Complexes of 2-hydroxy-5-methyl-1,4-benzoquinone as models
for the ‘TPQ-on’ form of copper amine oxidases
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Reaction of hydrated CuCl, with equimolar amounts of Na[L']-H,O (HL' = 2-hydroxy-5-methyl-1,4-benzoquinone)
and K[Tp™™?] ([Tp™?]™ = tris-[3,5-diphenylpyrazol-1-yl]hydridoborate) in CH,CI, at room temperature afforded
[Cu(L")(Tp*™)] 1 in moderate yields. A similar complexation employing hydrated Zn(BF,),, Na[L']-H,0 and
K[Tp*?] in refluxing CH,Cl, affords [Zn(L!)(Tp?)] 2. The single crystal structure of 1-:0.8CH,CI, reveals a near-
regular square pyramidal copper(11) centre, with a chelating [L!]” ligand. In contrast, the structure of 2 shows a
distorted trigonal bipyramidal geometry, with a long interaction to the chelating carbonyl O donor. IR, UV/vis,
NMR and/or EPR data demonstrate that 1 and 2 adopt the same molecular structures in CH,Cl, solution as in

the solid state. The cyclic voltammogram of 2 in CH,C1,-0.5 M NBu",BF, at 293 K exhibits chemically reversible
I-electron [L']"-[L*]*~ and [L**—[L*?®" (H,L? = 2-hydroxy-5-methyl-1,4-semiquinone; H,L* = 2,4,5-trihydroxy-
toluene) couples. The CV of 1 under these conditions is more complex, showing an irreversible Cu™-Cu’ couple,
with daughter waves that suggest that reduction of the Cu in 1 results in decomplexation of [L!]". These results imply
that a previously proposed stepwise mechanism for the oxidative half-reaction of copper-containing amine oxidase
may only take place if the enzyme’s hydroquinone cofactor is coordinated to the active site copper ion.

Introduction

Copper-containing amine oxidases (CAOs), which catalyse
the aerobic oxidation of primary amines (eqn. 1), have been

RCH,NH, + O, + H,0 — RCHO + NH; + H,0, (1)

isolated from bacterial, yeast, plant and mammalian sources,
including humans.! The active site of CAO contains a type 2
[Cu(his);(OH,),]"™" (n = 0 or 2) centre,® and the protein-bound
cofactor 2-(1-amino-1-carboxyethyl)-5-hydroxy-1,4-benzoquin-
one (TPQ),” which is derived from a post-translational self-
processing modification of a tyrosine side-chain.® Crystal struc-
tures of different CAOs contain the TPQ cofactor either lying
3-5 A from the Cu (‘TPQ-off’, Fig. 1a), or directly coordinated
to the Cu (‘TPQ-on’, Fig. 1b). The TPQ-off form represents the
resting state of a catalytically active CAO molecule, and it is
presently uncertain whether coordination of the TPQ residue to
the Cu takes place during catalytic turnover.

o OH
COLH CO,H
NH, NH,
HO HO
o X
TPQ X = OH, TOPA

X = NHy, TOPANH;
Catalysis by CAO is believed to follow a ping-pong mechan-
ism, involving distinct reductive and oxidative half-reactions
(eqns. 2 and 3). The TPQ residue is the site of amine oxidation,
which takes place by an aminotransferase mechanism and
RCH,NH, + TPQ—— RCHO + TOPANH, (2)
TOPANH, + O, + H,0—— TPQ + NH; + H,0, (3)
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(b)

Fig. 1 Views of the TPQ-off (a) and TPQ-on (b) forms of the active
site of copper amine oxidase.

affords the reduced cofactor 5-amino-2,4-dihydroxy-
phenylaniline (TOPANH,, eqn. 2).8!! The copper site of CAO
appears to be involved in reoxidation of the substrate-reduced
cofactor (eqn. 3). Consistent with this, it is known that one-
electron transfer between the copper ion and reduced cofactor
can take place at catalytically competent rates.'” It is not
known whether coordination of the cofactor to the copper
ion is required for this electron transfer to take place, however.
In addition, the relevance of this electron-transfer reaction
to cofactor reoxidation during catalysis has recently been
disputed,® so that the function of the CAO copper center is still
open to question.

Since little model chemistry for the CAO copper site has
been published to date,'*'® we have embarked on a program to
prepare new copper(i)/quinone or hydroquinone complexes in
order to address these questions.'” This is a complement to our
continuing work on model chemistry for the copper/radical
enzyme galactose oxidase.’® We describe here complexes of
Cu™ and Zn" containing 2-hydroxy-5-methyl-1,4-benzoquinone
(HL!, Scheme 1), intended to model structurally and electro-
chemically the Cu/TPQ interactions in CAO. Thus far no com-
plex of [L']” has been described. However, the electrochemistry
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Scheme 1 2-Hydroxy-5-methyl-1,4-benzoquinone (HL') and deriv-
atives referred to in this work. The IUPAC atom numbering scheme for
HL' is shown (note that this is not the same as the atom numbering
convention used for TPQ). Note that the abbreviations HL', H,L? and
H,L3 refer to the quinone, semiquinone and hydroquinone redox states
of the 2-hydroxy-5-methyl-1,4-benzoquinone ligand, respectively.

of one complex of its fully reduced congener 1,2,4-trihydroxy-
5-methylbenzene (H;L?, Scheme 1) has been reported,
Na[Ru(L*)(bipy),]-2EtOH, along with the EPR spectrum of the
oxidation product [Ru(L?)(bipy),]."* The Trofimenko system
of nomenclature for tris-pyrazolylborate ligands’® is employed
throughout the following discussion.

Results and discussion
Complex synthesis and spectroscopic characterisation

The quinone HL' was prepared according to the literature
method.?® Dry HL! is very sensitive to heat and light, making
it difficult to handle. However, deprotonation of freshly precip-
itated HL! with NaOH in 1:1 MeCN-MeOH affords a deep
red, sparingly soluble sodium salt analysing as Na[L']-H,O,
which can be dried and stored at room temperature without
special precautions. Both the 'H and *C NMR spectra of this
salt in (CD;),SO show the expected number of resonances for
the [L']” anion, while IR spectroscopy shows four strong peaks
in the double bond region, at 1557, 1562, 1638 and 1672 cm ™.
By comparison with the vibrational spectra of other hydroxy-
benzoquinones,”! we can assign the 1672 cm™' peak to the
C1=0 vibration of [L']” and either the 1557 or 1562 cm™! peak
to the C4=0 vibration (Scheme 1). The other two peaks in this
region presumably correspond to C=C vibrational modes. The
UV/vis spectrum of Na[L']-H,O in MeCN exhibits 7 —> n*
transitions at Apg, = 216 (£qa = 2400 M™! cm™") and 263 nm
(sh), and a n—— ©* transition at A,,, =515 nm (140 M™!
cm1).2 The latter peak is red-shifted by 15-25 nm compared
to previously reported UV/vis spectra for [L']” or related 5-
alkyl-2-hydroxybenzoquinonate anions.!** This may reflect co-
ordination of [L']” to the Na™ cation, and/or the absence of
hydrogen-bonding interactions, in this solvent (the literature
spectra were run in aqueous solution).

We have previously found the [Cu(Tp™]* (Tp™] =
hydridotris(3-phenylpyrazolyl)borate) fragment to be excellent
at binding bidentate redox active ligands, and for stabilising
their 1-electron redox products.'”?* Therefore, we pursued the
synthesis of complexes of type [Cu(L))(Tp®)] ([Tp¥]™ = tris-(3-
arylpyrazolyl)hydridoborate), in order to investigate the redox
chemistry of coordinated [L']". The synthesis of [Cu(L')-
(Tp™2)] 1 was achieved in moderate yield from the reaction of
equimolar amounts of CuCl,-2H,0, Na[L!]-H,O and K[Tp™?]
([Tp™™?]~ = tris-(3,5-diphenylpyrazolyl)hydridoborate) in CH,-
Cl, at room temperature, followed by filtration and concen-
tration of the reaction mixture and addition of a large excess of
hexanes. The compound [Zn(L"')(Tp™?)] 2 was also prepared by
a similar reaction using hydrated Zn(BF,),, in refluxing CH,Cl,,
as an aid towards the interpretation of the electrochemical
behaviour shown by 1 (see below).

The Nujol mull IR spectrum of complex 1 exhibits four
medium intensity vibrations in the double bond region attribut-
able to coordinated [L']", at 1645, 1614, 1599 and 1582 cm ™.
Since some of these bands lie at substantially lower wave-
number compared to those of Na[L']-H,O, their detailed
assignment as C=0O or C=C vibrational modes is not feasible.
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Importantly, however, the double bond region of the IR spec-
trum of 1 in CH,CI, solution is superimposable upon its Nujol
mull spectrum, the peak energies in solution and the solid state
being equal to within +2 cm™!. The similarity of these spectra
very strongly suggests that the molecular structures of 1 in
solution and in the solid state are the same.

The UV/vis spectrum of complex 1 in CH,Cl, has a similar
form to that of Na[L']-H,0, exhibiting peaks at A, = 315 (sh)
and 526 nm (g,,,, = 1700 M~! cm ™) that can be attributed to the
[L']™ ligand. Although a d-d maximum for a [Cu™(Tp®)L,J**
centre would be expected close to 670 + 30 nm,'®* this is pre-
sumably masked here by the high-wavelength [L']” n— n*
band. That this high-wavelength band is approximately ten
times more intense for 1 than for Na[L']-H,O suggests that this
absorption envelope may contain a charge transfer component
overlaying the [L']” n—— n* absorption. The almost equal
intensities of this peak for 1 and the zinc(mr) complex 2 (see
below) rules out the presence of a LMCT component to this
band; the presence of MLCT transition(s) within this envelope
cannot be ruled out, however.

The X-band EPR spectrum of complex 1 in CH,Cl, shows
the expected 4-line signal from coupling to *%Cu (I=32) at
room temperature, with (g) =2.17 and (4{®**Cu})=56 G. In
CH,(], at 140 K, or as a neat powder at 140 K, 1 exhibits the
pseudo-axial spectra typical of a tetragonal {d,._ .} ' or {d}'
copper(i) ion [in CH,Cl, g=2.29, g =207, 4{*%Cu}=
136 G; as a powder g, =231, g, =2.08, 4,{***Cu} =135 G].
The similarity of the powder and frozen solution spectra again
implies that the molecular structures of 1 are the same in the
solid state and in solution. However, while the g values 1 are
similar to those of other [CuL(Tp™)] (L = bidentate ligand)
complexes we have studied; the 4, coupling for 1 is unusually
small.'?* Given that the crystal structure of 1 exhibits no
unusual features compared to our previous compounds (see
below), the reason for this difference is unclear.

The Nujol mull IR spectrum of complex 2 differs somewhat
from 1, the C=0 and C=C peaks appearing at 1658, 1628, 1587
and 1546 cm ™. The visible spectrum in CH,Cl, is also different
from that of 1, with A, = 469 nm (g, = 1460 M ' cm ™). Both
these observations imply that the coordination mode of [L']” is
different for 2 compared to that of 1. As for 1, the double bond
region of the IR spectrum of 2 in CH,Cl, shows only small
differences compared to the solid state spectrum, which sug-
gests that the solid state and solution structures of 2 are similar.
The 'H and C NMR spectra of 2 in CD,Cl, are consistent
with the proposed 1:1 [Tp™] : [L']” stoichiometry and show
3-fold symmetry of the [Tp*™?]~ ligand. Although this is incon-
sistent with the crystal structure of 2 (see below), it is typical
behaviour for zinc(um) trispyrazolylborate complexes and
reflects fluxionality of 2 in solution.? Interestingly, 10 peaks
assignable to [Tp*™]~ phenyl C environments were present in
the BC spectrum. This is the number expected if rotation of
either the 3- or 5-phenyl substituent of each pyrazole ring is
hindered, while the other phenyl group has free rotation. The
BC spectra of some other complexes of [Tp™]~ also exhibit
this feature.?

Single crystal structures

Single crystals of complexes 1 and 2 of X-ray quality were
grown from CH,Cl,~hexanes at —30 °C. Both structures contain
one complex molecule per asymmetric unit, lying on a general
position. In 1 the Cu™ adopts a distorted square-pyramidal
geometry as seen for other [CuL,(Tp®)]** complexes (L = mono-
dentate ligand, or L, = bidentate ligand; [Tp®]” = [Tp*"]” or
another tris(3-substituted pyrazolyl)borate; x =0 or 1),724%7
with a lengthened apical Cu(1)-N(2) bond of 2.232(2) A (Fig.
2, Table 1). The [L'] ligand is bound asymmetrically, with the
Cu-O(54) distance of 1.931(2) A being shorter than Cu(1)-
0O(55) at 2.051(2) A. This is a consequence of the increased
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Fig. 2 Structure of the [Cu(L')(Tp™)] complex molecule in the
crystal of 1-0.8CH,Cl,, showing the atom numbering scheme adopted
(see also Fig. 4). For clarity, all H atoms have been omitted. Thermal
ellipsoids are drawn at the 35% probability level.

Table 1 Selected bond lengths (A) and angles (°) for the single crystal
structures

[Cu(LY)(Tp™2)]-0.8CH,CI,

1-0.8CH,Cl, [Zn(L')(Tp™)] 2

M =Cu) (M =Zn)
M(1)-N(2) 2.232(2) 2.129(3)
M(1)-N(19) 1.997(2) 2.046(3)
M(1)-N(36) 1.982(2) 2.021(3)
M(1)-O(54) 1.931(2) 1.912(3)
M(1)-O(55) 2.051(2) 2.388(3)
N(2)-M(1)-N(19) 94.72(9) 90.16(11)
N(2)-M(1)-N(36) 88.99(9) 89.60(10)
N(2)-M(1)-0(54) 103.41(9) 105.07(11)
NQ2)-M(1)-0(55)  103.41(9) 176.59(11)
N(19)-M(1)-N(36) 88.37(10) 97.91(11)
N(19)-M(1)-O(54)  93.80(9) 129.50(13)
N(19)-M(1)-O(55)  161.86(9) 92.39(10)
NG6)-M(1)-0(54)  167.17(9) 129.28(13)
N(36)-M(1)-O(55) 92.62(9) 87.81(10)
O(54) M(1)-O(55)  81.42(8) 74.98(10)

basicity of the enoxide atom O(54) compared to the carbonyl
donor O(55). The asymmetric [L']” coordination mode is also
reflected in the frans influence exerted by these O donors on the
basal Cu-N distances, in that the bond trans to O(54) [Cu(1)—
N(36) 1.982(2) A] is significantly shorter than that trans to
O(55) [Cu(1)-N(19) 1.997(2) A]. Given that the enoxide donor
O(54) should have m-donor characteristics, this trend suggests
that the [Tp™]  pyrazole donors possess some m-acceptor
capability. The Addison and Reedijk ‘" parameter for 1 is 0.09,
consistent with its near-regular square pyramidal geometry.?®
In contrast to complex 1, the [L']” ligand in 2 is bound very
asymmetrically, with a short bond to the enoxide O donor
[Zn(1)-O(54) 1.912(3) A] and a longer interaction to the chelat-
ing carbonyl donor [Zn(1)-O(55) 2.388(3) A] (Fig. 3, Table 1).
The coordination geometry at Zn(l) can therefore be con-
sidered as trigonal pyramidal, with N(2) apical, or as trigonal
bipyramidal with N(2) and O(55) as the axial donors. Given the
near linearity of the N(2)-Zn(1)-O(55) angle [176.59(11)°],
the latter description is probably more appropriate. Consistent
with this, 7 for 2 is 0.78, compared to the limiting value of
1.0 for a trigonal bipyramidal geometry®® ([ZnL,(Tp®)]** com-
plexes with 7 = 0.21-0.78 have been reported previously »*%).
Consideration of the metric parameters within the bound
[L']™ ligands shows that in both structures [L']” has the elec-
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Fig.3 Structure of the [Zn(L")(Tp*)] complex molecule in the crystal
of 2, showing the atom numbering scheme adopted (see also Fig. 4).
Details as for Fig. 2.
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Fig. 4 Views of the [L']” ligands in the structures of (a) 1-0.8CH,Cl,
and (b) 2. The C-C and C-O distances are given to emphasise the
predominant 1,4-benzoquinonate resonance form. Details as for Fig. 2.

tronic structure of a 1,4-benzoquinone as shown in Scheme 1,
rather than the alternative 4-hydroxy-5-methyl-1,2-benzoquin-
onate resonance form (Fig. 4). Comparing the two structures,
the C(58)-O(55) bond appears to be longer in 1 than in 2,
although the difference between the structures is of borderline
significance at exactly 3. Such a lengthening would be
expected to result from the stronger co-ordination of O(55) to
the metal ion in 1 compared to that in 2. Interestingly, the
C(60)-C(61) bond is also significantly lengthened in 1 than in 2;
the reason for this is unclear. All other bond lengths and angles
within the [L']” and [Tp*™]" ligands in the two structures are
crystallographically indistinguishable.

Electrochemistry

We were unable to obtain a cyclic voltammogram of Na[L']-
H,0 in CH,C1,-0.5 M NBu",BF, or MeCN-0.1 M NBu",BF,,
because of its insolubility in these electrolyte-containing media.
However, in dmf-0.1 M NBu",BF, a single reduction process
was observed within the solvent window. At 293 K this
reduction peak has a complex shape that suggests adsorption
of the reduction product at the platinum working electrode
surface. However, at 243 K the reduction becomes more class-
ically quasi-reversible, with Ei=-1.51 V vs. the ferrocene—
ferrocenium couple, and AE, = 140 mV at scan rate (‘v’) = 100
mV s~'. No non-aqueous voltammetry of HL' or of any other
2-hydroxybenzoquinone has yet been described. However, in
strong aqueous base (pH >13), two groups have reported a
reversible 2-electron [L']"—[L’]*~ couple close to —0.6 V vs. SCE
(ca. —1.0 V vs. Fc-Fc").>¥* The more negative reduction
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Fig. 5 Cyclic voltammograms in CH,Cl,-0.5 M NBu",BF, at 293 K
and v=100 mV s™! of (a) complex 2 at 293 K and (b) 1 at 243 K.

potential shown by Na[L']-H,O in dmf may reflect the lack
of hydrogen-bonding solvation interactions, which presumably
stabilise the negative charges on the [L']” and [L*]*" anions in
aqueous solution.

Cyclic voltammograms of complexes 1 and 2 were obtained
in CH,Cl,-0.5 M NBu",BF, at 293 K. The two complexes
exhibit rather different electrochemical behaviour. For this
reason they will be discussed in order of complexity, with the
most simple (2) being treated first. In addition to the [L!]” and
metal-centered processes discussed in the following paragraphs,
1 and 2 also exhibit an irreversible oxidation in the range
+1.2<E, <+1.4 V, attributable to oxidation of the [Tp™?]
ligand.?*

The cyclic voltammogram of complex 2 contains reductive
waves at Fy=—1.17 (AE,=85mV atv=100mVs™")and —1.75V
(AE, =380 mV), which are both chemically reversible at v > 10
mV s~ ! (Fig. 5a). The first of these processes is electrochemic-
ally reversible in the range 10 <v <1000 mV s™%, in that a plot
of I, vs. v gave a straight line within this range. However,
the more cathodic reduction is not electrochemically reversible,
showing a large peak-to-peak separation that increases with
increasing v. A Coulometric determination of the first reduc-
tion at 243 K gave n = 1.1, consistent with a 1-electron process;
determination of the second reduction was impossible because
of its proximity to the solvent front. However, since both reduc-
tions exhibit similar peak heights (Fig. 5a), the second reduc-
tion is almost certainly also a 1-electron reaction. We therefore
assign the process at Ey= —1.17 V to a [L'] —[L*]*" couple, and
that at —1.75 V to a [L** —[L*]*" couple. That both of the
waves originate from the hydroxyquinonate ligand was con-
firmed by examining the CV of [ZnCl(Tp™?)],*! which exhibits
no reductive processes within the solvent window under these
conditions.

The CV of complex 1 also exhibits two reduction waves.
However, in contrast to 2 the first reduction is now quasi-
reversible, occurring at Ey= —0.71 V with AE, =360 mV and
I,:I,,=02:1 at v=100 mV s™'. Two irreversible daughter
products are associated with this reaction: a major one at
E, =+0.49 V, which has approximately half the peak current
compared to the parent reduction, and a much weaker wave at
E, =+0.73 V. The second reduction is very broad and quasi-
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reversible, occurring at E: = —1.6 V. Cooling the solution of 1 to
243 K only slightly improves the chemical reversibility of the
first reduction; however, the second reduction becomes resolved
into two distinct quasi-reversible processes, at Ei= —1.48 and
—1.69 V (Fig. 5b). A Coulometric determination of the first
reduction at 293 K yielded n = 0.95, consistent with a 1-electron
process; again, determination of the second and third waves
was not possible. However, since the ratio 1, {first reduction} :
I, {second and third reductions} ~ 1.8:1, it is likely that the
second and third reductions together comprise a 2-electron
transformation.

In principle, the first reduction exhibited by complex 1
might be assigned to a [L']"—[L*}*" couple, or a Cu™-Cu'
process. We prefer the latter interpretation, on the following
grounds. First, the near irreversibility of the first reduction of
1 is in sharp contrast to the reversible [L'] —[L**" wave
exhibited by 2. However, other [Cu™(Tp®)L,]** complexes
exhibit irreversible Cu"™-Cu' reductions, with —0.5<E,
< —1.2 V.2 Second, the irreversible Cu'-Cu® oxidation of
[{Cu(Tp®?},] has been reported to occur at E, = +0.51 V in
CH,Cl,;* the first reduction of 1 exhibits a daughter peak at
+0.49 V, which might plausibly be assigned to this process.
Third, the second reduction potential of 1 (—1.48 V) is also
almost identical to the reduction potential of Na[L']-H,O
in dmf (—1.51 V), suggesting that some decoordination of
[L']” occurs following the initial reduction of 1. These data
all strongly suggest that the first reduction of 1 is a Cu™-Cu"
process, and that the expected concomitant structural
rearrangement involves substantial decoordination of [L']~
from the Cu".

Concluding remarks

The reduction potentials exhibited by complex 2 deserve com-
ment, since they differ substantially from those reported for
Na[Ru(L%)(bipy),]-2EtOH, which exhibits E{[L']—[L**"} =
—0.07 V and E{[L** —[L**} = —0.97 V under the same con-
ditions of solvent and temperature used in our work.'® The
much more positive reduction potentials of the ruthenium(ir)
complex cannot reflect improved Ru—L (L = [L']” to [L*]*") =-
back bonding, since this would be expected to have the opposite
trend of making the ligand more electron rich and so harder to
reduce. In addition, L—->Ru nt donation cannot be invoked, since
this is impossible to a low-spin d® metal ion. The more positive
reduction potentials shown by Na[Ru(L?)(bipy),]:2EtOH com-
pared to those of 2 may reflect the relative degrees of M-O
(M =Ru or Zn) o covalency in the complexes, since this should
be greater for a second row ruthenium(i) transition ion, com-
pared to a first-row zinc(11) ion. In addition, the relative Lewis
acidities of Zn™ and Ru" could be a factor, since the latter is
expected to be more acidic on the basis of the pK,s of their
[M(OH,),]*" ions (M = Zn, pK, = 9.0;*> M = Ru, pK, ‘estimated
between 6 and 8’ *).

This work has confirmed that [L']” can be a good ligand to
transition metals, binding through the C2 and, if necessary, C1
O atoms (Scheme 1). The [L']” binding mode in complex 2 is
similar to that found in crystal structures of “TPQ-on’ CAO.
Combining our results with those of Kaim and co-workers,'® it
can be concluded that coordinated [L']” undergoes two step-
wise 1-electron reductions, whose potentials are very dependent
on the nature of the bound metal ion but are consistently separ-
ated by 0.8-0.9 V. This contrasts with free [L']”, which under-
goes a concerted 2-electron reduction in aprotic media. This has
implications for the oxidative half-reaction of CAO, in that
there is presently some disagreement whether this occurs by
a stepwise "> or concerted'® process. Our results suggest that
the former mechanism might only be possible if the reduced
co-factor is coordinated to the active-site copper ion during
this part of the catalytic cycle.



Experimental

Unless otherwise stated, all manipulations were carried out
in air using commercial grade solvents. 1,2,4-trisacetoxy-
5-methylbenzene,* K[Tp™]?¢ and [ZnCl(Tp™?)]*! were
prepared by the literature procedures.

Syntheses

Na[L']-H,0. The quinone HL! was prepared from 1,2,4-tris-
acetoxy-5-methylbenzene according to the literature pro-
cedure.?” To a solution of this crude solid (4.8 g, 0.035 mol) in
MeCN (100 cm?®) was added a MeOH (150 cm®) solution of
NaOH (1.4 g, 0.035 mol). The mixture was stirred for 30 min,
then evaporated to dryness. The resultant dark red solid was
washed consecutively with cold MeOH and Et,O, and dried
in vacuo. Yield 4.6 g, 83% (Found: C, 46.9; H, 3.7. Calc. for
C,H;NaO,;-H,0: C, 47.2; H, 4.0%). FAB mass spectrum: m/z
177, [®Na(L')(H,0) — H]*; and 161, [®*Na(HL")]". UV/vis
(MeCN): Aoy = 216 (£max = 2400), 263 (sh) and 515 nm (140 M ™!
cm ™). IR spectrum (Nujol): 1672s, 1638s, 1562w, 1557m,
1293m, 1259s, 1184m, 1131m, 1024w, 1005w, 869s, 832s, 765m,
744m and 732m cm™~'. NMR spectra ((CDj;),SO, 298 K): 'H,
6 6.12 (s, 1H, H?), 5.00 (s, 1H, H®) and 1.85 (s, 3H, CH,); “C,
6 190.2 (CY), 183.4 (C*), 171.7 (CH), 151.5 (C%), 128.1 (C?), 103.3
(C% and 17.1 (CH,).

[Cu(L")(Tp"™] 1. Reaction of Na[L']-H,0 (0.17 g, 1.0 x 1073
mol) with K[Tp*?] (0.74 g, 1.0 x 10~* mol) and CuCl,-2H,0
(0.18 g, 1.0 x 107 mol) in CH,Cl, (50 cm®) at room temperature
for 16 h yielded a deep red solution. Following filtration and
concentration, a maroon crystalline solid was obtained upon
layering this solution with hexanes. Yield 0.43 g, 55% (Found:
C, 71.5; H, 5.4; N, 9.6. Calc. for Cs,H;,BCuNO;: C, 71.8;
H, 5.6; N, 9.7%). FAB mass spectrum: m/z 733, [®*Cu(H"'B-
{pz"2} )] 513, [BCu(H"B{pz™},)]"; and 283, [*Cu(H'-
Bpz™)]*. UV/vis spectrum (CH,Cl,): Apa/nm (g /M ' cm™)
241 (80 400), 315 (sh) and 526 (1700). IR spectrum: (Nujol)
2620w, 1645w, 1614m, 1599m, 1582m, 1548w, 1363m, 1341m,
1250s, 1169s, 1064m, 770m, 750m and 696s cm™!; (CH,Cl,)
1650, 1612, 1599, 1581 and 1548 cm ™.

[Zn(L")(Tp™»] 2. A mixture of Na[L']‘H,0 (0.17 g, 1.0 x
1073 mol), K[Tp™2](0.74 g, 1.0 x 1073 mol) and Zn(BF,),-2H,0
(0.18 g, 1.0 x 10~* mol) in CH,CI, (50 cm®) was refluxed for 16 h.
The orange-red solution was concentrated to approximately
halfits original volume, filtered, and reconcentrated to ca. 2 cm®.
Layering this solution with hexanes yielded rust red plates.
Yield 0.68 g, 75% (Found: C, 71.0; H, 4.7; N, 9.7. Calc. for
C,,H4BNO;Zn: C, 71.6; H, 4.5; N, 9.6%). FAB mass
spectrum: m/z 735, [®Zn(H"B{pz"™2},)]"; and 285, [*Zn(H"-
Bpz™?)]*. UV/vis spectrum (CH,Cly): A, /nm (g, /M~ cm™)
245 (100 800) and 469 (1460). IR spectrum: (Nujol) 2631w,
1658m, 1628m, 1587s, 1546m, 1494w, 1363m, 1284m, 1244s,
1170s, 1074s, 1057s, 916m, 882m, 841m, 816m, 762s, 715w, 693s
and 674m cm™'; (CH,Cl,) 1657, 1627, 1584 and 1545 cm ™.
NMR spectra (CD,Cl,, 298 K): 'H, 6 7.80-6.92 (m, 30H, Tp*™
pz HY), 6.56 (s, 3H, Tp™ pz H*), 5.71 (s, 1H, L' H%), 5.33 (s, 1H,
L' H% and 1.83 (s, 3H, L' CH;); “®C, 5 188.2, 188.0 (L'
Cl+ C%, 163.6 (L' C?), 153.7, 151.4 (Tp™2 pz C* + pz C5),
150.4 (L' C%, 132.1, 131.1, 129.8, 128.9, 128.7, 128.5, 128.4,
127.9,127.8,127.0, 125.6 (Tp™ Ph C'-¢ + L' C%), 106.5 (L' C®),
105.2 (Tp*™ pz C* and 16.0 (L' CHj,).

Single crystal structure determinations

Crystals of formula [Cu(L')(Tp*?)]-0.8CH,Cl, 1:0.8CH,Cl,
and [Zn(L")(Tp*?)] 2 were grown by storage of solutions of the
complexes in 1:10 CH,Cl,~hexanes at —30 °C. Experimental
details from the structure determinations are given in Table 2.
Both structures were solved by standard heavy atom methods

Table 2 Experimental details for the single crystal structure
determinations

[Cu(L'Y(Tp™)]-0.8CH,Cl,  [Zn(L')(Tp™?)]
2

1-0.8CH,Cl,

Formula Cs,.8Hy06B2Cly CuNO; Cs,H30BN;O;Zn
M, 938.22 872.07
Crystal class Monoclinic Monoclinic
Space group P2,/c P2,/c
alA 16.4602(4) 17.1926(9)
blA 15.9627(4) 10.0741(5)
clA 19.6781(4) 26.6057(11)
pl° 114.2020(14) 105.775(3)
UIA? 4715.96(19) 4434.5(4)
V4 4 4
#(Mo-Ka)/mm™ 0.604 0.605
T/K 150(2) 293(2)
Measured reflections 51153 26956
Independent 10761 8001

reflections
Ry 0.061 0.064
R(F) 0.065 0.052
WwR(F?) 0.195 0.164

(SHELXS 97°%%) and refined by full matrix least squares on F?
(SHELXL 97%).

[Cu(L")(Tp™»]-0.8CH,Cl,. The structure contains a badly
disordered region of electron density remote from the complex
molecule, which was modelled using 5 different orientations
of CH,Cl, in a 0.2:0.2:0.2:0.1:0.1 occupancy ratio, giving
0.8CH,Cl, molecules in total. All C-Cl bonds were restrained
to 1.83(2) A, and Cl- - - Cl 1,3 distances to 2.99(2) A. The final
Fourier difference map contained two residual peaks in the
range 1.0-1.2 ¢ A3, both within this disordered region. All
wholly occupied non-H atoms were refined anisotropically, and
all H atoms placed in calculated positions.

[Zn(L")(Tp™)] 2. No disorder was detected during refine-
ment of this structure. All non-H atoms were refined aniso-
tropically, and no restraints were applied.

CCDC reference number 186/2255.

See http://ww.rsc.org/suppdata/dt/b0/b006700h/ for crystal-
lographic files in .cif format.

Other measurements

Infrared spectra were obtained as Nujol mulls pressed between
KBr windows, or in NaCl solution cells, between 400 and 4000
cm ! using a Nicolet Avatar 360 spectrophotometer, UV/visible
spectra with a Perkin-Elmer Lambda 900 spectrophotometer
operating between 200 and 1100 nm, in 1 cm quartz cells. All
NMR spectra were run on a Bruker ARX250 spectrometer,
operating at 250.1 (*H) and 62.9 MHz (**C). Positive ion fast
atom bombardment mass spectra were recorded on a VG
AutoSpec spectrometer, employing a 3-nitrobenzyl alcohol
matrix. CHN microanalyses were performed by the University
of Leeds School of Chemistry microanalytical service.
X-Band EPR spectra were obtained using a Bruker ER200
spectrometer.

All electrochemical measurements were carried out using an
Autolab PGSTAT?30 voltammetric analyser, in CH,Cl, or dmf,
respectively containing 0.5 or 0.1 M NBu",BF, as supporting
electrolyte. Cyclic voltammetric experiments involved the use of
platinum disk working and platinum wire counter electrodes,
and a Ag-AgCl reference electrode; all potentials quoted are
referenced to an internal ferrocene—ferrocenium standard and
were obtained at a scan rate of 100 mV s~ !, unless otherwise
stated. Coulometric determinations were performed in a
conventional H-type cell, with a platinum basket working
electrode, platinum wire counter electrode and Ag-AgCl
reference electrode.
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