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Luminescent Chains Formed from Neutral, Triangular Gold Complexes Sandwiching T
and Ag'. Structures of { Ag([Au(u-C?,N3-bzim)]s)2} BF4:CHCl>,

{TI(Au( u-C2N3-bzim)]s)z} PFs-0.5THF (bzim =

1-Benzylimidazolate), and

{T|([AU(ﬂ-C(OEt)=NC6H4CH3)]3)2}PFa‘THF, with MAuU ¢ (M = Ag+, T|+) Cluster Cores
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It has been found that several trinuclear complexes dfiAteract with silver and thallium salts to intercalate

Ag* and TI" cations, thereby forming chains. The resulting sandwich clusters center the cations between the
planar trinuclear moieties producing structures in which six &oms interact with each cation in a distorted
trigonal prismatic coordination. The resultantMB 3B:AB3)., pattern of metal atoms also shows shey8(0 A)
aurophilic interactions between BAB molecular centers. These compounds display a strong visible luminescence,
under UV excitation, which is sensitive to temperature and the metal ion interacting with the gold. X-ray crystal
structures are reported for Ag([AuC? N3-bzim)]s),BF;CH,Cl, (P1, Z = 2,a = 14.4505(1)A)b = 15.098(2)A;

¢ = 15.957(1)A;a = 106.189(3); B = 103.551(5); y = 101.310(5)); TI([Au(x-C? N3-bzim)]z),PFs-0.5CHgO

(P1, Z = 2, a = 15.2093(1)A;b =15.3931(4)A;c = 16.1599(4)A;a. = 106.018(1); B = 101.585(2);
y=102.068(29); and TI([Au(u-C(OEtf=NCsH4CHs)]3):PFs:CsHgO (P2(1), Z = 4, a = 16.4136(3)A;b =
27.6277(4)A;c = 16.7182(1)A;8 = 105.644(19). Each compound shows that the intercalated catiort; ég

TI*, coordinates to a distorted trigonal prism of six'/toms. The counteranions reside well apart from the

cations between the cluster chains.

Introduction

Over the past two decades, numerous advances have bee

made in the chemistry of gofdAu' centers play an important
role as supramolecular components yielding infinite structdres
with interesting chemical and physical properties that might be
used, for example, in molecular device$. Recently, the
structure of [Auf-C(OMe)=NCHj3)]s was reportet® as an
infinite trigonal column with extensive intermolecular
Au- - -Au interactions. This columnar stacking is not present
in the related [Aug-C(OMe)=NCH,CsHs)]3.° The methyl
compound [Aug-C(OMe)=NCHs)]; shows a solvent-stimulated
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emission, a “solvoluminescence”. Moreover, a columnar me-
gophase of a cyclic Apyrazolate complex has been described.
Scheme 1 is a molecular drawing of the various trinuclear
complexes used in this study.

Trinuclear cyclic Al compounds have been known since
1970 when Vaughad# reported the synthesis of organogold
complexes of the 2-pyridyl ligands. These compounds were
proposed as trinuclear cyclic Aspecies on the basis of the
coordination requirements of the Aun the following years,
analogous compounds were isolated, and depending on the types
of 1,2 bridging ligands, NAu—C,*2130r N—Au—N,* various
arrangements were described, and some of these have been
structurally characterize§-17 These structures show nine-atom
rings where the intramolecular Au- - -Au distances range from
3.224(1) to 3.368(1) A indicating weak metahetal interac-
tions. There also is one example, to date, in which sikakoms
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Scheme 1 Table 1. List of Compound%

Au)NiO?\A u

R R no. ligandu—C,N—L compound
O bzim, 1-benzylimidazolate {[TR(bzim)].Ag} BF4
Y =N

N bzim {[TR(bzim),Ag} PFs
meim, 1- methylimidazolate  {[TR(meim)LAg}BF,
carb, C(OEt=NCgH,CH3 {[TR(carb)bAg} BF4
bzim {[TR(bzim)].TI} PFs
carb {[TR(carb)ETI} PR
bzim {TR(bzim)Ag ClO,
bzim [TR(bzim)][AgCIO]2

N N "
@‘Au—b) @Au—N
J? R carb {[TR(carb)bAg} ClO,

TR(bzim)  TR(meim) TR(p2) aSee Scheme 1 for structures of the trinuclear Aompounds
R=CH,C¢Hs R=Me R= alky or aryl denoted here as TR(bzim), TR(meim), and TR(carb).

Au \Au

/ \
N
/

CO~NOODWNEF

R

BF, has been described by several of us in a preliminary
RO R communicatior?® Related Cy Agd', Au', Hg', and Tl metal
C=N sandwich compounds have been described previously using
Au/ Au trinuclear Pt clusters as the starting mateid&t34 Understand-
\ ing the bonding interaction of closed-shell metal ions witH Au
\ //c_ in small molecules and clusters has been an experimental and
/C—Au—N theoretical challeng® Examples containing silver ions have
RO R’ been structurally characterized: §&).Au(u-AgSCiHg).Au-
(CeFo)2ln,** [(PRePCH)AU{ 1-Ag(OCIOs)2} AU(CHPPhY)], *’and
TR(carb) [Ag(u-dppm){ Au(mes} ]ClO,4.28 Recently, Tt and N& have
R=Et; R'= p-CsH,CH, been found to be encrypted by a binuclear' Ahosphine
- complex3® Vicente and colleaguéshave coined the term “loose
form an 18-atom ring: a loop in which two nonadjacent' Au clusters” for these kinds of aggregates of closed-sh&tehters
atoms in the ring approach each other to about 3.8 A. which show unconventional metainetal interactions or bonds.
Hawthorne and colleagu¥shave described related trinuclear Here, we report the syntheses, structures, and preliminary
and tetranuclear mercury ring (mercuracarborands) compoundsjuminescent properties of a new class of sandwich compounds:
Reactivity studies of trimeric Aucomplexes of the type  |oose clusters wherein the cations,’Aand TI*, are intercalated
described above indicate that the bridging ligands play an between electron-rich trinuclear Awnits. Extended-chain
important role in the observed chemistry. The carbeniatb Au compounds are produced by aurophilic'AMU' interactions
derivatives undergo stepwise oxidative halogen additions to form in which four Al atoms in each heptanuclear “sandwich” cluster
three distinct complexes [Au{C(OMe}=NCHa)]sXn (n = 2, unit interact with two Aliatoms on each of two neighboring

4, 6; X = Br or 1).20 The structures of the oxidized iodine  clusters, producing a linear chain&B3B3sAB3), pattern.
complexes were recently report&dn contrast, the pyrazolate

trimers [Au(-3,5-Rpz)]; (R = alkyl) and [Auu-3,5-Ph-4-
Cl-pz)}; only oxidize at one center, yielding the mixed-valence
Au'—Au'-AU" complexes [Aug-3,5-Rpz)lsl»?2 and [Aufu-
3,5-Ph-4-Cl-pz)kCl,, 23 respectively. In addition, [Au(-C2,N3-
bzim)]s (C3N3-bzim = 1-benzylimidazolate) also undergoes
oxidation by only 1 equiv of 4 yielding the mixed-valence
complex [Aup-C?N3-bzim)]sl2.2* However, this complex can
be oxidized completely to an Au derivative [Auf-C?N3-
bzim)]sCls by stronger oxidants such as SG&

Although reactions of [Ag(PRJy] ™ or weakly solvated Ag
or [AUPPR] ™ ions with transition metal clusters represent well-
known methods for cluster expansion synthé%id? only
recently has this strategy been used with cyclic trimet Au

Results

Trinuclear cyclic Al derivatives which have €Au—N
coordination at the Alucenter are electron-rich and react as
Lewis bases toward Agand TI" cations, closed-shell*f] and
< metal ion species, respectively, to yield luminescent, hetero-
metallic, “sandwich” clusters. In the preliminary report of the
synthesis and structure of the 'Agpmplex{ Ag([Au(u-C?N3-
bzim)ls),} BF4, 1, it was noted that layering a solution of AgBF
in MeCN over a CHClI, solution of [Auf-C? N3-bzim)]; slowly
produced crystals suitable for X-ray crystallographic analysis.
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Table 2. Crystal Data forl-:CH,Cl,, 6-C4HsO, and5-0.5C,HsO

chemical formula @1H55AgALleBC|2F4N12 C54H80AU5F6N507PT| C62H58AU6F5N1200A5d3T|
(1-CH.Cly) (6-C4H30) (5-0.5CGH;g0)

fw 2404.56 2576.48 2510.34

cryst syst triclinic monoclinic triclinic

space group P1 P2i/n PL

T, K 213(2) 213(2) 213(2)

A, A 0.71073 0.71073 0.71073

a A 14.4505(1) 16.4136(3) 15.2093(1)

b, A 15.098(2) 27.6277(4) 15.3931(4)

c, A 15.957(1) 16.7182(1) 16.1599(4)

a, deg 106.189(3) 106.018(1)

/3, deg 103.551(5) 105.644(1) 101.585(2)

y, deg 101.310(5) 102.068(2)

vV, A3 3120.3(5) 7300.4(2) 3418.9(1)

V4 2 4 2

Pcalcs MQ/NP 2.559 2.344 2.438

u, cmt 145.05 142.98 152.57

R13 [l > 20(1)] 0.0572 0.0308 0.0444

WR2[1 > 24(1)] 0.1004 0.0424 0.0976

R12 (all data) 0.0894 0.0720 0.0654

wR2(all data) 0.1201 0.0465 0.1010

*R1= 3 |[Fol — [[Fell/IFol. "WR2 = {Z[w(Fo* — F&)7/ 3 [W(Fo*)} >

Table 3. Selected Bond Lengths (A) and Angles (deg) for

1-CH.CI»?

Ag(1)—Au(6)
Ag(1)—Au(3)
Ag(1)—Au(5)
Ag(1)—Au(l)
Ag(1)—Au(4)
Ag(1)—Au(2)
Au(1)—C(7)
Au(6)—Ag(1)—Au(3)
Au(6)—Ag(1)—Au(5)
Au(6)—Ag(1)—Au(l)

2.731(2)
2.747(2)
2.796(2)
2.801(2)
2.866(2)
2.922(2)
2.00(2)

145.13(7)
78.17(5)
115.05(6)

Au(1¥-N(1) 2.02(2)
Au(lyAu@)#l  3.2678(12)
Au(2)-C(1) 1.98(2)
Au(2}N(2) 2.04(2)
Au(3)-C(4) 2.01(2)
Au(3)N(3) 2.03(2)
N(1)}-C(1) 1.32(3)

C(TAu(1)-N(1) 173.8(8)
C(1yAu(2)-N(2) 177.2(8)

Figure 1. Thermal ellipsoid (50% probability) drawing of the molecular
structure ofl. The benzyl groups amot shown.

a Symmetry transformations used to generate equivalent atoms: #1

=X, —y—1, —z+1; #2 —x+1, —y—1, —z+1.

Following this scheme with other trinuclear complexes but using
THF as the solvent, the following reaction yields the interesting
products described here (see Table 1 and Scheme 1):

2[Au(u-C,N-L)]; + MX — {M([Au(u-C,N-L)]p),X}

When the trinuclear cyclic Aucomplexes TR(pz) (with R=

CFs or Ph) were used as the starting materials, only starting A&

materials were recovered and no reaction was observed. These
pyrazolate materials have an-Mu—N coordination.

Each of the cluster$—6 was readily obtained in quantitative
or good yield, gave a satisfactory elemental analysis, and
produced a colored luminescence when the solid was irradiated
by a UV lamp. Successful single-crystal X-ray structural
analyses were performed on compoufds, and6, the results

Figure 2. A segment of the chain aof. The benzyl groups areot

of which are described here. Table 2 lists the crystallographic gpown.

information.

Structure of 1-CH,Cl,. Selected bond distances and angles
for 1-CH,CI; are listed in Table 3. A thermal ellipsoid plot of
the molecular structure of is shown in Figure 1. Figure 2

The structure oflL was the first example in which a naked
Ag' ion is bonded to Alatoms, although interesting mixed-
metal AuAg, clusters have been known for some tifde.

presents the stacking arrangement that was observed. The&Recently, another example, [4Ag(CH,SiMes)4(u-dppm}]SOs-

molecular structure of the cation @fconsists of a silver ion
bonded to two nine-membered rings of TR(bzim) to form
sandwich units. Each Agpn is bonded to six Atatoms forming
a distorted A§centered trigonal prism of the Aatoms with
Ag—Au distances ranging from 2.731(2) to 2.922(2) A, indica-

CFs, has been described wherein a naked iag is bonded to
four Au' atoms® In this compound the AdAg distances range
from 2.7179(13) to 2.7822(13) A. The structural arrangement
of the four Au—Ag bonds is similar to the arrangement of the

tive of appreciable metalmetal interaction. These distances are (41) Contel, M.; Garrido, J.; Gimeno, C.; Jones, P. G.; Laguna, A.; Laguna,

close to those observed in other gekllver derivatived*—37:41
wherein the silver atoms bridging two Agenters are always
supported by other ancillary ligands.

M. Organometallics1996 15, 4939.

(42) Teo, B. K.; Keating, KJ. Am. Chem. S0d.984 106, 2224.

(43) Contel, M.; Garrido, J.; Gimeno, M. C.; Laguna, WM.Chem. Soc.,
Dalton Trans.1998 1083.
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Table 4. Selected Bond Lengths (A) and Angles (deg) for

5-0.50THP
TI(1)—Au(6) 2.9711(7)  Au(1)}N(1) 2.061(10)
TI(1)—Au(1) 2.9905(7)  Au(1)}Au(2#1 3.1089(7)
TI(1)—Au(4) 3.0184(7)  Au(2}C(1) 1.999(12)
TI(1)—Au(5) 3.0240(7)  Au(2}N(3) 2.047(9)

TI(1)—Au(2) 3.0433(7)  Au(3)}C(4) 1.967(13)
TI(1)—Au(3) 3.0448(7)  Au(3)N(5) 2.041(10)
Au(1)-C(7) 2.031(12)  N(LYC(1) 1.349(15)

Au(6)-TI(1)—Au(l) 149.82(2) C(1}Au(2-N(@3) 173.7(5)
Au(6)-TI(1)—Au(4) 73.247(17) C(4YAu(3)-N(5) 176.4(4)
Au(6)-TI(1)—Au(5) 71.875(17) C(16}Au(4)-N(7) 171.5(5)

a Symmetry transformations used to generate equivalent atoms: #1
—x+1, —y+2, —z+1; #2 —x+2, —y+2, —z+1.

Figure 3. Ball and stick model of the unit cell df-CHCl; along the
a axis. Note the core metal atoms joined by lines along this axis.

four No—H—M bonds in the niobocene trihydridés{[Nb-
(CsH3RR)2H3oM} T, M = Cu, Ad', Au'. In the cation cluster
1, the two cyclic moieties of Auvhich form the sandwich units
are slightly staggered with respect to each other. The average
of Au- - -Au intramolecular distances within each cyclic trimer
unit forming the sandwich is 3.19 A. This distance is shorter
than the Alr - -Au' distances observed in [TR(bzimyft Each
of the sandwich units interacts with adjacent units with
intermolecular aurophilic contacts between four of thé &ams
?r:edIStanpes of 3'2678(12.) .and 3'1157(11) A, Cc_)n5|der|ng also Figure 4. Thermal ellipsoid (50% probability) drawing of the molecular
positions of the remaining W|dely_separated_ |ntermolc_ecular structure of6-THE.
Au' atoms, a characteristic Alcycle is formed in a “chair”
conformation. A similar arrangement has been observed in the
structure of the trinuclear carbeniate derivative TR(catb). X
The inter- and intramolecular metametal interactions
observed inl result in the formation of an infinite chain of
gold and silver atoms, Figure 3, where tH&-ed'° Ag—Au and V'
Au—Au bonding present can be regarded to arise from correla- =
tion and relativistic effect4>-47 and from charge polarization
interactions similar to the catienr interactions involving
aromatic molecules that have been described by Dougftferty.
In clusterl the bridging imidazolate rings show-&\u and
N—Au distances of ca. 2.0 A, similar to those found in TR-
(bzim)l.2! Three of the N-Au—C angles show significant
distortions from linearity, namely N(HAu(1)—C(9)
[173.9(8), N(3)—Au(3)—C(5) [172.9(7}, and N(6)-Au(6)—
C(17) [172.9(7). The compound crystallizes with a molecule
of the So|vent, C|2C|2 The BR~ anions are present 0n|y as 2.9711(7) to 3.0448(7) A The AuTl distances are close to
counterions, not interacting in any special way with the-Ag  the sum of the metallic radii (3.034 A) and in the same range
Au cluster. found in [AuTI(PhP(S)CH)2]n, 2.959(2)-3.003(2) A%50The
Structure of 5-0.5THF. Selected bond distances and angles Au—Tl distances are slightly shorter than the-ATi distances,
for 5-0.5THF are listed in Table 4. A thermal ellipsoid drawing ~ 3.0358(8)-3.0862(8) A found in [TI(OPP)][Au(CFs)2], 5 but
of the molecular structure is shown in Figure 6. Figure 7 presents Slightly longer than the distances, 2.9171(5) and 2.9109(5) A
the stacking arrangement that was observed for the clusters. Thdound in [AwTI(P2phen}])ClO4)3.3 In contrast to these two
molecular structure of the Ttluster is nearly identical to the ~ €xamples, the Tlin 5 has only the Al atoms as nearest

Figure 5. Unit cell of 6-THF.

analogous Agsandwich cluster in. The central metal Tatom  neighbors. T+Au interactions with long separations, 3.45 A,
of the cluster is bonded to six Aatoms forming a distorted ~ also have been found in the luminescent TI[Au(gN}>*
Tl'-centered trigonal prism with FAu distances ranging from The N—Au—C angles ob show significant distortions from

linearity, ranging from 176.4(4) to 171.5(5)These distortions

(44) Antinolo, A.; Carrillo-Hermosilla, F.; Chaudret, B.; Fajardo, M.;
Fernandez-Baeza, J.; Lanfranchi, M.; Limbach, H.; Maurer, M.; Otero, (49) Wang, S.; Fackler, J. P., Jr.; King, C.; Wang, JJCAm. Chem. Soc.

A.; Pellinghelli, M. A. Inorg. Chem.1996 35, 7873. 1988 110, 3308.
(45) PyykKg P.Chem. Re. 1988 88, 563. (50) Wang, S.; Garzon, G.; King, C.; Wang, J. C.; Fackler, J. Plndrg.
(46) Schmidbaur, HGold Bull. Gold Pat. Dig.199Q 23, 11. Chem.1989 28, 4623.
(47) Kaltsoyannis, NJ. Chem. Soc., Dalton Tran&997, 1. (51) Crespo, O.; Fernandez, E. J.; Jones, P. G.; Laguna, A.; Lopez-de-

(48) Dougherty, D. ASciencel996 271, 163-68. luzuriaga, M. A.; Monge, M.; Olmos, EZhem. Commurl.998 2233.
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Table 5. Selected Bond Lengths (A) and Angles (deg) fefIgF2. Scheme 2
Au(1)—-C(21) 2.017(7) Au(3yC(11) 1.997(6) 0CIO,
Au(1)—N(1) 2.088(5) Au(3yN(3) 2.090(5) ] TR(bzim)
Au(1)—Au(3)#1 3.0525(4) Au(3yAu(1)#1 3.0525(4) Ag
Au(1)-TI(1) 3.1031(4) Au(3)TI(1) 3.0970(4) ; | /
Au(1)—-Au(3) 3.2982(4) Au(4yTI(1) 3.0739(4) . , ,
Au(1)-Au(2) 3.3331(4) Au(4)Au(6) 3.3133(4) Green precipitate | ~
Au(2)—-C(1) 1.983(7) Au(4yAu(5) 3.3574(4) :
Au(2)—N(2) 2.055(5)  Au(5¥-TI(1) 3.1075(4) Ab
Au(2)—-TI(1) 3.0673(4) Au(6)-TI(1) 3.0917(4)
Au(2)—Au(3) 3.3355(4) J,c,os
C(21y-Au(1)-N(1) 174.5(2) Au(2yTI(1)—Au(3) 65.516(10)
C(1)~Au(2)—N(2) 176.9(3) Au(2)yTI(1)—Au(l) 65.389(9) 0CIO,
Au(1)—Au(2)—Au(3) 59.284(7) Au(3)TI(1)—Au(l) 64.276(9) |
C(11}-Au(3)—N(3) 175.0(2) Ag : ®
a Symmetry transformations used to generate equivalent atoms: #1 CH,Cl,/ CH3C1L Ag cno,,@
—x+1, -y, —z+1; #2 —x, —y, —z+1. \r >
X ‘I’ R(bzim) E—
Cl0s Yellow precipitate
8
White precipitate
0cCIOo,
i TR(carb)
g , ®
——— : , slowly A‘lll CIO4e
! —_—

Ag
Figure 6. Thermal ellipsoid (50% probability) drawing of the molecular 9
structure of5-0.5THF. $c.os Yellow precipitate

. . Intermediate

are a bit more pronounced than those fountl amd may reflect Yellow solution

a stronger interaction of the than the Agwith the AU atoms.

The average intramolecular Au- - -Au distance in the cyclic 4 gistances of 3.0588(4) and 3.0525 A. In the crystd®, dhe

trimeric moiety forming the sandwich unit is 3.08 A, a slightly isordered PE anions are found between the chains along with
shorter distance than the average distance observed in thel-HF

analogous Abcluster. As inl, two Au' atoms on each trinuclear R . £ th lic Trimeric AU ds with
unit are involved in intermolecular aurophilic bonding interac- eactions of the Cyclic Trimeric AU’ Compounds wit

tions at 3.1089(7) and 3.0658(7) A, forming infinite chains along A9CI04. When AgCIQ in THF is reacted with the trimeric
the crystallographi@ axis. The PE~ anions sit between the cyclic Au' substrates, several different observations are made.

metal chains along with the THF solvent molecules. The stoichiometry of the reaction plays an important role. Upon
Structure of 6-THF. Selected bond distances and angles for reaction of TR_(b2|m) with AQ_’CFQ in a 1:1 molar ratio, _the
6-THF are listed in Table 5. A thermal ellipsoid drawing of Product TR(bzim)[AgCIQ, 7, is isolated as a green, lumines-
the molecular structure df is presented in Figure 6. The unit CeNt Precipitate. Using a 1:2 molar ratio yields a cluster having
cell with the observed characteristic stacking arrangement is the formula [TR(bzim)][AgCIQ]2, 8, as a white precipitate. In
seen in Figure 5. The molecular structure of thiscliister s~ Poth clusters the CI anion appears, from the IR analysis, to
similar to the structures of and 5. However, the bridging ~ be coordinated to Ag(IR: 1095 (s, br); 1048 (m); 918 (w);
ligands which form the cyclic trinuclear Awnits are the 622 (w) cnt?). Although crystals suitable for X-ray structural
carbeniato ligand C(OENCsH,CHs. The average EAu and analysis have not been obtained to date, the chemical analyses
N—Au distances are 2.005 and 2.067 A, respectively, which and the spectral data are consistent with the structures suggested
are slightly longer than the average values found in the cyclic in Scheme 2. Compoundsand8 and the “intermediate” shown
Au' unit TR(carb)’ The N—Au—C angles o6 show significant in Scheme 2 are likely to be “half-sandwich” species with-Au
distortions from linearity, as was found in bothand5. The AU' interactions occurring in the colored 1:1 complex8|rthe
central Tl metal atom of the sandwich unit is bonded to six two faces of a single cyclic trinuclear Asompound may be
Au' atoms as in the other intercalated complexes, forming a bicapped by two Agperchlorate moieties, with no AwAu!'
distorted, Thcentered trigonal prism of Auatoms. The T+ intermolecular interactions. The color and luminescenc& of
Au distances range from 3.0673(4) to 3.1075(4) A. A polymeric suggest that intermolecular AtAu interactions are present.
chain, Figure 7, is formed by intermolecular, aurophilic bonds When 8 is crystallized from CHCI/CHsCN, the color turns
from white to yellow and the IR spectrum shows that the
(52) Assefa, Z.; DeStefano, F.; Garepapaghi, M. A.; Lacasce, J. H., Jr.; perchlorate anion is no longer coordinated. The elemental

?55{'6;8' Sqeorson, M. R Nagle, J. K.; Patterson, Hneirg. Chem. . analysis for this final product is in agreement with that expected
(53) Blom, N.; Ludi, A.; Burgi, H. B.: Tichy, KActa Crystallogr.1984 for a sandwich structure similar to the other sandwich structures

C40,1767. reported in this paper.
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Figure 7. Stacking arrangement &0.5THF.

When TR(carb) was reacted with AgGJ@ a 1:2 molar ratio,

a yellow solution formed immediately (no white precipitate).
The reaction was monitored by4 NMR in deuterated THF
and, with respect to the starting materials, there is a shift in the
resonances (see Experimental Section). A bright yellow pre-
cipitate,9, forms from this solution. The IR spectrum®§hows

a broad symmetrical peak at 1049 chand a medium peak at (a)
624 cnrl, indicative of uncoordinated CIO. The elemental
analysis and visible luminescence®ére in agreement with a
sandwich cluster structure similar to the structures obtained
crystallographically (Scheme 2). Thus, three different cluster
types were isolated using AgCJ@s the silver salt upon reaction
with the trinuclear Alimoieties. The sandwich structure appears
to be the most stable material, with products suclt asd 8

less stable intermediates, insoluble only with the Cl@eakly
coordinated to the Ag A white precipitate was observed for a
few seconds when clust&mwas synthesized in a THF solution.

It may be a BE~ analogue 08.

Stability in the Solid State and Behavior in Solution of
1-9. Except for8, compoundsl—9 appear to be reasonably
stable as solids in air at room temperature, although, after several
months, some samples produced decomposed material. Im-
proved stability is obtained by storage of the compounds under
nitrogen in the dark at 4C. Cluster8 remains white in the
presence of the solvent THF, but starts to become pale yellow gig e 8. Emission spectra of (a)-CH,Cl,, Ag[TR(bzim)LBF:: (b)
and decompose when dried under vacuum, probably losing itSe-THF, TI[TR(carb)LPFs; and (c)5-0.5THF, TI[TR(bzim)L.PF; at 293
solvent of crystallization. In general, the clusters having the K (thinline) and 77 K (bold line). Peak intensities have been normalized
1-benzylimidazolate as the bridging ligands bonded td Au arbitrarily for the spectra at different temperatures.
appear to be more stable than the respective carbeniate deriva-
tives, either in the solid state or in solution. o o ]

The Ad—Au' clusters described here are only slightly soluble compounds show low-energy visible emissions at ambient
in the common organic solvents, with the carbeniate derivatives temperature (293 K). Interestingly, the three compounds also
being more soluble than the imidazolates. In coordinating exhibitluminescence thermochromises shown by red shifts
solvents such as DMSO, clustérdecomposes to the starting in the emission maxima which resulted from cooling the crystals
materials. However, using a mixture of a weakly coordinating to 77 K. For the Ag sandwich compourd the luminescence
solvent like acetonitrile and a chlorinated solvent like dichlo- changes from a green colodmax ~ 535 nm, at ambient
romethane, crystals of could be obtained. Moreover, in a temperature to an orange glofiax~ 570 nm, at 77 K (Figure
mixture of deuterated acetonitrile and dichloromethania  ga). A similar luminescence color change is observed for the
NMR spectrum was recorded fdy 5, and6. With respectto  carpeniato TI sandwich, compoursi] for which the green
the_ trinuclear cyclic AU_startmg materlals, qpﬂe_ld chemical  |uminescence Withimax ~ 525 nm at ambient temperature
§h|ftS were ob_served in each case, |nd|cat|ng_ that t_hesebecomeS orange Withnax ~ 580 nm (Figure 8b). The bzim Tl
intercalated canon_acluster interactions are present in solution sandwich, compounds, also shows luminescence thermo-
and are not restricted to the solid state materials structurally . L .

chromism from a blue emission at ambient temperature to a

characterized. The observed upfield shifts were more pro- . . . -
nounced for the bzim derivatives, in the range of-€023 ppm green emission at 77 K (Figure 8c). Interestingly, the emission
. ' rofile for 5 is also dependent on the excitation wavelength: at

than for the carbeniates, where this effect was seen in the rangéo T o )
of 0.15 ppm for the ethoxy groups. Some earlier NMR solution 77 K a strong green emission is observed upon excitation with

Intensity, a. u.

(b)

exc—420 nm
Aexe =475 nm (10X)

(©

440 480 520 560 600 640 680
Wavelength, nm

studies involving Alj such as with [AuTI(P5P(S)CH),], and 420 nm, where.as. a yellqw gmission is seen upon excitatioq with
[AuUPb(PBP(S)CH)4ln, “° have suggested the presence of weak 475 nm. Preliminary lifetime measurements on the silver
intermolecular interactions. complex,1, at 298 K, show two different lifetimes of 115 and

Luminescence SpectraFigure 8 shows the luminescence 550 ns. At lower temperatures, 8Q00 K, these lifetimes are
spectra of single crystals of compountiss, and6. All three 200 and 1100 ns.
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Discussion emission has been indicated in a plethora of studies of group
11 systems. In a recent article, van Zyl et al. have compiled
data for a variety of dinuclear gold(l) complexes with phosphor-
1,1-dithiolate ligand8? A clear correlation has been established

Although the cyclic trinuclear Atcomplexes TR(bzim), TR-
(pz), and TR(carb) have been known for many years and have

threce)‘locllyva;ﬁdcuhceenﬂiglr((;?(i?:rﬂgitg;gbgivx gir}ferp;ttr}/(’):heigm?céfg between the observation of the low-energy visible emission
9 9 bands and the existence of extended-chain structure with

system. This has suggested an unusual_sensitivity to th.e S.peCiﬁQntermolecuIar Au--Au interactions. The luminescence bands

ggggdl;::t'gg doig]rigr%gfevigﬂeiirt‘ges tr;[‘;?éi?:}?j:éylfrng'(carb)in Figure 8 are likely to be associated with excited states that
L . P ’ - 1 “are delocalized along the crystallographic axis of the chain.

derivatives, respectively, appear to undergo chemical oxidation Thermal contraction will lead to a reduction in intermolecular

Zt ﬂ” ttk;]r:e %gldogigée: 3.{33"{8 gﬁgtrf)rgs eaczrgrgm d.“‘; d at metak-metal distances along the chain and reduce the band gap
;]Jl ),n p)lld ‘ nter. A ur ! rted h r’ th(pé)’nz Iim)i((; '; late ENET9Y- Consequently a red shift of the luminescence is observed
only one goid center. As reported here, the benzy azoAe, | hen the material is cooled. This trend is well established in

gﬁfﬁ[n’\)l C%nodr di(;aartki)grr]]I?;?eg:zlg:t?arb,gﬁgcgr?:jp%lﬁ*ndign;vﬁztothelr extended-chain and layered materials of closed-shell systems,
columnar chains to produce new “sandwich” compounds in especially for P> and Al >**Finally, the dependence of
P P the emission profile 05 on the excitation wavelength indicates

which six Au atoms bond with Ag anq TI. Although a the presence of two electronically uncoupled luminescent sites.
columnar chain is known for the sterically unencumbered

[Au(u-C(OMey=NCHj)]s, the carbeniate used here, TR(carb), Experimental Section

does not have a columnar structure in the solid state, and the _ _ o
structure of the parent TR(bzim) used is unknown. Thus it seems  General ProceduresAll reactions were carried out under dinitrogen
that the cations can induce the formation of a columnar structure atmosphere and in the dark. Distilled predried solvents were used. [Au-

DI . . -C2,N3-bzim)ls, [Au(u-C2N3-Meim)]s and [Auf-EtOC=NCeHa-
even if it is initially absent. Both steric and electronic factors (u .

. . . . . CHy)]z were prepared as publishet.AgBF., AgPFRs;, and AgCIQ were
may be involved. Similar products fail to form in our studies b)Js were prep P 9BF4, AGPF, gcla

) 4 R purchased from Aldrich, and TIRRvas purchased from Strem.
with the TR(pz) which has an NAu—N coordination. Caution: Perchlorate salts of metal complexes with organic ligands
As described in a preliminary communication far the are potentially explosie. Only small amounts of materials should be
closed-shell Ag ion bonds with six Alatoms of two TR(bzim) prepared, and compounds should be handled with great care.
units. In addition, these cluster units polymerize into a linear  Elemental analyses were carried out with a Carlo Erba 1106
chain (BAB3B3AB3), pattern by aurophilic Au-Au' bonding elemental microanalyzer at Camerife. NMR spectra were recorded
between four of the g0|d atoms of neighboring units. This in deuterated solutions on a Varian VXR-300 instrument at 300 MHz
intermolecular Au-Au distance is 3.268 A, with two Awatoms or on a Varian G_emin_i-ZOO instrument iat' 200 MHz. Chemical ;hifts
on each molecular unit having no close intermolecular Au 2% BRRUEC AL T TR PR B MUCE BB 8 et
contacts. As Ilsteq in Table 1, methyllmldazolate_and carbenlatetriplet; q, quadruplet; m, multiplet; br, broad. Infrared spectra were
compounds of a similar nature also are found to intercalate Ag

e, . recorded in the range 406@00 cm® on a Perkin-Elmer 1310
and TI". The similarity of the thallium structures to those of gpectrophotometer using Nujol mulls in sodium chloride or cesium

silver was somewhat surprising at first because the pair of jpdide windows. Excitation and emission spectra were obtained on an
valence electrons on the Thpparently play no structural role.  SLM/AMINCO model 8100 spectrofluorometer using a 150-W xenon
This had not been the case with [AuTI(MTLR)where each lamp. Low-temperature measurements were made by placing single
thallium atom sits in a very distorted tetrahedral TS crystals in a supracell quartz capillary tube, which was inserted into a
geometry, suggesting a structural influence of the 6s electron Dewar flask with aquartz co_ldfi_nger. Liquid nitrogen was used to obtain
pair on TI*. However, in5 and 6 the arrangement of the Au the 77 K data. Prellmln_ary I|_fet|me megsurem_ents were made by _C. L.
atoms about Tl is a distorted trigonal prism, which is very 'é;rsv‘\:/nilrlgz at the University of Maine using a setup described
similar to the arrangement o_bserved f0r_+Ag\s with the Ad Synthesis of Ag([Aufu-C2N*bzim)]s)sBFs, 1-CH,Cly. A 30-mg
Cluster,. a polymeric C,ham, IS formed i and 6 by short sample of [(Auf-C?N3-bzim)]; (2.8 x 1072 mmol) was dissolved in
aurophilic Au—Au bonding interactions. 5 mL of THF. A 2.7-mg aliquot of AgBF (1.4 x 10~ 2 mmol) in 1

In each of these structures the counteranion sits betweenmL of THF was added without stirring. A white precipitate that quickly
chains of clusters, at positions which are well removed from turned to a yellow-green luminescent solid was promptly observed.
the TI" or Ag™ cations. Hence, the [TR(bzim)and [TR(carb)] The suspension was stirred for 0.5 h and centrifuged. The solid was
units function as bases to the cations, suggesting that the bondingvashed twice with 2 mL of THF and dried in vacuo. Yield was 98%.
forces between the cations and the neutral gold cluster areAnal. Calcd for GoHsiN1AUsAGBFsCH.Clo: C, 30.47; H, 2.35; N,
largely “ionic”. The interactions are reminiscent of the catian 6.99. '_:Of‘”d: C, 30.83; H, 2.61; N'_G-%’ NMR (9 in CD:Clo/CDs- _
interactions between aromatic molecules described by Dough-SN: 4:1): 7'437'2(10 Ep_m, m;~CeHs, 7.01 ppmb, s, broad, bzim-ring;
erty*8 Cation—anion Au-TI interactions have been described 6.59 ppm, s, broad, bzim-ring; 5.08 ppm, s, broadH;.

. . . Crystals ofl suitable for X-ray structure determination were obtained
8
by Laguna et at®in an unsupported linear chain of [TI(OPfp#- by the following procedures. A 30-mg sample of [AtC2N-bzim)};

[Au(CgFs),]. However, Catalano et &%.have recently demon- (2.8 x 10-2mmol) was dissolved in 5 mL of G&l,. A 2.7-mg sample
strated that Aluis sufficiently basic as a three-coordinate f AgBF; (1.4 x 102 mmol) in 1 mL of CHCN was layered over the
phosphine complex to allow the Ato encapsulate Naand
TI*. We have found that the planar, neutral, trinuclear acid (54) van zyl, W. E.; Lopez-de-Luzuriaga, J. M.; Fackler, J. P.J.JMol.
molecule [Hg(GF4)]s also intercalates into the trinuclear gold Struct.200Q 516, 99.

[ ; [ (55) Connick, W. B.; Henling, L. M.; Marsh, R. E.; Gray, H. Biorg.
clusters chains in a manner similar to thé @hd Ad, but Chem.1996 35, 6261.

without counteranions. (56) (a) Gliemann, G.; Yersin, Fstruct. Bonding (Berlin}L985 62, 87.

The emission spectra of these compounds are interesting and__ (b) Yersin, H.; Gliemann, GAnn. N. Y. Acad. Scil97§ 313 539.
worthy of further study. Low-energy phosphorescence is present(®”) fé%i;hgré P; budi, A Patterson, H. H. Hewat, A. Worg. Chem.
consistent with the extended-chain structures observed. Thesg) assefa, 7.; McBurnett, B. G.; Staples, R. J.: Fackler, J. Plndrg.

correlation between extended-chain structure and low-energy Chem.1995 34, 4965.
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CHCI; solution. A yellow-green luminescent precipitate was promptly THF was added. A green luminescent precipitate was promptly
observed. After several months, the precipitate, standing in contact with observed. The suspension was stirred for 0.5 h and then centrifuged.

the solvent at £C, was completely transformed into small yellow
crystals. Yield was 96%.

When AgPE was used instead of AgBFan analogous precipitate
of 1 formed but with a PF counteranion. This compoun@, was

The solid was washed twice with 2 mL of THF and dried in vacuo.
Yield was 75%. Anal. Calcd for £H2/NsAusAgCIO,: C, 28.38; H,
2.14; N, 6.62. Found: C, 28.06; H, 2.25; N, 6.66.

Synthesis of [Auf-C?,N3-bzim)]s[AgCIO 4]z, 8. A 10-mg sample

isolated in nearly quantitative yield, and was characterized by elemental of [Au(u-C?,N3-bzim)]; (0.9 x 10-2 mmol) was dissolved in 4 mL of

analysis. AnalCalcd for GiHseN12 Cl,AUsAgPFRs: C, 30.44; H, 2.35;
N, 6.99. Found: C, 30.02; H, 2.45; N, 6.83.
Synthesis of Ag([Auf-C?N3-Meim)]3),BF4, 3. A 50-mg sample
of [Au(u-C? N3-Meim)]s (6.0 x 102 mmol) was dissolved in 10 mL
of THF. A solution containing 5.8 mg of AgBR3.0 x 1072 mmol) in
2 mL of THF was added without stirring. After the immediate formation
of a white-yellow solid, a flaky bright green-yellow precipitate was
formed within a few minutes. The suspension was stirred 0.5 h and
centrifuged. The solid was washed twice with 2 mL of THF and dried
in vacuo. Yield was 51%. Anal. Calcd for,§30N12AuUsAgBF,: C,
15.47; H, 1.62; N, 9.02. Found: C, 15.99; H, 1.69; N, 9.22.
Synthesis of [Ad [Au(u-C(OEt)=NC¢H4CH3)]3}2]BF4, 4. A 20-
mg sample of [Aug-C(OEtf=NCeH4CHs)]s (1.8 x 1072 mmol) was
dissolved in 4 mL of THF. A solution of 1.8 mg of AgBR0.9 x
102 mmol) in 0.5 mL of THF was added without stirring. The
immediate formation of a flaky orange precipitate was observed. This

THF. A 4.2-mg aliquot of AgCIQ (1.8 x 10~ 2 mmol) in 2 mL of
THF was added. Immediately a green precipitate, which turned to white
in a few minutes, was observed. The suspension was stirred for 0.5 h
and then centrifuged. The solid was washed twice with 2 mL of THF
and dried in vacuo. Yield was 62%. Anal. Calcd fojd,7/NeAUzAg:-
Cl,Os: C, 24.39; H, 1.84; N, 5.69. Found: C, 23.97; H, 2.09; N, 6.06.
Synthesis of Ad[Au(u-C(OEt)=NCsH4CH3)]3}2ClO4, 9. A 17-
mg sample of [Aug-C(OEt=NCeH4CHs)]s (1.6 x 1072 mmol) was
dissolved in 3 mL of THF. A 7.0-mg aliquot of AgClJ3.1 x 10~ ?
mmol) in 1.5 mL of THF was added. Immediately the solution turned
yellow. A precipitate was formed by addition of hexane (6 mL) or by
leaving the solution at 4C. The resulting flaky, bright yellow solid
was washed twice with 2 mL of THF and dried in vacuo. Yield was
63%. Anal. Calcd for GH72NsO10AUsAQCI: C, 30.51; H, 3.07; N,
3.56. Found: C, 29.79; H, 3.03; N, 3.421 NMR (6 in THF ¢®): 7.15
ppm, dd,—CsHg4; 4.28 ppm, q,—CH,O; 2.69 ppm, s,—CHjs(tolyl);

suspension was stirred for 0.5 h and centrifuged. The solid was washed1.49 ppm, t,—CHj(ethoxy).

twice with 2 mL of THF and dried in vacuo. Yield was 83%. Anal.
Calcd for GoH72NeOsAUsAgBF,: C, 30.67; H, 3.09; N, 3.58. Found:
C, 29.53; H, 2.75; N, 3.29H NMR (6 in CDCl): 7.06 ppm, s;-CgHg;
4.30 ppm, g,—CH;0; 2.32 ppm, s;—CHj (tolyl); 1.21 ppm, t,—CHjs
(ethoxy).

Synthesis of TI([Au(-C? N3-bzim)]s).PFs, 5:0.50CHsO. A 40-
mg sample of [Aug-C? N3-bzim)]; (3.8 x 10-2 mmol) was dissolved
in 8 mL of THF. A solution of 6.7 mg of TIP§&(1.9 x 102 mmol) in
1 mL of THF was added. After 0.5 h of being stirred, the colorless
solution was filtered on Celite and concentrated to 4 mL under vacuum.
Hexane (10 mL) was layered on the THF solution. After 1 week, small
green crystals suitable for X-ray structure determination were grown.
Yield was 78%. Anal. Calcd for &HsgN1200sAUs TIPFs: C, 29.64; H,
2.32; N, 6.69. Found: C, 29.48; H, 2.32; N, 6.38.NMR (6 in CD,-
Cl,/CDsCN, 4:1): 7.606-7.13 ppm, m;—C¢Hs; 7.08 ppm, s, bzim-ring;
6.73 ppm, s, bzim-ring; 5.18 ppm, 5.CH..

Synthesis of T{ [AU(ﬂ-C(OEt)=NC5H 4CH3)] 3} 2PF6, 6'C4H go. A
20-mg sample of [Ay(-C(OEt=NCsH4CHz)]s (1.8 x 1072 mmol) was
dissolved in 6 mL of THF. A solution of 3.3 mg of TIRF0.9 x 102
mmol) in 0.5 mL of THF was added. After 0.5 h of being stirred, the

Structure Determinations of 1, 5, and 6 by X-ray Diffraction.
Yellow crystals ofl, 5, and6 suitable for X-ray diffraction analyses
were mounted on glass fibers using grease. Data were collected at
Harvard University using a Siemens (Bruker) SMART charge-coupled
device-based (CCD-based) diffractometer equipped with an LT-2 low-
temperature apparatus, operating at 213 K. Datalfo@H.Cl, were
obtained by usingn scans of 0.3 per frame for 60 s, such that a
hemisphere was collected. A total of 1271 frames were collected, and
the final resolution was 0.90 A. Data f6F 0.5C,HgO were collected
by usingw scans of 0.3 per frame for 30 s, such that a hemisphere
was collected. A total of 1271 frames were collected, and the maximum
resolution was 0.85 A. Data fd@-C,HgO were recorded in the same
manner as foB-0.5CHgO, and the maximum resolution was 0.75 A.
The first 50 frames were re-collected at the end of each data-collection
event to monitor for decay. Crystallographic data o5, and6 are
reported in Table 2.
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was 70%. Anal. Calcd for &HgoNeO-AUsTIPFs: C, 29.83; H, 3.13;
N, 3.26. Found: C, 28.76; H, 2.86; N, 3.2H NMR (6 in CD,Cly/
CDsCN, 4:1): 7.00 ppm, s;7-CgHg; 4.10 ppm, q,—CH,O; 2.27 ppm,
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of [Au(u-C?N3-bzim)]s (1.1 x 1072 mmol) was dissolved in 4 mL of
THF. A 2.1-mg aliquot of AgCIQ (0.9 x 10~ 2 mmol) in 1 mL of

at the University of Maine.
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1C991492N





