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Abstract

X-ray crystal structures are reported for five silver(I) complexes of four monoterpenoid alkenes. Discrete mononuclear complexes of
the chiral alkenes (1S)-(�)-a-pinene and (1S)-(�)-b-pinene with silver perchlorate and silver hexafluorophosphate are described. The
achiral diene c-terpinene forms a discrete mononuclear adduct with silver hexafluorophosphate and a two-dimensional polymeric net-
work structure with silver triflate. The chiral diene (R)-(+)-limonene forms a one-dimensional chiral coordination polymer with silver
hexafluorophosphate. In all structures the silver atom is g2-bonded to the carbon–carbon bond(s) of the monoterpene with slightly
longer bond distances to the more substituted carbon of the alkene moiety.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The use of combinations of organic ligands and metal
ion precursors for the controlled self-assembly of metallo-
supramolecular species have been the subject of much work
in recent years [1]. Most commonly, this involves the use of
bridging nitrogen-containing heterocyclic ligands with
transition metal reactants to form various zero-, one-,
two- or three-dimensional assemblies with diverse molecu-
lar architectures [2]. Of the many metals used, silver(I) salts
have proved particularly popular in recent years [3]. Bridg-
ing ligands containing other donor atoms, such as oxygen
and phosphorus, have also been used for this purpose.
Recently, we have identified the silver–alkene interaction
as a new metallosupramolecular synthon [4]. Alkenes have
long been known to complex silver ions [5], a phenomenon
commonly exploited in the chromatographic separation of
alkenes [6]. However, the use of dienes (or polyenes) as
bridging moieties for supramolecular assembly has not
been previously investigated.
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Coordination polymers are currently considered to offer
considerable potential as functional constructs in the topi-
cal area of material science [7]. One such application is in
the field of non-linear optics [8], wherein an important
requirement for second-order non-linear optical properties
is that the material be non-centrosymmetric. We believe
that the simplest way to access non-centrosymmetric coor-
dination polymers is to use chiral bridging ligands as syn-
thons [9]. Within this context, we now report an
extension of our recent use of achiral dienes as building
blocks in silver metallosupramolecular chemistry [4] to
the use of naturally occurring chiral alkenes and dienes
as reactants for the construction of discrete and polymeric
chiral assemblies. For this purpose we have chosen the
readily available monoterpenoid alkenes (1) and (2) and
dienes (3) and (4) as the organic reactants.

(1) (2) (3) (4)
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Fig. 2. Perspective view of the X-ray crystal structure of 6 formed from
(1S)-(�)-b-pinene. Selected interatomic distances (Å): Ag1–C2 2.581(2),
Ag1–C10 2.303(3), Ag1–C12 2.513(2), Ag1–C20 2.296(3), Ag1–F2
2.686(2).
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2. Results and discussion

As a first step in this project we examined the reactions
of the simple monoterpenoid alkenes (1S)-(�)-a-pinene (1)
and (1S)-(�)-b-pinene (2) with a variety of silver(I) salts.
From such exploratory experiments two crystalline adducts
5 and 6 were obtained by reactions of silver perchlorate
with excess 1 and silver hexafluorophosphate with excess
2, in the presence of dichloromethane as a cosolvent. The
complex 5 crystallizes in the orthorhombic space group
P212121 and consists of two molecules of 1 bound to a sil-
ver atom that is also coordinated to an oxygen atom of the
perchlorate counterion (Fig. 1). The silver atom has trigo-
nal geometry with silver–carbon bond distances in the
range 2.402(4)–2.515(4) Å. The distances to the more
highly substituted carbons (C2 and C12) are longer than
those to the less substituted (C3 and C13) carbons of the
double bonds. Not unexpectedly, in both molecules of
the monoterpene the silver atom coordinates to the face
of the double bond that is anti to the bulky gem-dimethyl
bridge. Thus, (1S)-(�)-a-pinene (1) readily forms a discrete
2:1 L:M complex in which the silver atom coordinates to
the endocyclic double bond of the monoterpene.

The complex 6 crystallizes in the same space group and
also has a L2M stoichiometry. In this case the silver atom
has a more linear geometry due to the much weaker inter-
action with the more weakly coordinating hexafluorophos-
phate counterion (Fig. 2). The silver–carbon distances are
in the range 2.296(3)–2.581(2) Å and, once again, the dis-
tances to the more substituted carbons (C2 and C12) are
longer than those to the exocyclic methylene carbons
(C10 and C20). The silver atoms complex to the less hin-
dered face of the double bond, in both the coordinated
molecules of 2. These two structures serve to show that chi-
ral, discrete silver complexes can readily be prepared in
which the silver atom coordinates to either an endocyclic
double bond (as in 5) or an exocyclic double bond (as in 6).
Fig. 1. Perspective view of the X-ray crystal structure of 5 formed from
(1S)-(�)-a-pinene. Selected interatomic distances (Å): Ag1–C2 2.515(4),
Ag1–C3 2.402(5), Ag1–C12 2.500(4), Ag1–C13 2.402(4), Ag1–O1 2.397(3).
In order to extend this synthetic approach from discrete
mononuclear complexes to multinuclear coordination
polymers of higher dimensionality, the organic ligand
needs to act in a bridging mode. As we have shown
recently, this requires the use of dienes as bridging ligands
between silver centres [4]. Thus, the two readily available
monoterpenoid dienes c-terpinene (3), and (R)-(+)-limo-
nene (4), were investigated as potential bridging ligands
for silver-based coordination polymers. The achiral diene
3 was reacted with several silver salts and the product from
reaction with silver hexafluorophosphate was found to
form a discrete mononuclear complex (7). This compound
crystallizes in the centrosymmetric monoclinic space group
C2/c, with the asymmetric unit containing a molecule of
c-terpinene, half a silver atom and half a hexafluorophos-
phate counterion both of which lie on a twofold rotation
axis. Thus, the actual structure is a discrete L2M complex
similar to 6 (Fig. 3) and also has approximately linear coor-
dination of the two double bonds to the silver which inter-
acts only weakly with the counterion. The most surprising
feature of this structure is that the silver coordinates to the
more hindered of the two double bonds within the mono-
terpene. This is presumably because it is the more electron
rich due to the greater electron donating ability of the iso-
propyl substituent compared to the methyl group. This
electronic effect apparently overrides the steric effects. As
with the other structures, the bond from the silver atom
to the less substituted carbon of the double bond is shorter
than the other.

Reaction of c-terpinene with silver(I) triflate furnished a
product 8 as thin, unstable plates, most of which were
highly twinned. After many attempts a data set was
extracted from one of several collections which was suffi-
cient to reveal the structure to be a two-dimensional coor-
dination polymer, albeit achiral. Fig. 4 shows the contents
of the asymmetric unit, which contains one molecule of
c-terpinene and two silver atoms bridged by two bidentate
triflate anions with a silver–silver separation that is



Fig. 3. Perspective view of the X-ray crystal structure of 7 formed from
c-terpinene. Selected interatomic distances (Å): Ag1–C4 2.437(2), Ag1–C5
2.369(2), Ag1–F1 2.699(2).

Fig. 4. Perspective view of the asymmetric unit in the X-ray crystal
structure of 8. Selected interatomic distances (Å): Ag1–C4 2.579(15), Ag1–
C5 2.365(14), Ag2A–C1 2.536(15), Ag2A–C2 2.391(13), Ag1–O1
2.377(11), Ag1–O4 2.460(11), Ag2–O2 2.424(10), Ag2–O5 2.394(10),
Ag1–Ag2 3.286(2).

Fig. 5. Perspective view of the extended two-dimensional polymeric
structure of 8. Hydrogen atoms have been omitted for clarity.

Fig. 6. Perspective view of the asymmetric unit in the X-ray crystal
structure of 9. Selected interatomic distances (Å): Ag1–C1 2.531(4), Ag1–
C2 2.401(4), Ag1A–C8 2.548(4), Ag1A–C9 2.331(4), Ag1–O1 2.305(4),
Ag1–F1 2.752(3), H1B–F4 2.09(2).
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probably non-bonding [10]. Thus, this compound has LM2

stoichiometry. The monoterpenoid diene acts as a bridge
between two disilver units by coordinating through each
of the two carbon–carbon double bonds from opposite
faces of the central cyclohexadiene ring, thereby extending
the structure into polymeric chains that propogate along
the b-axis. These chains are further cross-linked by the
third oxygen of one of the triflates which binds to both
silvers of a disilver unit in the adjacent chain to result in
a complex two-dimensional network structure (Fig. 5).
Having demonstrated that monoterpenoid dienes can be
used for the formation of silver coordination polymers we
proceeded to attempt to prepare a chiral variant. Pleas-
ingly, the reaction of (R)-(+)-limonene, (4), with silver
hexafluorophosphate did indeed result in the self-assembly
of a one-dimensional chiral silver coordination polymer.
This compound 9 crystallizes in space group P212121 with
a molecule of 4, a silver atom with a coordinated water
molecule and a hexafluorophosphate anion in the asym-
metric unit (Fig. 6). In the extended structure (Fig. 7) the
limonene is found to act as a bridging ligand with coordi-
nation to both the terminal vinyl group and the endocyclic
double bond. Thus, the resulting coordination polymer has
resulted from the faithful self-assembly of limonene bridges
in a regularly arranged fashion. In our experience [2c],
unsymmetrical bridging ligands of this type with similar,
but different, binding domains tend to discombobulate



Fig. 7. Perspective view of the extended one-dimensional polymeric
structure of 9. Hydrogen atoms have been omitted for clarity.
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the self-assembly process and produce mixtures of isomeric
structures with different orientations of the bridge in the
polymeric chain. In the extended structure of 9, the pres-
ence of the coordinated water molecule results in a dis-
torted trigonal coordination environment for the silver
atom. The hexfluorophosphate anion has only a very weak
association with the silver atom but is hydrogen bonded to
the coordinated water molecule. Once again the silver
atoms form shorter bonds to the less substituted carbons
of each double bond.

3. Conclusion

In this study, we have shown that monoterpenoid alk-
enes are useful synthons for the formation of chiral metal-
losupramolecular assemblies. X-ray crystal structures have
been determined for discrete L2M complexes of the two iso-
Table 1
Crystal data and X-ray experimental details for 5–9

Compound 5 6

Empirical formula C20H32AgClO4 C20H32AgF6P
Formula weight 479.78 525.30
Temperature (K) 163(2) 163(2)
Crystal system Orthorhombic Orthorhombic
Space group P212121 P212121

Unit cell dimensions

a (Å) 9.4056(16) 8.6396(11)
b (Å) 10.7762(18) 9.3979(11)
c (Å) 21.297(4) 26.820(3)
a (�) 90 90
b (�) 90 90
c (�) 90 90
Volume (Å3) 2158.6(6) 2177.6(5)
Z 4 4
Calculated density (Mg m�3) 1.476 1.602
Absorption coefficient (mm�1) 1.078 1.052
F(000) 992 1072
Crystal size (mm) 0.22 · 0.08 · 0.04 0.39 · 0.25 · 0.03
h Range (�) 1.91–25.04 2.30–26.42
Data collected 22605 25939
Unique data [Rint] 3801 [0.0810] 4444 [0.0304]
Observed data [I > 2r(I)] 2793 3832
Parameters 243 265
wR2 (all data) 0.0552 0.0599
R1 [I > 2r(I)] 0.0366 0.0245
meric chiral pinenes and of c-terpinene, while coordination
polymers have been structurally characterized containing
the bridging dienes c-terpinene and (R)-(+)-limonene.

4. Experimental

The complexes were prepared, as described elsewhere
[11], by reaction of the appropriate silver(I) salt with an
excess of the liquid monoterpene, with addition of a small
amount of dichloromethane to assist solubilization of the
silver salt, if necessary. The products were obtained in
moderate yields and often displayed low melting points
and were hygroscopic and prone to decomposition; as a
result successful combustion analyses were not obtained.

5. X-ray crystallography

The crystal data and details of the data collections and
refinements for the five structures are listed in Table 1.
Measurements were made with a SMART CCD area
detector using graphite-monochromatized Mo Ka (k =
0.71073 Å) radiation. The structures were solved by direct
methods using SHELXS [12] and refined on F2 using all data
by full-matrix least-squares procedures with SHELXL-97 [13].
All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. Hydrogen atoms were included in
calculated positions with isotropic displacement parame-
ters 1.2 times the isotropic equivalent of their carrier
atoms. In the refinement of compounds 5 and 6 the posi-
tions of the olefinic hydrogen atoms were refined in order
to check for any pyramidalization of the coordinated
7 8 9

C20H32AgF6P C12H16Ag2F6O6S2 C10H18AgF6OP
525.30 650.11 407.08
163(2) 163(2) 163(2)
Monoclinic Monoclinic Orthorhombic
C2/c P21/c P212121

15.388(2) 5.0818(15) 7.5615(9)
9.9028(13) 17.211(5) 10.4903(13)
14.980(2) 21.123(6) 17.558(2)
90 90 90
98.969(2) 91.109(3) 90
90 90 90
2254.8(5) 1847.1(9) 1392.8(3)
4 4 4
1.547 2.338 1.941
1.016 2.433 1.619
1072 1264 808
0.64 · 0.19 · 0.08 0.51 · 0.31 · 0.04 0.34 · 0.31 · 0.26
2.45–25.04 1.93–25.05 2.26–26.42
12697 15979 10595
1989 [0.0198] 3231 [0.0390] 2834 [0.0289]
1888 3122 2620
129 253 174
0.0451 0.2219 0.0774
0.0165 0.0916 0.0294
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carbon atoms; none was found. The functions minimized
were

P
wðF 2

o � F 2
cÞ, with w ¼ ½r2ðF 2

oÞ þ aP 2 þbP ��1, where
P ¼ ½maxðF oÞ2 þ 2F 2

c �=3. The refined Flack parameters [14]
for the chiral compounds 5, 6 and 9 were 0.05(3), 0.05(2)
and 0.20(4) which confirm the absolute configurations
and reveal a small racemic twin component in the structure
of 9.
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Appendix A. Supplementary data

Full tables of atom coordinates, thermal parameters,
and bond distances and bond angles have been deposited
at the Cambridge Crystallographic Data Centre. CCDC
Nos. 287362–287366 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (internat.)
+44 1223/336 033; e-mail: deposit@ccdc.cam.ac.uk).
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.jorganchem.
2005.11.046.
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(2001) 155;
(d) S.-L. Zheng, M.-L. Tong, X.-M. Chen, Coord. Chem. Rev. 246
(2003) 185;
(e) C.-L. Chen, B.-S. Kang, C.-Y. Su, Aust. J. Chem., in press.

[4] J. Burgess, J.R.A. Cottam, P.J. Steel, submitted.
[5] S. Winstein, H.J. Lucas, J. Am. Chem. Soc. 60 (1938) 836.
[6] (a) C.M. Williams, L.N. Mander, Tetrahedron 57 (2001) 425;

(b) J. Kaneti, L.C.P.M. de Smet, R. Boom, H. Zuilhof, E.J.R.
Sudhölter, J. Phys. Chem. 106 (2002) 11197.

[7] (a) D. Braga, F. Grepioni, G.R. Desiraju, Chem. Rev. 98 (1998)
1375;
(b) P.J. Hagrman, D. Hagrman, J. Zubieta, Angew. Chem. Int. Ed.
38 (1999) 2638;
(c) S.R. Batton, Curr. Opin. Solid State Mater. Sci. 5 (2001) 107;
(d) C. Janiak, Dalton Trans. (2003) 2781;
(e) G.S. Papaefstathiou, L.R. MacGillivray, Coord. Chem. Rev. 246
(2003) 169;
(f) S. Kitagawa, R. Kitaura, S. Noro, Angew. Chem. Int. Ed. 43
(2004) 2334.

[8] (a) O.R. Evans, W. Lin, Acc. Chem. Res. 35 (2002) 511;
(b) O. Maury, H. Le Bozec, Acc. Chem. Res. 38 (2005) 691.

[9] (a) C.M. Fitchett, P.J. Steel, New J. Chem. 24 (2000) 945;
(b) W. Lewis, P.J. Steel, Supramol. Chem., in press;
(c) C.M. Fitchett, P.J. Steel, Aust. J. Chem., in press.

[10] P. Pyykko, Chem. Rev. 97 (1997) 597.
[11] J.R.A. Cottam, B.Sc. Hons. Project Report, University of Canter-

bury, 2003.
[12] G.M. Sheldrick, Acta Crystallogr., Sect A 46 (1990) 467.
[13] G.M. Sheldrick, SHELXL-97, University of Göttingen, Germany, 1997.
[14] H.G. Flack, Acta Crystallogr., Sect. A 39 (1983) 867.

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://dx.doi.org/10.1016/j.jorganchem.2005.11.046
http://dx.doi.org/10.1016/j.jorganchem.2005.11.046

	X-ray crystal structures of discrete and polymeric chiral silver complexes of monoterpenoid alkenes
	Introduction
	Results and discussion
	Conclusion
	Experimental
	X-ray crystallography
	Acknowledgement
	Supplementary data
	References


