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From the 1:1 metal salt to ligand reactions of Ag'O;SCF; or Cu!Q,SCF, with the polydentate donor ligand system N-[N-((5-
R-thienyl)methylidene)-L-methionyl}histamine (=(5R)Th-Met-Histam; R = H, Me, Me;Si) stable coordination complexes have
been obtained. The solid-state structure of [Ag{(5Me)Th-Met-Histam}](OTf) was determined.
([C1gH22N,S,Ag]*[0;SCF,]-CH,0)., crystallizes in the orthorhombic space group P2,2,2,, with a = 11.339 (1) A, b = 13.122
) ;&, and ¢ = 17.451 (1) A. The complex cation has a polymeric structure that results from each ligand molecule stretching
out over three different Ag(I) cations. Each Ag(I) center is sp? hybridized and trigonally coordinated by an imidazole N [2.218
(4) A}, an imine N L2.378 (5) A}, and a methionine S atom [2.509 (2) A]. There is an additional weak interaction with an amide
O atom [2.568 (4) A], which is situated above the trigonal plane. A more distant thiophene S atom lies on the other side of the
plane [3.081 (2) A]. Viewed from S to O along an axis perpendicular to the trigonal plane the configuration of all Ag(I) centers
is R; this defines a A-helix structure for the polymeric cation. By use of a combination of spectroscopic techniques ('°F, '®Ag,
and 'H NMR, UV, CD, and optical rotation) and other measurements (vapor pressure osmometry and conductivity), it is established
that the complexes [Ag{(5R)Th-Met-Histam}](OTf) (R = H, Me, Me,Si) in solution have an oligomeric structure that is similar
to the polymeric structure of [Ag{(5Me)Th-Met-Histam}](OTf) in the solid state. The average chain length of the oligomer is
a function of complex concentration and temperature; for the (SMe)Th-Met-Histam complex at 318 K the chain length varies
from 1 unit in dilute solution to at least 11 units at a concentration of 0.14 mol-L~!. Comparison of the X-ray structure
conformations of (5Me)Th-Met-Histam as a free molecule and as ligand in this Ag([) complex shows that, apart from one rotation,
the changes are minimal. The self-assembly process, which affords the polycationic Ag(I) coordination complexes through a
simultaneous, configurationally unique arrangement of different ligating sites from three separate sources around each cationic
nucleus, manifests a degree of self-organization that has so far not often been encountered in synthetic coordination chemistry.
The Cu(I) complexes have structures that are comparable to those of their Ag(I) counterparts, although the average chain length
under identical conditions may be less. An intramolecular electron shift equilibrium mechanism, involving Cu(I)-imidazole and
Cu(Il)-imidazole*~ transitions, is proposed to explain the line broadening present in the 'H NMR spectra of the Cu(I) complexes.

Introduction

The field of supramolecular chemistry, as defined among others
by Lehn,? is a rapidly growing area. An aspect of the “chemistry
beyond the molecules”, involves the concept of molecular self-
assembly, i.e., the formation of specifically organized aggregates
from small basic building blocks. Self-assembly is an important
feature in living nature,’ e.g., the double helix formation of nucleic
acids, yet the number of examples in synthetic chemistry is still
limited. Recently Lehn and co-workers have reported on
“helicates”, coordination complexes of the group 11 cations Ag(I)
or Cu(I) with oligobipyridines, whose structures turn out to be
inorganic double helices.3*

We had already reported extensively on a similar double-helix
effect that occurs in binuclear Ag(I) and Cu(I) coordination
complexes of the neutral N, donor ligand (pyridine-2-CH=
N)»(R),(S)-1,2-cyclohexane.’ In these dicationic complexes with
an [My{N},]?* stoichiometry the ligand acts as a bis(N,-bidentate)
donor. In the free ligand the conformation of the chiral cyclo-
hexanediyl bridging group enforces a more or less perpendicular
arrangement of both chelating functions, and upon complexation

* University of Amsterdam.
tUniversity of Utrecht.
$ University of Groningen.

of this ligand a helical structure results with both metal centers
having either the A or the A configuration.$

The related N,S, donor ligand,” in which thiophene replaces
pyridine, gives rise to a dicationic [M,{N,S,},]** complex similar

(1) (a) Part of this work has been presented at the fourth International
Conference on Bioinorganic Chemistry (ICBIC-4, MIT, Cambridge,
MA, July 24-28, 1989): (a) Modder, J. F.; van Koten, G.; Vrieze, K.;
Spek, A. L. J. Inorg. Biochem. 1989, 36, 234. (b) Part of this work was
also presented in a preliminary communication: Modder, J. F.; van
Koten, G.; Vrieze, K.; Spek, A. L. Angew. Chem., Int. Ed. Engl. 1989,
28, 1698~1700. (c) Modder, J. F. Ph.D. thesis, University of Amster-
dam, The Netherlands, 1991.

(2) Lehn, J-M. Angew. Chem., Int. Ed. Engl. 1988, 27, 89-112.

(3) Garrett, T. M,; Koert, U.; Lehn, J.-M.; Rigault, A.; Meyer, D.; Fischer,
J. J. Chem. Soc. 1990, 557-558.

(4) Lehn, J.-M.; Rigault, A. Angew. Chem., Int. Ed. Engl. 1988, 27,
1095-1097. Cf. Constable, E. C.; Ward, M. D.; Tochter, D. A. J.
Chem. Soc., Dalton Trans. 1991, 1675 and references therein.

(5) (a) van Stein, G. C.; van Koten, G.; Vrieze, K.; Brevard, C.; Spek, A.
L.J. Am. Chem. Soc. 1984, 106, 4486—4492. (b) van Stein, G. C.; van
Koten, G.; Vrieze, K.; Brevard, C. Inorg. Chem. 1984, 23, 4269-4278.

(6) For the meaning and use of 4/A and A/A, see: Ernst, R. E.; O’Connor,
M. J. O; Holm, R. H. J. Am. Chem. Soc. 1967, 89, 6104—6113.

(7) (a) van Stein, G. C,; van Koten, G.; Vrieze, K.; Spek, A. L.; Klop, E.
A.; Brevard, C. Inorg. Chem. 1985, 24, 1367~1375. (b) Spek, A. L,;
Duisenberg, A. J. M.; van Stein, G. C,; van Koten, G. Acta Crystallogr.
1988, C41, 374-377. (c) van Stein, G. C.; van Koten, G.; Blank, F.;
Taylor, L. C.; Vrieze, K.; Spek, A. L.; Duisenberg, A. J. M.; Schreurs,
A. M. M,; Kojic-Prodic, B.; Brevard, C. Inorg. Chim. Acta 1988, 98,
107-120.
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Figure 1. (5R)Th-Met-Histam.

to its N, counterpart. Furthermore, in contrast to the latter ligand,
it is also possible to isolate a monocationic complex with [M-
{N,S,},]* stoichiometry, in which the metal center is predominantly
coordinated by two imine nitrogen atoms. In an elaborate study
of related copper and silver complexes with N,S donor ligands
containing a single thienylmethylidene~amino moiety,® we have
shown that stabilization of the dicationic complex with N,S,
ligands is entirely due to the specific ligand conformation induced
by the cyclohexanediyl unit; unlike the imine N atoms, the affinity
of the thiophene S atoms for coordination to group 11 monocations
is negligible.

The apparent strong influence of certain conformational re-
strictions in a ligand system on the structure of its coordination
complexes prompted us to investigate the coordination behavior
of less symmetric, polydentate N,S, analogues. Suitable can-
didates were to contain a thienylmethylidene~amino unit (as in
the N,S and N,S, ligands, vide supra), as well as other potential
N and S donor functions, and a stereogenic center whose con-
figuration could be easily controlled. On the basis of these criteria,
we designed and synthesized N-[N-((5-R-2-thienyl)-
methylidene)-L-methionylJhistamine (R = H, Me or Me,Si),” see
Figure 1, abbreviated in this publication as (SR)Th-Met-Histam.

In (5R)Th-Met-Histam three arms, connected to one stereo-
genic carbon center, in casu methionine C,, each provide a dif-
ferent ligating group: the “histamine-amide” fragment and the
methionine side chain contain an imidazole-/V and a thioether-S
donor atom, respectively, and the thienylmethylidene~amino
moiety is a potentially bidentate N,S donor. CPK molecular model
studies indicated that this ligand could fold to provide a cavity
in which an N,N’,S,S’ donor array would be available for coor-
dination to a single metal atom. However, an X-ray structure
determination of the uncomplexed (SMe)Th-Met-Histam molecule
shows a conformation in the solid state® that suggests that as a
ligand it would be more likely to coordinate to several metal centers
at the same time.

This paper reports a study of the coordination properties of
molecules of the (SR)Th-Met-Histam type with the salts Agl-
0,SCF,; and Cu!Q,SCF,.!% The resulting coordination complexes
turn out to be good examples of self-assembled superstructures.
Experimental data concerning the structural features and poly-
meric nature of these complexes in the solid state (X-ray, IR, MS)
and in solution (‘H, '°F, and !Ag NMR, UV, CD, optical ro-
tation, vapor pressure osmometry, and conductivity measurements)
are presented and discussed in relation to the structure of the free
ligand.

Experimental Section

Preparation of the Compounds. Unless denoted otherwise, solvents
used were freshly distilled and stored under nitrogen atmosphere. The
ligands of the type N-[N-((5-R-2-thienyl)methylidene)-L-methionyl]-
histamine (=(5R)Th-Met-Histam; R = H, Me, Me,;Si) were synthesized

(8) Modder, J. F.; Ernsting, J.-M.; Vrieze, K.; de Wit, M.; Stam, C. H;
van Koten, G. Inorg. Chem. 1991, 30, 1208-1214.

(9) Modder, J. F.; Vrieze, K.; Spek, A. L.; van Koten, G. J. Org. Chem.
1991, 56, 5606-5610. (5R)Th symbolizes the (5-R-2-thienyl)-
methylidene function, Met is the conventional abbreviation of the
methionyl group, and to avoid confusion with histidine (His), Histam
is chosen to represent histamine.

(10) Due to extensive charge delocalization, trifluoromethanesulfonate or
0O,SCF;", shortened to triflate or QT is a very weak donor. When
strong donor functions are present, this particular anion is unlikely to
coordinate to a metal ion.
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according to a method reported separately.’ 5-Trimethylsilyl-2-
thiophenecarbaldehyde'! and copper(I) trifluoromethanesulfonate—0.5-
benzene'? were synthesized by literature procedures. Commercially
available silver(I) trifluoromethanesulfonate was used without purifica-
tion. Elemental analyses were carried out by the Analytical Section of
the Institute for Applied Chemistry, TNO, Zeist, The Netherlands.

[Ag{N-[N-((5-R-2-thienyl)methylidene)-L-methionyl]hist-
amine}](0,SCF;). The synthesis of [Ag{(5Me)Th-Met-Histam}](OTf)
has been published in a preliminary communication.!® However, the
procedure has since been simplified, and this revised version is given here.
At room temperature, solutions of (SMe)Th-Met-Histam (0.99 g, 2.83
mmol) in MeOH (p.a. grade, 10 mL) and of AgO,SCF; (0.73 g, 2.83
mmol) in MeOH (p.a. grade, 10 mL) were mixed, with exclusion of
direct light. After the mixture was stirred for 0.5 h, diethyl ether and
hexane (approximately 10 and 2 mL, respectively) were added. Subse-
quent cooling to 4 °C for 15 h allowed isolation of faintly colored crystals
of ([Ag{(5Me)Th-Met-Histam}]*[OTf]~-MeOH)... When dried in vacuo,
the crystals turn into an amorphous white powder due to loss of MeOH
from the crystal lattice.

Anal. Found (caled for C\;H,,AgF;N,0,S;): C, 32.58 (33.61); H,
3.66 (3.65); N, 8.94 (9.22); F, 9.17 (9.38); S, 15.39 (15.83).

[Ag{(5H)Th-Met-Histam]](OTf) and [Ag{(5Me;Si)Th-Met-His-
tam)](OTf) were obtained similarly. 'H and '°F NMR data for the
Ag(I) complexes are given in Table IV.

[Cu{N-[N-((5-R-2-thienyl)methylidene)-L-methionyl]hist-
amine}](0,SCF,). The synthesis of [Cu{(5H)Th-Met-Histam}](OTY) is
described here in detail. Under an atmosphere of dry nitrogen, a solution
of CuO,SCFy!/,CsH; (0.43 g, 1.71 mmol) in benzene (15 mL) was
added to a stirred suspension of (SR)Th-Met-Histam (0.57 g, 1.70 mmol)
in benzene (10 mL) at room temperature. Immediately yellow solids as
well as some orange glasslike substance separated from the benzene. The
reaction mixture was stirred for 30 min at room temperature, after which
the benzene layer was separated by decantation, and the remaining
material was dried in vacuo, for several hours. During this stage the
glassy solid turned into powder. Anal. Found (caled for
C,sHxCuF;N,O,S;): C, 33.44 (35.00); H, 3.76 (3.67); F, 10.78 (10.38);
N, 9.06 (10.20); S, 16.27 (17.52). Cuf(5Me)Th-Met-Histam}](OTf) and
[Cu{(5Me;Si)Th-Met-Histam}] (OTf) were synthesized following the
same procedure.

All copper(I) complexes proved to be rather unstable in methanolic
solutions when allowed to stand for prolonged periods (hours). NMR
experiments could be carried out, but attempts to recrystallize these
complexes from the same solvent mixture that was used for their silver(I)
counterparts failed in all cases but one. Only once, the Me,Si-substituted
compound (seemingly the most stable one) afforded tiny orange crystals,
but these were unfortunately of too poor a quality to allow an X-ray
structure determination. 'H and 'F NMR data for the Cu(I) complexes
are given in Table IV.

Physical Measurements. All NMR experiments were carried out on
CD,0D solutions at 298 K unless denoted otherwise. 'H NMR spectra
were recorded on Bruker AC100 and WM250 spectrometers with tet-
ramethylsilane as external reference. 'F NMR spectra were recorded
on a Bruker AC100 spectrometer, CFCI, being used as external refer-
ence. When Cu(l) complexes were being measured, small strips of
copper wire were introduced into the NMR tubes to prevent or slow down
oxidation; the presence of copper metal did not have a noticeable effect
on the sample homogeneity. ®Ag NMR of [Ag{(5Me)Th-Met-His-
tam|](OTf) was recorded on a Bruker AC100 spectrometer by direct
measurement of natural abundance '®Ag: 4.66 MHz, 10-mm tube, 0.61
g of the complex in 2.7 g of CD;0D (¢ = 0.3 mol-L™!), acquisition time
1.64 s, delay time 200 s, number of scans 1149. AgNO, (5.9 M in D,0O)
was used as external reference.

252Californium plasma desorption time-of-flight mass spectrometry
(352Cf PDMS)"? experiments were carried out on a Bio/Ion 20 plasma
desorption mass spectrometer. IR spectra of KBr pellets were measured
on a Perkin-Elmer 283 spectrophotometer. For both UV and CD mea-
surements, methanol of spectroscopic grade was used as solvent.. UV and
CD spectra of (5Me)Th-Met-Histam (¢ = 6.8 X 107 mol:L™; €55, = 1.5
X 10% €63 = 9.5 X 10° L-mol™-cm™) and [Ag{(5Me)Th-Met-His-
tam}](OTH) (c = 7.5 X 1075 mol-L™; e300 = 1.4 X 104, €566 = 1.1 X 10
L-moll.cm™) were recorded on Perkin-Elmer LAMBDA 5 UV /vis and
Jobin-Yvon M III spectrophotometers, respectively.

Methanol of p.a. grade was used as solvent in the following solution
studies. Optical rotation was measured on a Zeiss Kreisspolarimeter at
293 K, A = 589 nm, and / = 2 dm. Vapor pressure osmometry (VPO)

(11) Thames, S. F.; McCleskey, J. E. J. Heterocycl. Chem. 1967, 4, 146-148.

(12) Salomon, R. G.; Kochi, J. K. J. Am. Chem. Soc. 1973, 95, 1889-1897.

(13) (a) Roepstoff, P. Eur. Spectrosc. News 1987, 73, 18-23. (b) Roepstoff,
P. Acc. Chem. Res. 1989, 22, 421-427.
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Table I
a. Crystallographic Data for [C,¢H;,N,S,Ag]*[0,SCF;]~-CH,0H

formula CI7H22F3N403S3AE'CH40
space group P2,2,2,

a, A 11.339(1)

b A 13.122(1)

¢, A 17.451(1)

v, A? 2596.5(3)

z 4

fw 639.46

temp, K 100

A A 0.71073 (Zr-filtered Mo Ka)
Peaicds cm™? 1.636

K, cm™! 10.5

Re 0.037

R} 0.043

b. Fractional Atomic Coordinates and
Equivalent Isotropic Thermal Parameters of the
Non-Hydrogen Atoms of ([Ag{(5Me)Th-Met-Histam}]*)..

atom x/a y/b z/e U’
Agl 0.48387 (3) 0.24356 (3) 0.41073 (2) 0.0188 (1)
S1 0.6113 (1) 0.0772 (1) 03177 (1)  0.0245 (5)
S2 0.8202 (1) 0.3327 (1)  0.66721 (9) 0.0220 (4)
(0] 0.4193 (4) 0.2665 (3)  0.5507 (2)  0.025 (1)
N1  0.0851 (4) 0.1118 (3)  0.5868 (3)  0.020 (1)
N2  0.1295(5) -0.0449 (4) 0.5536 (3) 0.023 (2)
N3 04034 (4)  0.1646 (4) 0.6548 (3)  0.019 (2)
N4 05616 (4)  0.1101 (4) 0.4878 (3)  0.020 (1)
Cl 0.0674 (7) 0.0401 (5) 0.5356 (4) 0.024 (2)
C2 0.1870 (6) -0.0262 (5) 0.6212 (4) 0.027 (2)
C3  0.1610 (5) 0.0718 (5)  0.6414 (3)  0.020 (2)
C4  0.2051 (5) 0.1316 (5) 0.7074 (3)  0.020 (2)
C5 02974 (5) 02119 (4) 0.6847 (4) 0.019 (2)
C6  0.4547 (5) 0.1943 (4) 0.5898 (4) 0.021 (2)
C7  0.5683 (6) 0.1386 (5) 0.5680 (3) 0.019 (2)
C8  0.5872 (6) 0.0189 (5) 0.4688 (4)  0.021 (2)
C9 05954 (6) -0.0114(5) 0.3897 (4) 0.026 (2)
C10 0.5950 (7) -0.1088 (5) 0.3596 (4) 0.034 (2)
Cl1 0.6076 (7) -0.1094 (6) 0.2797 (5)  0.037 (2)
C12 0.6186 (6) -0.0160 (5) 0.2481 (4)  0.029 (2)
C13 0.6393(7)  0.0148 (7) 0.1661 (4) ~ 0.040 (3)
Cl4 06738 (6) 02118 (5) 0.5767 (4)  0.023 (2)
C15 0.6883 (5) 0.2542 (6) 0.6563 (3) 0.025(2)
Cl6 0.7813 (6) 0.4446 (5) 0.6120 (4) 0.031 (2)

‘ (= Z(F| = |FD)/ZIFol. *Ry = [EW(|Fol = [F)*/ ZwIF]'2.

U, (AY) =1/, of the trace of the orthogonalized U tensor.

measurements were carried out with a Knauer apparatus, calibrated with
azobenzene prior to use. Since the stability of the instrument requires
a substantial difference between experimental and room temperature, the
VPO measurements were carried out at 318 K.

Conductivity measurements were done with a Consort K720 digital
conductometer and a cell calibrated prior to use with freshly prepared
KCl solutions. Because the reported limiting conductivity value of the
Ag(I) cation A\® = 50.3 Sccm™\mol™! was measured at 303 K, all
experiments were carried out at this temperature. The limiting con-
ductivity of 0,SCF;", Aor’, and the molecular complexity of Ag!O,SCF,,
Apgory, were calculated from the Onsager limiting law, A, = Ay - A4-
(Ceq)'’® [A, = experimentally determined conductivity; C, = equivalent
concentration], and the Kohlraush equation, Aq = A% + A% The
measured conductivities of AgOTT at three concentrations (2.01 X 107,
1.61 X 1072, and 1.61 X 107 mol:L™') resulted in Apz0rc = 86.88 S
cm™tmol™/2 and Az = 88.74 S.cm™-mol™'. Hence Agr = 38.44
S-cm™l-mol!,

X-ray Structure Determination. Pertinent data are given in Table Ia.
Reflections (3369) with 1.2° < 6 < 27.5° were collected for a block-
shaped, ivory-colored crystal [0.42 X 0.42 X 0.48 mm] mounted on a
glass fiber at 100 K on an Enraf-Nonius CAD4 diffractometer with Zr
filtered Mo Ka radiation (A = 0.71073 A). [Aw = 0.60 + 0.35 (tan 6)°;
w/26 scan; h, 0~14; k, 0~17; ! 0~22]. Data were corrected for Lp and
a small linear decay of 3%, but not for absorption. The structure was
solved by standard Patterson and Fourier methods (SHELXS-86)'5 and
refined on F by full-matrix least-squares methods (SHELX-76)'¢ to a final

(14) Boggess, R. K.; Zatko, D. A. J. Chem. Educ. 1975, 52, 649-651.
(15) Sheldrick, G. M. sHELXS-86. Program for Crystal Structure Determi-
nation. University of Géttingen, Gottingen, FRG, 1986.

Modder et al.

Figure 2. Projection down the b-axis of part of the absolute structure of
([Agl(5Me) Th-Met-Histam}]*[OTf]+MeOH)... ORTEP projections are
available as Supplementary Material.

R value of 0.037 [R,, = 0.043, w™! = ¢*(F), S = 1.78, 371 parameters]
for 2827 observed reflections with [ > 2.5¢(/). Hydrogen atoms were
located from a difference map and their positions refined (except for
those of the methyl groups that were introduced at calculated positions
and refined with fixed geometry) with four common isotropic thermal
parameters. A final difference map did not show any features outside
the range —0.68 to 0.75 ¢ A%, Both enantiomorphic structures were
refined; the one with the lowest R value corresponds to the absolute .S
configuration of the ligand used (see Figure 1). Fractional atomic co-
ordinates and thermal parameters are given in Table Ib. Scattering
factors were taken from ref 17 and corrected for anomalous dispersion.'®
The programs PLATON and PLUTON'® were used for geometrical calcu-
lations and illustrations. All calculations were carried out on a micro-
VAX cluster.

Results

From equimolar mixtures of the neutral donor ligand (5R)-
Th-Met-Histam (R = H, Me, Me,Si) with Ag'O,SCF; in
methanol or with CulQ,SCF;-!/,C4H, in benzene are obtained
complexes with 1:1 ligand-to-metal stoichiometries. The off-white
Ag(I) compounds are air-stable and are soluble in methanol,
ethanol, and acetonitrile. Their solubility is very temperature
dependent. The maximum concentration of [Ag{(5Me)Th-
Met-Histam}](OTf) in methanol at 298 K lies on the order of 0.2
mol-L!; higher concentrations can be obtained but, eventually,
result in crystallization. In solution, the Ag(I) complexes are
moderately light sensitive and decompose after several hours of
exposure to daylight. The orange/yellow Cu(I) complexes are
very oxygen sensitive and can only be handled and stored under
an inert atmosphere.

(16) Sheldrick, G. M. sHELX-76. Crystal Structure Analysis Package.
University of Cambridge, Cambridge, England, 1976.

(17) Cromer, D. T.; Mann, J. B. Acta Crystallogr. 1968, 424, 321-324.

(18) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970, 53, 1891-1898,

(19) Spek, A. L. The Euclid package. In Computational Crystallography;
Sayre, D., Ed.; Clarendon Press: Oxford, England, 1982; p 528.
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Figure 3. Coordination geometry of the Ag(I) centers in ([Ag{(5Me)-
Th-Met-Histam}]*[OTf]~MeOH)., and the adopted numbering scheme.

Solid-State Structure of [M{(SR)Th-Met-Histam{](OTf). The
crystal structure of the 1:1 complex of (5Me)Th-Met-Histam and
AgOTH, which was crystallized from a mixture of methanol, diethyl
ether, and hexane, is shown in Figure 2. The adopted numbering
scheme is shown in full in Figure 3. Distances and angles are
given in Table II.

The structure consists of polymeric chains that are a result of
the fact that each ligand stretches out over three different Ag(I)
cations, in such a way that all Ag(I) centers are identically co-
ordinated by three ligand molecules. These polymer chains ex-
clusively possess a A-helix structure.® The triflate anions, which
(as intended) do not coordinate to the metal centers, and methanol
molecules (which are part of the crystal structure) are engaged
in a repeating hydrogen-bonding interaction perpendicular to the
helical axis. This interaction comprises bonding of an amide H
with a2 methanol O, a2 methanol H with a triflate O, and another
triflate O with an imidazole H! of a translated polymer. Since
each ligand participates in two of these interchain connections
(in two different directions), all polymer chains are linked to one
another. The unique coordination geometry of the silver center
is depicted in more detail in Figure 3.

The imine N4, methionine S2’, and imidazole N1” atoms have
the closest contacts with the Ag(I) cations, the distances being
2.378 (5), 2.509 (2), and 2.218 (4) A, respectively. The three
donor atoms and the Ag center constitute an almost perfect plane;
the sum of the three interbond angles is 359.3°. Amide Ol is
situated above this plane, though not directly over the silver atom,
its relatively long distance of 2.568 (4) A from the metal atom
implying a weak bond. Thiophene S1 is located on the other side
of the plane; however, the Ag-S distance of 3.081 (2) A is too
long to be considered a bond.?! The configuration around each

(20) The helix can be visualized by following the chain Ag-Imidazole—
CyC,—CO-N-C_~-C=N--Ag-Imidazole- etc. (Figure 2).

1) ]\faximum bond length = 1.59 A (covalent radius of Ag) + covalent
radius of the donor + 0.40 A (usual tolerance); donor radii are as
follows: S, 1.02 A; N, 0.68 A; O, 0.68 A. Manual; Cambridge Crys-
tallographic Data Base: Cambridge, U. K., 1988.
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Table II. Selected Distances (A) and Angles (deg) for
([Ag{(5Me)Th-Met-Histam]]*).*

Agl-Agl’ 6471 (7)  Agl~-Agl-Agl”  122.35 (1)
Agl~Sl 3.081 2)  S2-Agl-Ol 110.58 (11)
Agl-S2 2509 (2)  S2-Agl-N1” 137.26 (13)
Agl-01 2.568 (4)  S2-Agl-N4 106.69 (13)
Agl-N1”  2218(4)  Ol-Agl-N1” 91.65 (16)
Agl-N4 2378 (5)  Ol-Agl-N4 69.75 (15)
S1-C9 1722 (7)  N1”-Agl-Na 115.30 (17)
S1-Cl12 1725 (1)  C9-S1-Cl12 92.3 (3)
S2-C15 1826 (7)  C15-S2-Cl16 101.73 (3)
S2-Cl16 1811 (7)  CI1-N1-C3 106.9 (5)
01-Cé6 1235(7)  Cl1-N2-C2 107.4 (5)
N1-CI 1313 (8)  C5-N3-C6 122.9 (5)
N1-C3 1.387(7)  C7-N4-C8 118.7 (6)
N2-Cl 1.356 9)  NI-C1-N2 110.6 (6)
N2-C2 1370 (9)  N2-C2-C3 106.7 (6)
N3-C5 1450 (8)  N1-C3-C2 108.2 (5)
N3-C6 1.333(8)  NI1-C3-C4 122.9 (5)
N4-C7 1451 (7)  C2-C3-C4 128.8 (6)
N4-C8 1275 (8)  C3-C4-CS 113.1 (5)
C2-C3 1.366 (9)  C4-C5-N3 111.3 (5)
C3-C4 1481 (8)  01-C6-C7 120.2 (6)
C4-C5 1.537 (8)  O1-C6-N3 123.6 (5)
C6-C7 1529 (9)  C7-C6-N3 116.1 (5)
Cc7-Cl4 1.542 (9)  N4—C7-C6 108.6 (5)
C8-C9 1.440 (10) N4-C7-Cl4 107.2 (5)
C9-C10 1382 (9)  C6-C7-Cl4 109.4 (5)
C10-Cl1  1.402(11) N4-C8-C9 121.5 (6)
Cl1-Cl12 1350 (10) C8-C$-SI 121.4 (5)
C12-C13 1505 (10) C8-C9-C10 128.3 (6)
C14-C15  1.505(9)  S1-C9-C10 110.3 (5)
C9-C10-Cl1 112.5 (6)
C10-C11-C12 114.3 (7)
S1-C12-Cl11 110.6 (6)
S1-C12-C13 119.1 (5)
C11-C12-C13 130.3 (7)
C7-C14-C15 113.9 (5)
S2-C15-Cl14 113.2 (4)

9Symmetry operations by the screw axis are denoted by a single
prime (-'/, + x, !/3—y, 1 — z) and a double prime (!/, + x, !/, -y, 1
- z), respectively.

Table III. Infrared Data® (cm™) for (5R)Th-Met-Histam and
[Agl(SR)Th-Met-Histam}](OTf)

(5R)Th-Met-Histam [Ag{(5R)Th-Met-Histam}](OTY)
R »(C=N) »(C=0) »(C=N) »(C=0) »(S—O)

H 1628 s 1673 s 1622 s 1660s 1027 vs

12555 vs; 1278% 5
Me 1628 s 1670 s 1618 s 1663 s 1027 vs
1250% vs; 1280¢ 5
1025 vs
1250% vs; 1278% s

Me;Si  1630s 1672 s 1618 s 1663 s

4KBr pellets. ®Broad absorption.

Ag(I) center in the N,S,N’ plane when observed along a per-
pendicular axis from S1 to Ol is R. As found in comparable Ag(I)
complexes, the thienylmethylidene unit is planar (N4-C8-C9-S1:
18.0 (9)°), with an s—cis conformation, and the C==N function
has the E configuration.”® The amide group possesses the normal®
trans configuration (O1-C6-N3-H8: -178 (7)°).

Crystals of [Cu{(5Me,Si)Th-Met-Histam}](OTY), crystallized
from the same solvent mixture as the Ag(I) complex, were not
suitable for X-ray structure elucidation. However, it could be
established that its structure also has incorporated solvent mol-
ecules, since drying in vacuo afforded an amorphous powder.

A 22Cf PDMS spectrum of dried, amorphous [Ag{(5Me)Th-
Met-Histam}](OTf) does not show any clear peaks beyond m/z
800. Only a broad hump was observed in the range m/z
2500-5500. This result is most likely attributable to thermic
fragmentation of high molecular aggregates and is consistent with
an initially polymeric structure. In the lower range (apart from

(22) Pauling, L. The Nature of the Chemical Bond, Cornell University Press:
New York, 1960; p 498.



1242 Inorganic Chemistry, Vol. 31, No. 7, 1992

Table IV. 'H and 'F NMR Data for (SR)Th-Met-Histam and [Ag{(S5R)Th-Met-Histam}](OTf)?

Modder et al.

(5H)Th-Met-Histam

(5Me)Th-Met-Histam

(5Me,Si)Th-Met-Histam

subunit function L AglL Cul? L AgL Cul? L AgL Cul?
(SR)Th SR 7.454d 7.64 d 7.67 248 s 2.50s 2.46 0.34s 0.28 s 0.24
H* 7.11 dd 7.29 dd 7.15 6.78 d¢ 6.89d 6.87 727d 7.34d ~17.3
H? 7.57d 7.73d 7.74 7.23d 7.44d 7.47 7.50d 7.66d 7.71
Him 8.40s 8.65s 8.58 8.26 s 8.51s 8.42 842 s 8.64s 8.61
Met CH 3.95dd 420t 4.37 3.90 dd 4181 4.39 3.96dd 423t 4.47
CsH, 2.05m 2.16 m ~2.1 2.05m 220 m ~2.2 2.08 m 225 m ~2.2
C,H; 2.38 m 235A 2.50 2.38 m 2.584 2.65 248 m 255A ~2.8
2.69 B 2,64 B
CH, 2.02s 2.31s 2.16 2.01s 2.24 s 2.10 2.04 s 2.23 s 2.18
Histam C.H, 3.50¢ 358 A 3.76 3491t 353 A 3.64¢ 350t 3.60 A 3.59
393 B 367B 376 B
CsH, 278 t 2931t 2.95 278 t 291t 2.96 279t 291t ~2.8
H? 7.55s 7.96 s 8.01 7.55 s¢ 7.87 s 7.94 7.57 s 7.85s ~8.0
H’ 6.83s 7.12s 7.12 6.83s 7.09 s 7.10 6.85s 7.10 ~7.1
0,SCF, OF -78.39 -78.10 -78.21 -78.18 -78.27 78.30

2298 K, CD,0D, 4 in ppm relative to Me,Si (*H) or CFCl, ('°F), s = singlet, d = doublet, dd = doublet of doublets, m = multiplet, and A/B =

A or B part of an AB spin system. ®The spectra of these Cu(I) complexes show peaks without resolved multiplicity. ¢An additional small coupling
(<0.5 Hz) to a more distant ring proton is sometimes observable. ¢ AB pattern not observed due to the high intensity of the SR methyl singlet. €At

233 K this pattern consists of two separate peaks.

some low-intensity ligand-fragment peaks) the most significant
peak is found at m/z 457.1, i.e. [ML]*. The presence of this ion
indicates that the aggregate structure(s) can be fragmented easily
under the experimental conditions. At m/z 565.6 there is a
low-intensity peak assigned to [M,L]™.

IR data (KBr pellets) for the dried, amorphous, silver(I)
complexes are listed in Table III. Compared with the values
measured for the free ligands, only small shifts [10 cm™ (average)]
to lower wave numbers are found for the amide I (predominant
C=0 character) and C=N frequencies.?>  While the lower
energy S-O frequency is very sharp, the higher energy one is split
into two, rather broad, overlapping peaks. These data indicate
that the C;, symmetry of the free triflate anion has been lowered,?*
most likely as a result of a hydrogen-bonding interaction of the
oxygen atoms with the amide H atom of the (SR)Th-Met-Histam
ligand.

Solution Structure of [M{(5R)Th-Met-Histam|]J(OTf). The '°F
NMR spectrum of each of the Ag(I) and Cu(I) complexes in
CD;0D at 298 K shows one singlet resonance. The chemical shifts
(relative to CFCl,, see Table IV), ranging from & -78.2 to ~78.4,
indicate that the O,SCF; anions do not coordinate to the metal
center.%?

'H-NMR data, obtained in CD,OD at 298 K, are given in
Table IV. Compared to the spectra of the free ligands, the spectra
of the Ag(I) complexes show one set of signals that is shifted to
lower field. Evident shift differences are found for the imine H
(0.22-0.25 ppm), the thiophene H? (0.16-0.21 ppm), the imidazole
H2and H* (0.32-0.41 and 0.25-0.29 ppm, respectively), and the
methionine methyl H atoms (0.19-0.29 ppm). There is also a
pattern change for the histamine C,H, and methionine C,H,
groups from an apparent A, to an AB spin system?’ upon com-
plexation. Resonances of acidic protons, i.e., nitrogen-bound H
atoms, are not visible in methanolic solutions as a result of ex-
change with the solvent’s deuterium.?

A NOESY spectrum of [Ag{(5Me)Th-Met-Histam}] (OTY) at
298 K shows cross peaks for the imine H and methionine C,H

(23) Bellamy, L. J. The Infra-red Spectra of Complex Molecules; Methuen
& Co., Ltd.: London, 1966; pp 203-205, 268-271.

Dedert, P. L.; Thompson, J. S.; Ibers, J. A.; Marks, T. Inorg. Chem.
1982, 21, 969-977.

Theoretically all prochiral CH, groups have an AB spin system, in the
free ligand as well as the complexed ligand, due to the presence of the
stereogenic center C,, of methionine. However at the magnetic field used
(5.87 T), the diastereotoyicity of the CH, protons is not necessarily
evident. Coupling with '°’Ag and !®Ag (both = !/,) can be excluded
as source of the pattern change because, for example, the singlet of
methionine C Hj; is not affected. The AB character of the patterns was
identified by irradiating the XY virtual triplet of histamine C4H, and
the multiplet of methionine C;H,.

In CD;CN, the amide H appears at & 7.10 as a doublet of doublets, due
to coupling with histamine C H,.

(24)
(25)

(26)

* ok K #

90 80 70 60 50 40 30
PPM

Figure 4. 'H NMR spectra of [Ag{(5Me)Th-Met-Histam}](OTf) [c =
0.11 mol-L™, in CD;0D (#) at 233 K with added pyridine (%): (a) pure
complex; (b) complex + 0.25 equiv of pyridine; (c) complex + 1.0 equiv
of pyridine; (d) complex + 2.0 equiv of pyridine.

and for imine H and thiophene H? resonances that are absent in
the corresponding COSY spectrum. These cross peaks, which
represent through space interactions, show that on average the
thienylmethylidene-amino fragment possesses a planar, s-cis
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Figure 5. UV and CD plot for (5Me)Th-Met-Histam, L, and [Ag{(5Me)Th-Met-Histam}](OTf), AgL.

S=C—C=N conformation and an £ C=N configuration,
identical to that found in the solid state structure (vide supra).

Variation of the solution sample temperature in the range
328-183 K does not noticeably change the 'H resonance fre-
quencies, but the appearance of the spectra of the Ag(I) complexes
is prominently affected by an increasing symmetric signal
broadening?’ with decreasing temperature. This broadening, which
is completely reversible, is already noticeable at 273 K (at high
concentrations even at 298 K) and eventually results in a complete
collapse of the ligand signals at 203 K. This behavior cannot be
explained by increased solvent viscosity, since the signais associated
with CD;OD remain sharp, even at 203 K. An example of this
low-temperature broadening is given by the spectrum of [Ag-
{(5SMe)Th-Met-Histam}] (OTY) at 233 K (¢ = 0.11 mol-L"!) shown
in Figure 4a. To examine the influence of additional donor
ligands, pyridine was then added to this CD;0D solution. As can
be seen in Figure 4b—d, the chemical shifts of (SMe)Th-Met-
Histam are not affected, yet the broadening decreases markedly
with increasing pyridine concentration. The chemical shifts of
the pyridine are identical to the values measured without a metal
ion being present.

Because the 'H NMR spectra signals of the Cu(I) complexes
are broad even at 298 K, they yield less detailed information than
that obtained for the corresponding Ag(I) complexes. It is unlikely
that this broadening is caused by traces of Cu(II), since, in so-
lution, the intense green of the oxidized complex, i.e., Cu(Il), is
easily distinguishable from the orange color of the Cu(I) complex.
However, the signal patterns are distinct enough to confirm the
same trends as found for the Ag(I) complexes, i.e., a marked
downfield shift of the Cu(I) complexes’ 'H resonances compared
to those of the free ligands. Moreover, at 233 K, two separate
peaks are observed for the histamine C,H, group of the [Cu-
{(5Me)Th-Met-Histam]](OTf) complex.

1¥Ag NMR data of Ag(]) complexes having ligands that only
contain thienylmethylidene—amines as functional groups™® have
been easily obtained by the INEPT (insensitive nuclei enhanced
by polarization transfer) pulse sequence,”® with use of the 3J-
(10719 Ag—1H) present on the imine H resonance. In their proton
NMR spectra, complexes of the [Ag{(SR) Th-Met-Histam}](OTf)
type do not, however, exhibit any resolved 'H~Ag coupling.
Therefore, only direct measurement of ®Ag is available, and this
is a very insensitive and time-consuming technique compared to
INEPT. After numerous attempts a singlet 1% Ag resonance at
5 581 was detected for a clear saturated solution of [Ag{(5Me)-
Th-Met-Histam]](OTf) (¢ = 0.3 mol-L"!).

To investigate the solution structure of the [M{(SR)Th-Met-
Histam}](OTf) complexes in more detail, [Ag{(5Me)Th-Met-
Histam}](OTf) was extensively studied by a number of other
techniques. The choice of this particular compound as a repre-
sentative example was motivated by the possibility of correlating
the results with the crystal structures of both the complex (vide

(27) Linewidths = 0.5 Hz are called “broad”.
(28) Brevard, C.; van Stein, G. C.; van Koten, G. J. Am. Chem. Soc. 1981,
103, 6746—6748.

infra) and the free ligand (SMe)Th-Met-Histam.’

The UV spectra of solutions of [Ag{(SMe)Th-Met-His-
tam]](OTf) and the free ligand (AgL and L, respectively; see
Figure Sa) show quite comparable absorptions for the thienyl-
methylidene-amino chromophore.?® The presence of the “chiral
probe™?® methionine C, allows CD measurements. CD spectra
of the same solutions (Figure 5b) show small Cotton effects, as
is to be expected for an intrinsically symmetric chromophore whose
electronic states are perturbed by dissymmetry elsewhere in the
molecule.’® Interestingly, the ligand and complex spectra are
distinctly different: the complex (AgL) spectrum has a Cotton
effect that is approximately twice the ligand’s and exhibits an
additional absorption maximum at A = 225 nm.

The strong temperature dependence of the solubility of this
complex already suggests that its solution structure is not based
on simple, discrete units. More convincing evidence to support
this idea of larger aggregates in solution comes from optical
rotation measurements. The optical rotation value of solutions
of the free ligand (5SMe)Th-Met-Histam is concentration inde-
pendent.’ In contrast, [Ag{(5Me)Th-Met-Histam}](OTf) has a
molar rotation that increases with concentration: a concentration
of 1.54 X 1072 mol-L™! gives a® of ~39.0° L-mol'-dm™!, whereas
with a concentration of 7.72 X 1072 mol-L™! o is 50.5° L.
mol~l«dm™L.

The increase of the complex’s molar rotation with increasing
concentration clearly indicates that some stereoregular association
takes place; i.e., there is formation of an oligomeric species whose
average chain length depends on the concentration.

Determination of the Average Chain Length. To establish the
aggregation state of [Ag{(5Me)Th-Met-Histam|](OTf), or
[AgL](OT(), in solution, vapor pressure osmometry (VPO)
measurements (MeOH, 318 K) were carried out. The VPO data
yield a number-average molecular weight, M, which is nonlinearly
concentration dependent and ranges from M, = 300 for infinitely
dilute solutions to M, ~ 900 for infinitely concentrated ones. A
10% w/w solution of the complex (¢ = 0.14 mol-L", the same
order of concentration as used for the 'H NMR experiments)
results in M, =~ 800.

The lower limit of M, ~ 300, almost exactly half of the cal-
culated mass of the basic building block [AgL](OTf) (M, =
607.4) corresponds to the expected low concentration situation
of two separate species, i.e., [AgL]* cations and OTf" anions. The
upper limit of M, =~ 900 needs some explanation. The Ag(I)
complex is not a mononuclear entity, yet even the limit situation
of one infinitely large polycationic, polymeric, aggregate ([AgL]").
and an infinite number of free OTf" anions only results in a value

(29) The molecule 5-Me-Th-2-CH=N-i-Pr and its corresponding Ag(I)
complex (discussed in ref 8) yield UV spectra with a practically identical
pattern and trend, indicating that the spectra of Figure Sa are primarily
attributable to absorptions of the thienylmethylidene-amino chromo-
phore.

(30) Shanzer, A.; Yakirevitch, P.; Gottlieb, H.; Tor, Y.; Libman, J. Pure
Appl. Chem. 1990, 62, 1111-1114.

(31) Crabbé, P. Optical Rotary Dispersion and Circular Dichroism in Or-
ganic Chemistry, Holden-Day; San Francisco, CA, 1965; pp 13-14.
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of M, ~ M, = 607.4. Therefore, at high concentrations there
has to be cation—anion association. The equation relating the
average oligomeric chain length, i, and the experimentai value
of the number-average molecular weight is given by

Mn = iMcalc/(l + iad)

where ay is the degree of anion dissociation,? which has a value
of 1 at infinite dilution. If we take the case of an infinite polymer,
i = =, then at the high concentration limit where M, ~ 900 (n.b.
at 318 K) a4 is calculated to have a value of 0.67. N.b., the
concentration dependence of a4 and /, is not likely to be linear,
and since a4 and / are both independent variables, it is not possible
to obtain their values at a given concentration by VPO alone. An
approach to the estimation of a4 is to determine / by conductivity.
For a 10% w/w solution of [AgL](OTY) (vide supra), the con-
ductivity, A., at that specific concentration was measured and
found to be 25.34 S.cm™.L-mol™! (at 303 K).

In the model we are using there is a complexation /decomple-
xation process (k,/k.,) of n Ag(I) cations and n ligand molecules,
yielding » basic building blocks [AgL]* (transient species) which
polymerize in associative/dissociative processes (k,/k-,) to n/i
oligomers with an average chain length /. See eq 1.

Ky N
=== ()(lAgL]"); (1)

.
rAgll’| =

1
nAg‘ + nl =—=
-1

In our case of multifunctional coordination, the complexed state
is thermodynamically preferred, and &k, > k_;.

If one assumes that the complex polycations are oligomers that
do not contribute significantly to the solution conductivity because
they move too slowly (especially at higher concentrations this is
not an unreasonable assumption) then the Onsager limiting law
and Kohlraush equation'4 now relate the experimental conduc-
tivity, A, and the desired degree of anion dissociation a4 according
to

ag = A./(Aor — AAEOTH(Corp)'/2)

in which AA8LOTf s the electronic interaction of the triflate anions
with the complexed Ag(I) cations. In the present case a numerical
calculation of this term is not feasible,*’ but by simply neglecting
it (usually only allowed at low concentrations),** the measured
value of A, (25.34 S-cm™.L.mol™!) at a concentration of 0.14
mol-L! yields a minimum value for a4>® of 0.66. Consequently,
a8 at this concentration, expected to be slightly larger than a,*®
value,* is close to the limiting value of 0.67 calculated from the

(32) Challa, G. Private communication.

(33) Cf.: Arif, A. M.; Richmond, T. G. J. Chem. Soc., Chem. Commun.
1990, 871-872 and references cited therein.

(34) Kojima, Y.; Yamashita, T.; Ishino, Y.; Hirashima, T.; Hirotsu, K.
Chem. Lett. 1983, 453-454,

(35) For an excellent review, see: Decock-Le Reverend, B.; Kozlowski, H.
J. Chim. Phys. 1988, 82, 883-890.

(36) Whelan, J; Bosnich, B. Inorg. Chem. 1986, 25, 3671-3675.

(37) Eastland, G. W.; Mazid, M. A.; Russeil, D. R.; Symons, M. C. R. J.
Chem. Soc., Dalton Trans. 1980, 1682-1687.

(38) (a) Acland, C. B.; Freeman, H. C. J. Chem. Soc., D 1971, 1016-1017.
(b) Antti, C.-J.; Lundberg, B. K. S. Acta Chem. Scand. 1971, 25,
1758-1766.

(39) Freeman, H. C. Inorganic Biochemistry; Eichhorn, G. L., Ed.; Elsevier:
Amsterdam, 1973; Vol. 1, p 131.

(40) Lugert, G.; Manero, J.; Feigel, M.; Bremer, M. J. Chem. Soc., Chem.
Commun. 1988, 1395-1396.

(41) See the discussion on !Ag NMR data in ref 8 and: (a) Nakatsuji, H.;
Kanda, K.; Endo, K.; Yonezawa, T. J. Am. Chem. Soc. 1984, 106,
4653-4660. (b) Endo, K.; Yamamoto, K.; Matsushita, K.; Deguchi, K,;
Kanda, K.; Nakatsuji, H. J. Magn. Reson. 1988, 65, 268-281.

(42) Ciardelli, F.; Salvadori, P. Pure Appl. Chem. 1988, 57, 931-940.

(43) Fried, V.; Hameka, H. F.; Blukis, U. Physical Chemistry, MacMillan
Publishing Co., Inc.: New York, 1977; pp 857-862.

(44) Reference 43, p 855.
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M, value of 900 (from VPO) combined with i = =. Hence, the
measured M, value of ~800 at a concentration of 0.14 mol-L™
gives an average chain length, i, of =~ 11, i.e., 5.5 connected unit
cells as depicted in Figure 2.

Discussion

There are several coordination complexes of Ag(I) cations with
polydentate ligands that have polymeric solid-state structures.3?
However, to the best of our knowledge, there is only one docu-
mented example of such a complex that has a stereoregular helix
structure comparable to that of ([Ag{(5Me)Th-Met-His-
tam))][OTf]-MeOH).. described here, viz. (Aglcyclo(L-
methionyl-L-methionine)|[ClO,]).. described by Kojima and co-
workers.>* In the latter complex the ligand has two stereogenic
centers and the X-ray structure shows each Ag(I) to be linearly
coordinated by two thioether sulfur atoms of separate ligands; the
silver center interacts additionally with four oxygen atoms of ClO,~
anions.

Data relating to the solution structures of polymeric coordi-
nation complexes that can be directly compared with that pres-
ented here are scarce. Although there are solution structure studies
of Ag(l) complexes with methionine and its derivatives, the
majority of these data relate to charged, rather than neutral, ligand
systems.’® One study of possible relevance to the structure of
[Cu{(5R)Th-Met-Histam}] (OTY) is that of Whelan and Bosnich
who reported that Cu(I) coordination complexes with a quadri-
dentate ligand, supplying imidazole and thicether binding sites,
may have a polymeric structure.*

The implications of the present results obtained for [M!-
{(5R)Th-Met-Histam}](OTf) (M = Ag, Cu) complexes are dis-
cussed separately for the two metals.

Solid-State Structure of [Ag{(5R) Th-Met-Histam}](OTf). The
basic feature of the Ag(I) coordination geometry in the ([Ag-
{(5Me)Th-Met-Histam}]*[OTf]~MeOH).. X-ray structure is the
plane formed by the Ag(I) center and its closest donor atoms:
imine N4, imidazole N1, and methionine S2. Although the
distances from these donor atoms to the metal center are well
within their accepted bonding ranges,?' they are considerably
longer than those reported for linearly hybridized Ag(I) geome-
tries. For example, the Ag-N4 distance of 2.378 (5) A is 10%
longer than the 2.16 A (average) we have found in Ag(I) com-
plexes containing only thienylmethylidene-amino functional
groups.”™® Inthe Ag-N1 distance of 2.218 (4) A this lengthening
is less pronounced, but this bond is still noticeably longer than
those in [Aglimidazole},](X) complexes; 2.09 A (average) (X =
ClO,)*" and 2.12 A (average) (X = NO,)*® A. Finally, the Ag-S2
distance of 2.509 (2) A is much longer than the 2.40 A (average)
found in the complex of Kojima et al. (vide supra).’* Nevertheless,
the predominantly trigonal surrounding in [Ag{(5R)Th-Met-
Histam}](OTY) is best described in terms of an sp?-hybridized
Ag(I) ion with the lengthened bonds most likely reflecting a
compromise between steric demands of the ligand and the bonding
restraints associated with a planar Ag,N,N’,S arrangement.

Situated above this trigonal coordination plane is the amide
Ol atom, which only has a weak interaction with the empty
p-orbital of the Ag ion; this is evidenced by the long Ag-O distance
of 2.568 (4) A and the displacement of O1 from the ideal position
directly over the metal center. The driving force of the bidentate
coordination of the O1-C6—C7-N4 fragment of {(SR)Th-Met-
Histamj} is formation of the Nd4-Ag bond and not the Ol-Ag
interaction; generally, one requires, as here, chelate ring formation
to induce the weakly basic amide O atom to bond to a metal
cation.¥

The presence of the thiophene S1 atom on the other side of the
trigonal plane is also consequence of the N4-Ag bond. The E

(45) It would be preferable to carry out all experiments at the same tem-
perature but, unfortunately, VPO apparatus limitations prevent reliable
measurements at 303 K (the temperature at which the limiting con-
ductivity of O,SCF;™ is known). Likewise, it would be interesting to
follow the chirality-temperature dependence of a 10% w/w complex
concentration by CD spectroscopy. However like UV measurements,
CD measurements can only be carried out on in the absorption range
of 0.2 < 4 <2, and this limits their application to low concentrations.
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Figure 6. (5Me)Th-Met-Histam and [Ag{(5Me)Th-Met-Histam}]* compared (identical orientations at methionine C, = C7).

Table V. Comparison between Relevant Dihedral Angles (deg) of
(5Me)Th-Met-Histam, L, and
([Agl(5Me)Th-Met-Histam|]*[OTf]-MeOH)., AgL

Table VI. Overview of the Donor—Acceptor Combinations in
(5Me)Th-Met-Histam, L, and
([Ag{(5Me)Th-Met-Histam}]*[OTf]-MeOH).,, AgL

function chain L AgL A donor-acceptor L AgL

Histam  N1-C3-C4-C5 -74.5(4) -729(7) 1.6 N4 imine H[N3] amide Ag
C3-C4-C5-N3 -67.1 (4) -64.4(7) 3.3 01 amide H’[N3’] amide Ag
C4-C5-N3-C6 113.2 (4) 131.6 (6) 18.4 H[N3] amide N4 imine & O1’ amide O MeOH
C7-C6-N3-C5 -1748 (3) 178.0(5) -7.2 N1 imidazole H’[N2’] imidazole Ag
01-C6-N3-H[N3] -170 (3) =178 (7) -8 H[N2] imidazole N1’ imidazole O OTf

(5Me)Th C7-N4-C8-C9 177.4 (3) -172.8 (6) 9.8 S2 methionine Ag
N4-C8-C9-S1 -12.2 (5) 18.0(9) 30.2

Met C7-C14-C15-S2 170.0 (2) 175.5 (5) 5.5 stacking effect in the complex that results in a thiophene ring
C14-C15-82-C16 -175.8 (3) 70.7 (5) 113.5 system which is oriented almost perpendicular to the direction

C.(C7) N3-C6-C7-N4 -37.4(4) 133.2(6) 1706 of the polymeric chain. The planarity of the thienylmethylidene
gi‘gg'g;cé‘;’s lggg gg '%;2; gg; lﬁg-g function and, hence, the resonance stabilization through #-con-

~C7-C14— ) ) Y . 40 : . .

C14-CT-N4-CR 944 1103 (8 309 jugation® is hardly affected by this rotation. (iii) The dihedral

9 A & smallest possible angle of rotation to turn the value of L into
that of AgL.

configuration of the imine function combined with the resonance
stabilized planarity of the thienylmethylidene—amino unit will
favour an s-cis N4&=C8—C9=S1 conformation® which brings
the thiophene S and Ag atoms together. However, no actual bond
is formed, as evidenced by the long Ag-S1 distance of 3.081 (2)
A, though some dipole—cation attraction cannot be excluded. (See
ref 8 for a detailed discussion.)

In this silver complex each molecule of (SMe)Th-Met-Histam
contributes as a ligand to the coordination geometry of three
separate Ag(I) centers and contributes in such a way that a
coordination polymer results. Therefore, it is worthwhile to
compare the solid-state structures of (SMe)Th-Met-Histam both
as the free molecule® (Figure 6) and as a ligand coordinated to
Ag(I). It is striking that the (5SMe)Th-Met-Histam moieties in
these two situations have nearly identical bond lengths (maximum
difference 0.034 A) and bond angles (maximum difference less
than 5° but typically less than 2°). Only some dihedral angles,
summarized in Table V, have changed markedly upon complex-
ation.

In the Ag(I) complex the basic shapes of the three arms of
(5Me)Th-Met-Histam (see Introduction) are not dramatically
altered relative to those of the frec molecule: (i) The “hist-
amine—amide” subunit retains its gauche conformation, but there
are some small changes, notably a rotation of 18.4° about the
C5-N3 bond. (ii) In the thienylmethylidene-amino fragment
there is a rotation of 30.2° about the C8-C9 bond. This change
of dihedral angle along the C8-C9 bond is most likely due to a

angles of the methionine side chain indicate that the all-trans
conformation of the free ligand is, to a large extent, conserved
in the complex. Only the position of the terminal methyl group
has changed markedly as a result of a rotation of 113.5° about
the C15-S2 bond. We tentatively propose that the driving force
of this rotation might be a decrease this gives in projection of the
methyl group out of the polymeric cylinder.

In the complex the dihedral angles around the stereogenic
carbon center C7 show that relative orientations of these three
arms are, however, substantially altered as a result of a half-circle
rotation of the entire “histamine-amide” subunit about C6—C7.
This conformational change of the (SMe)Th-Met-Histam molecule
upon complexation has a simple explanation. The shape of the
uncomplexed molecule is most probably governed by a tendency
to pair all of the donor and acceptor functions present (see Table
VI). This results in a bifurcated hydrogen-bonding mode of the
amide H atom H[N,], interacting intramolecularly with imine
N4 and intermolecularly with amide O1’, that determines the
orientation at C6—C7. These donor—acceptor combinations are
disrupted by Ag(I) cations since the donor functions prefer to
coordinate to these much stronger Lewis acids. This then allows
rotation about C6-C7, and the three arms of the ligand can
reorientate, giving the ligand a more rodlike shape, so that amide
O1 can approach the metal atom, which is coordinated by imine
N4,

Apart from the rotation about C6—C7 all other changes upon
complexation are rather small. Except for the thioether sulfur,
which does not participate in hydrogen bonding, all Lewis acid
and base functions in free (SMe)Th-Met-Histam and its Ag(I)
complex are involved in bonding interactions (Table VI). Since
polymer formation occurs in a completely stereoregular way
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(yielding only A helices), the stereoselectivity must arise from the
single stereogenic carbon center C7, i.e., methionine C,.

Solution Structure of [Ag{(5R)Th-Met-Histam}}(OTf). With
the working hypothesis that the solution structure of [Ag{(5R)-
Th-Met-Histam]}](OTY) is likely to be related to that in the solid,
one can concentrate on answering two interrelated questions: (i)
which groups constitute the coordination geometry of the metal
cation in solution, and (ii) what is the aggregation state? Both
questions will be dealt with here in that order. The chemical shift
range of the '°F NMR data (Table IV) clearly indicates that, as
intended, the triflate anions do not coordinate to the Ag(I) cations.

The downfield shifts and pattern changes in the ambient-tem-
perature '"H NMR spectra of [Ag{(5R)Th-Met-Histam}](OTf)
upon addition of AgOTf (Table IV) are evidence for a thermo-
dynamically stable coordination complex. The downfield shifts
of the protons in the thienylmethylidene-amino moiety indicate
coordination of the imine N atom to a Ag(I) center, and this,
together with the E configuration of the C=N bond and its
coplanar s-cis conformation with respect to the thiophene ring
(established by a NOESY experiment), brings the thiophene S
atom into the metal’s proximity.> The imidazole H atoms exhibit
even larger downfield shifts, consistent with coordination of the
N3 atom to a Ag(I) center. The downfield shift of the methionine
CH; singlet shows that the thioether S atom coordinates to a metal
cation. The pattern changes observed for the histamine C,H, and
methionine C,H,, from A, to AB, reflect a spatial fixation of these
aliphatic chain parts that is consistent with amide O and thioether
S atom coordination.

The '°Ag chemical shift of & 581 measured for a solution of
the [Ag{(5Me)Th-Met-Histam}](OTf) complex, being in the
transition range between pure linearly coordinated (<500 ppm)
and tetrahedrally coordinated (>>600 ppm) silver,* is in agreement
with the presence of a trigonally coordinated Ag(I) cation.

At all temperatures, the 'H NMR spectra only show one set
of signals, indicating that all ligands form complexes in the same
way and that complexation is stereoselective. The CD data support
this conclusion. Since the electronic states of the thienyl-
methylidene—amino chromophore in free (SMe)Th-Met-Histam
and its corresponding Ag(I) complex are similar (as evidenced
by their UV spectra, Figure 5a), one can make valid comparisons
of their CD spectra (Figure 5b). The marked increase of the
Cotton effect upon addition of 1 equiv of Ag(I) cations to free
(5Me)Th-Met-Histam is a clear indication that a stable coor-
dination product has been obtained with a predominant hand-
edness.*?

In summary, these results agree well with a solution Ag(I)
geometry that is comparable to the solid-state geometry, i.e., a
metal center surrounded by amide O, thiophene S, imidazole N,
imine N, and methionine S atoms in a single configuration, with
predominantly trigonal coordination by the latter three donor
atoms.

Bearing in mind the 1:1 metal-to-ligand stoichiometry and the
fact that there is only one ligand identity on the NMR time scale,
one can deduce, a priori, that the aggregation state that allows
this specific Ag(I) geometry is based on either discrete (as opposed
to averaged) mono-, di-, and trication complexes or a polycationic
species with the same repeating unit as the solid-state structure.
Vapor pressure osmometry (VPO) measurements are consistent
with an oligomeric structure where the number-average molecular
weight M, obtained can be explained by association—dissociation
of the triflate anions to and from the oligomeric chains. The
chemical shift range of 8('F) is evidence that this exchange process
does not occur at the metal center, and one can therefore conclude
that association—dissociation in solution takes place at the amide
H atoms; this interaction is established for both the crystal and
amorphous structure of the complex.

The knowledge gained thus far about the character of the
complexes, permits a plausible explanation of the phenomena
observed in the 'H NMR spectra at various temperatures. The
kinetic processes in solution which determine the appearance of
the '"H NMR spectra are the association/dissociation of oligomeric
chains (eq 1: k./k_,) and conformational changes in the oligomers;
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the (de)complexation process (eq 1: k;/k_;) cannot be important
as it involves the unlikely situation of simultaneous breaking of
the coordination bonds with three different ligands.® Thus at
ambient temperatures the sharp !H NMR signals indicate a fast
exchange situation for the former processes. The increasing and
symmetric signal broadening found upon lowering the probe
temperature (<273 K) cannot be attributed to intermediate ex-
change phenomena since it affects all peaks at the same time.
Instead, this broadening must be attributed to chemical shift
anisotropy (CSA), resulting from a decrease in the tumbling rate
and, hence, of the spin—spin relaxation time constant 7,. When
tumbling rates noticeably affect the appearance of 'H NMR
spectra at relatively high temperatures, as here, one has good
evidence for the presence of macromolecular structures.®s At
200 K the increased contribution of CSA culminates in a complete
collapse of all signals. At the onset of the broadening there is
still a fast exchange situation, and unfortunately, this domination
of CSA prevents the detection of possible intermediate or slow
exchange phenomena at lower temperatures. This interpretation
of the line-shape phenomena is supported by the pyridine addition
experiment at 233 K (Figure 4). The chemical shift positions of
neither the (5SMe)Th-Met-Histam ligand nor pyridine change
when the two species are mixed, and thus the N-donor pyridine
ligand does not affect the thermodynamic stability of the original
coordination compound. However, since the (5Me)Th-Met-
Histam ligand signals become sharper, one can conclude that
pyridine is competing with the multifunctional ligand for the silver
cations; the decrease of CSA with increasing pyridine concen-
tration is consistent with a decrease in the average oligomeric chain
length.

Structure of [Cu'{(5R)Th-Met-Histam}](OTf). No crystal
structure determination of a representative of the studied [Cu-
{(5R) Th-Met-Histam}](OTf) complexes could be carried out. The
observation that tiny crystals of one Cu(I) compound turned
amorphous when dried in vacuo suggests incorporation of solvent,
most likely MeOH, as is found in the crystal structure of [Ag-
{(5Me)Th-Met-Histam}](OTY).

The highly similar trends in the 'H and °F NMR data of the
AgOTf and CuOTf complexes with {(SR)Th-Met-Histam| (Table
IV) make it legitimate to assume that the basic solution structures
of the two series of coordination complexes are identical. The
subtle differences in 'H chemical shifts positions between the two
series probably reflect small differences in the coordination af-
finities of the donor functions to the two different metal centers.
The marked broadening of the Cu(I) complex 'H NMR signals
over the whole temperature range (318-188 K) is less easily
explained.

Casella suggested that the broad signals found for his Cu(I)
coordination complex is attributable to the quadrupole moment
of the copper nucleus.*’” This is unlikely to apply here; the Cu(I)
complex [Cu{5-Me-Th-2-CH=N-i-Pr},](OTY) has very sharp 'H
NMR signals over a large temperature range.?

It would be tempting to ascribe this broadening in the proton
NMR spectra of [Cuf(5R)Th-Met-Histam}](OTY) to intermediate
exchange phenomena that are occurring at higher temperatures
than for corresponding Ag(I) complexes; the smaller ionic radius
of Cu(I) is expected to afford more tightly bonded complexes.
However, although this explanation is likely to be true in complexes
with easily adaptable ligand systems,® it may not apply in this
particular case where the ligand imposes a coordination geometry
on the metal center. More importantly, the signals of the Cu(I)
complex do not collapse at low temperatures and the pattern of
the histamine C, H, group does not change from A, to AB until
the temperature is lowered to 233 K. This behavior is not con-
sistent with an intermediate exchange situation at ambient tem-
peratures.

In our opinion the broadening of the signals which dominates
the 'H NMR spectra of the Cu(I) complexes at all temperatures

(46) Sanders, J. K. M.; Hunter, B. K. Modern NMR Spectroscopy; Oxford
University Press: Oxford, England, 1987; pp 166, 214, 217.
(47) Casella, L. Inorg. Chem. 1984, 23, 2781-2787.
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is related to the presence of the imidazole function. This proposal
can be used not only to explain the aforementioned results of
Casella and the findings in this paper, but also the broadened
signals in the TH NMR spectra (298 K) of [Cu(I){imidazole-4-
CH,SR},]* complex cations for which intermediate exchange
processes can be excluded.”® As a possible explanation we suggest
that in copper(I) imidazole complexes there is an equilibrium
involving an intramolecular metal-to-ligand electron shift, i.e.,
between diamagnetic Cu(I)~imidazole and paramagnetic Cu-
(II)-imidazole** Although such an equilibrium can lie far to
the side of Cu(I), a small population of the other state can be
sufficient to cause extensive line broadening in the NMR spectra.
The electron shift equilibrium might facilitate Cu(I)/Cu(II) redox
transitions, this perhaps being the reason that nature favors im-
idazole (over pyridine, pyrazole, or whatever N atom donor) as
a coordinating function for copper ions.

Conclusions

Coordination complexes from 1:1 metal salt to ligand reactions
of Ag'O;SCF,; and the polydentate donor ligand system N-{N-
((5-R-thienyl)methylidene)-L-methionyl] histamine (=(5R)Th-
Met-Histam; R = H, Me, Me,;Si) possess intriguing helical
polycationic structures, both in the solid state and in solution. The
origin of the self-organization relates to the specific structure of
the (SR)Th-Met-Histam molecule, which, as a result of steric

(48) Modder, J. F.; de Klerk-Engels, B.; Ankersmit, H. A.; Vrieze, K.; van
Koten, G. New J. Chem. 1991, 15, 919-926.

(49) (a) The reduction of the imidazole ring upon binding of H*: Grimmett,
M. R. Comprehensive Heterocyclic Chemistry; Potts, K. T. Ed.; Per-
gamon Press: New York, 1984; Vol. 5, p 361. (b) The Cu(I)-imidazole
MLCT band in: Sorrell, T. N.; Borovik, A. S. J. Am. Chem. Soc. 1987,
109, 4255-4260.

constraints and the number, nature, and partitioning of its donor
and acceptor functions, is preorganized to coordinate to three
different Ag(I) cations.

A noteworthy aspect of the complex structure is its complete
stereoregularity that is induced by the ligand’s single stereogenic
carbon center. The corresponding Cu(I) complexes are iso-
structural to their Ag(I) counterparts. In addition to the oligo-
ligand approach,’* the present self-assembly mechanism provides
a second option for the preparation of polycationic coordination
complexes.
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The complex [CoRh(CO);(u-dppm),] (1) is easily protonated to give [CoRh(u-H)(CO)g(u-dppmk *+(2). The structure of 2[BF,]

has been determined crystallographically [space group P1, a = 12.673 (2) A, b = 19.833 (3)

c=11992 (3) A, 2 = 94.29

(2)°, 8 =117.08 (2)°, v = 107.93 (1)°, Z = 2, R = 0.0519, R, = 0.0558] and it is shown that the Co-Rh bond is shorter in
2 thanin 1. This is the first example of such a bond shortening on protonation of a metal-metal bond and reasons for the unique
behavior are discussed. Complex 2 exhibits fluxionality in solution and it is suggested that this occurs by inversion of the CoRh(u-H)

unit.

Introduction

Protonation of a metal-metal bond has been thought always
to lead to an increase in metal-metal bond distance. For example,
early work showed that the metal-metal distance in [Cr,(u-
H)(CO0),0]~ [3.406 (5) A] was 0.44 A longer than in [Cry(CO),0)
[2.97 (1) A].2 The same effect has been observed in several
complexes bridged by bis(diphenylphosphino)methane and related
ligands.> Thus, the metal-metal bond distance in [RhRe-

(1) (a) University of Western Ontario. (b) Lakehead University.

(2) (a) Handy, L. B.; Ruff, J. K.; Dahl, L. F. J. Am. Chem. Soc. 1970, 92,
7312. (b) Roziere, J.; Williams, J. M.; Stewart, R. P., Jr.; Petersen,
J. L.; Dahl, L. F. J. Am. Chem. Soc. 1977, 99, 4497.

(3) (a) Antonelli, D. M.; Cowie, M. Organometallics 1990, 9, 1818. (b)
Antonelli, D. M.; Cowie, M. Inorg. Chem. 4039. (c) de Leeuw, G;
Field, J. S.; Haines, R. J. J. Organomet. Chem. 1989, 359, 245. (d)
Field, J. S.; Haines, R. J.; Rix, L. A. J. Chem. Soc., Dalton Trans. 1990,
2311.

(CO),(u-dppm),] [2.7919 (6) Al is 0.21 A shorter than that in
[RhRe(u-H)(CO),(u-dppm),]* [3.0036 (7) A].> When proton-
ated metal-metal distances are shorter than other metal-metal
distances in the same molecule, there are other bridging groups
in the MM'(u-H)(u-X) unit which cause the effect; that is, the
bond-shortening effect of u-X may outweigh the bond-lengthening
effect of u-H.* In these cases, it is presumed that deprotonation
would lead to a still shorter metal-metal distance although good
structural data for both protonated and deprotonated forms are
lacking. The lengthening of a metal-metal bond upon protonation
is expected in terms of conversion of a 2c—2e bond to a 3c—2e bond
as depicted in eq 1.4

(4) (a) Churchill, M. R. 4dv. Chem. Ser. 1978, 167, 36. (b) Churchill, M.
R.; DeBoer, B. G.; Rotella, F. J. Inorg. Chem. 1976, 15, 1843. (c) Bau,
R.; Don, B.; Greatrex, R.; Haines, R. J,; Love, R. A.; Wilson, R. D.
Inorg. Chem. 1975, 14, 3021.
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