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Structure Determination of Homoleptic Au', Ag', and Cu' Aryl/Alkylethynyl
Coordination Polymers by X-ray Powder Diffraction

Stephen S. Y. Chui, Miro F. Y. Ng, and Chi-Ming Che*!!

Abstract: This article describes the
structure determination of five homo-
leptic d'° metal-aryl/alkylacetylides
[RC=CM] (M=Cu, R=1Bu 1, nPr 2,
Ph 3; R=Ph, M=Ag 4; Au 5) by using
X-ray single-crystal and powder dif-
fraction. Complex 1-CsHg reveals an
unusual Cu,, catenane cluster structure
that has various types of tBuC=C—Cu
coordination modes. By using this
single-crystal structure as a starting
model for subsequent Rietveld refine-

the structure of the powder synthesized
from Cul and rBuC=CH was found to
have the same structure as 1. Complex
2 has an extended sheet structure con-
sisting of discrete zig-zag Cu, subunits
connected through bridging nPrC=C
groups. Complex 3 forms an infinite
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chain structure with extended Cu—Cu
ladders  (Cu—Cu=2.49(4)-2.83(2) A).
The silver(1) congener 4 is iso-structural
to 3 (average Ag—Ag distance 3.11 A),
whereas the gold(1) analogue 5 forms a
Au--Au  honeycomb network with
PhC=C pillars (Au—Au=2.98(1)-
3.26(1) A). Solid-state properties in-
cluding photoluminescence, v(C=C)
stretching frequencies and thermal sta-
bility of these polymeric systems are
discussed in the context of the deter-

. . diffraction
ment of X-ray powder diffraction data,

Introduction

Electron rich d'° metal acetylide complexes have been re-
ceiving considerable attention due to their rich structural di-
versity,[!! intriguing photoluminescent properties,””! as well as
potential applications in organic optoelectronics® and lumi-
nescence signalling.! Homoleptic [RC=CM] complexes con-
stitute a useful class of metal-acetylide precursor materials
for the syntheses of related organometallic complexes.”! To
our knowledge, well-characterized homoleptic [RC=CM]
compounds are sparse in literature. In 1993, Weiss and co-
workers reported a [(fBuC=CCu),,] cluster.”! Later the
gold(1) double-catenane complex [{(tBuC=CAu)y},] was re-
ported by Mingos and co-workers.”! Recently Mingos’ group
also prepared an unprecedented rhombohedral silver(i) clus-
ter cage [(fBuC=C);,Au,,X]Y by using various anionic tem-
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mined structures.

plates (X=Cl, Br; Y=0H, BF,).®! All these examples dis-
play diverse coordination modes and there are extensive in-
termolecular interactions between [RC=CM] units. Appar-
ently, the [(RC=CM),| aggregates have a poor solubility
unless the R group is sterically encumbered. Many [(RC=
CM),] compounds are therefore believed to have polymeric
structures, though these structures are poorly understood.
Past and recent developments in structure determinations
using X-ray powder diffraction data have become increas-
ingly important for intractable crystalline materials. Early
contributions in this field by Zachariasen and Ellinger,”’ Ko-
kotailo and Breck,'” and Werner and Berg!"'!! had been wit-
nessed to tackle some of the difficult structural problems.
With the advances in radiation source, detector technology,
and computing algorithms, a wide range of unknown structures
of organic, inorganic, organometallic, and protein systems
have been determined by using powder diffraction data.!™”
To acquire insights on the structures of polymeric [(RC=
CM),] solids, a program on structure determination from X-
ray powder diffraction data was initiated. Preliminary ex-
periments revealed that this class of [(RC=CM),] com-
pounds could be polycrystalline with moderate X-ray dif-
fracting strength. Elemental analyses confirmed the phase
purity of the [(RC=CM),] solids in accordance with their
formulations."”! Herein we describe the structure determina-
tion of five unprecedented solid-state structures of [(RC=
CM),] solids (R=tBu, M=Cu 1; R=nPr, M=Cu 2; R=Ph,
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M=Cu 3; R=Ph, M=Ag 4; and R=Ph, M=Au 5) using
laboratory X-ray powder diffraction data. We found that 1
possesses a Cu,, cluster structure, while 2-5 have either one-
or two-dimensional polymeric structures. Their solid-state
properties such as photoluminescence, thermal stability and
v(C=C) stretching frequencies have been recorded and are
discussed in connection to their structures.

Experimental Section

All starting materials were used as received without further purification.
Samples 1-5 were prepared according to published methods.* Single
crystals of 1 (ca. 5% ) were obtained by slow diffusion of 1:1 (v/v) etha-
nol/acetone mixture into benzene solution (2 mL) over one month. At-
tempts to obtain crystals of 2-5 with sizes suitable for structure determi-
nation were not successful, since the as-precipitated products were in-
soluble in common organic solvents. Elemental analyses were performed
at the Institute of Chemistry, Chinese Academy of Science in Beijing. El-
emental analysis caled (%) for 1: C 49.82, H 6.23; found: C 49.46, H
6.29; elemental analysis calcd (%) for 2: C 45.97, H 5.36; found: C 45.65,
H 5.33; elemental analysis calcd (%) for 3: C 58.35, H 3.03; found: C
58.30, H 3.01; elemental analysis calcd (%) for 4: C 45.97, H 2.39; found:
C 45.75, H 2.20; elemental analysis calcd (%) for 5: C 32.24, H 1.68;
found: C 32.10, H 1.58.

Solid-state photoexcitation and emission spectra were recorded on Spex
Fluorolog Model 1168 fluorescence spectrophotometer equipped with
Hamamatsu R-928 photomultiplier tube. Low-temperature (77 K) spectra
were recorded by immersing a quartz sample tube in a quartz Dewar
flask filled with liquid N,. FT-IR spectra (KBr) were collected on a Bio-
Rad FTS-7 Fourier transform infrared spectrophotometer (4000—

400 cm ™). Thermal gravimetric curves were recorded under nitrogen at-
mosphere using Perkin Elmer TGA7 Analyzer.

Intensity data of a capillary-sealed single crystal of 1 with size 0.5x0.4 x
0.05 mm® was collected at 233 K on a Bruker Smart Apex CCD diffrac-
tometer with graphite-monochromated Moy, (A=0.71073 A) radiation.
Data reduction and absorption correction of the data were applied by
using the SAINT and SADABS routines,'*! respectively. Structure so-
lution (SHELXS)!"*! was obtained by direct methods and the structure
refinement (SHELXL) was performed by full-matrix least-squares meth-
ods on |F’| algorithm in SHELX-97 suite X-ray programs (ver-
sion 6.10).11%!

All samples 1-5 were freshly prepared, dried, and ground into a fine
powder. Step-scanned X-ray powder diffraction data were collected on
Philips PW3710 powder diffractometer by using graphite-monochromat-
ed Cuy, (A=1.5406 A, Ni-filter) radiation, operated at 40 kV and 30 mA.
Data collection for 4 and § were carried out in the dark environment.
Samples were unpacked and reloaded onto the sample holders for repli-
cation data collections to minimize the systematic errors from particle
statistics and preferred orientation of the samples. All samples were free
of known oxides and metal impurities checked by ICCD database match
search. Data collection parameters of 2-60° (20), step size=0.02°, and
scan speed=0.004°s"" were used to optimize the count statistics and
peak shape profiles. Unit-cell determination from DICVOL91!"™! program
was achieved by indexing the first 20 peak positions in each diffraction
pattern. Intensity extraction was performed by Pawley fit method!'® and
the calculated intensities for those hkl reflections were used to evaluate
the systematic absences for the lattice type and space group. Initial struc-
tural models were built according to standard bond lengths and angles.!'”!
These models were used to calculate a large number of trial structure so-
lutions using simulated annealing algorithm implemented in DASH.!'% A
chemically sensible solution was selected and subjected to the Rietveld
profile refinement!"™ by using the GSAS program.!'™ Details of struc-
ture determination from powder diffraction data and Rietveld refinement
plots of 1-5 are summarized in the Supporting Information. Crystallo-
graphic data for polymers 2-5 are given in Table 1. Molecular graphics

Table 1. Structure determination and refinement results of 1-5 from powder data.

1 2 3 4 5
crystal system triclinic monoclinic monoclinic monoclinic triclinic
space group P1 P2/n P2, P2, P1
a[A] 15.982(5) 19.253(4) 15.451(3) 18.512(4) 6.238(1)
b [A] 16.099(5) 4.221(1) 5.287(2) 4.971(1) 7.531(1)
c[A] 26.909(9) 14.767(3) 10.283(2) 13.413(3) 15.017(1)
a[°] 79.77(2) 90.00(0) 90.00(0) 90.00(0) 86.90(1)
AN 79.48(5) 117.56(2) 109.23(1) 111.68(1) 78.73(1)
v [°] 81.72(4) 90.00(0) 90.00(0) 90.00(0) 83.26(1)
VA% 5821.5(4) 1063.8(4) 793.3(5) 1146.9(6) 686.8(2)
M, 578171 1045.2 658.0 8359 1192.4
Peatea [gem ] 1.506 1.632 1.379 1.210 2.883
26 range [°] 2-35 2-60 3-60 2-55 2-60
figure of merit/! M(20)=10.8 M(18)=36.8 M(20)=249 M(20)=21.0 M(20)=10.3
(DICVOLY1indexed cell) F(20)=41.7 F(18)=28.8 F(20)=38.5 F(20)=48.8 F(20)=20.4
(0.0137, 35) (0.006, 46) (0.0113, 46) (0.0137, 30) (0.0175, 56)
reflections 1488 581 563 624 759
observed reflections 1649 2899 2850 2650 2899
variables 12 83 131 132 134
restraints 10 29 30 37 38
R, [%] 527 5.19 6.60 11.28 9.08
Ry, [%]9 7.68 7.55 9.08 15.27 12.95
R, (expected) [%]*! 323 3.70 5.51 6.88 737
goodness of fit 2.39 2.06 1.67 2.54 1.84
max. [shift/esd]’ (mean) 0.28 (0.06) 1.05 (0.15) 0.66 (0.07) 2.41 (0.28) 1.44 (0.20)

[a] Figure of merit M(20) and F(20) were described in P. M. De Wolff, J. Appl. Crystallogr. 1968, 1, 108-113. [b] Initial unit cell parameters are empirical-
ly determined by indexing peak positions of diffraction patterns using DICVOL91 program and these are subsequently refined by Rietveld method in

GSAS program to give the values listed. [c] R,=X;|yio—Yicl/Zi|Yiol- [d] Ryp

= [E1Wi(yi.o_Y1,c)2/ZiWi(yi.u)z]”z' [e] Expected pr=pr/X2§ X2= Eiwi(yi,u_yi.c)zl

(Nops—Ny,r) in which y;, and y;. are the observed and calculated intensities at point i of the profile, respectively. N is the number of theoretical Bragg
peaks in the 26 range considered. N,,, is number of the refined parameters. Statistical weights w; are normally taken as 1/y; .
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were created by the crystal structure visualization program Mercury ver-
sion 1.2 that was downloaded free of charge.'” CCDC-242487 (single
crystal data for 1) and CCDC-242488-242492 (powder diffraction data
for 1-5, respectively) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.

Results and Discussion

Structure descriptions of 1-5: Crystal structures of 1 and its
benzene solvate were obtained by X-ray powder and single-
crystal diffraction data,™ respectively. Figure 1 depicts the
ORTEP diagram of the molecular structure of 1, showing
the Cu,y, cluster with twenty crystallographically indepen-
dent tBuC=CCu units. The molecular symmetry has no in-
version center, but a pseudo C, axis passes through the mid-
points of Cul0—Cul6, Cu9—Cul5, and Cul4—Cu20 bonds.
The cluster architecture can be viewed as an interlocking of
a distorted Cug ring with two puckered hexagonal Cug rings
(see Figure 2), supported by various tBuC=C—Cu coordina-
tion modes. The bond lengths are given in Table 2. The Cu—
C distances are 1.862(6)-2.471(7) A. Altogether there are
two pn''-C=C—Cu,, and eight pn'*C=C—Cu, bridging
modes are associated with the copper atoms in the Cug and
Cu, rings. In addition, four psn"'?-C=C—Cu; and six
" 2-C=C—Cu, bridging modes are found to fuse the Cu
atoms of different rings together. Extensive Cu—Cu contacts

Figure 1. 35% ORTEP diagram of crystal structure of Cu,, molecular cluster 1. All hydrogen atoms are omit-
ted for clarity. The Cu--Cu contacts are 2.498-3.482(1) A. The Cu--C and C--C distances are 1.862-2.471(6) A

and 1.165-1.244(8) A, respectively.
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of 2.498-3.482(1) A are found and similar Cu--Cu contacts
were also observed in various types of copper() sulfido/sele-
nido/tellurido phosphine nanoclusters.?!! Some of these Cu—
Cu distances are less than the sum of metallic radii (2.56 A)
and the van der Waals radii (2.8 A)?*! of two Cu atoms, re-
vealing the occurrence of cuprophilic interaction.”!

The isolation of 1 not only represents a rare example of a
homoleptic Cu,, cluster with an unprecedented copper(r)
ring catenation, but also provides a starting model for struc-
tural elucidation of the fine powder obtained from rapid
precipitation. The structure refinement for the observed dif-
fraction data of the fine powder using this Cu,, model af-
forded a good agreement (R,=5.27%, R,,=7.68%) be-
tween the experimental and calculated data. The crystal
structure derived from X-ray powder diffraction data is a
nearly identical cluster structure to the one determined by
single-crystal X-ray analysis and the observed Cu—C and
Cu—Cu distances are 1.822-2.640(5) A and 2.403-3.457(1) A,
respectively. It is noted that the unit cell volume decreases
from 6552 A° for [(BuC=CCu),|-CHy (determined by
single-crystal data) to 5821 A® for [(fBuC=CCu),,] (deter-
mined by indexed powder diffraction data), implying remov-
al of benzene solvent molecules from the crystal lattice
leads to closer molecular packing of the Cu,, clusters.

Figure 3 (top) depicts the polymeric sheet structure of 2.
It consists of two crystallographic non-equivalent Cu atoms
Cul and Cu2 and two bridging nPrC=C groups. A discrete
zig-zag Cu, subunit is formed by connecting Cul and its in-
version-symmetry equivalence
CulA. As shown in Table 3, the
observed Cul—Cu2 and Cul-
CulA distances are 2.61(2) and
2.44(3) A respectively. Two dis-
tinctive coordination modes,
un'?-C=C—Cu, and p,;,n""*-C=
C—Cu; are found with Cu—C
distances of 1.96(1)-2.23(1) A.
As viewed from the [101] direc-
tion, each Cu, subunit is inter-
connected to the four neighbor-
ing subunits through the acety-
lenic carbons C10 of the pn'*-
C=CPr ligands to generate an
extended two-dimensional
sheet structure. Within the sub-
unit a psn"*bridging coordi-
nation to Cul, CulA and Cu2
is found. This type of metal-
ligand connectivity renders the
propyl groups pillaring perpen-
dicular to the plane of the sheet
(Figure 3, bottom). The average
intermolecular aliphatic C—
H-+-H—C separation of 2.03 A
indicates significant hydropho-
bic interaction throughout these
propyl chains.
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[(tBuC=CCu)a]

Figure 2. Schematic drawing showing the cluster assembly of three interlocking [fBuC=CCu] rings: Central Cug unit (medium gray) and two peripheral

Cug, units (dark gray and light gray).

Changing the R group from an alkyl to an aryl moiety
produces a [{PhC=CCu}.]] chain polymer 3. As shown in
Figure 4 (top), a crystallographic 2, screw axis is parallel to
the polymer chain direction which bisects Cu—Cu bonds
such that the PhC=C groups alternatively project up and
down along the chain. Both Cul and Cu2 atoms adopt the
same un"*-C=C bridging mode and the refined Cu—Cu dis-
tances are 2.49(4)-2.83(2) A, while the Cu—C distances are
1.95(1)-2.63(1) A (Table 3). The longer Cu—C distances such
as Cul—C17 and Cu2—C7 are simply regarded as kinds of
weak Cu--C bonding interaction because they lie between
the sum of covalent radii (2.2 A) and van der Waals radii
(3.1 A) for a pair of Cu and C atoms. For Cu—Cu contacts
less than the sum of van der Waals radii for two Cu' ions,
the presence of closed-shell cuprophilic interaction along
the chain is evident. The occurrence of this ladderlike chain
topology is unprecedented and different from the discrete
Cu, zig-zag subunits reported in previous examples
[(PhC=CCu),(Ph,PCH,(CH,0CH,),CH,PPh,),],F!  [{PhC=
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CCu(PMe;)},],*¥ and 2. Figure 4 (bottom) depicts the pack-
ing diagrams of the polymer chains viewed along [010] di-
rection, showing extensive long-range intermolecular inter-
actions among the aromatic rings throughout the crystal lat-
tice. Very weak C—H--rt interaction (d>3.35 A) and insig-
nificant 7t stacks (d>3.7 A) are noted.

For the powder diffraction pattern of 4 (Figure S4 in the
Supporting Information), the first three diffraction peak
maxima (5.19°, 7.12° and 10.27°) are apparently shifted
toward the low 26 angle, relative to those (6.08°, 9.16° and
12.12°) in the pattern of 3 (Figure S3 in the Supporting In-
formation). The origin of this angular shift in 4 is not
known. In addition, these three strong peaks have similar
relative intensity variation in both cases. Indexing the peak
positions of the XRD pattern of 4 gave similar monoclinic
cell parameters to those found in 3, but the associated unit
cell volume is larger (Table 1) indicating that 4 might struc-
turally resemble the [(PhC=CCu)..] polymer. The slightly ex-
panded metal-ligand connectivity for the Ag and PhC=C

www.chemeurj.org  Chem. Eur. J. 2005, 11, 17391749
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Table 2. Selected bond lengths [A] of 1 from single-crystal structure solution.

Cu—Cu contacts within the Cug ring unit

Cul—Cu2 2.614(1) Cu2—Cu3 3.482(1)
Cu5—Cu6 2.718(1) Cu6—Cu7 3.456(1)
Cu—Cu contacts within the two Cu, ring units

Cu9—Cul0 2.590(1) Cul0—Cull 2.992(1)
Cul2—Cul3 2.580(1) Cul3—Cul4 3.172(1)
Cul5—Cul6 2.557(1) Cul6—Cul7 2.838(1)
Cul8*—Cul9 2.733(1) Cul9—Cu20 3.125(1)
Cu—Cu contacts between the Cug-Cug ring units

Cu2—Cul5 2.583(1) Cu2—Cu20 2.577(1)
Cu3—Cul6 2.665(1) Cu3—Cul7 3.043(1)
Cu3—Cu20 2.916(1) Cu4—Cu9 2.618(1)
Cu7—Cu9 2.749(1) Cu7—Cul0 2.637(1)
Cu7—Cul4 2.930(1) Cu7—Cul5 2.759(1)
Cu9—Cu20 3.018(1) Cul4—Cul5 3.038(1)
C=C bond lengths

C1A—C1B 1.253(7) C6A—C6B 1.224(8)
C2A—C2B 1.224(7) C7A—C7B 1.224(8)
C3A—C3B 1.217(7) C8A—C8B 1.234(7)
C4A—C4B 1.244(7) C9A—C9B 1.220(8)
C5A—C5B 1.221(8) C10A—C10B 1.227(8)

Cu—C bond lengths

un"-(C=C)—Cu, mode wn'?-(C=C)—Cu, mode

C15A—Cull 1.909(8) C9A—Cul0 1.906(6)
CI5A—Cul2 1.936(6) C9B—Cull 2.166(7)
C19A—Cul 1.949(6) C9A—Cull 1.988(6)
C19A—Cu2 1.952(7) Cl4A—Cul8* 2.015(7)
C14B—Cul8* 2.163(7)
C14A—Cul9 1.968(6)
CI8A—CuS 1.999(5)
C18B—Cus 2.138(6)
CI8A—Cud 1.903(6)
us,"'2-(C=C)—Cu; mode
C3A—Culd 2.086(5) C6A—Cu20 2.076(6)
C3B—Cul4 2.182(6) C6B—Cu20 2.168(6)
C3A—Cul5 1.942(6) C6A—Cu9 1.944(6)
C3A-Cu20 2.224(5) C6A—Culd 2.232(6)
WM H2-(C=C)—Cu, mode
CI1A—Cul6 2.113(5) C2A—Cu2 2.231(6)
C1B—Cul6 2.157(6) C2B-Cu2 2.228(6)
CIA Cu7 2.063(6) C2A—Cul5 2.159(6)
C1A—Cu8 2.282(5) C2A-Cul6 2.202(6)
Cl1A—Cul5 2.008(6) C2A-Cu3 1.973(6)
C7A-Cu8 2.078(6) C8A—Cud 2.074(5)
C7B—Cu8 2.109(5) C8B—Cud 2119(5)
C7A-Cul2 2.373(6) C8A-Cu3 2.005(5)
C7A-Cul3 2.124(6) C8A-Culg* 2.283(5)
C7A-Cu7 1.991(6) C8A—Cul9 2.144(6)

Cu3—Cu4 2.609(1) Cu4—Cus 3.209(1)
Cu7—Cu8 2.609(1) Cu8—Cul 3.166(1)
Cull—Cul2 2.498(1)

Cu9—Cul4 2.755(1)

Cul7-Cul8* 2.783(1)

Cul5—Cu20 2.713(1)

Cu3—Cu9 2.703(1) Cu3—Cul5 2.735(1)
Cu3—Cul8* 2.792(2) Cu3—Cul9 2.700(1)
Cu6—Cul4 2.591(1) Cu6—Cu9 2.585(1)
Cu7—Cul2 2.918(1) Cu7—Cul3 2.674(1)
Cu8—Cul5 2.659(1) Cu9—Cul5 2.841(1)
Cul4-Cu20 2.712(1)

C11A—C11B 1.236(7) C16A—C16B 1.212(8)
C12A—C12B 1.229(8) C17A—C17B 1.235(8)
C13A—C13B 1.211(8) C18A—C18B 1.234(8)
C14A—C14B 1.165(8) C19A—C19B 1.198(8)
C15SA—C15B 1.223(8) C20A—C20B 1.185(8)
C10A—Cul7 1.963(6) C13A—Cul2 2.003(6)
C10B—Cul7 2.254(7) C13B—Cul2 2.306(6)
C10A—Cul6 1.893(6) C13A—Cul3 1.925(7)
C16A—Cul8* 1.862(6) C17A—Cul 2.002(5)
C16B—Cul8* 2.330(7) C17B—Cul 2.136(7)
C16A—Cul7 1.900(7) C17A—Cu8 1.899(6)
C20A—Cu5 1.953(8)

C20B—Cus 2.471(7)

C20A—Cu6 1.948(6)

C11A—Cul9 2.092(6) C12A—Cul3 2.096(6)
C11B—Cul9 2.122(6) C12B—Cul3 2.107(6)
Cl11A—Cu2 2.176(6) C12A—Cu6 2.225(7)
C11A—Cu20 1.916(6) C12A—Cul4 1.920(6)
C4A—Cub 2.192(6) C5A—Cul0 2.096(5)
C4B—Cu6 2.179(6) C5B—Cul0 2.126(6)
C4A—Cu7 1.968(6) C5A—Cu9 2.008(6)
C4A—Cu9 2.142(5) C5A—Cu3 2.103(6)
C4A—Cul0 2.207(6) C5A—Cu4 2.228(5)

[a] * represents the mean position of the two disordered components: Cul8 and Cul8'.

entities is not unexpected, because Ag—Ag (3.11-3.15(1) A)
and Ag—C bond lengths (2.12-2.32(2) A) are in general
slightly longer than Cu—Cu and Cu—C bonds.!"” Attempts to
locate a chemically sensible trial structure using the ob-
served XRD data were unsuccessful. Thus a model of
[(PhC=CAg)..] derived from that of [(PhC=CCu).] was re-
adjusted and used to refine the diffraction data of 4. With
the use of Ag—C distances restraints, the structure refine-
ment finally attained a stable convergence and the overall
polymeric structure of 4 is shown in Figure 5 (top). Unlike
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3, the degree of zig-zag folding of the ladderlike Ag—Ag
chain is greater than that for the Cu—Cu chain as they have
different M-M-M angles (105.2° for Ag and 163.5° for Cu).
The refined Ag—Ag distances are approximately 3.13(1) A,
which fall between the metallic radius (2.89 A)?"! and the
sum of van der Waals radii of two silver atoms (3.4 A).?"!
This could be taken as evidence to reflect that no or only
very weak Ag'—Ag' interactions are present in the chain.
In addition, the interchain packing diagram (Figure 5,
bottom) reveals similar packing of phenyl groups as shown
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Figure 3. Top: Layered structure of 2 showing pun'?- and psn"'?-coordi-
nation modes among the zig-zag Cu, and nPrC=C entities. Only acetyle-
nic carbon and copper atoms are shown. Bottom: Side view of the nPrC=
C-pillared layered structure.

in 3. The shortest intermolecular aromatic C—H-+-H—C dis-
tance is 3.3 A, which induces apparent organic-inorganic
segregation for the phenyl rings stacking and Ag—Ag
double-chain.

Table 3. Selected bond lengths [A] and angles [°] for powder structures 2-5.

Figure 4. Top: Polymeric chain 3 showing pn'?-bridging ligands PhC=C
connected to Cu' ions. Bottom: Perspective view of solid-state packing of
chains 3 in [010] direction.

The structure determination was further continued for the
gold congener [(PhC=CAu)..] (5). A lower crystal symmetry
of triclinic P1 was found and the structural refinement using
the XRD data revealed a layered Au--Au network with

Pr—C=C Cu Ph—C=C M
4/9 5/10 717 818
M = Cu, Ag, Au
2 3 4 5
Cul—Cul 2.44(3) Cul—Cu2 2.49(4) Agl-Ag2 3.11(1) Aul-Aul 3.25(1)
Cul-Cu2 2.61(2) Cul—-Cu2 2.51(2) Agl-Ag2 3.15(1) Au2—-Au2 2.98(1)
Cul—Cu2 2.83(2) Agl-Ag2 3.13(1) Aul-Au2 3.175(8)
Aul-Au2 3.265(8)
Cul—C5 223(2) Cul—C8 1.95(1) Agl—C8 2.12(1) Aul—C8 2.151(7)
Cul-C5 2.05(2) Cu2—C8 1.94(1) Agl-C7 2.71(1) Aul—C8 2.093(6)
Cu2-C9 2.64(1) Cul-C17 2.63(1) Agl—-C18 2.32(1) Aul-C18 2.256(7)
Cu2—C5 2.05(2) Cul—C18 1.95(1) Ag2—C8 2.15(2) Au2-C17 2.415(8)
Cu2—C4 2.48(1) Cu2—C18 1.93(1) Ag2—Cl18 2.12(1) Au2—Cl18 2.060(8)
Cu2-C10 2.23(1) Cu2-C7 2.61(1) Auw2—C18 2.239(9)
Cu2—C10 1.96(1)
C4-Cs5 1.25(3) C7-C8 1.20(4) C7-C8 1.19(5) C7-C8 1.182(4)
C9-C10 1.24(6) C17-C18 1.20(4) C17-C18 1.19(5) C17-C18 1.250(5)
Cul-C5-Cul 79.2(8) Cul-C8-Cu2 93.0(7) Agl-C8-Ag2 94.3(4) Aul-C8-Au2 99.8(3)
Cu2-C10-Cu2 123.7(7) Cul-C18-Cu2 80.3(8) Agl-C18-Ag2 89.0(4) Au2-C18-Au2 87.5(5)
Cul-C5-C4 90.8(5) Cul-C8-C7 109.7(7) Agl-C8-C7 109.9(7) Aul-C18-Au2 89.8(5)
129.8(2) 155.8(6) 157.4(9) 141.7(4)
Cu2-C10-C9 115.0(8) Cu2-C18-C17 164.5(2) Ag2-C18-C17 133.5(4)
115.7(8) 128.6(5)
1744 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1739-1749
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Figure 5. Top: Polymeric chain 4 possessing metal-phenylacetylide con-
nectivity similar to 3, but with a higher degree of “folding” along the
metal chain. Bottom: Perspective view of chain packing of 4 in [010] di-
rection.

PhC=C pillars. Figure 6 (top) depicts a schematic represen-
tation of the Au—Au honeycomb-like network. In particular
the network topology can be viewed as an array of Au--Au
distorted hexagons. The Au-Au-Au bond angles associated
with Aul are 97.7, 107.2, and 151.2°; and for Au2 82.9,
123.8, and 151.2°. Comparing with the similar pillared sheet
structure 2 [(nPrC=CCu).], half of Cu atoms (Cul) are
slightly displaced by about 0.9 A from the mean plane gen-
erated by the other Cu atoms (Cu2), while in 5 all Au atoms
are nearly coplanar to each other. The refined Au--Au con-
tacts are 2.98(1)-3.27(1) A, which are longer than the metal-
lic radii of Au (2.88 A)®®! and comparable to the values
(3.083-3.136 A) of some published polynuclear phenylacety-
lide gold(1) complexes with phosphine ancillary ligandst&h!
and other gold(i) clusters/polymers.?®*<dl Therefore, these
gold(r) atoms are weakly interacting®® within the sheet.
Two-dimensional polymeric gold(l) compounds with weak
Au--Au interactions (d=3.104(1) A) have been shown to
display multistate photoluminescence in the solid state.”*!
The theoretical approach to study metallophilic interactions
of copper(1), silver(r), and gold(1) developed by Pyykko et al.
and Laguna et al. suggests that metallophilic attraction is
indeed present for all coinage metals as a correlation effect
and strengthened by relativistic effect for gold.””!

Unlike the one-dimensional chains in 3 and 4, two types
of coordination modes pn"'-C=C—Au, and p;n"'"*-C=C—
Au; are noted in 5. The Au—C distances are 2.060—
2.481(8) A. Tt is intriguing that the PhC=C groups coinciden-
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Figure 6. Top: Simplified representation of the distorted two dimensional
honeycomb network in 5 with Au"-Au' contacts of 2.98-3.27(1) A.
Bottom: PhC=C-pillared network in 5§ with herringbone-type C—H-m in-
teractions among phenyl rings.

tally form pillars on the surface of the Au—Au sheet
(Figure 6, bottom) and display a distinctive herringbone-like
packing among themselves. Weak hydrogen bonding interac-
tions®! C—H-1t (deis-is.cs=2.63 A and degye.ci1=2.75 A)
are observed, while intermolecular phenyl C—H---H—C sepa-
rations between adjacent sheet polymers are 1.81-2.39 A.
These distances are consistent with optimal hydrophobic in-
teractions among the aromatic rings.

Solid-state photoluminescence: Solid-state emission spectra
of 1-5 recorded at 298 K and 77 K are depicted in the Fig-
ure S6 in the Supporting Information. Excitation of solid 1
at 350 nm gave a red emission with 4,,, at 720 nm at 298 K.
At 77K, this band is resolved into three peak maxima at
620, 700, and 825 nm. The reason for this is unclear, and
probably structural distortion of the molecular cluster or
phase transition has occurred. When the same excitation
energy was used for solid 2, the emission spectra recorded
at 298 K and 77 K display a similar broad orange emission
near 588 nm. In contrast, the room temperature emission
spectrum of 3 shows peak maxima at 515, 575, and 618 nm.
The emission band at 515 nm is assigned to a metal-pertur-
bed ligand-centered m—mt* (acetylide) emission. In addition,
another distinctive band of higher energy at 410 nm also
merges and may be ascribed to intraligand m—nt* emission of
phenylacetylide. At 77 K, this high-energy band disappears
and A, of the low-energy emission band is red-shifted to
580 nm. The silver congener 4 shows a yellow-green broad
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emission near 450-700 nm at room temperature. No evident
change on the emission spectrum was detected when the
solid was cooled to 77 K. In contrast, the emission spectrum
of 5§ at 298 K displays complex features with several peak
maxima at 413, 468, 550, and 592 nm as well as peak shoul-
ders at 621, 636, 653, 670, and 694 nm. In the literature, the
emission of gold(1) phenylacetylide complexes in the 500-
700 nm region have been attributed to arise from intraligand
3(nw*) transition, modified by weak Au'-Au' interactions.
The photophysics and photochemistry of luminescent poly-
nuclear gold(1) clusters have been extensively investigated in
the past decades.””!

FT-IR spectroscopy: FT-IR spectra of 1-5 (Figure S7 in the
Supporting Information) show that v(C=C) stretching fre-
quencies of the coordinated RC=C" ligands are lower than
those values found for the free ligands (v(fBuC=CH) =2104,
y(nPrC=CH)=2118, and v(PhC=CH)=2114, 1954,
1888 cm™). Cluster 1 shows an extremely weak band at
2025-1975 cm™'. This value is slightly lower than that for
[((BuC=CCu)(PPh;)] (2055 cm ") and resembles that
found for the [((BuC=CCu),L,] cluster (2001-1976 cm™'; L=
3,3,6,6-tetramethyl-1-thia-4-cycloheptyne).” Two charac-
teristic bands at 1939 and 1900 cm ™' in 2 are tentatively as-
signed to pm"'-C=C and p;,n"'?*-C=C bridging modes, re-
spectively. Indeed, they are comparable to that found for
the [(nBuC=C)yCu,g(hfac),,] disc-shaped cluster (1922 cm™;
hfac =hexafluoroacetylacetonate) reported by Higgs.”” For
the two isostructural chains in 3 and 4, the bands at 1928
and 1875 cm ' in 3 and 1948 and 1890 cm ™' in 4 are attribut-
ed to the un'*-C=C bridging modes. Previous infrared and
Raman spectroscopic studies also did not support the pres-
ence of two chemically different types of C=C bonds in the
solid-state ~ structure of [{PhC=CCu}.] and [{PhC=
CAg].].P'# The higher energy band at 2052 cm™! in 4 is as-
cribed to asymmetric C=C stretching due to weak silver—
acetylide interactions.®s! All these observed frequencies are
comparable with related literature values: 1917 cm™' in
[(PhC=CCu),(Ph,PCH,(CH,0OCH,),CH,PPh,),] *1 2044 cm™
in [(PhC=CAg),(PPh;),],F* and 2076cm™' in [(PhC=
CAg),(PCys),] ¥ Moreover, considering the similar »(C=C)
bands at 1964, 1983 and 2002 cm ™ for the bridging modes in
[{(fBBuC=CAu)g},]” complex, polymer sheet 5 also possesses
two similar broad absorption bands at 2019 and 1985 cm™'
that are assigned to the doubly and triply bridging modes of
the complex. Nevertheless, these values are somewhat lower
than those found in the [PhC=CAu(PCy;)] monomerl!
(~2113cm™") and the [(PhC=CAu),(u-dppe)] dimer?
(~2098 cm™) in which only the terminal o-bound PhC=C—
Au mode is involved.

TGA studies: The results of the TGA measurements are de-
picted in Figure S8 in the Supporting Information. From the
curves, the residues from compounds 1-3 (43% for 1, 52%
for 2 and 49% for 3) are mainly carbonaceous copper()
oxide, characterized by energy dispersive analysis of X-ray
(EDAX) and powder X-ray diffraction. The pyrolyzed prod-
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ucts of 4 and 5 were different from that of Cu' compounds
as only metallic Ag and Au were left. Compounds 1, 2, and
5 decomposed at lower onset temperatures (98°C for 1,
125°C for 2, and 135°C for 5) than those for 3 (160°C) and
4 (185°C). The molecular cluster 1 exhibits the lowest ther-
mal stability. The polymer sheet 2 is less stable than the
chain polymers 3 and 4, probably due to weaker binding
forces associated with the zig-zag Cu, subunits and the
propyl ligands. The color of solid 3 quickly darkened as it
was heated at 125°C, implying that some reaction might
have taken place. To examine the possible structural change
at elevated temperature, X-ray diffraction data of various
annealed solids 3 in 25-650°C were collected, from which a
phase transition between 120-150°C was found. At 150°C,
the original polymeric structure was completely lost and the
formed amorphous material gradually re-crystallized into
copper(1) oxide at 650°C (Figure S9 in the Supporting Infor-
mation). The reason for poor thermal stability of 5 is un-
clear and we suggested that a reducing atmosphere during
thermal decomposition of these carbon-rich materials has
facilitated the formation of those metallic products for 4
and 5.

Discussion

In this study, the success of using this approach to solve the
structures of [(RC=CM),] is attributed to the following fac-
tors: 1) the well-defined and rigid geometry of RC=C
ligand, 2) the availability of metal-carbon bond lengths and
known coordination modes of RC=C—M obtained from
previous studies, and 3) the small volume and simplicity of
the unit cells. The first factor reduces the numbers of struc-
tural variables such as torsion angles of the input model and
time spent for locating the chemically sensible structure so-
lution. The second facilitates the evaluation of chemically
sensible trial structures generated from the simulated an-
nealing calculations. Finally the last factor implies that
fewer symmetry constraints or restrictions in a small lattice
space are needed for structure solution searching. The deter-
mined structures of complexes 1-5 reaffirm that RC=C li-
gands are versatile building units and that weak metal-
metal interactions are responsible for the formation of poly-
meric metal-acetylide aggregates. The crystal structure of
[(BuC=CCu] cluster systems obtained is strongly dependent
upon the crystallization conditions. In contrast to the synthe-
sis of 1 described in this work, the reaction of CuBr:(CHj;),S
with fBuC=CLi in diethyl ether produces another oligomer
[(fBuC=CCu),,].1"! Also in this work, a small amount of
yellow plate crystals of [(fBuC=CCu),,] in addition to 1 was
found if a trace amount of CH,Cl, or CHCl; was added into
the benzene mother liquid. In addition, Bruce and co-work-
ers reported the rational syntheses of various [fBuC=CM]
coordination compounds (M=Cu' and Ag'), by using
[MCI(PPh;);] and sodium metal in methanol; however, their
crystal structures have not yet been described.”™ To our
knowledge, no polymeric or extended architecture of
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[(fBuC=CM)..] has been reported, except for the cationic
polymer [(fBuC=C),Ag;]*, in which the non-coordinating
BF, anions reside in the channels of the polymer lattice.*”]

Changing the alkyl group from fBu to nPr results in a
two-dimensional polymeric sheet formation (See Figure 3
for structure of 2). The less bulky propyl (butyl) hydrocar-
bon chains are likely to encapsulate the metal ions to form
cluster molecules such as those found in the [(nBuC=
C)4Cuyg(hfac),g] and [(nPrC=C);sCuy4(hfac),;] (hfac=hexa-
fluoroacetylacetonate) “disc-shaped” clusters reported by
Higgs and Tasker.”**¥ In the absence of a coordinated hfac
ligand, the propyl substituents form pillars capping the top
and bottom of the polymer sheet.

Unlike the alkylacetylides, the formation of isostructural
polymer chains 3 and 4 hinges on the role of the phenyl
rings in tailoring the crystal structures. The electronic influ-
ence and steric demand of phenyl substitutent offers a
subtle structural optimization among the metal ions and
arylacetylide building units. The less electron-donating
phenyl substitutents may not favor high coordination to Cu
atoms, unlike the fert-butyl substituent in cluster 1, which
displays multidentate p;- and py-bridging modes. On the
other hand, the planarity of phenyl ring offers a unique mo-
lecular handle to induce supramolecular stacking of phenyl
groups.

Though the propensity of d'° monovalent metals to form
oligomeric metal-metal aggregates is anticipated, the forma-
tion of extended ladderlike metal aggregates such as those
in 3 and 4 is unprecedented. In the literature, a variety of dis-
crete molecular compounds containing [(PhC=CCu),] units
such as the Cu, dimer unit in [(PhC=CCu),(Ph,PMe),],>"
triangular Cu; in [(PhC=C),Cu;(pu-dppm);][BF,],, (n=1, m=
281 =2 m=1P%"1) and [(PhC=C),Cus(p-dppm);(u*-Cl)]
[BF,],**! the discrete zigzag Cu, unit in [(PhC=
CCu),(PMe;),]P"" and [(PhC=CCu),(Ph,P-R-PPh,),] com-
plexes (R =—CH,(CH,0OCH,),CH,- linker),"! as well as the
unusual Cu, cubanoid unit in [(PhC=CCu),L,] (L =PPh,,*I
PPh,py = (2-(diphenylphosphine)pyridine,*™ P(p-F-C,H,);*”
and P(p-tolyl);””)) have been found. All these complexes
have low nuclearity and are encapsulated by the bulky phos-
phine and phenylacetylide ligands. Unlike the PhC=CCu
system, structural investigation on the related PhC=CAg
system remains sparse. A triangular isosceles Ag; unit in the
[(PhC=C),Ag;(dppm);]* complex™ along with the rhom-
bus-like Ag, unit and the square Ag, aggregate units in
[(PhC=CAg),(PPh;),|*** and [(PhC=CAg),(PCy;),] ™ re-
spectively, have previously been reported. In these complexes,
AgAg contacts (2.866-3.084 A) dominate throughout these
complexes. Moreover, it is interesting to compare the struc-
tures of [(PhC=CCu),(PMe;),] and [{(PhC=CAg)(PMes)}..].
The former is a molecular complex with a zig-zag Cu, unit,
while the later forms an extended one-dimensional Ag,
chain. The preference of forming an extended structure
might be favorable for [(PhC=CAg)..] due to the slightly
larger Ag' ion relative to Cu', though the difference in cova-
lent radii of the two metal (1.52 A for Cu and 1.59 A for Ag)
ions is small.
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For the Au' ion, which has a smaller covalent radius than
Cu' and Ag', in the absence of auxiliary ligands, the formed
two-dimensional honeycomb Au--Au network polymer in §
reflects the importance of the phenyl substitutent in direct-
ing the final pillared sheet structure of the gold-acetylide
complex. The present study complements the earlier work
by Mingos et al.”! on the [{({BuC=CAu)g),] catenane cluster
and studies with auxillary phosphine ligands on the PhC=
CAu complexes.[Se’g’h] In 5, the weak Au--Au interaction and
the herringbone-like arrangement of phenyl rings may favor
an unrestricted Au--Au network extension along the ab di-
rection. The Cambridge Structural Database (CSD) survey
on gold(1) compounds reveals that the extended chains’!
and sheet? "4 structures are known. However, our present
two-dimensional honeycomb network topology in 5§ with
significant Au--Au interactions is relatively uncommon
and contrast to some polymeric examples of
[{(CN)Au(CNMe)}]#*  [{(PhC=C)Au(2,6-(Ph,P)py)}.] "
[{(PhC=C) Au(CNC,H;Me,-2,6)}..]*" and [(tpa),Au]
[Au(CN),] (tpa=1,3,5-triaza-7-phosphaadamantane %!
structures, which show linear arrays of weakly interacting
Au' atoms.

Conclusion

In this work, the structure determination of several [RC=
CM] solids from X-ray powder diffraction data was pursued
to unveil the structural complexity of these oligmeric and
polymeric species, for which the preparation of sufficiently
large crystals for single-crystal diffraction measurements is
difficult. Various structures such as discrete molecular clus-
ters, one-dimensional chains, and two-dimensional sheets
were formed and these structures are affected by a subtle in-
terplay of 1) electronic and steric features of the RC=C li-
gands, 2) metal-metal interactions, and 3) the supramolec-
ular assembly associated with those alkyl/aryl RC=C ligands.
Besides the novelty of these structures, the polymeric nature
of the [(RC=CM).] solid allows extensive d-orbital overlap-
ping for these d' metal ions. In the context of transport
properties that had been previously studied by means of the-
oretical calculations,*” the electrical conductivity of these
one-dimensional polymers might be potentially modified so
that the band gaps of these solids can be readily perturbed
by adding trace amount of iodine as a dopant.”’! Finally, the
complicated solid-state effect on material properties of
these polymeric materials demonstrates the importance and
necessity of previous studies on related [RC=CM] molecular
analogues.??ck-2e32313k.30.32-31 BPyurther investigations for other
archetypal of this class of compounds are in progress.
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