-resolution ESI mass spectra were obtained on an
Agilent Technologies 6230 TOF-MS employing electrospray ionization in
positive ion mode; required masses are calculated with 10, 63Cu, and
197 Ag isotopes if not noted otherwise.

Single-crystal X-ray diffraction was performed on a Bruker SMART
Apex CCD instrument at 100 K using graphite-monochromated Mo Ko
radiation; crystals were immersed in Paratone oil and mounted on glass
fibers. Data were corrected for Lorentz and polarization effects using the
SAINT program and corrected for absorption using SADABS.*® The
structures were solved by direct methods or Patterson syntheses using
the SHELXTL 6.10 software package.”’

1,3-bis[(3,4-Dimethoxy-2-pyridyl)methyl]-1H-imidazolium
Tetrafluoroborate ([Him(CH,py-3,4-(OMe),),1BF, (1b)). Imi-
dazole (0.587 g, 8.61 mmol), 2-(chloromethyl)-3,4-dimethoxypyridine
hydrochloride (3.85 g, 17.2 mmol), and NaHCOj; (3.62 g, 43.0 mmol)
were added to a 100 mL round-bottom flask, and 1-propanol (40 mL)
was added. The solution was refluxed overnight, cooled, and then
filtered through Celite. The filtrate was evaporated to yield a pink oil,
which was then taken up in 150 mL of MeOH and treated with a
saturated aqueous solution of NaBF, (4.72 g, 5.44 mmol). The solution
was evaporated to dryness, and the residue was taken up in CH,Cl, and
again filtered through Celite. The volume of the obtained solution was
reduced, and a pink solid was precipitated with Et,O in 78% yield (3.94 g).
"H NMR (499.8 MHz, CD5CN, 25 °C): 6 8.71 (m, 1H, H-2 im), 8.13
(d,J=5.5Hz,2H, H-6 py), 7.42 (d, ] = 1.6 Hz, 2H, H-4/5 im), 7.03 (d,
J = 5.5 Hz, 2H, H-S py), 5.44 (s, 4H, CH,), 3.92 (s, 6H, OMe), 3.87 (s,
6H, OMe). >C NMR (125.7 MHz, CD;CN, 25 °C): 6 159.9 (C-4 py),
147.0 (C-2 py), 146.9 (C-6 py), 144.4 (C-3 py), 137.9 (C-2 im), 124.0
(C-4/5im), 110.0 (C-5 py), 61.6 (OMe-3), 56.9 (OMe-4), 50.6 (CH,).
MS (ESI"): m/z371.1722 [(M — BF,)", 100%], C10H,3N,0," requires
371.171382. UV (CH3CN) A, nm (€): 267 (5100).

1,3-bis[(4-Methoxy-3,5-dimethyl-2-pyridyl)methyl]-1H-imi-
dazolium Tetrafluoroborate ([Him(CH,py-3,5-Me,-4-OMe),]-
BF4 (1c)). The compound was prepared analogously to 1b utilizing
imidazole (0.510 g, 7.30 mmol), 2-(chloromethyl)-4-methoxy-3,5-di-
methylpyridine hydrochloride (3.26 g, 14.6 mmol), NaHCO; (3.04 g,
36.2 mmol), and 1-propanol (50 mL). Compound 1c was obtained as a
colorless solid in 88% yield (2.95 g). "H NMR (499.8 MHz, CD;CN,
25°C): 0 8.65 (s, 1H,H-2 im), 8.13 (s, 2H, H-6 py), 741 (d, ] = 1.6 Hz, 2H,
H-4/5im), 5.44 (s, 4H, CH,), 3.76 (s, 6H, OMe), 2.25 (s, 6H, Me), 2.23
(s, 6H, Me). "*C NMR (125.7 MHz, CD5CN, 25 °C): 6 165.3 (C-4 py),
151.8 (C-2 py), 150.3 (C-6 py), 138.4 (C-2 im), 128.0 (C-3 py), 126.0
(C-5py), 124.1 (C-4/5im), 61.9 (OMe), 52.7 (CH,), 13.5 (Me-5), 10.8
(Me-3). MS (ESI"): m/z 367.2133 [(M — BF,)", 100%], C,,H,,N,O,"
requires 367.212853. UV (CH3CN) 4., nm (&): 262 (2900).

1,3-bis{[(6-Methoxycarbonyl)-2-pyridylimethyl}-1H-imi-
dazolium Tetrafluoroborate ([Him(CH,py-6-COOMe),]IBF,,
(1d)). The compound was prepared analogously to 1b using 2--
(bromomethyl)-6-(methoxycarbonyl)pyridine (3.84 g, 16.7 mmol),
imidazole (0.625 g, 9.19 mmol), and NaHCOj3 (8.00 g, 9.52 mmol) in
100 mL of MeCN. 'H NMR (499.8 MHz, CD;CN, 25 °C): 6 8.96 (s, 1H,
H-2im), 8.06 (d, ] = 7.7 Hz, 2H, H-3 py), 8.00 (t, ] = 7.7 Hz, 2H, H-4 py),
7.63 (d,J=7.7 Hz, 2H, H-5 py), 7.56 (s, 2H, H-4/5 im), 5.57 (s, 4H, CH,),
3.88 (s, 6H, OMe). *C NMR (125.7 MHz, CD5CN, 25 °C): 6 165.9
(COOMe), 154.3 (C-2 py), 149.1 (C-6 py), 140.0 (C-4 py), 138.3 (C-2
im), 127.0 (C-3 py), 125.8 (C-5 py), 124.3 (C-4/5im), 54.7 (CH,), 53.3
(OMe). MS (ESI"): m/z 367.1403 [(M — BF,)", 100%], C1oHsN,O,"
requires 367.140082. UV (CH;CN) 4,,.,, nm (€): 267 (6200).

1,3-bis[(2-Pyridyl)methyllimidazolinium Tetrafluoroborate
([Hsim(CHzpy)leF4, (1e)). The ligand was prepared from N,N'-bis-
(2-pyridyl)ethane-1,2-diamine (1.00 g, 4.13 mmol), triethyl orthoformate

(0.610 g, 4.12 mmol), and NH,BF, (0.671 g, 6.40 mmol), with a yield of
1.27 g (91%) of a colorless powder. "H NMR (499.8 MHz, CD,CN,
25°C): 0 8.68 (m, 2H, H-6 py), 8.33 (s, 1H, H-2 %im), 8.23 (m, 2H, H-4
py), 7.74 (m, 2H, H-3 py), 7.71 (m, 2H, H-5 py), 4.93 (s, 4H, pyCHS,),
3.92 (m, 4H, H-4/5 Sim). *C NMR (125.7 MHz, CD5CN, 25 °C): ¢
161.1 (C-2 %im), 151.4 (C-2 py), 147.3 (C-6 py), 143.6 (C-4 py), 126.5
(C-3/5 py), 1263 (C-5/3 py), 51.7 (CH,), 50.3 (C-4/5 Sim). MS
(ESI"): m/z 253.1452 [(M — BE,)", 100%], C;sH,;,N," requires
253.144773. UV (CH3CN) A0 nm (€): 255 (8500).

[Cus(im(CH,py)2)31(BF,)5 (2a). Ligand precursor [Him(CH,py),]-
BF, (0.0412 g, 0.122 mmol) was refluxed with an excess of Cu,O
(0.0819 g, 0.572 mmol) in MeCN (10 mL) overnight. The suspension
was filtered through Celite and reduced in volume, and a colorless
powder was precipitated with Et,O, affording 0.0441 g (90%) of a
colorless solid. Crystals of 2a+0.5MeCN suitable for X-ray diffraction were
obtained by diffusion of Et,O vapor into a MeCN solution of 2a. 'H
NMR (499.8 MHz, CD;CN, 25 °C): 6 7.95 (td, ] = 7.7 Hz, *] = 1.7 Hz,
6H, H-4 py), 7.57 (m, 6H, H-3 py), 7.42 (s, 6H, H-4/5 im), 7.22 (m, 6H,
H-5 py), 6.59 (m, 6H, H-6 py), 4.91 (d, > = 15.1 Hz, 6H, HCH), 4.80 (d,
%] = 15.1 Hz, 6H, HCH). *C NMR (125.7 MHz, CD;CN, 25 °C): &
166.6 (CCu), 151.2 (C-2 py), 147.0 (C-6 py), 137.9 (C-4 py), 123.6 (C-
S py), 123.0 (C-4/5 im), 122.7 (C-3 py), 54.0 (CH,). MS (ESI"):
m/z 1111.1672 [(M — BF,)", 0.1%], C4sH,4,B,Cu3FgN |, " requires
1111.166882. UV (CH3CN) A0 nm (€): 257 (120 000), 374 (25 000).

[Cu3(im(CHzpy-3,4-(OMe)2)2)3](BF4)3 (Zb). The preparation
followed that of 2a. Ligand precursor [Him(CH,py-3,4-(OMe),),|BF,,
1b, (0.159 g, 0.346 mmol) and Cu,O (0.249 g, 1.73 mmol) afforded
0.128 g of 2b (71%) as a tan powder. Crystals of 2b-6.SMeCN and
2b-3EtCN suitable for X-ray diffraction were obtained by diffusion of
Et,0 vapor into MeCN or EtCN/CH,Cl, solutions of 2b, respectively.
"H NMR (499.8 MHz, CD5CN, 25 °C): 0 7.29 (s, 6H, H-4/5 im), 6.80
(d, 6H, *J = 6.0 Hz, H-S py), 6.28 (d, 6H, ] = 6.0 Hz, H-6 py), 5.28 (d,
6H, %] = 15.3 Hz, HCH), 4.43 (d, 6H, *J = 15.3 Hz, HCH), 3.93 (s, 18H,
OMe-4), 3.88 (s, 18H, OMe-3). "*C{'H} NMR (125.7 MHz, CD;CN,
25°C): 8 167.9 (CCu) 157.7 (C-4 py), 144.4 (C-2 py), 143.4 (C-6 py),
140.8 (C-3 py), 122.3 (C-4/5 im), 107.7 (C-S py), 60.8 (OMe-3), 56.2
(OMe-4),47.7 (CH,). MS (ESI*): m/z 1471.2937 [ (M — BE,)", 0.1%],
Cs7HgeBoCusFgN,0,," requires 1471.293609. UV (CH;CN) A,,,,, nm
(€): 262 (98 000), 366 (25 000).

[cU3(im(cH2PY'3,5'M92'4'0ME)2)3](BF4)3 (ZC). Compound
2c was prepared analogously to 2a using 1c (0.236 g, 0.519 mmol)
and Cu,0 (0.374 g, 1.92 mmol), with a yield of 0.184 g (70%) of a
colorless powder. Crystals of 2¢-3CH,Cl, suitable for X-ray diffraction
were obtained by evaporation of a CH,Cl, solution of 2c. '"H NMR
(499.8 MHz, CD;CN, 25 °C): 6 7.35 (s, 6H, H-4/5 im), 6.23 (s, 6H,
H-6 py), 499 (d, 6H, *] = 15.6 Hz, HCH), 4.35 (d, 6H, ] = 15.6 Hz,
HCH), 3.80 (s, 18H, OMe), 2.29 (s, 18H, Me-3), 1.98 (s, 18H, Me-5).
B3C{’H} NMR (125.7 MHz, CD;CN, 25 °C): 6 167.7 (CCu), 162.8
(C-4 py), 149.4 (C-6 py), 146.4 (C-2 py), 125.7 (C-S py), 124.0 (C-3
py), 122.3 (C-4/5 im), 59.9 (OCHj3), 50.2 (CH,), 13.7 (Me-S), 11.2
(Me-3). MS (EST"): m/z 1459.4156 [(M — BF,)", 0.5%], Cs3HsB,-
Cu3FgN ;04" requires 1459.418021. UV (CH3CN) A,,,,, nm (€): 260
(48000), 373 (8300).

[Cus(®im(CH,py),)31(BF4)5 (2€). A 50 mL round-bottom flask
was charged with 3e (0.161 g, 0.11 mmol) and CH;CN (30 mL). A
solution of CuCl (34 mg, 0.35 mmol) in CH;CN (10 mL) was added
dropwise, and the mixture was stirred for 30 min. The resulting suspension
was filtered through Celite, the volume was reduced, and 0.111 g (79%)
of a colorless solid with a bluish tint was precipitated with Et,O. Crystals
of 2e-3MeCN suitable for X-ray diffraction were obtained by diffusion
of benzene vapor into a MeCN solution of 2e. "H NMR (499.8 MHz,
CD;CN, 25°C): 0 7.97 (m, 6H, H-4 py), 7.82 (m, 6H, H-6 py), 7.43 (m,
12H, H-3 and H-S py), 4.27 (d, 6H, % = 15.5 Hz, py—HCH), 3.92 (d,
6H, *J = 15.5 Hz, py—HCH), 3.76 (m, 6H, H-4/5 %im), 3.55 (m, 6H,
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H-4/5 %im). *C{'H} NMR (125.7 MHz, CD;CN, 25 °C): 6 151.9 (C-2
py), 147.9 (C-6 py), 137.7 (C-4 py), 123.6 (C-S py), 123.1 (C-3 py),
53.3 (py—CH,), 50.2 (C-4/5 Sim). MS (ESI"): m/z 1117.2187 [(M —
BF,)", 0.3%], C4sH4sB,CusFgN," requires 1117.213784. UV
(CH,CN) Ay nm (£): 254 (110000, 338 (18 000).

[Ags(im(CH,py-3,4-(OMe),),)31(BF4)3 (3b). A round-bottom
flask was charged with 1b (0.176 g, 0.385 mmol), Ag,O (0.432 g, 2.18
mmol), and 30 mL of MeCN. The suspension was protected from light
and stirred overnight at room temperature. Subsequent filtration through
Celite, reducing in volume, and precipitation with Et,O afforded 0.180 g
of 3b (82%) as a tan powder. Crystals of 3b-4MeCN suitable for X-ray
diffraction were obtained by diffusion of Et,O vapor into a MeCN
solution of 3b. "H NMR (499.8 MHz, CD;CN, 25 °C): 0 7.47 (s, 6H,
H-4/5 im), 6.92 (d, 6H, °J = 5.8 Hz, H-6 py), 6.87 (d, 6H, °] = 5.8 Hz,
H-S py), 5.60 (br s, HCH), 4.83 (br s, HCH), 3.92 (s, 18H, MeO-4),
3.91 (s, 18H, MeO-3). "*C{"H} NMR (125.7 MHz, CD;CN, 25 °C): &
174.6 (t, 'Jeag = 96(1) Hz, CAg), 158.3 (C-4 py), 144.6 (C-6 py), 144.4
(C-2 py), 1419 (C-3 py), 123.7 (C-4/S im), 108.0 (C-S py), 61.1
(OMe-3), 58.3 (OMe-4), 492 (CH,). MS (ESI'): m/z 1603.2084
[(M — BE,)", 1%], Cs;HgsAg3B,FgN 1,0, requires 1603.220155.

[Ags(im(CH,py-3,5-Me,-4-OMe),)3](BF4)3 (3¢). The compound
was prepared analogously to 3b using 1c (0.246 g, 5.41 mmol) and Ag,O
(0.623 g, 2.71 mmol), affording 0.183 g (60%) of a colorless powder.
Crystals of 3¢+ EtCN - Et,O suitable for X-ray diffraction were obtained
by vapor diffusion of Et,O in an EtCN/CH,Cl, solution of 3c. "H NMR
(499.8 MHz, CD5CN, 25 °C): 6 7.53 (s, 6H, H-4/5 im), 6.84 (s, 6H,
H-6 py), 5.12 (br m, CH,), 3.79 (s, 18H, OMe), 2.38 (s, 18H, Me-S),
2.03 (s, 18H, Me-3). ">*C{'H} NMR (125.7 MHz, CD;CN, 25 °C): ¢
173.1 (t, 'Jeag = 97(2) Hz, CAg), 163.3 (C-4 py), 149.4 (C-2 py), 147.7
(C-6 py), 126.1 (C-S py), 1250 (C-3 py), 123.6 (C-4/5 im),
60.0 (OMe), 52.1 (CH,), 13.5 (Me-3), 11.5 (Me-5). MS (ESI"):
m/z 1591.3371 [(M — BF,)", 0.1%], Cs3H,5Ag3B,FgN,04" requires
1591.344570.

[Ags(im(CH,py-6-COOMe),)31(BF,)3 (3d). The compound was
prepared analogously to 3b using 1d (0.231 g, 0.508 mmol) and Ag,O
(0.588 g, 2.54 mmol), affording 0.146 g (51%) of a tan powder. Crystals
of 3d- MeCN suitable for X-ray diffraction were obtained by diffusion of
Et,O vapor into a MeCN solution of 3d. '"H NMR (499.8 MHz,
CD;CN, 25 °C): 6 7.97 (m, 6H, H-S py), 7.90 (m, 6H, H-4 py), 7.45
(m, 6H, H-3 py), 7.33 (s, 6H, H-4/5 im), 5.44 (s, 12H, CH,), 3.81 (s,
18H, OMe). *C{'H} NMR (125.7 MHz, CD;CN, 25 °C): § 178.9
(CAg), 162.8 (COOMe), 154.0 (C-2 py), 145.4 (C-6 py), 137.4 (C-4
py), 124.6 (C-3py), 123.2 (C-S py), 121.5 (C-4/5im), 56.2 (CH,), 52.5
(OMe).

[Ag3(sim(CH2py)2)3](BF4)3 (3e). The compound was prepared
analogously to 3b using 1e (0.30 g, 0.88 mmol) and Ag,O (1.02 g, 4.41
mmol), affording 0.25 g (63%) of a colorless powder. Crystals of
3e-4MeCN suitable for X-ray diffraction were obtained by diffusion
of Et,O vapor into a MeCN solution of 3e. '"H NMR (499.8 MHz,
CD4CN, 25 °C): 6 8.12 (m, 6H, H-6 py), 7.97 (td, 6H, *] = 7.7 Hz, 7 =
1.7 Hz, H-4 py), 7.49 (m, 6H, H-3 py), 7.44 (m, 6H, H-5 py), 4.57 (m,
6H, py—HCH), 4.22 (m, 6H, py—HCH), 3.89 (m, 61, N—HCH), 3.62
(m, 6H, N—HCH). *C{'H} NMR (125.7 MHz, CD;CN, 25 °C):
0 172.7 (CAg) 151.0 (C-2 py), 148.6 (C-6 py), 137.6 (C-4 py), 123.7
(C-3 py), 123.5 (C-5 py), 54.7 (pyCH,), 50.4 (C-4/5 Sim). MS (ESI"):
m/z 1249.1470 [(M — BF,)", 0.1%], C4sH,sAgsB,FsN," requires
1249.140330.
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