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1,3,5-Tris{ 2'-[(pyrazol-1-yl)methyl]phenyl} benzene, 4, and its complexes with Cu(l) and Ag(l) have been prepared
and characterized. Both Cu'(4) and Ag'(4) triflate crystallize in the rhombohedral space group R3, with the cations
and anions each exhibiting crystallographically imposed 3-fold (Cs) symmetry. In both complexes, 4 behaves as a
tris(pyrazolyl) n%-arene ligand whose arms act as three-pronged tweezers to form chiral, propeller-like cations with
pyramidal MN(pyrazole)s coordination geometries. Centers of symmetry in the space group ensure that the crystals
are racemates, with equal numbers of P,P,P and M,M,M enantiomers. In broad outline, each cation is shaped like
a three-legged stool, with the metal ion centered at the top and pointed downward from a triangular N(pyrazole)
plane toward the center of gravity (Cg) of the central benzene ring (a metal-endo conformation), which constitutes
the bottom shelf of the stool. The Cu(l)-++Cg and Ag(l)-+-Cg distances, 3.195(2) and 3.165(2) A, respectively,
support the existence of an #°® bonding interaction with Ag(l) and, to a lesser extent, with Cu(l). NMR data for
Ag'(4) suggest rapid interconversion of this cation in solution between P,P,P and M,M,M enantiomers. Our inability
to prepare any Cu(ll) complexes with 4 is consistent with cyclovoltammetric results, which suggest that the ligand
is more easily oxidized than Cu(l).

Introduction
O H n-Pr
N N N

Small molecule metal-containing complexes having atypi- (/\N | | |
cal coordination geometries can show useful catalytic, N ! O
spectroscopic, and kinetic properties. For example, such n-pr
complexes have found use as polymerization catdiysisd 1 2

as structural/spectroscopic models for type 1 sites in copper-

containing metalloproteinsThe bis(imidazole) biphenyl-  (II) chromophore! Benzimidazole analogues df such as
based ligand. gives rise to nearly isostructural Cu(l)/Cu(ll) 2, form even more nearly tetrahedral complexes with divalent
tetrakis(imidazole) chromophores that have been used tofirst-row transition metal ions ranging from Cr(ll) to Zn-
probe electron self-exchange and also to elucidate electroniq(ll).® Even a single bis(benzimidazole) unit is sufficient to
spectroscopic and EPR features of the structurally novel Cu-generate @.g-flattened, distorted tetrahedral Cu(ll) coor-
dination geometr§.The 2,2-biphenyl spacer i2 also serves
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to position the N-donor groups such that free ligands of this
type act as potent proton spondes.

We have chosen to study tridentate structurally constrain-
ing ligands with the aim of preparing other approximately
tetrahedral Cu(ll)/Cu(l) redox couples. Such ligands would
supply three out of the four ligand donor sites. Noteworthy
prior reports of tridentate structurally constraining ligands
include those describing Cu(l) and Cu(ll) complexes$risf
pyrazolylborates and 1,4,7-triazacyclononghieswever, the
relatively small bite angles of these ligands restrict the
observed N-Cu—N bond angles to approximately 85 2°
and 94+ 4°, respectivel\’. More recent reports of tripodal,
tridentate ligands include the family of benzenes elaborated
at the 1,3,5-ring positions with pyrazoles, imidazoles, ben-
zimidazoles, and other ligan8$lowever, these ligands form
2-dimensional network structures with transition metal ions
such as Cu(ll), Zn(Il), Ni(ll), and Ag(l) in which the metal
ions are ligated in structurally conventional ways by donor
groups supplied by three or four different ligands.

We report here the synthesis of two ligands, each of which

has nine torsional degrees of freedom, and each of which,

on the basis of the examination of molecular models, might
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raphy. Compoun@ was prepared by using a literature proceddre.
An alternate preparation & utilizing a Suzuki coupling has also
been reported?

2. Syntheses.The preparation of ligandg and 5, and of
complexes of4 with Cu(l) and Ag(l), is described below and
outlined in Scheme 1.

1,3,5-Tri{ [2'-[(pyrazol-1-yl)methyl]phenyl} benzene (4) This
ligand was prepared by following the procedure of Hartshorn and
Steel!® A solution of 174.6 mg (0.3 mmol) of 1,3,5-trisf2
(bromomethyl)phenyllbenzen8)( 102 mg (1.5 mmol) of pyrazole,

6 mL of benzene, 1.5 mL of 40% aqueous sodium hydroxide, and
4 drops of 40% aqueous tetrabutylammonium hydroxide was heated
at reflux for 4 h. The organic layer was separated out and washed
sequentially with 4 mL 61 M aqueous hydrochloric acid and 4
mL of saturated brine, dried over sodium sulfate, and then
concentrated. Chromatography on silica gel using petroleum ether/
ethyl acetate (2:1 v/v) as the eluant gavas a yellow oil, which

was dissolved in 2 mL of 1:1 petroleum ether/dichloromethane and
then concentrated to afford 132 mg (81%) of a white powder, mp
114-116°C. 'H NMR (CDClz, 400 MHz): 6 7.13-7.44 (m, 21

H), 6.15 (t,J = 2 Hz, 3 H), 5.33 (s, 6 H)!3C NMR (CDCk, 100
MHz): 6 140.9, 140.7, 139.6, 134.0, 130.6, 129.6, 129.1, 128.9,
128.4,128.3, 105.9, 54.R = 0.27 (ethyl acetate). FABMS: 547
(MH™).

be expected to present three suitably oriented convergent 1,3,5-Tris{2'-[(3,5-dimethylpyrazol-1-yl)methyl]phenyl} ben-

pyrazole N-donor ligands. Structural characterizations of the
ligands and their complexes with Cu(l) and Ag(l) also are

detailed. The structural and supporting electrochemical
studies indicate why these particular ligands afford unexpect-
edly poor complexation of Cu(ll).

Experimental Section

1. General Procedures.Melting points were measured on a

Thomas-Hoover capillary melting apparatus and are uncorrected.

Proton and carbon NMR spectra were obtained with Varian UNITY
300 and 400 spectrometers. Chemical shifysafe reported in parts
per million downfield from tetramethylsilane (TMS) with either
TMS or the solvent signal as the internal reference. Coupling
constants J) are in hertz. Fast atom bombardment mass spectra
(FABMS) were obtained from the Washington University Research

zene (5).This ligand was prepared by following the method of
Chin et al** A suspension of 43 mg of sodium hydride (60% in
mineral oil, 1.07 mmol) in 2 mL of anhydrous THF was treated
with 102 mg (1.07 mmol) of 3,5-dimethylpyrazole, which was
added in small portions at room temperature. The mixture was
stirred for 20 min until the evolution of hydrogen gas ceased. A
solution of 208 mg (0.356 mmol) of 1,3,5-trisfdbromomethyl)-
phenyllbenzened] in 1 mL of THF was added slowly, and the
solution was stirred for 4 h. Workup as féigave a residue, which
was chromatographed on silica gel by using petroleum ether/ethyl
acetate (2:1) as the eluant to give 200 mg (95%% afs a white
solid, mp 136-138°C. *H NMR (CDClz, 300 MHz): 6 7.36 (s, 3

H), 7.32-7.34 (m, 9 H), 6.75 (dJ = 6.3 Hz, 3 H), 5.80 (s, 3 H),
5.25 (s, 6 H), 2.20 (s, 9 H), 1.98 (s, 9 HfC NMR (CDCk, 75
MHz): 6 147.9, 141.1, 139.8, 139.5, 135.0, 130.2, 129.0, 128.5,
127.6, 127.0, 105.7, 51.0, 13.9, 11.4. FABMS: 637 (MLi631

Resource in Mass Spectroscopy. Positive ion peaks are given in(MH*). Single crystals ob suitable for X-ray diffraction were

units of m/z. All reagents were used as received or were purified
by using standard methodsPrecoated silica gel plates (Merck

60) were used for analytical thin-layer chromatography. E. Merck
silica gel (236-400 mesh) was employed for column chromatog-
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3606-3614. (b) Xie, B.; Elder, T.; Wilson, L. J.; Stanbury, D. M.
Inorg. Chem1999 38, 12—19. (c) Knapp, S.; Keenan, T. P.; Zhang,
X.; Fikar, R.; Potenza, J. A.; Schugar, HJJAm. Chem. Sod.99Q
112 3452-3464.
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Chem.2004 43, 1472-1480.
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So0c.1992 114, 9232-9233. (b) Fujisawa, K.; Tanaka, M.; Moro-
oka, Y.; Kitajima, N.J. Am. Chem. Sod.994 116, 12079-12980.
(c) Halfen, J. A.; Tolman, W. BJ. Am. Chem. So04994 116, 5475~
5476. (d) Halfen, J. A.; Mahapatra, S.; Olmstead, M. O.; Tolman, W.
B. J. Am. Chem. S0d.994 116, 2173-2174.

(9) Fan, J.; Sun, W.-Y.; Okamura, T.-a.; Tang, W.-X.; Ueyamdnhtg.
Chem.2003 42, 3168-3175, and references therein.
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obtained by slow evaporation of a filtered solution of 5 mdar
2 mL of hexane and 1 mL of dichloromethane: rectangular-based
prisms, mp 139140 °C.

1,3,5-Tris{ 2'-[(pyrazol-1-yl)methyl]phenyl} benzene Copper-
(I) Triflate -Hexane Solvate, Ci(4) CFs;SOs-Hexane. Hexane
vapor was allowed to diffuse into a filtered solution containing 10
mg (0.018 mmol) of ligandt and 4.73 mg (0.009 mmol) of Cu-
()2(OTf), toluene in 2 mL of acetone, providing colorless crystals
of Cu(4) CRSOs-hexane.

1,3,5-Tris{ 2'-[(pyrazol-1-yl)methyl]phenyl} benzene Silver(l)
Triflate +0.5 Acetone0.5 Diethyl Ether Solvate, Ad(4) CFsSOs-
0.5 Acetone0.5 Diethyl Ether Solvate.Ethyl ether was allowed
to diffuse into a filtered solution of 10 mg (0.018 mmol) 4fnd
4.07 mg (0.018 mmol) of AgOTf in 2 mL of acetone, giving

(11) Plater, M. J.; Praveen, M.etrahedron Lett1997 38, 1081-1082.

(12) de Frutos, Q Granier, T.; Gmez-Lor, B.; Jiminez-Barbaro, J. J.;
Monge, A; Gutigrez-Puebla, E.; Echavarren, A. @hem—Eur. J.
2002 8, 2879-2890.

(13) Hartshorn, C. M.; Steel, P. Aust. J. Chem1995 48, 1587-1599.
(14) Chin, J.; Oh, J.; Jon, S. Y.; Park, S. H.; Walsdorff, C.; Stranix, B.;
Ghoussoub, A;; Lee, S. J.; Chung, H. J.; Park, S.-M.; KimJ KAm.

Chem. Soc2002 124, 5374-5379.



Tris(pyrazolyl)n%-Arene Ligand with Convergent Pyrazoles

Scheme 1. Preparation of Ligandd4 and5 and of Complexes of with Cu(l) and Ag(l)
pyrazole, 40% aq NaOH,

O Br
n-BuyNOH (cat.), benzene,

Br
O reflux, 4 h
S50 SEE

Br

CHj
3,5-dimethylpyrazole,
NaH, THF, 4 h
3
95%
5 +
=N e
~ \ s -
& P N\\/M\/ CF4S0,
4 Cu(OTf), or AgOTf N
/N\
QL
)

a) Cu'(4) (CF3S03)
b) Ag'(4) (CF43SO3)

colorless crystals of A¢4) CFS05-0.5 aceton®.5 diethyl ether. diffraction studies. Ligand, however, afforded the unsolvated
IH NMR (CDClz, 400 MHz): ¢ 7.59 (s, 3 H), 7.42 (m, 15 H), rhombohedral form reported here (Table 1, Figure 1), as well as
6.83 (s, 3 H), 6.28 (s, 3 H), 5.44 (s, 6 H{C NMR (CDCk, 100 two different triclinic forms in the space growi, each of which
MHz): 6 141.7, 141.1, 140.3, 132.2, 131.7, 130.6, 130.0, 129.3, contained disordered solvate molecules.

129.0, 128.7, 107.0, 54.5. Three crystalline samples containing 'M) (CF:S0s) were

3. Electrochemical StudiesAll electrochemical measurements  gptained in space group3, each of which contained severely
were carried out with a conventional three-electrode system. A gisordered solvent molecules in spaces between the anions and
glassy carbon disk of approximately 0.28csurface area served  (ations centered about the 3-fold axes in space gR3upttempts
as the working electrode. The reference electrO(_:Ie was a commerciajg prepare crystals of A@) with perchlorate counterions yielded
saturated-calomel electrode (SCE), and a platinum wire was used,, yseful crystalline material. A similar situation occurred for

as the counter electrode. Cyclic voltammetry was performed by iy res containing Cu(l) and ligantl the only crystals obtained
using a BAS 100B electrochemical analyzer interfaced to a personal

computer (PC). All measurements were performed on solutions kept
under a nitrogen atmosphere. Cyclic voltammetry measurements . . .
were made at scan rates of4P00 mV/s. Calibration was checked Diffraction measqrements were made with a Bruke.r SMART
against the ferrocene/ferrocenium couple, for which the redox charge-coupled device (CCD) area detector system ysantdo

potential wast0.11 V vs SCE. Solutions were made from HPLC- Scans. In all cases, a hemisphere of data was collected. Cell

that were suitable for diffraction were those containing severely
disordered solvent molecules.

grade dichloromethane that was distilled from GatA stock parameters were determined by using SMART softvigrdhe
dichloromethane solution that was 0.05 M imBusN)(BF.) was SAINT packagé&®® was used for integration of data, for Lorentz,
prepared. Solutions of the complexes were prepared at concentra-
tions of 1 x 107%to 2 x 1074 M. (15) (a)SHELXTL(Version 6.10)Saint-Plug(Version 6.02), anGMART-
o . . WNT2000(Version 5.622); Bruker AXS Inc.: Madison, WI, 2000.
4._Crysta| Growth an_d Structure Deterr_mnatlon. lefra(_:tlon. (b) Blessing, R. HActa Crystallogr.1995 A51, 33—38. (c) Sheldrick,
quality crystals of the ligands and of their complexes with silver G. M. SHELXS-97 Acta Crystallogr. 1990 A46, 467-473. (d)
and copper ions proved difficult to obtain by using evaporation or Sheldrifck, G. l\fI.SHELXL97: A Compfuter Program for the Refine-
; ; i ati ; ; _ ment of Crystal Structure$)niversity of Gdtingen: Germany, 1997.
vapor d'lffu3|on. crystallization techniques, dgsplte numerous at (e) Bumett, M. N.: Johnson, C. FORTERIL: Report ORNL-6895.
tempts in a variety of solvent_s and solvent mixtures. In our hands, Oak Ridge National Laboratory: Oak Ridge, TN, 1996. (f) Farrugia,
it was not possible to obtain crystals df suitable for X-ray L. J.J. Appl. Crystallogr.1997, 30, 565.
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Table 1. Crystallographic Data for the Several Species Studied

Stibrany et al.

5, C4oHa2Ng Cu'(4) CRSOs-solvaté Ag'(4) CRSOs+solvaté
fw 630.82 759.28 803.60
a, A 24.6155(15) 12.7358(4) 13.1505(4)
b, A 24.6155(15) 12.7358(4) 13.1505(4)
c, A 10.1554(8) 44.271(3) 44.152(3)
o, deg 90. 90. 90.
p, deg 90. 90. 90.
y, deg 120. 120. 120.
v, A3 5329.0(6) 6218.8(5) 6612.5(6)
space group R3 R3 R3
crystal system rhombohedral rhombohedral rhombohedral
z 6 6 6
Pcaica g/cn® 1.179 1.218 1.21¢
u, mmt 0.071 0.630 0.554
trans factor 0.861.00 0.93-0.95 1.00
T,K 273(2) 100(2) 223(2)
data/parameters/restraints 1256/147/0 2358/194/0 2476/154/0
largest diff peak and hole, e?A 0.14,-0.14 0.30,-0.25 1.29-1.36
ReP, Rye?© 0.050, 0.107 0.040, 0.087 0.056, 0.163

aSolvate species are identified in the Experimental Secbi®s. = Y||Fo| — |Fdl|/S|Fol; selection criterion > 20(1). ¢ Ry2= {[S[W(Fo?2 — FA)?
S [W(Fo?)?4} Y2 selection criterion alFq2. 9 This value does not include the mass of the disordered solvent molecules.

Windows?5¢f Additional details of the data collection and refine-
ment for the crystals studied are given in Table 1 and in the
Supporting Informatior?

Although solvated crystalline triflate salts of @) were prepared
directly from their component parts, all attempts to prepare a
corresponding Cu(ll) complex of proved fruitless. Solutions
containing4 and Cu(ll) triflate in polar organic solvents such as
acetone, methylene chloride, or acetonitrile turned blue immediately,
suggesting the formation of Cu(t)igand bonds. These solutions
remained stable over periods of time as long as 3 weeks; however,
attempts to obtain crystals, either by evaporation or by solvent
diffusion, resulted only in the isolation of species containing Cu(l),
suggesting that, as the solutions approached saturation, Cu(ll)
oxidizes ligand4, a supposition that is supported by the electro-
chemical results presented below. In this sense, ligasdlects
Cu(l) over Cu(ll) for complexation.

Results and Discussion

Figure 1. View of 5. Description of the Structures. Cu(l) and Ag(l) Com-

polarization, and decay corrections, and for merging data. Absorp- glgsxse&()f 4.So|v|at§d C:ySt?IS ?fél(ﬂ)hcaqu ;nd Atg.(4)
tion corrections were applied by using SADABS. are nearly isostructural. Each containY4jlcations

Structures were solved and refined Bhby using the SHELX (MI = Cu, Agd)), nonligating triflate Coun_terlons, an(_j
system and all dat#ed Partial structures were obtained by direct disordered solvate molecules. Both the cations and anions
methods; the remaining non-hydrogen atoms in each structure wereexhibit crystallographically imposed 3-fold symmetry (site
located by using difference Fourier techniques. H atoms were 6C in R3), with the 3-fold axis passing through the metal
located on difference Fourier maps or placed at calculated positions.ion, the center of the central benzene ring of the cations
For H atoms whose thermal parameters were not refined, isotropic (Figures 2 and 3), and the C and S atoms of thgSCk™
temperature factors were set equal to-1123Uy, where N'is the  anjons. Apart from any metal ion coordination to the central
atom bonded to H. Because the solvent disorder is severe in crystals;rane rings, the metal ions are ligated by three pyrazole (pz)
containing either Ag4) or Cu(4), the solvent regions could not  hit-qgen atoms to afford pyramidal coordination geometries
be modeled effectively. Consequently, data sets in which the with the Cu(l) and Ag(l) metal ions removed 0.232(2) and

electron density in the regions corresponding to the solvent . .
molecules was removed from the structure factors were generated0'254(2) A, respectively (Table 2, Figure 4), from the planes

by using the SQUEEZE algorith#fi,and the remainder of the of the three pz nitrogen atoms in th_e direction of the cgntral
structures, consisting of the cations and anions, were refined @r€ne rings (metal-endo conformation). Our examination of
smoothly to convergence. When removed from the structure asmolecular models suggests that strain-free endo, exo, or
described above, the solvent species left voids of 269 and 323 A trigonal-planar conformations are possible, but only the
for the solvates of C(#) CRSO; and Ad(4) CRSO;, respectively. metal-endo conformation is observed. An er@xo “mo-
Views of the structures were prepared by using ORTEP32 for

(17) Crystallographic details for the three structures reported, tabulated
electrochemical data, and NMR data for') CRSG; are given as
Supporting Information.

(16) (a) Sluis, P. van der; Spek, A. Acta Crystallogr.1990 A46, 194—
201. (b) Spek, A. LJ. Appl. Crystallogr.2003 30, 7—13.
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Tris(pyrazolyl)n%-Arene Ligand with Convergent Pyrazoles

Cu, 0.23; Ag,025 A

Cu, 1.99; Ag,2.24 A

Cu, 3.20; Ag, 3.16 A

—

, 0.06; Ag, 0.12 A

Figure 2. View of CU(4).

Figure 4. Key structural parameters for §4) and Ad(4).

giving the cations a propeller shape and conferring chirality
to them in the solid state. Because the space giRBIjis
centrosymmetric, half of the cations haRd®,P stereochem-
istry and half haveM,M,M stereochemistry; consequently,
crystals of Ci(4)~ and Ad(4) CRSOs-solvate are racemic.
Metric parameters for the CuN(pz3ubstructure in Cu
(4) lie within the ranges reported for the trigonal-pyramidal
complex CU(6): Cu—N, 1.976(4)-2.038(4) A; N-Cu—N’,
115.63(18)-119.21(179.*° The Ag—N(pz) distance is also
typical for its type and is very nearly equal to the shortest
of those reporteéd (2.243-2.299 A) for three, three-

Figure 3. View of Ag'(4). coordinate silver(l) complexes containing substituted pyra-
zole ligands.
Table 2. Selected Metric Parameters for the Species Studied (A, deg)
Cu(@* Ag'(4)* 5 ”,ff
M—N1 1.987(2) 2.235(6) CHy “PPh, PPh,
M-+-Cgp 3.195(2) 3.165(2) N N\
N1-M—NT' 118.66(2) 118.72(2) N O‘O OOO
N1---N1' 3.418(3) 3.846(3) 7.862(4)
M---C11 3.488(2) 3.459(3) CHs /5 Ph,P. Ph.p
M---C12 3.482(3) 3.459(3) N 2
Ar/Arb 59.85(6) 62.14(8) 54.31(7) nPr
N3 plane-+M 0.232(2) 0.254(2) 6 7 8

aCg corresponds to the center of gravity of the central arene tifige
dihedral angle between the planes of the central arene ring and the arene

| : >N Y,
ring bonded.to it. ) | OKO‘ oﬁo‘ s>
lecular switch” transition has been reported for the endocyclic L OOO <\ OOO S
Cu(7) monocation, which reacts with phosphines to form [ 0 o) (_C%
the corresponding exocyclic complexgs. o Q o (\

For a given metal, the MN(pz) distances are crystallo- \\/N \\/N
graphically required to be equal, as are the Nff2)—N(pz) 9 10 1
angles. Although the N(pz)M —N(pz) angles are equal for
the copper and silver cations, the Al (pz) distance [2.235- In Cu(4), the distance between the copper ion and the
(6) A] is approximately 0.25 A longer than the corresponding centroid of the central arene ring is 3.195(2) A, avalue very
Cu—N(pz) distance [1.987(2) A)], consistent with the larger nearly equal to the corresponding distance of 3.165(2) A in
size of the Ag(l) ion. In both the Cu(l) and Ag(l) cations, Ag'(4). To what extent do these distances imphbonding
the pz rings and the noncentral arene rings are each canted )
in the same direction with respect to the central arene ring, (30) o0 Francisse, B 11 B Masoreimmar v 1. Loohat JAdts

Crystallogr.1979 B35, 177-178. (b) Effendy; Lobbia, G. G.; Pellei,
(18) Xu, F.-B.; Li, Q.-S.; Wu, L.-Z,; Leng, X.-B.; Li, Z.-C.; Zeng, X.-S.; M.; Pettinari, C.; Santini, C.; Skelton, B. W.; White, A. b. Chem.
Chow, Y.-L.; Zhang, Z.-ZOrganometallic2003 22, 633-640. Soc., Dalton Trans200Q 2123-2129.
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Table 3. M---Cg(arene);® Geometries [M= Ag(l), Cu(l)]2

Ag(l)---Cg(arene), A arene conformation coordmo. ref
Ag'(7) 2.79 anthracene endo 2, tweezers 18, 22
Ad'(8) 3.148 anthracene endo 2, tweezers 18
Ag'(4) 3.165(2) benzene endo 3, 3-prong tweezers this work
Ag'(9) 3.01 anthracene endo 4, encapsulated 24
Ag'(10)¢ 4.46 anthracene endo 6, encapsulated 24
Ag'(10)° 5.14 anthracene endo 6, encapsulated 24
Cu(l)---Cg(arene) arene conformation coord™o. ref
Cu(7) 2.498 anthracene endo 2, tweezers 18
Cu(1) 2.97 bis(benzene) planar 3, encapsulated 21
Cu(4) 3.195(2) benzene endo 3, 3-prong tweezers this work

aCg corresponds to the center of gravity of the arene ring of intetd@stis number excludes coordination to the areriBwo forms of this cation were
reported.

interactions? Such interactions are rare, particularly for Cu(l), Scheme 2
although several have been reported for both ions in the past | \m @ _ y
few years (Table 3). For Ag(l) systems, a hapticity of six %/N\/\/,J\/ SN b n} 7}
has been observed in several systems involving the central \E /M//N\
ring of anthracene, and possibly in the present instance, | 1/
involving the central arene ring. Mascal ettatoncluded, L//j K
on the basis of NMR data and an analysis of arene centroid- \ =
to-metal distances derived from the Cambridge Structural
Databas@&3that Ag(l)---arene centroid distances in the range
2.89-3.37 A fory® arenes constitute weak bonding interac- but with a Cu(l)--Cg distance approximately 0.2 A longer
tions in which the arenes coordinate the silver ions. Fluo- than that in Cl{11), most likely contains a weakly coordinat-
rescence emission spectroscopic evidence is consistent withng #° bonding interaction.
a bonding interaction in A¢Q), which has an Ag-centroid Solution Behavior of Ag'(4). Although the structures of
distance of 3.01 A, but not in either conformer of '), the Ag(l) and Cu(l) complexes dfin solution are unproven,
both of which exhibit much longer Ag()-arene centroid  several observations are worthy of comment. The Ag(l)
distance$* On the basis of these data, the Ag(arene complex [from crystals of Ag4) CRSQ;] is soluble in, and
interaction in A¢(4) in the solid state may be described as recoverable from, chloroform, dichloromethane, acetone,
a weaksn® bonding interaction, a conclusion consistent with acetonitrile, and ethyl acetate. THé NMR spectrum of the
the metal-endo conformation of the cation. complex in deuteriochloroform solution reveals a symmetric

The situation with Cl{4), which exhibits the longest  structure in which signals assignable to protons of the three
Cu(l)---Cg distance in Table 3, is less clear. For thé(Qu pyrazoles and the three methylenes are apparently respec-
cation, the short Cu({)-Cg distance compared with that in  tively equivalent and are qualitatively similar to the corre-
Ag'(7), and the results of theoretical studies, which indicate sponding signals in the spectrum of ligadd The three
greater electron density between-€C atoms compared equivalent protons of the central aryl ring in the Ag(l)
with the Ag--C atoms, were taken reasonably to indicate complex move 0.4 ppm upfield from their position in the
Cu(l)---C bonds stronger than those in the silver anald§ue. spectrum of ligand!, suggesting that coordination to Ag(l)
Indeed, the Cu(l}-Cg distance in C\(7) is shorter than a  is occurring, and that the central ring is affected upon
Cu(l)---Cg distance of 2.528 A attributed tg>phenyl complexation, possibly by its proximity to the metal catién.
ligation?® implying reasonably strong coordination in'€u The six methylene protons of the Ag(l) complex appear
(7). In Cu(11), the copper cation is encapsulated in the as a singlet in deuteriochloroform solution, and when
S-cylindrophane with a trigonal CuS(thioethariit capped examined in CRCl, solution, the singlet only broadens
on the top and bottom by arene rings. NMR datmply a slightly upon cooling to— 46 °C. Thus, an equilibration
bonding interaction between the metal and the arene rings,process, such as MY (P,P,P) = M(4) (M,M,M) (Scheme
and the geometry is consistent with a hapticity of 6. On the 2), might be interconverting Hand H, of the methylenes.
basis of the above analysis, the'@) cation, with its endo Examination of Dreiding molecular models of a triply
conformation and nearly perfect geometry fgrbonding, pyrazole-coordinating Ag(l) complex dfdoes not indicate

- a clear steric preference for positioning the metal cation endo

@D msség"' Eﬂhbﬁ‘ggg'g%?]i'ggaﬁ"fg?ﬁJ'? Cooke, P. Angew. Chem., (close to the central aryl ring), exo (away from the central
(22) Xu, F.-B.; Weng, L.-H.; Sun, L-J.; Zhang, Z.-Z.; Zhou, Z.-F. aryl ring), or trigonal planar (with the metal cation and three

Ha

M@): (P, P, P) M(4): (M, M, M)

Organometallics200019, 2658-2660. i i ) iti
(23) Hansen, J.; Blake, A. J.; Li, W.-S.; Mascal, 81.Chem. Soc., Perkin Coordmatmg. pyrazole N S coplana_r). Although the p(_)SItIC.m
Trans. 11998 3371-3376. of the metal in the crystalline state is clearly endo, a situation

(24) ?ncgianato[:lndro,tHiiiEa;rrags, \t(.;”MarslglgsPéan\géggng- P.; Fages,that may reflect the stability gained by coordination of the
., bouas-Laurent, HACta Crystallogr. . . . . . .

(25) Ohrenberg, C.; Liable—Sandg, L. Mg; Rheingold, A. L.; Riordan, C. Centr.al arYI rng a§ a fourth “ga_nd’ the conflgurau.o.n n

G. Inorg. Chem2001, 40, 4276-4283. solution might be different. In particular, a global equilibra-
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tion process such as MY (P,P,P) = M(4) (M,M,M) does Ligand5 differs fromtris-pyrazolylborate, whose 3,5-ring
not appear to be possible with the complex rigidly held in disubstitution increases the oxidative stability of its metal
either the endo or exo configuration unless a Ag{{)bond complexes and allows pseudotetrahedral coordination to be
is temporarily broken, or unless all three Ag{ bonds achieved by additional metal ion ligation to thiolate or
are stretched, perhaps into a trigonal-planar coordination peroxides®® As noted above4 should permit apical coor-
geometry. It is noteworthy in this regard that attempts to dination to a trigonal Cubunit more easily tha® because
introduce an additional ligand, such as acetonitrile, iodide, ligand 4 is less hindered sterically than ligaid
thiocyanate, or benzyl mercaptide, into solutions of com-  In general, pyrazoles and imidazoles are good ligands for
plexes A¢(4) or Cu(4), did not lead to characterizable both Cu(ll) and Cu(l) and normally do not promote the
crystalline complexes. autoreduction of Cu(ll). The unexpected autoreduction of
Structure of 5. Molecule5 (Figure 1) crystallizes in space  Cu(ll) in solutions containing ligand may be related to the
group R3without solvate species. As with the metal- instability of trigonally coordinated Cu(ll) lacking a thiolate
containing complexes described abov@dopts a conforma-  or selenolate ligand. Such ligands form highly covalent bonds
tion with a 3-fold axis perpendicular to the plane of the that appear to allow Cu(l) or Cu(ll) to share structurally
central arene ring and passing through its center of mass.similar, trigonal-based coordination geometries related to
Compared with the cations above exhibits a more open  those observed for type 1 Cu(l)/Cu(ll) protein sités?
conformation as measured, for example, by the distances The strong S(thiolate)Cu(ll) z-bonding present in blue
between the potentially ligating N(pz) atoms N2Zi[v.862- copper active sites and in model complexes has been
(4) A] and the ligating N(pz) atoms in both €4) [3.418- characterized by comprehensive structural, spectroscopic, and
(3) A] and Ad(4) [3.846(3] A). In5, as in the metal  calculational studie® One important consequence of this
complexes, the aryl substituents on the central arene ringlarge covalency is that the Cu(ll) ion acquires substantial
are canted in the same helical sense, conveying chirality onCu(l) character, allowing otherwise unfavorable trigonal-
individual cations, and the centers of symmetry in the space based coordination. In contrast, trigonal three-coordination
group ensure that the crystals are racemic. Despite the grosss an easily accessible geometry for Cu(l) and Ag(l). Cu(l)
similarities betweer and5, we have thus far been unable shows linear, trigonal, and tetrahedral coordination with
to prepare metal complexes bf possibly owing to steric  pyrazole N-dono® and may easily “hop” between such
hindrance among its methyl groups, which are located coordination sites in inorganic lattices such as CpS4P°
adjacent to the potentially ligating nitrogen atoms. In-Cu Electrochemical Studies.A cyclic voltammogram of
(4), for example, the nonbonding H(C1)H'(C1) distance ligand4 (scan rate, 50 mV/s) exhibited irreversible oxidations
of 4.72 A would be expected to be shortened considerably at 464 mV and 664 mV, with no corresponding reduction
by replacing H with CH, possibly reducing H-H' distances peaks. For Ci¢4) CRSQ;, at scan rates of 50 and 500 mV/
to values well below the nominal van der Waals radius of s, a single quasi-reversible redox couple, likely corresponding
the methyl group (ca. 4 A). In this context, complexation of to the Cu(l)/Cu(ll) couple, was observed at 750 mV, along
5 with larger metals might be considered possible. with several irreversible oxidations. These results suggest
Observations and Comparisons\When equimolar amounts  that ligand4 is oxidized at a potential below that required
of Cu(ll) triflate and4 were mixed in acetone, blue solutions to oxidize Cu(l) to Cu(ll) in C{(4), consistent with our
resulted, suggesting the possibility of a bonding interaction inability to isolate a stable, pyramidal {{d) species. In a
between the Cu(ll) ions and theis-pyrazolyl ligand4. different experiment, we were unable to isolate a Cu(l)
However, during a period of several days at room temper- complex with N-benzylpyrazole, obtaining instead, by the
ature, the color slowly faded, and colorless crystals of the redox fixation of CQ, a stable Cu(ll) oxalate complex
Cu(l) product, Ci(4) CRSOs-solvate, were obtained. Ap-  containing coordinatedl-benzylpyrazolé! We are unaware
parently, slow reduction of Cu(ll) had occurred. Solvated of any stable three-coordinate Cu(ll) complexes with neutral
CU(4) CRSG; crystals were also obtained directly from Cu- ligands; one such complex with an anionic ligand has been
() triflate and 4. A similar autoreduction was observed isolated®
previously with the ligand trpym¢Bu)s 1° Attempts to prepare Conclusions. With Cu(l) and Ag(l), ligand4 acts as
a Cu(ll) complex of trpyng-Bu)s, which contains bulky  tridentate three-pronged tweezers to form chiral, propeller-
n-butyl groups, afforded only colorless Cu(l) derivatives. In like cations that exhibit N(pyrazolggoordination, and whose
contrast, Cu(ll) complexes were readily obtained by using triflates crystallize as racemates. Interaction of the metal
less-hindered, unsubstituted, or methyl-substituted ana-atoms with the central arene ring is likely. In the solid state,
logues®® Redox instability has also been observed for a the Cu(4) and the A¢4) cations exhibit crystallographically
modified yeast Cu(ll) superoxide dismutase whose Cu(ll) _ _
imidazolate bridge is broken, resulting in the formation of a @7 DRgr':E: v'\c A‘?;e[{}”'YS';- Q?ACEQIS;S,'NMjj.kﬁ?éﬂ?rﬁhégﬂéo%i ‘Sg der
reduced, approximately trigonal Cu(l)(N(imidazalenit, 7244-7256.

which was characterized crystallographically and spectro- (28) Solomon, E. I.; Szilagyi, R. K.; DeBeer George, S.; Basumallick, L.
ically2 Chem. Re. 2004 104, 419-458, and references therein.
scopically: (29) Carrier, S. M.; Ruggiero, C. E.; Houser, R. P.; Tolman. WIrBrg.
Chem.1993 32, 4889-4899, and references therein.
(26) Ogihara, N. L.; Parge, H. E.; Hart, P. J.; Weiss, M. S.; Goto, J. J.; (30) Burdett, J. K.; Eisenstein, @org. Chem.1992 31, 1758-1762.
Crane, B. R.; Tsang, J.; Slater, K.; Roe, J. A.; Valentine, J. S.; (31) Stibrany, R. T.; Schugar, H. J.; Potenza, JAéta Crystallogr.2005
Eisenberg, D.; Tainer, J. Biochemistryl996 35, 2316-2321. E61, m1904-m1906.
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imposedCs symmetry with the metal ions positioned on the results, which suggest that the ligand is more easily oxidized
3-fold axes in the rhombohedral space groBp. The than Cu(l).

coordination geometries of the metal ions are exclusively _ _ _ _ _
endo, with the metal ions directed inward toward and situated ~ Supporting Information Available: = Crystallographic details
over the center of mass of the central arene fragment of thein CIF format for the three structures described in the manuscript;
tridentate ligand. Crystallographic and NMR data support HETCOR NMR data and assignments for '¢§ triflate; and

the existence of an® bonding interaction with Ag(l) and tabulated electrochemical data are available free of charge via the
to a lesser extent, with Cu(l). Our inability to prepare any 'Mermetat hitp://pubs.acs.org.

Cu(ll) complexes witht is consistent with cyclovoltammetric  1C060980+
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