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A series of pyrazole-based potential ligands bearing thio-
ether substituents in 3- and 5-positions of the heterocycle
was synthesized [3,5-bis(RSCH,)-pyzH; R = Ph (1aH), PhCH,
(1bH), iPr (1cH), tBu (1dH)]. These ligands afford oligonu-
clear Cu'! and Ag' coordination compounds [LCu], (2a—c, L =
la—c) and [LAg], (3a—d, L = 1a—d), respectively. The single
crystal X-ray analysis of 3¢ shows the presence of trimeric
planar arrays of N,N’-bridging pyrazolates and linear coordi-
nated silver ions, with each two of the trinuclear moieties
being linked by two unsupported short intermolecular
Ag-+Ag contacts [3.041(1) A]. Molecular-weight determina-
tions for 2a (THF) and 3c (toluene) indicate that hexanuclear
entities are preserved in solution. Starting from 1bH the Cu®

complex [(1b),Cu,]}(BF,), (4) was synthesized. According to
an X-ray crystal structure analysis it consists of dinuclear mo-
lecules with two bridging pyrazolates, distorted square pla-
nar N,S, coordination spheres for Cu"! and an axially brid-
ging tetrafluoroborate. Magnetic susceptibility data reveal
an antiferromagnetic exchange (J = —206 cm™!) that is
among the highest found for doubly pyrazolate bridged di-
copper(Il) complexes, which is rationalized on the basis of
the rather symmetric dinuclear core of 4. The irreversibility
of the electrochemical reduction and oxidation processes for
the Cu®! and Cu! compounds, respectively, is explained by
the inability of the respective coordination framework to
adapt to different geometric preferences.

Introduction

Stimulated by the occurrence of N/S coordinated copper
ions in a variety of proteins!!, numerous ligands with N
and S donor atoms have been synthesized and investigated
in order to model the properties of these metallobio-
sites? 4. Biological systems like the mononuclear “blue”
type-1 copper sites and the dinuclear Cua center in
cytochrome C oxidase are involved in electron transfer pro-
cesses during enzyme turnover”). The latter were recently
shown to consist of a bis(cysteinato)-bridged delocalized
mixed-valence Cu(1.5)Cu(1.5) entity!®, and consequently
much effort has been devoted to the study of dinuclear cop-
per model complexes with bridging thiolates and terminal
N donor atoms!”:8l. With regard to a general study of the
properties of dimeric copper units in a mixed N/S environ-
ment it appeared of interest to also investigate inverse sys-
tems, i.e. those incorporating bridging nitrogen moieties
and terminal thioether coordination. In this work we de-
scribe the synthesis and characterization of dinuclear Cull
as well as oligonuclear Cu' and Ag' complexes of a series of
N,N’-bridging pyrazolates with chelating thioether ligation.
The ability of the diazole unit of pyrazolates to bridge two
metal centers is well documented!®). However, relatively few
studies of pyrazolate-based ligands bearing additional side
arms in the 3- and 5-positions of the heterocycle have been
reported, and most of those systems possess N-donors in
the substituents!!®~!4), On the other hand various mononu-
clear complexes of chelating ligands containing both azole
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and thioether moieties have been designed as model com-
plexes for type 1 copper proteins!®#2131 In the present study
multinuclear copper complexes of mixed N/S donor systems
based on bridging diazole heterocycles are investigated.
Likewise related silver(I) complexes are studied for struc-
tural comparison with the corresponding copper(I) species.

A further motivation for this work arises from the versa-
tile coordination properties of pyrazole and its derivatives
with respect to the formation of multimetallic transition-
metal complexes!!®). For example Cu'-pyrazolates of general
formula [Cu(3,5-R,pz)], were obtained as trinuclear!”:'¥],
tetranuclear!'”, or polymerict?¥! species depending on the
reaction conditions and on the nature of the R substituents
(generally non-coordinating substituents like R = H, Me,
Ph, COOMe). The nuclearily of such complexes is expected
to be markedly influenced by the presence of additional
chelating thioether donor sites in the side arms of the pyra-
zolate ligands employed in the present study.

Results and Discussion

The dinucleating N»S, ligands with a pyrazole backbone
were prepared as outlined in Scheme 1. 3,5-Bis(chloro-
methyl)pyrazole is accessible in four steps from 3,5-dimeth-
ylpyrazol following a method described by Bosnich et al.l!%
Treatment with three equivalents of the respective thiolate
yields quadridentate potential ligands 1laH~dH in good
yields, which were purified by column chromatography.
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Their spectroscopic and analytical data are summarized in
Tables 1—4.

Scheme 1. Synthesis of the ligands
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Table 1. 'H-/*C-NMR data of the free ligands 1aH—dH and the
complexcs 2a—c¢, 3a—dM

o fou: i CH, R
1449 6.09/1044 4.08/30.0 7.20-7.28 (m, 10H, Ph)/126.3, 128.7,
129.5,135.5

1457 6.12/104.6 3.68/26.8™) 3.61 (s, 2H, CHy) / 35.9; 7.25-7.33 (m,
10H, Ph)/ 127.1, 128.5, 1290

126 (d, *hyy = 6.7 Hz, 6 H, CHa) / 23.0;
2.87 (sept, *Juy = 6.7 Hz, 1 H, CH)/34.9
132 (s, 18 1, CHy) / 30.7; 42.9

1ap™
1bH™

1cH™ 1462 6.17/1040 3.75/26.5

1dH™  not
found

1495 6.09/1042 4.19/316

6.16/103.7 3.77/24.8

25 7.16-7.27 (m, 10H, Ph) / 126.3, 128.8,
129.4, 135.8

1496 59471046 3.68/28.41% 3.47 (5,2 H, CHy) / 35.6; 6.95-7.20 (m,
10H, Ph) / 1267, 128.2, 128.9, 138.0
112 (d, *Jipy = 6.7 Hz, 6H, CHy) / 23.2;
2.81 (sept, *Jyp = 6.7 Hz, 1H, CH)/34.8
7.13-7.21 (m, 10H, Ph)/ 126.3, 128.8,
129.3,135.9

6.09/103.7 3.66/28.7 3.63 (s, 2H, CHz) / 35.9; 7.01-7.31 (m,
10H, Ph)/ 126.7, 1282, 129.0, 1382
1.27 @, *Jyy = 6.7 Hz, 61, CH3) / 23.1;
2.89 (sept, “Juy = 6.7 Hz, 1 H, CH)/34.6

1.34 (s. 18 H, CH3) / 31.1; 43.5

2!
2% 1500 612/1043 3927285
3a™ 1495 6.13/103.5 4.04/318
1491

3 1499 6.17/102.8 3.85/28.2

3a® 1509 622/1022 3.87/268

1 § in ppm. — ! Solvent CDCl;. — © Solvent CyDs. — ! The
assignment of the two different CH, groups is arbitrary.

Table 2. Analytical data for all new compouds

C calcd. (found) Hcaled. (found) N caled. (found)

1aH  65.35 (65.36) 516 (5.22) 8.97 (8.90)
1bH  67.02(66.71) 5.92 (6.14) 8.23 (8.09)
1cH 54.05 (53.88) 8.25 (8.36) 1146 (11.34)
1dH  57.30(57.93) 8.88 (9.04) 10.28 (9.96)
2a 54.45 (53.60) 4,03 (4.14) 747 (7.24)
2b 56.62 (56.69) 475 (4.79) 6.95 (6.97)
2¢ 43.04 (43.29) 6.24 (6.31) 9.13 (9.18)
31} 45.52 (45.51) 3.49 (3.58) 6.07 (6.18)
3b 51.01 (50.66) 4.28 (4.34) 6.26 (6.14)
3c 37.61 (37.54) 5.45(5.49) 7.97(7.91)
3d 41.16 (41.98) 6.11 (5.79) 7.38 (7.48)
4 46.59 (46.73) 3.91 (4.09) 5.72(5.77)

4l Calculated for 3a - CH,Cl,.

Synthesis and Characterization of Cu' and Ag' Complexes

Deprotonation of 1aH—dH by means of Bul.i and sub-
sequent addition of one equivalent of CuCl or AgBF, af-
fords white coordination compounds [LCu], 2a~¢, L =
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Table 3. Selected IR absorptions of all new compounds

Selected TR absorptions [cm_l]

1583 (s), 1480 (s), 1439 (s), 1315 (m), 1234 (m), 1023 (s), 739 (s), 690 (s)

1600 (w), 1572 (m), 1494 (s), 1453 (), 1417 (m), 1315 (m), 1231 (m),

1069 (m), 1027 (m), 701 (s)

1cH 1572 (m), 1462 (m), 1235 (m), 1154 (m), 1051 (m), 1002 (m)

1dH 1588 (m), 1472 (m), 1459 (m), 1314 (m), 1156 (s), 1022 (m), 851 (s,b1)

2a 1582 (m), 1517 (m), 1476 (s), 1438 (m), 1415 (m), 1231 (m), 1025 (m),
735 (s), 690 (5)

2b 1600 (w), 1516 (m), 1493 (m), 1452 (m), 1415 (m), 1358 (m), 1231 (m),
1069 (m), 698 (s)

2¢ 1517 (m), 1452 (m), 1364 (m), 1233 (m), 1154 (m), 1051 (m), 802 (m),
792 (m), 737 (m)

3a 1583 (s), 1512 (m), 1480 (s), 1438 (s), 1414 (w), 1233 (m), 1025 (m),
735 (s), 690 {5)

3b 1600 (w), 1514 (m), 1491 (m), 1448 (m), 1417 {m), 1343 (m), 1227 (m),
1128 (m), 696 (s)

3¢ 1512 (m), 1462 (m), 1447 (m), 1381 (m), 1364 (m), 1233 (m), 1154 (m),
1053 (m), 791 (m)

3d 1514 (m), 1468 (m), 1459 (m), 1364 (m), 1160 (m), 792 (m,br)

4 1600 (wy, 1515 (m), 1495 (m), 1454 (m), 1403 (m), 1234 (m), 1047 (s,br),
770 (m), 701 (s}

1aH
1bH

1a—c¢) and [LAg], (3a—d, L = 1a—d), respectively, which
arc readily soluble in petroleum ether, chlorinated or aro-
matic solvents, but are insoluble in more polar solvents like
acetone or methanol. Thus they can alternatively be pre-
pared by adding stoichiometric amounts of CuCl or AgBF,
to an acetone solution of laH—dH and NEt;, causing the
gradual precipitation of complexes 2a—c and 3a—d, respec-
tively. Analytical data for all complexes confirm a ligand-
to-metal stoichiomctry of 1:1, Table 2. A significant shift of
the IR absorption for the highest ring nuclear vibration,
o (attributed to veon: 1570—1590 cm ! in la—d vs.
1510-1520 cm~! in 2a—c, 3a—d, Table 3) is indicative of
the N-coordination of the pyrazolate. However, chemical
shifts of the 'H- and '*C-NMR signals for 2a—c¢ and 3a—d
(Table 1) do not difler considerably from the corresponding
omnes of the free ligands.

Table 4. Major mass-spectrometric fragments

Major mass-spectrometric fragments
1aH® 313 (97) [M" + 11, 203 (100) [M* - SPh]
1bH™ 341 (100) [M" + 1]
1cH™ 245 (100) M + 1]
1du® 273 (100) M + 1]
2a® 2247.0 (25) [(12)5Cus"1, 1499.9 (67) [(1a)sCug’], 1123.9 (100) [(1a)3Cus"]
26 2483.0 (9) [(1b%Cu7"], 2420.0 (9) [(1b)sCus’], 2077.8 (27) [(1b)sCug '],
1612.7 (85) [(1b)sCuq™], 1208.6 (100) [(1b)3Cus"], B06.4 (40) [(1b);Cuy’]
19033 (7) [(1€)sCu7 "1, 1840.5 (8) [(1e)sCug'1, 1597.1 (14) [(1¢)sCus "],
1226.1 (100) [(1¢)4Cus’], 920.1 (49) [(1e)3Cus"]
2212.9 (28) [(10)sAg7 T, 2060.9 (32) [{(1e)sAgs-iPr) '], 1862.4 (100)
[(Ac)sAga™), 1711.8 (47) [((1e)sAgs-iPr) 1, 1512.9 (74) [(1e)sAgs T,
1054.0 (49) [(1c)3Ag3"]
4" 893 (64) [(1b)2Cus(BF)'], 806 (58) [(1bY;Cuy*], 467 (100) [(1a)Cuy"]

2"

3

[4] EI mass spectra. — ® FD mass spectra. — !/ FAB mass spec-
trum.

FD mass spectra of the complexes 2a—c¢ and 3¢ show
peaks at values m/z corresponding to [LCu], and [LAg],
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(x=2) with the expected isotopic distribution pattern in
each case, thus suggesting the presence of oligonuclear spec-
ies in these systems (Table 4). The spectrum of 2a is de-
picted in Figure 1.

Figure 1. FD mass spectrum of 2a; the inset shows the experimen-
tal (upper) and theoretical (lower) isotopic distribution for the tri-
mer {1laCuls

1124
| | ~
90 i
(1a3Cu,)*
50 -
(TagCuy)*
1a4Cug)’
/1500 (TagCue)
. 2247
10!
: ed . N
600 1000 1400 1800 2200

It displays a dominant peak for the trimer [laCul;
(m/z = 1124) and signals at valucs m/z corresponding to the
tetrameric (m/z = 1500) and hexameric (m/z = 2247) spe-
cies. The absence of a signal for the pentamer as well as the
observation that the intensity of the signal for the hexamer
decreases at higher scan numbers during the FD-MS experi-
ment might suggest the latter to be a cluster of two trimers
rather (han a discrete hexameric complex. Unfortunately
our attempts to grow single crystals of any of the Cu' com-
pounds were unsuccessful, in all cases only providing cot-
ton-like material. However, colorless ncedles of the silver
complex 3c¢ suitable for X-ray crystal structure analysis
could be obtained by slow cooling of a 1,2-dichloropro-
pane/acetone solution to —30°C.

Description of the Structure of 3¢

The molecular structure of 3¢, which crystallizes in the
monoclinic space group P2,/n, is depicted in Figure 2. It
shows the presence ol a trinuclear cyclic array of three
nearly linearly coordinated silver ions [N—Ag—-N in the
range 170.7(2)° to 174.9(2)°] and three N,N'-bridging pyra-
zolates, similar to the triangular framework found for some
related simple pyrazolate complexes of the coinage metal
ionst!7-18:221 The Ag Ny ring skelcton in 3¢ is planar within
0.09 A, showing relatively short Ag—N bond lengths
[2.074(6)—2.120(6) A] and nonbonding intramolecular
Ag--Ag distances ranging from 3.453 to 3.700 A. The thio-
¢ther side arms are non-coordinating, the shortest distances
Ag+S amounting o 3.094 A (Agl-S1) and 3.111 A
(Ag2—S82), clearly longer than the maximum bond length
generally accepted for Ag'—S bonds (3.01 A)Y?3. Compar-
able atom distances between Ag' and S observed in some
thiophene!® and isothiazole®" complexes were shown to
be of negligible bonding character and to consist of no
more than a dipole—cation attraction. It should be noted
that long Cu---S(thioether) contacts were discussed by Schil-
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stra et al.l?% on the basis of Cu--S—C angles, i.e. the posi-
tions of the lone electron pairs on the S atoms. While
Cu—S—C angles larger than 90°C are observed for complex
structures in which the thioether side arm is coordinating
(compare: Cu—S—C ungles in the range 93.8—118.5° are
observed for 4, see below), smaller Cu---S—C angles were
suggested to indicate that the lone pairs on the S atoms do
not point toward the metal ion*, In the present compound
3¢ the Cu--S—C angles are found in Lhe range §4.2—93.9°,
i.e. although not allowing a decisive conclusion they are
relatively small and thus render any bonding interaction un-
likely.

Figure 2. View of the molecular structure of 3¢ (top: in the inlerests
of clarity all hydrogen atoms have been omitted) and the trimer-
trimer interactions {bottom)

83

Table 5. Selected atom dislances [A] and anglcs [°] for 3¢ (estimated
standard deviations in parentheses)

Agl-N1  2.120(6) NI-Agl-N4  170.7(2)
Agl-N4  2.105(6) N2Z-AgZ-NS  174.9(2)
Ag2-N2  2.083(5) N3-AgiN6  173.3(2)
Ag2-N5  2.085(5) NI-Agl-Ag2Z 78.0(2)
Ag3-N3  2074(6) N4-Agl-Ag2Z 105.1(2)
Ag3-N6  2.086(6) N2-Ag2-AglZ 8L6(2)
N1-N2 1372(7)  N5-Ag2-AglZ 103.0(2)
N3-N4 1.374(7) NI-N2-Ag2  124.3(4)
N5-N6 1.366(8) N2-N1-Agl  122.9(4)
AglAZZ 3041(1) N3-Na-Agl 11974
Agl--S1 3.094 N4-N3-Ag3 123.8(4)
Ag2-S§2 3111 N5-N6-Agd  121.3(4)

N6-NS-Ag2  117.9(4

1443
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A striking feature of the structure of 3c is the arrange-
ment of each two trimers in pairs about crystallographic
inversion centers in the crystal lattice, resulting in two short
unsupported interdimer Ag-Ag separations [3.041(1) A] as
depicted in the lower part of Figure 2. This distance being
significantly smaller than the sum of the van der Waals ra-
dii (3.40 A)?%, but longer than the atom distances in silver
metal (2.889 A), resembles the bond lengths found for some
other non-bridged Ag~Ag systems (typically in the range
2.8-3.3 A)}*¥1 The remaining third Ag atom (Ag3 and
Ag37Z, respectively) is located above a pyrazolate ring of
the inversion-related trimer unit and the entire assembly is
wrapped in the hydrophobic thioether side arms. The cen-
tral structure of 3¢ is thus very similar to those reported
recently for two related Cu' complexes consisting of tri-
angular molecules linked by weak Cu-Cu interactions!!®],
while the only other pyrazolate-based trinuclear Ag' com-
plexes characterized structurally either show significantly
longer Ag-Ag intertrimer contacts [3.431(4) AJ®® or a
much more puckered framework with non-interacting indi-
vidual trimerst??.

The mass-spectrometric findings discussed above as well
as the very similar appearance and solubility of the Cu! and
the Ag' complexes studied in this work suggest the existence
of similar molecular structures in all compounds. Molecular
weight determinations in solution (vapor-phase osmometry)
were carried out for 2a (thf) and 3¢ (toluene), yielding mo-
lecular masses of 2200 g - mol™! and 2050 g - mol ™!, respec-
tively, in accord with the presence of hexameric complexes
[laCul, (M = 2250 g - mol™!) and [1cAg]s (M = 2106 g -
mol™!) (it should be noted, however, that the accuracy of
the molecular weight determination of 2a suffers from the
gradual decomposition of this Cu' complex in solution, see
below). It thus appears that the dimeric assembly of trinu-
clear cyclic arrays resulting solely from intermolecular
Ag-Ag interactions between closed-shell d!° systems as ob-
served in the solid state in the case of 3¢ remains intact
upon dissolution, and it furthermore suggests that this is
also the case in the homologous Cu! compounds. However,
these species in solution either have to be of high symmetry
or highly fluxional, as the 'H- and *C-NMR spectra exhi-
bit only one set of resonances, even if a sample of 2d in
CD,Cl, is cooled to —90°C.

Complexes 2a—c¢ and 3a—d are stable in the solid state
over prolonged periods. However, in solution the Cu! com-
pounds slowly decompose Lo unidentified green Cu'l species
even under an inert atmosphere, the phenyl-substituted 2a
being slightly more stable than 2b, ¢. Cyclic voltammo-
grams of CH,Cl, solutions of 2a, b display irreversible oxi-
dation processes at high potentials E3* = +0.90 V (2a) and
+0.86 V (2b) vs. SCE, which are followed by corresponding
irreversibel reduction waves at +0.24 V (2a) and +0.12 V
(2b). Obviously the oxidation of Cu! in these complexes is
accompanied with a fast chemical transformation generat-
ing a coordination ramework more suitablc for the stabili-
zation of Cu'l. In order to gain further insight into the
structures of possible Cu'! complexes of the present class
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of ligands, a representative compound was synthesized and
studied independently.

Synthesis and General Characterization of 4

Treatment of 1b with onc equivalent of [Cu(H,0)¢](BF.),
affords the dark-brown Cu'! complex 4, whose elemental
analysis is in accord with a ligand/metal/BF, stoichiometry
of 1:1:1. Its FAB-MS spectrum (Table 4) with mi/z = 893
corresponding to {[1bCul.(BF,)}* as the signal of highest
mass supports the presence of dimeric species [1bCu],(BF,),
as confirmed by an X-ray crystal structure (see below). The
solution UV/Vis spectrum of 4 displays an absorption at
480 nm which is obscured by a more intense broad band
peaking at 330 nm [¢ = 9800; assigned to a S(5) — Cull
LMCT transition®!] suggesting coordination of the thio-
ether-S to the metal centers. Cyclic voltammctry (CH,Cl,,
200 mV/s) yields an irreversible reduction at 54 = + 0.15
V (a two electron process as shown by coulometry) followed
by a corresponding oxidation wave at +0.77 V.

X-band EPR spectra of 4 were recorded for a powdered
sample and in CH,Cl, solution. At room temperature only
a broad signal is observed in both cases. Cooling to 110 K
causes the intensity of the spectra to decrease significantly,
due to depopulation of the triplet state, however a better
resolution is obtained. The powder spectrum is typical for
a strongly coupled dinuclear copper and the half-field tran-
sition (Amg = £2) is observed at g = 4.40.

Description of the Structure of 4

Single crystals suitable for X-ray analysis could be ob-
tained by layering a solution of 4 in acetone with petroleum
ether at room temperature. 4 crystallizes in the triclinic
space group P1 with two dimeric molecular moieties and
two solvent molecules in the unit cell. Its molecular struc-
ture 1s depicted in Figure 3.

Figure 3. Molecular structure of 4; in the interests of clarity all
hydrogen atoms have been omitted

4 contains dinuclear units [IbCul3* incorporating two
bridging pyrazolates. Each copper center is coordinated by
two pyrazolate-N and two thioether-S, resulting in a dis-
torted square planar N,S; coordination sphere. The Cu—S§
distances [2.345(2)—2.365(2) A] lie within the normal range

Chem. Ber/Recueil 1997, 130, 1441—1447
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Table 6. Selected atom distances [A] and angles [°] for 4 (estimated
standard deviations in parentheses)

Cul-N1  1.940(6) NI-Cul-N4  97.9(2)
Cul-N4  1.944(6) NI-Cul-S81  85.1(2)
Cul-S1  2.345(2) NI-Cul-$4  172.3(2)
Cul-S4  2.365(2) N4-Cul-S1  171.1Q2)
Cul-F1  2.642(8) N4-Cul-S84  80.8(2)
Cul-F6  2.454(8) SI-Cul-84  97.4(1)
Cuz-N2  1.936(6)  N2-Cu2-N3  99.1(2)
Cuz-N3  1937(6)  N2-Cu2-S2  83.2(2)
Cu2-S2  2.347(2) N3-Cu2-S2  176.4(2)
Cu2-S3  2.351(2) N3-Cu2-§3  84.3(2)
Cu2-F2  2.691(7)  N2-Cu2-§3  174.3(2)
Cu2-0Ol  2.618(6) $2-Cu2-83  93.7(1)
Cul-~Cu2 3.828 N2-NI-Cul  129.4(4)
NI-N2  1364(8) NI-N2-Cu2  129.5(4)
N3-N4  1362(8) N3-N4-Cul  130.1(4)

N4-N3-Cu2  128.7(4)

usually expected for Cu® thioether bonds!*!. Additional
weak interactions with two BF4 counteranions in the case
of Cul {Cul-F1: 2.642(5) A; Cul—F6X: 2451(7) A
[Cul—Fo6: 2.999(6) A]} or one BF,™ and the oxygen atom
ot an acetone moleculc in the case of Cu2 (Cu2—-F2: 2.691
A; Cu2-0l: 2618 A) complete a strongly Jahn-Teller-dis-
torted octahedral coordination geometry. One of the BF,~
ions thus occupies a bridging position, causing the two
basal N,S, planes of the two copper centers to deviate from
coplanarity and to tilt towards each other intersecting at
26.8°. It should be noted that only few crystallographic ex-
amples of bridging tetrafluoroborate anions have been re-
ported previously®™. The planes defined by the two pyra-
zolate rings intersect at 15.3°. The Cu---Cu distance is found
to be 3.828 A. In the dinuclear assembly the observed
angles N—Cu—N [N1-Cul—N4: 97.9(2)°; N2—Cu2—N3:
99.1(2)°] and N-N-Cu [lying in the range
128.7(4)—130.1(4)°] are close to the values considered as so-
called optimum angles based on simple considerations on
the geometry of doubly pyrazolate bridged complexest!!
and should thus allow a fairly efficient overlap between the
copper dy,_y» and the pyrazolate N o orbitals.

Magnetic Properties of 4

Studies in solution (CD,Cls; Evans method?) revealed
a subnormal magnetic moment of 1.1 up per copper atom
for 4 at room temperature, suggesting the operation of an
antiferromagnetic spin exchange within each molecule.
Variable-temperature magnetic susceptibility measurements
were performed on a dried, powdered sample in the tem-
perature range 97—300 K. The results are displayed in Fig-
ure 4.

The shape of the susceptibility plot is typical for an anti-
ferromagnetically coupled dicopper(I1L,IT) compound and
the curve was fitted by use of the adapted Bleaney-Bowers
equation!*¥ (Eq. 1) for § = 1/2 dimers with a singlet-triplet
gap 2J, where p represents the fraction of uncoupled para-
magnetic impurity. All other parameters have their usual
meanings.

= (2 NB*g/KD3 + exp(=2JKD]~'(1 — p) (NP2 kT)p
(H
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Figure 4. Temperature dependence of the magnetic SUSCBptlbllltP/
for 4; the solid line represents the calculated curve (J = —206 ¢m
g =203 p=003)
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The solid line results {rom the best fit of the experimental
data that was obtained for the values J = =206 cm™!, g =
2.03, and p = 0.03. It is assumed that the dominant path-
way for magnetic cxchange is propagated via the bridging
pyrazolates, while the bridging tetrafluoroborate should not
contribute significantly to the superexchange, even more be-
cause it does not link the copper(Il) ions in the equatorial
plane of the two d,;_y, magnetic orbitals. The observed J
value lies in the upper range of the exchange interactions
found for related bis(u-pyrazolato)-bridged complexcs, al-
though the number of structurally characterized examples
reported in the literature is still limited!!!a-51231.341 A mag-
netostructural correlation for this type of compounds as in-
vestigated by Ajo et al.l**l relates the singlet-triplet energy
gap to the angle between the two copper coordination
planes and the angle formed by the two pyrazolate rings.
Deviation of the latter from coplanarity is predicted to have
the most significant effect on the exchange interaction,
which was later corroborated by comparison of experimen-
tal J values for different representative compoundst!!a-5:12,
The largest exchange interaction propagated through
double pyrazolate bridges recorded so far amounts to —214

m~! for the coplanar system [Cu,L,][BPhy]. {HL = 3,5-
bis[(2-diethylamino)ethylaminomethyl]pyrazol}!!'2),  only
slightly higher than the value found in the present complex
showing an angle of 15.3° between the planes of the pyra-
zolate moieties. In recent work Hanot et al.*!) considered
another geometrical factor, namely the asymmetry of the
Cu(NN),Cu [ramework, in order to account for the differ-
ences of the antiferromagnetic coupling constant in several
nearly planar doubly pyrazolato-bridged copper(Il,1I) com-
plexes. Taking the difference 8(CuNN) between the devi-
ations of the Cu—N—N and Cu—-N’'—N’ angles with re-
spect to an optimum angle (130.8°, deduced from the
above-mentioned complex with the highest J) as a measure
of the asymmelry, a quasi-linearly variation of J with
3(CuNN) was obtained, and indeed the present findings of
a large J for a rather symmetric Cu(NN),Cu skeleton
[Cu=N-N in the range 128.7(4)—130.1(4)°] fits into the
proposed model.
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Conclusions

A series of potentially dinucleating pyrazolate-based li-
gands with chelating thioether side arms has been prepared.
As a representative example the benzyl derivative 1bH was
cmployed in the synthesis of the dinuclear Cu'' complex 4
displaying distorted square planar N,S, coordination
spheres for each copper center and an axially bridging tetra-
fluoroborate. The magnitude of the antiferromagnetic ex-
change coupling in 4 (J/ = —206 cm™!) lies in the upper
range of the exchange interactions generally found for
bis(p-pyrazolato)-bridged compounds, which is in accord
with the structural findings of a rather symmetric frame-
work in the present complex. The electrochemical reduction
of 4 is an irreversible two electron process which reflects the
inability of the N-S, donor skeleton to conserve the di-
nuclear array and at the same time adopt a pseudotetra-
hedral, trigonal or linear geomtry that is preferred by the
Cu' form. Cu! and Ag! complexes of 1a—1d were synthe-
sized independently. The crystal structure of the silver com-
plex 3c reveals the presence of trinuclear species with linear
N-coordination of the metal centers, where each two of
these triangular constituents are linked by two unexpectedly
strong unsupported Ag---Ag contacts, i.e. contacts between
closed-shell d'® systems, resulting in the preservation of
hexanuclear entities even in solution. The Cul! complexes
are assumed to adopt analogous structures based on their
similar appearance and properties. Consequently the elec-
trochemical oxidation of the Cu' complexes is an irrevers-
ible process, presumably generating a morc appropriate co-
ordination environment for Cu", A possible stabilization of
both Cu'' and Cu! in a dinuclear array like in 4 would pre-
sumably necessitate more flexible, longer side arms at the
pyrazolate to enable the adaptation to pseudotetrahedral
coordination of thc metal centers upon reduction. Work
with respect to this is presently in progress.

We are grateful to Prof. Dr. G Huttner for his generous and
continuous support of our work as well as to the Fonds der Chemi-
schen Industrie for providing a Liebig-Stipendium (to F. M.). We
thank T Janack and Dr. J Grof} for recording the MS spectra and
D. Giinauer for performing the cyclovoltammetric measurements.

Experimental Section

All manipulations were carried out under an atmosphcre of dry
nitrogen by emploving standard Schlenk techniques. Solvents were
dried according to established procedures. Microanalyscs: Mi-
kroanalytische Laboratorien des Organisch-Chemischen Instituts
der Universitdt Heidelberg. — IR spectra: Bruker IFS 66 FTIR. —
TH- and "C{'H}-NMR spectra: Bruker AC 200 at 200.13 MHz
and 50.32 MHz, respectively. Signal of the solvent as cheinical shift
reference. CDCl;: 8y = 7.27, 8¢ = 77.0; C4Dy; 8y = 7.15, 8¢ =
128.0. — FAB- and EI-MS spectra: Finnigan MAT 8230; FD-MS
spectra: Jeol JMS-700. — UV/Vis/NIR spectra: Perkin-Elmer
Lambda 19. — Cyclic voltammetry: PAR cquipment (potentiostat/
galvanostat 273), in 0.1 M n-Buy,NPF/CH,Cl.. Potentials in V on
glassy carbon electrode, referenced (o saturated calomel electrode
(SCE) at ambient temperature. — Magnetic mecasurements: Bruker
Magnet B-E 15 C8, field-controller B-H 15, variable temperature
unit ER4111VT, Sartorius micro balance M 25 D-S. — ESR spec-
tra: Bruker ESP 300 E, X-band, external standard DPPH, tempcra-
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ture control unit Eurotherm B-VT 2000. — Vapor-phase osmo-
metry: Knauer Osmometer 7311100000.

Ligands 1aH—1dH: The appropriate thiol (31.0 mmol) is dis-
solved in (hf (80 ml) and deprotonated by means of one equivalent
of BuLi (2.5 M in hexanc) at 0°C. 3,5-Bis(chloromethyl)pyrazole
hydrochloridel!® (10.0 mmol) is then added in one portion and the
resulting solution is kept stirring overnight at room temp. Afler
removal of all volatile material under vacuum the residue is taken
up in petroleum ether (boiling range 40—60°C) and filtered. Evap-
oration of the solvent affords the raw product which is purified by
column chromatography [40 X 5 cm, silica gel (32—63 um), ether/
petroleum ether (boiling range 40—60°C) (3:1; 1bH: R, = 0.32;
IeH: Ry = 0.27) (5:1; 1aH: Ry = 0.35; 1dH: R; = 0.40)] to yield the
product as slightly yellowish oil (1aH: 2.8 g, 92%: 1bH: 2.8 g, 82%;
1cH: 1.9 g, 78%) or white powder (1dH: 1.8 g, 66%),

Cu' and Ag" Complexes 2a—2c¢ and 3a—3d: The appropriate li-
gand laH—dH (1 mmol) is dissolved in thf (25 ml) and depro-
tonated by slow addition of one equivalent of BuLi (2.5 M in hex-
ane) at —50°C. After warming to room tcmp. CuCl (0.10 g, 1.0
mmol) or AgBF, (0.19 g, 1.0 mmol), respectively, is added in one
portion and the reaction mixture stirred for 1 h. All volatile mate-
rial is then removed under vacuum and the residue is taken up in
CH,Cl, (30 ml; 2a, 3a) or pelroleum cther (boiling range 40—60°C;
30 ml; 2hb, 2¢, 3b—d) and filtered. The undissolved inorganic salts
are washed twice with CH,Cl, or petroleum ether, respectively, and
the combined organic phases are reduced under vacuum to a vol-
ume of around 20 ml. Cooling of the resulting solution to —40°C
causcs precipitation of the product as a white solid, which is iso-
lated by filtration in the cold and dried under vacuum. 2a: 0.33 g
(88%); 2b: 0.26 g (65%): 2¢: 0.23 g (75%): 3a: 0.38 g (90%); 3b: 0.38
g (85%): 3c: 0.28 g (79%); 3d: 0.17 g (45%).

Cu" Complex 4. A solution of 1bH (0.24 g, 0.7 mmol) in thl (20
ml) is treated dropwise with one equivalent of BuLi (2.5 M in hex-
ane) at —50°C and stirred for 20 min while warming to room temp.
Addition of [Ca(I,O)](BF,), (0.24 g, 0.7 mmol) initially yiclds a
green soluton which gradually turns brown and causes precipi-
tation of a dark solid upon stirring for 3 h. Removal of alt volatilc
material under vacuum affords a brown residue which is redissolved
in CH,Cl, (20 ml) and filtered. Evaporation ol the solvent gives
the raw product that can be crystallized by layering a solution in
acetone with petroleum ether, yielding 0.27 g (0.26 mmol, 74%) of
the solvate 4 - acetone as black crystals. UV/Vis (CH,Clo): Agpy (£)
= 480 nm, 330 (9800).

X-ray Structure Determinations. Thc measurements were carried
out on a Siemens P4 (Nicolet Syntcx) R3m/v four-circle dif-
fractometer with graphite-monochromated MoK, radiation. All
calculations were performed with a micro-vax computer using the
SHELXT PLUS software package. Structures werc solved by dircct
methods with the SHELXS-86 and refined with the SITELX93 pro-
grams*¢l. An absorption correction (y scan, Ay = 10°) was applied
to all data. Atomic coordinates and anisotropic thermal parameters
of the non-hydrogen atoms were refined by full-matrix least-squares
calculation. For 3e the isopropyl groups attached to S2 and S6 were
disordered and could thus only be refined isotropically. In the casc
of 4 the fluorine atoms attached to B2 were disordered and refined
isotropically, and the large residual electron density (peak and hole)
was all located around the disordered BF,~ ion. Table 7 compiles
the data for the structurc dcterminations. Further details ol the
crystal structure investigations are available from the Fachinforma-
tionszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Ger-
many), on quoting the depository numbers CSD-406568 (3¢) and
406569 (4), the names of the authors, and the journal citation.
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Table 7. Crystal data and relinement details for complexes 3¢ and 4

3c 4
Formula CiaHs7Ag3NgSs  C3gHagBoCupFgNaSy -
C3H60
M, 1053.8 1037.7
crystal size [mm] 0.20x0.20x0.35 0.30x0.30%0.40
crystal system monoclinic triclinic
space group P2in PT
a 4] 16.037(7) 10.777(3)
b[A] 11.453(5) 14.393(2)
c[A) 23.899(%) 14.739(2)
o [°] 90 81.92(1)
B °] 100.34(3) 79.39(1)
Y[ 90 87.97(2)
vIAY 4318(3) 2225(1)
Pealcd. [g Cm_3] L1621 1.549
z 4 2
F{000) [¢] 2136 1060
T[K] 200 200
B (Mo-K,) [mm”' 1.668 1.216
scan mode [0} [
hklrange 0-17,0-12,£26  0-11,x15,£15
28 range [°] 4.0-47.0 4.145.0
measured refl. 6635 6198
Observed refl. I>2a(f) 4415 4148
refined parameters 526 554
resid, electron dens. [cA™] 0.753/-0.484 1.340/-1.999
R1 0.045 0.062
WwR2 (refinerent on F2)  0.081 0.130
Goodness-of-fit 1.021 1.416

* Dedicated to Prof. Dr. Gotifried Huttner on the occasion of his
60th birthday.
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