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The complex chemistries of 1,2-bis(ferrocen-1-ylmethyleneamino)ethane (L), 1,2-bis(ferrocen-1-ylmethylene-
amino)benzene (L?) and its 4-methyl (L?), 4-chloro (L*) and 4-nitro (L) derivatives have been reexamined.
Complexation of L' by ZnCl, afforded [ZnCl,(L")], whose single crystal structure reveals a distorted tetrahedral
zine(1n) centre with Zn - - - Fe 4.730(2) and 4.803(2) A. The complexes [ZnClL,(L)] (L = L>-L%), [ZnBr,(L)] (L = L>-L%)
and [CoBr,(L?)] are accessible by MX,-templated condensation of 2 equivalents of ferrocenecarbaldehyde (fcCHO)
with the appropriate 1,2-diaminobenzene. Treatment of [Cu(NCMe),]X (X~ = BF,” or PF, ") with L', or fcCHO and
the corresponding 1,2-diaminobenzene, yielded [Cu(L),]X (L = L'-L?). The single crystal structure of [Cu(L?),]-
PF4-1.7CH,CI, shows a tetrahedral copper(1) centre, the chelate ligands being substantially distorted from planarity.
Compounds [ZnCl,(L)], [ZnBr,(L)] (L = L>-L?) and [CoBr,(L?)] exhibit weak electronic communication between the

two ferrocenyl centres, showing by cyclic voltammetry two chemically reversible Fe™-Fe™ oxidations separated by
50-60 mV in CH,Cl,-0.5 M NBu",PF at 293 K; [ZnCl,(L")] and [Cu(L),]X (L = L'-L?) exhibit a single Fe"-Fe™
couple under these conditions. Attempted template syntheses of L>-L° employing other MX, (M = Mn, Co, Ni

or Cu; X~ =Cl7, Br7, NO;~, BF,” or ClO,") salts yielded primarily 2-ferrocenylbenzimidazole intramolecular
cyclisation derivatives; the crystal structure of one such product was determined.

Introduction

Ferrocene-containing molecules are continuing to attract great
interest as components in homogeneous catalysts," molecular
sensors,” and molecular magnetic® and non-linear optical*
materials. Several groups have exploited Schiff base conden-
sation of ferrocenecarbaldehyde [Fe(n-CsHs)(n-CsH,CHO)] as
a facile method of substituting a ferrocene group onto an
organic residue, and have studied the resultant Schiff bases
[Fe(n-CsHs)(n-CsH,CR=NR")] (R = H, Me or Ph; R’ = alkyl or
aryl) for their non-linear optical® and ligating® properties.
Some ferrocenyl di-Schiff base macrocycles derived from
ferrocene-1,1'-dicarbaldehyde have also been structurally
characterised.”

While monoferrocenyl Schiff bases appear to be relatively
robust, previous attempts to prepare complexes of the bidentate
diferrocenyl Schiff bases fcCH=NYN=CHfc (fc = ferrocenyl,
Y =C,H,-1,2 L! or CH,-1,2 L?) have been unsuccessful. Two
groups have previously reported the synthesis of L';%° how-
ever, it was found that complexation of L' resulted in its spon-
taneous hydrolytic degradation, and it was necessary to reduce
the L! aldimine moieties with AIH,” before a useful ligand was
obtained. Similarly, attempts to prepare the related ligand L?
by condensation of ferrocenecarbaldehyde with 1,2-diamino-
benzene resulted in spontaneous intramolecular cyclisation
of the inital di-Schiff base, forming instead the 2-ferrocenyl-
benzimidazole derivatives 1 and 2M.° Similar observations
regarding the chemical sensitivity of the ferrocenecarbaldimine
moiety have also been made by others."

Given our interest in the preparation of ferrocene-substituted
complexes,'? we decided to re-examine this chemistry. We noted
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that (fcCH=N),CsH,-1,4, a geometric isomer of L?, is stable."®
In addition, other groups have previously reported the synthesis
and complex chemistry of monoferrocenyl ligands related to
L% of type [fcCH=NC(H,X-2]" (X~ =0"" or S ¥). In par-
ticular, it was reported that treatment of 3'® with salts of Ni",
Zn" or Pd" resulted in opening of the thiazoline ring, affording
the complexes trans-[M(N,S-fcCH=NC¢H,S-2),] (M =Ni, Zn
or Pd).”* We therefore suspected that complexes of L' and L?
might be accessible by metal-templated condensations of
fcCHO with the appropriate diamine, thus removing the
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Table 1 Analytical and selected FAB mass spectrometric data for the new compounds

Analysis (%)

Compound C H N mlz®
4[ZnCL(LY)] 48.5 (49.0) 4.1 (4.1) 4.7 (4.8) 586, 551, 452
5 [ZnCL(L?)] 52,9 (52.8) 3.8(3.8) 4.4 (4.4) 634, 599, 500
6 [ZnCl,(L%)] 53.7(53.5) 4.1 (4.0) 4.5(4.3) 648, 613, 514
7 [ZnCL(LY)] 50.4 (50.1) 3.5(3.5) 42 (4.2) 668, 633, 534
8 [ZnCly(L")] 49.3 (48.6) 3.4(3.4) 6.1(6.2) 644, 545
9 [ZnBry(L?)] 47.0 (46.4) 3.4(3.3) 3.8(3.9) 643, 500

10 [ZnBr,(L%)] 46.6 (47.1) 3.5(3.9) 3.7(3.8) 736, 657, 517

11 [ZnBry(LY) 44.3 (44.3) 3.0(3.1) 3.5(3.7) 756, 677, 534

12 [ZnBr,(L%)] 43.6 (43.7) 3.0 (3.0) 5.3(5.5) 688, 545

13 [CoBry(LY)] 47.1 (47.5) 3.5(3.6) 3.6 (3.8) 731, 652, 514

14-PF+2H,0 [Cu(L!),]PF,-2H,0 50.2 (50.2) 4.4 (4.6) 4.7 (4.9) 967, 515

15-BF,-CH,NO, [Cu(L?),]BF,-CH,NO, 56.2 (56.5) 43 (4.2) 55(5.8) 1063, 563

16-BF, [Cu(L?),]BF, 59.1 (59.1) 4.8 (4.4) 4.6 (4.8) 1091, 577

16-PF, [Cu(L*),]PF, 55.9 (56.3) 4.4(4.2) 4.4 (4.5) —

[1"H]BF, 57.0 (57.1) 434.3) 4.6 (4.8) —

“ Calculated values in parentheses. ® Peaks for compounds 4-13 are assigned to the ions [MX,(L)]" (not always observed), [MX(L)]* and [L]*
(M =%Co or *Zn; X~ =%Cl™ or ”Br; L = L'-L°) and exhibit the correct isotopic distributions. Peaks for 14-BF,~16-BF, are assigned to the ions
[©*Cu(L),]* and [**Cu(L)]* (L = L'-L?), and exhibit the correct isotopic distributions.

Fe

X = NH; 2R (R = H, Me, CI, NO,)
X=S,R=H;3

requirement for the free Schiff bases. We report here the results
of this study.

Results and discussion
Complex syntheses

Attempted condensations of ferrocenecarbaldehyde with 1,2-
diaminoethane in the presence of zinc(i) or copper(i)
salts as templates afforded only en-containing complex
products. We therefore decided to reinvestigate the co-
ordination chemistry of preformed L'%° As in a previous
report,’ treatment of L! with anhydrous MX, (M = Ni or Cu;
X~ =CI" or Br7) or hydrated M(BF,), (M =Ni, Cu or Zn) in
CH,Cl, or MeCN afforded no isolable ferrocene-containing
products. However, reaction of L' with 1 molar equivalent of
ZnCl, in CH,Cl, yields large brown air-stable crystals after
layering with hexanes, which analyse as [ZnCl,(L")] 4 (Table 1).
This product is always contaminated with a small number of
paler crystals of fcCHO, from which it must be separated
manually. The '"H and *C NMR spectra of 4 confirm that L! is
intact in the complex, but also consistently show the presence
of 10-25 mol% of fcCHO. That this contaminant originates
from 4 was confirmed by '"H NMR analysis of a single crystal
of 4, which clearly showed the presence of the carbaldehyde.
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A large number of MX,-templated (M = Mn, Co, Ni, Cu or
Zn; X =CI", Br', MeCO,  or NO;") condensations of
fcCHO with 1,2-diaminobenzene, 1,2-diamino-4-methyl-
benzene, 1,2-diamino-4-chlorobenzene or 1,2-diamino-4-nitro-
benzene were attempted, with the aim of producing complexes
of stoichiometry [MX,(L)] (L = L>-L®). When ZnCl, or ZnBr,
was used, syntheses in refluxing CHCI; gave the complexes
[ZnCl(L)] (L=125,1L%6, L* 7 or L* 8) and [ZnBr,(L)] (L = L?
9, L* 10, L* 11 or L’ 12; Table 1) in moderate yields. Similar
reactions involving all these diaminobenzene derivatives with
other zinc(m) salts or salts of Mn™, Co™ or Ni" yielded crude
solids containing predominantly 1¥, [I*"H]X and/or 28 (R = H,
Me, Cl or NO,)." In only one case it was possible to purify a
[MX,(L)] complex from these reactions containing a metal
other than zinc, namely [CoBr,(L%)] 13.

Compounds 5-13 are all moderately soluble deep red micro-
crystalline solids. The 'H and *C NMR spectra of 5-12 in
CDCl, are free from fcCHO and are consistent with the pres-
ence of intact L>-L° (*C spectra of 8 and 12 could not
be obtained because of their reduced solubility), showing
that intramolecular cyclisation to 1® has not occurred. The
paramagnetic 'H NMR spectrum of 13 in CDCl, is also con-
sistent with the presence of L*, and was assigned from the peak
integrals and by comparison with literature spectra of related
complexes (Experimental section).’” Interestingly, the ferro-
cenyl proton resonances exhibit upfield contact shifts, con-
sistent with a m-spin-delocalisation pathway. This implies
that substantial conjugation exists between the ferrocene and
cobalt(m) centres of the complex.

In an attempt to produce complexes of formula [M(L),]**
(L =L2-L%), hydrated M(BF,), (M = Co, Ni, Cu or Zn) and
Mn(ClO,), salts were treated with fcCHO and the appropriate
diaminobenzene in a 1:4:2 mole ratio in refluxing CH;OH.
Generally, these reactions again afforded only 1® or [1RH]X.
However, when M =Cu and L =L? or L3, deep red products
were obtained of stoichiometry [Cu(L),]BF, (L = L* 15-BF, or
L3, 16-BF,; Table 1). Both compounds afforded diamagnetic 'H
NMR spectra, confirming that reduction of Cu™ to Cu' had
taken place. The reductant is probably fcCHO, since increased
yields were obtained when excess of it was employed in these
syntheses. Further improved yields of 15-X and 16-X (X~ =
BF,” or PF¢") could be obtained by employing [Cu(NCMe),]X
rather than a copper(i) salt as template under the conditions
described above. Complexation of [Cu(NCMe),JPF, by pre-
formed L' afforded an orange product [Cu(L'),]PF, 14-PF,.
Although air-stable as solids, 14-PF,-16-BF, decompose in
chlorinated solvents, MeNO, or MeCN over a period of days.
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Table 2 Selected bond lengths (A) and angles (°) for [ZnCl,(L")] 4

Zn(1)-CI(1) 2.223(1) C(1)-C(2) 1.506(7)
Zn(1)-CI(2) 2.210(1) NQ2)-C(2) 1.487(6)
Zn(1)-N(1) 2.073(4) N(2)-C(20) 1.270(6)
Zn(1)-N(2) 2.063(3) C(10)-C(11) 1.440(6)
N(1)-C(10) 1.281(6) C(20)-C(21) 1.441(6)
C(1)-N(1) 1.466(6)

CI(1)-Zn(1)-C1(2) 114.06(6) C(1)-C(2)-N(2) 107.7(4)
CI(1)-Zn(1)-N(1) 116.3(1) C(2)-N(2)-Zn(1) 107.2(3)
CI(1)-Zn(1)-N(2) 112.8(1) C(20)-N(2)-Zn(1) 135.5(3)
Cl(2)-Zn(1)-N(1) 111.6(1) C(2)-N(2)-C(20) 117.3(4)
Cl(2)-Zn(1)-N(2) 114.6(1) N(1)-C(10)-C(11) 127.1(4)
N(1)-Zn(1)-N(2) 84.3(1) C(10)-C(11)-C(12) 129.8(4)
C(1)-N(1)-Zn(1) 106.6(3) C(10)-C(11)-C(15) 121.9(4)
C(10)-N(1)-Zn(1) 135.9(3) N(2)-C(20)-C(21) 126.6(4)
C(1)-N(1)-C(10) 117.6(4) C(20)-C(21)-C(22) 130.2(4)
N(1)-C(1)-C(2) 109.1(4) C(20)-C(21)-C(25) 122.3(4)

C@41) C@s)

C@) aw C(42)%C@4)
S )’ C(20) e
C(25)
C(14) .....
L C(24)

@,
C33)

Fig. 1 Structure of the [ZnCl,(L")] molecule in the crystal of complex
4, showing the atom numbering scheme employed. For clarity, all
hydrogen atoms have been omitted.

Single crystal structures

A single crystal X-ray analysis of complex 4 shows the expected
pseudo-tetrahedral zinc(m) centre (Fig. 1, Table 2). The Zn—Cl
bond lengths are typical of those observed for such com-
pounds; however, the Zn-N distances are somewhat short
compared to other zinc(ir) Schiff base complexes.’® Aside from
the acute N(1)-Zn(1)-N(2) angle of 84.3(1)° enforced by the
bite of L!, the donor atoms adopt a nearly regular tetrahedral
geometry. Hence, the average bond angle at Zn(1) is 108.9°,
compared to 109.5° for an ‘ideal’ tetrahedron, while the
dihedral angle ‘0’ between the planes of [Zn(1), CI(1), CI(2)]
and [Zn(1), N(1), N(2)] is 87.3(2)°, compared to an ideal value
of 90°. The ferrocenyl substituents are in a transoid arrange-
ment with respect to each other and are almost coplanar with
the L' aldimine groups, the dihedral angle between the planes
[C(11)-C(15)] and [C(11)-C(10)-N(1)] being 8.7(2)° and that
formed by [C(21)-C(25)] and [C(21)-C(20)-N(2)] being 8.5(2)°.
This means that one a-C-H bond of each substituted CsH,
ring is oriented close to the zinc(i1) ion, with Zn(1)--- H(12)
2.90 and Zn(1) - - - H(22) 2.86 A. Other bond lengths and angles
within the molecule are unexceptional. The intermetallic dis-
tances are Zn(l)---Fe(1) 4.803(2), Zn(1)---Fe(2) 4.730(2)
and Fe(1) - - - Fe(2) 9.522(2) A.

While salts of 14" and 15" do not crystallise well, platelets of
16-BF, and 16-PF could be obtained by layering concentrated
CH,CI, solutions of the complexes with hexanes. Structural
analyses of both salts were undertaken; unfortunately,
crystals of 16-BF,-CH,Cl, [orthorhombic, space group Pbca,
a=22.387(5), b=21.830(4), c = 22.877(5) A] included a second
(minor) crystal domain while 16-PF-1.7CH,CIl, suffered sub-
stantial disorder of the lattice solvent. Since the complex
cations in both structures were crystallographically indis-
tinguishable, only the structure of 16-PF, will be discussed in
detail.

The structure contains one complex cation in the asymmetric
unit, which exhibits a distorted tetrahedral structure with Cu—

j
NeB) caa)r )
NA C52) C(6A)

cad)

Fig. 2 Structure of the [Cu(L?),]" cation in the crystal of 16-PF,:
1.7CH,Cl,, showing the atom numbering scheme employed. For clarity,
all hydrogen atoms have been omitted. The methyl substituent on one
ligand is disordered over two sites C(7A) and C(8A).

Fig. 3 Alternative view of the [Cu(L%),]" cation in the crystal of
16-PF,-1.7CH,Cl,, emphasising the bending of the L? ligands. Details
as for Fig. 2.

N distances of 2.030(9)-2.071(8) A (Table 3, Fig. 2). The aver-
age N-Cu-N angle in the structure is 110.4°, while the dihedral
angle ‘0’ between the planes of the L? ligands [N(1A), Cu(l),
N(2A)] and [N(1B), Cu(1), N(2B)] is 87.8(3)°. Therefore, while
the geometry at copper is distorted by the bite of the L* chelate,
there is minimal flattening of the CuN, tetrahedron. Other
reported copper(1) complexes of diimine chelates often exhibit
substantially flattened structures, with 0 as low as 49°."° In
contrast to 4, the ferrocenyl substituents on each ligand are
cisoid to each other. The Cu - - - Fe distances are Cu(1) - - - Fe(1)
4.783(2), Cu(l)---Fe(2) 5.097(3), Cu(l)---Fe(3) 4.651(2),
Cu(1) -+ - Fe(1) 5.010(2) A, while the Fe - - - Fe distances range
from 6.498(2) to 9.876(2) A.

Despite the regular geometry at copper, the L? ligands are
substantially distorted from planarity (Fig. 3). This distortion is
characterised by the dihedral angles between the phenylene and
ferrocenecarbaldimine moieties, and between the phenylene
ring and the plane formed the two N donors and copper ion
(Table 4), both of which should be zero for a planar, fully con-
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Table 3 Selected bond lengths (A) and angles (°) for [Cu(L*),]PF,
1.7CH,Cl, 16-PF¢-1.7CH,Cl,

Cu(1)-N(1A) 2.071(8) C(10)-C(11) 1.40(1)
Cu(1)-N(1B) 2.030(9) C(20)-C(21) 1.45(1)
Cu(1)-N(2A) 2.050(8) N(1B)-C(30) 1.30(1)
Cu(1)-N(2B) 2.041(9) C(1B)-N(I1B) 1.41(1)
N(1A)-C(10) 1.32(1) C(1B)-C(2B) 1.38(2)
C(1A)-N(1A) 1.43(1) N(2B)-C(2B) 1.40(1)
C(1A)-C(2A) 1.39(1) N(2B)-C(40) 1.27(1)
NQA)-C(2A) 1.42(1) C(30)-C(31) 1.45(1)
N(2A)-C(20) 1.32(1) C(40)-C(41) 1.43(2)
N(1A)-Cu(1)-N(1B)  128.7(3) N(2A)-C(20)-C(21)  125(1)
N(1A)-Cu(1)-N(2A)  81.9(3) C(20)-C(21)-C(22)  127(1)
N(1A)-Cu(1)-N(2B)  121.5(3) C(20)-C(21)-C(25)  126(1)
N(IB)-Cu(1)-NQ2A)  125.5(3) C(1B)-N(1B)-Cu(l)  108.9(7)
N(IB)-Cu(1)-N(2B)  81.9(4) C(30)-N(1B)-Cu(l)  132.1(8)
N(QA)-Cu(1) N(2B)  123.1(3) C(1B)-N(1B)-C(30)  119(1)
C(IA-N(1A)-Cu(l)  107.2(6) N(1B)-C(1B)-C(2B) 119(1)
C(10)-N(1A)-Cu(l)  132.4(7) N(1B)-C(1B)-C(6B) 123(1)
C(1A)-N(1A)-C(10)  120.1(8) N(2B)-C(2B)-C(I1B) 116(1)
N(1A)-C(1A)-C(2A) 118.7(9) N(2B)-C(2B)-C(3B)  123(1)
N(1A)-C(1A)-C(6A) 123.1(9) C(2B)-N(2B)-Cu(1)  110.4(7)
NQA)-CQA)-C(1A) 116.1(8) C(40)-N(2B)-Cu(l)  130.7(8)
N(2A)-C(2A)-C(3A) 123.2(9) C(2B)-N(2B)-C(40)  117(1)
C(2A)-N(2A)-Cu(l)  109.1(6) N(1B)-C(30)-C(31)  127(1)
C(20)-NQA)-Cu(l)  131.5(7) C(30)-C(31)-C32)  128(1)
C(2A)-N(2A)-C(20)  118.1(9) C(30)-C(31)-C(35)  124(1)
N(1A)-C(10)-C(11)  125.7(9) N(2B)-C(40)-C(41)  126(1)
C(10-C(11)-C(12)  129.1(9) C(40)-C@1)-C@2)  127(1)
C(10)-C(11)-C(15)  122(1) C(40)-C(41)-C(45)  129(1)

Table 4 Selected torsion angles (°) for [Cu(L%),]PF41.7CH,Cl,
16-PF-1.7CH,Cl,, describing the structural distortions of the ligands

Ligand A

[N(1A), N(2A), C(1A)-C(6A)]-[N(1A), C(10)-C(15)] 36.6(3)
[N(1A), N(2A), C(1A)-C(6A)]HIN(2A), C(20)-C(25)] 53.7(3)
[N(1A), N(2A), C(1A)-C(6A)]-[Cu(l), N(1A), N(2A)] 27.5(2)
Ligand B

[N(1B), N(2B), C(1B)-C(6B)]-[N(1B), C(30)-C(35)] 24.3(4)
[N(1B), N(2B), C(1B)-C(6B)]-[N(2B), C(40)-C(45)] 48.1(4)
[N(1B), N(2B), C(1B)-C(6B)]-[Cu(1), N(1B), N(2B)] 21.4(4)

jugated ligand. These distortions are a consequence of a close
contact formed by one a-C-H bond of each ferrocenyl group
with Cu(l) (¢f 4, see above). These distances are Cu(l)---
H(12) 2.74, Cu(l)---H(22) 2.89, Cu(1)---H(32) 2.70,
Cu(l) - - - H(42) 2.83 A. Thus, the ferrocenyl units are forced to
twist away from the copper ion and, in order to retain planarity
at the sp* N atoms, the L? phenylene groups become displaced
out of the CuN, plane.

Crystals of compound [1®H]|BF, were isolated from a crude
reaction mixture of Zn(BF,),.6H,0, fcCHO and 1,2-diamino-
benzene in MeCN. By comparison with the previously reported
structure of unprotonated 1%,'° the angle C(1)-N(2)-C(2) in
[1"H]BF, is significantly greater [110.7(4) vs. 104.3(4)°], while
N(1)-C(1)-N(2) is correspondingly smaller [106.7(4) vs.
112.4(4)°] (Fig. 4, Table 5). All other bond lengths and angles in
the complex molecules are crystallographically indistinguish-
able in the two structures. There is a hydrogen bond between
the benzimidazolium proton and BF,” anion (Fig. 4), with
N(2)---F(1) 2.772(6), H(2)- -+ F(1) 2.03(3) A and N-H---F
161(5)°.

UVlvisible spectroscopy

Ferrocene exhibits two absorptions in the visible and near UV
at Viax = 22.7 (Emax = 110) and 30.8 x 10°* cm™* (49 M~ ! cm™),
assigned to spin-allowed d—d transitions.?! Compounds L' and
4-13 also exhibit two absorptions in CH,Cl, solution (Table 6).
These transitions lie at lower energy for 4 compared to uncom-
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Table 5 Selected bond lengths (A) and angles (°) for [1"H]BF,

N(1)-C(1) 1.355(6) C(2)-C(7) 1.389(6)
N(1)-C(7) 1.392(7) C(2)-C(3) 1.396(8)
N(1)-C(10) 1.485(5) C(3)-C(4) 1.380(8)
C(1)-N(2) 1.362(6) CA)-C(5) 1.378(8)
C(1)-C(31) 1.432(7) C(5)-C(6) 1.372(8)
N(2)-C(2) 1.367(7) C(6)-C(7) 1.394(7)
NQ)-H(2) 0.77(3) C(10)-C(11) 1.507(6)
C(D)-N()-C(7)  109.3(4) CQ)-CB3)-CE@)  116.9(5)
C(D)-N(1)-C(10)  125.8(5) CB)I-C@A-C(5)  121.1(5)
C(7)-N(1)-C(10)  124.9(4) C(4)-C(5)-C(6)  122.9(5)
N()-C(1)-NQ2)  106.7(4) C()-C6)-C(T)  116.6(5)
N(1)-C(1)-C(31)  130.0(4) N()-C(7)-C(2)  107.0(4)
N@2)-C(1)-C(31)  123.3(4) N(1)-C(7)-C(6)  132.0(4)
C(1) N(2)-C2)  110.7(4) CQ)-C(-C(6)  121.0(5)
C(D)-NQ)-HQ2)  121(5 N(1)-C(10)-C(11)  110.9(4)
C2)N(2)-H(2) 12805 C(10)-C(11)-C(12) 127.3(4)
N@2)-CQ)-C(3)  132.3(4) C(10)-C(11)-C(15) 124.4(5)
NQ2)-C2)-C(7)  106.3(4) C(1)-C(31)-C(32)  123.4(5)
C(3)-CQ2)-C(7)  121.4(5) C(1)-C(31)-C(35)  129.6(4)

Table 6 The UV/visible spectroscopic data for the compounds
(CH,Cl,, 293 K)

Compound 1073 Vya/em ™! (gpa/M P cm ™)

L! 22.2 (760), 31.0 (2 500)
4 21.1 (2 200), 28.2 (3 800)
5 19.5 (7 100), 29.8 (21 600)
6 19.5 (6 600), 29.4 (21 000)
7 19.1 (7 900), 29.3 (24 200)
8 18.4 (7 900), 28.6 (23 000)
9 19.5 (6 400), 29.7 (19 400)

10 19.5 (7 600), 29.3 (22 800)
11 19.1 (8 400), 29.2 (24 700)
12 18.3 (9 300), 28.3 (23 900)
13 19.0 (7 700). 28.3 (22 200), 32.3 (sh)
14-PF, 220 (3 600). 29.0 (14 600). 36.6 (27 900)
15-BF, 20.1 (12 400), 27.8 (sh), 32.2 (36 300)
16-BF, 20.1 (12 300), 27.8 (sh). 31.8 (36 000)
F4)
B() /SF(2)
F(3)
F(1)

C(23)

CcQ4)

Fig. 4 Structure of the molecule in the crystal of [1"H]BF,, showing
the atom numbering scheme employed. For clarity, all C-bound
hydrogen atoms have been omitted.

plexed L', suggesting that the iron centres become less electron-
rich upon co-ordination. Compared to 4, the lower energy
visible transition exhibited by 5-12 is red-shifted, as expected
upon replacement of the N-alkyl substituent in 4 by an
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Table 7 The UV/visible spectroscsopic data for [ZnBr,(L)] (L = L>-L°)
in different solvents (293 K)

Toluene Ethyl acetate CH,Cl,
E;“/kcal mol™! 339 38.1 41.1

1073 V0 /em ™!
Compound

9 19.3,29.3 19.6,29.8 19.5,29.7
10 19.3,29.0 19.3,29.3 19.5,29.3
11 19.0, 28.8 19.4,29.1 19.2,29.2
12 18.3,28.2 18.6, 28.7 18.3,28.3
“ Ref. 23.

electron-withdrawing phenylene group; anomalously, however,
the higher energy near-UV absorption lies at higher energy for
5-12 than for 4. For a given ligand L, the peak energies shown
by [ZnX,(L)] are essentially identical for X~ =Cl~ and Br~,
showing the trends in v,,, of L’<L*~L3*<L? for the low
energy band, and L3 < L* < L3 ~ L? for the higher energy peak.
The intensities of these bands show small variations between
compounds, however, suggesting that some solvolysis may be
taking place in this solvent.

The dependence of v,,,, on the identity of the ligand phenyl-
ene substituent suggests that the two absorption maxima shown
by compounds 5-12 may not have pure d-d character.?? In
order to confirm this suggestion, UV/VIS spectra of 9-12
were run in two other weakly co-ordinating solvents, in which
solvolysis of the zinc(1r) centres is likely to be small. There is a
small but reproducible solvatochromism associated with both
UV/VIS absorptions (Table 7), which follows the polarity of the
solvents as expressed by the E; scale of Reichardt® reasonably
well. This is behaviour expected of charge transfer rather
than d—d transitions,?* and contrasts with ferrocene whose two
UV/VIS absorptions exhibit no solvatochromism.® Hence, it
appears that both absorptions for 5-12 have a charge-transfer
as well as (presumably) a d—d component.

The UV/VIS spectrum of compound 13 exhibits the same
two absorptions as 5-12, although these are red-shifted com-
pared to 6 and 10 (Table 6). While tetrahedral cobalt(ir) com-
plexes generally show a d-d absorption in the range 15 000
20 000 cm™',** this was not detected for 13. Presumably, this is
obscured by the stronger L3-based absorption at 19 000 cm ™.
For the copper(1) complexes 14-PF-16-BF,, the lowest energy
absorption is blue-shifted compared to those of the zinc(ir)
complexes of the same ligands (Table 6), consistent with the less
Lewis acidic nature of the copper(1) ion. The peak near 29 000
cm™! for 14-PFg is also blue-shifted compared to that of 4, and
is more intense than might be expected, suggesting that this
band may also contain a Cu—n* MLCT component.'®* For
15-BF, and 16-BF, this peak forms a shoulder, so that its energy
and intensity cannot be accurately measured. Compounds 13—
16-BF, also exhibit an additional very intense peak above 30 000
cm™ !, which we assign to a Fe-based MLCT transition.'>*!

Electrochemistry

Cyclic voltammograms of compounds 4-16-BF, were meas-
ured in CH,CL,-0.5 M NBu",PF, at 293 K. All potentials are
quoted vs. the ferrocene—ferrocenium couple, and were meas-
ured at a scan rate of 100 mV s™! unless otherwise stated. The
voltammetric data obtained are summarised in Table 8.
Complex 4 exhibits a single chemically reversible Fe"-Fe™
oxidation at Ei=+0.29 V, with a peak-to-peak separation
similar to that shown by ferrocene under our conditions. This
half-potential for 4 is more positive than that shown by L' in the
same solvent (+0.14 V ®), reflecting an inductive interaction
between the Lewis acidic zinc(ir) ion and the L! iron centres. No
splitting of this wave into separate one-electron components
was observed [Fig. 5(a)], so that there is negligible communi-
cation between the two ferrocenyl moieties in co-ordinated L.

Table 8 Voltammetric data for the compounds (CH,Cl,-0.5 M
NBu",PF; or MeCN-0.1 M NBu",PF,, 293 K, 100 mV s!). All
potentials quoted vs. an internal ferrocene—ferrocenium standard

Compound  Solvent Ey (Fe"-Fe"™)/v Other peaks E, /V

4 CH,Cl,  +0.29 _

5 CH,Cl,  +0.32, +0.38 —

6 CH,C,  +031, +0.36 —

7 CH,Cl,  +0.32, +0.38 —

8 CHCl,  +037 —

9 CH,Cl,  +0.32, +0.38 —
10 CH,C,  +031, +0.36 -
11 CH,Cl,  +0.33, +0.38 —
12 CH,Cl,  +0.36 —

13 CH,(Cl, +0.31, +0.37 +0.69
14-PF, CH,C, +0.31 +0.10°
MeCN +0.31 —
15-BF, CH,CL,  +0.29 +0.9¢
MeCN +0.30 —
16-BF, CH,CL,  +027 +0.93
MeCN +0.23 —

“Irreversible process, E, quoted. * Chemically reversible process, Ei
value quoted. ¢ Broad peak.

(@)

(b)

1.2 0.8 04 0 04
E/V (5. Fe—Fc")

Fig. 5 Semiderivative cyclic voltammograms in CH,Cl,-0.5 M NBu",-
PFg at 293 K and 100 mV s~ of (a) [ZnCl,(L")] 4 and (b) [ZnCl,(L?)] 5.
The irreversible ligand reduction near —1.9 V for 5 is not shown.

Importantly, this shows that electronic interactions between the
iron ions in L' and, by extension in L>-L°, are not mediated by
the co-ordinated zinc(ir) ion. Weak communication between
two ferrocenylcarbaldimine centres co-ordinated in a trans dis-
position about a nickel(ir) ion has been described by others.'>?*’

In contrast to 4, the complexes of L>-L* display two distinct
chemically reversible Fe"-Fe™ oxidations at Ei=+0.32 %
0.01 and +0.38 £ 0.01 V [Table 8; Fig. 5(b)]. The L* complexes
8 and 12 gave broadened cyclic voltammograms, so that no
splitting of this couple could be discerned. The Fe"Fe™ half-
potentials for the ligands in 5-12 follow the sequence
L3 < L2~ L* < L5, which is consistent with the inductive prop-
erties of the phenylene substituents on these ligands. For 5 and
9, whose ferrocene substituents are in identical chemical
environments, the splitting AEr=60 mV can be taken as a
measure of communication between the ferrocene centres
across the phenylenediimine moiety.?® Given the lack of a simi-
lar splitting for 4, this electronic communication is probably
mediated by the ligand 7 system. Complexes 6, 7, 10, 11 and 13
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show an identical AE, to those of the L' complexes, showing
that substitution at the 4 position of the phenylene ring in L?
affects both iron centres in the molecule to an approximately
equal extent.

Complex 13 exhibits an additional irreversible oxidation with
E, =+0.69 V, I, ~ 4, [(Fe"-Fe™)] and no detectable daughter
peaks, which is not exhibited by 5-12. This is assigned to a
Co™-Co™ process. The irreversibility of this oxidation may
arise from the reduced co-ordinating ability of the ‘soft’ diimine
ligand L* for a high oxidation state cobalt(i) ion, the desire of
a d® cobalt(m) ion to attain an octahedral geometry, and/or the
vulnerability of the ferrocenecarbaldimine C=N bond towards
a highly Lewis acidic cobalt(mm) centre.

The cyclic voltammograms of 14-PF16-BF, in CH,CI,
show a single Fe"™Fe™ oxidation, whose return wave is par-
tially obscured by a desorption spike of variable intensity,
which diminishes at increased scan rates; for 14-PF,, this spike
is particularly intense, so that the oxidation is effectively
irreversible. We ascribe this behaviour to deposition of the very
highly charged [Cu(L),]** [L=L"; n=6 (see below); L =L?* or
L3; n = 5] oxidation products onto the electrode, reflecting their
insolubility in the non-polar CH,Cl, medium. Consistent with
this, cyclic voltammograms of 14-PF16-BF, in the more polar
solvent MeCN-0.1 M NBu",PF¢ now show a single chemically
reversible Fe"-Fe™ oxidation (Table 8). The trend in EyFe"-
Fe™) for these complexes is 16:BF, < 15:-BF, < 14-PF,, which
contrasts with the behaviour observed for the [ZnCl,(L)] com-
plexes of the same ligands, namely 4 < 6 <5 (Table 7). The lack
of communication between the ferrocenyl groups in 15-BF, and
16-BF, may reflect reduced conjugation within the ligands
caused by twisting of the carbaldimine moieties upon coordin-
ation (Fig. 3).

The copper(1) complexes also exhibit a second oxidation,
with 1, ca. 3, (Fe"-Fe™). For 14-PF, this is a chemically
reversible process in CH,Cl, with Ei=+0.10 V, which we
assign to a Cu~Cu" couple. This is typical behaviour for
copper(l) bis(diimine) complexes, which generally exhibit
chemically reversible Cu'~Cu™ couples in the range Ey=-0.3
t0 0.7 V."*% In MeCN this peak is not observed, and is probably
obscured by the Fe™ Fe™ oxidation. Since Ey(Cu'-Cu") <
Ey(Fe"-Fe™) in CH,Cl,, the Fe"-Fe™ half-potential measured
for 14-PF, in this solvent is in fact derived from the species
[Cu(L"),]**. This probably explains the increased E, (Fe"-Fe'™)
value measured for 14-PF¢ compared to that for 4 (see above).
For 15-BF, and 16-BF, a broad irreversible oxidation occurs in
CH,CI, at E, ~+0.9 V. This is a very anodic potential for a
Cu'~Cu"™ process, however, and given its irreversibility the
assignment of this peak is therefore uncertain. This peak was
not detected in MeCN.

Concluding remarks

Our results have shown that, while in contrast to previous
reports*!® complexes of L'-L° can be prepared, these ligands
only form isolable complexes with certain metal centres. We
ascribe these observations mainly to steric factors.

It is unusual for hydrolysis of an imine like L' to be promoted
by coordination to a metal ion, since m-back donation into the
C=N 7* orbital generally reduces the electrophilicity of the
imine C atom.** However, as this work has shown, coordinated
ferrocenecarbaldimines exhibit short M=---H-C contacts
which can lead to substantial structural distortions within the
co-ordinated ligands (c¢f. 16-PF,, Fig. 3). We therefore suggest
that for L' it is the introduction of steric strain within the imine
linkers upon co-ordination which leads to its rapid hydrolysis in
the presence of transition ions. Ligands L>-L5 are less sensitive
to nucleophilic attack, because of conjugation between their
imine moieties and the phenylene backbone. However, given
their increased conformational rigidity, steric interactions may
well prevent a strong complex being formed to most metal ions,
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so that the intramolecular cyclisation reaction undertaken by
free L2-L%' will proceed readily even in the presence of a metal
ion template.

It is also noteworthy that all the complexes isolated contain
metal ions that favour tetrahedral co-ordination, namely Zn",
Co" and Cu. It is therefore likely that the steric properties of
L2-L® prevent the formation of tetragonal complexes, or of co-
ordination numbers >4. The preponderance of zinc(i1) products
in this work may reflect the relatively long metal-ligand bonds
formed by Zn™,'® which minimise the unfavourable Zn - - - H-C
steric contacts. For Cu', the excellent n-donor capability of this
electron-rich low-valent metal ion is presumably sufficient to
overcome the extremely short Cu---H-C contacts and con-
comitant ligand distortions observed in 14*-16".

Experimental

Unless stated otherwise, all manipulations were performed in
air using commercial grade solvents. Ferrocenecarbaldehyde,
1,2-diaminoethane, 1,2-diaminobenzene, 1,2-diamino-4-methyl-
benzene and all metal salts were used as supplied. 1,2-
Bis(ferrocen-1-ylmethyleneamino)ethane (L') was prepared by
the literature method.” Microanalytical, FAB mass spectro-
metric and UV/VIS data for the complexes in this study are
listed in Tables 1 and 5.

Syntheses

[ZnCl,(LY)] 4. A mixture of L' (0.45 g, 1.00 X 1073 mol) and
ZnCl, (0.14 g, 1.00 x 10* mol) in CH;OH (30 cm?®) was stirred
at room temperature for 3 h. The resultant orange precipitate
was filtered off, air-dried and recrystallised from CH,Cl,—Et,0.
Yield 0.39 g, 68%. NMR spectra (CDCl,, 293 K): 'H, 6 8.37
(s, 2H, N=CH), 5.13 (t, J 1.8, 4 H, fc H* and H?), 4.67 (t, J 1.8,
4 H, fc H® and H*), 4.35 (s, 10 H, fc CsHs) and 3.78 (s, 4 H,
CH,); *C; § 170.3 (N=CH), 74.3 (fc C"), 73.7 (fc C* and C°),
71.6 (fc C* and C*), 70.1 (fc CsHs) and 59.2 (CH,).

[ZnCl,(LY] 5. Ferrocenecarbaldehyde (0.43 g, 2.00 x 1073
mol), 1,2-diaminobenzene (0.11 g, 1.00 X 10~* mol) and ZnCl,
(0.14 g, 1.00 x 1073 mol) were refluxed in CH;OH (30 cm?®) for
3 h, yielding a deep red solution. Concentration of the solution
and addition of an excess of Et,O yielded a dark red solid
which was recrystallised from CH,Cl,~Et,0. Yield 0.46 g, 72%.
NMR spectra (CDCl;, 293 K): 'H, § 8.84 (s, 2 H, N=CH), 7.53
(m, 2 H, Ph H?® and H), 7.41 (m, 2 H, Ph H* and H5), 5.31 (t,
J1.8,4 H, fc H? and H%), 4.86 (t, J 1.8, 4 H, fc H® and H*) and
4.38 (s, 10 H, fc CsHy); *C; 6 165.5 (N=CH), 140.4 (Ph C' and
C?), 128.5 (Ph C? and C°), 117.5 (Ph C* and C5), 76.0 (fc C"),
75.5 (fc C* and C%), 72.6 (fc C* and C*) and 70.3 (fc CsHy).

[ZnCL(L%] 6. Method as for compound 5, using 1,2-
diamino-4-methylbenzene (0.12 g, 1.00 x 10~* mol). The prod-
uct formed dark red microcrystals from CH,Cl,—Et,O. Yield
0.25 g, 38%. NMR spectra (CDCl,, 293 K): 'H;  8.81 (s, 1 H),
8.80 (s, 1 H, N=CH), 7.32 (m, 3 H, Ph H® + H’ + H®), 5.29 (br
s, 4 H, fc H? and H5), 4.82 (br s, 4 H, fc H® and H*), 4.38 (s,
5 H), 4.37 (s, 5 H, fc CsHs) and 2.37 (s, 3 H, CHj,); *C, § 165.3,
164.5 (N=CH), 140.0, 138.8, 138.1 (Ph C', C*and C*), 129.3 (Ph
C%), 117.9, 117.2 (Ph C* and C°®), 76.0 (fc C'), 75.3, 75.2 (fc C*
and C%), 72.6, 72.4 (fc C* and C*), 70.3, 70.2 (fc CsH,) and 21.5
(CHy).

[ZnCL(L%] 7. Method as for compound 5, using 1,2-
diamino-4-chlorobenzene (0.14 g, 1.00 x 10~* mol). The prod-
uct formed a rose-red solid from CH,Cl,—Et,0. Yield 0.30 g,
45%. NMR spectra (CDCl;, 293 K): 'H, § 8.81 (s, 1 H), 8.77 (s,
1 H, N=CH), 7.41 (m, 3 H, Ph H® + H’ + H®), 5.33 (br s, 2 H),
5.29 (brs, 2 H, fc H? and H%), 4.92 (t, J 1.8, 2 H), 4.88 (t, J 1.8,
2 H, fc H® and H*), 4.41 (s, 5 H) and 4.38 (s, 5 H, fc CHy); °C,
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5 166.2, 165.7 (N=CH), 141.1, 139.0 (Ph C" and C?), 134.0 (Ph
C*), 128.2 (Ph C%), 118.6, 117.5 (Ph C? and C°), 76.1, 75.8 (fc C?
and C9), 72.8, 72.7 (fc C* and C*%), 70.5, 70.4 (fc CsHy). The
peak from fc C* was obscured.

[ZnCL(L%)] 8. Method as for compound 5, using 1,2-
diamino-4-nitrobenzene (0.15 g, 1.00 X 10~* mol). The product
formed a violet-red solid from CH,Cl,—Et,0. Yield 0.14 g, 21%.
NMR spectrum (CDCl,, 293 K): 'H, 5 8.94 (s, 1 H), 8.92 (s, 1 H,
N=CH), 8.41 (d, J2.3, 1 H, Ph H%), 8.27 (dd, J2.3and 9.0, 1 H,
Ph H®), 7.65 (d, J 9.0, 1 H, Ph H®), 5.37 (br s, 4 H, fc H?> and
H?%), 5.03 (brs, 4 H, fc H* and H*), 4.45 (s, 5 H) and 4.44 (s, 5 H,
fc CsHs).

[ZnBr,(L*]19. Method as for compound 5, using ZnBr, (0.23
g, 1.00 X 1073 mol). The product formed a deep red solid from
CH,Cl,-Et,0. Yield 0.47 g, 65%. NMR spectra (CDCl;, 293
K):'H, 5 8.82 (s, 2 H, N=CH), 7.53 (m, 2 H, Ph H* and HS), 7.43
(m, 2 H, Ph H* and H%), 5.33 (t, J 1.9, 4 H, fc H? and H®), 4.87
(t, J 1.9, 4 H, fc H® and H*), 4.40 (s, 10 H, fc C,Hy); *C,
d 165.5 (N=CH), 140.5 (Ph C! and C?), 128.6 (Ph C* and C°),
117.7 (Ph C* and C%), 76.4 (fc CY), 75.4 (fc C* and C%), 73.0 (fc
C?and C* and 70.0 (fc C5Hy).

[ZnBr,(L*] 10. Method as for compound 9, using 1,2-
diamino-4-methylbenzene (0.12 g, 1.00 x 10~* mol). The prod-
uct formed dark red microcrystals from CH,Cl,~Et,O. Yield
0.30 g, 40%. NMR spectra (CDCl,, 293 K): 'H, § 8.79 (s, 1 H),
8.77 (s, 1 H, N=CH), 7.42 (m, 3 H, Ph H* + H® + HS), 5.31 (br
s, 4 H, fc H?> and H%), 4.81 (br s, 4 H, fc H* and H*), 4.38 (s,
5 H), 4.36 (s, 5 H, fc CsHs) and 2.43 (s, 3 H, CHj;); *C, § 165.4,
164.5 (N=CH), 140.1, 138.8, 138.1 (Ph C', C*> and C*), 129.4 (Ph
C%), 118.1, 117.4 (Ph C* and C°), 75.9 (fc C"), 75.3, 75.2 (fc C*
and C%), 73.1, 73.0 (fc C* and C*), 70.3, 70.2 (fc CsH;) and 21.5
(CHj).

[ZnBry(L*)] 11. Method as for compound 9, using 1,2-
diamino-4-chlorobenzene (0.14 g, 1.00 X 107> mol). The
product formed a dark red solid from CH,CL—Et,0. Yield 0.40
g, 53%. NMR spectra (CDCl;, 293 K): 'H, 6 8.82 (s, 1 H), 8.71
(s, 1 H, N=CH), 7.37 (m, 3 H, Ph H® + H® + H®), 5.35 (br s,
2 H), 5.29 (brs, 2 H, fc H? and H®), 4.90 (t, J 1.8, 2 H), 4.85 (t,
J 1.8, 2 H, fc H?® and H*), 4.41 (s, 5 H) and 4.38 (s, 5 H, fc
C,Hy); BC, 6 166.1, 165.9 (N=CH), 141.0, 139.0 (Ph C' and C?),
133.8 (Ph C*), 128.2 (Ph C%), 118.9, 117.6 (Ph C?® and C°®), 76.4
(fc CY), 75.4 (fc C* and C%), 73.0 (fc C* and C*) and 70.0 (fc
CHy).

[ZnBr,(L%] 12. Method as for compound 9, using 1,2-
diamino-4-nitrobenzene (0.15 g, 1.00 X 107 mol). The product
formed a violet-red solid from CH,Cl,—Et,0. Yield 0.30 g, 39%.
NMR spectrum (CDCl;, 293 K): 'H, 6 8.91 (s, 1 H), 8.89 (s, 1 H,
N=CH), 8.40 (d, /2.3, 1 H, Ph H?), 8.27 (dd, J 2.3 and 9.0, 1 H,
Ph H®), 7.65 (d, 9.0, 1 H, Ph H®), 5.39 (br s, 4 H, fc H?> and
H%), 5.03 (brs, 4 H, fc H® and H*), 4.46 (s, 5 H) and 4.45 (s, 5 H,
fc CsHy).

[CoBry(L*] 13. Method as for compound 5, using 1,2-
diamino-4-methylbenzene (0.12 g, 1.00 x 10~* mol) and CoBr,
(0.22 g, 1.00 x 10* mol). The product formed a violet-red solid
from CH,Cl,—Et,0. Yield 0.25 g, 34%. NMR spectrum (CDCl,,
293 K): 'H, 6 19.7 (1 H, Ph H®), 6.8 (1 H), 6.5 (1 H, Ph
H® + H°, 5.3 (3 H, CH,), —1.2 (5 H), —1.3 (5 H, fc C;Hj),
—2.7 (4 H, fc H® and H*) and —21.9 (v br, ca. 4H, fc H?> and
H3).

[Cu(L"),]JPF, 14-PF,. A solution of L' (0.45 g, 1.00 x 1073
mol) and [Cu(NCCH,),JPF, (0.19 g, 5.00 X 10~* mol) in
CH,0H (30 cm®) was stirred at room temperature under N,

for 3 h. The orange solution was filtered, then concentrated to
3 cm®. Layering with Et,O afforded orange microcrystals, which
were recrystallised from CH;NO,-Et,0. Yield 0.48 g, 86%.
NMR spectra (CD;NO,, 293 K): 'H, J 8.37 (s, 2 H, N=CH),
5.13 (t, J 1.8, 4 H, fc H*> and H®), 4.67 (t, J 1.8, 4 H, fc H® and
H*), 4.35 (s, 10 H, fc CsHs), 3.78 (s, 4 H, CH,); BC, 6 165.6
(N=CH), 79.9 (fc C"), 74.2 (fc C* and C®), 70.4 (fc C?, C* and
C;H;) and 54.9 (CH,).

[Cu(L?),]BF, 15-BF,. Method A. Ferrocenecarbaldehyde
(0.43 g, 2.00 X 107% mol), 1,2-diaminobenzene (0.11 g, 1.00 x
1073 mol) and Cu(BF,),*xH,0 (0.18 g, 5.00 x 10~* mol) were
refluxed in CH,OH (30 cm®) for 3 h, yielding a deep red solu-
tion. Concentration of the solution and addition of an excess
of Et,0 yielded a dark red solid which was recrystallised from
CH,NO,-Et,0. Yield 0.29 g, 50%.

Method B. As for method A, using [Cu(NCCH,),]BF, (0.16
g, 5.00 x 107* mol). Yield 0.39 g, 68%. NMR spectra (CDCl,,
293 K): 'H, § 8.47 (s,4 H, N=CH), 7.46 (m, 8 H, Ph H*-H°), 4.53
(t, J 1.8, 8 H, fc H?> and H%), 4.27 (t, 1.8 Hz, 8 H, fc H® and H*)
and 4.07 (s, 20 H, fc CsHy); *C, § 161.7 (N=CH), 143.8 (Ph C!
and C?), 128.3 (Ph C* and C°), 118.6 (Ph C* and C°), 78.4
(fc CY, 72.7 (fc C? and C%), 69.8 (fc C* and C* and 69.6
(fc C4Hs).

[Cu(L?),]BF, 16:BF,. Method as for compound 15-BF,, using
1,2-diamino-4-methylbenzene (0.12 g, 1.00 x 10~* mol). The
product formed dark red microcrystals from CH;NO,-Et,0.
Yields: method A, 0.30 g, 51%; B, 0.40 g, 68%. NMR spectra
(CDCl;, 293 K): 'H, 6 8.43 (s, 2 H), 8.41 (s, 2 H, N=CH), 7.27
(m, 6 H, Ph H3, H® and H°), 4.52 (t, J 2.0, 8 H, fc H? and H®),
4.27 (t, J 2.0, 8 H, fc H® and H*), 4.08 (s, 10 H), 4.06 (s, 10 H,
fc CsHs) and 2.54 (s, 6H, CH,); *C; 6 161.3, 160.6 (N=CH),
143.5, 141.4, 138.5 (Ph C', C* and C*), 118.8, 118.2 (Ph C° and
C%), 78.4 (fc CY), 75.5 (fc C* and C®), 72.6 (fc C* and C*), 70.3
(fc CsH,) and 21.4 (CH;).

[Cu(L?),]PF, 16-PF,. Method as for compound 16-BF,, using
[Cu(NCCH,),]BF, (0.19 g, 5.00 x 10~* mol). Yield: 0.44 g, 74%.

Single crystal structure determinations

Single crystals of [ZnCl,(L")] 4 and [Cu(L?),]PF4 16-PF, were
grown from CH,Cl,~hexanes. Crystals of [1®H]BF, were
obtained by vapour diffusion of Et,O into a MeCN solution of
the crude solid obtained from the reaction of Zn(BF,),.6H,0,
fcCHO and 1,2-diaminobenzene in MeOH; the microanalysis
of this product is given in Table 1. Experimental details from
the structure determinations are given in Table 9.

Intensity data for compounds 4 and [1"H]BF, were collected
on a Stoe IPDS diffractometer (Mo-Ka, 4=0.71073 A), for
16-PF¢-1.7CH,Cl, on a Rigaku RAXIS Ilc diffractometer
(Mo-Ka, 4 =0.71069 A). All structures were solved by direct
methods?! and refined by full matrix least squares on F?>.%?

[ZnCl,(L")] 4. During refinement, high thermal parameters at
carbon for both [CsHs]™ units in the molecule were suggestive
of librational disorder in these groups. One of these was suc-
cessfully modelled over two orientations C41-C45 and C412—-
C452 with a 65:35 occupancy ratio. After isotropic refinement
of all non-H atoms, an empirical absorption correction*® was
applied to the data. In the final cycles of refinement all full
occupancy non-hydrogen atoms were assigned anisotropic dis-
placement parameters.

[Cu(L?),]PF,1.7CH,Cl, 16-PF,1.7CH,Cl,. During refine-
ment, the methyl substituent of ligand ‘A’ was found to be
disordered equally over two sites, C(7A) and C(8A). No dis-
order in the [CsH,] ™ rings or PF¢™ anion was detected. However,
the CH,Cl, solvent was disordered over a substantial fraction

J. Chem. Soc., Dalton Trans., 1998, 3791-3799 3797


http://dx.doi.org/10.1039/a806657d

Table 9 Experimental details for the single crystal structure determinations

4 16-PF,-1.7CH,Cl, [1"H]BF,
Formula CpH,,CLFe,N,Zn Cio.7Hss 4Cl, ,CuF (Fe,N,P CyH,sBF,Fe,N,
M, 588.42 1381.32 588.01
Crystal class Orthorhombic Monoclinic Monoclinic
Space group P2,2,2, (no. 19) P2,/c (no. 14) P2,/c (no. 14)
alA 11.297(2) 17.091(5) 10.966(2)
blA 14.614(3) 20.019(5) 15.935(3)
c/A 14.625(3) 17.797(5) 14.829(3)
pI° — 95.67(4) 108.45(3)
UIA? 2414.5(8) 6059(3) 2458.1(9)
VA 4 4 4
#(Mo-Ka)/mm™ 2.406 1.518 1.232
TIK 293(2) 180(2) 293(2)
Measured reflections 4174 12736 8511
Independent reflections 4174 7409 3770
Ry — 0.112 0.074
R(F) 0.035 0.075 0.061
WwR(F?) 0.087 0.167 0.175
Goodness of fit 1.046 0.947 1.032
Flack parameter 0.00(2) — —

of the asymmetric unit. This was modelled using 6 different References

molecules with occupancies of 0.1-0.5, 3 of which showed dis-
order in their Cl atoms; all C—Cl distances were fixed to a com-
mon value, which refined to 1.69(2) A. All wholly occupied
non-H atoms were refined anisotropically.

[1"H]BF,. During refinement high thermal parameters at
carbon for one of the [CsHs]™ moieties in the molecule were
suggestive of librational disorder in this group. This was mod-
elled over two orientations C41-C45 and C412-C452 with a
80:20 occupancy ratio. After isotropic refinement of all non-H
atoms, an empirical absorption correction * was applied to the
data. In the final cycles of refinement all full occupancy non-H
atoms were assigned anisotropic displacement parameters. The
benzimidazolium atom H(2) was located during refinement,
and allowed to refine freely. All other H atoms were placed in
calculated positions.

CCDC reference number 186/1185.

See http://www.rsc.org/suppdata/dt/1998/3791/ for crystallo-
graphic files in .cif format.

Other measurements

Infrared spectra were obtained as Nujol mulls between 4000
and 400 cm ™' using a Perkin-Elmer Paragon 1000 spectro-
photometer, UV/VIS spectra with a Perkin-Elmer Lambda 12
spectrophotometer operating between 1100 and 200 nm in 1 cm
quartz cells, NMR spectra on a Bruker DPX250 spectrometer,
operating at 250.1 (*H) and 62.9 MHz (*C) and fast atom
bombardment mass spectra on a Kratos MS890 spectrometer,
employing a 3-nitrobenzyl alcohol matrix. The CHN micro-
analyses were performed by the University of Cambridge
Department of Chemistry microanalytical service. Electro-
chemical measurements were carried out using an Autolab
PGSTAT20 voltammetric analyser, in CH,Cl, or MeCN con-
taining 0.1 or 0.5 M NBu",PFg, respectively, as supporting elec-
trolyte. Voltammetric experiments involved the use of a double
platinum working/counter electrode and a silver wire reference
electrode; all potentials are referenced to an internal ferrocene—
ferrocenium standard and were obtained at a scan rate of 100

mVs L
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