Solution and solid state structures of binuclear zinc(i) complexes
of bis(pentadentate) ligands derived from bis(1,4,7-triazacyclo-
nonane) macrocycles
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Binuclear zinc(i1) complexes have been prepared for bis(pentadentate) ligands, generated by addition of 2-pyridyl-
methyl arms to the secondary nitrogens in bis(1,4,7-triazacyclononane) macrocycles, and supported by CH,CH,
{tmpdtne, [Zn,(tmpdtne)Br,][ClO,],-H,O 1], CH,CH,CH, {tmpdtnp, [Zn,(tmpdtnp)Br,][C10,],-3H,0 2},
CH,CH,CH,CH, {tmpdtnb, [Zn,(tmpdtnb)][C10,],-3DMSO 3}, m-CH,C,H,CH, {tmpdtnm-X, [Zn,(tmpdtnm-X)]-
[ClO,), 4} and CH,CH(OH)CH, {tmpdtnp-OH, [Zn,(tmpdtnp-O)][ClO,]; 5} backbones. The crystal structure of

5 confirmed that the two zinc(11) centres are linked by an endogenous alkoxo bridge generated by deprotonation of
the CH,CH(OH)CH, backbone. A short intramolecular Zn - - - Zn separation of 3.904(2) A is observed, which
matches that found at the active site of alkaline phosphatase. For 1 a binuclear complex with Zn - - - Zn separation of
6.545(9) A is formed. The distorted octahedral geometry about each zinc(in) centre is defined by five N-donors from
the ligand and a bromide in the sixth position. The transoid angles involving one of the tacn nitrogens and either the
bromide or a pyridyl nitrogen (148-169°) highlight the degree of distortion. The arrangement of donor atoms within
the distorted octahedral co-ordination sphere of Zn™ is asymmetric with the bromide ligand cis to the bridgehead
nitrogen. The series of zinc complexes display interesting variations in their solid state and solution stereochemistries.
The 'H NMR spectrum recorded at 300 K is broad indicating rearrangement between different structures on the
NMR timescale. The signals become sharper at higher temperatures but only half the number expected from the solid

state structure are observed. A rearrangement to a geometry (square pyramidal through loss of the halide ligand)
that preserves the symmetry of the ligand occurs at higher temperatures. Compound 2 exhibits similar solution
behaviour while for 3 and 4 the '"H NMR spectra indicate that the symmetric disposition of the ligand is adopted
even at room temperature. A correlation exists between the type of bridge linking the pentadentate compartments

of the ligands and the preferred solution structure.

Introduction

Interest in the structure and reactivity of macrocyclic zinc(ir)
complexes has been growing in recent years. One of the driving
forces for these studies is the presence of one or more zinc
centres at the active sites of enzymes which catalyse hydration
reactions (carbon dioxide), condensation reactions involved in
the polymerization of RNA and a variety of hydrolytic pro-
cesses involved in the cleavage of peptides, proteins and esters.'™
An area attracting recent attention is the concerted action of
multi-zinc sites in promoting the hydrolysis of phosphate esters.
In particular, macrocyclic polyamine ligands have been applied
extensively in the construction of metal complexes as models
for zinc enzymes promoting phosphoryl transfer reactions.*™¢
The high stability of such complexes allows the generation of
otherwise unstable deprotonated forms under physiological pH
conditions and the resulting metal-bound hydroxide groups
then act as nucleophiles in the cleavage process.> A further
feature of zinc(i1) complexes incorporating polyamine macro-
cycles, which is important if these complexes are to reproduce
the function of the enzymes, is their ability to bind reversibly
biological substrate mimics, e.g. nitrophenyl phosphate (NPP)
and other phosphate esters. Stable 1:1 adducts were formed for
mononuclear, binuclear and trinuclear zinc(i) complexes of,
respectively, cyclen, bis(cyclen) and tris(cyclen) macrocycles
(cyclen = 1,4,7,10-tetrazaacyclododecane). The substantial

increases in affinity constants for NPP that were observed with
increasing nuclearity of the complex, viz., 10*3, 10*° and 10°3
dm® mol !, respectively, have relevance to the function of trizinc
phosphatases.'® In a further interesting example reported by
Kimura and co-workers,"”? the binuclear zinc(if) complex
formed by an octaazacryptand was shown to react with a phos-
phomonoester dianion, 4-nitrophenyl phosphate (NPP*"), to
produce a phosphoramide derivative. It was anticipated that the
complex would be unreactive towards phosphate esters because
the zinc(11) centres appear to be co-ordinatively saturated in
trigonal bipyramidal (TBPY) geometry. Further novel appli-
cations of zinc(i1) complexes include the recent use of a binu-
clear zinc complex, incorporating a p-xylene bridged bis(cyclen)
ligand, as a host molecule capable of recognizing barbiturates
in aqueous solution'” and the demonstration that binuclear
zinc(1r) complexes derived from bis(cyclam) macrocycles exhibit
in vitro activity against the HIV virus.'®

In contrast to binucleating ligands incorporating tetradentate
macrocycles, such as cyclen, zinc(i1) complexes formed by bi-
nucleating ligands derived from the smaller macrocycle 1,4,7-
triazacyclononane (tacn) have not been studied widely. We
report the zinc(i1) co-ordination chemistry of a series of bis-
(pentadentate) ligands obtained by appending 2-pyridylmethyl
groups to bis(tacn) macrocycles (see Scheme 1). Detailed
studies of the complexes of Cu", Ni"" and Mn" have been
reported previously.'”? The crystal structures of two of the
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zinc() complexes and solution NMR spectroscopic studies
have revealed interesting structural variations in solution and
solid state structures.

Experimental
Materials

Reagent or AR grade chemicals were used in this study.
Published methods were used to prepare tmpdtne® {1,2-
bis[4,7-bis(2-pyridylmethyl)-1,4,7-triazacyclonon-1-yllethane},
tmpdtnp®  {1,3-bis[4,7-bis(2-pyridylmethyl)-1,4,7-triazacyclo-
non-1-yllpropane}, tmpdtnb®  {1,4-bis[4,7-bis(2-pyridyl-
methyl)-1,4,7-triazacyclonon-1-yl]butane}, tmpdtnm-X* {1,3-
bis[4,7-bis(2-pyridylmethyl)-1,4,7-triazacyclonon-1-ylmethyl]-
benzene} and tmpdtnp-OH? {1,3-bis[4,7-bis(2-pyridylmethyl)-
1,4,7-triazacyclonon-1-yl]-2-propanol}.

CAUTION: Although no problems were encountered in this
work, transition metal perchlorates are potentially explosive
and should be handled with due care.
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Physical measurements

Proton and “C NMR spectra were recorded on a Bruker
AC200 spectrometer with sodium 3-trimethylsilylpropionate as
internal calibrant, IR spectra on a Perkin-Elmer 1600 FTIR
spectrometer as KBr pellets. Electron microprobe analyses were
made with a JEOL JSM-1 scanning electron microscope through
an NEC X-ray detector and pulse processing system connected
to a Packard multichannel analyser. Microanalyses were
performed by Chemical and Micro-Analytical Services
(CMAS) Melbourne, Australia. Conductivity was measured
using a Crison 522 Conductimeter with platinum black
electrodes. Standard KCl (0.020 M) with a conductivity of 2.77
mS cm™! was used as a calibrant.

Synthesis of complexes

[Zn,(tmpdtne)Br,][C10,],-H,0 1. To a dark red-brown solu-
tion of tmpdtne (1.69 g, 2.61 mmol) in EtOH (20 ml) was added
a slight excess of ZnBr, (1.23 g, 5.48 mmol). The brown precipi-
tate formed was collected and dissolved in a small amount of
water (10 ml) with gentle heating to give a dark brown solution.
Sodium perchlorate (1.0 g) was added and the resulting solution
was allowed to stand. The light brown crystalline product was
filtered off and recrystallized from a DMSO-water mixture to
give colourless crystals of the monohydrate (yield 1.51 g, 51%).
Crystals of the bis(DMSO) solvate suitable for X-ray crystal-
lography deposited from the same solution. {Found: C, 39.9; H,
4.7; N, 12.2. Calc. for [Zn,(C;3Hs,N,)Br,][C10,],-H,0: C, 40.1;
H, 4.6; N, 12.3%}. Electron microprobe: Cl:Zn:Brratio 1:1:1.
Selected IR bands (KBr, cm™'): 3570s, 3504s, 2912m, 2870s,
1609s, 1493m, 1444s, 1089vs, 1018s, 770m and 624s. Molar
conductivity (DMSO, S cm? mol™!): 77 (298) and 121 (363
K). 'H NMR (d,-DMSO, 363 K): 6 2.54 (s, 8 H, NCsH,-
CH,NCH,CH,NCH,C,H,N); 2.55 (m, 4 H, bridge CH,), 2.80
(m, 8 H, NCH,CH,NCH,CH,N bridge), 2.94 (m, 8 H,
NC,H,CH,NCH,CH,N bridge), 4.14 (d, 4 H, CH,C;H,N),
4.34 (d, 4 H, CH,C;H,N); 7.51 (t, 4 H, arylCH), 7.58 (d, 4 H,
arylCH) and 8.07 (td, 8 H, arylCH). *C NMR (d,-DMSO, 363
K): 6 49.58 (bridge CH,), 50.01, 51.43, 53.78 (tacn CH,), 59.72
(CH,CsH,N), 123.92, 124.24, 139.97, 146.33 and 154.49 (pyr-
idyl ring C). ESI-mass spectrum (MeOH-water): m/z 1076.8,
[Zn,L(ClO,),]*; 1058.8, [Zn,LBr(ClO,),]*; 1038.8, [Zn,L-
Br,(ClO,)]*; 489.1, [Zn,L(ClO,),)**; 479.0, [Zn,LBr(ClO,)**;
469.1, [Zn,LBr,]**; 293.0, [Zn,L(ClIO)P**; and 286.4,
[Zn,LBr]*".

[Zn,(tmpdtnp)Br,][C10,],:3H,0 2. To a dark red-brown solu-
tion of tmpdtnp (3.5 g, 5.30 mmol) in EtOH (20 ml) was added
a slight excess of ZnBr, (2.51 g, 11.1 mmol) to produce a brown
precipitate. This was filtered off, dissolved in a CH;CN-water
mixture with gentle warming and the resulting dark brown
solution decolourized twice with activated charcoal to give a
yellow filtrate. Sodium perchlorate (2.0 g) was added and the
solution was allowed to stand. The white product was filtered
off and recrystallized from a CH;CN-water mixture to give a
white powder (yield 2.14 g, 35%). {Found: C, 38.5; H, 4.7; N,
11.4. Calc. for [Zny(C;,Hs,N,,)Br,][C10,],-3H,0: C, 38.8; H,
5.0; N, 11.6%}. Electron microprobe: Cl:Zn:Br ratio 1:1:1.
Selected IR bands (KBr, cm™!): 3455 (br), 2922w, 2859w, 1608s,
1463m, 1443s, 1094vs, 1019m, 765m and 625s. Molar conduct-
ivity (DMSO, S cm® mol™"): 89 (298) and 149 (363 K). '"H NMR
(d¢-DMSO, 363 K): ¢ 1.36 (br, 2 H, NCH,CH,CH,N), 2.71
(m, 8 H, NC;H,CH,NCH,CH,N bridge), 2.78 (br, 8 H, NCs-
H,CH,NCH,CH,NCH,CH,N), 2.96 (dd, 8 H, NC;H,CH,-
NCH,CH,N bridge), 2.58 (br, 4 H, NCH,CH,CH,N), 4.13
(d, 4 H, CH,C;H,N), 4.32 (d, 4 H, CH,CsH,N); 7.51 (t, 4 H,
arylCH), 7.57 (d, 4 H, arylCH) and 8.09 (td, 8 H, arylCH). *C
NMR (d&-DMSO, 363 K): ¢ 21.26 (11), 56.51 (10) (bridge
CH,), 49.83 (1), 50.62 (2), 51.76 (3), (tacn CH,), 60.30 (4)
(CH,CsH,N), 123.95 (8), 124.33 (6), 140.06 (7), 146.44 (9) and



154.60 (5) (pyridyl ring C). Fig. 4 shows the spectra and carbon
atom assignments. ESI-mass spectrum (MeOH-H,0): m/z
1091.2, [Zn,L(ClO,);]*; 1071.2, [Zn,LBr(ClO,),]*; 1051.1, [Zn,-
LBr,(ClO,)]"; 496.1, [Zn,L(ClO,),]*"; 486.1, [Zn,LBr(ClO,)]**;
476.1, [Zn,LBr,J**; 297.1, [Zn,LBr]**; and 291.1, [Zn,LBr]**.

[Zn,(tmpdtnb)][C10,],-3DMSO 3. The method used to pre-
pare complex 1 was followed but with 2.08 g (3.08 mmol) of
tmpdtnb and 1.46 g (6.46 mmol) of ZnBr,. The white solid
appeared as colourless crystals when recrystallized from a
DMSO-water mixture (yield 1.42 g, 32%). {Found: C, 38.7; H,
5.3; N, 9.1. Calc. for [Zn,(C,iHs,N,)][C10,],-3DMSO: C, 38.4;
H, 5.1; N, 9.7%}. Electron microprobe: Zn:Cl:S ratio 2:4:3,
no Br present. Selected IR bands (KBr, cm™!): 2919m, 1640m,
1608s, 1465m, 1441s, 1088vs, 1020s, 955m, 769m and 628s. 'H
NMR (d-DMSO, 300 K): 6 1.22 (br, 4 H, NCH,CH,CH,-
CH,N), 2.54 (s, 8 H, NC;H,CH,NCH,CH,NCH,C;H,N), 2.58
(t, 4 H, NCH,CH,CH,CH,N), 2.77 (m, 8 H, NC;H,CH,-
NCH,CH,N bridge), 3.06 (m, 8 H, NC;H,CH,NCH,CH,N
bridge), 4.31 (dd, 8 H, CH,C;H,N), 7.64 (t, 4 H, arylCH), 7.72
(d, 4 H, arylCH), 7.99 (d, 4 H, arylCH) and 8.21 (td, 4 H,
arylCH). ®C NMR (d,-DMSO, 298 K): 6 22.12, 57.87 (bridge
CH,), 49.98, 50.40, 51.37 (tacn CH,), 59.51 (CH,CsH,N),
124.87,125.27, 141.14, 147.07 and 155.17 (pyridyl ring C). ESI-
mass spectrum (MeOH-water): m/z 1105.2, [Zn,L(CIO,);]";
503.1, [Zn,L(ClO,),J**; 301.8, [Zn,L(CIO,)]**.

[Zn,(tmpdtnm-X)][CIO,], 4. The method used to prepare
complex 1 was followed but with 2.35 g (3.25 mmol) of
tmpdtnm-X and 1.53 g (6.82 mmol) of ZnBr,. The product was
isolated as a white crystalline solid when recrystallized from a
DMSO-water mixture (yield 1.22 g, 30%). {Found: C, 42.2; H,
4.5; N, 11.1. Calc. for [Zny(Cy,HsN,o)I[CIO,],: C, 42.2; H, 4.5;
N, 11.2%}. Electron microprobe: Cl:Zn ratio 2:1, no Br pres-
ent. Selected IR bands (KBr, cm™): 2921w, 2866w, 1609s,
1485m, 1444s, 1090vs, 1018s, 767m and 626s. 'H NMR (d-
DMSO, 300 K): 6 2.73 (m, 16 H, NC;H,CH,NCH,CH,N
bridge), 2.99 (m, 8 H, NC;H,CH,NCH,CH,N bridge), 3.92 (br,
4 H, bridge CH,), 4.34 (dd, 8 H, CH,C;H,N), 7.27 (d, 2 H,
bridge arylCH), 7.69 (dd, 2 H, bridge arylCH), 7.54 (d, 4 H,
arylCH), 7.60 (t, 4 H, arylCH), 7.73 (d, 4 H, arylCH) and 8.21
(td, 4 H, arylCH). *C NMR (d,-DMSO, 300 K): J 48.09,
50.68, 51.20, (tacn CH,), 58.25, (NCsH,CH,) 60.10 (xylylene
CH,), 124.73, 125.26, 141.37, 147.15, 155.02 (pyridyl ring C),
127.82, 131.25, 133.27 and 134.36 (benzene ring C). ESI-mass
spectrum (MeOH-water): m/z 1153.2, [Zn,L(ClO,);]"; and
527.1, [Zn,L(ClO,),]**.

[Zn,(tmpdtnp-0)][C10,];-0.5H,0 5. The method used to
prepare complex 1 was followed with 2.50 g (3.69 mmol) of
tmpdtnp-OH and 1.75 g (7.75 mmol) of ZnBr,. On the addition
of 2 M NaOH to the yellow filtrate a white microcrystalline
solid formed. This was recrystallized from a CH;CN-water
mixture to give rectangular shaped colourless crystals suitable
for X-ray diffraction (Yield 1.67 g, 41%). {Found: C, 42.4; H,
5.1; N, 12.8. Calc. for [Zn,(C;,Hs;N,,0)][C1O,]5-0.5H,0: C,
42.0; H, 4.9; N, 12.6%}. Electron microprobe: Cl: Zn ratio 3:2,
no Br present. Selected IR bands (KBr, cm™'): 3577s, 3453 (br),
2926s, 2861s, 1610s, 1470s, 1446s, 1078vs, 1021s, 1003s, 764s
and 624s. '"H NMR (d,-DMSO, 300 K): 6 1.25 [m, 2 H, CH-
(H,)CHOHCH(H,)], 1.77 [m, 2 H, CH(H,)CHOHCH(H,)],
2.34 (m, 1 H, CHOH), 2.70 (m, 8 H, NC;H,CH,NCH,CH,N
bridge), 3.00 (m, 8 H, NC;H,CH,NCH,CH,N bridge), 3.20
(s, 8 H, NC;H,CH,NCH,CH,NCH,C;H,N), 3.58 (dd, 4 H,
CH,CH,N), 4.18 (dd, 4 H, CH,C,H,N), 7.09 (t, 2 H, arylCH),
7.19 (d, 2 H, arylCH), 7.29 (d, 2 H, arylCH), 7.59 (t, 2 H,
arylCH), 7.68 (d, 2 H, arylCH), 7.93 (td, 2 H, arylCH), 8.26 (td,
2 H, arylCH) and 8.91 (d, 2 H, arylCH). *C NMR (d,-DMSO,
300 K): 6 49.91(1), 50.83 (1), 51.55 (3), 54.49 (4), 55.19 (5),
57.73 (6) (tacn ring CH,), 62.22 (7), 62.73 (13) (CH,CsH,N),

Fig. 1 Molecular structure of the dinuclear cation in [Zn,(tmpdtne)-
Br,][C10,],-2DMSO 1 and atom labelling scheme (ellipsoids are drawn
at 20% probability).

64.83 (19), 66.91 (20) (bridge CH,), 124.71 (9), 124.76 (15),
124.82 (11), 125.98 (17), 141.27 (10), 141.51 (16), 146.26 (12),
149.13 (18), 154.85 (8) and 156.20 (14) (pyridyl ring C). The
spectra and signal assignments are shown in Fig. 5. ESI-mass
spectrum (MeOH-water): m/z 1007.0, [Zn,(tmpdtnp-O)-
(ClO,),]*; 4532, [Zny(tmpdtnp-O)(ClO,)]**; and 269.8,
[Zn,(tmpdtnp-O)]**.

Crystallography

Intensity data for a colourless prismatic crystal of complex 1
(0.36 X 0.28 x 0.14 mm) and a multifaceted pale yellow crystal
(0.23x0.23 x0.36 mm) of 5 were collected on Rigaku
diffractometers (AFC6S for 1 and AFC6R for 5) employing
Mo-Kuo radiation and the w-20 scan technique. The data sets
were corrected for Lorentz-polarization effects?® as well as for
absorption employing an empirical procedure.? In the case of
5 the data set was scaled assuming a linear decay owing to
some decomposition of the crystal noted during the data collec-
tion (ca. 10%). Crystal data and refinement details are given in
Table 1.

The structures were solved by direct methods® and refined
by a full-matrix least-squares procedure based on F.** Non-
hydrogen atoms were generally refined with anisotropic dis-
placement parameters and hydrogen atoms included in the
model at their calculated positions (C—H 0.97 A). For both
complexes 1 and 5, disorder was noted for one of the
perchlorate anions such that two sites were identified for three
of the oxygen atoms, ie. O(3)-O(5). Refinement (isotropic)
indicated an occupancy distribution of 50/50, and 59/41% for 1
and 5, respectively. Additionally, disorder was noted in the
oxygen atoms O(10)-O(13) in the refinement of 5; these atoms
were refined isotropically. Attempts to resolve multiple sites
were unsuccessful. The refinement was continued until con-
vergence employing weights, 1/6*(F). The absolute structure of
5 was determined by comparing the refinements of the alternate
hands. The results of the refinement that yielded the lower value
of R’ are presented here. The crystallographic numbering
schemes employed are shown in Figs. 1 (1) and 2 (5).%

CCDC reference number 186/1370.

See http://www.rsc.org/suppdata/dt/1999/1475/ for crystallo-
graphic files in .cif format.

Results and discussion
Synthesis and solid state characterization

The synthesis of the binuclear zinc(i1) complexes of tmpdtne,
tmpdtnp, tmpdtnb and tmpdtm-X is shown in Scheme 1. Gen-
erally, this involved dissolution of the ligands in EtOH and
addition of an excess of ZnBr,. The resulting brown precipi-
tates were dissolved in the minimum volume of water and the
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complexes precipitated as light brown solids on addition of
excess of NaClO,. Recrystallization from either CH,;CN-
water or DMSO-water mixtures gave the pure products and, in
the case of 1, crystals suitable for crystallography. As for 14,
the synthesis of 5 initially involved reaction of the ligand with
excess of ZnBr,. However, following dissolution in the min-
imum volume of water and addition of NaClO,, sodium
hydroxide was added, resulting in the immediate formation of
a microcrystalline precipitate. Recrystallization from a
CH;CN-water mixture gave colourless crystals suitable for
crystallography. The IR spectra of 1-5 confirmed the presence
of the ligands (in particular, pyridyl skeletal vibrations in the
1400-1600 cm™' region were diagnostic of the ligands),
perchlorate counter ions, and in some case solvents of
crystallization.

Despite the use of zinc bromide in each synthesis, interesting
compositional differences are apparent for the five compounds,
which cannot be ascribed to changes in the solvents chosen for
recrystallization. For both 1 and 2 bromide is present in the
products with microprobe analyses confirming Zn : Cl: Br ratios
of ca. 1:1:1. In contrast, bromide is absent in the zinc(1r)
complexes of tmpdtnb, tmpdtnm-X and tmpdtnp-OH (3-5).
For example, microprobe analysis of 3 revealed the presence of
Zn, Cl and S (from DMSO) in a ratio of ca. 2:4:3 and no
bromide. This finding was in accordance with the elemental
analysis, which indicated the presence of three DMSO mol-
ecules per complex cation. Bromide was also absent in the
tmpdtnm-X complex, 4, but Zn and Cl were detected in a ratio
of ca. 1:2. Elemental analyses support the formation of a five-
co-ordinate complex, although solid state zinc(u)-perchlorate
counter-ion interactions cannot be excluded. NMR spectro-
scopy (see later) and the ESI mass spectra of 3 and 4 support
this interpretation. The mass spectra showed isotope splitting
patterns corresponding to [Zn,L(ClO,);]" (1105.2 3 and 1153.2
4); [Zn,L(Cl0,),I** (503.1 3 and 527.1 4); and [Zn,L(CIO,)**
(301.8 3).

The composition of complex 5 is supported by microprobe
analysis, which confirmed the absence of bromide and a Zn:Cl
ratio of ca. 2:3. The ESI mass spectrum shows isotope splitting
patterns assignable to the cation and cation—ClO,” ion pairs,
viz. [Zn,L(ClO,),]" (1007.0), [Zn,L(CIO)** (453.2) and
[Zn,L]** (269.8). The existence of the 3+ cation indicated that
the two zinc centres may be bridged by an alkoxide generated
from the ligand backbone.

Molecular structures of complexes 1 and 5

The centrosymmetric binuclear cation in complex 1 consists
of two six-co-ordinate zinc(1r) centres, each complexed by five
of the nitrogen donor atoms of the tmpdtne ligand, with a
bromide ion in the sixth co-ordination position (Fig. 1). The
N(2) and Br atoms in 1 may be viewed as occupying the axial
sites of the distorted octahedral geometry while the N(1), N(3),
N(4) and N(5) atoms occupy equatorial positions. The stereo-
chemistry about the zinc(i1) centres in 1 is similar to that
observed in the manganese(l) analogue, [Mn,(tmpdtne)-
CL][ClO,],2DMF,* which shows the halide groups to be
co-ordinated cis rather than frans to the bridgehead nitrogens,
N(1), viz. isomer B rather than A shown in Fig. 3. This asym-
metry will be considered further in the analysis of the NMR
spectra of 1 and 2 (see below).

The two five-membered chelate rings incorporating the pyri-
dine rings are puckered, as shown by the values of the Zn/N(2)/
C(7)/C(8) and Zn/N(3)/C(13)/C(14) torsion angles of —40.8(7)°
and —47.0(7)°, respectively. Similar torsion angles of —38.1°
and —47.0° were observed in the manganese(i1) analogue. The
two pyridine rings in complex 1 are fixed at right angles to one
another and adopt a A configuration. The two halves of the
ligand are oriented away from one another in an anti configur-
ation. This gives rise to an intramolecular Zn - - - Zn distance of
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Table 1 Crystallographic data for [Zn,(tmpdtne)Br,][C1O,],-2DMSO
1 and [Zn,(tmpdtnp-O)][C1O,];-0.5H,0 5

1 5

Formula C4,HgBr,CILN(040S,Zn, C;0Hy,CL3N,Oy;557Zn,
M 1294.62 1116.0
Crystal system Triclinic Orthorhombic
Space group Pl(no. 2) P2,2,2, (no. 19)
alA 8.103(1) 18.863(9)
bIA 13.576(2) 19.011(5)
clA 13.987(2) 12.663(6)
al® 111.59(1)
pr 105.18(1)
y° 95.82(1)
VIA3 1346.9(4) 4540(2)
VA 1 4
T/IK 296 220
A 0.7107 (Mo-Ka) 0.7107 (Mo-Ka)
DJgcem™ 1.596 1.632
F(000) 662.0 2308
#(Mo-Ka)/em™! 26.17 26.23
No. data measured 5143 5840
No. unique data 4774 5840
No. observed data 3415 3195

/= 3a())]
R 0.055 0.072
R 0.070 0.067
Maximum Ap/e A=3 1.42 0.95

Table 2 Selected bond distances (A) and angles (°) for [Zn,(tmpdtne)-
Br,][CIO,], 1

Zn-Br 2.501(1) Zn-N(3) 2.211(6)
Zn-N(1) 2.244(5) Zn-N(4) 2.139(5)
Zn-N(2) 2.247(6) Zn-N(5) 2.216(6)
Br-Zn-N(1) 93.3(2) Br-Zn-N(2) 169.2(1)
Br-Zn-N(3) 108.9(2) Br-Zn-N(4) 99.1(2)
Br-Zn-N(5) 86.5(2) N(1)-Zn-N(2) 79.6(2)
N(1)-Zn-N(3) 81.0(2) N(1)-Zn-N(4) 112.9(2)
N(1)-Zn-N(5) 153.7(2) N(2)-Zn-N(3) 78.3(2)
N(2)-Zn-N(4) 76.5(2) N(2)-Zn-N(5) 103.5(2)
N(3)-Zn-N(4) 148.1(2) N(3)-Zn-N(5) 74.3(2)
N(@)-Zn-N(5) 93.0(2)

6.545(9) A, which is 0.27 A shorter than in the manganese(1r)
analogue.?* This difference in M - -+ M distances is not due to
changes in the orientation of the two halves of each complex
but is most likely to be due to the larger ionic radius of Mn"
0.97 A), ¢f. Zn™ (0.88 A),” a difference which gives rise to
longer M-N distances in the manganese complex (average 2.31
A), ¢f. 1221 A).

The bonds connecting the zinc(11) centres to the pyridine and
tacn nitrogens span the range 2.14-2.25 A (Table 2) but are
typical of zinc(i)-amine complexes.'"*?*° Distortion from
octahedral geometry is highlighted by the N(1)-Zn-N(5),
N(@B)-Zn-N(4) and N(2)-Zn-Br angles of 153.7(2), 148.1(2)
and 169.2(1)° respectively, which are considerably less than
180°. Slightly greater deviations were evident in the man-
ganese() analogue.”> These distortions from octahedral
geometry are largely due to the constraints imposed by each
half of the ligand in forming five fused 5-membered chelate
rings and steric effects contributed by the bulk and orientation
of the pyridine rings (see Fig. 1).

The structure of complex 5 comprises one dinuclear unit,
three perchlorate anions and half a molecule of solvent water.
The closest non-hydrogen contact in the lattice [ie. not
involving the disordered components of the CI(1)O, anion] of
2.70(3) A occurs between O(12) and O(14), i.e. solvent water
molecule, atoms; symmetry operation i —0.5 + x, 0.5 —y,
1 — z. The O(9) atom also forms a contact of 2.94(3) A with
the O(14%) atom; ii 1 —x, —0.5+y, 0.5 — z. The closest
non-hydrogen contact between the ions occurs between the
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Fig. 2 Molecular structure of the dinuclear cation in [Zn,(tmpdtnp-
0)][C10,];-0.5H,0 5 and atom labelling scheme (ellipsoids are drawn at
50% probability).

Table 3 Selected bond distances (A) and angles (°) for [Zn,(tmpdtnp-
0)][C10,];-0.5H,0 5

Zn(1)-0(1) 2.062(9) Zn(2)-0(1) 2.10(1)
Zn(1)-N(1) 2.11(1) Zn(2)-N(6) 2.17(1)

Zn(1)-N(2) 2.27(1) Zn(2)-N(7) 2.31(1)

Zn(1)-N(3) 2.24(1) Zn(2)-N(8) 2.24(1)

Zn(1)-N(4) 2.09(1) Zn(2)-N(9) 2.17(1)

Zn(1)-N(5) 2.28(1) Zn(2)-N(10) 2.12(1)

O(1)-Zn(1)-N(1) 82.3(4) O(1)-Zn(2)-N(6) 82.4(4)
O(1)-Zn(1)-N(2) 162.4(5) O(1)-Zn(2)-N(7) 110.5(4)
O(1)-Zn(1)-N(3) 99.3(4) O(1)-Zn(2)-N(8) 159.2(4)
O(1)-Zn(1)-N(4) 100.9(4) O(1)-Zn(2)-N(9) 96.3(4)
O(1)-Zn(1)-N(5) 106.9(4) O(1)-Zn(2)-N(10)  105.2(4)
N(1)-Zn(1)-N(2) 80.1(5) N(6)-Zn(2)-N(7) 78.6(4)
N(1)-Zn(1)-N(3) 81.1(4) N(6)-Zn(2)-N(8) 81.1(5)
N(1)-Zn(1)-N(4) 160.3(4) N(6)-Zn(2)-N(9)  104.1(4)
N(1)-Zn(1)-N(5) 93.6(5) N(6)-Zn(2)-N(10)  154.4(4)
N(2)-Zn(1)-N(3) 78.4(4) N(7)-Zn(2)-N(8) 78.4(4)
N(2)-Zn(1)-N(4) 95.8(5) N(7)-Zn(2)-N(9)  153.1(4)
N(2)-Zn(1)-N(5) 74.0(4) N(7)-Zn(2)-N(10)  75.8(5)
N(3)-Zn(1)-N(4) 79.2(5) N(8)-Zn(2)-N(9) 75.7(4)
N@3)-Zn(1)-N(5) 152.4(4) N(8)-Zn(2)-N(10)  95.1(4)
N(4)-Zn(1)-N(5) 103.8(5) N(©)-Zn(2)-N(10)  99.4(4)

O(2) and C(9%) atoms of 3.09(3) A; notably O(2) is the only
ordered oxygen atom of the CI(1)O, anion; iii 0.5 — x, 1 — y,
0.5+ z.

The structure of the [Zn,(tmpdtnp-O)** cation in complex 5
shows that deprotonation of the CH,CH(OH)CH, ligand
backbone has occurred and that the two zinc centres are
bridged by the resulting alkoxo group (Fig. 2). This behaviour
contrasts with that of the copper(ir) analogue where deproton-
ation and co-ordination of the CH,CH(OH)CH, backbone is
not supported by the analytical and magnetic data.” The
Zn - - - Zn separation in 5 [3.903(2) A] closely matches the value
of 3.94 A established for the dizinc active site of alkaline phos-
phatase.>*® In contrast, a related alkoxo-bridged zinc(ir) model
complex incorporating an octaazacryptand exhibits a much
shorter Zn---Zn distance of 3.42 A.'*> Asymmetry in 5 is
introduced by the perpendicular arrangement of the two
2-pyridylmethyl pendant arms on each zinc centre and the cis-
disposition of the bridging oxygen relative to the bridgehead
nitrogens, N(1) and N(6).

The co-ordination sphere of each zinc(ir) centre is occupied
by five nitrogen donors and the oxygen from the bridging alkox-
ide from the ligand, creating a distorted octahedral geometry.

N / N// NS ]N / N
~_ | ~N— ~_ | N—
Br/zn\N/A N/Z‘n\N'A
<1
N — |
[ ~ Br
=
Isomer A Isomer B

Fig. 3 Isomers arising from positioning of bromide ligand trans (A)
and cis (B) to the bridgehead nitrogen.

The Zn(1)-O(1) and Zn(2)-O(1) bond lengths of 2.062(9) and
2.10(1) A (Table 3), respectively, are shorter than the Zn-N
bonds (average 2.2 A). Even shorter Zn—O bonds of 1.93 A
were observed in the zinc(mr) complex of a propanol-bridged
octaazacryptand.’> The steric limitations of the ligand cause
the apical angles in 5 to be bent at 162.4(5)° for O(1)-Zn(1)—
N(2) and 159.2(4)° for O(1)-Zn(2)-N(8). The chelate rings
involving the 2-pyridylmethyl arms are puckered as shown by
the torsion angles of —52(1) and —44(1)° for Zn(1)-N(2)-
C(13)-C(14) and Zn(1)-N(3)-C(7)-C(8), and 42(1) and 38(1)°
for Zn(2)-N(8)-C(28)-C(29) and Zn(2)-N(7)-C(34)-C(35).
Despite the constraints introduced by the rigidity of the alkoxo
bridge these torsion angles are similar to those observed for 1
(see above).

Solution NMR spectroscopic examination of complexes 1-5

A detailed NMR study of complexes 1-5 has identified some
interesting spectral variations, which can be ascribed to changes
in structure in solution. At room temperature the 'H NMR
spectra of 1 and 2 run in dg-DMSO exhibit broad signals (spec-
tra for 2 are shown in Fig. 4) suggesting that the CH, and CH
protons exchange between different environments on the NMR
timescale. The sharper signal due to d;-DMSO (a contaminant
in the deuteriated solvent) indicates either that it is not co-
ordinated or that co-ordinated d;-DMSO exchanges rapidly
with the bulk solvent.

In an attempt to resolve the overlapping signals within the 'H
NMR spectra of complexes 1 and 2, spectra were recorded at
363 K (the freezing point of DMSO and insufficient solubility
in other solvents prevented lower temperature NMR studies).
The resulting spectra exhibit sharper, readily assignable signals
(see Fig. 4). The tacn ring protons of each complex (signals 1-3)
appear as multiplets in the J 2.5-3.3 region while the bridging
methylene protons appear at J 2.80 (1), and 2.58 and 1.36 (2).
For both complexes, the mutually coupled CH, protons con-
necting the pyridine rings to the tacn macrocycle (signals 4)
form an AB system and thus appear as a doublet of doublets
centred at 0 4.14 (1) and 4.32 (2). The aromatic protons of the
pyridine rings appear between J 7.5 and 8.1. Complex 2 exhibits
a triplet at 6 7.51 [H(8) protons], a doublet at ¢ 7.57, [H(6)
protons] and two overlapping signals at ¢ 8.09 [H(7), triplet;
H(9), doublet]. Twice the number of signals are found in the
aromatic region of the cobalt(ir) analogues.®! Thus, while iso-
mer B (Fig. 3) is stabilized in the solid state for both 1, 2 and the
cobalt(ur) analogues, in solution this stereochemistry is pre-
served only for the cobalt(ir) complex. In DMSO at 363 K the
zinc(1) complexes adopt a structure which essentially preserves
the symmetry of the ligand.

The J-modulated *C NMR spectra of complexes 1 and 2,
also run at 363 K, showed clear and sharp signals allowing
each unique carbon atom to be assigned (see Fig. 4 for
spectrum of 2) in each complex. Half the signals are observed
for 1, ¢f. the cobalt(tr) analogue, further confirming that a more
symmetric geometry is adopted in solution at elevated
temperatures.

Two important questions about the NMR spectra of com-
plexes 1 and 2 need addressing: (i) why are the number of
resonances observed only half of those seen for the cobalt(1ir)
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Fig. 4 Proton and *C NMR spectra of [Zn,(tmpdtnp)Br,][ClO,], 2
run in dg-DMSO at either 300 or 363 K.

analogues; (ii) why do the signals become sharper when the
temperature is increased?

The crystal structure of complex 1 shows that the bromide
ions are co-ordinated cis to the bridgehead nitrogen, N(1), such
that the arrangement of the ligand around each zinc(1r) centre is
asymmetrical with the two chelate rings involving the pyridine
rings being inequivalent. If the zinc(i1) complex were to retain
this geometry in solution, the 'H and *C NMR spectra should
be sharp and exhibit twice as many resonances as found for
[Co,(tmpdtne)CL,][ClO,],.3' For both complexes, it is possible
that in solution at 363 K DMSO binds at a position trans to the
bridgehead nitrogen (Scheme 2a). This would require replace-
ment of the bromide ligands, which prefer to bind cis to the
bridgehead nitrogen. This may also have been expected to give
rise to broad signals due to DMSO (partly deuteriated). Our
preferred interpretation is that the bromide anions are released
from the zinc(m) centres and that this results in a square-
pyramidal zinc(mr) geometry with the bridgehead nitrogen in the
apical position (Scheme 2b). The structures of the copper(ir)
complexes of several of these ligands clearly highlight their
preference for forming square-planar five-co-ordinate com-
plexes. For the cobalt(ir) complexes, slow exchange kinetics and
a lower propensity to reduce coordination number make this
unlikely.

The room temperature '"H NMR signals are broadened
because of exchange between different conformations of the
complex. An equilibrium (1) is established between various

[Zn,LBr,* =— [Zn,LBr]** =— [Zn,L]*" (1)
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Fig. 5 Proton and *C NMR spectra of [Zn,(tmpdtnp-O)][CIO,]; 5
run in dg-DMSO at either 300 or 363 K.

forms of each complex and these interconvert on the NMR
timescale. However, when the solution is heated the equilibrium
is shifted to the right and the number of '"H NMR signals
indicates that the pyridine rings are arranged symmetric-
ally around the zinc(mr) centres, as was found in the crystal
structures of the copper(ir) complexes.’*?* The ESI mass spec-
tra confirm that species corresponding to the loss of one or
both bromides can be generated viz. [Zn,LBr(ClO,),]" and
[Zn,L(Cl0,);]". An increase in conductivity from =~ 80 S cm?
mol ™! at 300 K to ~ 130 S cm® mol™" at 363 K supports this
conclusion.

In contrast to complexes 1 and 2, the '"H NMR spectra of 3
and 4 were resolved at 300 K. In particular, the aromatic region
for 3 corresponds well to that of 1 and 2 at 363 K while that of 4
also exhibits signals due to the m-xylyl ring. For these com-
plexes, the more symmetric geometry is adopted even at room
temperature. Within the series of complexes 1-5, the spacers
joining the two halves of the ligand are longest in 3 and 4
and it would be anticipated that these complexes would have
longer Zn - -+ Zn separations. It may then be postulated that,
due to reduced electrostatic effects, the equilibrium (1)
favours the higher charged species for 3 and 4 (i.e. moves to
the right). Thus, 1-4 follow a consistent pattern in that the
complexes with anticipated shorter Zn---Zn separations (1,
2) exhibit fluxional behaviour at room temperature which is
no longer evident for those with longer Zn - - - Zn separations
3, 4).

The room temperature 'H and *C NMR spectra of complex
5 (Fig. 5) are different to those of 1-4 in that they exhibit twice
the number of signals. The CH, protons of the propoxide
bridge are in different environments and couple to each other
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Scheme 2 Possible structural rearrangement of zinc(ir) complexes in
DMSO solution.

and the central CH proton in the bridge. As was found for the
tmpdtnp-OH ligand, this gives rise to multiplets at ¢ 1.25 and
1.77. A multiplet at J 2.34 corresponds to the central CH proton
of the propoxide bridge. Since the bridging alkoxo group is
located cis to the bridgehead nitrogen (essentially isomer A in
Fig. 3 is generated), the carbons within each half of the ligand
are inequivalent and give rise to separate *C NMR signals. A
further consequence of this is that each set of CH, on the tacn
rings and CH protons of the pyridyl rings gives rise to different
signals and, thus, twice the number of signals are observed
when compared to those of 3 and 4.

Conclusion

The series of zinc(11) complexes presented here have been found
to display interesting variations in their solid state and solution
stereochemistry. In one example, the asymmetric arrangement
of donor atoms within the octahedral co-ordination sphere of
Zn" observed in the solid state is replaced by a more symmetric
solution geometry (possibly square pyramidal through loss of
the halide ligand) at elevated temperatures. At lower temper-
atures broad 'H NMR signals indicated rearrangement between
different structures on the NMR timescale. As the bridge link-
ing the two pentadentate compartments of the ligands is
lengthened, the more symmetric stereochemistry is adopted
even at room temperature. This particular property of these
complexes could well be exploited in hydrolytic studies related
to the function of various zinc bio-sites.

A bridged binuclear zinc(i1) complex has been generated for
the tmpdtnp-OH ligand in which an endogenous alkoxide
group, formed by deprotonation of the 2-propanol backbone,
links the two zinc(11) centres. This is in contrast to the analogous
copper(i1) complex for which there is no evidence of deproton-
ation and co-ordination of the CH,CH(OH)CH, group.?® The
intramolecular Zn - - - Zn separation of 3.904(2) A is in agree-
ment with the M - - - M separation observed for the active site
of alkaline phosphatase.®*
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