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The new ligand 1,3-bis[3-(2-pyridyl)pyrazol-1-yl]propane (L) was prepared by reaction of 3-(2-pyridyl)pyrazole with
1,3-dibromopropane under phase-transfer conditions, and contains two bidentate chelating pyridyl/pyrazolyl
fragments linked by a flexible trimethylene chain, which permits the angle between the chelating fragments to vary

in its complexes. It acts as a tetradentate chelate to a single metal ion, forming a variety of mononuclear complexes
which have been structurally characterised. The complex trans-[FeL(dmf),][ClO,], is a high-spin d° complex in which
L co-ordinates equatorially. In [CuL][BF,], the [CuL]*" cations have a significant tetrahedral distortion arising from
the inability of the ligand to be planar; chains of [CuL]** cations are bridged by [BF,] anions, with each bridging
anion forming semi-co-ordinate interactions with the axial sites of the two [CuL]** fragments on either side of it and
also hydrogen bonds to the methylene protons of each of the two metal fragments. The complex [(ZnL),(CO,)][ClO,],

contains a rare example of the symmetric u;-bridging mode of carbonate, which has arisen from efficient fixation
of atmospheric CO, by a solution containing L and zinc(i1) acetate. Complexes containing the [AgL]" cation, with
either nitrate or perchlorate as the anions, form columnar stacks in the crystal because of weak intermolecular
Ag- - - Ag interactions; the basic geometry of the [AgL]* cations is very similar to that of [CuL]**, despite the
different stereoelectronic preferences of Ag' and Cu™. The complex [PbL(NO),] is eight-co-ordinate with two
bidentate nitrate ligands in addition to L; the lone pair of Pb" is stereochemically active, and results in a clear
distortion of one square face of the approximately square antiprismatic geometry.

We describe in this paper the synthesis and co-ordination
chemistry of 1,3-bis[3-(2-pyridyl)pyrazol-1-yl]propane (L), a
tetradentate ligand in which two bidentate chelating pyridyl/
pyrazolyl fragments are linked by a flexible propyl chain. As
part of our general interest in the co-ordination chemistry of
new multidentate ligands we have recently studied many ligands
of this type, in which two ' or three” of these bidentate chelat-
ing pyridyl/pyrazolyl fragments are linked to a central spacer or
head group via the N* position of the pyrazolyl ring. This is
synthetically simple and has allowed access to numerous new
ligands exhibiting in some cases remarkable and quite
unexpected structures in their complexes. In the particular case
when two bidentate fragments are linked by a flexible spacer, we
might expect that the ligand could act as a tetradentate chelate
to a single metal ion,"® or that it could bridge two different
metal ions.>® The latter possibility allows access to numerous
high-nuclearity species, and complexes with the structures of
double helicates,? infinite one-dimensional helicates,® molecular
rings,* and molecular cages® have all recently been shown to
form from quite simple bis-bidentate ligands containing two
pyridyl/pyrazolyl arms. The syntheses, properties and crystal
structures of the following complexes are presented here: [Fel-
(dmf),][CIO,],, [CuL][BF,],, [(ZnL)s(n;-CO,)][ClO,],, [AgLIX
(X' =NO; or ClO,) and [PbL(NO5;),].
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Experimental
General details

3-(2-Pyridyl)pyrazole was prepared according to the published
method.® All other reagents were commercially available and
used as received.

The following instruments were used for routine spectro-
scopic and electrochemical analysis: '"H NMR spectroscopy, a
JEOL Lambda-300 spectrometer, electron-impact (EI) and fast-
atom bombardment (FAB) mass spectrometry, a VG-Autospec;
UV/VIS spectrophotometry, Perkin-Elmer Lambda 2 or 19
spectrophotometers; FT-IR spectrometry, a Perkin-Elmer 1600
spectrometer. Electrochemical measurements were made using
a PC-controlled EG&G-PAR 272A potentiostat. A conven-
tional three-electrode cell was used, with platinum-wire work-
ing and counter electrodes, and an SCE reference. Ferrocene
was added as a calibrant after each set of measurements, and all
potentials are quoted relative to the ferrocene—ferrocenium
couple.

Syntheses of 1,3-bis[3-(2-pyridyl)pyrazol-1-yl]lpropane (L)

A mixture of 3-(2-pyridyl)pyrazole (7.00 g, 48 mmol), 1,3-
dibromopropane (4.43 g, 22 mmol), toluene (200 cm®), aqueous
NaOH (19.6 g NaOH in 50 ¢cm® water) and NBu,OH (40%
aqueous solution, 1 cm®) was heated to reflux overnight with
vigorous stirring. After cooling the organic layer was separated
and dried (MgSO,). Removal of the solvent in vacuo afforded a
white solid which was washed with hexane and dried. The
product (L) gave a single spot by TLC under various conditions
and was therefore used directly for the subsequent reactions; a
sample for analysis was recrystallised from CH,Cl,~hexane.
Yield: 4.30 g (59%). "H NMR (300 MHz, CDCl,): 6 8.62 (2 H,
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d, J=4.8, pyridyl H%), 7.93 (2 H, d, J = 7.9, pyridyl H®), 7.72 (2
H, td, J=7.7, 1.6, pyridyl H*), 7.46 (2 H, d, J=2.3, pyrazolyl
H* or H), 7.19 (2 H, m, pyridyl H%), 6.90 2 H, d, J=2.3,
pyrazolyl H® or H*), 4.18 (4 H, t, J= 6.4, NCH,) and 2.53 (2 H,
quintet, J = 6.4 Hz; CH,CH,CH,). Other characterisation data
are in Table 1.

Preparations of complexes

[CuL][BF,],. A mixture of L (0.100 g, 0.303 mmol), and cop-
per(u) acetate hydrate (0.040 g, 0.200 mmol) in MeOH (10 cm?®)
afforded after stirring for a few minutes a clear blue-green solu-
tion. After addition of an aqueous solution of NaBF, and con-
centration in vacuo the complex precipitated as a green solid; it
was filtered off, washed with water and dried. Recrystallisation
by diffusion of diethyl ether vapour into a concentrated solu-
tion of the complex in MeCN afforded X-ray quality crystals.

[FeL(dmf),][C10,],. This was prepared in the same manner as
above by reaction of L and iron(1) sulfate heptahydrate (1:1) in
MeOH to give a clear yellow solution. Addition of aqueous
NaClO, afforded a yellow precipitate which was filtered off,
washed with water, dried, and recrystallised from dmf-diethyl
ether. CAUTION: although we experienced no problems,
perchlorate salts are potentially explosive. All perchlorate-based
complexes were prepared in small amounts and largely handled
in solution, and were not subjected to heating or grinding when
dry.

[(ZnL),(n;-CO,)I[CIO ],. This was prepared by reaction of L
with zinc(11) acetate dihydrate in MeOH in the same way as
above; the product precipitated on addition of aqueous NaClO,
and after filtration, washing and drying it was recrystallised
from dmf-ether.

[AgLIINO,] and [PbL(NO),]. These were prepared by reac-
tion of L with 1 equivalent of the appropriate metal nitrate in
MeOH; after mixing the components together, a few minutes
agitation in an ultrasound bath and concentration in vacuo the
complex precipitated. After filtration, washing and drying, the
complexes were each recrystallised by slow evaporation of a
concentrated MeCN solution.

[AgLI[CIO,]. This was prepared as for [AgL][NO;], with the
exception that the complex was precipitated from MeOH solu-
tion by addition of aqueous NaClO,. After filtration, washing
and drying, the complex was recrystallised by slow evaporation
of a concentrated MeCN solution.

Characterisation data (elemental analyses and mass spectra)
for the complexes are summarised in Table 1.

X-Ray crystallography

Suitable crystals were quickly transferred from the mother-
liquor to a stream of cold N, at —100 °C on a Siemens SMART
diffractometer fitted with a CCD-type area detector. In all cases
date were collected at —100 °C using graphite-monochrom-
atised Mo-Ka radiation. For triclinic crystals a full sphere of
data was collected; for all other crystal systems a hemisphere
was sufficient. Table 2 contains a summary of the crystal
parameters, data collection and refinement. In all cases the
structures were solved by conventional heavy-atom or direct
methods and refined by the full-matrix least-squares method on
all F* data using the SHELXTL 5.03 package on a Silicon
Graphics Indy computer.!® Empirical absorption corrections
were applied to the integrated data using SADABS.!' Non-
hydrogen atoms were refined with anisotropic thermal para-
meters; hydrogen atoms were included in calculated positions
and refined with isotropic thermal parameters riding on those
of the parent atom. In all cases data were collected in the first
instance to a 20 limit of 55° (the default setting for our area
detector). For those cases where the data were very weak, the
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data used for the final refinement were truncated at a 26 value
above which no significant diffracted intensity was observed.
Inclusion of data above this 26 threshold in the refinement
resulted in substantially poorer R indices with no noticeable
improvement in the precision of the structures. In every case the
data-to-parameter ratio was however good.

In [FeL(dmf),][ClO,], the complex cation lies on a C, axis
which passes through the metal atoms and also C(4), the central
atom of the propane bridge; the asymmetric unit accordingly
contains one half of the complex dication and one perchlorate
anion. In [AgL][CIO,] there are two independent complex
molecules in the asymmetric unit.

In [(ZnL);(n;-CO,)][C1O,],+3.5H,0 the complex cation lies
on a C; axis which passes through C(111), the central carbon
of the carbonate bridging ligand, perpendicular to the plane of
the three Zn atoms. The asymmetric unit contains one third of
the trinuclear complex cation, one complete perchlorate ion,
and an additional one third of a perchlorate which lies on a C;
axis passing through CI(1) and O(1). There is also a complete
water molecule, and one whose oxygen atom lies on a site of 3
symmetry such that one sixth of it lies in each asymmetric unit
(one half per trinuclear complex), accounting for the 3.5 water
molecules present per complex trication.

CCDC reference number 186/1084.

See http//www.rsc.org/suppdata/dt/1998/3029/ for crystallo-
graphic files in .cif format.

Results and discussion

The new ligand L was prepared by alkylation of the acidic
pyrazole N' sites of 2 equivalents of 3-(2-pyridyl)pyrazole
with 1,3-dibromopropane under phase-transfer conditions,
according to the method of Hartshorn and Steel.’> It was
obtained clean and in good yield, and confirmation of its
identity by "H NMR spectroscopy and mass spectrometry was
straightforward.

[FeL(dmf),][C10,],

Reaction of L with FeSO,-7H,0 in MeOH afforded a yellow
solution from which a lemon-yellow solid precipitated on add-
ition of aqueous NaClO, followed by reduction in volume.
Recrystallisation from dmf-ether afforded a yellow crystalline
material whose FAB mass spectrum suggested a 1:1 Fe:L
complex. The presence of co-ordinated dmf was apparent from
the IR spectrum, which showed a strong peak at 1654 cm™! (in
addition to the peak for free perchlorate at 1094 cm™") which
is strongly characteristic of O-co-ordinated amide ligands.'>'*
We assume that the dmf ligands replaced other solvent ligands
(probably water) during recrystallisation; we have observed this
behaviour before.'*!®

X-Ray crystallography (Fig. 1, Table 3) showed the com-
plex to be [FeL(dmf),][CIO,],, with the ligand L acting as an
equatorial tetradentate chelate with the two O-bound dmf
ligands in axial positions in an approximately octahedral
co-ordination geometry. The metal-ligand bond distances are
characteristic of Fe™; in particular the Fe-O separation of
2.085(3) A may be compared with the value of ca. 1.99 A
observed for an iron(11) complex containing co-ordinated dmf
molecules.’® The two bidentate pyridyl/pyrazolyl arms are not
quite coplanar, as shown by the angle 6 of 16.7° between the
two FeN, planes involving each bidentate fragment. It
appears that the relatively long and flexible three-atom
bridge between the two co-ordinating fragments allows them to
co-ordinate to the same metal ion, in contrast to the related
ligand bis[3-(2-pyridyl)pyrazol-1-yljmethane which normally
acts as a bridging ligand to give dinuclear complexes with
first-row transition metals.® This structure is reminiscent
of trans-[Fe(quaterpy)(H,0)]*" (quaterpy =2,2':6',2":6",2"-
quaterpyridine) in which however the ligand is exactly planar
and the complex is low spin (and dark red)."”



Table 1 Analytical and mass spectroscopic data for the new compounds

Elemental analysis (%) “

Mass spectral data®

Compound C H N miz® Abundance (%), assignment
L 68.6 (69.1) 5.3(5.5) 25.0 (25.4) 330 (330) 8, L
[FeL(dmf),][ClO,], 41.7 (41.1) 4.0 (4.4) 14.7 (15.3) 485 (485) 100, FeL(ClO,)
[CuL][BF,], 40.8 (40.2) 3232 15.1 (14.8) 412 (412) 30, CuL(F)
393 (393) 100, CuL
[(ZnL)5(CO,)][CIO )4 42.7(42.4) 29(3.3) 15.0(15.3) 951 (951) 100, Zn,L,(CO;)(CIO,)
1243 (1246) 80, Zn;L;(CO;)
1345 (1345) 40, Zn;L;(CO;)(CIO,)
[AgL][NO;] 46.2 (45.6) 3.3(3.6) 19.7 (19.6) 437 (437) 100, AgL
[PbL][NO;], 34.6 (34.5) 2.7(2.6) 16.8 (16.9) 715 100, unknown

“ Calculated values in parentheses. * All mass spectra of metal complexes are FAB spectra recorded using 3-nitrobenzyl alcohol as matrix; for L an

electron-impact mass spectrum was recorded.

Table 2 Summary of crystal parameters, data collection and refinement for the crystal structures

[(ZnL)s;(u3-CO5))-

[FeL(dmf),][C1O,], [CuL][BF,], [Cl0,]4+3.5H,0 [AgL]INO,;]'MeCN  [AgL][CIO,] [PbL(NO,),]
Formula CysH3CLFeNgO,y  CoHysB,CuFNg  CoyHgCLiNsOp 5= CyHy AgNGOs CioHisAgCINGO,  CyoH sNzOPb
Zn;
M 731.34 567.55 1708.16 541.33 537.72 661.60
System, space group Monoclinic, Monoclinic, Cubic, Orthorhombic, Monoclinic, Monoclinic,
C2lc P2,/n Pa3 P2,2.2, P2,/n P2,/n

alA 19.714(6) 14.398(2) 23.981(4) 6.9549(12) 7.0405(10) 12.2539(8)
blA 11.095(2) 7.294(2) 23.981(5) 15.977(3) 21.604(6) 10.8331(14)
clA 14.910(3) 21.622(3) 23.981(5) 19.968(4) 26.427(5) 16.792(2)
pr 104.03(2) 106.285(14) 93.570(11) 98.471(8)
UIA? 3164.0(14) 2179.7(7) 13 791(5) 2188.8(7) 4011.8(14) 2204.8(4)
V4 4 4 8 4 8 4
DJgcm™ 1.535 1.730 1.645 1.643 1.781 1.993
w/mm™! 0.712 1.092 1.281 0.963 1.180 7.707
F(000) 1512 1140 6984 1096 2160 1272
Crystal size/mm 0.04x0.14%x020 0.22%x0.16%x0.12 0.28x0.24%x0.14 0.24 x0.14x0.10  0.28 X 0.06 X 0.04  0.50 X 0.45 x 0.38
Reflections collected: 13 083, 2786, 13 248, 4966, 54 976, 3022, 14 087, 4970, 24 590, 9024, 13 713, 5025,

total, independent, R, 0.108 0.041 0.146 0.041 0.078 0.022
20 Limit for data/® 50 55 45 55 55 55
Data, restraints, parameters 2774, 0, 211 4966, 0, 325 3017, 12, 318 4970, 0. 299 9024, 0, 559 5025, 0, 307
Final R1, wR2%? 0.0597,0.1171 0.0413,0.1035 0.0592, 0.1414 0.0315, 0.0606 0.0620, 0.1585 0.0177, 0.0402
Weighting factors® 0.0322, 7.3203 0.0467, 0.7956 0.0365, 75.9933 0.0263, 0 0.0549, 0 0.0192,0
Largest peak, hole/e A~ +0.413, —0.349 +0.688, —0.558 +0.623, —0.413 +0.346, —0.591 +0.751, —0.785 +0.955, —0.993

“ Structure was refined on F,? using all data; the value of R1 is given for comparison with older refinements based on F, with a typical threshold of
F=406(F).* wR2 = [Ew(F,} — F)YZw(F,2) where w™' = [¢*(F,?) + (aP)* + bP] and P = [max(F,% 0) + 2F7]/3.

Fig. 1 Crystal structure of [FeL(dmf),][ClO,], (thermal ellipsoids are
at the 40% level).

The UV/VIS spectrum of the complex in dmf solution shows
the very weak *T,,—> °E, d—d transition [, = 864 nm, ¢~ 6
dm® mol ™! cm '] which is characteristic of the high-spin d® con-
figuration; '® the presence of a second lower-energy component
(a shoulder at about 950 nm) arises from Jahn-Teller distortion
in the (t2g)3(eg)3 electronically excited state. At higher energy are
the usual intense UV transitions at 242 (¢ = 19 000) and 288 nm

(6 =25000 dm?® mol ' cm™), as well as a shoulder at ca. 350 nm
(e ~ 1400 dm* mol ' cm ™).

Electrochemical studies on [FelL(dmf),][CIO,], in MeCN
showed only a broad, completely irreversible oxidation wave at
ca. +0.8 V vs. ferrocene—ferrocenium, indicating that the com-

plex undergoes decomposition on oxidation to Fe'™.

[CuLl[BF,l,

Reaction of L with Cu(O,CMe),'H,0 in MeOH afforded a
green solution from which a green solid precipitated on add-
ition of NaBF,. Elemental analysis and FAB mass spec-
trometry suggested the formulation [CuL][BF,],, and this was
confirmed crystallographically (Figs. 2 and 3, Table 4). The
ligand L is again co-ordinated as a tetradentate chelate, but
there is a greater departure from planarity, with the two CuN,
planes having an angle 0 of 31.5° between them. This consti-
tutes a significant distortion towards tetrahedral geometry, and
may be contrasted with the more planar co-ordination of L in
the iron(ir) complex above which is necessary to achieve the
approximately octahedral geometry. In addition to the four
donor atoms of L, there are also weak ‘semi-co-ordinate’ axial
interactions* arising from bridging [BF,]” anions, resulting in
a columnar stack of alternating cations and bridging anions
(Fig. 3). This is reminiscent of the structure of [Cu(bipy),]-
[BF,],.* The Cu--+F(5) and Cu---F(8A) distances are
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Table 3 Selected bond lengths (A) and angles (°) for [FeL(dmf),]-
[CIO,],

Fe-0(200) 2.085(3) Fe-N(11) 2.242(4)
Fe-N(21) 2.144(4)

0(200A)-Fe-0(200) 179.4(2) 0(200)-Fe-N(11)  96.19(12)
0(200)-Fe-N(21A)  94.04(13)  N(21A)-Fe-N(11) 168.91(13)
0(200)-Fe-N(21) 86.35(13)  N(Q21)-Fe-N(I11)  74.65(13)
NQ21A)-Fe-N@21)  101.8(2) N(11A)-Fe-N(11) 110.8(2)
O(200A)-Fe-N(11)  83.45(12)

Fig.2 Crystal structure of [CuL][BF,], (the non-co-ordinated anion is
not shown; thermal ellipsoids are at the 40% level).

4 \C_:ﬁ’ ke

2

Fig. 3 The linear chains present in the structure of [CuL][BF,],, indi-
cating the CH - - - F hydrogen bonding and Cu- - - F semi-co-ordinate
interactions.

2.596(3) and 2.576(3) A, in the normal range.*?* Such inter-
actions with [BF,]” are well known,*' especially for Cu™ where
the [BF,]” anion usually occupies the remote axial sites in
elongated octahedral or square-pyramidal geometries that are
charactreristic of Jahn—Teller distortion.?*?>3

An interesting feature of the axially bridging [BF,]™ anions is
that F(6) is involved in two additional weak intramolecular
hydrogen-bonding interactions, with an H atom attached to
C(5) of the trimethylene bridge in one complex cation, and with
the H atom attached to C(3) of the trimethylene bridge in the
adjacent complex cation (Fig. 3). For the former interaction,
the non-bonded C(5)---F(6) separation is 3.060(3) A, the
F(6) - - - H(5A) separation is 2.53 A and the angle C(5)-H(5A)~
F(6) is 113.5°. For the latter, the non-bonded C(3) - - - F(6) sep-
aration is 3.405(3) A, the F(6)- - - H(3A) separation is 2.57 A
and the angle C(3)-H(3A)-F(6) is 141.9°. This ‘two-point
association’ of the anion, in which an axial semi-co-ordinate
bond is reinforced by an intramolecular hydrogen-bonding
interaction involving a different fluorine atom, has been
explicitly noted before in a few cases where there is an obvious,
strong hydrogen bond to an NH or NH, group elsewhere in the
complex.”> Weaker C-H - -+F-BF; intramolecular hydrogen
bonding interactions between (semi)-co-ordinated [BF,]”
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Table4 Selected bond lengths (A) and angles (°) for [CuL][BF,],

Cu-N(61) 1.975(2) Cu-N(71) 2.010(2)
Cu-N(21) 1.975(2) Cu-N(11) 2.022(2)
Cu---F(5) 2.596(3) Cu---F(8A) 2.576(3)
N(61)-Cu-N(21)  102.12(9) N(61)-Cu-N(11)  159.47(10)
N(61)-Cu-N(71)  81.16(9) N(71)-Cu-N(11)  103.16(9)
NQ1)-Cu-N(71)  159.93(9) NQ1)-Cu-N(11)  80.81(9)

anions and CH,, groups have not specifically been commented
on to our knowledge, although a re-examination of several
published structures on the Cambridge Crystallographic Data-
base shows that such interactions are quite common.? Given
that the significance of C-H - - - F hydrogen bonds only became
apparent very recently,?* it is likely that in earlier structures
containing [BF,]” ligands such secondary contacts were felt to
be unimportant. Typical H--+F separations in C-H---F
hydrogen bonds are ca. 2.5 A, in good agreement with our
findings here. We note that the non-co-ordinated [BF,]” ion
shows the same degree of variation in its B-F distances as the
co-ordinated one, ie the semi-co-ordination and hydrogen-
bonding interactions of one [BF,]” anion are not obviously
manifested in any of its B-F bond lengths.

Cyclic voltammetry of [CuL][BF,], revealed a chemically
reversible Cu’~Cu™ couple at —0.31 V vs. Fc-Fc* in CH,Cl,;
the peak-peak separation AE, for the symmetric wave was
90 mV at a scan rate of 0.2 V s™'. Reversible interconversion
between the copper-(1) and -(i1) forms of bis(diimine) copper
complexes is well known,”® and is facilitated by a flexible
ligand set in which the two bidentate diimine fragments can
easily rearrange to accommodate the different stereoelectronic
preferences of the two oxidation states (mutually coplanar for
tetragonal Cu", and mutually perpendicular for pseudo-
tetrahedral Cu"). The ability of L to vary the angle between
the two MN, planes means that the co-ordination geometry
about the copper centre will be able to adjust easily following
the Cu'—— Cu" interconversion. A completely irreversible
reduction was also present with a broad, poorly defined peak at
ca. —1.6 V on the outward scan which caused a sharp, intense
desorption spike at —0.37 V on the return scan. This behaviour
is consistent with reduction of Cu' to Cu® which is deposited
on the electrode surface on the outward scan and then removed
on the oxidative scan.

The facile reduction of [CuL][BF,], is reflected in its elec-
tronic spectra in different solvents. In MeCN solution the com-
plex is green, with the d—d transition of Cu™ occurring at 770
nm (¢=150 dm*® mol™! ¢cm™), in addition to strong ligand-
centred transitions in the UV region at 292 and 242 nm
(=19 000 and 24 000 dm® mol™! cm™! respectively). In dmf
however the solution rapidly becomes brown and the d—d trans-
ition is then completely absent from the electronic spectrum; it
is replaced by a transition at 454 nm (& = 1200 dm® mol ™! cm ™)
which is a Cu'>ligand(n*) MLCT transition. Interestingly the
crystals used for the X-ray study were grown from dmf-ether, so
although the copper(1) form is present in solution, crystallis-
ation favours the copper(mr) form. Direct reaction of L with
[Cu(MeCN),]J[PF4] produced brown copper(l) complexes in
solution, but we were unfortunately unable to isolate a crystal-
line complex for direct comparison with the structure of the
copper(1) complex.

The X-band EPR spectrum of [CuL][BF,], (CH,Cl,—thf, 1:1)
as a frozen glass at 77 K is entirely typical of a magnetically
isolated, mononuclear copper(ir) centre with a basically planar
structure and the unpaired electron in the d(x? — »*) orbital.
The spectral parameters are g, = 2.261, g, =2.058, 4,=188 G;
G=10"*T

[(ZnL);(n,-CO,)ICIO,],
Reaction of Zn(O,CMe),-2H,0 with L (1:1 ratio) in MeOH in



Table 5 Selected bond lengths (A) and angles (°) for [(ZnL),(11,-CO5)]-
[CIO,],+3.5H,0

Zn(1)-0(9) 1.984(4) Zn(1)-N(21) 2.115(6)
Zn(1)-N(61) 2.098(6) Zn(1)-N(71) 2.141(6)
Zn(1)-N(11) 2.102(6)

0(9)-Zn(1)-N(61)  133.2(2) N(1)-Zn(1)-NQ1)  77.6(2)
0(9)-Zn()-N(11)  99.6(2) 09)-Zn(1)"N(71)  95.0(2)
N@61)-Zn(1)-N(11)  127.0(2) N@6D)-Zn(1)-N(71)  77.3(2)
09)-Zn(1)’NQ21)  91.3(2) N(11)-Zn(1)-N(71)  106.6(2)
N@61)-Zn(1)-NQ21)  94.4(2) NQD-Zn(1)-N(71)  171.7(2)

Fig. 4 Crystal structure of the complex cation of [(ZnL);(n;-CO;)]-
[C10,], (thermal ellipsoids omitted for clarity).

air yielded, after precipitation as the perchlorate salt and
recrystallisation, a crystalline compound whose FAB mass
spectrum showed strong peaks at m/z 1345 and 1243. These
correspond to Zn;L4(CO,) and Zn,;L,(CO;)(ClO,), and the
elemental analysis was consistent with the formulation [Zn,L-
(CO;)(ClO,),], indicating that a reaction with atmospheric CO,
had occurred. The nature of the compound was revealed by
X-ray crystallography (Fig. 4, Table 5) which showed it to be
[(ZnL);(n;-CO4)J[C1O,)s, having a triply bridging carbonate
ion linking three ZnL*" fragments and a threefold symmetry
axis passing through the central carbon of the carbonate and
perpendicular to the plane of the carbonate.

The geometry about the zinc(l) centres is intermediate
between square pyramidal and trigonal bipyramidal. Accord-
ing to the method of Addison et al.?® for classifying five-co-
ordinate geometries intermediate between square pyramidal
(C,4,) and trigonal bipyramidal (Ds,) the parameter 7 is 0.64
(where a value of 1 denotes perfect trigonal bipyramidal sym-
metry and 0 perfect square pyramidal symmetry) indicating
an intermediate structure but one that lies more towards the
trigonal bipyramidal limit. In this description of the structure
the axial ligands are therefore N(21) and N(71), which subtend
an angle of 171.7(2)° at the metal centre. The equatorial ligands
are O(9), N(11) and N(61), and Zn(1) lies just 0.052 A out of
the plane of these three atoms. The rather large value of 53° for
0 (angle between the two ZnN, planes) reflects the fact that L is
not co-ordinated in a pseudo-equatorial manner with the two
bidentate fragments constrained to be trans to one another, but
are pulled closer together in order to form the (approximately)
trigonal bipyramidal geometry.

The carbonate ion is well known to be able to act as a bridg-
ing ligand in a variety of ways in multinuclear complexes.?’
However the symmetric triply bridging co-ordination mode
seen here is rare, with only a handful of examples known in
complexes of Zn"#3° and Cu™.*-*! Formation of carbonate in
these 3! and other carbonate-bridged polynuclear complexes *
from atmospheric CO, proceeds via precursors in which the
metal ion has a co-ordinated hydroxide ligand which acts as a
nucleophile to attack CO,. This can lead to very rapid and

Fig. 5 Crystal structure of the complex cation of [AgL][NO;]-MeCN
(thermal ellipsoids are at the 40% level).

efficient fixation of CO, even at the low concentrations found in
air, and is of course related to the mechanism of action of the
enzyme carbonic anhydrase.’* However the complexes with
Zn" %3 appear to be very stable, and it has not proven possible
to incorporate the bound carbonate ion into other species and
thereby achieve catalytic CO, fixation.®® The structure of
[(ZnL);(n;-CO3)][CIO,], is nevertheless of interest as a rare
example of the symmetric p; bridging mode of the carbonate
anion.

[AgLIINO;] and [AgLI[CIO,]

As described earlier, we attempted to isolate a crystalline
copper(1) complex of L to compare with the structure of the
copper(1r) complex. Such comparisons are of interest for show-
ing the extent to which the ligand imposes a particular geo-
metry on the metal centre or, alternatively, is flexible enough to
accommodate the substantial difference in the stereoelectronic
preferences of Cu' and Cu™.3* However we were unsuccessful in
this, so instead we prepared silver(1) complexes of L. Silver(1)
has the same preference for pseudo-tetrahedral co-ordination
geometry with a donor set containing two diimine-type ligands,
and the few structurally characterised examples of silver(1)—
diimine complexes show them to be structurally comparable to
their copper(1) counterparts.*®

Reaction of L with AgNO, (1:1 ratio) in MeOH afforded
initially a clear solution. If this was treated with ultrasound for
a few minutes and then concentrated [AgL][NO;] precipitated.
Alternatively, addition of aqueous NaClO, to the MeOH solu-
tion afforded a precipitate of [AgL][ClO,]. Characterisation of
both was straightforward, and both gave X-ray quality crystals
by slow evaporation of concentrated MeCN solutions.

The structure of [AgL][NO,]-MeCN (Fig. 5, Table 6) shows
the expected four-co-ordinate environment about the silver(1)
centre, with an angle of 36.4° between the two AgN, planes; it is
therefore nearer planar than tetrahedral, although neither des-
cription is wholly appropriate. Weak intermolecular Ag- -+ Ag
interactions (3.720 A) result in formation of columns of cations
stacked along the crystallographic a axis. For [AgL][ClO,] (Fig.
6) the general behaviour is similar, although there are now two
independent molecules in the asymmetric unit. The angles
between the two AgN, planes are 31.9° about Ag(1) and 34.9°
about Ag(2), and the stack of complex cations along the
crystallographic « axis has alternating Ag - - - Ag separations of
3.528 and 3.628 A.

The extent of distortion of these four-co-ordinate structures
towards tetrahedral geometry is clearly limited by the length of
the trimethylene chain; the average 6 value of 34.4° is much less
than that observed for other silver(r) bis(diimine) complexes.*®
An additional complicating factor is the presence of the weak
Ag- -+ Ag interactions, and it is possible that the relatively flat-
tened geometry of these silver(1) complexes could arise as much
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Table 6 Selected bond lengths (A) and angles (°) for [AgL][NO,]-
MeCN and [AgL][CIO,]

[AgL][NO;]-MeCN

Ag(1)-N(71) 22232)  Ag(1)-N(Q1) 2.378(2)
Ag(1)-N(11) 22713)  Ag(1)-N(61) 2.508(3)
N(71)-Ag(1) N(11) 1357909  N(71)- Ag(1)-N(61)  71.33(10)
N(71)-Ag(1)-N(21)  147.80(10) N(11)-Ag(1)-N(61)  148.21(10)
N(11)-Ag(1)-N(21) 72.109)  N(21)-Ag(1) N(61)  89.53(9)
[AgL][CIO,]

Ag(1)-N(141) 22376)  Ag(2)-N(11) 2.246(6)
Ag(1)-N(81) 2281(5)  Ag(2)-N(71) 2.281(5)
Ag(1)-N(©O1) 240550  Ag(2)-N(61) 2.411(5)
Ag(1)-N(132) 24955  Ag(2)-N(21) 2.457(2)
N(141)-Ag(1)-N@81)  1332(2)  N(11)-Ag(2)-N(71)  133.52)
N(141)-Ag(1) NO1)  152.52)  N(11)-Ag(2)-N(61)  151.1(2)
N(81)-Ag(1)-N(91) 713(2)  N(71)-Ag(2)-N@61)  71.4(2)
N(141)-Ag(1)'N(132)  72.1(2)  N(11)-Ag(2)-NQ21)  72.02)
N@81)-Ag(1)-N(132)  149.6(2) N(71)-Ag2) N(21)  149.4(2)
NOI)-Ag(1) N(132)  89.9(2)  N(61)-Ag(2)-N21)  90.8(2)

Fig. 6 Crystal structure of the two independent complex cations of
[AgL][ClO,], showing the shorter Ag - - - Ag interaction in the columnar
stack (thermal ellipsoids are at the 40% level).

to optimise the Ag- - - Ag interactions as because of the limited
flexibility of the trimethylene chain in the ligand. However, set
against this is the observation that when 6 is not constrained it
does tend to be much larger and close Ag- -+ Ag contacts are
therefore not possible.** We suggest therefore that the Ag - - - Ag
contacts are permitted by the relative planarity of the com-
plexes, which is caused by the limited flexibility of the ligand, and
not the other way around; the structures of these complexes (in
particular the value of 0) are accordingly likely to be a good
approximation to that of the copper(1) analogue. We note that
the average 6 value of 34.4° for the silver(1) complexes is only
slightly greater than the value of 31.5° for the copper(i) com-
plex, suggesting that this ligand would not allow much struc-
tural reorganisation between the copper-(1) and -(11) complexes.

[PbL(NO;),]

The structures of complexes of Pb™ have been of particular
interest in relation to the stereochemical activity of the lone
pair.’® Following our unexpected observation of unusual
lead(r) complexes with 3-(2-pyridyl)pyrazole having regular
square prismatic and square antiprismatic geometries,’ we
were interested to examine structurally other lead(11) complexes
based on bidentate pyrazolylpyridine chelating donors.?
Reaction of Pb(NO;), with L (1:1) in MeOH afforded a
material whose elemental analysis suggested, as expected, the
formulation [PbL(NO;),]. The FAB mass spectrum however
showed only a strong peak at m/z 715 which does not corre-
spond to any reasonable combination of metal, ligand and
anion and which we assume to have arisen from a reaction of
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Fig. 7 Crystal structure of [PbL(NO,),] (thermal ellipsoids are at the
40% level).

Fig. 8 Co-ordination geometry of the metal centre in [PbL(NO;),].

the molecular ion with the matrix (3-nitrobenzyl alcohol).
However the crystal structure (Fig. 7, Table 7) clearly confirms
the formulation and reveals an eight-co-ordinate lead(i) com-
plex containing tetradentate L and two bidentate nitrates. The
ligand L is co-ordinated pseudo-equatorially with an angle 6 of
33.1° between the two PbN, planes. The co-ordination geo-
metry is irregular but probably the best description of it is a
distorted square antiprism (Fig. 8). One of the ‘square planes’
[plane A; O(203), N(21), O(102), N(41)] is not very satisfactory
with a mean deviation from these atoms from the best-fit plane
through them of 0.465 A, but the other [plane B; O(101), N(51),
0(202), N(11)] is a near-perfect plane with a mean deviation
of these atoms from the best-fit plane through them of only
0.013 A. The two mean planes are mutually staggered and near-
parallel (1.6° between them). It is apparent in Fig. 8 that the Pb
atom is ‘off-centre’, being much closer to plane B (0.55 A) than
to plane A (1.48 A). This may be ascribed to a stereochemically
active lone pair, which is directed through the centre of plane B
towards the largest gap in the co-ordination sphere of the metal
atom: this results in an ‘opening out’ of plane B such that the
average separation between atoms along the four edges of
the plane [N(11) - - - O(202), O(202) - - - N(51), and so on] is 3.77
A, whereas the average separation between the atoms of plane
A is only 3.24 A. A similar ‘opening out’ of one face of an
octahedral lead(11) complex was likewise ascribed to the effects
of a stereochemically active lone pair.*

Conclusion

The new ligand L, simply prepared by reaction of 3-(2-pyridyl)-
pyrazole with 1,3-dibromopropane under phase-transfer condi-
tions, acts as a tetradentate chelating ligand to a variety of
metal ions, and its complexes show a variety of interesting fea-
tures. The conformation of the ligand, and in particular the
angle between the two bidentate chelating fragments, is variable
due to the flexibility of the trimethylene chain which links them.
The complex frans-[FeL(dmf),][C1O,], is high spin d® [CuL]-
[BF,], contains [CuL]** cations in a chain bridged by [BF,]”
anions which are both axially semi-co-ordinate and hydrogen-



Table 7 Selected bond lengths (A) and angles (°) for [PbL(NO,),]

Pb-N(21) 2.623(2) Pb-N(41) 2.693(2)

Pb-O(101) 2.644(2) Pb-0(203) 2.745(2)

Pb-N(11) 2.688(3) Pb-N(51) 2.749(2)

Pb-0(102) 2.692(2) Pb-0(202) 2.854(2)

NQ1)-Pb-O(101)  80.26(8) N@1)-Pb-0(203)  73.11(8)
N(21)-Pb-N(11) 62.91(8) NQ1)-Pb-N(51)  138.37(7)
O(101)-Pb-N(11)  75.46(8) O(101)-Pb-N(51)  94.14(8)
NQ1)-Pb-0(102)  74.23(7) N(11)-Pb-N(51)  155.29(8)
O(101)-Pb-O(102)  47.68(6) 0(102)-Pb-N(51)  71.95(7)
N(11)-Pb-0(102)  113.18(7) N(41)-Pb-N(51) 62.21(7)
N(21)-Pb-N(41) 85.63(8) 0(203)-Pb-N(51)  115.53(8)
O(101)-Pb-N(@41)  121.59(7) NQ1)-Pb-0(202)  119.79(7)
N(11)-Pb-N@41)  142.21(8) O(101)-Pb-0(202)  157.08(7)
0(102)-Pb-N@41)  73.92(7) N(11)-Pb-0(202)  102.73(7)
NQ21)-Pb-0(203)  74.81(7) 0(102)-Pb-0(202)  143.56(7)
O(101)-Pb-0(203)  150.04(8) N(@1)-Pb-0(202)  74.01(7)
N(11)-Pb-0(203)  78.51(8) 0(203)-Pb-0(202)  45.23(7)
0(102)-Pb-0(203)  135.89(7) N(51)-Pb-0(202)  78.09(7)

bond to the methylene protons of the ligand; [(ZnL),(CO,)]-
[ClO,], contains a rare example of the symmetric p;-bridging
mode of carbonate, which has arisen by efficient fixation of
atmospheric CO,; complexes containing the [AgL]" cation form
columnar stacks in the crystal because of weak intermolecular
Ag- -+ Ag interactions; and in [PbL(NO;),] the stereochemi-
cally active lone pair of Pb" results in a distortion of one square
face of the approximately square antiprismatic geometry.
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