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Silver(l) complexes with aromatic donors are thoroughly analyzed (with aid of the Cambridge Crystallographic
Database) to identify the basic structural factors inherent to the bonding of an arene ligand. Most strikingly, the
distance parametat (which simply measures the normal separation of Ag from the mean aromatic plane) is
singularly invariant atl = 2.414 0.05 A for all silver/arene complexes, independent of the haptigity( 72),
hybridization, or multiple coordination. As such, a systematic series of stilbenoid ligands has been successfully
designed to precisely modulate the penetration of silver(l) into the ligand cleft, and a multicentered poly(arene)
ligand (X) designed to form a one-dimensional assembly of Ag/arene units. Simply stated, the depth penetration
of silver(l) into the aromatic cavities of variouwss-stilbenoid donors can be precisely predicted with a single
parametey that measures the separation of the two cofacial aryl groups comprising the cleft. This simple geometric
consideration must be taken into account in any successful design of novel (poly)aromatic ligands for silver(l)
complexation to constitute new molecular architectures.

Introduction ment of silver(l) has not evolved and it remains as a largely ad

Among the variouss- and s-complexes of silver(l) with hoc operation. . . .
organic ligandé;? those derived from arene donors have the To address this structu_ral prob_lem, we inquire as to the_ basic
desired structural diversity for the construction of organometallic Nature of the arene bonding to silver(l). Historically, Mulliken
(solid-state) devices as electrical conductors, photoactive switchesConceived thex-interaction of arene with silver(l) to be
chemical sensors, eté.This possibility stems in large part from dominated by charge transférbut this formulation is not
the active synthetic interest in polycyclic hydrocarbons that bear @Menable to experimental test owing to the absence of distinctive
two or more aromatic groups in interesting arrays, including (résolved) absorption bands in most (colorless) compléxese
diarylalkanes (-alkenes and -alkynes), cyclophanes, tryptycenes@ltérnative Dewar Chatt-Duncanson model is most widely
triangulanes, deltaphanes, cylindrophanes 5etcCritical to accepted, and it predicts thyé bonding of silver(]) to a pair of
crystal engineering is the spontaneous self-assembly of the activding carbon centers (arising fromback-donatioriy though it
silver(l) center within a proscribed environment, whether it links 1S ot commonly observet.

a di- or trifunctional aromatic ligand in a polymeric (linear) Our analysis initially considered (mono)benzenoid ligands
structure or is encapsulated deep within a 3-dimensional cagewith the thought that these may provide some clues for a better
such as a calixarerfé.Despite numerous ingenious designs of understanding of the general stereoelectronic requirements of
novel ligands, however, the systematics for the precise place-silver/arene coordination that is unbiased by either distortion
or steric hindrance introduced by the chemical linking of two
* E-mail: jkochi@pop.uh.edu. or more aromatic groups. Indeed, a search through the Cam-

(1) Beverwijk, C. D. M.; Van der Kerk, C. J. M.; Leusink, A. J.; Noltes,  pyridge Crystallographic Database (CCD) reveals more than 70
J. G.Orgamet Chem Rev. A 197Q 5, 215.

(2) (a) Griffith, E. A. H.. Amma, E. LJ. Am Chem Soc 1974 96, 5407. entries of intermolecular structures of which more than half (40)
(b) Griffith, E. A. H.; Amma, E. L.J. Am Chem Soc 1974 96, 743. involve two or three arene ligands bound to silver(l), indepen-
(c) Griffith, E. A. H.; Amma, E. L.J. Am Chem Soc 1971, 93, 3167. dent of whether the arene/Ag molar ratios are less than 2:1 or

gdZ)ZHaII, E. A Amma, E. L.J. Chem Soc, Chem Commun 1968 3:124 Most importantly, the following three critical structural

(3) Munakata, M.; Wu, L. P.; Kuroda-Sowa, T.; Maekawa, M.; Suenaga, features are found to be inherent to all the silver/arene complexes

Y.; Sugimoto, K.Inorg. Chem 1997, 36, 4903. of rather wide ligand diversity.
(4) Munakata, M.; Wu, L. P.; Ning, G. L.; Kuroda-Sowa, T.; Maekawa,
M.; Suenaga, Y.; Macao, Nl. Am Chem Soc 1999 121, 4968.

(5) (a) Kang, H. C.; Hanson, A. W.; Eaton, B.; Boekelheide JVAm (8) Ikeda, A.; Tsuzaki, H.; Shinkai, S. Chem Soc, Perkin Trans 2
Chem Soc 1985 107, 1979. (b) Taylor, I. F., Jr.; Amma, E. |Acta 1994 2073 and references therein.
Crystallogr. 1975 B 31, 598. (9) lkeda, A.; Shinkai, SJ. Am Chem Soc 1994 116, 3102.
(6) (@) Munakata, M.; Wu, L. P.; Kuroda-Sowa, T.; Maekawa, M.; (10) Mulliken, R. S.J. Am Chem Soc 1952 74, 811.
Suenaga, Y.; Ning, G. L.; Kojima, . Am Chem Soc 1998 120, (11) The relevant charge-transfer band overlays the local band of the
8610. (b) Munakata, M.; Wu, L. P.; Sugimoto, K.; Kuroda-Sowa, T.; aromatic donor and is unresolved.
Maekawa, M.; Suenaga, Y.; Maeno, N.; Fujita, IMorg. Chem 1999 (12) (a) Dewar, M. J. SBull. Soc Chim Fr. 1951, 18, C79. (b) Chatt, J.;
38, 5674. (c) Ning, G. L.; Munakata, M.; Wu, L. P.; Maekawa, M.; Duncanson, L. AJ. Chem Soc 1953 2939.
Suenaga, Y.; Kuroda-Sowa, T.; Sugimoto,lKorg. Chem 1999 38, (13) Silver(l) nearly always coordinates to aromatic molecules in an
5668. unsymmetrical fashiof? See also a trenchant analysis by Shelly et
(7) (a) Ferrara, J. D.; Djebi, A.; Tessier-Youngs, C.; Youngs, Wa. J. al.: Shelly, K.; Finster, D. C.; Scheidt, W. R.; Reed, C. AAm
Am Chem Soc 1988 110, 647. (b) Mascal, M.; Kerdelhyel. L.; Chem Soc 1985 107, 5955.
Blake, A. J.; Cooke, P. AAngew Chem, Int. Ed. 1999 38, 1968. (14) For the relevant references, see Table 4.
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A. The separation of silver(l) from the mean plane of the
coordinated benzene (skelies within a narrow range, being
d=2.414 0.05 A, i.e.,£2% over all structures.

B. Silver(l) shows no preference toward eithgr or 52
coordination of arene®. [Note thatn! coordination is tanta-
mount to o-bonding of silver(l) to an arene center.] Most
importantly, the position of Ag is always restricted to a narrow

Lindeman et al.

motion of silver!® Such structural “anomalies” are easily
accounted for and even predicted from structural facet€A
For example, Agsits over the rim of the coordinated benzene
rings but at a distance a little too distant£ 2.47 A in1V)
from the standard value of 2.41 A. However, the principal reason
for ineffective silver(l) coordination lies in the angular distortion
of o, which is forced to be 120nstead of the desired value of

arc over the periphery of the coordinated benzene ring, and itsa. = 130°; and importantly the 3-fold symmetry of the (poly)-

(azimuthal) position can be quantitatively gauged by its deviation
A from the centroid axis (se€lg. Indeed the angular parameter

Q'

$ and the lineaA as measures of deviation show remarkable
constancy with3 = 32° & 3° andA = 1.53+ 0.2 A over the
range of all structure® being only slightly subject to packing
forces.

C. The “grab” anglex. between the planes of the coordinated
benzene (sel )7 falls within three sharply delineated regions
of 95°, 13(%, and 158 (typically within +3°) roughly corre-
sponding to octahedral, tetrahedral, and linear hybridization of
silver. Accordingly, the known silver/bis(monoarene) complexes
can be divided into separate structural groups composed of thre
different coordination geometries, and they all abide by
structural requirements A and B described above (for details
see Table 4).

We believe that structural requirements-& are equally
applicable to cyclic (poly)arene ligands which have been
elaborately designed to capture silver(l) deep within their
cavities. Let us consider deltaphatie and (2.2.2)paracyclo-
phanelV as illustrative examplé$in which the size of the

= 70

\
‘ <

v

%

oI

internal cavity matches the ionic radius of silver(l); and' Ag

was thus expected to occupy the center of the cavities and

perfectly entombed within. However, NMR studies revealed a
high kinetic lability of these complexes, and X-ray crystal-

lography demonstrated the silver(l) contact to occur only with
the carbon atoms of the upper rims of both cylinder-shaped
donors and not in the middle of the cavity. Our more detailed

consideration of the available crystallographic data revealed

some large deviations of silver(l) from an expected ideal trigonal
coordination (Table 1) and an unusually enhanced thermal

(15) In the known structure$,silver(l) coordination varies continuously
between they® and 2 modes, with a wide range of intermediate
hapticities indicated ag!-° in Table 4.

(16) Ideal values aré\ = 1.40 A if Ag is located directly over a ring
carbon ¢! coordination) or 1.20 A if it sits astride the=6C bond ¢?2
coordination). In real structures, Ag is always slightly shifted (by-0.1
0.3 A) outside the benzene rim.

(17) More preciselyq is the angle subtended by the normals to the mean
planes of the two benzenoid rings.

(18) Kang, H. C.; Hanson, A. W.; Eaton, B.; Boekelheide,JVAm Chem
Soc 1985 107, 1979.

arene ligand forces Ag to adopt an undesirable trigonal
pyramidal coordination. As such, we conclude that the increased
lability and thermal motion of silver(l) reflect a tendency to
resolve this degenerate symmetry. The point is strongly sup-
ported by structural data on the less symmetrical homologue in
which the additional methylene bridge removes the 3-fold
symmetry?° As a result, Ag shifts aside (from the remaining
mirror plane) to achieve the more natural (distorted) tetrahedral
coordination. Even in this complex, however, the pair of
potential minima are not well separated and three crystallo-
graphically independent units show different degrees of Ag
deviation from the local mirror plane.

The same analyses of silver/arene complexes based on
structural facets A C of different macrocyclic aromatic ligands
such as the calixarenes, other cyclophanes, etc. (for some details
see Experimental Section) show why all previous attempts to
totally encapsulate silver(l) heretofore have been unsuccessful.
In order to achieve this goal, we identify the desirable structural
features of the aromatic ligand to include two (not three) linked

é)enzene rings so that the grab angle in the complex will be

close to either 130or 155 and the distance between benzene

centers will not be less than 3.5 A (but not exceed 5 A).

Moreover, the local symmetry of the desired ligand should
accord with the silver(l) coordination (e.g., 2-fold symmetry is

allowed but not 3-fold) and possess only a narrow site wherein
the steric limitations of silver(l) coordination are satisfied (since
multiple or extended sites will reduce the efficiency of com-

plexation).

A literature search revealed that these optimal structural
features are inherent to thogs-stilbenoid ligandV previously
utilized by Gano and co-worke¥fsand its close bicyclic relative
VI which we developed for nitrosonium complexati3n.

VI

In these bis-arene ligands, the silver(l) complexation that
occurs between the pair of (more or less) cofacial aryl groups
will determine its penetration into the cleft. Although Gano and
co-workerd'2found that silver(l) sits somewhat outside the cleft

(19) Cohen-Addad, C.; Baret, P.; Chautemps, P.; Pierre, JAdta

Crystallogr, Sect C 1983 39, 1346. The silver(l) at the center of

gravity of the complex with ligandV has a relatively larg8isoeq=

4.5 A? similar to that of the peripheral carbons.

(20) Heirtzler, F. R.; Hopf, H.; Jones, P. G.; Bubenitschek, P.; Lehne, V.
J. Org. Chem 1993 58, 2781.

(21) (a) Gano, J. E.; Subramaniam, G.; BirnbaumJ.ROrg. Chem 199Q
55, 4760. See also: (b) Lenoir, D.; Gano, J. E.; McTague, J. A.
Tetrahedron Lett 1986 27, 5339. (c) Gano, J. E.; Park, B.-S.;
Pinkerton, A.A.Acta Crystallogr, Sect C 1991, 47, 162. (d) Gano, J.
E.; Jacob, E. J.; Sekkar, P.; Subramaniam,J@Jrg. Chem 1996
61, 6789.

(22) Rathore, R.; Lindeman, S. V.; Kochi, J. Kngew Chem, Int. Ed.
1998 37, 1585.
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Table 1. Geometrical Parameters of Silver(l)/Bis- and Tris(arene) Complexes with Polynuclear Tethered Ligands

Ar AgX  Ratio  Ag...C"  Hapticity d B A a Coord.  Ref.
Ar/A® n (A) (deg) (A) (deg)
CE; Ag" 1:1 2.58/2.69 nz/‘r]2 2.53 29 1.40 80 tetra- 36
hedral
B- )4 CeHul, 2:1) 2517257 243 30 1.41
CF,
(CH,), Ag- 1:1 2.48/- n'/m'm' 2.46 32 1.51 119  trigonal 18
F
DiI SO:CFs (3:1)  2.41- 2.39 33 1.54 121 pyram.
(CHy 1,
2.41/- 2.39 33 1.55 120
Ag- 1:1 2.56/2.63 'r]z/nz/n2 2.49 27 1.30 119  trigonal 18

(CHy), SO:CF:*
3 (3:1)  2.552.70 2.50 31 1.49 121 pyram.

2.62/2.63 2.50 31 1.51 120

AgClO, 1 254267 it 2.49 30 143 121 trigonal 19
(CH,),
1, (3:1)  2.55/2.64 247 32 157 118 pyram.
2.57/2.62 2.48 30 1.43 120
AgSBF, 111 251262  nimimt 242 33 157 119 trigonal 39
G:1)  2.53/2.61 245 31 147 120  pyram.
2.51/2.58 241 33 1.59 120
AgCIO, 11 2.59% - 255 21 0.96 135  tetra- 20
A0 (1)  2.49/2.59 233 39 1.89 hedral
Ag- 11 239 n'm! 232 37 175 192 lincar 8
/Q\ SOCE: .1y 240/ 234 36 1.73
4 (cone)
Ag- L1 241269  qtmt 232 37 175 193 linear 8,9
/Q\ SO:CF: 5.4y 2401271 233 37 1.77
CH,
OPr 4 (paco)
AGNOs 11 2502.64 "’ 237 37 1.79 193 lincar 40
/QCHz 2:1) 253255 2.40 34 1.64
OMe 4 (paco)
NH. Ag- 11 257 't 252 34 171 173 square 34
SO:CF
NH@ Ty 2ss- 2.53 32 157 planar
NH
O Ag- 122 254 nimiq 247 35 172 687 tetra- 35
SO:CF; hedral
< . ) T30y 255k 2.49 36 178 1283°
; 1,0 \
i : 2.46/2.51° 238! 207 1300 136"

2|n parentheses: ratio between coordinated benzene rings and silv@i{h.symbol “-” means that all other distances-Ag are larger than
2.71 A (g + rc + 0.5 A). 15 used for hapticities intermediate betwegrandz,?2. ¢ Parameters are given only for one of four crystallographically
nonequivalent units: Parameters are given only for one of three crystallographically nonequivalentiwits. toluene molecule.

formed by the cofacial phenyl groups in (i.e., on the rim), aromatic complexing sites, (b) modulating the cleft opening by
we thought that the unique combination of steric and electronic modification of the bicyclic bridge that controls the steric strain
factors in theseis-stilbenoid ligands can be optimized by (a) around the double bond, and (c) regulating the rotational
introduction of suitable (electron-donor) substituents on the freedom of the aryl groups with ortho substituents.
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Results and Discussion

We focused in this study on four stilbenoid ligands in Chart
1 as prototypes for the study of silver(l) penetration into the
ligand cavity. For comparison, data from Gano’s ligand (1,2-
di-tert-butyl-cis-stilbene,V) are also included.

Synthesis of the Stilbenoid LigandsLigandsViIl , VIl , and

X were prepared by a general procedure described earlier based

on the palladium-catalyzed coupling of a 1,2-dibromoalkene
with an aryl Grignard reagent,e.g.,

MgBr

Br, Ph PdCL(PPh;),
>—_—< + 2 ———> X + 2MgBr, ()
Ph Br

Ligand IX was prepared via the cycloaddition 1,5-cyclooacta-

Lindeman et al.

Table 2. Donor Strengths of Stilbenoid Ligands and Formation
Constants of Their Complexes with Silver(l)

Stilbenc® B (V vs SCEY) Kiorm (MY
ﬁPMB 128 662+ 10
PMB
Ph 1.52 527410
Ph
MES 1.40 337410
MES
Ph PMB
| 130 -
PMB
u' Ph
I - 3700 + 300°
Bu' Ph

a PMB = pentamethylphenyl, P& phenyl, MES= mesityl, Bu =
tert-butyl. ® In dichloromethane at 28C.°¢In 3:1 v/v mixture of
dichloromethane and methanéFrom Gano et al. in ref 21a.

magnitudes of th&s,m values in Table 2 are substantially larger

diene and diphenylcyclopentadienone and isolated as colorlesshan those of simple (mono)arene complex@sf ~ 2.4—3.9

crystals in 62% yield?

Ph A
o + —_— X + CO 2)
Ph {10 days)

Cyclic Voltammetry of the Stilbenoid Ligands. The donor
strengths of the stilbenoid ligands were evaluated by their
reversible oxidation potentiat8 Cyclic voltammetry carried out
at a platinum anode showed reversible electrochemical behavio
when a 5 mMsolution in dichloromethane containing 0.1 M
tetrabutylammonium tetrafluoroborate was swept at 100 mV s
The trend in theE°,y values listed in Table 2 followed the
decreasing trend of the methylated benzenes established &arlier.
As such, we conclude that they are largely unaffected by steric
changes or the nature of the bicyclic bridge.

Preparation and Isolation of Silver(l) Complexes withcis-
Stilbenoid Ligands. A uniform procedure was followed in the
preparation of the crystalline complexes by the dissolution of
equimolar amounts of silver(l) trifluoromethanesulfonate (Ag-
OTf) and the appropriate stilbenoid ligand in anhydrous
tetrahydrofuran. The colorless solution was evaporated to
dryness in vacuo, and the residue was redissolved in dichlo-
romethane. The colorless solution was carefully layered with
either n-hexane or toluene and allowed to deposit colorless
crystals. The silver/stilbene complexes are stable at room

r

M~1in aqueous solutiong),but less than that{sorm = (3.7 &
0.3) x 10®* M~1] obtained forV in pure chloroform by Gano
and co-workerg!a

X-ray Crystallographic Structures of Silver(l) Complexes
with Stilbenoids. Crystallographic data on the 1:1 silver(l)/
stilbene complexe¥Il —1X were collected at low temperature
(either 93 or 123 K) and refined to R4 3.6%, and the pertinent
structural parameters are listed in Table 3. As a basis for
comparison, crystallographic data were also collected for the
free (uncomplexed) ligands, and they are available from the
Cambridge Crystallographic Data Center together with those
for their silver complexes.

The ORTEP structures fafll —IX are illustrated in Figures
1-3, respectively, and they uniformly show that Ag is incor-
porated within the cleft of the stilbenoid donors, and the bonding
to both aromatic moieties is essentially the same (with a local
2-fold axis through the silver(l) ion and the middle of the
C=C double bond), i.e.,

Q

-

N

~
-

>~
3

<

e

~

0

XI

temperature and showed no signs of decomposition over a period

of months.

Evaluation of Formation Constants in Solution. The
formation constants of the silver(l) complexes with ligakdls—
IX were evaluated in a 3:1 v/v mixture of dichloromethahe-
and methanoty, by the NMR method described earliér1aThe

(23) Rathore, R.; Kochi, J. KCan J. Chem 1999 77, 913.

(24) Compare: Fray, G. I.; Oppenheimer, A. \W.Chem Soc, Chem
Commun 1967, 599.

(25) Kochi, J. InComprehensie Organic Synthesislrost, B., Fleming,
I., Eds.; Pergamon: New York, 1991; Vol. 7, p 849.

(26) Howell, J. O.; Goncalves, J. M.; Amatore, C.; Klasinc, L.; Wightman,
R. M.; Kochi, J. K.J. Am Chem Soc 1984 106, 3968.

Although the silver(l) compleX/Il packs in the unit cell as
single molecules an¥lll andIX pack as dimeric units (with
trifluoromethanesulfonato bridges), the basic structural unit
illustrated byXI remains intact in all structures. However, the
bonding of silver(l) to the aromatic moiety varies betwegn
andz? (see column 5, Table 3).

The most important structural parameter for this study is the
distance between silver(l) and the olefinic center, which is given
by the parametel in structureXl. We consider the parameter

(27) Andrews, L. J.; Keefer, R. M. Am Chem Soc 1949 71, 3644. See
also ref 2a.
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Table 3. Geometrical Parameters of Silver(l)/Bis(arene) Complexes eigStilbenoid Ligands

Ar AgX  Ratio Ag..C° Hapticity d B A 7 a L
ArAg ul (A)  (deg) (A (deg) (deg) (A
\ / Ag- 1:1 2.52/-(0) n'm' 248 24 1.10 91 (94) 113 3.47
a SO,CFs  (21)  2.55/2.70 (0/i) 247 20 0.90
VII H,0
Ag- 111 258263 (o) i’ 2.50 27 1.28 88 (91) 122 4.01
SO.CF;  (21)  2.58/2.63 (m/0) 2.50 29 1.37
¥%H,0 2.59/2.67 (mo) W' 2.53 25 1.20 89 (91) 124 3.98
2.57/2.63 (m/o) 2.48 29 1.40
Ag- 1:2 2.52/- (m) '’ 251 29 1.38 79 (82) 133 4.45
SO:CF;  (2:1) 247/~ (m) 245 30 1.41
1%H,0
Ag- 1:2 2.44/- (m) nim! 2.35 39 1.90 77 (88) 140 4.82
SO.CF: (1) 2.44/- (m) 2.35 39
2551271 (o) n"Sm 251 25 1.17 85 (89) 125 4.07
2.55/2.71 (m/o) 2.51 25
Ag- : 2.58/- () n'm? 2.58 25 1.19 717 135 471
SO:CF;  (2:1)  2.51/2.58 (m/p) 2.44 29 1.36 (74"

a|n parentheses: ratio between coordinated benzene rings and silvd@it{§.symbol “-” means that all other AgC distances are larger than
2.71 A (ag + rc + 0.5 A). In parentheses: coordination site within Ph ring (ipso, ortho, meta, or pard¥’ used for hapticities intermediate
betweemy! andz?. 9 In parentheses: values for an uncomplexed lig&ffirst two lines and last two lines refer to two symmetrically nonequivalent
units, respectively’ First two lines: parameters with participation of unsubstituted Ph groups. Last two lines: with participation of methylated Ph
groups.

Figure 1. ORTEP diagram of the monomeriv'|l AgOTf(H.O)] complex. Thermal ellipsoids are shown at the 50% probability level.

L to be a reliable measure of the penetration of Ag into the less than the optimal values of °382°, and 1.5 A, as originally
donor cavity, and it is listed in the last column of Table 3. In outlined in structures andll (vide supra). (Note that the silver/
the Ag complexVIl, silver(l) penetrates deeply into the cleft,
and the value of_ is only 3.5 A (more or less within van der  (28) The separation is 3.42 A according to A. BondiRhys Chem 1964
Waals contact of silver cation and the double b’@hCSUCh a 68, 441). Note, however, the double bond is sterically entombed in
- . . . the complex and idle during complexation since Ag lies in the nodal
close proximity occurs with the silver/arene bonding parameters plane. Its function as an innocent bystander is merely to maintain the

a, B, andA of 113, 24°, and 1.0 A, which are significantly steric arrangement of the complexing benzene moieties.




5712 Inorganic Chemistry, Vol. 39, No. 25, 2000 Lindeman et al.

Figure 2. ORTEP diagram of the dimerie/[lIl AgOTf(u.-OTf)(H.O)AgVIll ] complex. Thermal ellipsoids are shown at the 50% probability
level.

Figure 3. ORTEP diagram of the dimeridX Ag(u2-OTf)(u-H,0)OTfAg:-*AgOTf(uz-H20)(u-OTHAGIX] complex with an unusually short
Ag---Ag contact of 3.234(1) A. Thermal ellipsoids are shown at the 50% probability level.

YN i

V-Ag IX-Ag VIII-Ag VII-Ag
(y=71° (y =80 (y=88%) (y=91°)
Figure 4. Progressive structural changes in silver(l)/stilbenoid complexes with increasing valugsleft opening between benzene rings). See
text and Table 3.

arene separation as measured dhyis the only structural [possibly with several minima that should reduce the effective-
parameter that remains invariant at 2.5 A.) ness of complex formation as described in the tris(arene)
The opposite extreme of silver penetration is found in Gano’s complexes above]. The systematic variation in depth of Ag
silver(l) complex!a(L = 4.7 A) in which Ag is situated on the  penetration into the various stilbenoid clefts is illustrated in
rim at the very periphery of the bis(arene) complexing site. Figure 4.
Although the bonding parameters ef= 135, § = 25°, and It is particularly important to note that the cleft between the
A = 1.2 A are close to optimal values (see structuraadll ), phenyl groups of theis-di-tert-butylstilbene in Gano’s complex
silver coordination to arene is highly asymmetric with one is the narrowest of all the stilbenoid ligands examined in this
benzene nucleus much more tightly bound than the other (seestudy. Let us therefore defing as the cleft parameter for
column 6, Table 3). This suggests a very shallow or wide shape maintaining the dihedral angle between the mean aromatic
of the potential energy minimum from silver(l) coordination planes in stilbenoid ligands (see structiig. If so, Figure 5
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5

X(Ph)
45
ol 4
o
3.5 4
3 , - ‘
35 45 55 65 75
(180-u), deg.

Figure 5. Silver penetratiorL (see structureXl) as a function of

dihedral anglex between benzene rings (see structije Correlation

factor for the linear approximation R = 0.9995 (Gano’s structure
V:Ag was not included in the computation).

dramatically illustrates the linear correlation that pertains
betweenL (penetration) and (cleft)?® In other words, the
degree to which Ag penetrates the stilbenoid cavity is solely

Inorganic Chemistry, Vol. 39, No. 25, 2006713

both clefts ofX are unaffected. The latter is demonstrated by
the exact inclusion of both sets bfandy parameters for silver-

(I) complexX in the linear correlation shown in Figure 5. The
latter confirms our above conclusion that the distance parameter
d is the overriding factor that establishes the degree to which
Ag can penetrate a stilbenoid cavity.

Conclusion

Structural analysis of a wide variety of both mono(arene) and
poly(arene) complexes of silver(l) reveals a surprisingly con-
sistent set of optimal (bonding) parameters= 2.4 A, A =
1.5 A, ando. = 130 or 150 (within a rather narrow range)
when 2-fold symmetry pertains in arene/Ag interactions. The
hapticity @¢* or #?) is not a rigid bonding mode for silver(l),
and a continuum of intermediate valueg-f) are commonly
found. We hope these conclusions will aid in the appropriate
design of poly(arene) ligands for effective silver(l) encapsula-
tion.

determined by the (dihedral) cleft angle, which modulates the Experimental Section

precise location of Ag within the cavity. In essence, such a
conclusion derives from the distanag as the invariant
parameterfor all silver/arene complexes. [Thus, it is easy to
conclude that Ag will slide into the cleft (with a certain value
of y) up to anL at which the distance criteriowl)is fulfilled].
Minor adjustments of the ligand morphology to accommodate
thed constant include a slight variation in the aryl twist angle
(which in turn is influenced by ortho substituents) as well as
some contraction of the cleft angje The latter is indicated in
Table 3 (column 9) by the comparative valuesyah the free
ligand relative to that in the complex (always smaller). The
hapticity of the silver/arene bonding is a “soft” parameter, and
it is readily accommodated by changesings, andA as listed
in columns 10, 7 and 8.

Silver(l) Complexes of Bifunctional Stilbenoid Ligands.
Crystal engineering inherent to the encapsulation of silver(l)

Materials. The 2,3-diphenylbicyclooctene derivativéX( 9,12-
dimethyl-10,11-diphenyltetracyclo[6.4.6:80°>9dodec-10-ene) was pre-
pared by heating a mixture of commercially available dimeric 3,4-
diphenyl-2,5-dimethylcyclopentadienone (2.5 g, 10 mmol) and freshly
distilled 1,4-cyclooctadiene (10 mL) in a sealed tube af@Cor 72
h. The excess 1,4-cycloocatadiene was removed in vacuo, and the
chromatographic purification of the resulting crude syrup on silica gel,
using a 1:1 mixture of hexane and ethyl acetate as an eluent, afforded
the pure 2,3-diphenylbicyclooctene derivatiXein good yield (2.1 g,
62%); mp 142-144°C (dichloromethane/ethanoBtd NMR (CDCls)

0 0.94 (s, 6H), 1.75 (br d, 4H), 1.82 (br s, 4H), 1.95 (br d, 4H), 6:88
7.07 (m, 10H)*3C NMR (CDCk) 6 22.97, 24.86, 45.63, 47.38, 125.11,
126.86, 130.02, 141.86, 142.18; G@®IS m/z 340 (M"), 340 calcd for
CaeHzs. An efficient general procedure for the synthesis of 2,3-bis-
(pentamethylphenyl)bicyclo[2.2.2]oct-2-endl(), 2,3-bis(2,4,6-trimeth-
ylphenylbicyclo[2.2.2]oct-2-eneAlll) , and 1,2-bis(pentamethylphen-
yI)-1,2-diphenylethylene X) (mp 157159 °C (dichloromethane

into the stilbenoid ligands can be extended to a polymeric chain ethanol);H NMR (CDC) 6 2.05 (s, 12H), 2.12 (s, 6H), 2.15 (s, 12H),

by employing the bifunctional ligan&X (see Chart 1). The

synthesis of this tetraarylethylene followed from our earlier
studie$®@ and involved the standard palladium-catalyzed cou-
pling of 1,2-dibromostilbene with pentamethylphenylmagnesium

bromide (compare eq 1). Indeed, X-ray crystallographic analysis

shows that both pairs afynaryl groups are cofacially disposed

7.08 (m, 10H)3C NMR (CDCE) 6 16.46, 16.68, 20.07, 125.68, 127.22,
130.98, 131.79, 131.85, 132.83, 139.00, 141.59, 143.35: & m/z
470 (M%), 470 calcd for GeHao) has been described previoushSilver
trifluoromethanesulfonate (Aldrich) was stored in a Vacuum Atmo-
spheres HE-493 drybox kept free of oxygen.

Dichloromethane (Mallinckrodt analytical reagent) was repeatedly
stirred with fresh aliquots of concentrated sulfuric acie2Q vol %)

about the ethylenic linkage in much the same manner as thoseyntil the acid layer remained colorless. After separation, it was washed

in the cis-stilbenesVIl —IX. Treatment ofX with 1 equiv of
silver trifluoromethanesulfonate in tetrahydrofuran and workup

successively with water, aqueous sodium bicarbonate, water, and
aqueous sodium chloride and dried over anhydrous calcium chloride.

as described above yielded sharply melting colorless crystalsThe dichloromethane was distilled twice from@® under an argon

of the silver(l) complex. X-ray crystallographic analysis of the
silver(l) complex revealed the novel (linear) polymeric structure
shown in Figure 6, in which each tetraarylethylene ligand is

connected to two silver(l) in a regular alternating sequence with
two different penetration distances characteristic of a pair of

synphenyl groupsl( = 4.82 A) andsynpentamethylphenyl
groups [ = 4.07 A).

Despite the difference in the overall structure of the polymeric
chain in Figure 6 from that in the stilbenoid mono- and dimeric
analogues (Figures-13), the relevant penetrations of Ag into

(29) The “cleft” angley of the stilbenoid ligand closely correlates with
the “grab” anglen associated with the silver(l) coordination. Thus, if

atmosphere and stored in a Schlenk flask equipped with a Teflon valve
fitted with Viton O-rings. The hexane was distilled froma@2 under

an argon atmosphere and then refluxed over calcium hydrde ).
After distillation from CaH, the solvents were stored in the Schlenk
flasks under an argon atmosphere.

Instrumentation. The'H and**C NMR spectra were obtained on a
General Electric QE-300 FT NMR spectrometer. Electrochemical
apparatus and the procedure for the determination of the oxidation
potentials has been described elsewl&&he equilibrium constants
for stilbenoid donor/silver complexes were determined according to a
published proceduré:?1a

Preparation of Crystalline Stilbene/Silver Complexes. General
Procedure.Equimolar solutions of C&S0;Ag (0.2 mmol, 0.01 M) and
of the stilbene (0.2 mmol, 0.01 M) in anhydrous tetrahydrofuran were

the benzene rings are turned orthogonal relative to the central double mixed at 22°C and under an argon atmosphere. After the mixture was

bond,y = 180° — a. In the complexes investigateg,= 210° — o
because of some twist of the benzene rings.

(30) (a) Rathore, R.; Lindeman, S. V.; Kumar, A. S.; Kochi, JJKAmM
Chem Soc 1998 120, 6931. (b) Rathore, R.; Bosch, E.; Kochi, J. K.
Tetrahedron1994 50, 6727.

stirred fa 1 h at 22°C, the solvent was removed in vacuo. The resulting

solid was redissolved in dichloromethane. The cloudy solution was
filtered through glass wool (under an argon atmosphere) and carefully
layered with hexane. After standing for several days, the bilayered
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Figure 6. Infinite regular chain formed along 2-fold axis in structi¢@AgOTf),. Note the head-to-tail arrangement andbridging function of

triflate ligands.

Table 4. Comparison of the Geometrical Parameters of Silver(l)/Bis(arene) Complexes with Mononuclear Ligands

Ar AgX Ar/ Ag..C*  Hapticity d B A o Coordi Ref.
Ag n° (A) (deg) (A) (deg) nation
®_Pﬁ AgClO, 1.1 248268 n'ym'* 241 35 166 91 sqpy/ 2¢
2.48/2.68 241 35 166 octah.
AeCIO, Ll 257257 wmt 241 35 172 97 octah. 32
2.57/2.57 241 35 172
Ag- 21 247252 qm? 236 34 159 128 tetrah. 41
CH;BsF; 2.49/2.65 245 31 149
Ag- 21 249270 nMm'S 246 29 136 132 tetrah. 42
Me  OTeE, 2.44/2.63 241 28 129
Oj AgCO,  2:1 247257 wMm'* 239 32 150 132 tetrah. 43
o 2.47/2.57 239 32 150
Ag- 21 246~ '’ 244 32 153 151 lincar 44
CH,,B\/F 2.53/2.59 245 29 136
Ag- 21 239257 nMmM 234 32 145 155 linear 45
@Me SO:CF; 2.39/2.68 236 30 135
(PIMG3-
SO:CF),
Me  AgClO, 2:1 244253 n'm* 239 31 143 158 linear 46
@[ 2.49/2.57 240 32 147
Me
AgBF, 31  248- q'm'm? 247 34 167 92 tesh. 33
2.49/- 245 35 173 128
2.53/2.54 241 32 150 131

aThe symbol “-” means that all other AgC distances are longer than 2.71 A+ rc + 0.5 A). P“415 used for hapticities intermediate

betweeny! and 72

mixture deposited colorless single crystals of high quality. Note that reflections withl > 24(1). 2,3-Bis(2,4,6-trimethylphenyl)bicyclo[2.2.2]-
these silver/diaryl olefin complexes were stable at room temperature oct-2-ene (VIII)/AgTCF;SO;~ Complex. Brutto formula: 2GHz2CFs-

for months without showing any sign of decomposition.

X-ray Crystallography. The intensity data for all the compounds
were collected with the aid of a Siemens SMART diffractometer
equipped with a 1K CCD detector using Maadiation ¢ = 0.71073

SOsAg-H-0, MW = 1220.93, triclinic, space groU?ﬂ, a=12.8222(7)

A, b= 13.9994(7) A, anct = 15.5853(8) Ao = 94.850(1}, p =
93.037(13, y = 106.372(19, D. = 1.534 g cm?3, V = 2643.0(2) A&,

Z = 2. The total number of reflections measured was 36667, of which

A), at —180°C unless otherwise specified. The structures were solved 22079 reflections were symmetrically nonequivalent. Final residuals

by direct method® and refined by a full-matrix least-squares procedure
with IBM Pentium and SGI @computers. (The details of the X-ray

were R1= 0.0356 and wR2= 0.0801 for 15475 reflections with>
20(1). 9,12-Dimethyl-10,11-diphenyltetracyclo[6.4.08%.0>9dodec-

structure of various compounds are on deposit and can be obtained10-ene (IX)/Ag'CF;SO;~ Complex. Brutto formula: GeHzg'2CRSOs-

from Cambridge Crystallographic Data Center, U.R,3-Bis(penta-
methylphenyl)bicyclo[2.2.2]oct-2-ene (VII)/Ag CF;SO;~ Complex.
Brutto formula: GoHoCRSO;Ag-H,0, MW = 675.58, monoclinic,
space groupP2y/c, at —150°C a = 17.0787(3) Ab = 14.5611(3) A,
andc = 12.6883(4) Af = 111.754(19, D. = 1.531 g cm?3, V =
2930.7(1) R, Z = 4. The total number of reflections measured was
24367, of which 12740 reflections were symmetrically nonequivalent.
Final residuals were R* 0.0228 and wR2= 0.0554 for 11322

(31) Sheldrick, G. MActa Crystallogr, Sect A 199Q 46, 467.

Ag-H.0, MW = 872.38, monoclinic, space gro®2,/n, a = 6.1411(8)

A, b = 36.618(5) A, andc = 13.486(2) A, = 100.599(3), D, =
1.944 g cm?3, V = 2981.0(7) &, Z = 4. The total number of reflections
measured was 33402, of which 9115 reflections were symmetrically
nonequivalent. Final residuals were R10.0492 and wR2= 0.1108

for 5849 reflections with > 20(1). 1,2-Bis(pentamethylphenyl)-1,2-
diphenylethylene (X)/Ag"CF3SO;~ Complex. Brutto formula: 2Gg-
Ha02CRSO:Ag, MW = 986.56, monoclinic, space gro@f/c, a =
19.5429(5) Ap = 14.1980(4) A, ana = 16.4689(5) A = 123.8240-
(10, D, = 1.726 g cm3, V = 3796.2(2) &, Z = 4. The total number
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of reflections measured was 26514, of which 8222 reflections were  There is only one example known of a silver/tris(monoarene)
symmetrically nonequivalent. Final residuals were RD.0191 and complex with a 3:1 stoichiometry (entry 9, Table33Remarkably, its

wR2 = 0.0502 for 7282 reflections with > 20(l). structure also follows all the regularities found for other silver/bis-
Neutral 9,12-Dimethyl-10,11-diphenyltetracyclo[6.4.0.8'20>9- (monoarene) complexes (including values of thangles).

dodec-10-ene (IX)Brutto formula: GeHzs, MW = 340.48, triclinic, Structural Analysis of Calixarene and Other Polyaromatic

space groufPl, a = 5.9876(2) Ab = 11.6951(4) A, and = 13.9555- Complexes of Silver(l).The principal rationale for the use of calixarene

(5) A, a. = 76.047(1y, f = 81.328(1), y = 83.152(1y, D. = 1.211 g ligands is the favorable distance (about 5 A) between opposed benzene

cm 3, V = 934.06(6) B, Z = 2. The total number of reflections  rings, which is well suitable for silver(l) intercalation if one consider
measured was 13264, of which 7886 reflections were symmetrically only its ionic radius. However, a scrupulous analysis of the resulting

nonequivalent. Final residuals were R10.0458 and wR2= 0.1247 structures (entries—79, Table 1) shows that the steric conditions for
for 6677 reflections witH > 20(1). silver/arene complexation are not completely met in these complexes.

Neutral 1,2-Bis(pentamethylphenyl)-1,2-diphenylethylene (X). In particular, thex angle has an unfavorable value-e193 that is far
Brutto formula: GeHao, MW = 472.68, monoclinic, space groi2,/ from the optimal value~155’:

c, a= 17.0401(5) Ab = 9.6913(3) A, anct = 17.3737(5) AS =
106.389(19, D. = 1.141 g cm?3, V = 2752.5(1) R, Z = 4. The total
number of reflections measured was 33158, of which 11876 reflections
were symmetrically nonequivalent. Final residuals were=R0.0428

and wR2= 0.0668 for 8426 reflections with> 20(l). (Note that X-ray
structure data for the neutral stilbenoid don&B and VIII are
published elsewher@:2)

Structural Analysis of Silver(l) Complexes of (Mono)arenes.
Silver(l) complexes of simple benzenoid donors fall into three classes
with oo = 95°, 130, and 158 (typical deviation+3°). As a result, the angular distortion results in a large separation of opposed

The first group of the complexes, witlh = 95°, is composed of aryl groups in the uncomplexed calixarene donor. A more detailed
silver/arene complexes having the stoichiometric ratio of 1:1. These consideration of the geometric features shows that the distance between
crystals have coordinationally active atoms (typically oxygens) in the upper rims of the benzene rings that participate in the silver(l)
counteranions, and, as a result, the silver(l) ion has a trend toward highercoordination is 5.5 A in uncoordinated calixarene but only 4.5 A in
coordination numbers. For example, in the phenylcyclohexane/AgCIO the complexed one. [Such a contraction is required to maintain an
complex witha. = 91.5 (entry 1, Table 4), the silver(l) ion has a  optimal separatiord = 2.41 A between the silver(l) ion and the
coordination number of % In the benzene/AgCl9Ocomplex witha coordinated benzene nuclei since this can be achieved only by rotation
= 96.9 (entry 2, Table 4), the silver(l) ion has a coordination number (clamping) of the benzene rings toward each other.] In the resulting
of 6.321n the first case, the silver(l) ion has a coordination intermediate configuration, these rings are inclined toward the center of the cavity
between square pyramidal and octahedral, and in the second case, and cause the “inverted” distortion of the angle (note in the

distorted octahedral coordination: uncomplexed donor they are inclined outward from the cavity):
0CIO; 0CIO;" - 554 ~ 454
CeHyy-Ph .. 0. Bz. P

+ oo “, , + \O i, -
Agw “ClOy Agw /’/CIOZ

CHPh 7 | 07 Bz | ~o
; 0CIOy
0Cl0y

To relieve this angular distortion, the silver(l) ion moves outward from
the cavity (toward the equatorial oxygen ligands), and this causes
increased values ok ~ 1.75 A (typical value 1.55 A) ang ~ 37°
(typical value 32) in these calixarene complexes.

In a less conformationally rigid but topologically closely related
cyclophane donot the “inversion” of thea. angle over 180is avoided
(o = 172.5),

The observed values in these complexes are those required for a
nondistorted octahedral coordination and hybridization of the silver(l)
ion. The 1:1 stoichiometry of these complexes results in?a
functionality of coordinated benzene rings and leads to formation of
polymeric chains (...Ar...Ag...Ar...Ag...) in their crystals.

All known silver/bis(monoarene) complexes with a 2:1 stoichiometry
only havea values of either-130° or ~15C° and coordination number
4. This corresponds either to a distorted tetrahedral silver(l) coordina-
tion/hybridization (generic value. = 109.5) or to a distorted linear
coordination/hybridization (generic value = 18C°) with additional
coordination in the equatorial plane:

X X X X

Ar o Ar a

e
W

but the presence of coordinationally active amino nitrogens in the
bridges of the molecule forces an atypical square-planar coordination
. . . . of silver(l) that does not favor an effective silver(l) complexation.
We could find no structures that deviate perceptibly from either one (compare the similar consequences of trigonal symmetry degeneration
of these two types of coordination, and this indicates that they i the deltaphane complexes above.)

correspond to two relatively sharp potential energy minima. We also  There has also been an attempt to use a larger box-shaped poly-

were unable to find any factors other than crystal packing forces 10 (arene) moiety for silver(l) complexati&hthat actually failed owing
make one or another coordination the most favorable in particular i steric restrictions:

crystals. We conclude that potential energies of the corresponding

coordination/electron states of silver(l) are nearly equivalent. (33) Batsanov, A. S.; Crabtree, S. P.: Howard, J. A. K.; Lehmann, C. W.;
Kilner, M. J. Organomet Chem 1998 550, 59.
(32) McMullan, R. K.; Koetzle, T. F.; Fritchie, C. J., Jcta Crystallogr, (34) Mascal, M.; Hansen, J.; Blake, A. J.; Li, W.-8hem Commun

Sect B 1997, 53, 645. (Cambridge)1998 355.
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conflict is a very much contracted angle at the silver(l) ion (80°2

that is incompatible with the 4-coordinated silver/arene complé&xes,
being far from the optimal 130or 155 values. Such a contracted value

of ais forced by the tetrahedral angle ¢ 109°) between the axes of

the coordinated benzene rings; and it cannot be further extended beyond
70° (18C¢° — y) without even more severe distortions in silver(l)
coordinations®

The silver(l) ion in this complex cannot coordinate to the opposed
benzene rings which are too distant (the separation8sA), and
instead, it coordinates to two neighboring arene groups under very

unfavorable geometrical conditions (entry 11, Table 1). The generally Acknowledgment. We thank the National Science Founda-

constrained situation is relieved only by participation of an additional tion and the Robert A. Welch Foundation for financial support
toluene solvate that coordinates to the silver(l) ion at much more ) '

characteristic geometric values. IC000770B
A relatively straightforward attempt was undertaken in a silver(l)
tetraarylborate complex (entry 1, Table®lin which the multidentate (37) The other two positions in the coordination environment of silver(l)
arene substrate functions also as the counteranion. The latter greatly ~ are occupied by iodine atoms of an additionally complexed diiodo-
increases the total strength of the silvéigand interactions due to benzene solvate. This demonstrates that the silver/tetraarylborate

o . : ) : interaction encounters some extra problems, being coordinationally
contribution of Coulombic forces. Indeed in this complex, the silver(l) deficient and thus requiring a participation of other molecules for its

cation deeply penetrates into the central boron cleft of the anion giving coordinational saturation/stabilization.

short contacts with the ipso and ortho carbons of two of the four aryl (38) The valuea. = 80.2 is extended by~10° relative to the formally
groups. However, the Ag--Ar separations (2.43 and 2.53 A) are required value of 71primarily due to some rotational freedom of the
unexpectedly longer than the standard value (2.41 A), and the silver(l) coordinated aryl groups.

i ; ; (39) Heirzler, F. R.; Hopf, H.; Jones, P. G.; Bubenitschekl étrahedron
ion is strongly shifted toward the axes of the benzene rings-(1.40 Lett 1995 36, 1239.

and 1.41 A instead of the optimal 1.53 A value). These structural (40) Xu, W.; Puddephatt, R. J.; Muir, K. W.; Torabi, A. @rganometallics

features indicate that the Coulombic attraction"AgB™~ takes a place, 1994 13, 3054.
but at the expense of substantial distortions in the silver/arene (41) Ivanov, S.V.; Rockwell, J. J.; Miller, S. M.; Anderson, O. P.; Solntsev,
coordination. A conflict between Coulombic and coordination interac- K. A.; Strauss, S. Hinorg. Chem 1996 35, 7882.

tions results in a general hindering of the system that is not satisfactory (42) Strauss, S. H.; Noirot, M. D.; Anderson, O.IRorg. Chem 1985

: : . : . 24, 4307.
for effective complexation. The most apparent manifestation of this (43) Bames, J. C.: Blyth, S. Gnorg. Chim Acta 1985 98, 181.

(44) Ivanov, S. V.; Lupinetti, A. J.; Miller, S. M.; Anderson, O. P.; Solntsev,

(35) Kammermeier, S.; Jones, P. G.; Dix, |.; HergesARa Crystallogr, K. A.; Strauss, S. Hlnorg. Chem 1995 34, 6419.
Sect C 1998 54, 1078. (45) Schlecht, S.; Dehnicke, K.; Magull, J.; FenskeAgew Chem, Int.
(36) Powell, J.; Lough, A.; Saeed, J. Chem Soc, Dalton Trans 1997, Ed. Engl. 1997 36, 1994.

4137. (46) Taylor, I. F., Jr.,; Amma, E. LJ. Cryst Mol. Struct 1975 5, 129.





