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Abstract 

This thesis is in two distinct but related parts. The first deals mainly with 

manganese complexes of multinucleating Schiff-base macrocycles derived by 

condensation of 2,6-diacetylpyridine (DAP) and 1,3-diamino-2-hydroxypropane 

(H2LI, 14LI'), or 1,3-diaminopropane (L13). Six tetramanganese(II) complexes of 

H2LI and H4LI', three pentamanganese(II) complexes of H2LI and one mixed­

valence manganese(IIhmanganese(IIIh complex of L13 were synthesised and 

characterised by single crystal X -ray structure analysis. A mechanism for the 

observed ring expansion reaction from the (2+2) macrocycle (H2LI) to the (4+4) 

macrocycle (H4LI') is proposed and supported by the results of 252Cf PDMS, 

conductivity and EPR measurements. Possible reasons for the isolation of three 

pentamanganese(II) complexes as well as a tetramanganese(II) complex of H2Ll in 

the presence of acetate ions are discussed. The mixed-valence complex of Ll3 has 

led to the proposal of a new mechanism for water oxidation by the OEC (oxygen 

evolving complex) of photosystem II in green plants. The complexes are discussed 

in terms of their relevance as models for the OEC. This includes discussion of the 

results of EXAFS (Extended X-ray Absorption Fine Structure), XANES (X-ray 

Absorption Near Edge Spectroscopy), cyclic voltammetric and magnetic 

susceptibility studies. An unusual eight-coordinate manganese(II) complex of DAP 

was prepared and structurally characterised, as was a macrocyclic dilead complex 

with unusual single atom bridging via the nitrogen atom of a thiocyanate ligand. 

Less constrained noncyclic ligands are described in the second Section. These 

are related to the macrocyclic systems, and are derive~ from the condensation of 

formyl- or acetylpyridine derivatives with l,n-aminoalcohols. Particular emphasis 

was given to manganese complexes because of their potential relevance to the OEC. 

Two ligand realTangement reactions, involving the pyridine nitrogen and resulting in 

the formation of five-membered rings, were observed and possible mechanisms are 

proposed. Sixteen single crystal X -ray structure determinations were performed 

including those of eight manganese(II) complexes. 
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Chapter 1 

REVIEW 

1.1 Introduction 

One of the major aims of the work described in this thesis was to prepare 

model compounds for the manganese-containing oxygen evolving complex (OEC) in 

photosystem II (PSm. Hence Section 1.2 outlines what is currently known about 

2 

the OEC and demonstrates how well characterised model compounds could make a 

valuable contribution to interpreting data obtained on the OEC. Some of the 

manganese model compounds prepared to date are discussed in Section 1.3, and 

finally, as most of the model compounds prepared during the course of this work were 

complexes of macrocyclic (or closely related noncyclic) ligands, the synthesis and 

properties of macrocycles are reviewed in Section 1.4. In this Section particular 

emphasis is given to the discussion of the chemistry of polynucleating Schiff-base 

macrocycles of the type employed in this work. 

1. 2 Role of Manganese • 
In Photosystem II 

Green plants carry out the fundamental life process of photosynthesis: 

H20 + C02 + light -t 02 + carbohydrate ( 1) 

This transformation involves interactions between many different complex 

molecules and metalloproteins which absorb light energy, transfer electrons, bind 

substrates and so on. A brief outline of these reactions is shown in Figure 1.1 A 

manganese-containing metalloprotein in photosystem II (indicated by the red circle 

in Figure 1) is responsible for binding and subsequently oxidising water to release 

oxygen; there have been several recent reviews of this general area by Govindjee2, 

Dismukes3, Renger4, Pecorar05 and Volkov6. In this Section current understanding 

of this manganese-containing oxygen evolving centre (OEC) is reviewed. 
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Figure 1: An outline of the reactions of PSI and PSII. Mn=Mn cluster 
(OEq, P680 and P700=chlorophylls, PQ=plastoquinone, cyt f=cytochrome f, 
PC=plastocyanin, Fd=ferrodoxin, R=reductase. 

A major advance in understanding the action of the OEC was provided by 

Joliot et al7,8 and Kok et afJ who studied isolated whole spinach chloroplasts 

maintained in buffered solutions. When dark-adapted chloroplasts were exposed to 

a series of flashes of light the oxygen evolution varied as shown in Figure 2.8 
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Figure 2: Variation in oxygen evolution of dark-adapted chloroplasts with 
flash number. Normalised flash yield= yield/steady state yield. 

To explain this cyclic variation with periodicity four Kok9 proposed that there were 

five oxidation levels So, Sl, S2, S3 and S4 (S-states) organised as follows: 

3 
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Figure 3: The functional organisation of the S-states. 

Dark adaptation causes S2 and S3 to return predominantly to Sl (So is stable in the 

dark and remains at an approximately constant level). This results in the first 

maximum of oxygen evolution being observed on the third flash as S4 returns to So 

(Figure 2). Damping to a steady state oxygen evolution rate occurs quite rapidly 

because the S-states get out of phase due to "misses" (some centres not oxidised 

by the flash) and "double hits" (some centres oxidised twice in one flash). 

4 

Manganese-deficient chloroplasts show inhibited oxygen evolution which can 

be reactivated by the addition of Mn2+, demonstrating that manganese is involved in 

the oxidation of water. 10,11 The first direct spectroscopic evidence for the 

involvement of manganese was the observation of a manganese multiline EPR 

(Electron Paramagnetic Resonance) spectrum of the S2 state by Dismukes and 

Siderer in 1981.12 Extraction experiments have shown that there are four 

manganese atoms per active centre and this is now generally accepted as 

correct. 11,13 However, there is some question as to whether all four form a single 

tetranuc1ear cluster14 or whether there are smaller tri or bi and/or mononuclear 

clusters present.5,15 There is also some debate over whether or not two of the four 

manganese atoms can be replaced by other divalent metal ions such as Mg2+ .11 

These uncertainties are due to the many difficulties associated with the study 

of large and complex biomolecules. Attempts to isolate the manganese 

metalloprotein intact from the chloroplast have been unsuccessful to date, ruling out 

a definitive single crystal X-ray structure determination and limiting investigations 

to the study of various chloroplast preparations. Techniques which can overcome the 

problem of high dilution of the manganese active centre within the surrounding 

protein 16 by focusing on the manganese active centre itself are particularly useful. 

Examples of such techniques are EPR, magnetic susceptibility, EXAFS (Extended 

X-ray Absorption Fine Structure)17,18 and XANES (X-ray Absorption Near Edge 

Spectroscopy)18 ; the results of these investigations are presented in this Section. 

One difficulty with all of these techniques is that the results can be ambiguous, 

leading to a need for well characterised model compounds of similar structure and 

oxidation levels to aid in the interpretation of the results. 

XANES, EPR and electronic spectral studies have shown that the oxidation 

states of the manganese ions vary as the active centre cycles through the S-states 

but the specific oxidation levels are still unknown. XANES should provide 

information on the manganese oxidation states because the manganese K- and L-



5 

edge positions are sensitive to the electron density about the manganese. Because 

of experimental limitations only K-edges have been reported to date. The problem 

with K-edges is that other factors, including the number and type of donors and their 

coordination geometry, also affect the electron density about the manganese and 

therefore the position is not a direct indication of the manganese oxidation state. 

The observed K-edge for dark adapted (S1) samples falls in the range expected for 

Mn(III) complexes.19 There appears to be Mn(IV) present in S2 (by comparison 

with model compounds) and there is some structural rearrangement occurring on 

going to S3 which causes the K-edge position to fall between that of S1 and S2.19,20 

An alternative, and indistinguishable (due to the sensitivity of K-edge XANES to 

both oxidation state and geometry) reason for the latter result would be that there is 

no oxidation level change occurring as S2 ----t S3 . 

Cramer has used polarised synchrotron radiation to study the K-edges of 

oriented chloroplasts in the S1 state (Figure 4).21 

fl 
Iii 

1.0 

f 0.5 
S 
ia 

~ 

J 

a 

6550 
Energy (eV) 

I 
J 

e600 

Figure 4: Manganese K-edge XANES of oriented chloroplasts in the Sl state. 

The small, formally dipole-forbidden Is----t3d transition observed at about 6540.8eV 

suggests that the manganese sites do not approach tetrahedral geometry 

(tetrahedral complexes have extensive p d orbital mixing which causes this 

transition to be intense). When the X-ray electric field vector is at an angle of 15° 

(8) to the membrane normal, features at 6567eV and 6564eV are observed. These 

merge to a single broad feature at 6560eV when 8=90°. This implies that the 

manganese cluster is highly oriented in the membrane but is not a highly symmetric 

structure (see later). This group is generating a database of model compound L­

edge spectra using new more sensitive detectors. It appears that oxidation states 

can be assigned with much more confidence than for the K -edge studies because of 



the sharper line widths and different selection rules for L-edge data. More model 

compounds are needed so that further comparisons can be made and hence more 

accurate information obtained from the data on the S-states. 

Detailed EPR studies led Brudvig and Crabtree to conclude that the four 

manganese ions in S2 are probably arranged as a dimer of dimers with one of the 

three EPR-consistent sets of oxidation levels shown in Table 1.22 

Table 1. Possible manganese oxidation levels in the OEC. 

State A B C 

So (IIIh(IV) (II) (IIIh (IIh(III) 

SI (III)2(IV)2 (III)4 (II)2(III)2 

S2 (III)(IVh (IIIh(IV) (II)(IIIh 

S3 (IV)4 (III)2(lV)2 (III) 4 

S4 (IVh(V) (IU) (IVb (III)3(lV) 

To explain the observed EPR data Brudvig has concluded that there must be large 

anti ferromagnetic exchange coupling within each dimer and ferromagnetic exchange 

coupling between dimers. Exchange coupling of this sort has also been observed in 

the Fe4S4 and CU404 clusters.14 The temperature dependence of the EPR signals 

was explained in terms of a temperature dependent conformational change.23 
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Hansson et al have interpreted their EPR data as being consistent with the 

S2 state comprising a binuclear Mn(In)Mn(IV) complex in redox eqUilibrium with an 

almost axial Mn(III) ion from a separate mononuclear centre.15 The possibility of a 

trinuclear cluster has not been excluded either.5,23 

One concern about these EPR studies is that they are run at low 

temperatures and the electron density distribution between the manganese and the 

ligands may well be temperature dependent.4 Hence Dismukes has measured the 

changes in room temperature magnetic susceptibility as a function of S-state.24 

These results are inconsistent with a sequential one-electron oxidation of water and 

indicate that no oxidation of water occurs until S4. This supports the often stated 

concept that the manganese cluster acts to store oxidising equivalents.2,5,14,19 

Difference ultraviolet spectra appear to indicate that the So ~ SI transition 

may be a Mn(II) ~ Mn(lli) oxidation, whereas SI ~ S2 and S2 ~ S3 are probably 

Mn(In) ~ Mn(IV) oxidations.25 This favours set B oxidation states (Table l)but is 

not definitive because other factors, such as the type of donor atoms and the overall 

charge of the complex, may also affect the electronic spectrum.4 Changes in the 

visible absorption spectrum have been tentatively assigned to electrochromic shifts 

which arise from a net change in the overall charge of the OEC. The observed 

pattern indicates that there is a positive surplus of charge in states S2 and S3 



relative to So and S1.26 This pattern is in agreement with that found by the study of 

P680 re-reduction kinetics.27 

EXAFS studies on the manganese in chloroplast preparations give 

information on the type (atomic weight) and number of donor atoms, and their 

distance from manganese. Interpretation of the EXAFS data is ambiguous and 

therefore (as for XANES) structurally characterised model compounds are very 

important as they allow valuable comparisons to be made. Nitrogen and oxygen 

atoms can not be distinguished by this method because of their very similar atomic 

weights. EXAFS indicates that there is no major structural change on S 1 ---7 S2,19 

Klein and co-workers conclude from their data that for both the S 1 and S2 states 

there are 2±1 oxygen and/or nitrogen donors bridging the manganese atoms at ca. 

1.75A and 3±1 oxygen and/or nitrogen atoms bound terminally to the manganese at 

ca. 2.ooA,19,28 These donor atoms are thought to be from protein amino acids (e.g. 

nitrogen from histidine29 or oxygen from tyrosine30,31). A second manganese atom 

at ca. 2.70A and further manganese centres at 3-4A can be accommodated by this 

EXAFS data. 

Cramer and co-workers have used polarised synchrotron radiation in their 

oriented EXAFS study of S1 (Figure 5).21 In contrast to previous results, they find 

no evidence for a short 1.7SA interaction. These results indicate 2±1 oxygen and/or 

nitrogen atoms at an average of 1.9A from each manganese atom. The low 

coordination number is thought to result from a broad range of contributing bond 

lengths (e.g. caused by Jahn-Teller distortion about Mn3+) rather than being a true 

low coordination number. Little angular dependence was found for the manganese­

oxygen/nitrogen interactions. The data indicate 2.1±1 and O.8±O.3 other manganese 

atoms at distances of 2.7 and 3.3A respectively and these interactions show 

significant angular variation. These results, along with the XANES results outlined 

earlier, led Cramer to conclude that both the symmetrical regular cubane (see later, 

Figures 9 and 10) and "butterfly" (see later, Figure 9) structures are ruled out by 

this data but similar, less symmetrical versions are still possible. 

0.4 b 

R + lolA) 

Figure 5: EXAFS Fourier transforms of oriented chloroplasts in the Sl state. 

7 
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The question of whether or not chloride ions bind directly to manganese in the S 1 and 

S2 states is not resolved by these studies but it is thought that a maximum of one 

chloride per manganese could be accommodated by the EXAFS data. 19 ,32 The 

reason for the difficulty in determining chloride ion content is that the Mn-CI bonds 

(particularly for bridging chloride, Section 1.3) may occur at about the same distance 

as the Mn-Mn interactions i.e. 2.7 A. 
After some initial disagreement,33 chloride depletion studies have shown that 

about 4 chloride ions per psn are essential to oxygen evolution.3 Oxygen evolution 

from chloride-deficient chloroplasts can be reactivated by adding CI- or an ion with a 

similar volume, such as Br, as shown in Figure 6.33 

1.0 

0.5 

0.0 ..r----=-:=-±----------'''''----'=o---:o=--f 

F-OH-Ac- so:' pol 

-0.5 ..r----r---r-----,----,..---,-----1 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Anion volume (cubic nm) 

Figure 6: Effect on oxygen evolution of the treatment of chloride-deficient 
chloroplasts with Xn-. Normalised oxygen evolution rate=rate-rate of control. 

This indicates that there is some steric hindrance or access restriction around the 

chloride ion binding site which blocks the binding of larger anions. Smaller anions 

may inhibit oxygen evolution by binding at the water (substrate) binding site. 

Evidence for the existence of different binding sites for water and chloride 

ions comes from EPR-probed experiments. No differences have been observed 

between the S2 multiline EPR spectra of chloride- and bromide-treated chloride­

deficient chloroplasts implying that these ions do not bind directly to the manganese 

c1uster.34 However, recent work indicates that tightly bound chloride may not have 

been removed in this experiment and that when all of the chloride is removed 

bromide inhibits the formation of the multiline signal.35 It is generally agreed that in 

the native OEC chloride is necessary for the production of an EPR detectable S2 

state.34,35 The addition of 170H2 or NH3 causes changes in the multiline EPR 

spectrum of S2 indicating that these molecules bind directly to manganese.36 EPR­

probed amine binding studies suggest that only NH3 can bind directly to manganese, 

thus inhibiting oxygen evolution by competing with H20 (poorer base/nuc1eophile) 
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for the substrate binding site on the manganese cluster.37 The other bulkier amines 

(NRR'OH; R,R'=H,Me) do not bind directly to manganese but delay the S2 multiline 

EPR signal formation by two light flashes, probably by competing with chloride at the 

chloride binding site and reducing the manganese cluster by two electrons (S_I).38 

Thus it appears that the manganese substrate binding site is selective for the 

coordination of small Lewis bases. 

The interpretation of these EPR-probed ligand binding studies is difficult and 

there is still some uncertainty over the proposed binding sites and their properties. 

Hence the role of chloride (reviewed by Critchley in 198533) is still the subject of 

much debate.39 Chloride may be bound directly to the manganese cluster, stabilising 

the higher S-states,35,39(b) and controlling the binding of water and the oxidation 

potential of the S2 state.3 Bound chloride may also facilitate electron transfer by 

bridging the manganese ions (see later, Figure 8).33 Alternatively, the chloride may 

not be bound directly to the manganese cluster but to another site in close proximity. 

In this case the chloride could serve to balance charge, or to maintain the structure 

around the manganese cluster. 

The proton release pattern observed as the OEC cycles through the S-states 

has been determined by monitoring the changes in pH using highly sensitive glass 

electrodes4 or suitable pH indicators (e.g. neutral red)40. However all other proton 

movements have to be subtracted out, and in the case of pH indicators, changes in 

absorbance due to other factors must also be taken into account. The generally 

accepted pattern is 1,0, 1,2 for So ~ SI , SI ~ S2, S2 ~ S3 , S3 ~ SO; although 

these protons do not necessarily result directly from deprotonation of the bound 

water molecules. Which S-state first binds the substrate water is still unclear. 

Hansson41 showed by EPR of 170H2-treated PSII particles that there is 170 bound 

in the S2 state. However, if the manganese atoms are bridged by exchangeable 

oxo!hydroxo ions then this study tells us nothing about the binding of the 

substrate.36 Radmer and Ollinger have used mass spectroscopic methods to detect 
1802 VS 180 160 VS 1602 evolution from 180H2 treated OEC.42 This study indicates 

that water is not unexchangeably bound before S3. Beck and Brudvig have proposed, 

by analogy with their observation that NH3 binds directly to manganese only after 

the formation of the S2 state, that H20 binding may be triggered by the formation of 

an especially electron deficient S3 state.36 

Interpretation of the available biochemical data has led to a large number of 

proposals for the structure of the active site as it cycles through the S-states to 

produce oxygen.6 Four of the more recent suggestions are described below. 

A binuclear active site is still favoured by some workers. An example is the 

scheme outlined in Figure 7 proposed by Saygin and Witt in 1987.43 Two water 

molecules are bound as S4! returns to So with concomitant loss of two protons. One 

of the remaining protons is stabilised by H-bonding to the oxygen atom of the second 
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hydroxide. This is proposed to account for the lack of proton release accompanying 

S 1 --7 S2. The resulting overall positive charge on S2 is balanced by outer sphere 

coordination of chloride. Some redox active group D is oxidised in the S3 --7 S4 step. 

Oxidation of the bound oxo atoms then occurs as S4 --7 S4', possibly via a 2Mn(llI) 

peroxo intermediate. No suggestions were made as to the rest of the bridging or 

terminal donors of the manganese coordination sphere, other than that they would be 

from polypeptides. The oxidation states are consistent with the current electronic 

spectral and XANES data; also the proton release pattern (1, 0, 1, 2) and positive 

surpluses of charge on S2 and S3 are as observed for the OEC. 

Figure 7: The possible states and configurations of water and manganese in the 
OEC cycle proposed by Saygin and Witt. D=electron carrier between P680 and 
the OEC. 

In 1984 Critchley and Sargeson44 proposed a tetramanganese cluster with 

chloride bridging as shown in Figure 8. The manganese cycles through quite low 

oxidation states which are inconsistent with current XANES data. The proton 

release pattern 1,0, 1,2 is as for the model proposed by Saygin and Witt. In this 

model chloride bridging is proposed to facilitate the necessary electron transfers and 

to stabilise the cluster. It is known that bridging chloride can lead to 

antiferromagnetic coupling of metal ions and EPR silent systems.44 This could 

explain the lack of EPR signal from the So state. Two two-electron oxidation steps 
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Figure 8: The possible states and configurations of water and manganese in 
the OEC cycle proposed by Critchley and Sargeson. 
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are a feature of this model. The fIrst oxidation of water occurs during S2 ~ S3 which 

contradicts results which indicate that no water oxidation occurs prior to S3.24,42 

Vincent and Christou29 have proposed a similar "butterfly" shaped structure 

for the SO, S 1 and S2 states of their suggested mechanism of water oxidation (Figure 

9); substituting bridging oxygen for the bridging chlorine atoms in the above 

proposal. 

Ml-0l7+ e· 

t~1 ~hu 
I O-I-Ml --,-/ , S 3;+ 

Ml--O 4 

Figure 9: The possible states and configurations of water and manganese in the 
OEC cycle proposed by Vincent and Christou. 

The proton release pattern is again 1, 0, 1, 2 but this is where the similarities end. 

To rationalise the H+ release pattern, they have invoked the protonation and 

deprotonation of a histidine residue.29 Higher oxidation states (Table 1, set B) are 

suggested for S3 (Mn(IIIhMn(IVh) and S4 (Mn(III)Mn(IVh) and the structural 

rearrangement on oxidation of S2 ~ S3 suggested by XANES studies20 is proposed 

to involve pivoting of the two "wingtip" Mn-O vectors about the 1.13-0 atoms to 

create a Mll404 cubane. The Mn202 base is not required to move during this 

manoeuvre but the wing-tips do shift, bringing the H20 molecules much closer 

together. Subsequent deprotonation allows cubane formation. Oxidation to S4 

causes the transfer of two electrons from oxygen to manganese and 0-0 bond 

formation (bound peroxide). Continued approach of the 0 atoms causes the 

manganese atoms to pivot further apart, two further electrons to be transferred to 

manganese, and oxygen to be evolved as the assembly returns to the So butterfly. 

conformation. One feature of this mechanism is that it allows two two-electron 

oxidation steps to occur after S3 formation rather than one four-electron step. 

An Mll404 cluster also forms the active centre in Brudvig and Crabtree's 

proposal (Figure 10).22 
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Figure 10: The possible configurations of water and manganese in the OEC 
cycle proposed by Brudvig and Crabtree. 
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To account for the EPR signals from the S2 state, and the EXAFS and XANES of the 

51 state, the M11404cubane would have to be elongated along one of its axes. None 

of the three sets of EPR-consistent oxidation states (Table 1) can be conclusively 

ruled out. An argument against set A is that an Sl state of Mn(IIIh(IVh may be 

too oxidised to be consistent with K-edge XANES studies - although K-edge 

XANE5 interpretation is difficult. The favoured set is set B due to factors already 

outlined above. An attractive feature of this scheme is that the manganese atoms do 

not need to move very much in converting from cubane to adamantane forms. This is 

an advantage as the manganese atoms are expected to be anchored to the 

surrounding protein and hence may not be very mobile. This model incorporates a 

structural change S2 --7 53 cubane --7 adamantane, to fit the XANES data, due to the 

Mn404 cluster becoming sufficiently electron deficient to bind H20 with subsequent 

rearrangement. Further electron loss causes the high valent manganese to pull 

electrons away from the oxygen, triggering formation of an 0-0 bond. Reduction of 

manganese and nucleophilic attack by the bridging oxygen atoms then causes oxygen 

release. The observation that 170 is bound to 52 (as shown by EPR) is explained by 

assuming that there are exchangeable !l-oxo groups bound to the manganese 

cluster. 
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1.3 Model Complexes for the OEC 

Much recent research effort has been directed towards producing compounds 

which will mimic the oxygen evolving complex (OEC). Several approaches have 

been taken in the development of functional water-splitting model compounds. Some 

involve non-manganese complexes which will not be discussed further here.45 The 

manganese model compounds presented in this Section are divided into two groups, 

firstly structural models in order of increasing nuclearity, then functional models. 

Manganese complexes of various nuclearities and oxidation states with 

oxygen and/or nitrogen donors (with and without chloride present) all aid our 

understanding of the OEC by expanding the basic manganese chemistry, showing 

which structures are feasible, and by providing data for comparison with the OEC. 

Numerous binuclear complexes have been characterised; a few of these will 

be presented next. An elegant series of complexes of the ligands 1,4,7-

triazocyclononane (tacn) and N,N',N"-trimethyl-l,4,7-triazocyclononane (Metacn) 

have been prepared by Wieghardt and co-workers.46 These are particularly 

informative because all of the oxidation levels Mn(IIh, Mn(II)Mn(III), Mn(IIIh, 

Mn(III)Mn(IV) and Mn(IVh have been well characterised. In fact, single crystal 

X-ray structures have been reported (two examples in Figure 11) for all but the 

Mn(II)Mn(III) case. 

... 

llA lIB 
Figure 11 

Electrochemical studies indicate that it is possible to generate these dimeric model 

compounds in various oxidation states without dramatically altering the structure. 

This parallels the conservation of the OEC structure upon the So ~ S 1 and S 1 ~ S2 

oxidations. However, Wieghardt has observed that the acetate bridges are quite 

labile (Figure 11);46(b),46(c) this is consistent with the observed reversible inhibition 

of the OEC by acetate being due to the replacement of two water molecules by an 

acetate group (Figure 12), 
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By analogy with this acetate bridging, the H-bonding proposed in the S 1 and S2 

states of Saygin and Witt's scheme (Figure 7) could occur in the native OEC. The 

bis oxo-bridged product (Figure lIB) has Mn-1l20 distances (1.817(5) and 

1.808(4)A) which are similar to the 1.75A distance predicted by Klein and the Mn­

Mn separation of 2.588(2)A is close to the OEC distance of 2.7 A. In comparison, 

the mono oxo-bridged complex (Figure lIA) has a larger Mn-Mn separation of 

3.084(3)A. Dismukes, Lippard and co-workers and Girerd and co-workers have 

reported very similar Mn(IIIh compounds with the hydrotris(1-pyrazolyl)borate 

ligand47 and bipyridine. 48 respectively. 

Acetate bridges are not necessary to hold the dimeric structures together. 

Many bis Il-oxo only bridged structures have also been reported.46(c),49 One 

example is the Mn(III)Mn(IV) complex made by Hodgson (Figure 13A).50 

l3A l3B 
Figure 13 
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The Mn-Mn separation of 2.643(1)A is again comparable to that of the OEC. 

Christou, Hendrickson and co-workers have also characterised binuclear oxo- and 

acetato-bridged mixed-valence complexes.51 In the bis 1l2-0XO mono-acetato 

bridged Mn(III)Mn(IV) complex (Figure l3B) the Mn-Mn separation is 2.667(2)A, 

again very similar to that reported for the OEC. Chloride is bound terminally at 2.327 

and 2.341A, Mn1-C13 and Mn2-C14 respectively. 

As seen in the complexes described above, Mn-Mn distances of 2.6-2.8A are 

characteristic of bis 1l2-oxo-bridged dimanganese complexes.29(c) This indicates 

that a similar structural unit may occur in the OEC. Mono oxo-bridging usually leads 
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to longer Mn-Mn separations of 3.1-3.2 A similar to the 3.3A long Mn-Mn distance 

predicted for the OEC by Cramer. 

A tri 1l2-oxo-bridged Mn(IV) dimer has been characterised.46(c) It has an 

unprecedented short manganese-manganese separation of 2.296(2)A which makes 

it a borderline case as to the question of whether or not this represents a metal­

metal bond. 

Chloride-containing polymanganese complexes are important as they allow 

investigation of the properties imparted by tenninal and/or bridging chloride ions. 

Hendrickson has made the binuclear chloride-containing compounds shown in Figure 

14.52 

14A 14B 
Figure 14 

In the first structure (Figure 14A) the chlorine atoms are tenninally bound to the 

Mn(II) atoms which are bridged by the macrocyclic phenolate oxygens. The product 

of bromine oxidation of this compound (Figure 14B) is mixed-valence Mn(II)Mn(III) 

with chloride bound both tenninally (2.491 (5)A)and in bridging mode (2.766(6)A). 

In this example a change from tenninal to bridging mode is seen to result in a large 

increase in bond length. This long 2.766(6)A Mn-Cl bond is close to the 2.7 A Mn­

Mn interaction of the OEC predicted by EXAFS, and could conceivably be hidden in 

the Mn-Mn envelope. Both of these complexes have longer Mn-Mn separations 

(3.324(4) and 3.168(3)A respectively) than the bis J-L2-oXO bridged dimers. 

Some of the advantages of using large macrocycles to bind more than one 

manganese atom have been exploited in the above examples. Firstly, the 

macro cycle can provide bridging atoms; secondly, the complex is more likely to stay 

intact in solution studies than an aggregate; and thirdly, the macrocycle can be used 

to impose an unusual geometry on the metal ions. 

Nelson and MCKee have also employed a binucleating Schiff-base macrocycle 

to bind two MnCII) atoms (Figure 15).53 
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Figure 15 

In this case the macrocycle holds the two manganese ions at a distance of 

3,418(6)A. Two single-atom bridges (-NCS, -OMe) also link the manganese 

atoms. Air oxidation of MeOH/MeCN solutions of this compound yields dark brown 

Mn(III) products. Binuclear Mn(III) products are also formed when manganese(III) 

acetate is used as the manganese source. A macrocycle closely related to this one 

has been used to form an interesting mixed-valence Mn(IIhMn(IIlh dimer (later, 

Section 2.2, Figure 48). 

Wieghardt and co-workers have produced a trimeric tri J.1-oxo-bridged 

Mn(lV) complex (Figure 16A) by treating an aqueous solution of [(tacnh Mn(IIIh 

(J.1-0)(J.1-MeCOzh](CI04h (Figure llA) with NazHP04/NaBr in the presence of 
. 54 atr. 

16A 16B 
Figure 16 

The Mn-J.1z0 distance of 1.785(6)A is similar to the 1.75A predicted by Klein. The 

manganese atoms are 3.226(1)A apart as seen in the mono oxo-bridged dimers. 

Christou, Hendrickson and co-workers have also made some trimeric complexes.55 

Figure 16B shows a delocalised Mn(II)Mn(lIIh mixed-valence complex held 

together by acetate bridges and a central J.13-0. Difference electronic spectra of this 

and the isostructural Mn(III)3 complex give a very similar profile to that obtained for 

So and S1 in the OEc.Z5(a) A similar J.13-0 trimeric core is found in the Mn(IIl) 
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complex of diethylenetriamine (Figure 17A) prepared by Weatherburn and co­

workers. 56 This complex is the fIrst peroxo-bridged ~anganese compound to be 

structurally characterised (04-04' 1.6(I)A). Addition of a little concentrated HCI 

causes loss of the peroxo signal in the Raman spectrum. This complex is a valuable 
> 

model for the peroxy intermediate in oxygen evolution (Figures 7, 8 and 9). Two 

structurally isomeric (linear vs bent) trinuclear Mn(II)Mn(IIIh complexes have been 

synthesised by Pecoraro and co-workers.57 The bent complex is shown in Figure 

17B. This complex has a g "'" 2 multiline signal as do other mixed-valence bi-52(b) 

and tetranuc1ear58 species. As bi-, tri- and tetramanganese complexes exhibit g = 2 

multiline signals, care must be taken in the derivation of nuclearity and oxidation 

states of the OEC manganese from the g = 2 multiline EPR signal (which also varies 

according to data collection conditions).59 

N23 

17A 17B 
Figure 17 

The [Mn406] adamantane structure proposed by Brudvig and Crabtree 

(Figure 10) in their OEC cycle had been observed previously by Wieghardt (Figure 

18A).60 
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The Mn-Mn distance of 3.21A is similar to the long Mn-Mn interaction (3.3A) 

predicted by Cramer for the OEC, and the Mn-Jl2-0 distance of 1.79A matches well 



19 

with Klein's EXAFS interpretation. This Mn(IV) complex is very stable in water 

indicating that perhaps Mn(V) is necessary to trigger oxidation of water (Table 1, 

set A). An alternative view is that the adamantane core itself is too stable a 

configuration. The latter interpretation would invalidate Brudvig and Crabtree's 

proposed OEC scheme. Recently Armstrong and co-workers have studied the effect 

of protonating the adamantane skeleton at one oxygen giving a [MI140S(OH)] 

core.61 Protonation of the bridging oxygen significantly increased the Mn-O bond 

length from an average Mn-O of 1.79A to an Mn-OH of 1.95A. They also found that 

proto nation caused a dramatic change from ferromagnetic to antiferromagnetic 

coupling (Figure 18B). It was concluded that attempts to interpret the magnetic 

properties of the OEC must take into account changes in the protonation of any 

water derived ligands. 

The first structurally characterised discrete [Mn(II)404] cubane was 

synthesised by McKee (Figure 19A).62 

19A 19B 
Figure 19 

Each manganese atom is seven coordinate; six donors come from the large Schiff­

base macrocycle (Figure 19B) and the seventh donor is an oxygen atom of a semi­

coordinated perchlorate anion. Both Vincent and Christou (Figure 9) and Brudvig 

and Crabtree (Figure 10) have suggested such a structure in the early S-states of 

the OEC. However this particular complex is not oxidised enough to match the 

proposed oxidation states of the OEC. Recent EXAFS of this Mn(H) complex by 

Cramer has shown that although a cubane structure is more symmetrical than the 

OEC (Figure 5), the fIrst shells of scatters occur at similar distances to those of the 

OEC (later Section 2.2).63 Tuchagues and co-workers have calculated the 

theoretical magnetic susceptibility of a four S = S/2 spin system and successfully 

applied this to data on this compound.64 Understanding the magnetic exchange 



properties of multinuclear manganese clusters is important as it will aid 

interpretation of the data available on the OEC. 
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Two mixed-valence [Mn(III)3Mn(lV)03Cl] cu1?anes have since been 

characterised by Christou, Hendrickson and co-workers.58,65 The multiline EPR and 

magnetic data on [Mn403C14(OAc)3(py)3] (Figure 20A) fit an S = 9/2 ground state. 

20A 20B 
Figure 20 

This work shows that the OEC S2 state EPR spectrum could arise from such a 

large-spin ground state. The Mnl-C13 bond of 2.672(2)A is long by comparison with 

terminally bound Cl (e.g. Mnl-C14 2.237(2)A). Models like this, which incorporate 

chloride bridging and Mn-Mn separations of 2.815(2) and 3.272(2)A, should provide 

very useful EXAFS data because they will help determine whether or not a Mn-Cl 

interaction at::::: 2.7 A can be hidden in the Mn-Mn envelope. 

McKee and Tandon have produced a mixed-valence Mn(IIhMn(IIIh complex 

of a tetranucleating macrocycle (Figure 20B).66 This complex adopts a "butterfly" 

conformation like that proposed by Christou and Vincent (Figure 9) for the later S­

states of the OEC. Christou and Vincent have also proposed a similar 

Mn(IIhMn(IIIh mixed-valence configuration for the S-l state.67(b) Each 

manganese has two relatively short interactions with other metal ions and one 

longer separation. A central oxo ion (probably derived from oxygen) binds to all four 

manganese with bond distances ranging from 1.901(4) to 2.249(4)A and bond angles 

varying from 96.1(2) to 141.9(2)°. A single chloride is bound to Mn2(II) at 

2.463(3)A. Therefore this is an important compound to obtain EXAFS and XANES 

data for to compare with the OEC. 

Christou and Hendrickson have also characterised a [Mn402]6+,7+,8+ 

series.29(a),67 The crystal structures of [Mn(IIhMn(IIIh(Oh(02CMe)6(bipyh] 

(bipy = bipyridine) and [Mn(III)4(Oh(02CMe)?(bipyh](CI04) are shown in 

Figures 21A and 21B. The "butterfly" structure of the latter complex led them to 



21 

propose their udouble-pivot" OEC mechanism (Figure 9). The two central 

manganese atoms are in the +III oxidation state in both cases. Surprisingly, an 

additional acetate bridging these central manganese atoms is found in the latter case 

(octahedral coordination) but not in the former, which leads to unusual five­

coordinate (trigonal bipyramidal) geometry. Ligand substitution reactions show that 

the acetate groups are labile. 

21A 21B 

21C 
Figure 21 

Brudvig, Crabtree and co-workers have synthesised a mixed-valence 

Mn(lIhMn(III)2 compound (Figure 21C) where all the donors are oxygen atoms.30 

Mnl is in the +11 oxidation state and Mn2 is +111. They both have unusual 

coordination geometries, distorted trigonal bipyramidal and distorted five-coordinate 

square pyramidal respectively. Another unusual feature of this complex is the 

coordination of diethylether (02) to Mnl. The open structure and coordinative 

unsaturation will allow investigation of ligand binding and substitution reactions. 

The Mn-Mn distances, Mnl-Mn2 = 3.265, Mn2-Mn2' = 2.770(4)A, match very well 

with the 2.7 and 3.3A seen by EXAFS of the OEC. 

Clusters of more than four manganese ions have also been formed,68 only two 

of which are shown in Figure 22A. The first (22A) is a nonanuc1ear Mn(II)Mn(III)8 

species characterised by Christou and co-workers.69.31 The central eight-coordinate 



manganese atom is assigned the +11 oxidation state. The remaining eight Mn(III) 

atoms are in the form of two [MI14(j.lJ-O)2] "butterfly" units as seen before in the 

tetramanganese complex depicted in Figure 21B. 

22A 22B 
Figure 22 
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The second example in Figure 22, [Mn(III)sMn(IV)4012(02CPhh6(H20)4], was 

also reported by Christou and co-workers,70 however, an almost identical structure, 

[Mn(III)sMn(IV)4012(02CCH3h6(H20)4].2CH3COOHAH20, had been previously 

reported by Lis.n The latter molecule differs in that it has higher (S4) symmetry, 

presumably allowed by the smaller acetate group. In both cases there is a central 

Mn(IV)404 cubane as is proposed by Christou and Vincent (Figure 9) and Brudvig 

and Crabtree (Figure 10) in their OEC cycles. The short Mn-Mn distances in the 

acetate structure are 2.767(3), 2.820(3) and 2.943(3)A, and another group occurs at 

3.329(3) to 3A55(3)A; these match the OEC distances quite well. In this case, even 

at this highly oxidised level, the Mn(IV)-I.lJO distances (1.854(7) - 1.916(7)A) are 

longer than the 1.75A bridging distances predicted for the OEC by Klein. As these 

large clusters contain fragments of the types of structures proposed to occur in the 

OEC they are useful models. 

In 1984 Me Auliffe and co-workers reported the first manganese complexes 

observed to oxidise water.72 The general formula was [Mn(III)L(H20)]Cl04 where 

Lis salen, salpd or salbd or salpn (shown in Figure 23A). In the solid state, FAB 

mass spectroscopy, infrared data and magnetic interactions indicate a dimeric 

structure (I, Figure 23B); however in aqueous solution conductivity measurements 

imply that an equilibrium exists between monomeric (II, Figure 23B) and dimeric 

species. 
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Oxygen evolution from aqueous solutions of the manganese complex and p­

benzoquinone (H-acceptor, Amax = 247 nm), occurred when they were irradiated 

with visible light (specifically the green region, 450-600 nm). p-Benzoquinone was 

converted to p-benzohydroquinone (Amax = 290 nm) during the reaction. All of the 

photolytically active manganese species absorbed at 590 nm in their electronic 

spectrum; the more intense this peak was, the more active the complex. Irradiation 

also caused a black precipitate of [(Mn(III)LhO] to deposit. Thus the overall 

reaction is: 
hV 

(2) ----

The rate increased as the pH was increased from 4.5 to 6.9. The water photolysed is 

almost certainly the coordinated water as a similar rate and quantity of oxygen was 

observed when the complexes were irradiated in anhydrous ethanoL The activity of 

the complex was very sensitive to the nature of the ligand. The complex of salpd (3C 

chain) was about eight times more active than the complexes of salen (2C chain) or 

salbd (4C chain). Methylene blue (MB) was also effective as a proton acceptor 

although not as effective as p-benzoquinone. This is potentially important as it has 

been shown that reduced MB plus hydrogenase gives H2 and MB. Thus it is 

possible that photolysing water could allow separate production of H2 and 02 : 

Mn(lIl) complex, hu + + 
2H20 .. 2H2 + 202 (3) 

MS, hydrogenase 

As the manganese oxidation state is unchanged this system may be able to be 

modified (to stop precipitation) and made catalytic, thus harnessing the light energy 

provided by the sun. 

Two other manganese complexes which apparently oxidise water, 

[(bpYhMn(III)(~-OhMn(IV)(bpYh]3+ bipy = 2,2'-bipyridyI49(c) and 
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[(phen)2Mn(III)(Il-0)2Mn(IV)(phen)2]3+ phen = 1,1O-phenanthroline were 

reponed by Ramaraj in 1986.73 Visible oxygen bubbles were produced when either 

of these complexes was suspended in water, as a heterogeneous catalyst, in the 

presence of Ce(IV) (consumed). The pH of the solution did not affect the water 

oxidation process, indicating that water, and not OH-, was the substrate. The redox 

potentials of these complexes showed that they could only act as one-electron 

transfer agents. Four electrons are required per oxygen molecule so these one­

electron steps have to be efficiently coupled. These complexes were only 

catalytically active in the solid form indicating that a group of four Mn(IV) dimers 

may act in concen to oxidise two molecules of water at the surface by four electrons. 

More recently Mn(IV) incorporated in vesicles has been shown to be able to 

oxidise water in the presence of an oxidant such as [Ru(bpY)3]3+ or [Fe(bpy)3]3+J4 

In this case the nature of the Mn(IV) catalyst is not known but it is assumed to be a 

polynuclear species. 

1.4 Bi- and Poly-nucleating Macrocycles 

To prepare informative manganese model compounds for the OEC it is 

necessary to design suitable ligands. The ligand must provide nitrogen and/or 

oxygen donors and encourage the formation of clusters of 2-4 manganese atoms. 

The latter requirement can be fulfilled in several ways; a large ligand can provide 

binding sites for 2-4 manganese atoms (Figures 14, 15 and 19), or a bridging anion 

such as acetate or oxo can be used to hold mono- or dimanganese fragments 

together (Figures 11, 13, 16-18 and 20-21) or finally, the ligand itself can provide a 

group which bridges between macrocyclic units (e.g. alkoxy group, later, Section 2.2), 

The formation of transition metal clusters is of intrinsic interest in addition to 

providing structural and/or functional models of metalloproteins (e.g. OEC). These 

clusters allow the study of metal-metal interactions such as redox reactions and 

magnetic exchange. Binding of small substrate molecules can also be investigated 

with the aim of developing useful catalysts. Only multinucleating macrocycles will be 

considered in this Section as mononuclear complexes are not good models for the 

OEC or other polynuclear metalloproteins. 

Macrocyclic complexes are usually more stable than their open chain 

analogues due to the macrocyclic effect.75 This added stability is because of a 

balance of entropic and enthalpic effects. Linking the terminal donors of a 

multidentate ligand will only produce complexes of enhanced stability (macrocyclic 

effect) if the macrocyclic "hole" size matches well with the metal ion radius and the 

donor atoms can adopt a preferred coordination number and geometry for the metal 

ion. 



The formation of macrocyc1es is achieved either by direct synthesis or by 

template methods)5,76,77 Examples of the direct preparation of a free macrocyc1e 

are shown in Figure 24.78 
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Often this method is low yielding due to the formation of noncyclic and polymeric 

species as well as the desired macro cyclic product. High dilution techniques are 

usually employed to reduce this problem. The main advantage of the method is that 

the free macrocyc1e is obtained and this is often more easily purified and 

characterised than the macrocyclic complex resulting from a template synthesis, as it 

is generally more soluble. 

Template methods use a metal ion to promote cyclisation by coordination to 

the starting materials (kinetic template effect), and coordination by the metal ion 

also stabilises the macrocyclic product (thermodynamic template effect). Both 

kinetic and thermodynamic template effects are usually in operation. Examples of 

macrocyc1es which could not be isolated metal-free are shown in Figure 25.19.80 
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Both macrocyc1es are of the (2+2) type, that is they are fonned by the condensation 

of two carbonyl and two amine moieties. Attempts to synthesise these ligands 

under various metal-free, high dilution conditions led only to the fonnation of 

polymeric gums. However, the use of appropriate metal ion templates (25A Mn(II), 

Ni(II), Cu(II), Fe (II) ; 25B Ba(II), Fe(II) 81) has led to the successful isolation of 

many complexes of these macrocyc1es. The yields of these template reactions are 

frequently very good. The template ions for large macrocyc1es are usually non­

transition metal ions such as Pb(II), Ba(II), Sr(II), Ca(II) or Ag(I) because these 

are large ions and therefore they match the large macrocyclic cavity. Some transition 

metal ions may also act as template ions for particular macrocyc1es (e.g. Figure 25) 

but in other cases they may be less effective, or fail entirely, due to their 

stereochemical and spatial preferences. The template ion must be of an appropriate 

size for the macrocycle to fonn around. In the examples shown in Figure 25 the 

transition metal ions are good template ions for the (2+2) rings because a (1 + 1) 

macrocyc1e can not fonn (the alkyl chains are not long enough) whereas (2+2) 

fonnation is promoted by the binding of two transition metal ions. The ability of 

MnII(d5) to promote the fonnation of the tetranuc1eating J-4L1' macro cycle (Figure 

19B) will be discussed in Section 2.2. 

As the macrocyc1es employed in the work described in this thesis are all 

single-ring Schiff-bases 76,77 the remainder of this Section will focus on the 

properties of these macrocyc1es. The general mechanism for the template fonnation 

of a Schiff-base macrocyc1e is outlined in Figure 26 . 
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Whether a (1+1) or (2+2) macrocycle will be formed depends on the size and 

stereochemical preferences of the template ion, and the length of the diamine. For 

example in the system illustrated in Figure 27, Mn(II), Fe(II), Co(II), Ni(II), Cu(II) , 

and Zn(II) templates yield a (1+1) macrocyclic complex whereas Ag(l), Pb(II), 

Ca(II), and Sr(II) promote (2+2) formation. 82 
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In fact the possibilities are not limited to the formation of (1+1) or (2+2) 

macrocycles. The first known (4+4) Schiff-base macrocycle (Figure 19B) was 

revealed by the single crystal X-ray structure of a tetramanganese complex prepared 

by MCKee (Figure 19A).62 This reaction has been investigated further, indicating 

that the MI1404 cubane acted as a template for the formation of the (4+4) 

macrocycle, and the results are presented Section 2.2. Fenton has reported the 

isolation of a trinuclear lanthanide (3+3) Schiff-base complex, evidence for which 

comes from NMR and FAB mass spectrometry.83 

Once the macrocyc1e has formed on a non-transition metal template ion this 

ion may be replaced by the transition metal ion of interest in a transmetallation 

reaction. This is possible because the template ion complex is generally labile and 

allows a concerted replacement reaction to occur. The driving force for this metal ion 

replacement is the formation of a more stable transition metal complex. 

Ring expansion and contraction reactions can occur readily and reversibly as 

observed by Nelson (Figure 28A)84 and Fenton and Bailey (Figure 28B).85 

Ring contraction occurs by intramolecular nucleophilic attack on an imine linkage by a 

secondary amine or alcohol group respectively. The driving force is the mismatch in 

the metal ion vs the macrocyclic ring sizes. In both cases transmetallation by an ion 

of suitable size for the larger macrocycle causes ring expansion. 84,86 
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In some cases noncyclic complexes like 29A (Figure 29A) can be isolated.76 
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Wanning complex 29A in dry methanol causes cyclisation to form 29B, even in the 

absence of added carbonyl (step iii in Figure 29). It is proposed that this occurs via 

nucleophilic attack of the free amine of one molecule on the imine of a second 

molecule (intermolecular transamination). Loss of an amine molecule then 

regenerates the imine linkage. The intramolecular nucleophilic attack of a second, 

uncoordinated amine group on the adjacent imine bond (intramolecular 

transamination), followed by loss of a second amine molecule, generates 29B. 

Macrocyclic ligands may be designed to contain particular donor atoms and to 

encourage specific geometries. Potential bridging groups can also be incorporated in 



the ring. The distance between the metal ions is also restricted by the choice of an 

appropriate macrocyclic ring size. Examples of the variations caused by a series of 

slight changes in the macrocycle are seen in the dicopper complexes (Figure 

30).86,87 
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The 20-membered macrocycle produces a fairly planar dicopper complex 30A, with an 

alkoxy bridge provided by the macrocycle. The Cu-Cu separation of 3.638(8)A is 
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close to the values of 3.8 and 3.sA obtained by EXAFS of oxyhaemocyanin and 

methaemocyanin respectively. Haemocyanin is thought to have an endogenous 

phenoxide, alkoxide, or hydroxide bridge so this complex is a good model from this 

aspect as well as it incorporates an alkoxide bridge. Increasing the ring size to 22 

atoms results in the dicopper complex 30B. Again one of the pendant alcohol groups 

is deprotonated but this time it binds to only one copper atom. The second alcohol 

group binds to the other copper atom and hydrogen bonds to the deprotonated alcohol 

group. The macrocycle is folded. The copper atoms, no longer bridged by the 

pendant alcohol functions, are now 4.706(7)A apart. This separation increases to 

4.820(3) and 4.903(2)A in 30C and 30D, the two molecules in the asymmetric unit 

when the macrocycle is 24-membered. The change from the bridged 20- to the non­

bridged 22-membered macrocycle affects the observed magnetic exchange coupling 

as shown in Figure 30E. Antiferromagnetic coupling (2J=-84cm-1) is observed in 

30A, while only a small ferromagnetic interaction at low temperatures is apparent in 

30e and 30D. 

Complexes of multinuc1eating macrocyc1es allow several transition metal ions 

to be held together in a controlled manner allowing the study of binding and 

activation of small substrate ions or molecules. For example the macrocycle 3lA 

(Figure 31A) binds four copper(II) ions producing a planar structure (Figure 31 C). 88 

Likewise macrocycle 31B (Figure 31B) binds four nickel(II) ions producing a domed 

structure (Figure 31D)89. In both examples all four alcohoVphenol groups are 

deprotonated and bridge two metal atoms, and a central J..14-0H binds to all four 

metal atoms. These bridges provide pathways for magnetic exchange between the 

metal atoms resulting in antiferromagnetic coupling in the copper complex. The axial 

sites are open and therefore these and related tetrametallic complexes have 

potential as catalysts by promoting reaction between axially coordinated groups. 

Another catalyticpossibilty would be the replacement of the central J.l4-0H group 

with other guest molecules which might be activated towards further reaction. 

Me_~ Me 

~N I N:P-
Bu l r; '\ OH OH HO - Bu l 
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Me Me 
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Figure 31 

Large macrocycles need not provide any bridging groups; they can be used 

just to hold metal ions at an appropriate distance for various exogenous bridging 

anionic groups to be incorporated. Many anions, including oxo (e.g. Figure 20B) 

hydroxo (e.g. Figure 31), alkoxo (e.g. Figure 15), acetato (e.g. Figure 20B), halide 

(e.g. Figure :1.4), azido (e.g. later, Figure 34E), thiocyanate (e.g. Figure 15), 

pyrazolate (e.g. later, Figure 35C) and imidazolate (e.g. later, Figure 34D) have 

been bound as one, two or three atom bridges in this way. The binding of these 

substrates can serve to activate them, producing unusual chemistry. The macrocycle 

shown in Figure 27B can bind two copper(II) atoms.90 The complex isolated when 

thiocyanate ions are present has an infrared absorption at 1992 cm-1 which is 

characteristic of N-bridging thiocyanate.53 However the internuclear distance is 

large and therefore a one atom bridge seemed unlikely. A single crystal X-ray 

structure determination revealed that there was no bridging group (Figure 32A 

shows one of the two cations in the asymmetric unit, the other is very similar) but 

that the nitrogen of the thiocyanate (N20) was protonated and sharing a hydrogen 

bond with Nl' from a second macrocycle (3.49A, Figure 32B shows the packing of 

these macrocycles). HNCS is not expected to coordinate to metal ions but in this 

case it appears that the normal relative acidities of NH and HNCS are reversed, due 

to coordination to the copper and the non-polar environment. 

Unusual chemical transformations can also be carried out by multinucleating 

macrocycles capable of binding substrates. Nelson and co-workers have shown that 

in the presence of water and oxygen the dicopper(II) complex (Figure 33A) is 

converted to the pentacopper(I) complex (Figure 33B) with simultaneous 

(unprecedented) N-N coupling of the bound acetonitrile to form bound 1,2,4-

triazolate ions via the scheme outlined in Figure 33C.91 
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Many macrocycles can fold to some extent producing different conformations 

(at the expense of added strain), thus varying the metal-metal separation and 

allowing bridges of different lengths to form between the metal centres. Two sets of 

examples of this feature are shown in Figures 3492 and 35.93 
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Macrocycle 34A binds to Mn(II), Fe(lI), Co(II) and Ni(II) via the six imine nitrogen 

donors producing very stable complexes due to the large LFSE (general structure 

shown in 34B); the iron and cobalt complexes are low spin. On treatment of the 

silver complex of 34A with one mole of copper(II), a mononuclear copper complex is 

formed. Further addition of copper ions followed by the addition of base, imidazole or 

azide led to the formation of the bicopper 1,I-Jl2-hydroxo (34C), 1,3-Jl2-imidazolato 

(34D) and 1,3-Jl2-azido (34E) complexes respectively (Figure 34). As can be seen 

from these structures the macrocycle is quite flexible and allows metal-metal 

separations to vary from mononuclear through 3.57 A (one atom hydroxo bridge), and 

5.99A (1,3-imidazolato bridge) to 6.02A (l,3-azido bridge). In the second example, 

the macrocycle 35A binds two copper(II) ions via the imine nitrogen donors (furan 

oxygens do not generally coordinate to transition metal ions). In the presence of 

NCS- the copper ions have approximate trigonal bipyramidal geometry (35B); the 

copper atoms are bridged by two ethoxy groups (mediating large antiferromagnetic 

exchange 2J = -332 cm-1)and each one also has one terminally bound NCS-. When 



pyrazolate is bound it provides two two-atom bridges to give square planar 

copper(II) atoms (35C). The Cu-Cu separation increases from 3.003A in 35B to 

3.396A in 35C. and the magnetic coupling drops to 2J = -135 cm-1 in 35C. 

em) 

35A 35B 

35C 
Figure 35 
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The ability of macrocycles to help stabilise bridging by holding the metal ions 

in an appropriate configuration was used to model a metalloprotein in the following 

example. Bovine erythrocyte superoxide dismutase (SOD)94 catalyses the reaction: 

(4) 

SOD has been crystallised and its structure determined to 2A resolution (Figure 

36A). This metalloprotein consists of two identical subunits each containing one 

zinc and one copper atom bridged by imidazolate. Full catalytic activity is also 

observed when the zinc is replaced by copper. This is a useful feature as it simplifies 

the synthetic problem of making models. At the time the structure was published no 

binuclear copper complexes with a bridging imidazolate were known. and hence little 

was known about what properties such a bridge would give to the complex. 

Therefore. in order to test aspects of the mechanism by which the SOD was 

proposed to function model compounds were needed which reproduced the 

imidazolate bridge. known magnetic exchange properties (J=-26cm-1) and pH 

stability (4.5-11) of CU2CU2S0D. 
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Various nonmacrocyc1ic dicopper complexes with imidazolate bridges were 

structurally characterised and were found to have similar J values to CU2CU2S0D. 

However, the imidazolate bridges were found to be stable only over a very narrow 

pH range (8.5-9.5) restricting their usefulness for solution studies. To overcome 

this problem macrocyc1es were employed to hold the copper atoms at the right 

separation for the imidazolate bridge.95 This was successful and in the case of the 

dicopper complex of the macrocyc1e shown in Figure 36B resulted in an extension of 

the stable pH range to 6-10. 
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Chapter 2 

COMPLEXES OF MACROCYCLIC 
LIGANDS 

2.1 Experimental 

Preparation of 2,6-Diacetylpyridine (DAP) 

This compound was prepared in 41 % overall yield from 2,6-dimethylpyridine 

via the three-step procedure outlined below. 

Step 1: 2,6 M dimethylpyridine ~ 2,6 M pyridinedicarboxylic acid 
3 

J§l 
CHs N CHs 

1. KMn04 
HO 

2. cone. HCI 

o 

OH 

This oxidation is a slight modification of the method used by Black et at .96 A 

mechanically stirred mixture of 2,6-dimethylpyridine (53.5 g, 0.5 mol) and water 

(1.25 I) was maintained at 75-85°C while potassium permanganate (377 g, 2.4 mol) 

was added in nine portions over approximately twelve hours. The initial portions 

were decolourised quickly but the reaction rate dropped substantially as the final 

portions were added. If the final portion was not decolourised in a reasonable time 

(1-2 hr) more 2,6-dimethylpyridine was added. The decolourised solution was then 

filtered through celite to remove the manganese dioxide (Mn02 ) byproduct and the 

Mn02 cake washed with 2xlOO m1 of water. The yellowish filtrate was concentrated 

to 11 and 250 ml of conc. HCl was added, precipitating 2,6-pyridinedicarboxylic acid 

as a white solid. The solution was heated to boiling to redissolve the precipitate and 

then allowed to cool slowly. Overnight refrigeration at ca. 4°C yielded white needles 

of 2,6-pyridinedicarboxylic acid (50 g, 0.3 mol, 60%) which were collected by 

filtration, washed with 25 m1 of cold water and air dried. 

Infrared spectrum inter alia 3500(m), 171O(s,b), 1580(m) cm-1 

Melting point 243-244°C 

NMR spectra (CD30D): 



IH H2 8.34(d); H3 8.19(m) ppm 

13C C1 149.11; C2 129.35; C3 141.10; C6 167.50 ppm 

Step 2 : 2,6-pyridinedicarboxylic acid -7 

2,6-dimethylpyridinedicarboxylate 

1. SOCI2 7 
------1_ .... CH30 

2. MeOH 
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3 

OCH3 

o 

This esterification was performed according to the method of Cram and 

co-workers.97 2,6-Pyridinedicarboxylic acid (31 g, 0.186 mol) was refluxed in 200ml 

of thionyl chloride (SOCh) for 10 hr. Most of the SOCh was then removed by 

evaporation under reduced pressure leaving a colourless liquid 

(2,6-pyridinedicarboxylic acid chloride) which solidified when cooled in an ice bath. 

Methanol (250 ml), which had been dried over Na2S04 for a week, was added 

dropwise to the cooled solid and the resulting solution was refluxed for 30 min. This 

was followed by the removal of 150 ml of methanol under reduced pressure, initiating 

precipitation which was completed by cooling in an ice bath. The white, crystalline 

2,6-dimethylpyridinedicarboxylate (34.44 g,0.18 mol, 95%) was filtered off, washed 

with a small amount of ice-cold methanol, and dried in vacuo. 

Infrared spectrum inter alia 1720(s,b), 1550(m) cm-1 

Melting point 122-124°C 

NMR spectra (CDCI3): 

IH H2 8.33(d); H3 8.06(t); H7 4.04(s) ppm 

13C C1 148.04; C2 127.86; C3 138.24; C6 164.85; C7 53.00 ppm 

Step 3 : 2,6-dimethylpyridinedicarboxylate -7 2,6-diacetylpyridine 

(DAP) 
3 

CH3 0 rOI OCH 3 1('~Ay 
1. EtOAe/NaOEt 7 

- CH3 6 
2. cone. HCI 

CH3 

o 0 o o 
This step is a modification of the Claisen condensation method used by Lukes 

and Perg:fi.98 Sodium ethoxide (made from 8 g, 0.35 mol sodium and dried in vacuo) 

was placed in a 11 round-bottomed flask and xylene (50 ml), 

2,6-dimethylpyridinedicarboxylate (19.67 g, 0.100 mol), and ethyl acetate (32.5 g, 

0.37 mol) were added. A yellow colour developed upon mixing these components. A 

further 110 ml of xylene was added and the creamy yellow suspension refluxed on an 

oil bath at 140-150°C for 19 hr. This high temperature appeared to be important as 



the yield dropped if lower temperatures were employed. The resulting thick 

suspension was cooled and ketonic fission initiated by the slow addition of distilled 

water (75 ml) followed by conc. HCI (140 ml). Refluxing for 30 min at 150°C 

completed the reaction. The xylene/water azeotrope was then distilled off over ca. 
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2 hr using a Dean·Stark collector to return the aqueous phase to the reaction vessel. 

Once all of the xylene was removed the golden aqueous phase was allowed to cool 

slowly over ca. 2 hr to room temperature. Neutralisation, by slow addition of solid 

NaHC03, was followed by addition of 100 ml of diethylether and filtration to remove 

a small amount of solid material which would have prevented the use of a separating 

funnel. The aqueous phase was extracted a further four times with 4 x 100 ml of 

diethylether. Evaporation of the ethereal extracts yielded off-white needles of DAP 

(11.78 g, 0.072 mol, 72%), which were used without further purification. 

Infrared spectrum inter alia 1700(s,b), 1585(m) cm-1 

Melting point 79-80°C 

NMR spectra (CDC13) : 

IH H2 8.22(d); H3 8.01 (m); H7 2.80(s) ppm 

BC Cl 152.59; C2 124.60; C3 137.85; C6 199.21; C7 25.41 ppm 

Preparation of 2,S-Diformylpyrrole (DFP) 

The four step method described by Miller et af99 was used to transform 

pyrrole into 2,5-diformylpyrrole (DFP) in 38% overall yield. The reaction sequence 

is described below. 

Step 1: pyrrole -t pyrrole-2-carboxaldehyde 

DMF 1(N)' ,< 
H1A 0 

o 
N 
H 

POCI3 

This Vilsmeir formylation was performed according to the method of 

Silverstein et al. lOO Dimethylformamide, (36 g, 0.50 mol) maintained at 10-20°C, 

was mechanically stirred while phosphorous oxychloride (76 g, 0.50 mol) was added 

over ca. 15 min. Discolouration occurred if this exothermic reaction was not cooled. 

When the addition was complete the mixture was stirred at room temperature for a 

further 15 min. The ice bath was replaced and 1,2-dichloroethane (112 ml) added. 

Once the temperature had dropped to 5°C a solution of pyrrole (30 g, 0.45 mol) in 

1,2-dichloroethane (112 ml) was added to the stirred, cooled mixture over 1 hr. The 

mixture was then refluxed for 15 min (HCI evolved). After cooling to 25-30°C, 

sodium acetate (336 g, 2.46 mol) in 490 ml of H20 was added, cautiously at first, 

then as quickly as possible. The two phases were stirred vigorously and refluxed for 



39 

15 min. After cooling, the 1,2-dichloroethane layer was separated from the aqueous 

phase which was then extracted with 3 x 230 ml of diethylether. Saturated aqueous 

sodium carbonate solution(45 ml) was added carefully (C02 evolved) to the 

combined 1,2-dichloroethane and diethylether solutions. The organic phase was 

separated, washed twice more as before, and finally left to dry over anhydrous 

Na2C03 overnight. The solvents were removed under reduced pressure and the 

resulting oil cooled in an ice bath and scratched to initiate crystallisation of the 

golden-brown pyrrole-2-carboxaldehyde (28.76 g, 0.41 mol, 92%). 

NMR spectrum (CDCI3) recorded on a Varian T60 NMR spectrometer: 

IH HI 7.2(m); H2 6.4(m); H3 7.0(m); H5 9.5(s) ppm 

Step 2: pyrrole-2-carboxaldehyde -1 ethyl a-cyano-2-pyrrole-acrylate 

0-<0 
H 

Before the second formylation (Step 3) can be performed the first aldehyde 

group must be protected. Here the method of Olsson and Pernemalm101 was 

employed. A solution of pyrrole-2-carboxaldehyde (63 g, 0.66 mol), ethyl 

cyanoacetate (106.1 g, 0.93 mol) and diethylamine (4.7 g, 0.07 mol) in 830 ml of 

toluene was refluxed for an hour using a Dean-Stark water separator. After cooling, 

ethyl a-cyano-2-pyrroleacrylate (92 g, 0.48 mol, 73%), a tan powder, was filtered 

off, washed with 50-70 petroleum ether and air dried. 

Infrared spectrum inter alia 3320(s), 2220(m), 1690(s,b), 1580(s,b) cm- l 

NMR spectra (CDCI3): 

IH H1A 9.92(b); HI 6.95(s); H2 6.43 (m); H3 7.25(m); H5 8.02(s); 

H9 4.34(q); HIO 1.37(t) ppm 

13C C1 124.25; C2 112.41; C3 128.43; C4 126.70; C5 142.51; C6 91.73; 

C7 118.40; C8 163.46; C9 61.99; CIO 14.20 ppm 

Step 3: ethyl a-cyano-2-pyrroleacrylate -1 ethyl a-cyano-S-formyl-

2-pyrroleacrylate 

N 
H CN 

POCI3 .. 
DMF 

H 

o N 
H 1A 7C N 

This formylation was basically a repeat of Step 1.99 Dimethylformamide 

(34.1 g, 0.46 mol) and phosphorous oxychloride (70.8 g, 0.46 mol) were combined as 

in Step 1, stirred a further 15 min without cooling, and then 1,2-dichloroethane 
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(215 ml) was added. A suspension of ethyl a-cyano-2-pyrroleacrylate (72.7 g, 

0.38 mol) in 320 ml of 1,2-dichloroethane was added over 30 min to the stirred 

solution at ca. 5°C. The resulting suspension was refluxed for 15 min (HCI evolved) 

and cooled to 25-30°C. Aqueous 4 M sodium acetate (590 ml, 2.36 mol) was added 

over ca. 5 min to the vigorously stirred mixture which was then refluxed for another 

15 min. The resulting brown emulsion was left overnight and the brown ethyl 

a-cyano-5-formyl-2-pyrroleacrylate was collected by filtration the following day. 

Yield 57 g, 0.29 mol, 76%. 

Infrared spectrum inter alia 3320(s), 2230(w), 1695(s), 1675(s), 16IO(s) cm- 1 

NMR spectrum (CDCI3): 

IH HIA 10.37(b); H2 7.07(m); H3 7.22(m); H5 8.16(s); H9 4.41(q); 

HIO 1.40(t); H11 9.73(s) ppm 

13C C2, C3 120.19,121.04; C5 141.94; C9 62.98; CIO 14.17; C11 180.03 

ppm 

Step 4: ethyl a-cyano-5-formyl-2-pyrroleacrylate --t 

2,5-diformylpyrrole (DFP) 

H H H 
1. NaOH 

]II 

N 2. H2SO4 
0 0 

H 
CN C02Et 

In this final step the protecting group was removed as described by Miller 

et al.99 Ethyl a-cyano-5-formyl-2-pyrroleacrylate (42.5 g, 0.21 mol) was refluxed 

in 3 M aqueous sodium hydroxide (780 ml) for 2 hr. The brown solution was allowed 

to cool to below 20°C and then slowly acidified with ca. 2 M sulphuric acid to pH 4.5. 

Extraction with 650 + 130 ml of ethyl acetate gave an orange solution with a small 

amount of brown-black material floating on top which was removed by decantation. 

The ethyl acetate was evaporated under reduced pressure to leave orange-brown 

2,5-diformylpyrrole (19.4 g, 0.16 g, 75%). Purification by decolourising with charcoal 

followed by recrystallisation from toluene was preferred to sublimation in vacuo. 

Infrared spectrum inter alia 3190(s,b), 1660(s,b) cm-1 

NMR spectra (CDC13): 

IH HIA 10.5(b); H2 7.03 (d); H5 9.81(s) ppm 

13C Cl 135.70; C2 119.47; C5 181.36 ppm 
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Preparation of 2,S-Diformylfuran (DFF) 

Initially DFF was synthesised according to the methods of Haworth et al102 

and Papadopoulos et ai,103 in two steps from sucrose in 25-35% yield as outlined 

below. Later 2,5-furandimethanol was purchased and oxidised as in Step 2 in 91 % 

yield. 

Step 1: sucrose -7 5-hydroxymethylfurfuraldehyde 

. I_~OH 0JH ~2 3 

CH20H'ftH 0"./ OH OH oxalic acid", 6 1 ~ ~ 4 5 

.1:\ T = 145, sealed tube 0 ~ o H 0 OH 0 

CH20H CH~OH 

The method of Haworth and Jones102 was modified slightly due to the 

unavailability of an autoclave. Sucrose (200 g, 0.58 mol) and oxalic acid (1.4 g, 

0.02 mol) were dissolved in 600 ml of water. Glass tubes were half filled with this 

solution, sealed, and placed in an oven at 145°C. This temperature was maintained 

for 25 min, allowed to drop to 125°C over the next ca. 40 min, and maintained at 

125°C for a further 2 hr. Once cool, the solution was neutralised with calcium 

carbonate. Lead acetate (10 g, 0.03 mol) was then added and the solution stirred for 

an hour before filtering through celite. The brownish filtrate was extracted into ethyl 

acetate over several days using a liquid-liquid extractor. The ethyl acetate solvent 

was removed from this extract by evaporation under reduced pressure yielding a 

brown oil, 5-hydroxymethylfurfuraldehyde. Yields were variable due to the lack of 

accurate control over temperature and pressure but were in the range 35-50%. 

Infrared spectrum inter alia 3380(s,b), 1660(s,b) cm-l 

NMR spectrum (CDCI3) recorded on a Varian T60 NMR spectrometer: 

IH H2 6.6(d); H3 7.3(d); H5 9.6(s); H6 4.8(s) ppm 

Step 2: 5.hydroxymethylfurfuraldehyde-7 2,5·diformylfuran (DFF) 

__ a_c_ti_va_t_ed_M_n_O_2_--.-. ~ 

000 

This oxidation was performed by the method of Papadopoulos et al. 103 

Activated manganese dioxide was prepared by a modification of the method 

published by Mancera et al.104 In a 5 I conical flask ca. 200 g of manganese(II) 

sulphate was dissolved in 250 ml of boiling water. A cold saturated solution of 

KMn04 (ca. 180 g in 5 I) was added dropwise to the boiling solution over 4-5 hr. 

The resulting black suspension was filtered off and washed thoroughly (stirred in a 

large beaker) with ca. 4 I of boiling water. The Mn02 was filtered off again and dried 

. at llO-120DC for 48 hr. Yield ca. 200 g. To a mechanically stirred suspension of 

freshly prepared manganese dioxide (90 g, 1.05 mol) in 1.5 1 of chloroform was 

added 5-hydroxymethylfurfuraldehyde (17 g, 0.13 mol). The mixture was stirred 
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under reflux for 5 hr before filtering. The Mn02 cake was washed with 5 x 300 ml of 

diethylether. The bright yellow combined filtrate and washings (stains hands) were 

evaporated to dryness under reduced pressure to give 2,5-diformylfuran (14.4 g, 

0.12 mol, 89%) as a fluffy yellow solid. This product was recrystallised from 60:40 

petroleum ether: benzene. 

Infrared spectrum inter alia 1680(s) cm-I 

NMR spectra (CDCl3): 

IH H2 7.34(s); H5 9.87(s) ppm 

13C C1 154.09; C2 119.10; C5 178.99 ppm 

Preparation of 1,S-Diaminopentan-3-01 Dihydrochloride 

1,5-diaminopentan-3-ol was prepared in 16% overall yield from 

3-chloropropionyl chloride in four steps by the methods of Owen et alIOS and Murase 

et al.. 106 

Step I: 3-chloropropionyl chloride ~ 1,5-dichloropentan-3-one 

o 
~ AICI3/CH2CI2 

CI CI --C-H-
2

-=-C-H-2--

o 

CI~CI 
2 

This Friedel-Crafts alkylation was carried out as reported by Owen et al.IOS 

3-Chloropropionyl chloride (100 g, 0.79 g) was added slowly to a mechanically 

stirred, cooled (ice bath) suspension of dry AlCl3 (147 g, 1.10 mol) in 110 ml of 

dichloromethane (which had been dried over molecular sieves); HCI was evolved 

during the addition. The solution was then allowed to warm to room temperature and 

ethylene gas (dried over KOH and CaS04) was bubbled through for ca. 5 hr. The 

dark brown solution was then tested for starting material by taking about 0.1 ml, 

treating it with about 0.1 ml of water, separating the CH2Ch layer, and after 

evaporating the CH2Ch, examining the infrared spectrum of the remaining oil. An 

absorption at 1715 cm-I showed that product had formed, while the disappearance of 

the initial carbonyl band at 1790 cm-I indicated that the reaction had gone to 

completion. The reaction vessel was stoppered and the solution left to stir 

overnight. The resulting solution was added cautiously to a mixture of 

dichloromethane (100 ml), conc. HCI (40 ml) and ice (400 ml aqueous layer) in a high 

sided beaker, maintaining the temperature below 20°C. The organic phase was 

separated, washed with 3 x 400 ml of water, and dried over MgS04 for two hours. 

Evaporation of the dichloromethane under reduced pressure left 1,5-dichloropentan-

3-one as a brown oil (67 g, 0.43 mol, 55%). 



Step 2: 1,S.dichloropentan-3.one ~ 1,S.diphthaIimidopentan.3.one 

o 
CI~CI 

o 0 

____ D_M_F_O ___ ·~ ~N~N\~7 
~ 2 4\~ 

~ 0 0
6 

~N-+K 

o 
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In this step phthalimide groups were substituted for chloride by the method of 

Murase et al.106 To a vigorously stirred suspension of potassium phthalimide 

(103.3 g, 0.56 mol) in dimethylformamide (363 ml, dried over molecular sieves), 

crude 1,5-dichloropentan-3-one (67 g, 0.43 mol) was added dropwise over one hour. 

During the addition the suspension warmed up and changed colour from white to 

brown. The resulting mixture was heated at 80-85°C for 6 hr and allowed to stand at 

room temperature overnight. The 1,5-diphthalimidopentan-3-one was then collected 

by filtration and successive washings with chloroform, water and acetone resulted in 

a white product. Yield 78.4 g, 0.21 mol, 48%. 

Infrared spectrum inter alia 1770(s), 171O(s,b) cm-1 

NMR spectrum (DMF): 

13C Cl 33.37; C2 40.87; C3 206.92; C4 168.51; C5 132.73; C6 123.55; 

C7 134.97 ppm 

Step 3: 1,S.diphthalimidopentan·3-one ~ 

dihydrochloride 

CHgCOOH/HCI 
• 

Reflux, 3 days 

1,S-diarninopentan-3-one 

o 
+ II + 

CI-HgN~NHg CI-

The harsh reaction conditions outlined by Murase et al106 were used to break 

open the five-membered phthalimide ring thus releasing phthalic acid and 

1,5-diaminopentan-3-one dihydrochloride. 1,5-Diphthalimidopentan-3-one (70 g, 

0.19 mol) was boiled in a mixture of acetic acid (175 ml) and cone. HCI (113 ml), with 

an additional 63 ml of cone. HCI added in ten approximately evenly spaced aliquots 

over 3 days. On cooling, the fawn precipitate of phthalic acid was filtered off and 

washed with water. The combined filtrate and washings were evaporated nearly to 

dryness under reduced pressure, ca. 400 ml of water was added and the undissolved 

material filtered off. Again the solution was concentrated to approximately 50 ml, 

then ca. 700 ml of ethanol was added and the resulting white solid (1,5-diamino­

pentan-3-one dihydrochloride, 41.5 g, 0.22 mol, 117% - contaminated with phthalic 

acid) was collected by filtration. 

Infrared spectrum inter alia 3030(s,b), 1715(s), 1590(s), 1570(s) cm-1 



NMR spectra (D20): 

lH HI 3.14(t); H2 2.91(t) ppm 

13C C1 39.52; C2 34.94; C3 209.29 ppm 

Step 4: 1,5-diaminopentan-3-one dihydrochloride ~ 

1,5-diaminopentan-3-o1 dihydrochloride 

o 1. NaOH/NaBH4 2 days 0 H 
+~+ .. +~+ 

CI - H3N NH3C1 - 2. HCI CI - H3N 3 2 1 NH3C1-

Reduction of the carbonyl function to an alcohol group was carried out by the 

method of Murase et al.106 A solution of NaOH (17.64 g, 0.44 mol) and sodium 

borohydride (8.3 g, 0.22 mol) in 310 mI of water was maintained below 20°C while 

crude 1,5-diaminopentan-3-one dihydrochloride (41.5 g, 0.22 mol) was added in 

several portions. The resulting mixture was stirred at room temperature for 48 hr. 

Dilute HCl was added slowly and carefully to the cold solution until the pH was 

ca. 1. The solution appeared black during this neutralisation step but reverted to 

colourless on standing. Mter evaporating the solution to dryness under reduced 

pressure, excess boric acid was removed as its methyl ester by adding methanol to 

the remaining white solid followed by evaporation of the ester. The addition of 

methanol and evaporation under reduced pressure were repeated three times. A 

further 100 mI of methanol was added to the final residue, the mixture refluxed for 

30 min, cooled, and filtered to remove N aCl. Mter concentrating the filtrate to 

approximately 90 mI, diethylether (450 mI) was added resulting in immediate 

separation of a white oil. Refrigeration overnight at ca. 4°C was followed by 

collection of the white powder, 1,5-diaminopentan-3-ol dihydrochloride (21 g, 

0.11 mol, 51 %), by filtration. 

Infrared spectrum inter alia 3380(s,b), 3030(s,b), 1600(s), 1570(s) cm- l 

NMR spectra (CD30D): 

lH H1A,H1B 3.09(m); H2A, H2B 1.84(m); H3 3.86(m) ppm 

13C C1 68.58; C2 35.66; C3 38.60 ppm 
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Preparation of Complexes of H2Ll and H4Ll' 

[Ba(H2L1)(H20h](CI04h 
DAP (4.08 g, 25 mmol) and barium perchlorate (5.86 g, 15 mmol) were 

dissolved in methanol (200 ml) and heated to reflux. 1,3-Diamino-2-hydroxy­

propane (2.25 g, 25 mmol) in methanol (20 ml) was added and the refluxing 

continued for 2.5 hr. The solution was evaporated under reduced pressure to a 

volume of about 100 ml and allowed to stand at room temperature for several hours 

before the white product was filtered off. Further crops were obtained after more 

solvent was evaporated.80,86 Yield 7.6 g, 9.4 mmol, 75%. 

Infrared spectrum inter alia 3400 (s,b), 1650 (m), 1590 (m), 1100 (s,b) cm-1 

252Cf PDMS [Ba(H2L1)(CI04)]+ m/e = 671 a.m.u. 

NMR spectra «D3ChSO): 

IH H2 7.78(d); H3 7.97(t); H7 2.328(s); H8 3.907(dd); H9 4.53(b); 

HIA 6.69(b) ppm. 

13C C1 165.83; C2 124.11; C3 139.87; C6 155.20; C7 16.24; C8 57.62; 

C9 68.77 ppm. 

These assignments were confirmed by IH-13C heteronuc1ear two-dimensional 

correlation spectroscopy. 

[Mn2(HLl)(Clhh(CI04h.2DMF.H20 

45 

MnChAH20 (1 g, 5.1 mmol) in 50 ml of methanol was added to a refluxing 

methanolic (300 ml) suspension of [Ba(H2L1)(H20h](CI04h (2 g, 2.4 mmol), and 

refluxing continued for 2 hr. The orange product was collected by filtration of the 

cooled solution. Yield 1.17 g, 0.82 mmol, 68%. Crystallisation by diethylether 

diffusion into a DMF solution yielded crystals suitable for a single crystal X-ray 

structure determination. 

Infrared spectrum inter alia 3430(m,b), 1645(m), 1590(m), 1095(s) cm-1 
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Analysis Calculated for [Mn2(HL1)(Clhh(CI04h(H20h: 

C 39.4; H 4.2; N 11.5% 

Found: C 39.3; H 4.2; N 11.6% 

[Mn2(HL1)(N3hh(CI04h.3MeCN 

[Ba(H2L1)(H20h](CI04h (2 g, 2.4 mmol) was suspended in 600 ml of 

methanol and brought to reflux. Mn(CI04h.6H20 (1.80 g, 5 mmol, in 50 ml of 

methanol) was added, followed quickly by NaN3 (1.30 g, 20 mmol, in 50 ml of 

methanol). The clear orange solution was refluxed for 3 hr over which time an orange 

solid began to precipitate. After cooling, the product was collected by filtration. 

Yield 1.3 g, 0.89 mmol, 75%. Crystals were obtained by vapour diffusion of 

diethylether into MeCN or DMF solutions; a crystal of 

[Mn2(HL1)(N3hh(CI04h.3MeCN suitable for a single crystal X-ray structure 

determination was chosen from the former solvent. 

Infrared spectrum inter alia 341O(m,b), 2045(s), 1645(m), 1590(m), 1090(s) cm- I . 

Analysis Calculated for [Mn2(HL1)(N3hh(CI04h.DMF: 

C 40.1; H 4.3; N 22.9% 

Found: C 38.8-39.8; H 4.1-4.9; N 21.1-22.0% 

[Mn4(HL1)(Ll)(NCS)4]NCS.2H20 

[Ba(H2Ll)(H20h](CI04h (2 g, 2.4 mm01) was suspended in refluxing 

methanol (200 ml). Mn(CI04h.6H20 (1.80 g, 5 mmol) in methanol (60 ml) was 

added, followed quickly by NaNCS (1.62 g, 20 mmol) in methanol (100 ml). The 

resulting orange solution was refluxed overnight, during which time an orange 

crystalline solid precipitated. More product precipitated as a powder on cooling. The 

precipitates were collected by filtration.62(b) Yield 0.86 g, 0.6 mmol, 50%. Crystals 

suitable for a single crystal X-ray structure determination were grown by slow 

evaporation of an acetonitrile:ethanol (5:1) solution containing NaNCS. 

Infrared spectrum inter alia 3470(s,b), 2085(s), 2065(s), 2045(s), 2025(s), 1650(m), 

1595(m) cm-1 

252Cf PDMS [Mn4(L1h(NCS)3]+ m/e = 1259 a.m.u. 

Analysis Calculated: C 45.0; H 4.3; N 16.8% 

Found: C 44.8; H 4.2; N 16.3% 

[Mn2(Ll)(HCOO)h(CI04h.2DMF.H20 

A suspension of Mn(HCOOh.2H20 (0.56 g, 3.1 mmol) in 40 ml of methanol 

was added to a refluxing methanol (150 ml) solution of [Ba(H2L1)(H20h](CI04h 

(1g, 1.2 mmol). The resulting cloudy orange solution was refluxed a further 3 hr then 

filtered hot to remove the white precipitate of Ba(HCOOh. The pinkish-orange 

powder which precipitated was collected by filtration the following day. Yield 0.4 g, 
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0.27 nunol, 44% (contaminated with further Ba(HCOO)z). Crystals of 

[Mn2(Ll)(HCOO)h(CI04)z.2DMF.H20 were grown by repeated recrystallisation 

from DMF by vapour diffusion of diethylether. 

Infrared spectrum inter alia 3450(m,b), 1645(m), 1595(s,b), 1380(m), 1360(m), 

1090(s,b) cm-! 

[Mn2(Ll)(CH3COO)]2(CI04)z.2DMF.5H20 

Manganese acetate (0.88 g, 3.6 nunol) dissolved in methanol (20 ml) was 

added to a refluxing methanol suspension (ca. 50 ml) of [Ba(H2Ll)(H20)z](CI04)z 

(2 g, 2.5 mmol), and refluxing of the resulting thick orange suspension continued for 2 

hr. Mter cooling, the orange powder was collected by filtration. Yield 1.15 g, 0.8 

mmol,66%. Crystallisation from DMF by vapour diffusion of diethylether gave 

crystals suitable for an X-ray structure determination. 

Infrared spectrum inter alia 3450(b), 1660(m), 1560(m,b), 1100(s,b) cm- l . 

[Mn 4(Ll' )(H20 h.6(DMFh(CI04)z](CI04)z 

Crystals of this compound were obtained by recrystallising crude 

[Mfl4(Ll')](CI04)4.2H20 (Figure 19)62 from DMF by vapour diffusion of 

diethylether. 

Infrared spectrum inter alia 3400(w,b), 1650(m), 1585(m), 1085(s) cm- l 

[Mns(Ll)z(CH3COO)zX2]Y+ series of complexes 

Ba(H2Ll)(H2 O)z](CI04)z (1 g, 1.2 mmol) was dissolved in 50 ml of 

refluxing methanol and Mn(CH3COO)zAH20 (0.76 g, 3.1 nunol in 20 ml of methanol) 

was added causing an immediate deep orange colouration. The clear solution was 

refluxed for 1 hr and cooled slowly, allowing orange crystals to fonn. These crystals 

were unsuitable for single crystal X-ray structural analysis but recrystallisation from 

MeCN by vapour diffusion of diethylether gave good quality crystals of 

[Mns(Ll)z(CH3COO)z(CI04)z] (CI04h.2H20. Crystals of 

[Mns(Ll)z(CH3COO)z(DMF)z](CI04)4.2DMF were obtained from DMF by vapour 

diffusion of diethylether. Crystals of 

[MnS(Ll)z(CH3COO)z(H20)4(CI04)z](CI04h.6MeCN were obtained by vapour 

diffusion of diethylether into a slightly wet acetonitrile solution. 

Infrared spectrum inter alia 3450(m,b), 1645(m), 1580(s,b), 1090(s,b) cm- l 
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Preparation of Complexes of H2L4 

[Ba(H2L4 )(CI04h] 

The preparation of this complex has been described by Fenton and 

co-workers80 but attempts to repeat this procedure were unsuccessful. Instead the 

reaction was carried out at room temperature. Barium perchlorate (OAOg, 1 mmol) 

dissolved in ethanol (20 ml) was poured into a stirred gold coloured ethanolic 

solution (25 ml) of DFF (0.25 g, 2 mmol). 1,3-Diamino-2-hydroxypropane (0.18 g, 

2 mmol) in ethanol (25 ml) was added dropwise causing the clear solution to become 

cloudy. After stirring at room temperature for 3 hr the thick cream precipitate was 

collected by filtration and dried in vacuo. Chunky colourless crystals grew in the 

filtrate. Yield 0.50 g, 0.72 mmol, 72%. 

Infrared spectrum inter alia 3450(s,b), 1630(s), 1l00(s,b) cm- l 

NMR spectra (CD3 CN): 

lH H2 6.79(s); H5 8.04(d); H6A, H6B 3.70(d),4.08(ddd); H7 4.50(t) ppm 

13C C1 153.89; C2 116.91; C5 151.31; C6 64.61; C7 69.86 ppm 

These assignments were confirmed by lH-13C heteronuclear two-dimensional 

correlation spectroscopy. 

Preparation of Complexes of DAP and H2L5 

CHs CHs 

N~N~ 
OH NO 
OH 

N~N=< 
o o 

DAP 

[Mn(DAP)2(H20 hHCI04h 

1,5-diaminopentan-3-01 dihydrochloride (0.5 g, 2.6 mmol) in ca. 20 ml of 

methanol was added to a refluxing methanol solution (ca. 100 ml) of DAP (0.69 g, 

4.2 mmol) and Mn(CI04h. 6H20 (1.54 g, 4.3 mmol). The resulting yellowish 
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solution was refluxed 21 hr. On slow evaporation of the reaction solvent yellowish 

crystals suitable for an X-ray structure analysis grew. Yield 0.4 g, 0.65 mmol, 31%. 

Infrared spectrum inter alia 3430 (s,b), 1705 (s), 1680 (s), 1590 (m), 1100 (s,b)cm- l 

[PbZ(HzL5)(NCSh]NC S 

This complex was prepared from Pb2(H2L5)(OH)(CI04h which was made by 

the method of Fenton and co-workers.80 DAP (0.65 g, 4 mmol) and lead perchlorate 

(1.84 g, 4 mmol) were dissolved in refluxing dry ethanol (50 ml). l,5-Diamino­

pentan-3-01 dihydrochloride (0.76 g, 4 mmol) was dissolved in a minimum volume of 

mixed 1: 1 dry methanol:dry ethanol solvent, KOH (0.45 g, 8 mmol) in mixed alcohol 

solvent was added, and the KCI precipitate filtered off. The resulting 1,5-diamino­

pentan-3-01 (4 mmol) solution was added to the refluxing Pb2+/DAP solution 

causing an immediate white precipitate. The mixture was refluxed for 3 hr, cooled, 

and the fawn precipitate collected by filtration and dried in vacuo. The filtrate was 

concentrated to ca. 10 ml and a further crop collected. These crops were identified as 

Pb2(H2L5)(OH)(CI04)3 by comparison of the infrared spectra with that reported by 

Fenton and co-workers. Yield 2.18 g, 1.8 mmol, 89%. 

Infrared spectrum inter alia 3420(m,b), 1650(m), 1590(m), 1085(s,b) cm- l 

A suspension of Pb2(H2L5)(OH)(CI04h (0.4 g, 0.33 mmol) and NaNCS 

(0.44 g, 5.43 mmol) in 125 ml of dry methanol was refluxed for two weeks, then 

filtered whilst still at reflux temperature. As the filtrate cooled slowly the product 

crystallised as small pale yellow blocks suitable for single crystal X-ray structural 

analysis. The yield (0.025 g, 0.002 mmol, 0.6%) was low as most of the starting 

material did not dissolve and was recovered before crystallisation. 

Infrared spectrum inter alia 3450(b), 2083(s)t, 2060(s)t, 1983(s)t, 1650(m), 

1595(m) cm- l 

t Measured on a Digilab FTS-7 Fourier Transform infrared spectrometer with a TGS 

detector 

Preparation of Complexes of L13 

N~N~ 1 2 

NO 3 

_N~N~ 
8 7 

L13 



[Ba(L13)](CI04h 

Barium perchlorate (5.86 g, 15 mmol) dissolved in 100 ml of methanol was 

added to a methanol solution (90 ml) of DAP (4.08 g, 25 mmol), and the resulting 

solution brought to reflux. 1,3-Diaminopropane (2.25 g, 30 mmol) in 30 ml of 

methanol was added, the brownish solution refluxed for 1 hr and filtered hot to 

remove a small amount of undissolved material. White needles were filtered from 

the cold solution and further crops were obtained on reducing the volume of the 

solvent to caAO ml and allowing to stand.107 Yield 5.33 g, 7.2 mmol, 58%. 

Infrared spectrum inter alia 3440 (w,b), 1640 (m), 1590 (m), 1100 (s,b). 

NMR spectra (CD3CN): 

IH H2 7.99(d); H3 8.18(t); H7 2.46(s); 

H8 3.84(t); H9 2.33(m) ppm 

13C C1 170.59; C2 125.97; C3 141.25; 

C6 156.88; C7 51.07; C8 29.37; 

C9 17.26ppm 

These assignments were confirmed using IH-13C heteronuclear two-dimensional 

correlation spectroscopy. 

[MnIIMnIII(L13)(O)(OH)(DMF)h(CI04)4.2H20 

Mn(CH3COOh.4H20 (0.67g, 2.7 mmol) freshly dissolved in methanol 

50 

(20 ml) was added to an oxygenated refluxing methanol (130 ml) suspension of 

[Ba(L13)](Cl04h (lg, 1.35 mmol), causing an immediate deep orange colour to 

develop. The resulting clear orange solution was refluxed for 7 hr with oxygen 

bubbling through it for the first 3.5 hr. After only 30 min the solution was brown in 

colour. A very small amount of material was removed by filtration of the hot solution 

and slow evaporation allowed a brown solid to precipitate. Yield 0.59g, 0.35 mmol, 

54%. Production of single crystals suitable for X-ray structure analysis proved to be 

very difficult. Poor quality brown crystals were obtained on two occasions by vapour 

diffusion of diethylether into DMF solutions of the complex. 

Infrared spectrum inter alia 3420 (m,b), 1650 (m,b), 1590 (w), 1090 (s,b) cm-I 

Crystallography 

General Data 

Crystals suitable for single crystal X-ray structural analysis were obtained as 

described in the Experimental Section. X-ray crystallographic data were collected on 

a Nicolet R3m four-circle diffractometer using graphite-monochromated Mo-Ka 

radiation ("-=0.71069). The cell parameters were determined by least squares 

refinement of 16 to 24 accurately centered reflections in the range 5 < 29 < 36 0. The 

crystals generally lost solvate molecules on isolation from the mother liquor and 



rapidly (5 min) crumbled to powder. Therefore crystals suitable for X-ray 

crystallography were coated with a hydrocarbon oil immediately on isolation and 

rapidly transferred into the low temperature gas stream of the diffractometer. The 

crystal stability was monitored by recording three check reflections every 97 

reflections and no significant variations were observed for any data sets. The data 

sets were corrected for Lorentz and polarisation effects, and unless otherwise 

stated, an empirical absorption correction was applied, based on 'V-scan data . 

. Hydrogen atoms were inserted at calculated positions using a riding model with 

thermal parameters equal to 1.2U of their carrier atoms unless otherwise stated. 

The function minimised in the refinement was L.w( I Fo I -I Fc 1)2 where 
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w = [0'2 (Fo) + gF02]-1. Final atom coordinates and numbering schemes are given 

in Appendix A, and tables of selected interatomic distances and angles are given in 

Section 2.2. All programs used in data reduction and final refinement were contained 

in the SHELXTL (version 4.0) package. 108 SHELXTL or SHELXS109 programs 

were employed to solve the structures, and in some cases the intermediate 

refinement was performed using SHELX76.110 

[Mn2(HLl)(CI)2]2(CI04)2.2D MF .H20 

C54H74C45M114N 14015 , regular golden-yellow block, crystal dimensions 

0.25 x 0.25 x 0.34 mm3, orthorhombic, a = 14.776(4), b = 21.358(5), c = 22.784(5) A, 

U = 7190(3)A3, space group Pbcn, Z = 4, F(OOO) = 3272. Using 1.40 (O-scans at a 

scan rate of 6° min-1 , and a background to scan ratio of 0.5, 6969 reflections were 

collected with 4 < 26 < 50°, index range: h 0/18, k 0/26, I 0/28, at 173K. Of these, 

6329 were unique, and the 2671 having I >3 0' (I) were used in the structural 

analysis. The data were corrected for extinction effects. 

A Patterson calculation 108 revealed the position of the manganese atoms and 

the remaining non-hydrogen atoms were located from difference Fourier maps. 

Hydrogen atoms were not inserted on the two quarter occupancy water molecules, 

080 and 090. Anisotropic thermal parameters were assigned to all non-hydrogen 

atoms except 080 and 090, and the refinement on 423 least-squares parameters 

converged with R = 0.0706, wR = 0.1044, g=0.003788 and a maximum least-squares 

shift/error of 0.052. The final difference map showed no features greater than 

+ 1.12 eA-3. 

[Mn2(HLl)(N3hh (CI04h.3MeCN 

C54li67C12M114N27012 , regular orange block, crystal dimensions 0.20 x 0.32 x 

0.34 mm3, triclinic, a = 13.891(3), b = 15.369(3), c = 16.190(3) A, a = 87.60(2)°, 

J3 = 82.18(2)0, Y = 85.20(2)0, U = 3411(1) A3, space group pi , Z = 2, 

F(OOO) = 1615. Using 1.6° (O-scans at a scan rate of 4.88° min-1 , and a background 

to scan ratio of 0.1, 10471 reflections were collected with 4 < 26 < 47 0, index 
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range: h 0/16, k -18/18, 1-19/19, at 138 K. Of these, 9988 were unique, and the 6990 

having 1 >3 (j (I) were ultimately used in the structure refinement. The data were 

corrected for extinction effects. 

Direct methods108 revealed the position of the four manganese atoms, the 

four alkoxide oxygens, and the bridging atoms N20 and N30. The remaining non­

hydrogen atoms were located from difference Fourier maps. Hydrogen atoms were 

not inserted on the half occupancy acetonitrile molecules, C82 and C92. Anisotropic 

thermal parameters were assigned to all non-hydrogen atoms, except the two half 

occupancy acetonitrile molecules, and the refinement on 890 least-squares 

parameters converged with R = 0.0667, wR = 0.0927, g = 0.000549 and a maximum 

least-squares ~hift/error of 0.11. The final difference map showed no features 

greater than + 1.5 eA-3, 

[Mn4(HLl)(Ll)(NCS)4]NC S 

CS3HS7Mll4N1704SS, yellow, crystal dimensions 0.15 x 0.19 x 0.35 mm3, 

monoclinic, a = 44.193(10), b = 13.082(4), c = 22.621(4) A, P = 105.73(2)0, 

U = 12588(5)A3, space group C2/c , Z = 8, F(OOO) := 5647. Using 20 co-scans at a 

variable scan rate of 3-29° min-I, and a background to scan ratio of 0.5, 8991 

reflections were collected with 3 < 28 < 45°, index range: h -48148, k 0/15, 10/25, at 

130K. Of these, 8144 were unique, and the 3435 having 1 >3 (j (I) were ultimately 

used in the structure refinement. 

The structure was solved by direct methods108 and the remaining non­

hydrogen atoms were located from difference Fourier maps. The hydrogen atom 

(HI) on the hydrogen bond between 01 and 03 was located from difference Fourier 

maps and not further refined. Anisotropic thermal parameters were assigned to all 

manganese, oxygen and sulphur atoms, and the refinement on 398 least-squares 

parameters converged with R = 0.074, wR = 0.094, g = 0.0013 and a maximum least­

squares shift/error of 0.04. The final difference map showed no features greater than 

1.3 eA-3. 

[Mn2(Ll)(HCOO)h(CI04h.2DMF.H20 

Cs6H72ChMn4N14019, orange block, crystal dimensions 0.10 x 0.17 x 0.25 

mm3, monoclinic, a = 27.057(8), b = 14.793(5), c = 16.126(4) A, P = 97.56(2)0, 

U = 6398(3) A3, space group C2/c , Z = 4, F(OOO) == 3175. Using 1.40 co-scans at a 

scan rate of 3.660 min-I, and a background to scan ratio of 0.1, 4470 reflections were 

collected with 4 < 28 < 45 0, index range: h 0/30, k 0/16, I -18/18, at 170K. Of 

these, 4180 were unique, and the 1971 having 1 >3 (j (I) were ultimately used in the 

structure refinement. 

Direct methods108 revealed the structure and the remaining non-hydrogen 

atoms were located from difference Fourier maps. Hydrogen atoms were not 
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inserted on the half occupancy water molecule, 050. Anisotropic thermal parameters 

were assigned to all non-hydrogen atoms except the pyridine ring carbons and 050, 

and the refinement on 396 least-squares parameters converged with R = 0.0527, 

wR = 0.0485, g = 0.000188 and a maximum least-squares shift/error of 0.07. The 

final difference map showed no features greater than ± 0.4 eA-3 . 

[Mn2(Ll)(CH3COO)h (CI04h.2DMF.5H20 

CSSHS4ChMn4N14023 ,orange, crystal dimensions 0.06 x 0.64 x 0.74 mm3, 

monoclinic, a = 32.026(7), b = 14.623(6), c = 16.464(5) A, ~ = 118.11(2)0, 

U = 6801(4) A3, space group C2/c , Z = 4, F(OOO) = 3391. Using 1.40 (ll-scans at a 

scan rate of 4.88° min-I, and a background to scan ratio of 0.5, 6351 reflections were 

collected with 4 < 29 < 50 0, index range: h 0/39, k 0/18, I -20/20, at 173K. Of 

these, 5569 were unique, and the 3696 having I >3 cr (I) were ultimately used in the 

structure refinement. An empirical absorption correction was applied, based on 

\If-scan data and face indexing. 

Direct methods lOS revealed the structure and the remaining atoms were 

located from difference Fourier maps. Hydrogen atoms were not inserted on the half 

occupancy water molecule, 070. Hydrogen atoms on 050 (H50B) and 060 (H60B) 

were fixed to lie on the hydrogen bond interactions between 040 and 050, and 040 

and 060 respectively. Anisotropic thermal parameters were assigned to all non­

hydrogen atoms except the DMF molecule and 070, and the refinement on 430 

least-squares parameters converged with R = 0.0683, wR = 0.0932, g = 0.001266 

and a maximum least-squares shift/error of 0.1. The final difference map showed no 

features greater than ± 1.3 eA-3 . 

[Mn 4(Ll ')(H20 ) 1.6(DMF)3(C104h] (CI 0 4h 

C57HnC4Mn4N 15024.6 , well formed orange block, crystal dimensions 

0040 x 0.44 x 0.56 mm3, monoclinic, a = 28.049(9), b = 14.127(4), c = 20.473(4) A, 

U = 7779(4)A3, space group C2/c , Z = 4, F(OOO) = 3779. Using 1.40 (ll-scans at a 

scan rate of 4.880 min-1 , and a background to scan ratio of 0.1, 6500 reflections were 

collected with 4 < 29 < 480, index range: h 0/33, k 0/17, 1-24/24, at 170K. Of 

these, 6091 were unique, and the 3709 having I >3 cr (I) were used in the structural 

analysis. A numerical absorption correction was applied, based on face indexing. 

Previous MU4L1' structural coordinates (same space group) were used as a 

starting point for the refinement and the remaining non-hydrogen atoms were located 

from difference Fourier maps. Hydrogen atoms were not inserted on the three partial 

occupancy DMF molecules, 050-C52 (0.2 occupancy), 040-C42 (0.5 occupancy) 

and 030-C32 (0.8 occupancy). Atom 050 of the 0.2 occupancy DMF molecule 

coincides with a 0.8 occupancy H20 molecule. The 050-C50 bond was constrained 

to be trigonal planar and ca. 1.15A long. Anisotropic thermal parameters were 



assigned to all non-hydrogen atoms except the three DMF molecules, and the 

refinement on 423 least-squares parameters converged with R = 0.0706, wR = 
0.1044, g = 0.003788 and a maximum least-squares shift/error of 0.052. The final 

difference map showed no features greater than + 1.12 eA-3 . 

[MnsL12(CH3COO)z(CI04h] (CI04h .2H20 

CS2H67C4MnsN12026, orange, crystal dimensions 0.25 x 0.31 x 0.34 mm3, 

monoclinic, a = 13.032(4), b = 20.677(5), c = 14.113(5) A, ~ = 108.13(2)0, 
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U = 3614(2) A3, space group P21/C, Z = 2, F(OOO) = 1728. Using 20 ro-scans at a 

scan rate of 5.4° min-I, and a background to scan ratio of 0.5, 5124 reflections were 

collected with 4 < 28 < 45°, index range: h 0/15, k 0/23,1-16/16, at 153K. Of 

these, 4720 were unique, and the 2788 having I >3 a (I) were ultimately used in the 

structure refinement. The data were corrected for extinction effects. 

Direct methods108 revealed the position of the three manganese atoms and 

the remaining non-hydrogen atoms were located from difference Fourier maps. 

Hydrogen atoms were not inserted on the two half occupancy water molecules, 060 

and 070. Anisotropic thermal parameters were assigned to all non-hydrogen atoms 

except 060 and 070, and the refinement on 448 least-squares parameters 

converged with R = 0.0816, wR = 0.1245, g = 0.006384 and a maximum least­

squares shift/error of 0.2. The final difference map showed no features greater than 

+ 1.2 eA-3 . 

[Mns(Ll)2(CH3COO)2(H20)4(CI04h](CI04h.6MeCN 

C64.H88C4MnsN 18028, well formed orange block, crystal dimensions 

0.16 x 0.25 x 0.66 mm3, tric1inic, a = 11.504(6), b = 13.860(7), c = 13.892(8) A, 

u = 82.61(4), ~ = 80.46(4), 'Y = 72.41(4)0, U = 2075(2) A3, space group pi, Z = 1, 

F(OOO) = 1015. Using 20 ro-scans at a scan rate of 5.33° min-I, and a background to 

scan ratio of 0.3,5739 reflections were collected with 4 < 28 < 45°, index range: 

h 0/13, k -15/15, 1-15/15, at 150K. Of these, 5413 were unique, and the 3505 having 

I >3 a (I) were ultimately used in the structure refinement. 

A Patterson calculation and partial structure expansion 109 revealed the 

structure and the remaining non-hydrogen atoms were located from difference 

. Fourier maps. Anisotropic thermal parameters were assigned to all non-hydrogen 

atoms except the pyridinediimine carbon atoms, and the refinement on 468 least­

squares parameters converged with R = 0.0536, wR = 0.0627, g = 0.00062 and a 

maximum least-squares shift/error of 0.05. The final difference map showed no 

features greater than + 0.6eA-3 . 



[Mns(Llh(CH3COO)z(DMF)Z](CI04)4.2DMF 

C64.H90C4MnSN 1602S, well formed orange block, crystal dimensions 

0.20 x 0.20 x 0.48 mm3, triclinic, a = 10.750(5), b = 13.826(6), c = 15.953(17) A, 
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n = 86.52(7), ~ = 70.58(6), Y = 85.86(4)0, U = 2229(3) A3, space group pi, Z = 1, 

F(OOO) = 1003. Using 30 Ol-scans at a scan rate of 8.370 min-1, and a background to 

scan ratio of 0.3,5936 reflections were collected with 4 < 28 < 45°, index range: 

h 0/12, k -15/15,1-18/18, at 170K. Of these, 5804 were unique, and the 2668 having 

1 >3 0' (I) were ultimately used in the structure refinement. 

The structure was revealed by direct methods109 and the remaining non­

hydrogen atoms were located from difference Fourier maps. Two DMF molecules, 

060 to C62 and 070 to C72, were half occupancy, and the temperature factor of N70 

was fixed to be 0.02. Anisotropic thermal parameters were assigned to the two full 

occupancy manganese atoms (Mn1 and Mn2) and the two chlorine atoms of the 

perchlorate groups, and the refinement on 273 least-squares parameters converged 

with R = 0.1036, wR = 0.1308, g = 0.00340 and a maximum least-squares shift/error 

of 0.008. The final difference map showed no features greater than + 1.geA-3. 

[Mn(DAP)z(HZOh](CI04h 

ClsH22ChMnlN2014, colourless block, crystal dimensions 0.47 x 0.78 x 

0.88 mm3, orthorhombic, a = 7.663(1), b = 9.221(1), c = 36.087(7) A, U = 2549.9(7) 

A3, space group P212121. Z = 4, F(OOO) = 1260. Using 1.60 Ol-scans at a scan rate 

of 3.910 min-I, and a background to scan ratio of 0.1,2625 reflections were collected 

with 3 < 28 < 500, index range: h 0/10, k 0/11, I 0/43, at room temperature. Of 

these, 2599 were unique, and the 2000 having 1 >3 0' (I) were ultimately used in the 

structure refinement. 

Direct methods lOS revealed the position of the manganese atom and the 

remaining non-hydrogen atoms were located from difference Fourier maps. 

Anisotropic thermal parameters were assigned to all non-hydrogen atoms, and the 

refinement on 334 least-squares parameters converged with R = 0.0691, 

wR = 0.1009, g = 0.00140 and a maximum least-squares shift/error of 0.3. The fmal 

difference map showed no features greater than + 0.8e A -3 . 

[Pbz(HZL5)(NCS}Jl N C S 

C32H3SN 1002Pb2S4, irregular pale yellow block, crystal dimensions 

0.16 x 0.18 x 0.20 mm3, monoclinic, a = 11.947(3), b = 15.232(5), c = 21.392(5) A, 

13 = 96.14(2)0, U = 3870(2) A3, space group C2/c, Z = 4, F(OOO) = 2175. Using 

1.60 Ol-scans at a scan rate of 3.66° min-I, and a background to scan ratio of 0.1, 

2782 reflections were collected with 4 < 28 < 45°, index range: h 0/13, k 0/17, 

I -24/24, at 170K. Of these, 2534 were unique, and the 1712 having 1 >3 cr (I) were 

ultimately used in the structure refinement. 



A Patterson calculation lOS revealed the position of the lead atom and the 

remaining non-hydrogen atoms were located from difference Fourier maps. The 

fourth anion appeared to be very disordered and was not inserted, hence the final 

difference map shows some regions of substantial electron density. For further 

discussion of this point see Results and Discussion, Section 2.2. Anisotropic 

thermal parameters were assigned to the lead atom, terminally bound thiocyanate 

group (S31-C31-N31) and the macrocyc1ic nitrogen and oxygen atoms, and the 

refinement on 139 least-squares parameters converged with R = 0.0658, 
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wR = 0.1063, g = 0.00407 and a maximum least-squares shift/error of 0.01. The final 

difference map showed no features greater than 8.2e A -3 . 

[MnIIMnIII(L13)(O)(OH)(DMF)]2(CI04)4.2H20 

C52H7SC4Mn4N78014, brown block, crystal dimensions 0.18 x 0.22 x 0.41 

mm3, triclinic, a = 12.310(6), b = 13.266(9), c = 14.369(7) A, ex = 89.30(5), 

f3 = 74.02(4), Y = 70.26(4)0, U = 2115(2) A3, space group pi, Z = 1, F(OOO) = 848. 

Using 2.1° o>-scans at a scan rate of 6° min-I, and a background to scan ratio of 0.1, 

3946 reflections were collected with 4 < 28 < 40°, index range: h 0/12, k -13/13, 

I -14/14, at 140K. Of these, 3946 were unique, and the 1105 having I >30' (I) were 

ultimately used in the structure refinement. 

A Patterson calculation lOS revealed the position of the manganese atoms and 

the remaining non-hydrogen atoms were located from difference Fourier maps. The 

quality of this data collection did not warrant the insertion of hydrogen atoms; a 

recollection of the data on a better crystal is required. Anisotropic thermal 

parameters were assigned to the two manganese atoms and the two chlorine atoms 

of the perchlorate group, and the refinement on 221 least-squares parameters 

converged with R = 0.1468, wR = 0.1865, g = 0.0006 (not refined) and a maximum 

least-squares shift/error of 0.54. The final difference map showed no features 

greater than + 1.5e A-3 . 



2.2 Results and Discussion 

The ligands shown in Figure 37 have been investigated

0
" 
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Figure 37: The ligands investigated in this work. 
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These ligands meet the OEC modelling requirements of nitrogen and/or oxygen 

donors. Variation in the nature of the nitrogen donor atoms is provided by the 

pyrrole-containing macrocyc1e H4L7, and likewise a variation in the oxygen donor 

properties by the furan-containing macrocyc1e H2LA. No oxygen donors are provided 

by macrocycle Ll3., The 20- and 24-membered macrocycles H2Ll, H2L4, H2L5, f4 
L7 and L13 are large enough to bind two transition metal atoms,81,86,87,93,107,1l1 

although H2L7' (H4L7 without the alcohol functions) has been found to bind only one 

copper(IT) ion. 112 All of these ligands, except L13, provide alcohol oxygen atoms 

which can either twist away,86,87 or bridge the bound metal ions as is proposed in 

many metalloproteins, including the OEC (Figures 9, 10). 

These macrocycles have the ability to bind two or more transition metal ions 

and, except for L13, to provide bridges between them. This results in interactions 

between the metal ions which can be investigated by EPR and magnetic 

susceptibility studies. The Schiff-base macrocyclic chemistry involved in the ring 

expansion (2+2) to (4+4), that is H2Ll to H4Ll', has also been investigated. 
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No transition metal complexes of H2L4 or R4L 7 have been characterised to 

date. However, the barium complex of H2L4 was prepared in good yield towards the 

end of this work, and attempts to characterise manganese complexes can now be 

undertaken. Difficulty was experienced with the pyrrole-containing macrocycle 

although the metal-free and template syntheses of this ligand had been reported 

previously by Fenton.113 The product resulting from these syntheses was very 

insoluble and therefore hard to characterise or react further. Attempts to produce 

manganese complexes of R4L 7 were unsuccessful. The chemistry of these two 

macrocycles will not be discussed further here. 

The rich chemistry of the manganese complexes of H2L1, R4L1' and L13; the 

structural characterisation of a manganese(II) complex of DAP; and a dilead complex 

of H2L5 with unusual single-atom thiocyanate bridging via the nitrogen atom are 

presented and discussed in this Section. 

X-Ray Structure Determinations 

Structures of the Mn(II) Complexes of H2Ll and H4L 11 

The structures of eight manganese(II) complexes of H2L1 and one 

tetramanganese(II) complex of R4L1' have been determined and are discussed next. 

These complexes will be referred to by the coordinated anion name rather than the 

long systematic name or an uninformative code number. For example, the 

[Mn2(HL1)(Clhh(CI04h.2DMF.H20 complex will be referred to as the chloride 

complex. The tetramanganese complexes are discussed first, followed by the 

pentamanganese acetate complexes of H2L 1. 

In all of the tetramanganese complexes the manganese atoms are seven­

coordinate with approximate pentagonal bipyramidal geometry. The donors in the 

pentagonal plane are the three nitrogen atoms of the macrocyclic pyridinediimine unit 

and two bridging alcohol oxygens, also from the macrocycle. 

When chloride or azide is present a dimer of binucleating macrocycles is 

formed. 114 The structures of the cations are shown in Figures 38 and 39 

respectively, and selected interatomic distances and angles are given in Tables 2 and 

3. The chloride complex has a C2 axis passing through CI(2) and CI(3), whereas the 

azide complex has no crysta1lographically imposed symmetry. Nonetheless, the 

structures are quite similar, dimeric with the two macro cyclic units linked by bridging 

chloro or azido groups. The macrocyles are maintained in an "eclipsed" arrangement 

by these bridges, allowing hydrogen bonding (dotted lines Figures 38 and 39) 

between alkoxide and alcohol groups on adjacent monodeprotonated macrocycles; for 

the chloride 0(1) - 0(2') = 2.48(1)A while for the azide 0(1)-0(3) = 2.43(1)A and 

0(2)-0(4) = 2.44(1)A. 
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Figure 38: Perspective view of the cation [Mn2(HLl)(Clhh2+, hydrogen 
bonds are shown as dotted lines. 

Table 2: Selected interatomic distances and angles for 
[Mn2(HLl)(Clhh(CI04h.2DMF.H20 

Mnl-Nl 
Mnl-Cll 
Mn2-N5 
Mn2-C13 
Mn2-Mn2' 

2.219(9) 
2.549(3) 
2.279(9) 
2.599(4) 
3.107(3) 

NI-Mnl-N2 69.7(3) 
NI-Mnl-N3 70.9(3) 
N1-Mnl-Cll 90.2(3) 
N3-Mnl-Cll 103.1(2) 
01-Mnl-C12 84.8(2) 
NI-Mnl-0l' 143.0(3) 
N3-Mnl-0l' 144.2(3) 
Mnl-0l-C9 118.2(6) 
N4-Mn2-N5 70.7(3) 
N4-Mn2-N6 69.5(3) 
N4-Mn2-Cll 90.7(3) 
N6-Mn2-Cll 89.7(2) 
02-Mn2-C13 84.8(2) 
N4-Mn2-02' 141.9(3) 
N6-Mn2-02' 72.7(3) 
Mn2-02-C21 117.4(6) 
Mnl-Cll-Mn2 115.7(1) 

Interatomic Distances (A) 
Mn1-N2 2.279(9) Mn1-01 2.285(7) 
Mnl-C12 2.611(4) Mnl-0l' 2.269(7) 
Mn2-02 2.283(7) Mn2-N6 2.298(8) 
Mn2-02' 2.270(7) Mnl-Mn2 4.300(2) 
01-02' 2.48(1) 

Bond Angles (0) 
NI-Mn1-01 142.6(3) 
N2-Mnl-N3 139.0(3) 
N2-Mnl-Cll 88.0(3) 
NI-Mnl-C12 94.7(3) 
N3-Mnl-C12 79.4(2) 
N2-Mnl-01' 73.3(3) 
Cll-Mnl-0l' 90.4(2) 
Mn1-01-Mnl' 86.7(2) 
N4-Mn2-02 142.7(3) 
N5-Mn2-N6 138.9(3) 
N5-Mn2-Cll 100.7(3) 
N4-Mn2-C13 93.9(3) 
N6-Mn2-C13 95.7(2) 
N5-Mn2-02' 144.5(3) 
Cll-Mn2-02' 93.8(2) 
Mn2-02-Mn2' 86.2(2) 
Mn1-C12-Mnl' 73.6(1) 

Mnl-N3 2.248(8) 
Mn2-N4 2.232(9) 
Mn2-Cll 2.541(3) 
Mnl-Mnl' 3.125(3) 

N2-Mn1-01 147.6(3) 
01-Mnl-N3 72.4(3) 
01-Mnl-Cll 91.8(2) 
N2-Mnl-C12 93.0(2) 
Cll-Mnl-C12 175.0(1) 
01-Mnl-0l' 74.3(3) 
C12-Mnl-01' 85.2(2) 
C9-01-Mnl' 116.9(6) 
N5-Mn2-02 72.7(3) 
02-Mn2-N6 147.8(3) 
02-Mn2-Cll 89.1(2) 
N5-Mn2-C13 77.1(2) 
Cll-Mn2-C13 173.9(1) 
02-Mn2-02' 75.3(3) 
C13-Mn2-02' 85.1(2) 
C21-02-Mn2' 116.9(6) 
Mn2-C13-Mn2' 73.5(1) 



Figure 39: Perspective view of the cation [Mn2U-ILl)(N3hh2+, hydrogen 
bonds are shown as dOlled lines. 
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In both cases the two manganese atoms wi thin each macrocycle are also bridged by 

an anionic ligand and the intramolecular bridge angles are considerably smaller 

(chloride 73.5(1), 73.6(1)0; azide 84.7(2), 83.1(2)0) than the intermolecular 

equivalents (chloride 115.7(1)0; azide 126.3(2), 128.3(2)0). This is largely a 

consequence of the different Mn-Mn distances spanned by these bridges. Hence, all 

of the exogenous chloride or azide anions bridge manganese axial sites; Cl(1), 

N(20) and N(30) hold the dimeric structures together, while CI(2), CI(3), N(40) and 

N(50) bridge the two manganese atoms within each macrocyc1e. The angles made 

by the azide bridges are greater than the angles made by the chloride bridges 

because of the shorter Mn-N bond lengths which are due to the smaller radius of 

nitrogen vs chlorine. The macrocyc1ic rings have folded conformations. The angles 

between the manganese pentagonal planes within each macrocyc1e are 113.80 and 

113.10 for the chloride and 116.10 and 122.00 for the azide. Two uncoordinated 

perchlorate anions are also present in each structure. 



Table 3: Selected interatomic distances and angles for 
[Mn2(HL1)(N3h]2(CI04h.3MeCN 

Interatomic Distances (A) 
Mn1-Nl 2.242(6) Mn1-N2 2.276(6) Mn1-0l 
Mn1-N6 2.302(6) Mn1-N20 2.276(6) Mnl-N40 
Mn2-N3 2.256(6) Mn2-N4 2.218(6) Mn2-N5 
Mn2-N30 2.357(6) Mn2-N40 2.307(6) Mn3-N50 
Mn3-N8 2.290(6) Mn3-03 2.222(4) Mn3-04 
Mn3-N20 2.326(6) Mn4-N50 2.337(6) Mn4-03 
Mn4·NI0 2.222(5) Mn4-Nll 2.284(6) Mn4-04 
Mn1-Mn2 3.103(1) Mnl-Mn3 4.106(2) Mn2-Mn4 
Mnl-Mn4 5.172(1) Mn2-Mn3 5.187(1) 01-03 

Bond Angles (") 
NI-Mnl-N2 69.9(2) NI-Mnl-01 142.6(2) 
N1-Mnl-02 140.9(2) N2-Mnl-02 144.5(2) 
NI-Mnl-N6 69.6(2) N2-Mnl-N6 137.4(2) 
02-Mnl-N6 71.7(2) N1-Mnl-N20 98.1(2) 
01-Mn1-N20 90.4(2) 02-Mnl-N20 86.8(2) 
NI-Mn1-N40 96.3(2) N2-Mnl-N40 79.8(2) 
02-Mnl-N40 79.5(2) N6-Mn1-N40 91.8(2) 
01-Mn2-N3 72.7(2) 01-Mn2-N4 143.5(2) 
01-Mn2-N5 145.7(2) N3-Mn2-N5 139.0(2) 
01-Mn2-02 75.9(2) N3-Mn2-02 148.2(2) 
N5-Mn2-02 72.6(2) 01-Mn2-N30 85.5(2) 
N4-Mn2-N30 89.7(2) N5-Mn2-N30 105.2(2) 
01-Mn2-N40 80.2(2) N3-Mn2-N40 99.1(2) 
N5-Mn2-N40 81.4(2) 02-Mn2-N40 80.0(2) 
Mn1-01-Mn2 87.0(2) Mn1-01-C9 119.3(4) 
Mn1-02-Mn2 86.1(1) Mn1-02-C21 116.0(4) 
N7-Mn3-N8 70.2(2) N7-Mn3-03 142.9(2) 
N7-Mn3-04 140.3(2) N8-Mn3-04 149.4(2) 
N7-Mn3-NI2 69.6(2) N8-Mn3-NI2 137.5(2) 
04-Mn3-NI2 72.1(2) N7-Mn3-N20 90.0(2) 
03-Mn3-N20 92.1(2) 04-Mn3-N20 86.0(2) 
N7-Mn3-N50 104.6(2) N8-Mn3-N50 95.7(2) 
04-Mn3-N50 79.2(2) N12-Mn3-N50 81.5(2) 
03-Mn4-N9 72.6(2) 03-Mn4-NlO 139.5(2) 
03-Mn4-N11 149.6(2) N9-Mn4-Nll 137.5(2) 
03-Mn4-04 77.3(2) N9-Mn4-04 147.3(2) 
N11-Mn4-04 72.4(2) 03-Mn4-N30 84.1(2) 
NlO-Mn4-N30 87.6(2) Nll-Mn4-N30 93.5(2) 
03-Mn4-N50 78.6(2) N9-Mn4-N50 81.1(2) 
Nll-Mn4-N50 99.1(2) 04-Mn4-NSO 80.7(2) 
Mn3-03-Mn4 87.0(2) Mn3-03-C33 117.6(4) 
Mn3-04-Mn4 87.4(2) Mn3-04-C45 118.1(4) 
Mnl-N20-Mn3 126.3(2) Mn2-N30-Mn4 128.3(2) 
Mn3-N50-Mn4 83.1(2) 
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2.246(5) Mn1-02 2.287(4) 
2.301(6) Mn2-01 2.263(5) 
2.261(6) Mn2-02 2.256(4) 
2.332(6) Mn3-N7 2.238(5) 
2.282(5) Mn3-N12 2.286(6) 
2.276(4) Mn4-N9 2.272(6) 
2.201(4) Mn4-N30 2.308(6) 
4.199(2) Mn3-Mn4 3.097(1) 
2.43(1) 02-04 2.44(1) 

N2-Mnl-0l 72.8(2) 
01-Mnl-02 75.6(2) 
01-Mnl-N6 147.3(2) 
N2-Mnl-N20 109.1(2) 
N6-Mnl-N20 89.3(2) 
01-Mn1-N40 80.7(2) 
N20-Mnl-N40 165.1(2) 
N3-Mn2-N4 70.9(2) 
N4-Mn2-NS 70.2(2) 
N4-Mn2-02 139.8(2) 
N3-Mn2-N30 87.1(2) 
02-Mn2-N30 85.8(2) 
N4-Mn2-N40 108.4(2) 
N30-Mn2-N40 161.9(2) 
Mn2-01-C9 115.8(4) 
Mn2-02-C21 118.0(4) 
N8-Mn3-03 72.7(2) 
03-Mn3-04 76.7(2) 
03-Mn3-NI2 146.1(2) 
N8-Mn3-N20 94.6(2) 
N12-Mn3-N20 98.7(2) 
03-Mn3-N50 79.8(2) 
N20-Mn3-NSO 164.4(2) 
N9-Mn4-NlO 69.6(2) 
NI0-Mn4-N11 70.3(2) 
NI0-Mn4-04 142.5(2) 
N9-Mn4-N30 98.1(2) 
04-Mn4-N30 91.1(2) 
NlO-Mn4-NSO 108.5(2) 
N30-Mn4-N50 162.1(2) 
Mn4-03-C33 117.2(4) 
Mn4-04-C45 118.8(4) 
Mnl-N40-Mn2 84.7(2) 

The presence of thiocyanate ions also results in the formation of a dimer 

(Figure 40),62(b) the two halves of which are crystallographic ally independent. 

Selected interatomic distances and angles are given in Table 4. In this case the 

exogenous anion only forms intramolecular bridges, the dimer being held together by 

two intermolecular Mn-O bonds (Mn2-04, Mn4-02) and a hydrogen bond between 

01 and 03 (dotted line in Figure 40). Each manganese atom has a nitrogen atom 

from thiocyanate as one axial donor; Mnl and Mn2 are bridged by N80, while Mn3 

and Mn4 are bridged by N50. 



Figure 40: Perspective view of the cation [Mrl4(HLl)(Ll)(NCS)4]+, the 
hydrogen bond is shown as a dotted line. 
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The axial coordination of Mn1 and Mn3 is completed by the nitrogen donor of 

terminally bound thiocyanate (N70 and N60 respectively). For Mn2 and Mn4 the 

seventh donor is an alkoxide oxygen from the adjacent macrocycle, 04 and 02 

respectively. This leads to the macrocycles being in a "twisted" conformation (04 

over Mn2, Mn4 over 02, and 03 over 01) rather than the "eclipsed" conformation 

(Mn above Mn) adopted by the chloride and azide complexes. The alkoxide oxygen 

atoms 01 and 03 bridge two manganese atoms and are linked by a hydrogen bond; 

the hydrogen atom was located from difference Fourier maps. 02 and 04 are triply 

bridging, forming the corners of an incomplete Mn404 cubane. The axial sites on Mn1 

and Mn3 are blocked by strongly coordinated N-terminal thiocyanate anions which 

prevent them from binding to 03 and 01 to complete the cubane. The macrocycles 

are folded such that the angle between the mean planes of Mn1, N1, N2, N6, 01, 02 

and of Mn2, N3, N4, NS, 01, 02 is 104.6° and that between Mn3, N7, N8, N12, 03, 

04 and of Mn4, N9, N10, NIl, 03, 04 is 108.6°. 



Table 4: Selected interatomic distances and angles for 
[MD4(HL 1 )(L 1 )(NCS)4]NCS 

Interatomic Distances (A) 
Mn1-01 2.244(11) Mn1-02 2.314(10) Mn1-Nl 
Mn1-N6 2.264(14) Mn1-N70 2.242(14) Mn1-N80 
Mn2-02 2.247(10) Mn2-04 2.229(9) Mn2-N3 
Mn2-NS 2.288(13) Mn2-N80 2.388(12) Mn3-03 
Mn3-N7 2.277(13) Mn3-N8 2.333(13) Mn3-N12 
Mn3-N60 2.163(lS) Mn4-02 2.211(8) Mn4-03 
Mn4-N9 2.304(13) Mn4-NI0 2.237(14) Mn4-N11 
Mnl-Mn2 3.134(S) Mnl-Mn3 S.768(S) Mn1-Mn4 
Mn2-Mn4 3.31S(S) Mn3-Mn4 3.13S(S) 01-03 

Bond Angles (0) 
01-Mn1-02 73.0(4) 01-Mn1-N1 138.3(4) 
01-Mnl-N2 71.3(4) 02-Mnl-N2 143.6(4) 
01-Mn1-N6 146.0(4) 02-Mn1-N6 73.9(4) 
N2-Mn1-N6 139.6(4) 01-Mn1-N70 110.1(4) 
N1-Mn1-N70 87.7(S) N2-Mn1-N70 94.5(S) 
01-Mn1-N80 80.8(4) 02-Mnl-N80 81.7(4) 
N2-Mnl-N80 86.0(4) N6-Mnl-N80 87.0(4) 
01-Mn2-02 73.7(4) 01-Mn2-04 94.1(3) 
01-Mn2-N3 72.8(4) 02-Mn2-N3 146.0(4) 
01-Mn2-N4 141.3(S) 02-Mn2-N4 144.3(S) 
N3-Mn2-N4 68.6(S) 01-Mn2-NS 14S.0(4) 
04-Mn2-NS 97.2(4) N3-Mn2-NS 134.8(4) 
01-Mn2-N80 81.8(4) 02-Mn2-N80 84.8(4) 
N3-Mn2-N80 8S.5(4) N4-Mn2-N80 92.7(4) 
03-Mn3-04 74.7(4) 03-Mn3-N7 141.0(4) 
03-Mn3-N8 72.2(4) 04-Mn3-N8 142.4(4) 
03-Mn3-NI2 148.3(4) 04-Mn3-NI2 73.6(4) 
N8-Mn3-N12 136.8(4) 03-Mn3-NSO 79.0(4) 
N7-Mn3-NSO 91.4(4) N8-Mn3-NSO 7S.2(5) 
03-Mn3-N60 94.1(S) 04-Mn3-N60 102.4(4) 
N8-Mn3-N60 97.2(S) NI2-Mn3-N60 94.0(S) 
02-Mn4-03 94.1(3) 02-Mn4-04 83.2(3) 
02-Mn4-N9 94.8(4) 03-Mn4-N9 71.S(4) 
02-Mn4-NIO 100.S(4) 03-Mn4-NI0 139.0(4) 
N9-Mn4-NI0 69.3(S) 02-Mn4-N11 102.S(4) 
04-Mn4-Nl1 73.3(4) N9-Mn4-N11 138.S(S) 
02-Mn4-NSO 166.2(4) 03-Mn4-NSO 79.8(4) 
N9-Mn4-NSO 94.9(4) NI0-Mn4-NSO 92.1(4) 
Mnl-01-Mn2 87.8(4) Mn3-03-Mn4 88.8(4) 
Mn2-04-Mn4 9S.4(4) Mn1-02-Mn2 86.8(3) 
Mn2-02-Mn4 96.1(4) Mn3-04-Mn4 87.1(3) 
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2.241(12) Mnl-N2 2.323(15) 
2.461(12) Mn2-01 2.277(11) 
2.304(14) Mn2-N4 2.2S1(13) 
2.242(10) Mn3-04 2.300(10) 
2.289(13) Mn3-NSO 2.441(14) 
2.238(11) Mn4-04 2.2S1(1O) 
2.322(14) Mn4-NSO 2.410(12) 
4.077(S) Mn2-Mn3 4.032(S) 
2.42(1) 

02-Mn1-Nl 140.6(4) 
N1-Mn1-N2 70.0(S) 
N1-Mn1-N6 69.7(S) 
02-Mn1-N70 104.0(4) 
N6-Mn1-N70 8S.3(S) 
NI-Mnl-N80 81.9(4) 
N70-Mnl-N80 168.7(4) 
02-Mn2-04 82.9(3) 
04-Mn2-N3 104.5(4) 
04-Mn2-N4 97.7(4) 
02-Mn2-NS 7S.0(4) 
N4-Mn2-NS 69.S(S) 
04-Mn2-N80 167.6(4) 
NS-Mn2-N80 80.2(4) 
04-Mn3-N7 141.7(4) 
N7-Mn3-N8 68.8(S) 
N7-Mn3-NI2 69.S(S) 
04-Mn3-NSO 81.6(4) 
NI2-Mn3-NSO 94.9(S) 
N7-Mn3-N60 90.3(S) 
NSO-Mn3-N60 170.9(S) 
03-Mn4-04 7S.7(4) 
04-Mn4-N9 146.9(S) 
04-Mn4-NI0 143.7(S) 
03-Mn4-Nl1 142.6(4) 
NIO-Mn4-N11 70.6(S) 
04-Mn4-NSO 83.3(4) 
N11-Mn4-NSO 76.3(4) 
Mnl-02-Mn4 128.6(4) 
Mn2-04-Mn3 12S.8(S) 

An unusual feature of this complex is the presence of four distinctly different 

coordination geometries for the thiocyanate ions, in addition to the uncoordinated 

counter ion. One of the two terminal thiocyanate groups is bonded in approximately 

linear fashion [Mn3-N60-C61 173(1)°], whereas the other is distinctly bent (Mn1 -

N70 - C71 = 128(1)°). A similar effect is observed for the two bridging 

thiocyanates; N80 - C81 - 882 is inclined at 33(1)° to the Mnl, Mn2, N80 plane but 

N50-C51-852 makes an angle of only 7(1)° with the Mn3, Mn4, N50 plane. In 

addition, the Mn-N-C angles show wide variation; 139(1)° and 119(1)° for Mnl­

and Mn2 N80 - C8l respectively compared with 133(1)° and 145(1)° for Mn3- and 
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Mn4 - N50 - C51. There are no striking inter- or intramolecular interactions to 

account for these differences; the environments of the two terminal thiocyanates and 

of the two bridging groups, while not identical, show no major differences. The 

individual geometries can be ascribed to a number of weak interactions and to crystal 

packing effects. For example, S72 is ca. 3.8 A from six macrocyclic ring atoms, three 

from the same asymmetric unit (N6, C23, C36) and three from an adjacent unit (C15, 

C16, and C46). Any straightening of the N70 - C71 - S72 angle is prevented by this 

network of interactions. There are eight other structurally characterised examples of 

N-bridging thiocyanate ligands.53,111,115,116 In most cases the N-bridging 

thiocyanate is associated with an infrared band in the region below 2000cm-1 (see 

the Discussion of [Pb2(H2L5)(NCS)3]NCS). The infrared spectrum (in nujol) of this 

complex shows four peaks due to the C-N stretch of the thiocyanates at ca. 2085, 

2065, 2045 and 2025cm-1 and the band is broadened on the low energy side, but 

there is no distinct signal below 2000cnrl. A systematic study of 1,1-NCS bridges 

by Nelson et al has shown that such blue shifts are commonly observed where J..L­

OR bridging is also present.53 

Single crystal X-ray structural analysis of the formate and 4Mn acetate 

complexes revealed another type of dimer. These two cations are almost 

isostructural (Figures 41 and 42), as seen by least-squares fitting of the manganese 

coordination spheres. Selected interatomic distances and angles are given in Tables 

5 and 6 respectively. Each half of the face-to-face dimer contains one binuclear 

macrocycle and an acetate (or formate) group bridging the two manganese(II) atoms. 

The dimer is held together by four manganese-alkoxide oxygen bonds, resulting in 

formation of an Mn404 cubane core similar to that observed with the (4+4) 

rnacrocycle (Figure 19A). The cation has crystallographically imposed symmetry; a 

C2 axis passes through the centres of the cubane faces bounded by Mn(l), 0(1), 

Mn(l') and 0(1') and by Mn(2), 0(2), Mn(2') and 0(2'). Formation of the cubane 

requires that the two macrocycles be "staggered" with respect to each other, rather 

than "eclipsed" as in the chloride and azide complexes. In comparison the 

thiocyanate structure is twisted to an intermediate stage so that it resembles neither 

the chloride nor the acetate structures. Another difference between these acetate 

and formate structures and the previous ones is that the macrocyclic ligands are 

almost planar; the angle between the mean planes defined by Mn1, N1, N2, N6, 01, 

02 and Mn2, N3, N4, N5, 01, 02 is 150.50 for the acetate and 148.40 for the formate. 

This demonstrates that the saturated section in this macrocycle is quite flexible and 

will adjust to suit the number and preferred geometry of coordinated metal ions. In 

the present case the controlling factor appears to be the axial ligation of the 

manganese atoms. In each case, one axial ligand is an alkoxide from the second 

macrocycle and the other is an oxygen atom from a bridging acetate (or formate) 

group. It is the former interaction which results in Mn404 cubane formation. 
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Figure 41: Perspective view of the cation [Mn2(Ll)(HCOO)h2+ 

Table 5: Interatomic distances and angles for 
[Mn2(Ll)(HCOO)]2(CI04h.DMF.H20 

Interatomic Distances (A) 
Mnl-Nl 2.244(6) Mnl-N2 2.346(7) Mnl-0l 
Mnl-N6 2.367(6) Mnl-031 2.251(6) Mnl-01' 
Mn2-N3 2.351(6) Mn2-N4 2.257(7) Mn2-N5 
Mn2-032 2.254(6) Mn2-02' 2.231(6) Mnl-Mnl' 
Mnl-Mn2' 3.477(2) Mn2-Mn2' 3.485(2) 

Bond Angles (0) 
NI-Mnl-N2 70.2(2) NI-Mnl-01 139.8(2) 
NI-Mnl-02 138.2(2) N2-Mnl-02 151.4(2) 
NI-Mnl-N6 68.5(2) N2-Mnl-N6 137.1(2) 
02-Mnl-N6 70.1(2) NI-Mnl-031 89 .8(2) 
01-Mnl-031 91.7(2) 02-Mnl-031 91.6(2) 
NI-Mnl-0l' 107.1(2) N2-Mnl-01' 101.6(2) 
02-Mnl-0l' 75.4(2) N6-Mnl-0l' 101.0(2) 
01-Mn2-N3 70.0(2) 01-Mn2-N4 138.3(2) 
01-Mn2-N5 152.0(2) N3-Mn2-N5 136.7(2) 
01-Mn2-02 82.6(2) N3-Mn2-02 152.0(2) 
N5-Mn2-02 69.8(2) 01-Mn2-032 93.8(2) 
N4-Mn2-032 88.2(2) N5-Mn2-032 83.1(2) 
01-Mn2-02' 75.6(2) N3-Mn2-02' 101.8(2) 
N5-Mn2-02' 101.4(2) 02-Mn2-02' 75.7(2) 
Mnl-01-Mn2 93.6(2) Mnl-01-C9 110.7(4) 
Mnl-01-Mnl' 103.6(2) Mn2-01-Mnl' 105.0(2) 
Mnl-02-Mn2 92.8(2) Mnl-02-C21 111.3(4) 
Mnl-02-Mn2' 103.5(2) Mn2-02-Mn2' 104.1(2) 

2.189(5) Mnl-02 2.196(5) 
2.213(5) Mn2-01 2.168(6) 
2.366(7) Mn2-02 2.188(5) 
3.459(2) Mnl-Mn2 3.176(2) 

N2-Mnl-0l 69.9(2) 
01-Mnl-02 81.9(2) 
01-Mnl-N6 151.5(2) 
N2-Mnl-031 84.5(2) 
N6-Mnl-031 84.2(2) 
01-Mnl-0l' 76.0(2) 
031-Mnl-0l' 163.1(2) 
N3-Mn2-N4 68.9(2) 
N4-Mn2-N5 69.6(2) 
N4-Mn2-02 139.0(2) 
N3-Mn2-032 83.8(2) 
02-Mn2-032 92.9(2) 
N4-Mn2-02' 106.6(2) 
032-Mn2-02' 165.2(2) 
Mn2-01-C9 112.1(4) 
C9-01-Mnl' 126.7(4) 
Mn2-02-C21 111.6(5) 
C21-02-Mn2' 127.7(5) 



Figure 42: Perspective view of the cation [Mn2(Ll)(CH3COO)h2+ 

Table 6: Selected interatomic distances and angles for 
[Mn2(L 1)(CH3COO) h(Cl04h·2DMF.5H20 

Bond Lengths (A) 
Mn1-N1 2.248(5) Mn1-N2 2.340(5) Mn1-01 
Mn1-N6 2.369(5) Mnl-031 2.289(7) Mn1-01' 
Mn2-N3 2.348(5) Mn2-N4 2.251(5) Mn2-N5 
Mn2-032 2.278(7) Mn2-02' 2.228(6) Mn2-01 
Mn1-Mn2 3.158(1) Mnl-Mn2' 3.470(1) Mn2-Mn2' 

Bond Angles (0) 
NI-Mnl-N2 69.9(2) NI-Mnl-0l 139.2(2) 
N1-Mn1-02 138.0(2) N2-Mn1-02 152.1(2) 
NI-Mnl-N6 69.1(2) N2-Mn1-N6 137.2(2) 
02-Mn1-N6 69.7(2) N1-Mn1-031 90.7(2) 
01-Mn1-031 92.8(2) 02-Mnl-031 93.0(2) 
NI-Mnl-0l' 104.7(2) N2-Mn1-01' 100.6(2) 
02-Mnl-01' 75.5(2) N6-Mn1-01' 10 1.1(2) 
01-Mn2-N3 69.8(2) 01-Mn2-N4 138.9(2) 
01-Mn2-N5 151.9(2) N3-Mn2-N5 137.3(2) 
01-Mn2-02 82.5(2) N3-Mn2-02 152.0(2) 
N5-Mn2-02 69.8(2) 01-Mn2-032 92.9(2) 
N4-Mn2-032 91.1(2) N5-Mn2-032 84.3(2) 
01-Mn2-02' 76.1(2) N3-Mn2-02' 100.9(2) 
N5-Mn2-02' 100.4(2) 02-Mn2-02' 75.6(2) 
Mnl-0l-Mn2 93.3(2) Mn1-01-C9 111.4(4) 
Mn1-01-Mn1' 104.2(2) Mn2-01-Mn1' 103.8(2) 
Mn1-02-Mn2 92.7(2) Mn1-02-C21 110.6(4) 
Mnl-02-Mn2' 104.0(2) Mn2-02-Mn2' 104.2(2) 

2.180(4) Mnl-02 
2.244(6) Mn2-01 
2.349(5) Mn2-02 
2.165(4) Mn l -Mn1' 
3.485(1) 

N2-Mnl-01 
01-Mn1-02 
01-Mn l -N6 
N2-Mn l -031 
N6-Mn l -031 
01-Mn l -01 ' 
031-Mn1-01' 
N3-Mn2-N4 
N4-Mn2-N5 
N4-Mn2-02 
N3-Mn2-032 
02-Mn2-032 
N4-Mn2-02' 
032-Mn2-02' 
Mn2-01-C9 
C9-01-Mn1 ' 
Mn2-02-C21 
C21-02-Mn2' 
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2.177(4) 
2.165(4) 
2.188(4) 
3.491(1) 

70.0(2) 
82.4(1) 

151.7(2) 
84.6(2) 
84.2(2) 
75.6(2) 

164.5(2) 
69.9(2) 
69.2(2) 

138.2(2) 
84.8(2) 
92.7(2) 

104.2(2) 
164.7(2) 
111.6(4) 
127.1(4) 
111.0(4) 
128.4(4) 



67 

The pentagonal planes of the two manganese atoms within each macrocycle must be 

approximately coplanar to allow formation of this core. 

When [Mn4(L1')](CI04)4.2H20 (Figure 19A)62(b) was recrystallised from 

DMF a slightly different structure was formed and it is shown in Figure 43. Selected 

interatomic distances and angles are given in Table 7. The large (4+4) macrocycle is 

wrapped around a M~04 core. The alcohol groups are deprotonated and each one 

bridges three manganese atoms. The macrocycle is able to wrap around this cluster 

by virtue of the flexible propane linkages which permit a 90° twist of the ligands 

between successive rigid pyridinediimine units. A crystallographic two-fold axis 

passes through the centres of the cubane faces defined by Mn1, 02, Mn1', 02' and 

Mn2, 01, Mn2', 01'. 

Figure 43: Perspective view of the cation [Mn4(Ll ')(H20)1.6(DMFh(CI04h]2+, 
hydrogen bonds are shown as dotted lines. 

The only significant difference between this structure and that of 

[Mn4(Ll')](Cl04)4.2H20 (Figure 19A) is that in this case two of the semi­

coordinated perchlorate anions have been replaced by a 20% occupancy DMF bound 

via 050, coincident with an 80% occupancy water molecule (050) which is hydrogen 
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bonded to a 80% occupancy DMF molecule. The Mnl-050 bond length of 

2.312(9)A implies this is coordinated whereas the Mn2-011 separation of 2.897 A 

indicates that the perchlorate is only semi-coordinated. In the structure shown in 

Figure 19A the two semi-coordinated perchlorate groups were at distances of 

2.610(2) and 2.728(2)A. It appears that in the present case the stronger 

coordination by 050 at two of the open axial coordination sites leads to weaker 

coordination by Cl04 -at the other two axial sites, indicating some interaction 

between the manganese atoms through the cluster. 

Table 7: Selected interatomic distances and angles for 
[Mn4(Ll')(H20) 1.6(DMF)3(CI04h] (CI04h 

Interatomic Distances (A) 
Mnl-Nl 2.270(7) Mnl-N2 2.314(7) Mn1-01 
Mnl-N6 2.309(7) Mnl-050 2.312(9) Mn1-02' 
Mn2-N4 2.284(8) Mn2-N5 2.275(9) Mn2-02 

2.195(5) Mnl-02 
2.193(7) Mn2-01 
2.145(5) Mn2-01' 

Mn2-N3' 2.326(7) Mn2-011 2.897(2) Mn1-Mn2 3.279(2) Mnl-Mn1' 
Mnl-Mn2' 3.362(2) Mn2-Mn2' 3.445(2) 050-030 2.89(1) 050-040 

Bond Angles e) 
NI-Mn1-N2 69.0(3) NI-Mn1-01 141.1(2) N2-Mn1-01 
N1-Mn1-02 139.6(2) N2-Mnl-02 151.0(2) 01-Mnl-02 
NI-Mnl-N6 69.8(3) N2-Mnl-N6 137.5(3) 01-Mn1-N6 
02-Mnl-N6 71.4(2) NI-Mn1-050 85.2(3) N2-Mnl-050 
01-Mnl-050 90.9(3) 02-Mn1-050 103.6(2) N6-Mnl-050 
NI-Mn1-02' 100.4(3) N2-Mn1-02' 95.0(3) 01-Mn1-02' 
02-Mn1-02' 77.0(2) N6-Mnl-02' 102.2(3) 050-Mn1-02' 
01-Mn2-N4 107.2(2) 01-Mn2-N5 105.4(2) N4-Mn2-N5 
01-Mn2-02 83.9(2) N4-Mn2-02 141.0(3) N5-Mn2-02 
01-Mn2-01' 77.6(2) N4-Mn2-01' 139.3(2) N5-Mn2-01' 
02-Mn2-01' 79.1(2) 01-Mn2-N3' 102.9(2) N4-Mn2-N3' 
N5-Mn2-N3' 133.8(3) 02-Mn2-N3' 146.9(3) 0I'-Mn2-N3' 
Mnl-0l-Mn2 98.5(2) Mnl-01-C9 115.9(5) Mn2-01-C9 
Mnl-01-Mn2' 97.1(2) Mn2-01-Mn2' 102.3(2) C9-01-Mn2' 
Mnl-02-Mn2 94.8(2) Mnl-02-C21 111.0(5) Mn2-02-C21 
Mn1-02-Mnl' 102.7(2) Mn2-02-Mnl' 101.6(2) C21-02-Mnl' 

2.307(5) 
2.134(5) 
2.289(7) 
3.515(2) 
2.79(1) 

72.3(2) 
78.9(2) 

148.6(2) 
80.1(3) 
86.5(3) 
80.2(2) 

170.8(2) 
68.7(3) 
72.3(3) 

150.6(2) 
68.4(3) 
71.1(3) 

128.1(5) 
110.0(5) 
119.2(5) 
123.0(6) 

In fact two general types of products were isolated from the acetate 

preparation; the fIrst was the dimer [Mn2(Ll)(CH3COO)]z(CI04)z.H20.2DMF 

which is described above, and the second was a 5Mn structural type. There were 

three slight variations in the pentamanganese structures due to the binding of a 

series of different groups in the macrocycle fold; these are shown in Figures 44 and 

45. Selected interatomic distances and angles are given in Tables 8, 9 and 10. In 

each case the [Mn5(Lh(CH3COO)Z(Xh]Y+ cation (X == Cl04-and y == 2; X == 

(H20)z(CI04-) and y == 2; X == DMF, and y == 4) consists of two folded, binuclear 

macrocyclic units bridged by an octahedrally coordinated manganese atom (Mn3) and 

two acetate groups. The structures are centrosymmetric; Mn3 is located on a centre 

of symmetry, bonded to the two deprotonated alkoxide groups 01 and 02 from each 

macrocycle and to both acetate groups. 
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Figure 44: Perspective view of the cation [Mns(Ll)2(CH3C00)2(CI04)2]2+ 

The acetate ions each bridge three manganese atoms, one from each macrocycle plus 

Mn3 and exhibit both single- and three-atom bridging modes. Mn2 and Mn3 are 

linked by a three-atom acetate bridge but Mnl and Mn3 are bridged by a single 

oxygen atom 050 of the acetate group. Mnl and Mn2 are seven-coordinate and 

have approximate pentagonal bipyrarnidal geometry. The pentagonal plane contains 

the macrocyclic donor atoms (three nitrogen donors and two alkoxide groups), the 

axial ligands are acetate and an oxygen atom from the group bound in the macrocyclic 

cavity. 



Table 8: Selected interatomic distances and angles for 
[Mns(Llh(CH3COOh(Cl04h](CI04h.3MeCN 

Interatomic DIstances (A) 
Mnl-Ol 2.222(7) Mnl-N3 2.2S6(9) Mnl-N4 2.200(9) 
Mnl-02 2.229(7) Mnl-OSO 2.23S(9) Mnl-Oll 2.298(9) 
Mn2-N2 2.261(11) Mn2-01 2.194(7) Mn2-02 2.193(8) 
Mn2-0ll 2.428(9) Mn2-0S2' 2.1S7(9) Mn3-01 2.181(9) 
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Mnl-NS 2.228(9) 
Mn2-N1 2.210(11) 
Mn2-N6 2.268(10) 
Mn3-02 2.182(8) 

Mn3-0S0 2.209(7) Mn3-01' 2.181(9) Mn3-02' 2.182(8) Mn3-0S0' 2.209(7) 
Mn1-Mn2 3.112(2) Mn1-Mn3 3.02S(2) Mn2-Mn3 3.243(2) 

Bond angles e) 
01-Mn1-N3 74.4(3) 01-Mn1-N4 143.8(4) N3-Mn1-N4 70.2(4) 
01-Mn1-NS 141.4(3) N3-Mn1-NS 142.8(3) N4-Mn1-NS 72.8(4) 
01-Mn1-02 68.5(3) N3-Mn1-02 142.4(3) N4-Mn1-02 147.4(3) 
N5-Mn1-02 74.8(3) 01-Mn1-0S0 82.4(3) N3-Mnl-OSO 88.S(4) 
N4-Mnl-OSO 103.8(3) NS-Mn1-0S0 103.3(3) 02-Mn1-0S0 80.5(3) 
OI-Mn1-0ll 83.6(3) N3-Mnl-Oll 100.1(4) N4-Mn1-011 95.1(4) 
NS-Mn1-0ll 80.1(30) 02-Mnl-Oll 82.4(3) OSO-Mn1-0ll 160.9(3) 
N1-Mn2-N2 72.1(4) Nl-Mn2-0l 144.7(4) N2-Mn2-01 72.7(3) 
NI-Mn2-02 140.4(3) N2-Mn2-02 137.3(3) 01-Mn2-02 69.7(3) 
N1-Mn2-N6 70.S(4) N2-Mn2-N6 141.4(4) OI-Mn2-N6 143.0(3) 
02-Mn2-N6 73.4(3) N1-Mn2-011 86.7(3) N2-Mn2-011 74.8(3) 
OI-Mn2-011 81.2(3) 02-Mn2-011 80.2(3) N6-Mn2-011 93.8(3) 
N1-Mn2-052' 91.8(4) N2-Mn2-0S2' 94.2(4) 01-Mn2-052' 93.8(3) 
02-Mn2-052' 107.S(3) N6-Mn2-0S2' 96.1(4) Oll-Mn2-0S2' 168.8(3) 
01-Mn3-02 70.1(3) 01-Mn3-0S0 83.9(3) 02-Mn3-050 82.1(3) 
OI-Mn3-01' 180.0(1) 02-Mn3-01' 109.9(3) OSO-Mn3-01' 96.1(3) 
02-Mn3-02' 180.0(1) OSO-Mn3-02' 97.9(3) 050-Mn3-0S0' 180.0(1) 
Mn1-01-Mn2 89.6(3) Mnl-01-Mn3 86.8(3) Mn2-01-Mn3 9S.7(3) 
Mn1-01-C9 llS.7(6) Mn2-01-C9 119.6(7) Mn3-01-C9 136.6(7) 
Mn1-02-Mn2 89.4(3) Mn1-02-Mn3 86.6(3) Mn2-02-Mn3 9S.7(3) 
Mn1-02-C21 117.2(6) Mn2-02-C21 118.9(6) Mn3-02-C21 136.4(8) 
Mn10S0-Mn3 8S.8(3) Mn1-0S0-CS1 138.3(8) Mn3-0S0-CS1 131.6(9) 
MnI-Ol1-Mn2 82.3(3) Mn1-0ll-Cll 142.6(5) Mn2-0 11-Cll 132.8(5) 

When X=CI04 -, the coordinated perchlorate ion occupies the cavity created by 

the folding of the macrocyc1e with 011 acting as a single atom bridge linking Mn 1 and 

Mn2. The bond lengths are inequivalent (Mn1-011 2.298(9), Mn2-011 2.428(9)A) 

but both are significantly shorter than the only other example of single atom bridging 

by perchlorate (2.56(3) and 2.60(3) A in an aromatic sandwich complex, bis(o­

xylene)silver(I) perchlorate117), probably because of the difference in the ionic radius 

of Mn(II) vs Ag(I). A water molecule can also be bound in the fold (Figure 45A, 

Mn1-040 2.301(4), Mn2-040 2.494(4)A). In this case hydrogen bonding occurs 

between the bound water molecule, and both a second water molecule 060 

(2.70(1)A) and 011 of a perchlorate group (2.76(1)A). When DMF is bound in the' 

cavity the bonding is again inequivalent; Mnl-040 2.287(16) and Mn2-040 

2.537(18)A (Figure 45B). 

In each case the macrocyc1es are folded to approximately the same extent, as 

indicated by the angles between the planes defined by Mnl, N3, N4, N5, 01, 02 vs 

Mn2, N1, N2, N6, 01, 02; 105.7° X = CI04-, 106.3° X = (H20h(CI04-); 105.2° X = 
DMF. 
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Figure 4S: Perspective view of the cations [Mn5(L1h(CH3COOh(H20)4(CI04h]2+ (A) 
and [Mn5(Llh(CH3COOh(DMFh]4+ (B), hydrogen bonds are shown as dotted lines. 

Table 9: Selected interatomic distances and angles for 
[Mn5(Llh(CH3COOh(H20)4(CI04h](CI04h.6MeCN 

Interatomic Distances (A) 
Mnl-01 2.216(4) Mn1-N3 2.260(7) Mnl-N4 2.207(S) 
Mnl-02 2.222(S) Mnl-040 2.301(4) Mnl-0S0 2.237(4) 
Mn2-N2 2.266(6) Mn2-01 2.210(S) Mn2-02 2.181(4) 
Mn2-040 2.494(4) Mn2-0S2' 2.161(4) Mn3-01 2.194(4) 

Mn1-NS 2.241(7) 
Mn2-Nl 2.229(S) 
Mn2-N6 2.277(7) 
Mn3-02 2.162(S) 

Mn3-0S0 2.207(4) Mn3-01' 2.194(4) Mn3-02' 2.162(S) Mn3-0S0' 2.207(4) 
Mn1-Mn2 3.091(1) Mnl-Mn3 3.023(1) Mnl-Mn1' 6.046(1) Mnl-Mn2' S.4S4(1) 
Mn2-Mn3 3.243(1) Mn2-Mn2' 6.48S(1) 040-060 2.70(1) 040-011 2.76(1) 

Bond Angles (0) 

01-Mnl-N3 74.1(2) 01-Mnl-N4 14S.3(2) N3-Mnl-N4 71.S(2) 
01-Mnl-NS 142.3(2) N3-Mnl-NS 142.8(2) N4-Mnl-NS 71.4(2) 
01-Mn1-02 68.8(2) N3-Mnl-02 142.S(2) N4-Mnl-02 14S.8(2) 
NS-Mnl-02 74.7(2) 01-Mnl-040 8S.2(2) N3-Mnl-040 98.0(2) 
N4-Mnl-040 94.4(2) NS-Mnl-040 82.0(2) 02-Mnl-040 8S.0(2) 
01-Mnl-0S0 82.1(2) N3-Mnl-0S0 88.9(2) N4-Mn1-0S0 102.2(2) 
NS-Mnl-0S0 101.6(2) 02-Mnl-0S0 80.4(2) 040-Mnl-0S0 163.3(2) 
NI-Mn2-N2 70.8(2) N1-Mn2-01 144.1(2) N2-Mn2-01 73.7(2) 
NI-Mn2-02 140.7(2) N2-Mn2-02 139.7(2) 01-Mn2-02 69.7(2) 
N1-Mn2-N6 70.9(2) N2-Mn2-N6 141.2(2) 01-Mn2-N6 142.9(2) 
02-Mn2-N6 73.3(2) NI-Mn2-040 8S.8(2) N2-Mn2-040 76.9(2) 
01-Mn2-040 80.9(2) 02-Mn2-040 81.3(1) N6-Mn2-040 94.1(2) 
NI-Mn2-0S2' 9l.3(2) N2-Mn2-052' 94.8(2) 01-Mn2-052' 97.2(2) 
02-Mn2-052' 105.7(2) N6-Mn2-052' 92.3(2) 040-Mn2-052' 171.7(2) 
01-Mn3-02 70.3(2) 01-Mn3-050 83.3(1) 02-Mn3-050 82.4(2) 

contmued over. .. 



Table 9: continued 
Bond Angles CO) 

02-Mn3-01' 109.7(2) 050-Mn3-01' 96.7(1) 
01'-Mn3-02' 70.3(2) 01-Mn3-050' 96.7(1) 
Mn1-0I-Mn2 88.6(2) Mn1-01-Mn3 86.5(2) 
Mn1-01-C9 116.7(3) Mn2-01-C9 120.9(4) 
Mnl-02-Mn2 89.2(2) Mn1-02-Mn3 87.2(2) 
Mn1-02-C21 118.2(3) Mn2-02-C21 119.5(4) 
Mnl-040-Mn2 80.2(1) Mnl-050-Mn3 85.7(1) 
Mn3-050-C51 133.6(4) 

Table 10: Selected interatomic distances and angles for 
[Mn5{L 1h(CH3COOh(DMFh] (C 104)42 DMF 

Interatomic Distances (A) 
Mn3-01 2.114(13) Mn3-02 2.219(15) Mn3-050 
Mn1-N3 2.264(16) Mn1-N4 2.133(23) Mnl-N5 
Mn1-050 2.222(16) Mn1-040 2.287(16) Mn2-N1 
Mn2-01 2.179(15) Mn2-02 2.203(13) Mn2-N6 
Mn2-052' 2.091(17) Mn1-Mn2 3.083(5) Mnl-Mn3 
Mn1-Mn2' 5.419(5) Mn2-Mn3 3.218(4) Mn2-Mn2' 

Bond Angles (0) 
01-Mn3-02 70.6(5) 01-Mn3-050 82.2(5) 
02-Mn3-01' 109.4(5) 050-Mn3-01' 97.8(5) 
050-Mn3-02' 97.2(6) 01-Mn1-N3 74.1(6) 
N3-Mn1-N4 72.5(7) 01-Mnl-N5 143.3(6) 
N4-Mn1-N5 70.1(7) 01-Mnl-02 69.0(5) 
N4-Mnl-02 144.2(7) N5-Mnl-02 75.1(6) 
N3-Mnl-050 99.3(6) N4-Mnl-050 104.4(7) 
02-Mn1-050 82.9(5) 01-Mnl-040 83.6(6) 
N4-Mnl-040 91.5(7) N5-Mnl-040 103.5(7) 
050-Mn1-040 162.6(7) NI-Mn2-N2 69.6(7) 
N2-Mn2-02 143.2(6) 01-Mn2-02 69.7(5) 
N2-Mn2-N6 139.1(7) 01-Mn2-N6 137.7(7) 
NI-Mn2-040 86.9(6) N2-Mn2-040 91.4(6) 
02-Mn2-040 82.2(5) N6-Mn2-040 75.2(6) 
N2-Mn2-052' 94.2(7) 01-Mn2-052' 106.3(7) 
N6-Mn2-052' 98.1(7) 040-Mn2-052' 173.3(6) 
NI-Mn2-02 145.3(6) Mn3-01-Mnl 87.8(5) 
Mn1-01-Mn2 88.7(6) Mn3-01-C9 134.0(15) 
Mn2-01-C9 118.8(13) Mn3-02-Mn1 86.3(5) 
Mn1-02-Mn2 89.1(4) Mn3-02-C21 139.4(12) 
Mn2-02-C21 118.6(11) Mn3-050-Mn1 85.9(5) 
Mn1-050-C51 137.1(16) Mn1-040-Mn2 79.2(5) 
Mn2-040-C40 134.3(15) 
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050-Mn3-02' 97.6(2) 
01'-Mn3-050' 83.3(1) 
Mn2-01-Mn3 94.8(2) 
Mn3-01-C9 136.0(4) 
Mn2-02-Mn3 96.6(2) 
Mn3-02-C21 134.1(3) 
Mn1-050-C51 139.8(4) 

2.198(16) Mn1-01 2.229(17) 
2.288(20) Mn1-02 2.189(13) 
2.234(18) Mn2-N2 2.264(17) 
2.259(19) Mn2-040 2.537(18) 
3.013(5) Mn1-Mn1' 6.027(5) 
6.436(5) 

02-Mn3-050 82.8(6) 
01-Mn3-02' 109.4(5) 
01-Mn1-N4 146.5(6) 
N3-Mn1-N5 142.5(8) 
N3-Mnl-02 142.0(7) 
01-Mnl-050 79.2(6) 
N5-Mnl-050 89.0(6) 
N3-Mnl-040 78.2(6) 
02-Mnl-040 88.6(5) 
N2-Mn2-01 73.5(6) 
N1-Mn2-N6 71.3(6) 
02-Mn2-N6 74.0(6) 
01-Mn2-040 78.9(6) 
NI-Mn2-052' 91.5(7) 
02-Mn2-052' 95.5(6) 
N1-Mn2-01 140.0(5) 
Mn3-01-Mn2 97.1(5) 
Mnl-01-C9 118.5(14) 
Mn3-02-Mn2 93.4(6) 
Mnl-02-C21 116.4(13) 
Mn3-050-C51 134.0(18) 
Mn 1-040-C40 131.1(17) 

Structure of [MnIIMnIII(L13)(O)(OH)(DMF)h(CI04)4.2H20 

The structure of the cation is shown in Figure 46 and selected interatomic 

distances and angles are given in Table 11. The two halves of this dimer are related 

by a centre of inversion. The brown colour of this complex indicated that some 

oxidation had occurred. From the stoicheiometry and the bond lengths shown in 

Figure 47, Mnl and Mnl' are assigned the +III oxidation state and Mn2 and Mn2' 

are assigned the original oxidation state of +II. 
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Figure 46: Perspective view of the cation [MnIIMnIII(L13)(O)(OH)(DMF)h4+ 

Assignment of oxidation states from structural data is not a trivial exercise because 

often the bond lengths vary with donor atom type, coordination number and 

geometry. However, in the present case the situation is simplified as each 

manganese atom is six coordinate and has an approximately equivalent set of donor 

atoms. The bond distances to Mn2 and Mn2' are in the range normally observed for 

Mn(U) complexes (see complexes of H2Ll, Tables 2-10). The bond lengths to Mnl 

and Mnl' are significantly shorter except those to N2 and N6 which are longer, 

perhaps due to a Jahn-Teller type distortion. Charge considerations require that two 

of the four oxygen donors must have a two minus charge and the other two a single 

minus charge. 02 and 02' each bind to three manganese atoms whereas 01 and 01' 

bind to only two. This, combined with the planar geometry about 02 and 02', 

suggests that these oxygen donors are the oxo ions, while 01 and 01' are hydroxo. 

DMF is bound, via the oxygen atom (030 and 030'), as the sixth donor to Mn2 and 

Mn2'. The macrocycle is in a "step" conformation; the angle between the mean 

planes defined by Mnl, Nl, N2, N6, 02 and Mn2, N3, N4, N5, 01 is only 7.50 but the 

planes are 1.8 ± o.3A apart. 
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Figure 47 

Table 11: Selected interatomic distances and angles for 
[MnIIMnIII(L13)(0)(OH)(DMF)]2(Cl04)4.2H20 

Bond Lengths (A) 
Mnl-Nl 1.936(52) Mnl-N2 2.404(56) Mnl-N6 
Mnl-02 1.916(36) Mnl-02' 1.787(37) Mn2-N3 
Mn2-N5 2.283(56) Mn2-01 2.165(34) Mn2-02 

2.315(56) Mnl-0l 
2.246(57) Mn2-N4 
2.200(36) Mn2-030 

74 

1.844(35) 
2.198(53) 
2.205(46) 

Mnl-Mn2 3.049(11) Mnl-Mnl' 2.774(19) Mnl-Mn2' 3.962(11) Mn2-Mn2' 6.503(20) 
01-02 2.670(40) 02-02' 2.460(40) 

Bond Angles (0) 
NI-Mnl-N2 73.7(22) NI-Mnl-N6 77.0(22) N2-Mnl-N6 148.1(17) 
NI-Mnl-0l 95.1(19) N2-Mnl-0l 86.5(16) N6-Mnl-0l 83.9(17) 
NI-Mnl-02 169.7(21) N2-Mnl-02 115.4(19) N6-Mnl-02 95.1(18) 
01-Mnl-02 90.5(15) NI-Mnl-02' 90.9(19) N2-Mnl-02' 98.7(18) 
N6-Mnl-02' 94.0(18) 01-Mnl-02' 173.0(16) 02-Mnl-02' 83.1(15) 
N3-Mn2-N4 69.9(21) N3-Mn2-N5 141.2(17) N4-Mn2-N5 71.5(21) 
N3-Mn2-01 98.6(16) N4-Mn2-01 167.7(22) N5-Mn2-01 120.2(17) 
N3-Mn2-02 94.5(17) N4-Mn2-02 100.6(18) N5-Mn2-02 97.1(16) 
01-Mn2-02 75.4(14) N3-Mn2-030 96.2(18) N4-Mn2-030 95.0(18) 
N5-Mn2-030 82.4(17) 01-Mn2-030 90.4(15) 02-Mn2-030 163.4(16) 
Mnl-0l-Mn2 98.7(17) Mnl-02-Mn2 95.3(17) Mnl-02-Mnl' 96.9(15) 
Mn2-02-Mnl ' 166.8(21) 

Structure of [Mn(DAPh(H20h](CI04h 
The cation [Mn(DAPh(H20)2]2+ is shown in Figure 48 and selected bond 

lengths and angles are given in Table 12. The manganese atom is eight-coordinate. 

The two DAP groups are bound such that the angle between the planes they define 

is 85.2°. However, these six donor atoms do not define octahedral coordination 

about the Mn(II) because two water molecules are also bound. The DAP is bound 

unsymmetrically; in each case one of the two carbonyl oxygens is not bound as 

strongly as the other. The water molecules are bound on the opposite side of the 

manganese atom to the weak DAP carbonyl bonds to manganese. 
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Figure 48: Perspective view of the cation [Mn(DAPh(H20h]2+ 

Table 12: Selected bond lengths and angles for [Mn(DAPh(H20h](CI04h 

Mn-N 11 2.310(6) 
Mn-021 2.369(8) 

N11-Mn-011 65.8(2) 
Nll-Mn-N21 117.4(2) 
N11-Mn-021 l32.4(3) 
N21-Mn-021 68.6(2) 
012-Mn-022 72.1(2) 
N11-Mn-030 142.5(3) 
N21-Mn-030 85.6(2) 
N11-Mn-040 86.6(3) 
N21-Mn-040 142.3(3) 
030-Mn-040 91.6(3) 

Bond Lengths (A) 
Mn-Oll 2.493(8) Mn-012 2.331(7) 
Mn-022 2.438(7) Mn-030 2.208(7) 

Bond Angles (0) 
N11-Mn-012 70.3(2) 
011-Mn-N21 74.5(3) 
011-Mn-021 72.0(3) 
Nll-Mn-022 77.9(2) 
N21-Mn-022 67.1(2) 
Oll-Mn-030 151. 7(3) 
021-Mn-030 82.2(3) 
Oll-Mn-040 92.2(3) 
021-Mn-040 73.8(3) 

Structure of [Pb2(H2L5)(NCSbJ NC S 

Mn-N21 2.299(7) 
Mn-040 2.2l3(8) 

Oll-Mn-012 l35.6(3) 
012-Mn-N21 l34.7(2) 
012-Mn-021 142.0(2) 
Oll-Mn-022 104.0(2) 
021-Mn-022 l34.7(2) 
O12-Mn-030 72.6(3) 
022-Mn-030 85.9(3) 
o 12-Mn-040 78.9(3) 
022-Mn-040 150.3(3) 

This cation is shown in Figure 49 and selected bond lengths and angles are 

given in Table 13. The two halves of the H2L5 macrocycle are related by a C2 axis 

which passes through N31 perpenclicular to the plane defined by the alkyl chains. 

The N31-C31-S31 thiocyanate is disordered between two sites around this axis as 

shown in Figure 49. The alkyl carbons C8, C9, ClO, C11 and C12 lie approximately 

in a plan.e (maximum deviation 0.15 A). The two pyridinediimine groups are folded 

out of this plane, defining two further planes which intersect at 50.1°. The 

pyridinecliimine planes intersect the mean plane of the alkyl carbon atoms at angles 
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of 69.0 and 61.1°. The lead atoms have distorted geometry; the three nitrogen atoms 

of the pyridinediimine unit are donors in one plane, with approximate axial 

coordination from a terminal SCN- (S2l) and a bridging NCS- (N31) group. The gap 

in the coordination sphere is probably occupied by the lone pair of the lead atom. The 

alcohol groups of H2L5 are not coordinated, and are twisted out of the cavity. 

C11 

Figure 49: Perspective view of the cation [P1n.(H2LS)(NCS)3]+ 

Table 13: Selected interatomic distances and angles for 
[Pb2(H2LS)(NCS)3]NCS 

Pb-Nl 2.466(20) 
Pb-N3' 2.S0S(20) 

NI-Pb-N2 
NI-Pb-N31 
NI-Pb-N3' 
N31-Pb-N3' 
Pb-N31-Pb' 

62.2(7) 
74.1(7) 
6S.3(7) 
89.4(S) 
96.1(11) 

Interatomic Distances (A) 
Pb-N2 2.S66(22) Pb-S21 2.901(8) 
Pb-Pb' 4.0SS(2) 

Bond Angles (0) 
Nl-Pb-S21 8S.6(S) 
N2-Pb-N31 87.3(6) 
N2-Pb-N3' 126.2(7) 
Pb-N31-C3'1 126.4(34) 

Pb-N31 2.70S(22) 

N2-Pb-S21 
S21-Pb-N31 
S21-Pb-N3' 
Pb-N31-C31' 

90,8(S) 
IS8.0(S) 
74,O(S) 

127.S(37) 
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Results and Discussion of Complexes of H2L1 and H4L1' 

Ring Expansion From a (2+2) to a (4+4) Macrocycle 

The tetramanganese complexes of the (4+4) macrocycle H4L1' (Figures 19A 

and 43) were formed by a transmetallation reaction of [Ba(H2L1)(H20h](CI04h 

with manganese(II) perchlorate. The 252Cf PDMS data for the barium starting 

material (Figure 50) shows a peak at 671 a.m.u. which is assigned to 

[Ba(H2L1)(CI04)]+, There is no signal at twice the mass to indicate a BaH4L1' 

species and the absence of an extensive fragmentation pattern indicates that it is 

unlikely that a BaH4Ll' species disintegrated in the instrument. Parent ions at 1401 

a.m.u., [Mn4(Ll')(CI04h(H20)]+, and 1259 a.m.u., [Mn4(Llh(NCSh]+ indicate 

that both of these manganese complexes remain intact in the instrument (Figure 50). 

This fact supports the conclusion that there was no significant amount of barium 

(4+4) species present in the barium macrocycle preparation. That is, certainly not 

enough barium (4+4) macrocycle complex to give an observed yield of the 

manganese (4+4) complex of 35%. This means that the ring expansion from (2+2) to 

(4+4) must have occurred during or after the transmetallation reaction.62(b) 
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Figure 50: 252cf PDMS spectra of [Ba(H2LI)(H20h](CI04h (A), 
[Mn(Ll')(CI04)4] (B) and [Mn4(HLl)(Ll)(NCS)4]NCS (C). 

Before presenting a possible mechanism for this rearrangement the isomers 

and conformations which can be adopted by these macrocycles (H2Ll and H4L1') on 
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binding to a metal ion are discussed. When the alkoxide oxygen atoms bind to a 

metal ion the geometry at the attached alkyl carbon atoms C* are fixed as shown in 

Figure 51; either syn (both H* protons point in the same direction) or anti (pointing 

in opposite directions), with respect to the plane of the macrocycle. 

H* 
I 

C~: 
C* 

SYN 
Figure 51 

H* 
I 

c:: 
ANTI 

I 
H* 

When barium(II) is employed as a template ion the resulting H2L 1 complex is the 

syn diastereoisomer as shown by the X-ray crystal structure determination by 

Bailey, Fenton and co-workers80 (Figure 52). This configuration is required if the 

macrocycle is to fold around the single metal ion and bind through all of its donor 

atoms (including the alcohol oxygen atoms). 

Figure 52: From reference 118. 

Therefore transmetallation of the barium (2+2) complex with manganese(II) salts 

should, initially at least, form dimanganese (2+2) complexes which are also syn 

diastereoisomers. Imine linkages are readily hydrolysed so the diaminoalcoh01 group 

could be released by hydrolysis and replaced to yield the other (anti) 

diastereoisomer. A facile rearrangement of this type should result in isolation of the 

preferred diastereoisomer in the product. 

The structure determinations of the chloride, azide, thiocyanate, formate, and 

both the 4Mn and 5Mn acetate complexes show that in each case the pairs of H* 

protons are syn with respect to their individual (2+2) macrocycles. However, the 



two discrete (2+2) macrocycles can dimerise in one of the two ways outlined 

schematically in Figure 53. 
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In the cases where the macrocycle is folded and accommodates a single atom bridge 

(i.e. the chloride, azide, thiocyanate and 5Mn acetate structures) the dimer produced 

is of the 53A type with all H* protons pointing to the centre of the cluster. Once the 

macrocycle is folded in this way it can only dimerise from the open side, i.e. with the 

protons in the 53A conformation. There are no single atom bridges in the formate 

and 4Mn acetate structures and in order to form the MI1404 cubane core (which 

requires the two manganese pentagonal planes within a (2+2) macrocycle to be 

approximately coplanar) the macrocycle must adopt a planar conformation. 

Dimerisation occurs from the less crowded side such that the alkoxy-C* bonds point 

away from the cubane core, and the H* protons are in the 53B conformation. 

In contrast, the (4+4) macrocycle wraps around the MI1404 cubane core by a 

series of 90° twists between successive pyridinediimine units (and manganese 

pentagonal planes) which requires the geometry at C* to alternate (equivalent to the 

anti diastereoisomerfor the (2+2) case). For the (4+4) to be formed from the barium 

(2+2) complex which is in the syn conformation implies that overall two inversions of 

configuration at C* centers must occur during the rearrangement. Inversion requires 

hydrolysis and replacement of the diaminoa1cohol group to give the opposite 

configuration at C*. This inversion could possibly be achieved without the loss of the 

diaminoa1cohol oxygen from the MI1404 core, by a rotation of the hydrolysed diamine 

about the oxygen-C* bond. 

A possible route from the (2+2) to the ring expanded (4+4) macro cycle is 

outlined in Figure 54. This scheme indicates how the minimum requirements of two 



inversions of configuration at the C* centre and rotation of two pentagonal planes 

through 90° could be satisfied. 
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54C 

54D 

54H 

step 7 

The first step is a face-to-face dimerisation where two dimanganese (2+2) 

macrocyc1es come together in a staggered confonnation fonning four intennolecular 

Mn-O bonds (54B). The fonnate and 4 Mn acetate structures model this 

intennediate which must have the 53B confonnation as outlined earlier. The 

80 
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resulting Mn404 cubane core then acts as a template for the ring expansion 

rearrangement. Hydrolysis of an imine bond (e.g. bound to MnA) in one macrocyc1e 

produces a free amine group (step 2) which can rotate down and attack an imine 

bond (bound to MnC) in the adjacent macrocyc1e (step 3). Similar nucleophilic attack 

by amine groups has been demonstrated by Nelson in transamination reactions of 

related complexes (Figure 29).76 One of the resulting C-N single bonds (54D) then 

breaks either reforming 54C, or leaving a new intermolecular imine link and releasing 

another free amine (54E). The new intermolecular imine link requires the 

pyridinediimine unit, and hence the pentagonal plane of MnC, to twist 90° from its 

original orientation. For this to occur the diaminoalcohol group on the other side of 

this pyridinediimine group from the new imine link must hydrolyse (step 4). The 

resulting gap in the cubane core is then filled, by binding a diaminoalcohol group to 

give the opposite configuration, which can condense with the two free carbonyl groups 

of MnC and MnD to link up one side of the new macrocyc1e (step 5). Step 6 involves 

a second intermolecular attack by the remaining free amine on the free carbonyl group 

(of MnA). Again formation of the new intermolecular imine link causes the 

pyridinediimine unit to twist through 90°, and a diaminoalcohol group to hydrolyse 

(step 6) and recondense in the opposite configuration (step 7). This results in the 

(4+4) macrocyc1e (54H) with the conformation at C* alternating as observed in the 

(4+4) structure determinations (Figures 19A and 43). 

When chloride or azide ions are present no ring expansion occurs. These 

anions bridge the manganese atoms in adjacent macrocycles forcing them into an 

eclipsed formation preventing MI1404 cubane formation. In the thiocyanate structure 

two intermolecular Mn-O bonds form the beginning of an Mn404 cube but it is not 

completed because two terminally bound thiocyanate groups block the other two 

manganese axial sites. No rearrangement is observed. The formate and 4Mn 

acetate structures represent intermediate 54B (Figure 54) in the rearrangement 

scheme. An MI1404 cubane forms as the two dimanganese macrocycles dimerise in 

a staggered face-to-face orientation because the formate/acetate anions do not 

compete with the alkoxide oxygens for the axial coordination sites on the 

manganese. However, the rearrangement does not proceed any further because the 

1,3-bridging formate/acetate anions prevent the 90° twist (of one manganese 

pentagonal plane relative to the second in the same macrocycle) required to complete 

the formation of the new intermolecular imine links (i.e. Figure 54, steps 4 and 6). 

Hydrolysis of imine bonds (e.g. Figure 54, step 2) may occur but the bridging anions 

ensure the same bonds reform. 

Nothing is isolated from solution if the transmetallation of the barium (2+2) 

compound with manganese perchlorate is carried out in anhydrous conditions which 

supports the conclusion that hydrolysis is an important feature of this rearrangement 

reaction. The [MI14(Ll')] (CI04)4 complex can also be prepared directly using 



Mn(II) as the template ion instead of transmetallating the 

[Ba(H2L1)(H20h](CI04h complex. This implies that the R4Ll' tetramanganese 

complex is the thermodynamically stable product and should form in solution in the 

absence of strongly coordinating anions. Hence, it would be expected that there 

would not be any significant anion dissociation in the chloride, azide, thiocyanate, 

formate, 4Mn or 5Mn acetate complexes in solution. If the anions did dissociate in 

solution then, from the proposed scheme (Figure 54), R4Ll' ought to be formed. 

Results of conductivity studies of these complexes in MeCN and DMF 

(recrystallisation solvents) are shown in Table 14 along with the literature 

ranges. 119 

Table 14: Conductivity measurements, Am ohm-l cm2 mol-I, ? indicates extrapolation. 

EXPERIMENTAL RESULTS 

82 

Complex Am (DMF) Am (MeCN) slope(MeCN) 

[Mn2(HLl)(Clhh(CI04h 125 270 620 

[Mn2(HLl)(N3hh(CI04h 121 239 670 

[Mn4(HLl)(Ll)(NCS)4]NCS 110 135 

[Mn2(LI ')](CI04)4 245 460 930 

LITERATURE RANGES 

Complex Am(DMF) Am (MeCN) slope (MeCN) 

1:1 65-90 120-160 -350 

1:2 130-170 220-300 -750 

1:3 200-240 340-420 - 1050? 

1:4 - 300? -500? - 1400? 

The values obtained indicate that the anions do not dissociate significantly. For 

example, possible fragments of the chloride complex, [Mn2(HL1)(CI)h(CI04h(Clh 

1:4 electrolyte and [Mn2(HL1)(Clh.sh(CI04hCll:3 electrolyte are discounted by 

the 1:2 value obtained. The values for the R4Ll' complex are lower than those 

expected for a 1:4 electrolyte which may indicate some association of the perchlorate 

anions as observed in the crystal structure (Figure 19A). The value obtained for the 

thiocyanate complex in DMF is quite high for a 1:1 electrolyte and may indicate some 

anion dissociation, however, this complex was always recrystallised from MeCN. 

Other than the thiocyanate complex in DMF the Am values fall at the lower end of 

the expected (literature) ranges. This is probably due to the low ionic mobilities of 
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these bulky cations compared to the smaller ions of simple salts which have greater 

ionic mobilities and hence larger Am values. 

Unfortunately, conductivity measurements at a single concentration do not 

unambiguously determine the molecular complexity v in complexes [MnLn]yXyv (e.g. 

v=2 [Mn2(HLl)X2hY2, 1:2 vs two v=l [Mn2(HL1)X2]Y 1:1) in solution because an 

assumed molecular weight is used to calculate Am (their equivalent weights are the 

same).119,120 To resolve this problem a series of A measurements at low 

concentrations are obtained, and a plot of Ae vs ~ constructed, because the 

Onsager equation (higher terms omitted121) shows that this should give a straight 

line with a slope of (al\, + ~): 

A e = Ao - (aAo + ~) ~ (4) 

where Ae = equivalent conductivity = ~ 
. . . . cell constant 

K = speCIfIC condUCtIVIty = measured resistance 

Ce = equivalent concentration; for MXn Ce=nCm 

Cm = molar concentration 

Ao = equivalent conductance at infinite dilution 

0.986 x 106 orJ zl + z2 
a = (DT) 3/2 

~ 
29.0 (Zl + Z2)3/2 

for derivation of a and ~ see reference 122 = (DT) 1/2" 

0) 
29 

Zl Z2 
1 + 1tl 

Zl Z2 Ao 
q = (Zl + Z2)(Z211 + Zl12) 

Zi = charge on type i ion 

Ii = equivalent ionic conductance of ion i at infinite dilution; Ao = .'Eli 

D = dielectric constant 

T = temperature (K) 

" = viscosity (Poise) 

As the slope of the line depends on Zj it can be used to distinguish 

[Mn2(HL1)X2J2 Y 2 from [Mn2(HL1)X2]Y. If the Ii values for the ions involved are 

known, then the slope can be calculated.123,124 Experimental and calculated values 

vary125 but in MeCN the values indicated in Table 14 for 1:1 and 1:2 electrolytes are 

good estimates for simple electrolytes. 
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To test the available acetonitrile and resistance meter a Ae vs ~ graph was 

plotted for (C2H5)4NBr (Figure 55). Measurement of large resistances, > 5 k n, 
exposed the solution to unacceptably large voltages (± 6.5 V); which caused the 

reading of resistance to drop visibly during measurement giving rise to the sudden 

upwards curve at lower concentrations in Figure 55. 
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Hence it was decided to neglect any points in this area. This is not ideal as it limits 

the concentration range which can be studied; the maximum concentration is limited 

to ca. 1 mmoll-1 due to the limited solubility of these complexes and because of the 

problems of ion association at higher concentrations. The four remaining points in 

Figure 55 give a line of slope 443 and intercept 182 which agree quite well with the 

literature values of 426 and 185.5 respectively.124 

G> 
(.) 
c 
CIS .-
(.) 
:::s 

" c 
0 
0 

-c 
.! 

CIS .::: 
:::s 
tr 
w 

160 

150 

140 

130 

120 

110 

100 
0.02 0.03 0.04 0.05 0.06 0.07 0.08 

Square root(concentration (equiv/l» 

Figure 56: Concentration dependence of the equivalent conductance for the 
chloride (A), azide (+) and [Mn4(Ll')] (Cl04)4 (0) complexes. 
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Figure 56 shows the results for the chloride, azide and [MI14(L1')](CI04)4 

complexes in MeCN. The slopes of the chloride and azide lines are lower than the 

average value for a 1:2 electrolyte but are closer to 1:2 than 1: 1 slopes. The If4L l' 

complex also gives a low slope, matching 1:3 not 1:4. As the "one off' measurement 

was also close to a 1:3 value it seems likely that the complex in solution is a 

[Mn4L1'(CI04)](CI04h species. 
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Figure 57: EPR spectra of the chloride (A), azide (B), thiocyanate (C), 4Mn 
acetate (D) and [M04(Ll')](CI04)4 (E) complexes. 

EPR spectra of these complexes, in DMF/toluene glasses (Figure 57), 

indicate that they are polynuclear because the six line spectrum characteristic of 
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uncoupled or mononuclear Mn(II) is not observed.126 However, mononuclear 

impurity is evident in the EPR spectra of the azide and [MI14(L1')](CI04)4 

complexes, and the thiocyanate complex shows only an uncoupled signal. Taken 

with the DMF conductivity result this may suggest that there is some decomposition 

of the thiocyanate complex in DMF solutions; although the EPR signal could arise 

from a loss of magnetic coupling rather than complete dissociation. To check out 

these possibilities the thiocyanate complex should be recrystallised from DMF 

several times and then a single crystal X-ray unit cell determination (and if 

necessary a structure determination) carried out to see whether or not 

rearrangement to a (4+4) structure has occurred. It is possible that the DMF will 

not be wet enough to facilitate the hydrolysis reactions required during the ring 

expansion. 

Formation of Penta M and Tetramanganese Acetate Complexes of HzL 1 

Attempts were made to determine what factors control the formation of the 

4Mn acetate structure (Figure 42) in some cases and the 5Mn acetate structure 

(Figures 44 and 45) in others. A major problem in this exercise was the difficulty in 

identifying which product(s) were present in a given sample. Unfortunately, the 

analytical figures are very similar, and consequently slight differences in solvent 

content can cause relatively large variations. Slight differences in the positioning and 

intensity of the imine and pyridine absorptions at ca. 1650 and 1570 cm-1 in the 

infrared spectrum were observed but these did not correlate very well with the 

identified products (identification by a single crystal X-ray unit cell determination) 

and may be ascribed to the presence of differing amounts of solvent (H20, DMF). 

Mass spectrometry was tried but even using the "gentle" 252Cf PDMS technique no 

parent ions were observed.127 As the fragments are the same in both cases no 

information was gained from these studies. Single crystal X-ray unit cell 

determinations can distinguish unambiguously between the various products; 

however, this gives rise to two further problems. Firstly, the bulk sample may not 

necessarily be the same as the single crystal analysed although in no case were 

different crystal morphologies observed in a single sample. Secondly, the 

recrystallisation step may result in a changed product. X-ray powder diffraction 

seems the obvious method to be used on any bulk sample as it can be matched 

against a predicted powder pattern derived from the single crystal X-ray data for the 

4Mn or 5Mn structures. However, none of the experimentally determined patterns 

matched the predicted ones, possibly due to solvent loss, so the only conclusions 

which could be drawn were from comparisons of the experimentally determined 

spectra. One interesting observation was that the crystals initially obtained from the 

5Mn reaction solution (Experimental Section) gave no powder diffraction pattern, 

possibly because the crystal lattice collapsed when the solvent molecules were lost. 



The powder isolated from the 4Mn preparation (Experimental Section) gave the 

powder pattern shown in Figure 58. This pattern was also observed for other 

samples which had been shown to contain some 4Mn complex by single crystal x­
ray unit cell determinations. 
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It seems likely that the polymeric structure of Mn(CH3COOhAH20 (Figure 

59) is an important factor in determining which structure is isolated. 128 There are 

marked similarities between the manganese acetate structure and the central core of 

the 5Mn complex (Figures 44 and 45). 

Figure 59 

The two types of bridging acetate observed in the 5Mn complex are present; three 

atom bridges between two manganese atoms and acetate bridges over three 
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manganese atoms. It seems possible that when fragments of this manganese 

acetate structure persist in solution the 5Mn acetate structure is formed. The 4Mn 

complex may then result from either the 5Mn structure breaking down in a strongly 

coordinating solvent (e.g. DMF) or from smaller manganese acetate fragments being 

present during the transmetallation reaction. It is therefore quite possible that the 

products isolated initially are generally mixtures of both of these complexes. 

Recrystallisation of such mixtures will tend to give one complex, that is, fractional 

crystallisation will probably occur. To test the proposal that the degree of 

disintegration of the Mn(CH3COOh.4H20 structure is important a series of 

reactions were carried out. The results are summarised in Table 15. 

Mn:LI 
Ratio 
5:2 

5:2 

5:2 

2:1 

Table 15: Results of the variations in reaction conditions for the preparation of 
the manganese acetate complexes of H2Ll. 

Pretreatment of Reaction Observations Product 
Manganese Acetate Volumeffime Identification 
Freshly dissolved 70 mVI hr Crystals on % Mn 16.9t. Recryst. from 
20 ml methanol cooling MeCN/Et20 ~ Figure 44 

5Mn structure+ 
Dissolved in 20 ml 70 mVI hr Crystals on % Mn 16.4t. Recryst. from 
methanol 10 min cooling MeCn/Et20 ~ Figure 44 
prior to addition 5Mn structure+ 
Dissolved in 20 ml 70 mVI hr Crystals on % Mn 16.3t. Recryst. from 
methanol 5 days cooling DMF/Et20 ~ Figure 45B 
prior to addition 5Mn structure+ 
Refluxed in 60 ml 60 mV3.5 hr Thick ppt after Recryst. from DMF/Et20 ~ 
methanol for 105 after 30 min Figure 43 
min prior to 4Mn structure+ 
addition 

t Details of the manganese analysis procedure are given in A.I. Vogel, "A Textbook of Quantitative 
Inorganic Analysis" 3rd ed., Longman, London, 1972,434. The unsolvated 5Mn structure should 
contain 16.6% Mn whereas the un solvated 4Mn structure should contain 15.7% Mn. 

+ From a single crystal X-ray unit cell determination. 

Dissolving the manganese acetate in methanol for up to 5.5 days before carrying out 

the reaction did not prevent 5Mn formation. However, when the solution was 

refluxed for 105 min first, only the 4Mn complex was identified. The Mn:Ll ratio was 

also different in this experiment, however, previous experiments with this ratio had 

yielded a 5Mn product. These observations are consistent with the above proposal. 

They also show that one recrystallisation from DMF/Et20 yields the 5Mn complex 

with bound DMF. Several recrystallisations from a coordinating solvent like DMF 

may result in the 5Mn structure breaking down to the 4Mn structure, or perhaps 

down to a [Mn4(Ll')(H20h.6(DMFb]4+ complex, as if the acetate anions 

dissociate to allow cubane formation they may also allow ring expansion to occur if 

left long enough in such solvents. Ring expansion seems unlikely as the 4Mn 

acetate complex gives an EPR signal which implies the presence of only polynuclear 



species in DMF/toluene solutions (Figure 57D). These possibilities have not yet 

been tested. 

EXAFS, XANES, Cyclic Voltammetry and Magnetic Susceptibility 

Studies 
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This series of complexes fulfils the OEC requirements of four manganese ions 

bridged by oxygen atoms and coordinated by oxygen and/or nitrogen donors. 

Variations in the number and type of the bridging groups has produced a valuable 

series of structural types. 

The [MI14(L1')](CI04)4 complex (Figure 19A) contains a fairly symmetrical 

Mn404 cubane core, with all of the Mn-Mn distances being very similar (Mn1-Mn2 

3.330, Mn1-Mn1' 3.442, Mn1-Mn2' 3.334, Mn2-Mn2' 3.451 A). This core is more 

symmetrical than that which occurs in the OEC (Section 1.2) however, the first two 

shells of scattering atoms (Figure 60)129 do occur at approximately the same 

distance (after offsetting all distances by an arbitrary constant) as in the 8=15° 

oriented samples (Figure 5). 
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Likewise the acetate dimer (Figure 42) contains a slightly less symmetrical MI1404 

core (Mn1-Mn2 3.158, Mn1-Mn1' 3.491, Mn1-Mn2' 3.470, Mn2-Mn2' 3.485 A). A 

bigger variation in the Mn-Mn separations is observed in the chloride and azide 

complexes; for the chloride (Figure 38, Table 2) the values are 3.111, 3.127,4.308 

and 5.318 A, while for the azide (Figure 39, Table 3) the values are 3.097, 3.103, 

4.106,4.199,5.172 and 5.187 A. The preliminary EXAFS results for the chloride 

complex are shown in Figure 61. The Mn-O/N, Mn-CI, "short" Mn-Mn (3.1 A) and 

"long" 4.3 A Mn-Mn interactions all show up fairly clearly. This complex is of 

particular interest as an OEC model because of the presence of chloride ions. In this 

case the Mn-CI interaction can be seen quite distinctly but if the Mn-CI bonds were 

a little longer it could be difficult to distinguish this peak from the "short" Mn-Mn 
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peak. As this complex is much less symmetrical than the (MIl4 04) cubanes it is of 

interest to examine oriented crystals. Suitable single crystals have been supplied to 

Cramer for study. The thiocyanate dimer has the least symmetrical arrangement of 

manganese atoms with the Mn-Mn separation varying from 3.134 to 5.768 A. A 

sample of this complex will also be characterised by EXAFS. 
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L-edge XANES spectra for the chloride and thiocyanate complexes are 

shown in Figure 62129 along with two mixed-valence Mn(II)Mn(III) complexes. 
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Figure 62: L-edge XANES for the chloride (1), thiocyanate (2) and two 
Mn(II)Mn(III) (3 and 4) complexes. 
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These results along with those for Christou's tetranuclear complexes (Figure 63)32 

show that L-edge spectra give well defined peaks which give a good indication of the 

oxidation states present. 

Q) 
() 
C 
C'Cl 

..Q 
'-o 
CJ) 

..Q « 
1:::J 
Q) 
N 

C'Cl 
E 
'-o 
Z 

Mn(II) 

Mn(III) 

6530 6538 

Figure 64 

Ii/" 
.. // Mn(IV) 

.>;:;;/~ 
....... /. PENNER-HAHN, 1989 

6546 6554 6562 6570 

Energy (eV) 



92 

These results contrast with the broad features obtained from K-edge spectra (Figure 

64).32 The database Cramer is generating will be very useful when interpreting L­

edge spectra of the OEC itself. 

These tetramanganese complexes are good structural models for the OEC but 

they are all in the +II oxidation level which is too low to match the expected 

oxidation levels of the OEC (Table 1). These are, therefore, poor models for the 

spectroscopic properties of the photosynthetic system. Unfortunately, none of these 

complexes have been successfully oxidised. Cyclic voltammetric studies indicate 

that oxidation of the manganese ions occurs irreversibly. Attempts to oxidise these 

complexes chemically, using Ce(IV) or Br2, have been equally unsuccessful to date, 

resulting only in tacky brown precipitates. The factor most likely to affect the 

oxidation process is the expected preference of Mn(III), d4, for octahedral 

geometries rather than the existing pentagonal bipyramidal arrangement. This may 

lead to the imine links of the macrocyc1e being hydrolysed to allow such a change in 

geometry to occur. The isolation of the Mn(II)Mn(III) complex of L 13 (in which 

there is no seven-coordination) supports the conclusion that the geometry is 

important (see the discussion of the mixed-valence tetramanganese complex of 

L13). 

Latour and Tuchagues126 have measured accurate magnetic susceptibility 

data as a function of temperature (300 to 5 K) for the chloride, azide, thiocyanate and 

perchlorate complexes. Tuchagues has partially analysed these results but the 

theoretical calculations are complex and require large amounts of computer time. 

Therefore, for all but the fairly symmetrical perchlorate [Mn404J cubane complex 

(Figure 19A)62(b) the rigorous calculations await the arrival of a new computer. 

Tuchagues repeated the published preparation of the perchlorate complex 

independently and published the results of the theoretical calculations and observed 

magnetic susceptibility as a function of temperature.64 Because this complex is fairly 

symmetrical the calculations are a little simpler than for the other less symmetrical 

complexes which are under study. The reason that these theoretical calculations are 

so complex is that each manganese(II) ion has a large number of unpaired electrons 

(5) and there are four of them interacting with each other. Additionally, for four 

interacting manganese ions six J values can be defined. As an example these are 

shown on the perchlorate cubane in Figure 65. In this case the Mn-Mn distances fall 

in two groups which simplifies the problem somewhat because J 1"'" J3 """ JS """ J6 '* 12 "", 
J4. Calculations with two J values were compared with (the further simplified) 

calculations using a single J value, and it was found that, in this instance, a single J 

value of -0.51 cm-1 modelled the data well. This represents a small antiferomagnetic 

interaction, however, the strongest reported antiferromagnetic coupling between two 

manganese(II) ions is only J = -4.5 cm-l.46(d),64 
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Figure 65 

The variation in magnetic moment (per manganese) vs temperature for the chloride, 

azide, thiocyanate and [Mn4(Ll')](CI04)4 complexes is shown in Figure 66. The 

detailed analysis of the less symmetrical chloride, azide and thiocyanate complexes 

has not been carried out yet, however, initial results indicate the presence of similar 

or slightly greater antiferromagnetic coupling than was found in the perchlorate 

complex. 
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Figure 66: Magnetic susceptibility vs temperature for the chloride (A), azide 
(B), thiocyanate (C) and [Mn4(Ll')](CI04)4 (D) complexes. 
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Concluding Comments 

The manganese(II) chemistry of H2Ll and If4Ll' described in this Chapter 

has been totally different to that observed for copper(II),86,87 iron(II) and iron(III).81 

No other transition metal ions have been seen to promote the formation of dimeric 

H2Ll complexes, or to allow the ring expansion to If4Ll to occur. All of the 

copper(II) and iron(III) complexes of H2Ll are dinuclear and monomeric. Iron(II) is 

an effective template for H2Ll formation but iron(III) is not. Therefore it seems 

likely that iron(II) can accept the N302 pentagonal plane of donors provided by the 

H2Ll or If4Ll' macrocycle. If this is so then combined with the similar ionic radii of 

manganese(II) and iron(II), 0.82 and 0.78 A respectively,76(a) and the identical 

charge on the metal ions there seems to be no reason why very similar chemistry 

should not be observed. No iron(II) complexes have been characterised yet but the 

iron (III) compounds formed by air oxidation are binuclear and monomeric. It is 

possible that the unidentified iron (II) precursor is an [Fe404] dimer-type of cluster 

which breaks in half upon oxidation to iron(III). The only obvious reasons for the d5 

iron (III) not paralleling the d5 manganese(II) chemistry are the higher charge on the 

resulting clusters, and the smaller ion size of iron (III) 0.6sA compared to Mn(II) 
0.82A.76(a) 

Pentagonal bipyramidal geometry is observed for all of the manganese(II) 

ions in complexes of H2Ll and If4Ll' (except the SMn acetate structures which have 

a central octahedral manganese(II) ion). This geometry is not very common. Most 

other structurally characterised examples are complexes of more constrained ligands; 

either conjugated noncyclic ligands with five donor atoms in a planar 
geometry,130,131,132,133 or smaller, more rigid macrocycles.134,135,136,137 These are 

discussed further in Section 3.2. In this case the H2Ll macrocycle is quite flexible; 

for example the Cu(II) complex has tetragonal geometry.86,87 Therefore pentagonal 

bipyramidal geometry is not enforced by the H2Llligand. 

All of the manganese(II) complexes were orange in colour. The electronic 

spectra reveal ligand transitions (assigned by comparison with the barium(II) 

complex of H2Ll) at ca. 240 nm (ca. e = 16,000) and 290 nm (ca. e = 62,000). No 

bands could be unambiguously assigned to charge transfer transitions, although the 

absorption at 290 nm tails into the visible, possibly due to an underlying charge 

transfer transition. This tail gives rise to the observed orange colouration and is 

absent in the white barium complex. 



Discussion of the Mixed-Valence Tetramanganese 
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It is interesting to compare the preparation of this mixed-valence 

tetramanganese complex with those of the complexes of H2Ll. While attempts to 

oxidise the tetramanganese complexes of H2L 1 were unsuccessful, removing the two 

alcohol functions from the alkyl chains to form the L13 macrocycle allows facile air 

oxidation of two Mn(ll) centres to Mn(III). In all the tetramanganese(II) complexes 

of H2Ll the two oxygen donors complete the pentagonal plane of coordination of the 

Mn(II) ions. As Mn(III) prefers octahedral geometries~ the absence of these donors 

in the L13 macrocycle means that oxidation of Mn(U) is no longer disfavoured for 

geometrical reasons. 

The central oxo ions are held quite close to each other (2.46 A) and therefore 

this tetranuclear cluster can be thOUght of as model for an intermediate stage of the 

OEC water oxidation process; two water molecules have been bound to the cluster 

and deprotonated, but as yet no 0-0 bond has been formed. The hexairon(III) 

complexes characterised by Lippard (Figure 67) represent the water oxidation 

intermediates on either side of this manganese complex.138 

OH2 
OH2 

I I 

(C'~ 0~ 
Fe~e 

HP2 F'~') (~OHH(?) ( ~o 
(,--.., ~ 

~ ~ 
I I 
dioxane OH2 

67A 67B 
Figure 67 

Complex 67 A has the water bound and singly deprotonated. The 03-04 separation 

of 2.46(1) A is the same as is observed for the manganese complex. In the OEC 

cycle further deprotonation (bound oxo ions) would be followed by 0-0 bond 

formation giving bound peroxide as shown in 67B (Figure 67). 67B is generated in 

the laboratory from 67 A by a simple ligand substitution reaction (one peroxide for 

two hydroxides). Consideration of these complexes prompted the proposal of the 

new OEC cycle shown in Figure 68. 
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Four manganese ions are held in a tetranuclear cluster with oxygen bridging. The 

bound water (SO) is deprotonated in several steps giving rise to the 1, 0, 1, 2 pattern 

of proton release observed for the OEC as So ~ S 1. S 1 ~ S2, S2 ~ S3, S3 ~ So 

(Section 1.2).No oxidation of the bound water molecules occurs until S4; rather the 

oxidising equivalents are stored up in the form of more highly oxidised manganese 

centres (Table 1, set B). S2 and S3 have a positive surplus of charge relative to So 

which may be balanced by coordination of chloride ions. These features are 

consistent with current data on the OEC (Section 1.2). 67 A with the two bridging 

hydroxide ions represents the S3 state, and 67B the S4' state with bound peroxide. 

The manganese complex of L13 is a structural model for the proposed S4 state, 

containing two bridging oxo ions. Very little movement is required during the 

oxidation of water by this proposed scheme. 

More work is needed on this complex; the preparation needs to be refined, a 

bulk sample crystallised and further characterised by EXAFS, XANES, EPR, cyclic 
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voltammetry, magnetic susceptiblity, chemical reactivity and so on. This complex 

has the potential to produce many more exciting results. 

Results and Discussion of Complexes of DAP and H2LS 

[Mn(DAP) 2(H20) 2](CI04h 

Rather unusual eight-coordinate manganese(II) is a feature of this complex. 

In most structurally characterised examples eight-coordinate manganese(II) is 

observed when bi- or multidentate ligands139 (e.g. bidentate nitrate 140 or acetate 

(Figure 22A)69) are bound. DAP acts as a tridentate ligand with a restricted bite 

angle which effectively compresses the coordination by these three donors thus 

allowing the larger coordination number. As manganese(II) is a d5 ion there are no 

geometrical preferences to overcome. 

[Pb2(H2L5)(NCSh] NC S 

A very similar dilead complex of the related macrocycle L5 ' has been 

structurally characterised by Nelson, Drew and co-workers (Figure 69A).1l6 

C(l3) 

69A 69B 
Figure 69 

The L5' macrocycle differs from H2L5 only in that it contains no pendant alcohol 

groups. As the alcohol groups of H2L5 do not bind to the lead atom this has little 

effect on the overall structure. In both cases the N-bridging thiocyanate group is 

disordered about the C2 axis. Such single atom N- only thiocyanate bridging is 

rare;53,62(b),1l1,1l5,116 the L5' structure was the first involving lead. A more 

common mode of NCS- bridging is the 1,3-bridging observed in the heterobinuclear 

PbMn(L5 ')(NCS)4 structure (Figure 69B).1 41 In this case the L5 ' macrocycle has a 

different conformation, allowing the metal-metal separation to increase to 4.857(2)A. 



98 

There are slight geometrical differences between the two dilead structures of 

H2LS and LS', which are summarised in Figure 70. 
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The LS' macrocyc1e is slightly more folded which allows greater separation of the 

lead atoms. In the LS' structure the N-bridging thiocyanate and terminally S-bonded 

thiocyanate are both more tightly bound than in the H2LS case. These differences in 

bonding are reflected in the infrared spectra of these two complexes. As expected 

more tightly bound thiocyanate groups of the LS' complex give rise to absorptions at 

lower energy; N-bridging NCS H2L5 1983 cm-I -t L5' 1970 cm- I and S-terminal 

NCS H2L5 2060 cm- I -t L5' 2019, 2041 cm- I . The remaining absorption in this 

region is assigned to the uncoordinated (fourth) thiocyanate ion; H2L5 2083 cm- I and 

L5' 2084 cm- I . The unusually low energy thiocyanate absorption at =:; 2000 cm- I is 

thought to be a characteristic of single atom N-bridging thiocyanate.53,111,115 The 

infrared data on [Pb2(H2L5)(NCSh]NCS, though in agreement with that of Nelson, 

do not match the values (2000, 2025 and 2070 cm- I ) reported by Fenton, Drew and 

co-workers for a dilead complex of the same macrocyc1e with the same anions and 

stoicheiometry.80 It is difficult to see why there would be any difference in the 

thiocyanate geometries and hence the reason for the substantial discrepancy is not 

clear. As stated in the Experimental Section the fourth anion was not located in the 

structural analysis of [Pb2(H2L5)(NCSh]+ as it appeared to be severely disordered. 

It is interesting to note that similar difficulties were experienced in the structure 

determination of the LS' complex by Nelson, Drew and co-workers, who comment 

that the fourth thiocyanate anion was "not located with any certainty". A cylinder of 

electron density was observed ca. 3.5A from the lead atom and two tightly 

constrained, quarter occupancy NCS- groups were fitted inside it. This, and the 

symmetry related cylinder, accounted for the final NCS- anion. In the H2L5 structure 

a region of remaining electron density was located in a position similar to the L5' 

case, relative to the macrocyc1e. No significant electron density was found within 

3.1A of the lead atom. It was not considered worthwhile to try to force a 
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constrained, disordered NCS- group to this remaining electron density. From the 

infrared absorption at 2083 cm-1 and comparisons with the data on LS' it appears that 

there must be a free thiocyanate ion in the structure (rather than a perchlorate ion 

due to the method of preparation). 

THE UBR~RY 
IJNIVERSITY OF CANTERBURY 

CHRISTCHURCH. N.Z. 



Chapter 3 

COMPLEXES OF THE ARM 
LIGANDS 

3.1 Experimental 

Preparation of Free Ligands 

HL3 
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Initially this was prepared by the method of Johnson et al.142 

2-Pyridinecarbaldehyde (0.68 g, 0.0064 mol) dissolved in benzene (20 ml) was 

added to a mixture of ethanolamine (0040 g, 0.0065 mol) and benzene (60 ml). The 

resultant mixture was brought to reflux and the azeotrope removed until no further 

water was produced. Evaporation of the remaining benzene under reduced pressure 

left a yellow oil which was pumped in vacuo overnight. Occasionally the oil solidified 

overnight to give white crystals. The oil was used promptly without further 

purification. Yield 0.95 g, 6.3 mmol, 99% 

HL3 can also be obtained by simply adding equimolar amounts of 

2-pyridinecarbaldehyde and ethanolamine together in a small volume of methanol. 

Evaporation of the solvent overnight followed by pumping in vacuo yielded the same 

yellow oil. The addition of one drop of 70% HCI04 to this reaction had no effect on 

the reaction. 

Infrared spectrum inter alia 3280(m,b), 2880(m,b), 1650(m), 1590(m) cm-1 

Electronic spectrum (CH30H) "-max = 273 nm, e = 5,600; "-max = 234 nm, 

e = 10,000; "-max = 197 nm, e = 17,500 

NMR spectra (CDCI3): 

2@\3: 
1 N 6 

I 

:): 
HO 



IH HI 8.61(dd); H2 7.30(m); H3 7.71(m); H4 7.90(dd); H6 8.40(s); 

H7 3.95(m); H8 3.83(m) ppm. 
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These were assigned using homonuclear decoupling experiments and IH-IH 

homo nuclear two-dimensional correlation spectroscopy. 

13C Cl 149.27; C2 124.75; C3 136.50; C4 121.39; C5 153.88; C6 163.42; 

C7 63.26; CS 61.95 ppm. 

These assignments were confirmed using 1 H_13C heteronuc1ear two­

dimensional correlation spectroscopy. 

(L3')CI04 or (L3')(p·CH3C6H4S03) 

Several methods of obtaining (L3')+, that is the 2-(2-hydroxyethyl)-3-

(2-pyridyl)-imidazo[I,5-a]-pyridinium cation, as either a perchlorate or 

p-toluenesulphonate salt, follow: 

Method 1: Ethanolamine (0.29 g, 4.S mmol) was brought to reflux in 15 ml of 

ethanol. Pyridinecarbaldehyde (0.5 g. 4.7 mmol) in 10 ml of ethanol was added 

dropwise followed by HCI04 (0.67 g 70% HCI04, 4.7 mmol) in ethanol (10 ml). The 

resulting yellow solution deepened to a gold colour as it was refluxed for 2.5 hr. 

After cooling and evaporation of solvent (over a period of hours) discoloured yellow­

brown crystals were filtered from the green-yellow solution. Further crops were 

obtained after more evaporation of solvent. Yield 0.32 g, 0.9 mmol, 40%. 

Method 2: p-Toluenesulphonic acid (0.9 g, 4.7 mmol) in 10 ml ethanol was 

added to the pyridinecarbaldehyde (0.5 g, 4.7 mmol, in 10 ml of ethanol) solution, and 

the combination dripped into a refluxing ethanol (15 ml) solution of ethanolamine 

(0.29 g, 4.S mmol). The red-gold solution was refluxed for 2.5 hr after which it was 

yellow-brown in colour. This solution slowly evaporated down to an oil which was 

pumped in vacuo. Addition of MeCN allowed some of the amine 

p-toluenesulphonate salt byproduct to be filtered off. Evaporation and pumping in 

vacuo left (L3')(p-toluenesulphonate) as a gold oil contaminated with some amine 

salt. Approximate yield (subtracting the amine salt from NMR ratio) 0.34 g, 

0.8 mmol, 34%. 

Method 3: 2-Pyridinecarboxaldehyde (lg, 9.3 mmol) dissolved in ethanol 

(20ml) was slowly added to a refluxing ethanol solution of ethanolamine (0.5Sg, 9.5 

mmol in 30ml), Mn(CI04h .6HO (3.41g, 9.4 mmol) in ethanol (20 ml) was added and 

refluxing continued for 2.5 hr. On cooling and evaporation of solvent (over several 

weeks) a crystalline product was obtained. Yield 0.6 g, 1.S mmol, 3S%. 

Recrystallisation from methanol by diethylether diffusion yielded colourless crystals 

of X-ray quality.143 

Infrared spectrum inter alia 3540(m), 1660(w), 1590(m), 1560(m), 1l00(s,b) 

Electronic spectrum (CH3CH20H) Amax = 315 nm, E = 11,300; Amax = 204, 

e = 36,000 



Density (by flotation in CHCI3/CC4) 1.52 g cm-3 

NMR spectra (CDCI3): 

~ N{ I(} 
f\~ 

( 
OH 
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13 I 24 23 

14 N)l'2500? 15 ~ A 22 

16 2~' N 21 

OH 

IH HI 3.97(t); H2 4.68(t); H11 8.53(bd), J=7.5; H12 7.20(bt), J=7.0; H13 

7.38(bdd), J=9.3, 6.6; H14 7.91(bd), J=9.3; H16 8.35(s); H21 

8.95(bd),J=5.0; H22 7.75(ddd)J=7.7,4.9, 1.3; H23 8.20(td), J=7.7, 1.7; 

H24 8. 12(bd) ppm, J=7.7, 1.7 Hz 

These were assigned using homonuclear decoupling experiments. 

13C C1 53.93; C2 61.79; Cll 124.14; C12 119.97; C13 126.88; C14 

119.84; C16 116.46; C21 152.70; C22 128.04; C23 139.87; C24 128.68 

ppm 

The assignments of these complex spectra were confirmed using IH-13C 

heteronuclear two-dimensional correlation spectroscopy: 
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2,6-Pyridinedicarboxylic acid chloride (0.49 g, 2.4 mmol) was dissolved in 50 

ml of benzene and ethanolamine (0.57 g, 9.3 mmol) was added, followed by a further 

200 ml of benzene. This mixture was refluxed for 20 min (removing the 

benzene/water azeotrope) by which time the reaction volume had been reduced to 

50 ml. The benzene solution was decanted off the undissolved brownish oil. The oil 

was washed with benzene and then dried by evaporation under reduced pressure. 

After standing for five days the oil solidified. This off-white solid was dissolved in 
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20 ml of warm methanol and NaCI04.H20 (0.84 g, 6.0 mmol, 25% excess) added, 

followed by three drops of 70% HCI04. Overnight colourless crystals formed. Yield 

0.32 g, 0.8 mmol, 34%. 

Infrared spectrum inter alia 3490(s,b), 3350(s,b), 1655(s,b), llOO(s,b) cm- I. 

Analysis Calculated: C 33.9; H 4.4; N 10.8% 

Found: C 33.9; H 4.3; N 10.9% 

NMR spectra (D20) : 
3 

o rOi: 0 
~rNl~ 

:(H HN) 
OH HO 

IH H2, H3 8.08(m); H7 3.51(t); H8 3.72(t) ppm 

13C Cl 148.82; C2 125.77; C3 140.66; C7 42.43; C8 60.91 ppm 

These assignments were confirmed using IH-13C heteronuclear two-dimensional 

correlation spectroscopy. 

Preparation of Complexes of H2L2 

[Mn(H2L2)(H20 )2](CI04h 

DAP (1 g, 6.1 mmol) and Mn(CI04 h.6H20 (2.22 g, 6.1 mmol) in 50 ml of 

ethanol were brought to reflux. Ethanolamine (0.75 g, 12.2 mmol) in ethanol (10 ml) 

was added and refluxing continued for 10 hr. A yellow powder formed after some 

solvent had evaporated and was collected by filtration. Further solvent evaporation 

led to the formation of yellow crystals suitable for a single crystal X-ray structure 

determination. Yield 1.9 g, 3.53 mmol, 60%. 

Infrared spectrum inter alia 3310(s,b), 1650(m), 161O(m), 1590(m), 1100(s,b) cm- l 

Analysis Calculated: C 29.0; H 4.3; N 7.8 % 

Found: C 29.2; H 4.4; N 7.9 % 

Mn(H2L2 )(NCSh 

This complex was made as for Mn(H2L2)(H20 h] (CI04h but in methanol 

(30 + 10 ml) rather than ethanol. After refluxing overnight, NaNCS (1.0 g, 12 mmol) 

was added to the gold coloured solution. After a further 15 min reflux the solution 

was allowed to cool and the resulting yellow precipitate was collected by filtration. 

Further crops including yellow crystals suitable for single crystal X-ray structural 

analysis were obtained after solvent evaporation. Yield 1.65 g, 3.93 mmol, 65%. 

Infrared spectrum inter alia 3350(s,b), 2080(m), 2015(s), 1650(m), 1590(m) cm- l 
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Magnetic moment (293K) == 5.99 BM 

Analysis Calculated: C 42.9; H 4.5; N 16.7% 

Found: C 42.7; H 4.5; N 16.8% 

Mn(H2L2)(N3h 

DAP (0.5 g, 3.1 mmol) and Mn(CI04h.6H20 (1.11 g, 3.1 mmol) were brought 

to reflux in 55 ml of methanol. Ethanolamine (0.38 g, 6.2 mmol) in methanol (5 ml) 

was added and the orange solution refluxed for 30 min before addition of a 

suspension of sodium azide (0.39 g, 6.2 mmol) in methanol (20 ml). The clear 

orange-brown solution was refluxed a further hour after which time the solution was 

again orange. Orange needles crystallised as the solution cooled slowly, but they 

proved to be twinned. A good single crystal for X-ray structural analysis was 

obtained after slow evaporation of the solvent. Yield 0.64 g, 1.65 mmol, 55%. 

Infrared spectrum inter alia 3190(s,b), 2045(s), 1655(m), 1595(m) cm-1 

Analysis Calculated: C 40.2%; H 4.9%; N 32.5% 

Found: C 40.0%; H 4.9%; N 32.2% 

[CO(H2L2h](CI04h 

DAP (1 g, 6.1 mmol) and Co(CI04h.6H20 (2.24 g, 6.1 mmol) dissolved in 

methanol (40 ml) were brought to reflux. Ethanolamine (0.75 g, 12.2 mmol) in 

methanol (20 ml) was added causing the pink: solution to turn dark brown. The 

solution was refluxed for 6 hr, cooled, and the dark brown product collected by 

filtration the following day. Further crops were obtained after solvent evaporation. 

Recrystallisation by vapour diffusion of diethylether into MeCN solutions gave 

brown crystalline material, yield ca. 0.5 g, 0.6 mmol, 20%. 

Infrared spectrum inter alia 3350(m,b), 1590(m), 1085(s,b) cm-1 

Magnetic moment (293K) = 0.84 BM 

Electronic spectrum (DMF) Amax = 424 nm, E = 3,300; plus further bands in the u.v. 

Analysis Calculated for [Co(H2L2h](Cl04h.0.5 MeCN: 

C 37.0; H 4.5; N 10.4% 

Found: C 37.2; H 4.5; N 10.1% 

FAB ms [CO(H2L2)(HL2)(CI04)]+ m/e = 656 a.m.u. 

[Ni(H2L2h](CI04h.H20 

DAP (1 g, 6.1 mmol) and excess ethanolamine (1.75 g, 28.7 mmol) were 

refluxed in a benzene/dry methanol mixture, removing the azeotrope, for many hours. 

Most of the excess ethanolamine separated from the final benzene (only) solution 

allowing it to be removed. This preparation of H2L2 (infrared spectrum showed only 

a small 'Uc=o) was used immediately in the following reaction. t 
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Ni(CI04h.6H20 (0.75 g, 2.1 mmol) in 15 ml dry methanol was added to free 

H2L2 (2.1 mmol) in 15 ml benzene. The resulting clear yellow brown solution was 

stoppered and allowed to stand for two days. After evaporating the solution down to 

10 ml under reduced pressure isopropanol was added until the solution became 

cloudy. Then benzene and methanol were added until the solution cleared again. 

Slow evaporation over two months yielded red-brown crystals suitable for a single 

crystal X-ray structural determination, in a brown oil. 

Infrared spectrum inter alia 3370(s,b), 1635(w), 1585(m), 1l00(s,b) cm- l 

Electronic spectrum (CH30H) Amax = 804 nm, e = 40; Amax = 242nm, e = 3,000; 

Amax = 204 nm, e = 3,800 

FAB ms [Ni(H2L2h]CI04+ m/e = 655 a.m.u. 

tMany attempts to obtain a reproducible preparation of this free ligand failed. Two 

reasons for this difficulty are: firstly the imine bonds formed are not stable and 

readily hydrolyse to give back the starting materials, and secondly the ketone 

carbonyl is not as reactive as (for example) the aldehyde which readily formed HL3. 

[Ni(H2L2)(NCShh 

Ni(CI04h.6H20 (2.46 g, 6.7 mmol) in methanol (10 ml) was added to a 

refluxing methanolic solution (50 ml) of DAP (1 g, 6.1 mmol). This was followed by 

the dropwise addition of ethanolamine (0.75 g, 6.1 mmol) in methanol (5 ml), and 

finally the addition of NaNCS (1.10 g, 13.6 mmol) in methanol (15 ml). The resulting 

mid-green solution was refluxed for 3 hr over which time the solution became darker 

green. The solution was allowed to cool slowly and the green crystalline solid which 

precipitated was collected by filtration. Further crops were obtained after slow 

evaporation of the solvent. Yield 0.76 g, 1.8 mmol, 30%. Recrystallisation from 

DMF containing excess NaNCS in ethanol, by vapour diffusion of diethylether, 

produced green plates suitable for a single crystal X-ray structure determination. 

Infrared spectrum inter alia 3300(m,b), 2090(s), 1640(m), 1595(m) cm- l 

Electronic spectrum (DMF) Amax'" 885 nm, e = 70; Amax = 585 nm, e = 40; plus 

further bands in the u. v. 

Analysis Calculated: 

Found: 

C 42.5; H 4.5; N 16.5% 

C 42.6; H 4.6; N 16.2% 

Preparation of Complexes of HL3 

(L3')CI04 and Mn(HL3)(NCSh and [Mn(HL3)(NCSh]x 

HL3 (0.5 g, 3.3 mmol) in ethanol (5 ml) was added dropwise to an ethanolic 

solution (5 ml) of manganese(II) perchlorate (1.21 g, 3.3 mmol). A solution of 

sodium thiocyanate (0.54 g, 6.7 mmol) in 8 ml ethanol was added, followed by 5 ml of 
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isopropanol. A mixture of products was obtained on rapid evaporation (by 

maintaining an air flow over the solution) of the solvents. The yellow-brown solid 

formed was physically separated from some green oil. Crystals of (L3')CI04 (1 %) 

were obtained by vapour diffusion of diethylether into a methanol solution of the 

green oil. The acetonitrile-soluble portion of the yellow-brown solid yielded poor 

quality crystals by vapour diffusion of diethylether into the acetonitrile solution. A 

recrystallisation by the same method using methanolldiethylether gave yellow 

crystals (1 %) identified as Mn(HL3h(NCSh by a single crystal X-ray structure 

determination. The golden crystalline material left undissolved by acetonitrile was 

readily soluble in methanol and was recrystallised by vapour diffusion of diethylether 

to give clusters of yellow crystals of the polymer [Mn(HL3)(NCSh]x. Elemental 

analysis (results below) indicated the purity of this yellow crystalline polymer (ca. 

20% yield calculated on [Mn(HL3)(NCShJx). 

Infrared spectra for: 

Mn(HL3h(NCSh inter alia 3440(m,b), 2070(s,b), 1645(w), 1590(m) cm-1 

[Mn(HL3)(NCShJx inter alia 3360(m,b), 2080(s,b), 1650(w), 1595(m) cm-1 

[Mn(HL3)(NCShJx Analysis Calculated: C 37.4; H 3.1; N 17.4% 

Found: C 37.8; H 3.2; N 17.4% 

[Ni(HL3h](C104h 

HL3 (0.5 g, 3.3 mmol) in methanol (10 ml) was added dropwise to a green 

methanolic solution (10 ml) of Ni(CI04h.6H20 (1.22 g, 3.3 mmol). Isopropanol 

(6 ml) was added to the resulting dark yellow-brown solution and it was put aside to 

allow slow evaporation of the solvents. When almost all the solvent had evaporated 

a yellow-brown crystalline precipitate was isolated and washed with isopropanol 

(10 ml). Yield 0.36 g, 0.65 mmol, 40%. Recrystallisation by vapour diffusion of 

diethylether into a methanol solution of this complex yielded clusters of yellow­

brown needles of poor quality; however a single crystal X-ray structure 

determination was carried out. 

Infrared spectrum inter alia 3350(s,b), 1660(m), 1605 (m), 1085(s,b) cm-1 

FAB ms [Ni(HL3h(CI04)]+ rn/e = 457 a.m.u 

[Cu(HL3)(H20)2(CI04)h(CI04h 

A methanol solution (5 ml) of HL3 (1 g, 6.7 mmol) was added dropwise to a 

light blue solution of Cu(CI04h.6H20 (2.48 g, 6.7 mmol in 5 ml of methanol), causing 

a green colour to develop. A small amount of isopropanol was added and the 

solution evaporated quickly at room temperature in a fumehood. The resulting green 

solid was collected and washed with 20 ml of isopropanol, leaving an aqua blue 

crystalline compound which was dried in vacuo. Yield 0.99 g, 1.1 mmol, 33%. 
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A crystal suitable for X-ray structural analysis was obtained from a similar 

preparation (70% scale) using 25 ml of a 1: 1 mixture of dichloromethane:methanol as 

the reaction solvent. Mter most of the solvent had evaporated nothing had 

precipitated so a little toluene was added and further evaporation allowed. The 

resulting clusters of aqua blue crystals were filtered off and washed with methanoL 

Infrared spectrum inter alia 331O(m,b), 1650(w), 1605(m), 1l00(s,b) cm-1 

Magnetic moment (293 K) = 1.88 BM 

Analysis calculated for [Cu(HL3)(H20hh(CI04)4.2H20: 

C 20.6; H 3.4; N 6.0% 

Found: C 20.2; H 3.1; N 5.8% 

[Zn(HL3)(H20 )2(CI04)]2(CI04h 

This complex was prepared in the same way as (L31)CI04 except that the 

scale was halved and Zn(CI04h.6H20 (1.75 g, 4.7 mmol) was substituted for 

Mn(CI04h .. 6H20. On cooling and evaporation of the solvent over several weeks a 

pinkish-white crystalline solid was obtained. This was collected by filtration and 

washed with a very small amount of methanol followed by chloroform. Further 

solvent evaporation from the filtrate resulted in a golden oil which, on pumping in 

vacuo, produced crystals of [Zn(HL3)h(CI04)4 as colourless blocks which were 

suitable for single crystal X-ray structural analysis. These crystals were 

hygroscopic and redissolved if left exposed to the atmosphere overnight. Overall 

yield 0.78 g, 0.9 mmol, 38%. 

Infrared spectrum inter alia 3400(m,b), 1650(w), 1590(m), 1l00(s,b) cm-1 

Analysis Calculated: C 21.3; H 3.1; N 6.2% 

Found: C 21.1; H 3.0; N 6.0% 

FAB ms [Zn2HL3h(H20h(CI04)4H]+ m/e = 861 a.m.U. 

NMR spectra (CD3 CN): 

IH HI 8.45 (d); H2 7.82(m); H3 8.33(m); H4 8.12(d); H6 8.93(s); H7 

4.09(m); H8 3.90(m); H1A 4.621(t) ppm 

13C C1 150.27; C2 130.61; C3 143.17; C4 129.52; C5 147.25; C6 164.77; 

C7 55.93; C8 59.94 ppm 
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Preparation of Complexes of HL6 and L6' 

[Mn(HL6) (L6') h( CI 04)4.2solvent 

2-Acetylpyridine (2 g, 16.5 mmol) in 5 ml of ethanol was added dropwise to a 

refluxing ethanol solution (60 ml) of ethanolamine (1.02 g, 16.7 mmol), followed by 

Mn(CI04h.6H20 (5.98 g, 16.5 mmol) in 10 ml of ethanol. The resulting gold solution 

was refluxed 3 hr, allowed to cool, then some was solvent removed under reduced 

pressure. On standing, a shiny brown microcrystalline powder precipitated in the 

stoppered flask. Further evaporation under reduced pressure, followed by standing 

allowed brown crystals of [Mn(HL6)(L6')12(CI04)4.2EtOH suitable for an X-ray 

structure determination to grow. A further crop of yellow-brown powder was 

obtained. Yield 0.73 g, 0.5 mmol, 20%. Vapour diffusion of diethylether into an 

acetonitrile solution of the brown powder yielded crystals of 

[Mn(HL6)(L6')12(CI04)4.2MeCN which were also characterised by a single crystal 

X -ray structure determination, as they had a completely different unit cell and crystal 

system to those crystals obtained from the reaction solution. 

Infrared spectrum inter alia 3440(m,b), 1645(m), 1620(m), 1600(m), 1l00(s,b) cm- l 

Preparation of Complexes of H2L 9 

[Mn(H2L 9)(NCShJx 
A methanol solution (50 ml) of DAP (1 g, 6.1 mmol) and Mn (CI04)z.6H20 

(1.56 g, 4.3 mmol) was refluxed for 5 min then propanolarnine (0.92 g, 12.3 mmol) 

was added. After an hour NaSCN (0.99 g, 12.3 mmol) was added to the orange 

solution and refluxing continued for 30 min. The initial yellow precipitate (the 

infrared spectrum showed that this contained no NCS-) was removed by filtration. 

Clusters of gold crystals suitable for X-ray analysis grew in the filtrate overnight. 

These were collected and washed with ethanol. Yield 0.75 g, 1.7 mmol (calculated 

on monomer molecular weight), 39%. 

Infrared spectrum inter alia 3480(m,b), 3290(m,b), 2080(s), 1640(w), 1620(w), 

1590(m) cm- l . 

[Ni(H2L9hHCI04h 
Propanolamine (0.34 g, 4.8 mmol) in lOml of methanol was added to a 

refluxing methanol (4OmI) solution ofDAP (0.40 g, 2.5 mmol) and Ni(CI04)z.6H20 

(0.88 g, 2.4 mmol) causing the colour to change from green to dark red-brown. Slow 

evaporation of the solvent allowed the formation of crystals suitable for single crystal 

analysis. 
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Infrared spectrum inter alia 3330(s,b), 1625(m), 1590(m), llOO(s,b) cm- l 

[Ni(H2L 9)(NCSh1x 

Ni(CI04h.6H20 (2.24g, 6.1mmol) in methanol (10ml) was added to a 

refluxing methanol (50ml) solution of DAP (lg, 6.1mmol). The dropwise addition of 

propanol amine (0.92g, 12.2mmol) in methanol (5ml) caused the yellow-green 

solution to turn dark brown. NaNCS (1.00g, 12.2mmol) in 15ml methanol was 

quickly added and the dark brown solution refluxed a further 40min. Four days later 

green crystals suitable for X-ray analysis were filtered from the brown solution. A 

dichroic brown/green crystal was shown to be the same compound by an X-ray unit 

cell determination. After slow evaporation of solvent further crops of green 

crystalline product were obtained. Yield 1.83 g, 4.1 mmol, 66% calculated on 

monomer molecular weight. 

Infrared spectrum inter alia 3400(m,b), 331O(m), 2120(s), 2100(s), 1635(w), 

1595(m) cm- l 

Analysis Calculated: C 45.1; H 5.1; N 15.5% 

Found: C 45.1; H 5.1; N 15.1% 

Electronic spectra (solid) Amax = 920 nm, Amax = 580 nm 

(DMF) Amax'" 892 nm, e = 30; Amax = 586 nm, e = 15; plus further bands in the u.v. 

Crystallography 

Gene ral Data 

Crystals suitable for single crystal X-ray structural analysis were obtained as 

described in the Experimental Section. X-ray crystallographic data were collected on 

a Nicolet R3m four-circle diffractometer using graphite-monochromated Mo-Ka 

radiation (A=0.71069). The cell parameters were determined by least-squares 

refinement of 14 to 22 accurately centered reflections in the range 5 < 28 < 350 • 

Crystals suitable for X-ray crystallography were usually coated with a hydrocarbon 

oil and transferred into the low temperature gas stream of the diffractometer. The 

crystal stability was monitored by recording three check reflections every 97 

reflections and no significant variations were observed for any data sets. The data 

sets wyre corrected for Lorentz and polarisation effects, and unless otherwise 

stated, an empirical absorption correction was applied, based on 'V-scan data. 

Hydrogen atoms were inserted at calculated positions using a riding model with 

thermal parameters equal to 1.2U of their carrier atoms. The function minimised in 

the refinement was LW( I Fo I-I Fe 1)2 where w = [0'2 (Fo) + gF02]-I. Final atom 

coordinates and numbering schemes are given in Appendix A, and tables of selected 

interatomic distances and angles are given in Section 3.2. All programs used in data 



reduction and final refinement were contained in the SHELXlL (version 4.0) 

package. 108 SHELXTL or SHELXS 109 programs were employed to solve the 

structures, and in some cases the intermediate refinement was performed using 

SHELX76.110 

(L3')CI04 
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C14H14ClN305 , colourless triangular prism, crystal dimensions 0.45 x 0.45 x 

0.60 x 0.20 mm3, monoclinic, a = 10.781(3), b = 17.519(6), c = 8.155(3) A, 
~ = 105.01(3)0, U = 1487.1(9) A3, space group P21/n , Z = 4, F(OOO) = 704. Using 

1.6° co-scans at a scan rate of 3.900 min-I, and a background to scan ratio of 0.1, 

2859 reflections were collected with 4 < 29 < 50°, index range: h 0/13, k 0/21, 

1 -10/10, at room temperature. Of these, 2611 were unique, and the 1804 having 

1>3 ()" (1) were ultimately used in the structure refinement. 

A Patterson calculation108 revealed the position of the chlorine atom and the 

remaining non-hydrogen atoms were located from difference Fourier maps. 

Anisotropic thermal parameters were assigned to all non-hydrogen atoms and the 

refmement on 208 parameters converged with R = 0.053 , wR = 0.067, g = 0.0004 and 

a maximum least-squares shift/error of 0.012 . The final difference map showed no 

features greater than 0.38e A -3 . 

[Mn(H2L2)(H20 )2](CI04h 

C13H23ChMnN3012, irregular yellow block, crystal dimensions 0.16 x 0.41 x 

0.53 mm3, monoclinic, a = 16.142(3), b = 12.222(3), c = 11.047(3) A, ~ = 94.41(2)0, 

U = 2173.1(9) A3, space group C2/c, Z = 4, F(OOO) = 1108. Using 1.6° co-scans at a 

scan rate of 3.91 ° min-I, and a background to scan ratio of 0.1, 2157 reflections were 

collected with 4 < 29 < 500, index range: h 0/20, k 0/15, I -14/14, at 298 K. Of 

these, 2088 were unique, and the 1683 having I >3 ()" (1) were ultimately used in the 

structure refinement. 

A Patterson calculation 108 revealed the position of the manganese and 

chlorine atoms and the remaining non-hydrogen atoms were located from difference 

Fourier maps. Two-fold rotational disorder about Cl-014, of the 0.7 occupancy 

perchlorate oxygen atoms 011, 012 and 013, was modelled by the insertion of the 

0.3 occupancy atoms 015, 016 and 017. Anisotropic thermal parameters were 

assigned to all non-hydrogen atoms, except 015, 016 and 017, and the refinement 

on 154 parameters converged with R = 0.0638 , wR = 0.0990, g = 0.001365 and a 

maximum least-squares shift/error of 0.009. The final difference map showed no 

features greater than ± 0.6 e A-3 . 
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Mn(HzL2)(NCSh 

CISHI9MnNS02S2, yellow block, crystal dimensions O.3lx 0.41 x 0.62 mm3, 

monoclinic, a = 9.902(2), b = 12.581(2), c = 15.203(3) A, ~ = 101.46(2)0, 

U = 1856.1(6) A3, space group I2/a, Z = 4, F(OOO) = 868. Using 1.6° Ol-scans at a 

scan rate of 2.930 min-I, and a background to scan ratio of 0.1,2503 reflections were 

collected with 4 < 29 < 50°, index range: h 0/12, k 0/15,1-19/19, at 298 K. Of 

these, 1638 were unique, and the 1503 having 1 >3 0' (I) were ultimately used in the 

structure refinement. 

A Patterson calculation 108 revealed the position of the manganese atom and 

the remaining non-hydrogen atoms were located from difference Fourier maps. 

Anisotropic thermal parameters were assigned to all non-hydrogen atoms and the 

refinement on 115 parameters converged with R = 0.0416, wR = 0.0714, g == 0.0033 

and a maximum least-squares shift/error of 0.094 . The final difference map showed 

no features greater than ± 0.6 e A-3 . 

Mn(HzL2)(N3h 
C13Hl9MnN902 , irregular orange block, crystal dimensions 0.24x 0.27 

x 0040 mm3, orthorhombic, a == 18.643(7), b == 12.616(3), c 7.127(3) A, 

U = 1676(1)A3, space group Pbcn , Z == 4, F(OOO) = 804. Using 104° Ol-scans at a 

scan rate of 4.88° min-I, and a background to scan ratio of 0.25, 1736 reflections 

were collected with 4 < 29 < 500, index range: h 0/23, k 0/16, I 0/9, at 173 K. Of 

these, 1479 were unique, and the 815 having 1 >3 0' (I) were ultimately used in the 

structure refinement. 

Direct methods109 revealed the structure and the remaining non-hydrogen 

atoms were located from difference Fourier maps. Anisotropic thermal parameters 

were assigned to all non-hydrogen atoms and the refinement on 115 parameters 

converged with R = 0.0407 , wR = 0.0525, g = 0.00146 and a maximum least-squares 

shift/error of 0.002 . The final difference map showed no features greater than 

+ 0.36 e A-3. 

[Ni(HzL2h](CI04h.HzO 

C26fI40ChNiN6013, irregular brown block, crystal dimensions 0.25 x 0.47 x 

0.47 mm3, tetragonal, a = 10.109(1), c = 16.540(2) A, U == 1690.2(5) A3, space group 

P421C , Z = 2, F(OOO) = 808 Using 1.4° Ol -scans at a scan rate of 3.91° min-I, and 

a background to scan ratio of 0.5, 1723 reflections were collected with 4 < 29 < 50°, 

index range: h 0/13, k 0/13 , I -0/20, at room temperature. Of these, 857 were 

unique, and the 554 having I >3 0' (I) were ultimately used in the structure 

refinement. 

A Patterson calculation108 revealed the position of the nickel atom and the 

remaining non-hydrogen atoms were located from difference Fourier maps. 



112 

Hydrogen atoms were inserted on all but the quarter occupancy water molecule 020. 

Anisotropic thermal parameters were assigned to all non-hydrogen atoms and the 

refinement on 110 parameters converged with R = 0.0896, wR = 0.1238, g = 0.00633 

and a maximum least-squares shift/error of 0.024. The final difference map showed 

no features greater than + 0.87 e A -3 . 

[Ni(H2L2) (NCS) 212 

C3oH3SNlONh04S4 , green plate, crystal dimensions 0.06 x 0.30 x 0.46 mm3, 

monoclinic, a = 12.623(4), b =10.799(3), c = 14.174(5) A, Il;::: 106.61 (3)0, 

U = 1851(1) A3, space group P21/n , Z = 2, F(OOO) = 880. Using 1.6° OJ-scans at a 

scan rate of 4.880 min-1 , and a background to scan ratio of 0.1, 3588 reflections were 

collected with 4 < 28 < 50°, index range: h 0/16, k 0/13 , I -17/17, at 173 K. Of 

these, 3248 were unique, and the 2414 having I >3 (j (I) were ultimately used in the 

structure refinement. 

A Patterson calculation lOS revealed the position of the nickel atom and the 

remaining non-hydrogen atoms were located from difference Fourier maps. 

Anisotropic thermal parameters were assigned to all non-hydrogen atoms and the 

refinement on 226 parameters converged with R = 0.0343, wR = 0.0445, g = 0.00067 

and a maximum least-squares shift/error of 0.011 . The final difference map showed 

no features greater than + 0.6 e A-3 . 

Mn(HL3h(NCSh 

C1SH20MnN602S2 , irregular yellow block, crystal dimensions 0.22 x 0.66 x 

0.75 mm3, orthorhombic, a = 9.786(4), b = 12.748(4), c = 17.615(6) A, 

U = 2197(1)A3, space group Pna21 ,Z;::: 4, F(OOO) = 972. Using 1.7° OJ-scans at a 

scan rate of 5.86° min-I, and a background to scan ratio of 0.3, 1669 reflections were 

collected with 4 < 28 < 45°, index range: h 0/11, k 0/14, I 0/19, at 150 K. Of these, 

1526 were unique, and the 1356 having I >3 (j (I) were ultimately used in the 

structure refinement. 

A Patterson calculation lOS revealed the position of the manganese atom and 

the remaining non-hydrogen atoms were located from difference Fourier maps. 

Hydrogen atoms were inserted on all atoms except the alkoxy oxygens 01 and 010. 

Anisotropic thermal parameters were assigned to all non-hydrogen atoms, except 

the carbon atoms of the pyridine rings, and the refinement on 213 parameters 

converged with R = 0.0306, wR = 0.0395, g = 0.00050 and a maximum least-squares 

shift/error of 0.015 . The fmal difference map showed no features greater than 

± 0.38e A-3. 
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[Mn(HL3)(NCSh]x 

[ClOHlOMnN401S2Jx , irregular yellow plate, crystal dimensions 0.16 x 0.35 

x 0.5 mm3, monoclinic, a = 16.718(8), b = 5.788(2), c = 28.135(11) A, ~ = 91.61(3)°, 

U = 2721(2) A3, space group I2/a , Z = 8, F(OOO) = 1304. Wycoff-scans (ie. peak 

top ro-scans) using a 0.50 scan width and 0.90 steps at a scan rate of 4.880 min-I, 

and a background to scan ratio of 0.3,4232 reflections were collected with 

4 < 28 < 45°, index range: h 0/19, k on, 1-31131, at 150 K. Of these, 1769 were 

unique, and the 1476 having I >3 (j (I) were ultimately used in the structure 

refinement. 

A Patterson calculation 109 revealed the structure and the remaining non­

hydrogen atoms were located from difference Fourier maps. Anisotropic thermal 

parameters were assigned to all non-hydrogen atoms and the refinement on 164 

parameters converged with R = 0.0273 , wR = 0.0394, g = 0.0006 (not refined) and a 

maximum least-squares shift/error of 0.018 . The final difference map showed no 

features greater than ± 0.46e A-3 . 

[Ni(HL3h](CI04h 

C16H20CI2N4NiOlO, small yellow-brown needle, crystal dimensions, 

orthorhombic, a = 18.190(13), b =7.539(6), c = 15.931(6) A, U = 2185(2) A3, space 

group Pna21 , Z = 4, F(OOO) = 1144. Using 2.40 co-scans at a scan rate of 

3.91° min-I, and a background to scan ratio of 0.3, 1675 reflections were collected 

with 4 < 28 < 45°, index range: h 0/9, k 0/18 , I 0/20, at 140 K. Of these, 1481 were 

unique, and the 517 having I >2 (j (I) were ultimately used in the structure 

refinement. No absorption correction was applied. The data were of low intensity 

due to poor crystal quality. 

A Patterson calculation 109 revealed the structure and the remaining non­

hydrogen atoms were located from difference Fourier maps. The pyridine rings were 

fixed to be hexagonal. No hydrogen atoms were inserted. Anisotropic thermal 

parameters were assigned only to the nickel atom and the refmement on 93 

parameters converged with R = 0.1274, wR = 0.1200, g = 0.0006 (not refined) and a 

maximum least-squares shift/error of 0.75. The final difference map showed no 

features greater than ± 1.24 e A-3 . 

[Cu(HL3)(H20) 2(CI 04)h(CI04h 

C16H2SC4Cu2N4022, blue block, crystal dimensions 0.16 x 0.38 x 0.63 mm3, 

monoclinic, a = 15.132(11), b = 9.235(8)), c = 23.030(17) A, ~ = 102.32(5)0, 

U = 3144(4) A3, space group C2/c , Z = 4, F(OOO) = 1816. Using 2.2° co-scans at a 

scan rate of 4.880 min-I, and a background to scan ratio of 0.3,2278 reflections were 

collected with 4 < 28 < 45°, index range: h 0/17, k 0/10, 1-25/25, at 150 K. Of 
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these, 2049 were unique, and the 938 having 1 >3 (J (I) were ultimately used in the 

structure refinement. 

Direct methods lOS revealed the structure and the remaining non-hydrogen 

atoms were located from difference Fourier maps. Anisotropic thermal parameters 

were assigned to the copper atom, and to all oxygen atoms except 023 and 024, and 

the refinement on 157 parameters converged with R = 0.0793 , wR == 0.1018, g == 

0.00213 and a maximum least-squares shift/error of 0.011 . The final difference map 

showed no features greater than + 1.06e A-3 . 

[Zn(HL3)(H20 h(C104)h(CI04h 

C16H2SC14N4022Zn2 , colourless block, crystal dimensions 0.40 x 0.56 x 0.68 

mm3, monoclinic, a = 15.114(7), b == 9.428(3), c = 22.649(9) A, f3 == 100.86(3)0, 

U = 3170(2) A3, space group C2/c , Z = 4, F(OOO) = 1826. Using 1.70 (J}-scans at a 

scan rate of 4.190 min-I, and a background to scan ratio of 0.4, 3066 reflections were 

collected with 4 < 29 < 500, index range: h 0/18, k 0/12, 1-27/27, at 150 K. Of 

these, 2785 were unique, and the 2260 having I >3 (J (I) were ultimately used in the 

structure refinement. 

Direct methods109 revealed the structure and the remaining non-hydrogen 

atoms were located from difference Fourier maps. Anisotropic thermal parameters 

were assigned to all non-hydrogen atoms and the refinement on 217 parameters 

converged with R == 0.0391 , wR == 0.0500, g = 0.00027 and a maximum least-squares 

shift/error of 0.015 . The final difference map showed no features greater than 

± 0.82e A-3. 

[Mn(HL6)(L6')h(CI04)4.2E to H 

CSoli60C14Mn2NS022 ,irregular brown block, crystal dimensions 0.18 x 0.19 x 

0.25 mm3, orthorhombic, a = 23.987(7), b == 12.697(3), c = 19.355(5) A, 

U == 5895(3)A3, space group Pca21 , Z = 4, F(OOO) = 2840. Using 1.40 (J}-scans at a 

scan rate of 2.93° min-1 , and a background to scan ratio of 0.1, 4308 reflections were 

collected with 4 < 29 < 450, index range: h 0/26, k 0/14, 10/21, at 170 K. Of these, 

2447 were unique, and the 2260 having 1 >3 (J (I) were ultimately used in the 

structure refinement. 

Direct methods109 revealed the structure and the remaining non-hydrogen 

atoms were located from difference Fourier maps. Anisotropic thermal parameters 

were assigned to all manganese, chlorine, oxygen and nitrogen atoms as well as to 

the carbon atoms of the ethanol molecules (C60, C61, C70, C71) and the refinement 

on 544 parameters converged with R == 0.0876, wR == 0.1146, g = 0.00423 and a 

maximum least-squares shift/error of 0.081 . The final difference map showed no 

features greater than ± 1.9ge A-3 . 
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[Mn(HL6)(L6')h(CI04)4. 2MeCN 

CSOHS6C4Mn2N lO<hO , irregular brown block, crystal dimensions 0.30 x 0.30 

x 0.40 mm3, monoclinic, a = 10.391(7), b = 24.451(23), c = 11.558(6) A, 

~ = 92.31(5)0 U = 2934(4) A3, space group P21/n , Z = 2, F(OOO) = 1408. Using 2.80 

(I)-scans at a scan rate of 7.320 min-I, and a background to scan ratio of 0.3,4172 

reflections were collected with 4 < 29 < 450, index range: h 0/12, k 0/27,1-13/13, at 

180 K. Of these, 3815 were unique, and the 1325 having I >3 0" (I) were ultimately 

used in the structure refinement. 

A Patterson calculation 108 revealed the position of the manganese atom and 

the remaining non-hydrogen atoms were located from difference Fourier maps. 

Anisotropic thermal parameters were assigned to the manganese atom and the two 

perchlorate groups and the refinement on 228 parameters converged with R = 0.1181, 

wR = 0.1460, g = 0.00220 and a maximum least-squares shift/error 'of 0.008 . The 

final difference map showed no features greater than + 1.92e A -3 . 

[Mn(H2L9)(NCSh]x 

[C17H23MnNs02S2Jx, irregular yellow block, crystal dimensions 0.38 x 0.38 

x 0.48 mm3, monoclinic, a = 14.387(3), b = 10.045(2), c:::: 15.528(4) A, 

~ = 115.10(2)0, U = 2032.1(9) A3, space group P21/n ,Z = 4, F(OOO) = 932. Using 

1.20 (I)-scans at a scan rate of 5.33° min-I, and a background to scan ratio of 0.5, 

4877 reflections were collected with 4 < 29 < 540, index range: h 0/16, k 0/11, 

1-17/17, at 173 K. Of these, 4447 were unique, and the 3478 having I >30" (I) were 

ultimately used in the structure refinement. The data were corrected for extinction 

effects. 

A Patterson calculation revealed the position of the manganese atom and the 

remaining non-hydrogen atoms were located from difference Fourier maps. 

Anisotropic thermal parameters were assigned to all non-hydrogen atoms and the 

refinement on 245 parameters converged with R = 0.0308, wR = 0.0393, 

g = 0.000346 and a maximum least-squares shift/error of 0.02 . The final difference 

map showed no features greater than 0.3e A-3 . 

[Ni(H2L9hHCI04h 
C30!:-46ChN6Ni012 ,irregular red-brown block,., crystal dimensions 0.20 x 

0.30 x0.49 mm3, monoclinic, a = 19.482(4), b = 10.438(2), c = 21.324(5) A, 

~ = 123.48(2)°, U = 3616(2) A3, space group C2/c, Z =4 , F(OOO) = 1704. Using 1.40 

(I)-scans at a scan rate of 4.880 min-I, and a background to scan ratio of 0.5 ,3469 

reflections were collected with 4 < 29 < 50°, index range: h 0/24, k 0/13,1-26/26, at 

153K. Of these, 3186 were unique, and the 2572 having I >30" (I) were ultimately 

used in the structure refinement. 



A Patterson calculation 108 revealed the position of the nickel atom and the 

remaining non-hydrogen atoms were located from difference Fourier maps. 

Anisotropic thermal parameters were assigned to all non-hydrogen atoms and the 

refinement on 231 least-squares parameters converged with R = 0.0409 , 
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wR = 0.0555, g = 0.00067 and a maximum least-squares shift/error of 0.02 . The final 

difference map showed no features greater than ± 0.6e A -3 . 

[Ni(H2L 9)(NCShlx 

[C17H23NsNi02S2Jx ,green plate ... crystal dimensions 0.13 x 0.22 xO.59 mm3, 

monoclinic, a = 14.922(7), b = 9.305(4), c = 16.140(7) A, /3 == 114.50(3)0, 

U == 2039(1) A3, space group P2l/C, Z =4 , F(OOO) = 944. Using 1.90 O}-scans at a 

scan rate of 4.190 min-I, and a background to scan ratio of 0.5,4338 reflections were 

collected with 4 < 29 < 500, index range: h 0/19, k 0/12, 1-20/20, at 140K. Of these, 

3792 were unique, and the 2049 having I >3 0' (I) were ultimately used in the 

structure refinement. 

Direct methods109 revealed the structure and the remaining non-hydrogen 

atoms were located from difference Fourier maps. Anisotropic thermal parameters 

were assigned to all non-hydrogen atoms and the refinement on 245 least-squares 

parameters converged with R == 0.0490, wR = 0.0456, g = 0.00018 and a maximum 

least-squares shift/error of 0.03 . The final difference map showed no features 

greater than ± 0.56e A-3 . 

3.2 Results and Discussion 

The noncyclic ligands employed in this work are shown in Figure 71. They all 

contain one or two flexible alkyl chains which terminate in an alcohol group. These 

compounds will be referred to as "one ann" or "two ann" ligands throughout this 

Chapter. 

A C9\ ©y 
N N N N 

CH HJ HJ HO] 
H2L 2 HL3 HL6 

Figure 71 
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X-ray Structure Determinations 

117 

A brief discussion of the restrictions that the coordination of pyridinediimine 

or pyridineimine units can place on metal ions is presented before the structures are 

described. 

The two planar units are shown in Figure 72. Generally they restrict 81,2 

(Nl-M-N2) and 813 (Nl-M-N3) to a value between 68° and 78°, , 

Figure 72 

Thus a metal ion of appropriate radius, without a strong stereochemical preference, 

can take up angles close to those (8 = 72°) required for a regular pentagonal 

geometry in this plane. However, if the metal ion prefers a tetragonal type geometry 

in this plane (e.g. octahedral) then some distortion will be observed as 8 can not 

increase to 90°. The effective ionic radius of 6-coordinate Ni2+ is 83 pm whereas 

that of 6-coordinate Mn2+ is 97 pm; 144 thus bonds to nickel can be shorter, allowing 

the angle 8 to increase. This is what is observed in the following structures; 

typically Ni-Nl bonds are 0.l2A shorter than the Mn-N1 bonds, and 8 is 

correspondingly larger at ca. 78° for Ni(II) complexes compared to 68° for Mn(II) 

complexes. 

Structure of (L3')CI04 

Figure 73 shows the cation, including the atom labelling scheme, and selected 

bond lengths and angles are shown in Table 16.143 Schematic diagrams of the cation 

in its two resonance forms A and B are shown in Figure 74; 74A includes selected 

bond lengths (A), and 74B shows selected 3J coupling constants (Hz). The 
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structure consists of a positively charged imidazo[ 1 ,5-a ]pyridinium ring with 

pyridine and hydroxyethyl substituents on the (five membered) imidazo ring. 

Formation of an ionic compound is likely to be due to the poor leaving ability of the 

hydroxyethyl substituent. 

Figure 73: Perspective view of the cation (L3')+ 

Table 16: Selected bond lengths (A) and angles for (L3')CI04 

Bond Lengths (A) 
NIl-Cll 1.396(4) NIl-CIS 1.407(S) NIl-C26 1.3S2(S) C11-C12 1.326(6) 
C12-C13 l.424(6) C13-C14 l.330(6) C14-C1S 1.428(6) C15-C16 1.368(5) 
C16-N1 1.349(5) N21-C21 1.332(6) N21-C25 1.339(5) C21-C22 l.379(7) 
C22-C23 1.361 (6) C23-C24 l.370(6) C24-C25 1.385(5) C25-C26 l.473(5) 
C26-N1 1.342(4) N1-C1 1.484(5) C1-C2 1.496(6) C2-01 1.399(6) 

Bond Angles (0) 
Cll-NIl -C15 120.9(3) C1-Nll-C26 129.8(3) C15-Nll-C26 109.3(3) 
N11-C11-C12 119.1(3) C11-C12-C13 121.4(4) CI2-C13-C14 121.0(4) 
C13-C14-CI5 119.4(4) N11-C15-C14 118.2(3) NI1-C15 -C16 105.6(3) 
C14-C15-C16 136.1(4) C15-C16-N1 107.5(3) C21-N21-C25 115.5(4) 
N21-C21-C22 124.9(4) C21-C22-C23 118.1(4) C22-C23-C24 119.2(4) 
C23-C24-C25 118.7(4) N21-C25 -C24 123 .6(4) N21-C25-C26 115.5(3) 
C24-C25-C26 120.9(3) N l1-C26-C25 126.1(3) N11-C26-N1 106.2(3) 
C25-C26-N1 127.6(3) C16-N1-C26 111.4(3) C16-NI-C1 122.4(3) 
C26-N1-Cl 126.0(3) N1-C1-C2 112.2(3) C1-C2-01 109.4(4) 

The angle between the mean planes of the imidazo[1,5-a]pyridinium ring and 

the pyridine ring is 43.2°. This large twist prevents the steric strain which a coplanar 

arrangement (with the hydrogen atoms very close to each other) would produce. The 

bond lengths show that the imidazo[1,5-a]pyridinium ring is not aromatic; double 



bonds are localised at Cll-C12 and C13-C14 (Figure 74A). This is also evident 

from the 3J coupling constants shown in Figure 74B. 
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Figure 74 

Structures of the Complexes of H2L 2 
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The structures of the monomeric complexes [Mn(H2L2)(H20h](Cl04h, 

Mn(H2L2)(NCSh and Mn(H2L2)(N3h are shown in Figures 75, 76 and 77 (cation 

only for the perchlorate compound). Selected bond lengths and angles are given in 

Tables 17, 18 and 19 respectively. 

Figure 75: Perspective view of the cation [Mn(H2L2)(H20)2]2+ 

In each of these structures the manganese(II) atom has approximate pentagonal 

bipyramidal geometry. The donors in the pentagonal plane are the three nitrogen 

atoms and two oxygen atoms of H2L2 and a two fold rotation axis passes through 

Mn, Nl and C3. In these examples the pyridinediimine unit provides an average 

angle at the manganese(II) atom of 81,2 = 68.7 ± 0.7° which results in a small 

distortion from regular pentagonal geometry (72°). The axial donors are the anions 



in the thiocyanate and azide complexes, whereas water is bound in preference to 

perchlorate in the perchlorate compound. 

Figure 76: Perspective view of Mn(H2L2)(NCS)2 

Figure 77: Perspective view of Mn(H2L2)(N3h 
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Table 17: Selected bond lengths and angles for [Mn(H2L2)(H20)2](CI04)2 

Bond Lengths ( ) 
Mn-Nl 2.266(5) Mn-02 2.223(4) Mn-Ol 2.261(3) Mn-N2 2.286(4) 

NI-Mn-N2 
NI-Mn-02 
N2-Mn-N2' 
01-Mn-O!' 

69.4(1? 
92.0(1) 

138.8(2) 
78.6(2) 

Bond Angles e) 
NI-Mn-Ol 140.7(1? 
N2-Mn-02 95.3(1) 
01-Mn-N2' 148.1(1) 
02-Mn-01' 93.9(1) 

N2-Mn-01 
01-Mn-02 
02-Mn-N2' 
02-Mn-02' 

72.3(1) 
83.0(1) 
86.1(1) 

176.0(2) 

Table 18: Selected bond lengths and angles for Mn(H2L2)(NCS)2 

Bond Lengths ( ) 
Mn-N1 2.296(2) Mn-N2 2.326(2) Mn- 1 .316(3) 

NI-Mn-N2 
NI-Mn-N20 
N2-Mn-N2' 
01-Mn-01' 

68.6(1) 
93.5(1) 

137.2(1) 
81.4(1) 

Bond Angles e) 
NI-Mn-Ol 139.3(1) 
N2-Mn-N20 92.2(1) 
01-Mn-N2' 152.0(1) 
N20-Mn-Ol' 84.3(1) 

Mn-N20 2.212(2) 

N2-Mn-Ol 
01-Mn-N20 
N20-Mn-N2' 
N20-Mn-N20' 

70.8(1) 
90.4(1) 
90.4(1) 

173.0(1) 

Table 19: Selected bond lengths and angles for Mn(H2L2)(N3)2 

Mn-N1 2.303(5) 

NI-Mn-N2 
NI-Mn-N20 
N2-Mn-N2' 
01-Mn-Ol' 

68.2(1) 
93.5(1) 

136.4(2) 
82.7(2) 

Bond Lengths ( ) 
Mn-N2 2.312(4) Mn-01 2.303(3) 

Bond Angles (0) 
NI-Mn-01 138.7(1) 
N2-Mn-N20 97.0(2) 
01-Mn-N2' 151.8(1) 
N20-Mn-Ol' 90.5(1) 

Mn-N20 2.222(4) 

N2-Mn-Ol 
01-Mn-N20 
N20-Mn-N2' 
N20-Mn-N20' 

71.1(1) 
84.3(1) 
85.6(2) 

173.1(2) 

The structure of the nickel(II) complex obtained when perchlorate is the anion 

is another monomer (cation Figure 78, Table 20), but it is different to the manganese 

complexes described above because the metal ion is bound to two H2L2 ligands (via 

the nitrogen atoms only). The nickel atom is on a 4 special position and the 

asymmetric unit contains only half of one H2L2 ligand. The two H2L2 ligands are 

bound such that the angle between the mean planes of the two sets of three nitrogen 

donors is 90°, Angles at the nickel(II) atom due to the pyridinediimine unit are only 

81,2 = 77.0(3)°, although this is larger than the 8 = 68.7° found for the previous 

Mn(II) complexes. As expected, this corresponds to a smaller Ni-N1 bond length, 

1.981(l3)A, as compared with the average Mn-Nl bond length of 2.288A. The 

overall geometry of the nickel atom approaches octahedral. 

Table 20: Selected bond lengths and angles for Ni(H2L2)2](CI04)2.H20 

INi-NI 1.98(1) 2.12(1) 
Bond Lengths (A) 

Ni-N2 
continued ... 



Table 20 continued 
Bond Angles (0) 

NI-Ni-N2 77.0(3) N 1-Ni-N l' 180.0(1) 
N2-Ni-N2* 153.9(6) N2-Ni-N2' 92.9(1) 

Figure 78: Perspective view of the cation [Ni(H2L2)2J2+ 

NI-Ni-N2' 
N2-Ni-N2" 
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103.0(3) 
92.9(1) 

A nickel(II) dimer is formed when strongly coordinating thiocyanate ions are 

present (Figure 79, Table 21). The geometry about the nickel atom is closer to 

octahedral than in the previous nickel complex because only one pyridinediimine is 

bound per nickel atom (81,2 = 76.6(1)°,81,3 = 77.0(1)°). The other coordination 

sites are filled by two nitrogen atoms of terminal thiocyanate groups and by one 

alcohol (02', 02) group (of the H2L2 ligand bound to the other nickel atom of the 

dimer). Thus the dimer is held together by the intermolecular coordination of two 

arms. The two thiocyanate groups and the alcohol oxygen donors are less 

geometrically constrained ligands than the pyridinediimine unit and make angles 

which approach 90° between each other, about the nickel atom (Table 21). 

Table 21: Selected bond lengths and angles for [Ni(H2L2)(NCS)2J2 

Ni-N1 1.992(3) 
Ni-N60 2.033(3) 

Bond Lengths (A) 
Ni-N2 2.199(3) Ni-N3 2.128(3) 
Ni-02' 2.140(2) 

Ni-N70 2.022(3) 

continued ... 



Table 21 continued 

NI-Ni-N2 
NI-Ni-N70 
NI-Ni-N60 
N70-Ni-N60 
N3-Ni-02' 

76.6(1) 
171.7(1) 
94.4(1) 
91.6(1) 
92.9(1) 

Bond Angles (0) 
NI-Ni-N3 77.0(1) 
N2-Ni-N70 109.1(1) 
N2-Ni-N60 90.0(1) 
NI-Ni-02' 91.0(1) 
N70-Ni-02' 83.7(1) 

Figure 79: Perspective view of [Ni(H2L2)(NCSh12 

Structures of the Complexes of HL3 

N2-Ni-N3 
N3-Ni-N70 
N3-Ni-N60 
N2-Ni-02' 
N60-Ni-02' 

Two complexes of HL3 with Mn(II) and NCS- have been structurally 

characterised. The first is a monomer (Figure 80, Table 22). 

Figure 80: Perspective view of Mn(HL3h(NCS)2 
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153.5(1) 
96.8(1) 
94.4(1) 
85.2(1) 

171.7(1) 
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Two HL3 ligands and two thiocyanate groups are bound to a manganese(II) atom in 

a geometry approaching octahedral. The distortion is again due to the restricted 

angle that the pyridineimine unit contributes (81,2 72.7(1t, 811,12 72.6(1)°). The 

mean planes of the two pyridine rings are at 75.2° to each other. The two alcohol 

arms of the HL3 ligands twist away from the central manganese atom; a disordered 

hydrogen bond links them (01-010 2.819A). 

Table 22: Selected interatomic distances and angles for Mn(HL3)2(NCS)2 

Bond Lengths (A) 
Mn-N1 2.296(3) Mn-N2 2.277(4) Mn-N11 2.300(3) Mn-N12 2.292(3) 
Mn-NI0 2.l74(4) Mn-N20 2.136(4) 01-010 2.819(7) 

Bond Angles (0) 

N1-Mn-N2 72.7(1) NI-Mn-Nl1 164.8(1) N2-Mn-Nl1 97 .9(1) 
NI-Mn-N12 96.4(1) N2-Mn-N12 97.3(1) N11-Mn-N12 72.6(1) 
N1-Mn-N10 88.8(1) N2-Mn-N10 161.5(1) N11-Mn-N10 100.3(1) 
N12-Mn-NI0 85.0(1) N1-Mn-N20 102.4(1) N2-Mn-N20 89.9(1) 
Nll-Mn-N20 89.2(1) N12-Mn-N20 161.1(1) N10-Mn-N20 93.8(2) 

The second complex is a polymer (Figure 81, Table 23). Again the six­

coordinate manganese atom has distorted geometry due to the bound pyridineimine 

group (81,2 72.1(1)°) but only one HL3 ligand is bound. 

Figure 81: Perspective view of [Mn(HL3)(NCS)2Jx 

Table 23: Selected bond lengths and angles for [Mn(HL3)(NCS)2Jx 

Mn-N1 2.286(3) 
Mn-O l' 2.269(2) 

N1-Mn-N2 
NI-Mn-N21 
N1-Mn-01 ' 
N21-Mn-01' 
Nll-Mn-Sll' 

72.1(1) 
164.7(1) 
97.1(1) 
85.5(1) 
90.5(1) 

Bond Lengths (A) 
Mn-N2 2.268(2) Mn-N11 2.145(3) 
Mn-Sl1' 2.685(1) 

Bond Angles (0) 

N1-Mn-N11 91.4(1) 
N2-Mn-N21 93.4(1) 
N2-Mn-01' 82.1(1) 
N1-Mn-Sll' 88 .0(1) 
N21-Mn-S11' 90.9(1) 

Mn-N21 2.154(3) 

N2-Mn-N11 
N11-Mn-N21 
N11-Mn-Ol' 
N2-Mn-S II' 
01'-Mn-Sl1' 

157.1(1) 
103.9(1) 
84.3(1) 

104.3( 1) 
172.8(1) 

The other angles are slightly closer to 90° (Table 23) as the donors are not so 

constrained. These donors are the nitrogen atom of a terminally bound NCS-, one 



nitrogen atom and one sulphur atom from each 1,3-bridging NCS-, and finally the 

alcohol oxygen of an HL3 arm from another unit. The 1,3-bridging NCS- and the 

alcohol oxygen atom intennolecular bridge hold the linear polymeric chain together. 

The pyridine rings are lined up parallel to each other at a separation of 3.97(1)A. 
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The monomeric cation of the poorly refined structure of [Ni(HL3h](Cl04h is 

shown in Figure 82. Two HL3 ligands provide all of the donor atoms, giving the 

central nickel(II) atom approximate octahedral geometry. No further analysis of this 

structure is warranted because the errors in all of the structural parameters are large 

due to the lack of good data, resulting from poor crystal quality. 
C17 

C7 C6 
Figure 82: Perspective view of the cation [Ni(HL3h]2+ 

The copper(II) and zinc(II) complexes of HL3 are almost isomorphous. 

Hence, only the cation of the zinc complex is shown (Figure 83); the numbering 

scheme is the same for the copper complex. Selected bond lengths and angles are 

shown in Tables 24 and 25 for the zinc and copper complexes respectively. 

Table 24: Selected bond lengths and angles for [Zn(HL3)(H20)2(CI04)]2(CI04)2 

Zn-Nl 2.122(3) 
Zn-Oll 2.342(3) 

NI-Zn-N2 78.8(1) 
NI-Zn-03 169.5(1) 
NI-Zn-Oll 88.1(1) 
03-Zn-Oll 86.6(1) 
02-Zn-Ol' 91.4(1) 

Bond Lengths (A) 
Zn-N2 2.107(3) Zn-02 2.031(3) 
Zn-Ol' 2.105(3) 

Bond Angles C) 
NI-Zn-02 94 .2(1) 
N2-Zn-03 91.8(1) 
N2-Zn-Ol1 87.2(1) 
NI-Zn-Ol' 98.6(1) 
03-Zn-Ol' 88.1(1) 

Zn-03 2.051(3) 

N2-Zn-02 165.1(1) 
02-Zn-03 93.8(1) 
02-Zn-Ol1 79.3(1) 
N2-Zn-Ol' 102.6(1) 
011-Zn-Ol' 168.9(1) 

These complexes are dimeric with the monomer units linked by the alcohol arms (01, 

01'). In both cases the metal ion has a geometry which approximates to octahedral; 
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the donor atoms in the HL3 plane are the two nitrogen atoms of HL3 and two water 

molecules. Axial coordination by all of the perchlorate group is weak in both 

complexes (Zn-Oll 2.342; eu-011 2.526A), however in the copper complex this is 

accentuated by a J ahn-Teller distortion. This distortion is also evident in the axial 

Cu-Ol' distance of 2.282A which is O.3A longer than the average Cu-(in the plane 

donor) bond lengths. In comparision the Zn-O I' distance of 2.1 o5A is within the 

range of values 2.031-2.122A found for the Zn-(in the plane donors). There are 

numerous hydrogen-bonding interactions between the bound water molecules and 

the perchlorate groups. No attempt was made to place the hydrogen atoms of the 

water molecules (02 and 03) appropriately as there were so many interactions. 
012 014 

Figure 83: Perspective view of the cation [Zn(Hl.3)(H20)2(CI04)]22+ 

Table 25: Selected bond lengths and angles for [Cu(HL3)(H20)2(Cl04)]2(CI04)2 

Cu-N1 1.975(17) 
Cu-O 11 2.526( 16) 

NI-Cu-N2 
N1~Cu-03 

N1-Cu-011 
03-Cu-011 
02-Cu-Ol' 

82.2(7) 
174.2(7) 

. 88.8(6) 
86.7(6) 
90.3(6) 

Cu-N2 
Cu-01' 

Bond Lengths (A) 
1.952(18) Cu-02 
2.282(14) 

Bond Angles (0) 
NI-Cu-02 93.6(6) 
N2-Cu-03 94.0(6) 
N2-Cu-011 87.6(7) 
N1-Cu-01' 98.8(6) 
03-Cu-01' 86.1(6) 

2.004(16) Cu-03 1.973(14) 

N2-Cu-02 169.0(6) 
02-Cu-03 89.3(6) 
02-Cu-Ol1 82.2(6) 
N2-Cu-Ol' 100.3(6) 
011-Cu-Ol' 169.7(6) 
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Structure of the Manganese(II) Complex of HL6 and L6' 

Two [Mn(HL6)(L6')h(CI04.2solvent complexes were structurally 

characterised because they had completely different unit cells. When the solvent 

was ethanol the complex had no imposed symmetry and crystallised in the 

orthorhombic crystal system whereas when the solvent was acetonitrile the 

asymmetric unit contained only half of the complex (the other half was generated by 

a centre of inversion) and the crystal system was monoclinic. These two complexes 

are almost isostructural. The only difference appears to be a change in the 

conformation of the alkyl arms of HL6. Hence, only the former complex will be 

described. The dimeric complex consists of two six-coordinate manganese(II) ions 

each with a geometry approaching octahedral (Figure 84, Table 26). 

Figure 84: Perspective view of the cation [Mn(HL6)(L6')h4+ 

The HL6 ligand binds to the manganese atom via two nitrogen atoms and an alcohol 

group. The average angle at manganese due to HL6 binding is 72 ± 3°. The other 

donors, a pyridine nitrogen and two bridging oxygen atoms, are from L6'. The Mn202 

core is a rhombus; the internal angles at manganese are acute (76.5(4t and 

73.8(4)°) whereas the internal angles at oxygen are obtuse (104.9(4)° and 

104.8(4)°). This matches the preference of oxygen for tetrahedral angles (109.5°) 



128 

and shows the irregular nature of the six-coordinate manganese(II) environment. 

The HL6 pyridine rings (N1 ~ C5 and N31 ~ C35) and the L6' pyridine rings which 

share two atoms with the five membered ring (N50 ~ C54 and N20 ~ C24 

respectively) lie above one another (ca. 10° from parallel) at an average distance of 

3.5 ± 0.2 A, which indicates some 1t-1t interaction. The L6' ligand is twisted at the 

saturated carbon of the five membered ring C16 (or C46), such that the mean planes 

of the respective pyridine rings lie at an angle of 89.9° (or 88.0°). C16 and C46 are 

distorted tetrahedra; C16 is more distorted than C46, suggesting that the C16-010 

bond still maintains some double bond character (C16-010 1.295(24)A, 010-C16-

C15 117.1(17)°, 010-C16-C17 113.4(17)°, 010-C16-N20 113.7(18)°) at the 

expense of bonds to C17 and N20 (C16 - Cl7 1.676(29), C16 - N20 1.636(31)A). 

Table 26: Selected interatomic distances and angles for [Mn(HL6)(L6')12(CI04k2EtOH 

Interatomic Distances (A) 
Mnl-Nl 2.203(14) Mnl-N2 2.211(15) Mn1-01 2.213(12) Mnl-NIO 2.230(13) 
Mnl-OIO 2.182(11) Mnl-040 2.185(11) C15-C16 1.518(29) C16-C17 1.676(29) 
C16-N20 1.636(31) C16-01O 1.295(24) 010-Mn2 2.117(11) Mn2-N31 2.287(16) 
Mn2-N32 2.281(18) Mn2-030 2.230(14) Mn2-N40 2.225(14) Mn2-040 2.119(11) 
C45-C46 1.529(25) C46-C47 1.506(23) C46-N50 1.502(23) C46-040 1.368(20) 
Mnl-Mn2 3.409(10) 010-040 2.622(25) 

Bond Angles e) 
NI-Mnl-N2 73.3(5) NI-Mnl-01 146.8(5) N2-Mn1-01 73.5(5) 
N1-Mn1-N10 93.8(5) N2-Mn1-N10 106.9(S) 01-Mn1-NlO 94.1(S) 
N1-Mn1-010 108.2(5) N2-Mn1-01O 177.7(S) 01-Mn1-01O 104.9(4) 
NlO-Mn1-010 71.4(5) N1-Mn1-040 92.0(5) N2-Mn1-040 108.0(5) 
01-Mn1-040 99.8(4) N10-Mn1-040 144.8(S) 01O-Mn1-040 73.8(4) 
C1S-CI6-C17 112.4(17) C15-C16-N20 102.7(16) C17-C16-N20 94.9(14) 
C1S-C16-010 117.1(17) C17-C16-010 113.4(17) N20-C 16-0 1 0 113.7(18) 
Mn1-010-C16 118.6(12) Mn1-010-Mn2 104.9(4) CI6-010-Mn2 135.3(12) 
01O-Mn2-N31 93.3(5) 01O-Mn2-N32 110.4(6) N31-Mn2-N32 69.7(6) 
01O-Mn2-030 100.1(5) N31-Mn2-030 142.9(6) N32-Mn2-030 73.2(6) 
010-Mn2-N40 148.7(5) N31-Mn2-N40 92.1(5) N32-Mn2-N40 100.4(6) 
030-Mn2-N40 93.9(5) 010-Mn2-040 76.5(4) N31-Mn2-040 111.8(S) 
N32-Mn2-040 173.1(S) 030-Mn2-040 104.9(5) N40-Mn2-040 72.9(5) 
C4S-C46-C47 113.0(1S) C45-C46-NSO 107.4(13 C47-C46-NSO 100.7(13) 
C45-C46-040 108.6(13) C4 7 -C46-040 I 16.S(14) NSO-C46-040 110.0(14) 
Mnl-040-Mn2104.8( 4) Mn 1-040-C46 130.0(10) Mn2-040-C46 124.0(10) 

Structures of the Complexes of H2L 9 
The structure of the manganese(II) complex of H2L9 with thiocyanate present 

is a polymer (Figure 85, Table 27). The manganese(II) ion has a geometry 

approximating to octahedral. The three nitrogen atoms of the pyridinediimine unit are 

held at e angles of 71.0(1) and 71.2(1)°. Two thiocyanate groups are bound N­

terminally to the manganese atom. The final site is occupied by the alcohol oxygen 

(01') of one arm from another unit; it is this twisted intermolecular link which holds 

the polymer together. There is a sharp twist in this arm leading to the mean planes 

of successive pyridine rings making angles of 76° with each other. 
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Figure 85: Perspective view of [Mn(H2L9)(NCShh 

Table 27: Selected bond lengths and angles for [Mn(H2L9)(NCShh 

Bond Lengths (A) 
Mn-Nl 2.219(2) Mn-N2 2.280(1) Mn-N3 2.304(2) Mn-N21 2.130(2) 
Mn-N31 2.167(2) Mn-Ol' 2.282(2) 

Bond Angles (0) 

NI-Mn-N2 71.0(1) NI-Mn-N3 71.2(1) N2-Mn-N3 142.0(1) 
NI-Mn-N21 163.9(1) N2-Mn-N21 97.7(1) N3-Mn-N21 120.0(1) 
NI-Mn-N31 98.3(1) N2-Mn-N31 89.5(1) N3-Mn-N31 92.8(1) 
N21-Mn-N31 92.8(1) NI-Mn-Ol' 85.4(1) N2-Mn-Ol' 93.6(1) 
N3-Mn-Ol' 86.4(1) N21-Mn-Ol' 84.0(1) N31-Mn-Ol' 175.7(1) 

The nickel(II) complex of H2L9 with Cl04 - as counter ion is a monomer 

(cation Figure 86, Table 28) as seen in the [Ni(H2L2h](Cl04h complex 

(Figure 78). Two H2L9 ligands are bound by the nitrogen donors only giving a 

geometry approaching octahedral. This makes angles about the nickel atom due to 

the pyridinediimine unit of 81,2 = 78.1(1)° and 81,3 = 77.1(1)°. These angles are 

closer to 90° than in the [Mn(H2L9)(NCShJx structure (71.1 ° average) because the 

nickel atom is significantly closer to Nl (Ni-Nl 1.973(3)A) than was the case for 
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the manganese atom (Mn-Nl 2.219(2)A). The angle between the two pyridine 

rings is 95.6°. 

Figure 86: Perspective view of the cation [Ni(H2L9h]2+ 

Table 28: Bond lengths and angles for [Ni(H2L9h](Cl04h 

Ni-N1 1.973(3) 

N1-Ni-N2 
N1-Ni-N1' 
N2-Ni-N2' 

78.1(1) 
178.9(1) 
90.7(1) 

Bond Lengths ( ) 
Ni-N2 2.106(2) Ni-N3 2.125(2) 

N1-Ni-N3 77.1(1) 
N2-Ni-N1' 102.7(1) 
N3-Ni-N2' 90.1(1) 

N2-Ni-N3 
N3-Ni-N1' 
N3-Ni-N3' 

154.7(1) 
102.2(1) 
99.8(1) 

When thiocyanate is present a polymeric nickel(II) complex of H2L9 is isolated 

(Figure 87). Each nickel atom is again six-coordinate with approximate octahedral 

coordination. The three nitrogen donors of the pyridinediirnine unit again make 

angles of ca. 77° at the nickel centre due to the nickel atom moving in towards Nl 

(Ni-Nl 1.993(4)A). Two nitrogen atoms of terminally bound thiocyanate groups and 

the alcohol oxygen of an alkoxy arm from a different unit complete the coordination 

sphere. The mean planes of successive pyridine rings make angles of 63.7° with 

each other. 
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Figure 87: Perspective view of [Ni(H2L9)(NCShh 

Table 29: Selected bond lengths and angles for [Ni(H2L9)(NCShlx 

Bond Lengths (0) 
Ni-Nl 1.993(4) Ni-N2 2.109(6) Ni-N3 2.123(6) Ni-N60 2.066(5) 
Ni-N70 2.016(4) Ni-02' 2.177(4) 

NI-Ni-N2 
NI-Ni-N60 
NI-Ni-N70 
N60-Ni-N70 
N3-Ni-02' 

77.3(2) 
93.1(2) 

175.4(2) 
91.5(2) 
87.7(2) 

Bond Angles (0) 
NI-Ni-N3 77.6(2) 
N2-Ni-N60 91.2(2) 
N2-Ni-N70 102.1(2) 
NI-Ni-02' 88.1(2) 
N60-Ni-02' 177.7(2) 

N2-Ni-N3 
N3-Ni-N60 
N3-Ni-N70 
N2-Ni-02' 
N70-Ni-02' 

Results and Discussion of the H2L2 Complexes 

154.9(2) 
90.6(2) 

102.9(2) 
91.0(2) 
87.3(2) 

The two ann ligand H2L2 was designed to be equivalent to half of the H2Ll 

macrocycle (Figure 88). Removing the constraint due to the macrocyclic ring leaves 

the alcohol anns free to twist into appropriate confonnations to bridge mononuclear 

complexes. Thus it was thought possible that clusters of transition metal ions would 

be held together by alcohol ann bridges as observed in related complexes (see 

discussion of HL3). 



132 

I I 
N N 

~OH HO) --_ .......... --- - -_ .......... _ .. .... _ .............. --- .. . 

< ) 
N N 

I 

Figure 88 

Free H2L2 is difficult to synthesise as DAP is an unreactive aromatic ketone 

(Le. less reactive than an aliphatic ketone which is in turn less reactive than an 

aldehyde)l45 and free H2L2 itself is susceptible to hydrolysis. Therefore, other than 

the [Ni(H2L2h](CI04h complex, all of the complexes characterised were 

synthesised directly from DAP, ethanolamine and the transition metal salt. 

Successful formation of H2L2 complexes was initially established from the 

replacement of the DAP carbonyl stretch at 1700 cm-l with an imine absorption at ca. 

1650 cm-l in the infrared spectrum. The one exception was [Co(H2L2h](CI04h 

which showed no imine absorption (see later). The [Mn(H2L2)(H20h](Cl04h 

complex has an extra absorption at 1610 cm-l which is possibly due to the 

coordinated water. 

The proposed stoicheiometries are in all cases supported by C, Hand N 

elemental analyses and/or observation of the parent iQn by mass spectrometry 

(Experimental Section). Single crystal X-ray structure determinations have been 

carried out for all but the [Co(H2L2h](CI04h complex. 

All three structurally characterised manganese(II) complexes (Figures 75 to 

77) are monomeric. It appears that the H2L2 ligand provides its five donors in a 

pentagonal array which is acceptable to manganese(II). This leaves only the axial 

sites free for a bridging interaction by an anion. In the cases of the perchlorate, 

thiocyanate and azide complexes no bridging occurs. This is reflected in the normal 

uncoupled d5 (5.8 - 6.0 BM expectedl46) room temperature magnetic moment of 5.99 

BM found for the thiocyanate monomer. Conductivity measurements (Table 30) 

show that the thiocyanate and azide complexes are 1:1 electrolytes in DMF and 

methanol respectively, so there is some anion dissociation from the axial sites in 

solution. The perchlorate compound is a 1:2 electrolyte as is expected. As was 

observed for the macrocyclic complexes of manganese(II) described in the previous 

chapter, these monomers are yellow or orange in colour. The colour again arises 

from an absorption at ca. "-max = 300 nm (8"" 6,000) which tails off into the visible. 
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Further intense ligand transitions or charge transfer absorption bands occur at higher 

energy. 

Table 30: Conductivity measurements at ca. 1 mmoll- I • Am ohm-1cm2 mol-I. 
Literature ranges are tabulated in Table 14. 

Complex Solvent 

[Mn(H2L2)(H20 h](CI04h MeOH 

Mn(H2L2)(NCSh DMF 

Mn(H2L2)(N3h MeOH 

[Co(H2L2h](CI04h MeCN 

[Ni(H2L2h] (CI04h t MeOH 

[Ni(H2L2)(NCShh DMF 

t This complex was studied at a concentration of only 0.1 mmoll- 1 

Am 

188 

97 

105 

372 

178 

108 

These manganese complexes have very similar properties to the pentagonal 

bipyramidal manganese(II) complexes of the (1 + 1) macrocycle 89A characterised by 

Nelson et al (89B: Jleff (293 K) = 5.91 BM, Am (MeCN) = 77, orange).l36 

Me 0 -Me yN"'Y 

c: ) 
"---I 

89A 
Figure 89 

C(17) 

e1l6) 

S(1) 

89B 

The H2L2 ligand, with it's flexible arms, acts as a planar N302 donor set as 

does the ring-constrained macrocycle 89A. This is an interesting feature of H2L2 as 

it was thought that a ligand constrained to be planar was necessary to enforce 

pentagonal geometry at a metal ion. This requirement is met by either a fairly rigid 

macrocycle (e.g. above example), or a conjugated noncyclic ligand. This latter case 

is illustrated by the resonance-stabilised planar ligand 90A which gives the 

pentagonal bipyramidal manganese(II) complex shown in Figure 90B.l33 

These monomeric complexes are not very useful models for the OEC, 

although interest has been expressed by Cramer in the synthesis of an analogous 

chloride-containing complex. Based on the results to date this complex is expected 

to have two chloride ions bound to the axial sites, producing another manganese(II) 

monomer. The EXAFS and XANES spectra will be useful additions to the database 
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Cramer is generating; especially if these units stack so that the Mn-CI vectors are 

aligned allowing oriented studies of the crystals. 
Os 

90A 90B 
Figure 90 

The structure of the cobalt complex was not verified by an X-ray structure 

determination because all of the crystals obtained were hopelessly twinned. 

However, the combination of results from other techniques, summarised below, 

indicates that this complex is [CoIII(H2L2hJ (CI04h. Mass spectrometry indicated 

a parent ion at 656 a.m.u. which corresponds to [CO(H2L2)(HL2)(CI04)]+, and the 

complex acts as a 1:3 electrolyte in MeCN (Table 30). The oxidation state +III was 

assigned due to the room temperature magnetic moment of 0.84 BM which indicates 

a low spin d6 configuration. The coordination of six imine-type nitrogen donors is 

consistent with a fairly large LFSE and the corresponding low spin configuration. 

The lack of an imine absorption in the infrared spectrum also correlates with the d6 

low spin system. This is a common characteristic of low spin Fe(I!) (d6) a-diimine 

complexes and is due to an increase in the metal-imine nitrogen bond strength 

because of extensive delocalisation (backbonding) of t2-electrons from the metal into 

vacant 1t* orbitals of the a-diimine.147 Finally, the C, Hand N elemental analysis 

was also consistent with the formulation [COIII(H2L2h] (CI04h. 

The [Ni(H2L2h](CI04h complex is another structurally characterised 

monomer (Figure 78) with the expected 1:2 electrolyte behaviour in methanol; it was 

not characterised further. It is interesting to compare this structure with the ring­

opened octahedral Ni(U) complex (91B) which resulted when Nelson attempted to 

complex the (1+1) macrocycle 91A (Figure 91).148 

91A 91B 
Figure 91 
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The strong stereochemical preference of the d8 ion for tetragonal geometries is 

imposed on the ligand by promoting hydrolysis to release strain. In comparison, the 

planar (resonance stabilised) two arm ligand 90A led to a pentagonal bipyramidal 

nickel(II) complex (Figure 92).130.131 In this case the multidentate ligand has a 

preferred planar conformation and this conformation is imposed on the d8 metal ion 

producing the unusual geometry. H2L2 can provide the same arrangement of donor 

atoms but because the arms are flexible they can (and do) twist out of the way so 

that the nickel atom can bind six nitrogen donors in a geometry approaching the 

preferred octahedral arrangement. 

Figure 92 

A dimer is formed by Ni(JI) when NCS- is present (Figure 79). The change 

in structure from the perchlorate complex due to the loss of one set of three imine­

type nitrogen donors (from H2L2), is compensated by two nitrogen donors (from 

NCS-) and loss of some of the strain imposed by tbe coordination of two rigid 

pyridinediimine units. The sixth coordination site is occupied by the intermolecular 

alcohol bridge. This complex is not very soluble but on warming in DMF a solution 

of 1 mmoll-1 concentration was shown to have 1: 1 electrolyte behaviour (Table 30). 

It is concluded that some dissociation accompanies dissolution. The electronic 

spectrum is very similar to that observed for a related pseudo-octahedral nickel(II) 

complex [Ni(93)(NCS)](CI04) (Figure 93).148 

Figure 93 
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These absorptions are readily assigned for pseudo-octahedral nickel(II). The two 

lower energy bands Amax. "" 900 nm, E "" 70; and Amax "'" 585 nm, E "'" 40 are d-d 

transitions, specifically the 3 A2g ~ 3T2g and 3 A2g ~ 3TIg (F) transitions. The third 

allowed transition, 3 A2g ~ 3TIg (P) is at higher energy and is therefore hidden by 

the intense charge transfer/ligand transition absorptions. 

Results and Discussion of the HL3 Complexes and 
Formation of (L3 ')CI04 

This arm ligand was chosen because it was thought that it might be compact 

enough, and flexible enough, to build clusters of bridged transition metal ions. The 

flexible arm could potentially provide bridges via the terminal alcohol group. An 

advantage of HL3 over H2L 1 and H2L2 is that it provides a maximum of three donors 

so the metal ion will have vacant coordination sites which could be occupied by 

bridging groups. 

Many related tridentate one-armed Schiff-base ligands have been 

successfully employed to build clusters of copper(II) ions bridged by oxygen atoms. 

Representative examples are shown in Figure 94. 

~ 
OH :XR

' 

HO R" 

94A R' '" H, R" = -<Q(CI 

CI 

94B R' '" H, R" a -@ 

94C R' '" CH3, R" = -@ 

0....... .......0 
N 

~ 
OH 5 

HO 

94F 

Figure 94 
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Figure 94 continued 

941 

94J 

The incorporation of an ethanolamine fragment (e.g. 94A149, 94B150, 94C150, 

94D151) generally leads to the formation of CU404 cubane-type clusters of the 

general structural type shown in 94E.151 However, a recent paper by Cros and 

Laurent152 proposed a binuclear structure (94J) for the copper(II) complex of the one 

arm Schiff-base derived from 2'-aminoacetophenone and ethanolamine, on the basis 

of the mass spectrum and the temperature dependence of the magnetic moment. In 

comparison, when propanolamine is incorporated (e.g. 94F153, 94G154, 94H155, 

941151) binuclear copper(II) complexes of the type shown in 94J151 are formed. In all 

of these examples the arm alcohol group bridges two copper(II) ions. Therefore, it 

seemed that employing HL3 might well lead to the formation of clusters of transition 

metal ions. 

Free HL3 is readily prepared as it is formed from a reactive aromatic 

aldehyde, however during the course of this work it was found that the chemistry of 

HL3 is complicated by a rearrangement reaction to form (L3')+ (Figure 73). The 

transition metal complexes of HL3 which were characterised are discussed next, and 

finally a possible scheme for the rearrangement to (L3')+ is proposed. 

Discussion of the HL3 Complexes 

The two manganese(II) complexes of HL3 and NCS- which were structurally 

characterised were neither dimeric nor tetrameric. The first is monomeric with the 

alcohol arms uncoordinated (Figure 80) and the second is polymeric via 1,3-NCS­

bridging and intermolecular alcohol arm bridging (Figure 81). The latter complex is 

also significantly different to those shown in Figure 94 because the alcohol group 

does not bridge two manganese ions, it binds only to the manganese atom of the 

next unit in the polymer. The observation that the two products could be separated 

and recrystallised cleanly from the same reaction suggests that there is apparently 

little interconversion between the two structural types during recrystallisation. The 

mole ratio of one HL3:one manganese(II) employed in the synthesis is probably the 



reason that the polymeric 1:1 complex predominates over the 1:2 monomeric 

complex. 

The nickel(II) complex is a monomer (Figure 82) with two tridentate HL3 

ligands, and two uncoordinated Cl04- anions. This structure is similar to that 

isolated when nickel(II) is complexed by a one arm thiolligand (Figure 95).156 

Figure 95 
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Dimers were obtained when copper(II) or zinc(II) complexed HL3 in the 

presence of CI04- counter ions (Figure 83). Again these are different to the 

complexes shown in Figure 94 because the oxygen arms bind only to the copper (or 

zinc) atom of the second part of the dimer. That is, they do hold the dimer together 

but they do not bridge two metal ions. Because there are no one atom bridges and 

the intermolecular alcohol arms twist down to bind axially to the copper atom, the 

Cu-Cu separation is large (5.6 A). This leads to a room temperature magnetic 

moment of 1.88 BM for this copper(II) complex, which is in the range expected for 

uncoupled octahedral d9 ions (1.7 - 2.2 BM).l46 The visible spectrum (MeOH) 

shows only one broad d-d transition at 722 nm, E = 40, which can be assigned to 

2Eg ~ 2T2. Intense charge transfer or ligand transitions occurred in the ultraviolet. 

In conclusion, no oxygen-bridged transition metal clusters were isolated 

using HL3, but several other structural types have been identified. A different 

synthetic approach may, however, lead to the formation of 94E and/or 94J structural 

types. For example, the copper and manganese complexes could be prepared under 

anhydrous conditions using only Cl04- counter ions. In both cases the absence of 

H20 or NCS- ligands to complete the coordination sphere might promote the 

formation of 94E or 94J type clusters. 

Formation of L3 and (L3')+ 

Schiff-bases such as HL3 are formed via a series of equilibria and the precise 

mechanism is pH dependent.145 There is an optimum pH for the maximum rate of 

formation of a particular imine. This is because of a switch of the slowest (and 

therefore rate determining) step from acid-catalysed dehydration (Step 5) on the 



high pH side, to attack of the amine on the carbonyl group (Step 1) on the low pH 

side of the optimum pH (see Figure 97). 

HL3 can be formed quantitatively by several routes: 

@y 
1. Remove CsHs/H20 azeotrope o H. 2. Pump in vacuo 

N 0 / 1. EvaporMe methanol solulion ~ 
2. Pump in vac(Jo 

+ 

Figure 96 

1. Use catalytic amount H+ and 
evaporate methanol solution 

2. Pump In vacuo 

, 

HL3 
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It therefore appears that the optimum pH for HL3 formation lies in the neutral or 

mildly acidic pH range. Schiff-bases like HL3 are known to be unstable with respect 

to hydrolysis. The rate of hydrolysis increases with acidity, allowing (L3')+ 

formation to occur. 

Figure 97 outlines a possible mechanism for formation of HL3 and (L31)+ from 

2-pyridinecarbaldehyde and ethanolamine based on those proposed for similar 

compounds.l57 (L31)+ is formed when 2-pyridinecarbaldehyde and ethanolamine are 

reacted under acidic conditions (1:1 HCI04 or p-toluenesulphonic acid:a1dehyde) and, 

to some extent, in the presence of metal ions. The role of acid is probably to 

de stabilise HL3 (Le. enhanced hydrolysis), promoting (L3')+ formation instead. 

(L3')CI04 has quite low solubility and crystallises out of ethanolic reaction solutions 

which contain mainly HL3 and 2-pyridinecarbaldehyde rather than (L3')+ (5:1) via 

the equilibria shown in Figure 97. This conclusion was based on electronic spectra of 

ethanolic solutions; (L3')+ has a characteristic absorption at 315 nm, e = 11,300 

which was readily compared with HL3 (Amax = 273 nm, e = 5,600; Amax = 234 nm, 
e = 10,000), although 2-pyridinecarbaldehyde has absorptions at similar 

wavelengths to HL3. On the other hand, (L3'){p-CH3C6H4S03) is quite soluble and 

therefore a shift of the eqUilibrium due to precipitation is not applicable. After 

solvent removal it remains as an oil, while some of the excess protonated amine 

precipitates as the p-toluenesulfonate salt. NMR of this oil shows the presence of 

the amine salt and (L3'){p-CH3C6H4S03) but no significant amounts of HL3. 

To explain these observations it was necessary to determine whether or not 

(L3')+ fOlmation is reversible under these conditions. The electronic spectrum of 

(L3')CI04 in EtOH did not change over two months. Acidification to pH"'" 1 did not 

change the absorption at 315 nm, although more acid did appear to cause aldehyde to 

be reformed (based on the electronic spectrum). Addition of base to pH "'" 14 caused 

a white precipitate, but other than concentration effects. the electronic spectrum of 



the solution was unchanged. Therefore within the reaction conditions employed 

(L3')+ formation appears to be irreversible. 
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This implies that in the HL3 forming reactions any (L3')+ produced should be 

detected in the products. No (L3')+ is detected, possibly because the pH is close to 

the optimum for fast reaction to produce HL3, and on the time scale employed 

(weeks not months) (L3')+ did not have time to form in significant quantity. 

Transition metal ions (e.g. Mn(II), Fe(III» will provide slightly acidic pH 

conditions favouring fast, reversible formation of HL3. Because HL3 and the 

transition metal complexes of HL3 are very soluble the equilibrium allows slow, 

irreversible (L3')CI04 formation over a period of months. When Zn(II) was present 

[Zn(HL3)(H20hh(CI04)4 was formed although small amounts of (L3')+ were 

detected in the remaining oil. The manganese complexes [Mn(HL3h(NCSh] and 

[Mn(HL3)(NCShJx have been isolated quickly (days) from reactions of Mn(II) and 

HL3, with small amounts of (L3')CI04 also observed. Therefore, in conclusion, it 



appears that in the presence of transition metal ions HL3 chemistry will be 

complicated by the formation of (L3')+ to some extent. 
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Discussion of HL6and the Rearrangement Product L6' 

Initially interest in the one-armed ligands focused on making complexes of 

HL3 (Figure 71). However, as discussed above, this system was complicated by 

the formation of (L3')+ (Figure 97). In order to prevent this rearrangement. which 

proceeds via loss of the aldehyde proton (Step 4, Figure 97), the aldehyde was 

replaced by the ketone 2-acetylpyridine. This prevented the previous rearrangement 

but, in addition to forming the desired Schiff-base HL6 (Figure 71), L6' (Figure 98) 

formed via an aldol condensation. Figure 98 shows a scheme by which L6' formation 

may occur. 

2 rO'l CH 
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o 
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o 
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..... 

0-
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Figure 98 

The first three steps are base~catalysed aldol-type reactions followed by a 

dehydration step, resulting in the up-unsaturated ketone (Figure 98A). Attack by 

the pyridine lone pair on the electron-deficient carbon of the carbonyl group (Step 5) 

results in L6'. In the preparation described in the Experimental Section the ketone 

was added to the solution of the amine. Possibly reversing the order of addition of 

these components (so the solution is less basic) could prevent L6' formation. 
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Results and Discussion of the H2L9 Complexes 

As the alcohol arms of the H2L2 ligand only coordinate to a single 

manganese(II) ion no dimerisation or cluster formation occurred. The lengthening of 

each arm by one carbon to form H2L9 was an attempt to disfavour planar pentagonal 

N302 coordination of manganese(II) by the H2L9 ligand. Previous work with 

complexes of the macrocycle shown in Figure 93 found that the ligand was 

significantly folded such that the pyridine nitrogen (N9) lies 0.92 A out of the mean 

plane of Mn, N6, N12, N16 and N19 (maximum deviation 0.04 A) (Figure 99).135 

Figure 99 

Therefore, as H2L9 is noncyclic, it was expected that one or both of the 

alcohol arms would not bind to the manganese atom coordinated to the 

pyridinediimine unit of the same ligand. In this case the alcohol groups may bridge to 

another manganese complex, as seen in the nickel(lI) complex of H2L2 with NCS-, 

(Figure 79) or they may not bind at all. As shown by the crystal structure of 

[Mn(H2L9)(NCShJx (Figure 85) this approach did prevent the formation of 

manganese(II) monomers but unfortunately led to polymeric species rather than 

finite clusters. 

When only weakly coordinating CI04 - anions were available nickel(II) bound 

two pyridinediimine units preferentially (Figure 86), as seen before in the analagous 

H2L2 complex (Figure 78). However, when NCS- was present the nickel(II) 

coordinated two N-terminal NCS- groups and an intermolecular bridging alcohol 

group instead of the second rigid pyridinediimine unit (Figure 87). In contrast to 

[Ni(H2L2)(NCShl (Figure 79) this results in a polymeric structure, due to the extra 

length and flexibility of the three carbon arm. This polymer has electrolytic behaviour 

between that of a non-electrolyte and a 1: 1 electrolyte which indicates some 

dissociation (Am (calculated per monomer) = 45 in MeCN; 1: 1 literature range 

120 - 160) in solution. The solid state and DMF solution electronic spectra of this 
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polymer are very similar, indicating that the complex is largely intact in solution. The 

available solution electronic spectrometer was limited to a maximum wavelength of 

900 nm, and an absorbance maximum was reached at around this value (e = 30). 

The solid state electronic spectrum indicated that the maximum occurs at 920 nm 

(3 A2g --1- 3T2g). A shoulder on this band occurred at 790 nm (e = 15) and another 

absorbance (3A2g --1- 3Tlg (F) was identified at ca. 585 nm (e = 15). An intense 

charge transfer band/ligand transition occurred in the u.v. region (ca. 280 nm) 

obscuring the final spin allowed d-d transition (3A2g --1- 3Tlg (P)). These results are 

very similar to those obtained for the [Ni(H2L2)(NCShh complex. 

Discussion of H2L12 

One possible reason for the difficulties experienced in trying to obtain 

complexes of manganese in higher oxidation states is the choice of Schiff-bases as 

ligands. The Schiff-base ligands used in this work are electron-rich, and most of 

them are unstable with respect to hydrolysis. Therefore synthesis of amide 

equivalents was attempted as these are known to stabilise high oxidation states by 

coordination of the deprotonated nitrogen atom.I58 For example 100A promotes the 

formation of a green manganese(IV) complex (Figure 100).158 

KOH/MeOH 

o OH 

100A 

Figure 100 

Initially H2L12 was synthesised rather than a macro cyclic amide because it avoided 

the added problems of polymer formation. The synthesis was straightforward and 

clean crystals were obtained. Subsequent work has indicated that simply mixing the 

two reactants and allowing them to stand for a week followed by the a1cohoVCI04-

recrystallisation step may also be effective. The product was characterised by 

infrared spectroscopy, IH NMR, 13C NMR and C, Hand N elemental analysis. The 

carbonyl stretch appears at quite low energy, 1655 cm-1, but this is usual for such 

amides (e.g. 100A 1620 cm-1; lOlA 1660 cm-1; 101B 1676 cm-1).158,159,160 
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Figure 101 
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The IH NMl~ spectrum is interesting because the two pyridyl protons appeat' as one 

broad signal at 8.08 ppm (360 MHz). This was confirmed by the relative integral of 

this signal and the alkyl proton signals, and by IH-13C heteronuclear two­

dimensional correlational spectroscopy which showed two carbon atoms to be 

coupled to this signal. Now that these characteristics have been established the 

synthesis of the related macrocyclic ligand H6L14 (Figure 102) can be attempted 

with more confidence. Complexes of both H2L12 and H6L14 amide ligands with 

manganese could then be prepared and characterised . 

. Figure 102 
HsL14 
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Appendix A 

ATOMIC COORDINATES AND LABELLING 

SCHEMES 

19 " " ~N12~24 2 
15 0 N4 Nt 0 3 

01 . 

1-1-N3~N~5 4 

12 10 8 7 

Figure 103: H2L1 numbering scheme. 

Table 31: Atomic coordinates (xl04) for 
[Mn z(HL1)(Clhh(CI04h.2DMF.HzO 

atom x y z atom x y z 
Mnl 8974( 1) 4452(1 ) 2679(1) C19 7306(10) 7445(6) 1370(6) 

Nl 7742(6) 3934(4) 2900(4) N5 8366(6) 6732(4) 1830(4) 

Cl 7614(7) 3726(5) 3489(5) C20 8926(8) 6714(4) 1297(4 ) 

C2 6836(8) 3440(5) 3652(6) C21 9469(7) 6138(5) 1265(5) 
C3 6185(9) 3361(6) 3183(6) 02 9731(4) 5943(3) 1876(3) 
C4 6339(9) 3544(5) 2603(6) C22 9678(7) 6198(5) 4145(4) 
C5 7123(7) 3832(5) 2459(5) N6 8924(6) 6468(4) 3779(4) 
C6 7370(7) 4078(5) ] 831(5) C23 8210(7) 6657(5) 4012(5) 
N2 8156(6) 4284(4) 1792(4) C24 7965(8) 6651(6) 4702(5) 

C7 6682(8) 4054(6) 1326(6) Cll 8084(2) 5402(1) 2816(1) 

C8 8492(7) 4578(5) 1228(5) Cl2 10000 3534(2) 2500 
01 10235(5) 4856(3 ) 3123(3) C13 10000 7257(2) 2500 
C9 10478(7) 4677(5) 3744(5) Cl4 10190(3) 2033(2) 4960(2) 

CIO 9974(8) 4117(5) 3939(5) 041 10110(10) 2526(6) 4558(7) 
continued ... 
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N3 9080(6) 4106(4) 3662(4) 042 10297(18) 2282(12) 5544(13) 

Cll 8422(8) 3809(5) 3907(5) 043 11149(12) 1868(9) 4899(7) 

Cl2 8405(9) 3542(6) 4544(6) 044 9585(18) 1670(13) 4892(14) 

Mn2 8993(1) 6343(1) 2712(1 ) 051 13346(10) -23(6) 138(5) 

N4 7781(6) 6874(4) 2974(4) C52 12778(13) 81(7) 501(8) 

C13 7532(8) 6901(5) 3579(5) N53 11944(13) -65(9) 433(8) 

C14 6731(8) 7138(6) 3758(6) C54 11557(21) -352(11) -89(10) 

CIS 6195(9) 7402(6) 3294(6) C55 11316(17) 85(11) 856(13) 

C16 6465(9) 7386(6) 2687(7) 080 0 327(16) 7500 

C17 7283(8) 7109(5) 2520(6) 090 0 523(25) 2500 

C18 7675(8) 7066(5) 1879(5) 

Table 32: Atomic coordinates (xl04) for 
[Mn2(HLl)(NJhh(CI04h.3MeCN 

atom x y z. atom x y z 

Mnl 3129(1) 6267(1) 3210(1) C36 -1188(5) ·8976(5) 522(5) 
Mn2 1437(1) 7610(1) 3874(1) C37 -199(5) 9976(4) 1263(4) 
Nl 4074(4) 5095(4) 3566(4) C38 -931(5) 10637(5) 1378(5) 
C1 4986(5) 5186(5) 3725(5) C39 -753(6) 11405(5) . 1709(5) 
C2 5615(6) 4473(5) 3882(5) C40 190(5) 11516(5) 1903(5) 
C3 5287(6) 3656(5) 3878(6) C41 903(5) 10824(4) 1765(4) 
C4 4340(7) 3558(5) 3743(5) NI0 709(4) 10082(4) 1449(4) 
C5 3733(5) ·4299(5) 3595(5) C42 1927(5) 10835(4) 1974(4) 
C6 2681(6) 4321(4) 3499(5) C43 2228(6) 11658(4) 2293(5) 
C7 2147(6) 3512(5) 3735(6) Nll 2443(4) 10115(3) 1868(4) 
N2 2286(4) 5052(3) 3289(4) C44 3417(5) 9996(4) . 2122(5) 
C8 1236(5) 5219(4) 3348(5) C45 3900(5) 9078(4) 1859(5) 
C9 953(5) 6033(4) 2835(5) 04 3177(3 ) 8467(3) 1901(3) 
01 1666(3) 6673(3) 2811(3) C46 . 4513(5) 9130(4) 1008(5) 
CI0 .69(5) 6455(5) 3166(5) N12 4656(4) 8262(4) 652(4) 
N3 -2(4) 7052(4) 3813(4 ) C47 5438(5) 7960(4) 214(4) 
Cll -770(5) 7469(4) 4161(5) C48 6381(5) 8378(5) 11(5) 
C12 -1801(5) 7315(5) 4017(6) N20 3859(4) 6466(4) 1876(4) 
C13 -629(5) 8132(4) 4783(5) N21 4728(5) 6394(4) 1814(4) 
C14 -1368(6) 8629(5) 5256(5) N22 5582(5) 6321(5) 1743(5) 

continued ... 
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CIS -1097(6) 9219(5) 5788(5) N30 990(4) 8670(4) 2871(4) 
C16 -128(6) 9299(5) 5859(5) N31 124(4) 8833(4) 2914(4) 
C17 591(5) 8777(4) 5362(5) N32 -724(5) 8987(4) 2960(4) 
N4 316(4) 8234(4) 4822(4) N40 2222(4) 6431(4) 4501(4) 
C18 1658(5) 8763(4) 5356(5) N41 2100(4) 5788(4) 4943(4) 
C19 2061(7) 9175(6) 6053(6) N42 2013(6) 5152(5) 5340(5) 
N5 2164(4) 8341(4) 4770(4) N50 2624(4) 8678(4) 210(4) 
C20 3201(5) 8140(5) 4700(5) N51 3016(4) 9115(4) -323(4) 
C21 3637(5) 8126(4) 3778(4) N52 3403(5) 9549(4) -869(5) 
02 2985(3) 7756(3) 3285(3) Cll 4187(1) 1029(1) 4309(1) 
C22 4635(5) 7639(4) 3657(5) 011 3623(4) 1497(4) 3727(4) 
N6 4499(4) 6693(4) 3687(4) 012 5167(4) 1214(5) 4120(5) 
C23 5223(5) 6129(5) 3747(5) 013 4063(7) 141(4) 4276(6) 
C24 6238(6) 6333(5) 3835(7) 014 3856(5) 1329(5) 5119(4) 
Mn3 3325(1) 7463(1) 884(1) C12 995(2) 3701(2) 978(2) 
Mn4 1745(1) 8908(1) 1530(1) 021 1478(5) 2895(4) 661(5) 
N7 4443(4) 6853(4) -94(4) 022 128(11) 3539(6) 1413(15) 
C25 5350(5) 7110(4) -196(5) 023 1583(9) 4138(7) 1387(7) 
C26 6110(6) 6630(5) -650(5) 024 732(12) 4245(7) 354(14) 
C27 5898(6) 5892(5) -1055(5) N60 6821(11) 8193(8) 2112(7) 
C28 4949(6) 5663(5) -973(5) C61 6655(7) 8827(7) 2465(6) 
C29 4230(6) 6152(4) -484(5) C62 6538(12) 9569(8) 2892(7) 
C30 3183(5) 5965(4) -335(5) N70 7014(9) 2653(9) 2094(11) 
C31 2855(6) 5235(5) -768(6) C71 6283(8) 2300(7) 2101(8) 
N8 2641(4) 6449(4) 197(4) C72 5343(8) 1992(7) .2103(8) 
C32 1626(5) 6308(4) 453(5) N80 9609(14) 3088(11) 3475(12) 
C33 1109(5) 7086(4) 968(5) C81 9004(17) 3403(15) 3267(15) 
03 1781(3) 7429(3) 1457(3) C82 8527(16) 4103(13) 2741(14) 
C34 676(5) 7792(4) 406(5) N90 8355(14) 6645(12) 1384(12) 
N9 500(4) 8608(3) 838(4) C91 8177(19) 6204(17) 1852(17) 
C35 ·255(5) 9121 (4) 862(4) C92 8066(21) 5569(18) 2412(18) 

Table 33: Atomic coordinates (xl04) for 
[Mn 4(HLl)(Ll)(NCS)4]NCS. 2H20 

atom x y z atom x y z 
Mnl 1605(1) 259(2) 1295(1) C27 618(5) 5289(17) -2428(10) 
Mn2 1545(1) 2628(2) 1184(1) C28 619(4) 4250(16) -2457(10) 
Mn3 1011(1) 3219(2) ·518(1) C29 704(4) 3680(13) -1922(8) 
Mn4 825(1) 1894(2) 476(1) C30 680(4) 2534(14) -1889(8) 
01 1600(2) 1361(8) 539(4) N8 799(3) 2165(10) -1351(6) 
02 1206(2) 1405(8) 1268(4) C3l 513(4) 1959(16) .2440(9) 
03 1100(2) 1606(7) -202(4) C32 753(4) 1124(11) -1201(7) 
04 1124(2) 3289(8) 530(4) C33 1013(4) 765(11) -631 (7) 
Nl 1952(3) -714(10) 1956(6) N9 712(3) 280(10) 87(6) 
Cl 1900(4) -1023(12) 2491(7) C34 898(4) -138(12) -308(7) 
C2 2122(4) -1586(13) 2919(8) C35 529(4) -296(12) 297(7) 
C3 2399(4) -1796(14) 2813(8) C36 473(4) -1423(13) 212(8) 
C4 2466(4) -1505(13) 2274(7) C37 359(4) 252(13 ) 700(7) 
C5 2232(4) -961(12) 1838(7) C38 157(4) -239(14) 998(7) 
C6 2254(4) -620(12) 1232(7) C39 6(4) 402(14) 1330(8) 

continued ... 



148 

continued ... 
C7 2532(4) . -941(15) 1031(9) C40 47(4) 1465(14) 1355(8) 
N2 2036(3) -58(10) 925(6) NIO 410(3) 1258(10) 732(6) 
C8 2005(4) 367(13) 312(7) C41 255(3) 1863(12) 1056(7) 
C9 1852(3) 1395(12) 256(7) .C42 323(4) 2969(12) 1012(7) 
CI0 2091(4) 2207(12) 534(8) NIl 585(3) 3175(10) 888(5) 
N3 1955(3) 3069(10) 791(5) C43 85(4) 3725(15) 1086(9) 
Cll 2060(4) 3970(13) 862(7) C44 674(3) 4169(12) 738(7) 
C12 2330(4) 4348(14) 620(8) C45 1028(4) 4200(12) 748(7) 
C13 1946(4) 4629(13) 1282(7) N12 969(3) 4890(10) -272(5) 
C14 2014(4) 5656(15) 1417(8) C46 1086(4) 5102(12) 389(6) 
C15 1917(4) 6114(15) 1882(8) C47 889(4) 5558(13) ·674(8) 
C16 1748(4) 5559(13) 2211(8) C48 891(5) 6672(15) -589(9) 
C17 1681(4) 4556(12) 2038(7) N50 498(3) 2738(10) ·408(6) 
N4 1768(3) 4097(10) 1587(6) C51 246(4) 2988(13) .657(7) 
C18 1513(3) 3815(11) 2361(7) 852 -102(1) 3326(5) -999(4) 
C19 1498(4) 4058(15) 3006(8) N60 1467(3) 3409(11) -676(6) 
N5 1409(3) 3005(9) 2062(5) C61 1692(3) 3477(12) .822(7) 
C20 1271(4) 2161(12) 2316(7) S62 2018(1) 3538(4) . -1043(2) 
C21 1104(4) 1404(12) 1810(7) N70 1354(3) -1172(11) 911(6) 
C22 1113(4) 298(12) 2079(7) C71 1247(4) .1800(15) 1170(8) 
N6 1434(3) ·76(10) 2128(5) 872 1091(1) ·2682(4) 1514(3) 
C23 1592(3) ·677(11) 2556(7) N90 1110(4) -1388(14) .1389(7) 
C24 1490(4) -1052(13) 3076(7) C91 868(4) -1386(15) -1721(8) 
N7 790(3) 4143(10) -1372(6) 892 524(1) -1441(4) -2200(3) 
C25 789(4) 5157(13) -1328(7) N80 1922(3) 1627(10) 1898(5) 
C26 694(4) 5796(15) -1855(8) C81 2019(3) 1532(12) 2425(7) 
HI 1391 1495 186 882 2146(1) 1385(4) 3175(2) 
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Table 34: Atomic coordinates (xl04) for 
[Mn 2(Ll)(HCOO)b(CI04h.2DMF.H20 

atom x y z atom x y z 

Mnl -222(1) 2100(1) 1444(1) C18 542(3) 5732(6) 1702(5) 
Mn2 564(1) 3621(1) 2089(1) C19 382(4) 6690(6) 1561(6) 
Nl -703(2) 1063(4) 712(4) N5 264(3) 5037(4) 1560(4) 
Cl -1127(3) 1292(5) 251(5) C20 -267(3) 5046(6) 1171(5) 
C2 -1432(3) 654(5) -212(5) C21 -385(3) 4052(5) 978(5) 

C3 -1274(3) -232(6) -163(5) 02 -242(2) 3556(3) 1708(3) 
C4 -826(3) -472(6) 274(5) C22 ·916(3) 3780(5) 634(5) 
C5 -548(3) 193(5) 708(5) N6 ·903(2) 2779(4) 598(4) 
C6 -47(3) -4(5) 1214(5) C23 -1251(3) 2294(6) 226(5) 
C7 126(3) -963(5) 1313(6) C24 -1743(3) 2599(6) .187(6) 
N2 188(2) 700(4) 1524(4) 031 183(2) 2337(4) 331(3) 
C8 688(3) 679(5) 1993(5) 032 736(2) 3421(4) 771(4) 
C9 848(3) 1671(5) 2012(5) C30 540(3) 2854(6) 254(6) 
01 472(2) 2188(4) 2306(3) Cl 1503(1) 8604(2) 2906(2) 
CI0 1346(3) 1927(5) 2527(5) 011 1885(3) 8039(6) 3319(5) 
N3 1347(2) 2937(5) 2458(4) 012 1492(3) 8489(5) 2023(4) 
Cll 1730(3) 3422(5) 2704(5) 013 1027(3) 8332(6) 3119(5) 
C12 2223(3) 3123(7) 3105(6) 014 1609(3) 9515(5) 3128(5) 
C13 1646(3) 4406(6) 2494(5) 040 2285(3) 5253(7) -229(6) 
C14 2048(4) 5021(6) 2529(6) C40 2312(5) 4503(11) 166(8) 
C15 1926(4) 5902(7) 2306(6) N40 1968(3) 3896(8) 1(5) 
C16 1441(4) 6178(7) 2064(6) C41 1553(4) 4016(9) -615(8) 
C17 1064(3) 5522(6) 2035(5) C42 1989(5) 3027(10) 473(8) 
N4 1178(3) 4664(4) 2265(4) 050 2207(5) 985(10) 3894(9) 
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Table 35: Atomic coordinates (xl04) for 
[Mn2(Ll)(CH3COO)]2(CI04h.2DMF.5H20 

atom x y z atom x y z 
Mnl -137(1) 2236(1) 1338(1) N5 318(2) 5190(4) 1897(4) 
Mn2 570(1) 3757(1) 2615(1) C20 -150(2) 5209(4) 1068(4) 
Nl -566(2) 1179(4) 275(4) C21 -258(2) 4202(4) . 781(4) 
Cl -952(3) 1429(4) -512(4) 02 -177(2) 3694(3) 1572(3) 
C2 -1231(3) 775(5) -1162(5) C22 -737(2) 3940(4) 5(4) 
C3 -1089(3) -128(5) -994(5) N6 -735(2) 2940(4) -8(4) 
C4 -690(3) -379(5) -223(5) C23 -1045(3) 2436(5) -628(4) 
C5 -428(3) 292(4) 425(5) C24 -1478(3) 2760(5) -1449(5) 
C6 21(3) 101(4) 1285(5) 031 329(2) 2461(3) 643(3) 
C7 167(3) -869(4) 1526(5) 032 826(2) 3540(3) 1548(3) 
N2 238(2) 808(4) 1750(4) C30 675(3) 2992(4) 874(5) 
C8 696(2) 779(4) 2621(4) C33 948(3) 2956(5) 337(5) 
C9 851(2) 1787(4) . 2782(5) Cl 1633(1) 997(2) 9016(2) 
Ot 465(2) 2305(3) 2719(3) 011 1308(5) 1336(5) 8240(7) 
CtO 1286(2) 2055(4) 3681(4) 012 2009(3) 1598(6) 9458(7) 
N3 1290(2) 3061(4) 3643(4) 013 1465(7) 645(16) 9429(10) 
C11 1626(3) 3576(4) 4219(4) 014 1797(6) 206(7) 8796(15) 
C12 2067(3) 3264(5) 5052(5) 040 2413(6) 4038(10) 2218(10) 
cn 1550(3 ) 4590(5) 4025(4) . C40 2390(6) 3112(12) 1856(12) 
C14 1900(3) 5221(5) 4517(5) N40 2275(5) 2350(9) 2047(9) 
C15 1801(3) 6140(5) 4275(5) C41 2030(5) 2445(9) 2645(9) 
C16 1368(3) 6384(5) 3558(5) C42 2375(8) 1354(14) 1854(15) 
C17 1040(3) 5721(4) 3101(5) 050 1531(3) 4896(5) 1832(5) 
N4 1130(2) 4831(4) 3339(4) 060 2815(4) 4023(6) 4181(7) 
C18 572(2) 5894(4) 2271(4) 070 2094(9) -441(18) 8102(17) 
C19 427(3) 6860(4) 1954(5) 



151 
Table 36: Atomic coordinates (xl04) for 
[Mn 4(Ll' )(H20) 1.6(DMF)3(CI04h](CI04h 

atom x y z atom x y z 
Mnl 653(1) 8878(1) 2730(1) C22 140(4) 10413(6) 1559(5) 
Mn2 11(1) 7299(1) 1663(1) N6 527(3) 10343(5) 2210(4) 
Nl 1143(3) 9979(5) 3409(4) C23 746(4) 11069(6) 2544(5) 
Cl 1103(4) 10894(6) 3212(5) C24 639(5) 12061(6) 2312(6) 
C2 1388(4) 11594(7) 3630(5) 050 1306(3) 8702(5) 2258(4) 
C3 1719(4) 11321(8) 4220(6) N50 1851(16) 8683(28) 1630(21) 
C4 1772(4) 10368(8) 4398(6) C50 1613 8394 1959 
C5 1477(3) 9715(7) 3978(5) C51 1878 9764 1446 
C6 1506(4) 8655(7) 4092(5) C52 2182(24) 8061(45) 1321(31) 
C7 1881(4) . 8288(8) 4725(6) Cll .725(1) 7864(2) ·374(2) 
N2 1233(3) 8170(5) 3632(4) 011 -647(4) 7484(7) 294(4) 
C8 1222(4) 7132(6) 3648(5) 012 .278(3) 7723(5) -574(4) 
C9 937(3) 6758(5) 2945(5) 013 .825(4) 8840(5) -354(6) 
01 515(2) 7347(4) 2663(3) 014 -1129(4) 7386(7) -836(5) 
CI0 762(4) 5755(6) 3033(5) Cl2 1911(1) 4199(3) 4206(2) 
N3 363(3) 5825(5) 3363(4) 021 1615(4) 3910(6) 3556(6) 
Cll 195(3) 5103(6) 3572(4) 022 1950(7) 3627(9) 4735(7) 
C12 340(4) 4095(6) 3510(6) 023 1998(7) 5067(8) 4313(8) 
C13 199(4) 5300(6) 1073(4) 024 2351(8) 3882(25) 4093(14) 
C14 421(4) 4616(7) 761(5) C31 1655(9) 4861(14) 2089(11) 
C15 734(4) 4903(7) 411(5) C32 2108(9) 4782(16) 1168(12) 
C16 844(4) 5863(7) 372(5) N30 2003 5215 1679 
C17 616(4) 6506(7) 690(5) C30 1902(12) 6356(23) 1526(16) 
N4 319(3) 6227(5) 1052(4) 030 1696(5) 6983(10) 1836(7) . 
C18 663(4) 7541(7) 655(5) N40 2211(7) 11672(14) 1983(9) 
C19 955(5) 7952(8) 217(7) C41 2029(9) 12248(15) 2409(12) 
N5 413(3) 8033(5) 983(4) C42 2471(8) 12027(14) 1579(10) 
C20 403(4) 9066(6) 960(5) C40 2048(8) 10793(16) 1851(11) 
C21 2(4) 9424(7) 1274(5) 040 1781(7) 10447(13) 2293(9) 
02 ·42(2) 8797(4) 1802(3) 
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Figure 104: J4Ll' numbering scheme. 
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Table 37: Atomic coordinates (xl04) for 
[Mns(Llh(CH3COOh(CI04h](CI04h.2H20 

atom x y z atom x y z 
Mnl 10074(1) 4507(1) 2038(1) C19 11018(13) 2586(6) 3474(11) 
Mn2 7876(1) 4364(1) 358(2) N5 10558(7) 3471(4) 2248(7) 
Mn3 10000 5000 0 C20 10031(10) 3062(5) 1439(9) 

Nl 6306(8) 3930(5) 293(8) C21 9773(9) 3428(5) 424(10) 

Cl 6062(10) 3341(6) -99(10) 02 9542(6) 4081(4) . 512(5) 

C2 5027(11) 3067(7) -215(10) C22 8807(9) 3101(6) -358(10) 

C3 4325(11) 3409(7) 154(11) N6 7808(8) 3329(5) -189(8) 
C4 4601(10) 3982(8) 596(10) C23 6928(11) 3001(7) -368(10) 
C5 5635(9) 4256(7) 668(10) C24 6744(11) 2346(7) -840(13) 
C6 6099(10) 4868(6) 1197(9) 050 11312(6) 4942(4) 1434(6) 
C7 5553(11) 5210(8) 1858(11) C51 12340(10) 4947(6) 1639(10) 
N2 7029(8) 5052(5) 1114(8) 052 12795(7) 5203(4) 1094(7) 
C8 7668(10) 5541(6) 1708(9) C53 12967(11) 4623(8) 2572(11) 
C9 8609(10) 5725(5) 1358(10) Cll 8050(5) 3642(3) 2687(5) 
01 8982(6) 5172(4) 943(6) 011 8485(6) 4059(4) 2106(6) 

CIO 9534(10) 5982(5) 2250(9) 012 8886(8) 3399(6) 3526(9) 
N3 10073(8) 5438(4) 2874(7) 013 7278(14) 4004(8) 3041(12) 
Cll 10629(11) 5487(6) 3765(10) 014 7440(18) 3096(9) 2052(14) 
C12 10805(15) 6085(7) 4430(12) Cl2 3209(4) 2517(2) 2116(3) 
C13 11124(10) 4873(6) 4257(9) 021 2572(9) 2852(6) 1263(8) 
C14 11752(13) 4783(8) 5228(11) 022 3363(12) 2911(6) 2971(10) 
C15 12188(15) 4192(7) 5543(12) 023 2634(19) 1972(6) 2230(11) 
C16 11979(12) 3672(7) 4908(11) 024 4200(14) 2403(13) 1993(14) 
C17 11331(9) 3774(6) 3931(10) 060 3844(36) 6454(21) 3196(32) 
N4 10944(8) 4368(5) 3632(7) 070 2724(36) 6635(20) 3042(32) 
C18 10963(11) 3256(6) 3114(11) 
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Table 38: Atomic coordinates (Xl04) for 
[Mn s(Llh(CH3 COOh(H20 )4(CI04h](CI04h.6MeCN 

atom x y z atom x y z 
Mnl -2002(1) 1969(1) -289(1) 02 -1542(4) 438(3) -825(3) 
Mn2 -587(1) 982(1) -2177(1) C22 -2277(7) -508(5) -1830(5) 
Mn3 0 0 0 N6 -1804(5) 135(4) -2620(4) 
Nl -783(5) 1393(4) .3759(4) C23 .2021(6) 228(5) -3512(5) 
Cl -1368(7) 900(5) ·4193(5) C24 -2830(7) .233(6) -3917(5) 
C2 .1321(7) 1004(5) ·5210(5) 040 .2308(4) 2560(4) -1879(3) 
C3 -645(7) 1606(6) ·5749(6) 050 -1320(4) 1012(3) 1040(3) 
C4 -61(7) 2117(6) -5283(5) C51 -1618(7) 933(5) 1959(5) 
C5 -142(6) 1997(5) -4275(5) 052 -1063(4) 239(4) 2528(3) 
C6 375(7) 2536(5) -3659(5) C53 -2690(9) 1762(7) 2387(6) 
C7 889(8) 3372(6) -4125(5) Cll -5162(2) 3116(2) -3084(2) 
N2 302(5) 2235(4) -2745(4) on -4748(6) 3102(5) ·2161(4) 
C8 567(7) 2778(5) -2004(5) 012 -4516(9) 2173(7) -3481(7) 

. C9 645(6) 2144(5) -1005(5) 013 -4874(10) 3952(8) -3697(7) 
01 -30(4) 1431(3) -892(3) 014 -6437(7) 3288(7) -2947(7) 
CI0 210(6) 2848(5) -168(5) C12 .1076(2) -3511(2) -2389(1) 
N3 -1140(5) 3139(4) 28(4) 021 -184(5) -3014(4) ·2265(4) 
Cll -1814(6) 3915(5) 468(5) 022 -1412(5) -4057(5) -1502(4) 
C12 -1402(7) 4736(5) 783(5) 023 -2129(7) -2775(5) -2694(6) 
N4 -3473(5) 3238(4) 358(4) 024 -561(8) -4196(5) -3118(5) 
C13 -3172(6) 3988(5) 677(5) N70 3494(8) 791(7) 6628(6) 
C14 -4041(7) 4727(6) 1201(5) C70 3861(9) 358(8) 7602(7) 
C15 -5239(7) 4667(6) 1390(5) C71 4088(10) 50(8) 8325(7) 
C16 -5550(7) 3896(5) 1043(5) N80 4967(11) 1463(9) 4345(8) 
C17 -4633(6) 3177(5) 525(5) C80 4586(12) 2343(10) 4184(9) 
C18 -4816(7) 2307(5) 80(5) C8t 4079(12) 3384(8) 4067(8) 
Ct9 -6079(7) 2269(6) 40(6) N90 2133(15) 5534(10) 4737(9) 
N5 -3816(5) 1669(4) -260(4) C90 2379(12) 5694(10) 5437(10) 
C20 -3764(6) 838(5) -833(5) C91 2691(12) 5916(10) 6284(9) 
C21 -2519(6) 30(5) -870(5) 060 -2080(5) 4359(4) -2768(5) 
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Table 39: Atomic coordinates (xl04) for 
[Mns(Llh( CH3CO 0 h(DMFhHCI04)4.2D MF 

atom x y z atom x y z 
Mnl -75(3) 4624(3) 3177(3) N6 -1392(16) 2142(13) 4266(12) 
Mn2 439(3) 2832(3) 4287(3) C23 -1361(21) 1252(17) 4084(16) 
Mn3 0 5000 5000 C24 -2427(21) 733(17) 3938(16) 
Nl 939(16) 1262(13) 4004(12) Cll 3450(7) 7162(6) -1518(5) 
Cl -43(21) 701(16) 3984(16) 011 4626(22) 7732(17) -1655(15) 
C2 215(21) -315(16) 3918(15) 012 3716(19) 6215(16) -1190(14) 
C3 1446(21) -690(18) 3842(15) 013 2337(21) 7660(16) -893(15) 
C4 2422(22) -96(17) 3858(15) 014 3231(19) 7081(15) -2355(14) 
C5 2170(22) 903(18) 3876(16) Cl2 3964(8) 2100(6) 6214(6) 
C6 3119(22) 1642(17) 3844(16) 021 4196(20) 2917(17) 5686(15) 
N2 2655(17) 2522(14) 3831(12) 022 3390(18) 2272(15) 7139(14) 
C7 4471(23) 1337(20) 3828(18) 023 2904(28) 1654(22) 5908(20) 
C8 3385(21) 3393(16) 3782(16) 024 4810(29) 1356(23) 6084(21) 
C9 2688(21) 4253(17) 3464(15) 050 -252(14) 5967(11) 3915(10) 
01 1322(13) 4232(11) 3925(10) C51 -139(25) 6941(20) 3717(19) 
CI0 2992(21) 4237(17) 2456(15) 052 -201(14) 7439(11) 4366(11) 

N3 1975(17) 4776(13) 2181(12) C53 -79(27) 7265(21) 2862(18) 
Cll 2023(21) 4908(17) 1412(16) 040 466(14) 3078(11 ) 2692(11 ) 
C12 3193(27) 4604(22) 616(20) C40 71(27) 2613(20) 2198(18) 
N4 -294(19) 5126(15) 1940(14) N40 781(22) 1848(17) 1853(16) 
C13 789(21) 5332(17) 1230(15) C41 2146(28) 1609(24) 1817(21) 
C14 740(24) 5865(17) 517(17) C42 176(29) 1186(23) 1372(21) 
C15 -495(23) 6260(19) 466(18) 060 2853(26) 2118(21) 9634(19) 
C16 -1597(23) 5997(17) 1146(16) C60 2734(57) 1578(45) 9091(42) 
C17 -1471(20) 5465(15) 1865(15) N60 3136(33) 712(26) 8852(24) 
C18 -2592(23) 5215(18) 2719(17) C61 4109(67) 388(53) 9200(49) 
C19 -3975(21) 5448(18) ·2723(17) C62 2935(57) 165(43) 8241(39) 
N5 -2268(18) 4842(14) 3330(13) 070 2182(35) 9109(28) 1543(25) 
C20 -3096(22) 4596(17) 4207(15) C70 2808(46) 8330(37) 1228(35) 
C21 -2435(19) 3768(15) 4667(15) N70 3604(34) 7705(27) 1403(25) 
02 -1113(12) 4011(10) 4504(9) C71 3763(45) 7763(35) 2171(31) 
C22 -2498(20) 2813(15) 4257(15) cn 4255(41) 6894(32) 872(30) 
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Table 40: Atomic coordinates for (xl04) for [Mn(DAPh (H20 hJ (CI 0 4h 

atom x y z atom x y z 
Mn 7611(2) 8351 (1) 1103(1) C26 10498(13) 6799(10) 1569(3 ) 

Nll 7499(10) 10663(7) 858(2) 021 9967(10) 6792(8) 1251(2) 

Cll 6082(12) 11030(9) 646(2) C27 12175(13) 6080(11) 1670(4) 

C12 5897(14) 12382(10) 503(3) C28 5285(12) 9421(9) 1803(2) 

Cl3 7156(13) 13402(11) 576(3) 022 5234(9) 9446(8) 1455(2) 

C14 8551(13) 13013(10) 773(3) C29 3845(14) 10004(11) 2020(3) 
C15 8695(12) 11650(11) 914(2) Cll 7067(3) 3455(3) 1864(1) 

C16 10221(12) 11120(10) 1144(2) 01 6890(26) 2623(21) 2152(8) 

011 10189(10) 9888(8) 1256(2) 02 5984(23) 3185(19) 1568(3) 
C17 11713(14) 12126(13) 1229(3) 03 6364(30) 4748(14) 2031(5) 
CI8 4863(13) 9789(10) 579(2) 04 8572(20) 4031(19) 1763(5) 
012 5207(9) 8557(7) 711(2) Cl2 2724(3) 5267(2) 315(1) 
C19 3264(15) 10015(12) 340(4) 05 3182(16) 5451(12) 692(2) 
N21 7975(9) 8144(7) 1734(2) 06 1903(13) 3888(9) 274(2) 
C21 6851(13) 8776(9) 1975(2) 07 1588(15) 6334(10) 190(3) 
C22 7161(13) 8692(11) 2347(3) 08 4203(12) 5317(13) 95(3) 
C23 8619(16) 8033(15) 2486(3) 030 6113(11) . 6313(7) 1146(2) 

C24 9774(15) 7405(12) 2244(3) 040 8761(13) 7673(10) 568(2) 
C25 9399(11) 7468(9) 1860(3) 

Table 41: Atomic coordinates (x104) for [Pb2(H2L5)(NCS}JJ(NCS) 

ell 

atom x y z atom x y z 

Pb 4665(1) 2984(1) 6551(1) 01 6785(19) 2556(15) 7389(10) 

N1 4477(18) 4444(13) 6053(9) Cll 8636(24) 2968(19) 7894(12) 

Cl 3438(21) 4834(17) 5952(11) C12 8214(27) 2837(20) 8571(14) 

C2 3316(25) 5731(18) 5727(13) N3 7319(17) 3519(15) 8675(10) 

C3 4254(25) 6168(23) 5624(13) C13 7570(22) 4259(17) 8901 (12) 

C4 5280(23) 5786(17) 5715(12) C14 8709(23) 4618(18) 9072(13) 

continued ... 
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continued ... 
C5 5419(23) 4885(17) 5914(12) S21 3857(7) 2303(5) 5318(4) 

C6 6456(21) 4419(17) 5977(12) C21 5057(24) 1891(17) 5202(14) 

C7 7526(25) 4821(20) 5862(14) N21 5925(24) 1577(19) 5060(14) 

N2 6404(18) 3638(15) 6117(10) S31 4248(32) 5811(26) 7548(19) 

C8 7378(24) 3034(18) 6125(13) C31 4657(40) 4751(34) . 7513(29) 

C9 8212(24) 3156(18) 6746(12) N31 5000 4159(22) 7500 

CI0 7694(24) 3146(18) 7360(12) 

Table 42: Atomic coordinates (xl04) for 
[MnIIMnIII(L13) (0) (OH) (DMF)]2( CI04)4.2H20 

atom x y z atom x y z 
Mnl 4835(8) 4139(7) 503(6) N5 5847(42) 2916(36) -2601(33) 

Mn2 6623(10) 2736(8) -1311(7) C20 4529(55) 2746(49) -2397(44) 

Nl 3644(48) 4016(42) 1659(38) C21 3877(47) 2862(41) -1407(36) 

Cl 2347(64) 4263(56) 1676(51) C22 3449(44) 3980(38) -1056(35) 

C2 1192(71) 4320(61) 2576(56) N6 3310(39) 4031(34) -95(31 ) 
(;3 1744(65) 4261(53) 3392(49) C23 2354(49) 4186(41) 615(38) 

C4 2814(58) 4046(50) 3500(45) C24 1088(54) 4301(45) 503(41) 

C5 3791(55) 4019(46) 2613(42) 01 5511(31) 2683(28) 134(24) 

C6 5094(63) 3831(51) 2516(50) 02 5770(34) .. 4427(30) -707(25) 
C7 5345(58) 3518(49) 3535(46) 030 6980(38) 1018(33) -1652(29) 
N2 5817(44) 3764(34) 1766(33) C31 6796(60) 502(54) -1076(50) 
C8 7027(61) 3470(52) 1756(45) N32 6793(45) -614(41) -1312(38) 
C9 7766(55) 3429(47) 678(43) C33 7082(70) -880(62) -2381(58) 

. CIO 8412(49) . 2256(43) 123(37) C34 6697(65) -1327(57) -461(51) 
N3 8353(42) 2505(37) -956(33) Cll -1984(15) 5297(16) 3674(12) 
Cll 9379(62) 2667(53) -1617(47) 011 -1610(40) 5470(36) 2678(32) 

C12 10510(56) 2520(49) -1424(44) 012 -1137(48) 5075(42) 4160(37) 
C13 8937(58) 2847(47) -2473(44) 013 -3114(55) 5171(49) 4007(44) 
C14 9855(66) 2868(57) -3268(53) 014 -2641(86) 6392(76) 4221(67) 
C15 9557(61) 3188(53) -4261(47) C12 6423(23) 414(19) 2021(20) 
C16 8427(56) 3220(50) -4257(43) 021 5793(87) 1345(76) 1676(68) 

C17 7649(60) 3126(50) -3411(46) 022 6119(77) -568(71) 2037(60) 

N4 7996(51) 2868(42) -2611(37) 023 7508(86) 64(76) 1162(74) 

CIS 6486(64) 3158(53) -3424(50) 024 7005(126) 429(113) 2800(103) 
C19 5990(61) 3289(52) -4270(49) 050 344(50) . 2068(45) 1421(41) 

Figure 104: L13 numbering scheme. 
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Table 43: Atomic coordinates (xl04) for (L3')CI04 

atom x y z atom x y z 
NIl 2689(2) 4165(2) 457(4) C25 3790(3) 4106(2) -1912(4) 

Cll 3039(3) 3466(2) 1265(4) C26 3000(3) 4470(2) -907(4) 

Cl2 2606(4 ) 3285(2) 2595(5) Nl 2427(3) 5155(2) -1162(4) 

C13 1817(4) 3795(2) 3236(5) Cl 2394(4) 5676(2) -2610(5) 

C14 1478(3 ) 4469(2) 2507(5) C2 3363(4) 6303(2) -2141(6) 

C15 1911 (3) 4683(2) 1059(4) 01 3070(3) 6760(2) -884(4) 

C16 1771(3 ) 5302(2) 4(4) Cl 213(1) 6557(1) 3198(1) 

N21 4655(3) 4560(2) -2341(4) 011 1525(3) 6419(2) 3395(4) 
C21 5392(4) 4225(3) -3213(5) 012 89(3) 7087(2) 4487(4) 

C22 5332(4) 3465(3) -3660(5) 013 -429(3) 5870(2) 3415(4) 

C23 4429(4) 3022(3) -3227(5) 014 -339(4) 6877(3) 1599(4) 
C24 3630(3) 3343(2) -2358(4) 

Table 44: Atomic coordinates (xl04) for [Mn(H2L2 )(H20 >2] (C104h 

atom x y z atom x y z 
Mn 5000 7574(1) 7500 01 4642(2) 9006(3) 8647(3) 
Nl 5000 5720(4) 7500 02 6167(2) 7637(3) 8706(4) 
C3 5000 3494(6) 7500 Cl 1883(1) 6180(1) 6910(1) 
C4 4501(4) 4037(4) 8250(5) 011 2298(7) 5174(7) 7185(7) 
C5 4529(3) 5180(3) 8241(4) 015 2666(13) 5988(16) 6741(18) 
C6 4054(3) 5896(4) 9051(4) 012 1869(6) 6146(8) 5652(6) 
C7 . 3462(3) 5374(5) 9849(5) 016 1261(15) 6510(18) 6064(19) 
N2 4195(2) 6917(3) 8951(3) 013 1098(5) 6021(7) 7295(10) 
C8 3779(3) 7744(5) 9644(5) 017 1656(13) 5369(17) 7713(18) 
C9 4333(4) 8731(5) 9775(5) 014 2187(5) 7093(7) 7514(8) 
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Table 45: Atomic coordinates (xl04) for Mn(H2L2)(NCSh 

atom x y z alom x y z 
Mn 2500 7711(1) () N2 1288(2) 7036(2) 1040(1) 

Nl 25()() 5886(2) 0 C8 707(3) 7815(2) 1580(2) 

C3 2500 3703(3) () C9 401 (3) 8823(2) 1035(2) 

C4 1864(3) 4250(2) 588(2) 01 1573(3) 9106(2) 679(2) 

C5 1882(2) 5350(2) 569(1) N20 4432(2) 7818(2) 1017(2) 

C6 1214(2) 6040(2) 1169(1) C21 5523(3) 8}55(2) 1259(2) 

C7 539(3) 5514(3) 1860(2) 822 7074(1) 8611(1) 1601(1) 

Table 46: Atomic coordinates (xl04) for Mn(H2L2)(N3h 

atom x y z atom x y z 
Mn 5000 1795(1) 2500 N2 3924(2) 2475(3) 1430(6) 
Nt 5000 3620(4) 2500 C8 3370(3) 1694(4) 1009(8) 
C3 ·5000 5802(5) 2500 C9 3735(3) 748(4) 159(9) 
C4 4385(3) 5254(4) 2016(7) 01 4305(2) 424(2) 1381(5) 
C5 4413(3) 4148(4) 2028(6) N20 5540(2) 1688(3) -273(6) 
C6 3787(3) 3460(4) 1490(7) N21 6064(3) 2183(3) -673(7) 
C7 3073(3) 3965(4) 1119(10) N22 6577(2) 2660(4) -1058(8) 
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Table 47: Atomic coordinates (xl04) for [Ni(H2L2)21 (el 04)2.H20 

atom x y z atom x y z 
Ni 0 0 5000 C8 -2148(21) -2194(22) 5360(11) 
Nl 0 0 3802(8) C9 -1662(42) -3404(32) 5534(15) 
C3 0 0 2176(10 01 -1907(25) -4149(36) 5173(14) 
C4 -968(20) "775(17) 2575(8) CI -5000 0 2050(4) 
C5 -842(16) -823(15) 3420(8) 011 -5561(19) 892(22) 1578(11) 
C6 -1716(11) -1546(17) 3977(11) 012 -5854(21) -623(21) 2680(8) 
C7 -2820(19) -2371(18) 3569(11) 020 0 0 0 
N2 -1491(13) -1393(11) 4711(6) 

Table 48: Atomic coordinates (xl04) for [Ni(H2L2)(NCShh 

atom x y z atom x y z 
Ni 4436(1) 6814(1) 6259(1) CI0 6542(3) 4690(3) 5740(2) 

Nl 4027(2) 8010(2) 5144(2) 02 6341(2) 4667(2) 4691(2) 
Cl 4755(3) 8259(3) 4644(2) Cl1 6796(3) 6002(3) 6134(2) 
C2 . 4510(3) 9120(3) 3883(2) N3 5848(2) 6800(3) 5723(2) 
C3 3507(3) 9725(3) 3659(3) C12 5804(3) 7531(3) 4995(2) 
C4 2760(3) 9448(3) 4172(3) C13 6668(3) 7699(3) 4469(3) 
C5 3035(3) 8578(3) 4918(2) N70 4938(2) 5444(3) 7260(2) 
C6 2324(3) 8181(3) 5542(3) C71 5265(3) 4487(3) 7579(2) 
C7 1204(3) 8757(4) 5328(3) S72 5744(1) 3135(1) 8033(1) 
N2 2744(2) 7367(3) 6208(2) N60 5050(2) 8133(3) 7294(2) 
C8 2102(3) 6940(4) 6865(3) C61 5233(3) 8709(3) 8007(2) 

C9 2361(3 ) 5607(4) 7167(3) S62 5493(1) 9547(1) 9011(1) 

01 2157(2) 4791(2) 6344(2) 
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Table 49: Atomic coordinates (xl04) for Mn(HL3)z(NCSh 

atom x y z atom X y z 
Mn 7498(1) 9956(1) 11700 C13 8961(3) 13339(4) 10956(5) 
Nl 6721(2) 8529(3) 11400(4) C14 8241(2) 13155(4) 10422(5) 
Cl 6063(2) 8325(3) 12030(5) C15 7898(2) 12195(3) 10663(5) 
C2 5656(3) 7407(3) 11791(5) C16 7139(3) 11959(3) 10112(5) 
C3 5929(3) 6690(4) 10880(5) N12 6845(2) 11064(3) 10277(4) 
C4 6611(3) 6885(4) 10236(5) C17 6104(2) 10873(4) 9660(5) 

C5 6982(2) 7812(3) 10510(4) C18 6192(3) 10175(4) 8442(5) 

C6 7694(3) 8074(3) 9817(5) 010 6670(2) 10639(3) 7434(4) 
N2 8030(2) 8937(3) 10047(4) NI0 6726(3) 10520(3) 13270(4) 

C7 8721(3) 9156(4) 9282(5) CI0 6229(3) 10819(3 ) 13936(5) 
C8 8542(3) 9890(4) 8105(6) S10 5537(1) 11244(1) 14904(1) 

01 8008(2) 9442(3) 7188(4) N20 8312(2) 9387(3 ) 13137(4) 
N11 8236(2) 11425(3) 11386(3) C20 8856(3) 9186(3) 13747(5) 
Cll 8929(2) 11620(3) 11887(5) S20 9609(1) 8903(1) 14638(1) 
C12 9308(2) 12558(3) 11698(5) 

Table 50: Atomic coordinates (xlO4) for [Mn(HL3)(NCShh: 

atom x y z atom x y z 
Mn 4237(1) 558(1) 1274(1) C7 3859(2) 4226(5) 383(1) 
Nl 2999(2) 1028(5) 1585(1) C8 4351(2) 6366(5) 494(1) 
Cl 2717(2) -51(8) 1964(2) 01 3858(1) 8188(4 ) 666(1) 
C2 1971(2) 468(8) 2146(2) NIl 4420(2) -2598(5) 1662(1) 
C3 1516(2) 2146(7) 1940(1) Cll 4582(2) -4429(6) 1805(1) 
C4 1792(2) 3290(7) 1547(1) Sll 4838(1) -7005(1) 2013(1) 
C5 2536(2) 2664(5) 1379(1) N21 5330(2) 994(5) 896(1) 
C6 2862(2) 3733(5) 949(1) C21 5930(2) 877(5) 699(1) 
N2 3563(2) 3205(4) 823(1) S21 6783(1) 718(2) 422(1) 
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Table 51: Atomic coordinates (x104) for [Ni(HL3hl (Cl 0 4h 

atom x y 'L atom x y 'L 

Ni 1301(6) 951(8) 0 CIS 200(21) -1368(41) 658(22) 

Nl 2133(22) -879(51) 152(34) C16 404 ·101 1402 

Cl 2268(22) .1626(51) -634(34) N12 728 879 1117 

C2 2756(22) .3044(51) -711(34) C17 1238 2546 1804 

C3 3110(22) -3713(51) ·1(34) C18 1576 3821 1323 

C4 2975(22) -2966(51) 785(34) 02 1956 2882 447 

C5 2486(22) .1548(51) 861(34) Cll 1400(15) 7430(36) 3260(14) 

C6 2120(31) -386(71) -1324(33) 011 1792(34) 8511(79) 2878(34) 

N2 . 1564(22) 1176(65) -1191(25) 012 641(54) 6769(119) 2651(56) 

C7 1441(32) 2022(61) -1752(33) 013 601(82) 7973(173) 3815(93) 

C8 1317(53) 3946(93) -1128(32) 014 1374(93) 6986(123) 3864(57) 

01 645(26) 2945(53) -555(29) C12 3663(29) 2421(48) 1882(16) 

Nll 464(21) -1046(42) ·150(22) 021 3829(33) 4201(69) 2039(26) 

C11 265(21) ·2165(41) -809(22) 022 3391(28) 1978(66) 933(32) 

C12 -198(21) -3606(41) -660(22) 023 3131(46) 1940(104) 2316(50) 

C13 -462(21) -3929(41) 148(22) 024 4029(27) 834(77) 2017(28) 
C14 -263(21) .2809(41) 807(22) 

Table 52: Atomic coordinates (x104) for 
[Cu(HL3)(H20 h(CI04)h(CI04h 

atom x y 'L atom x y 'L 

Cu 7293(2) 6049(3) -1095(1) 02 7160(10) 3956(17) ·1327(6) 
Nl 6012(11) 6500(18) -1435(7) 03 8605(9) 5745(15) -811(6) 

. Cl 5293(13) 5594(22) -1632(8) Cll 8400(4) 6895(6) -2307(2) 
C2 4442(15) 6178(25) ·1879(9) 011 7615(11 ) 6290(21) .2123(6) 
C3 4306(17) 7723(27) -1929(10) 012 9173(10) 7000(17) -1810(6) 
C4 5024(14) 8498(24) -1706(9) 013 8645(12) 6074(22) -2764(7) 
C5 5879(14) 7984(24) -1470(9) 014 8119(12) 8365(19) ·2507(7) 
C6 6680(13) 8890(26) -1245(8) Cl2 5933(4) 1907(6) -345(2) 
N2 7380(11) 8155(19) -1033(7) 021 6791(9) 2023(17) .516(7) 
C7 8219(14) 9056(26) .800(8) 022 5365(10) 3078(18) .632(7) 
C8 8485(13) 8975(25) . -129(8) 023 6091(12) 1974(20) 268(6) 
01 7830(9) 9523(16) 152(6) 024 5527(11) . 576(17) ·536(9) 
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Table 53: Atomic coordinates (xlO4) for 
[Zn(HL3)(H20 )2(CI04)]2(CI04)2 

atom x y z atom x y z 
Zn 7313(1) 5990(1) -1062(1) 02 7150(2) 3948(3) -1348(1) 
Nl 5958(2) 6566(4) -1410(2) 03 8679(2) 5790(3) -784(1) 
Cl 5246(3) 5729(5) -1609(2) Cll 8306(1) 6919(1) -2282(1) 
C2 4413(3) 6279(5) -1862(2) 011 7604(2) 6204(3) -2038(1) 
C3 4302(3) 7730(5) -1917(2) 012 8020(2) 8350(3) -2429(1) 
C4 5037(3) 8612(5) -1713(2) 013 9128(2) 6961(4) -1836(2) 
C5 5845(3) 7980(4) -1461(2) 014 8447(3) 6204(4) -2809(2) 
C6 6665(3) 8832(4) -1236(2) C12 5947(1) 1997(1) -329(1) 
N2 7391(2) 8220(3) -1007(1) 021 6827(2) 1991(4) -509(2) 
C7 8193(3) 9091 (4) -801(2) 022 5614(3) 598(4) -385(2) 
C8 8496(3) 8986(5) -123(2) 023 5372(2) 2980(4) -681(2) 
01 7835(2) 9591(3) 189(1) 024 6058(3) 23399(6) 270(2) 

~.' 0:11 

022 

Table 54: Atomic coordinates (xlO4) for 
[Mn(HL6)(L6')h(CI04)4.2EtOH 

atom x y z atom x y z 
Mnl 902(1) 2341(2) 2656 N40 1442(5) 752(11) 4738(7) 

Nl 1349(5) 1290(11) 1941(7) C41 1630(8) 447(15) 5353(10) 

Cl 1894(8) 1122(15) 1952(11) C42 1542(7) -494(13) 5650(10) 

C2 2155(9) 285(16) 1523(11) C43 1231(7) -1153(14) 5353(9) 

C3 1792(8) -303(17) 1085(i2) C44 988(7) -923(15) 4696(10) 

C4 1259(8) -147(16) 1093(11) C45 1106(6) 43(13) 4418(9) 

C5 1016(8) 753(16) 1524(11) C46 812(7) 442(14) 3768(10) 

C6 427(7) 846(12) 1530(9) C47 189(7) 533(14) 3854(9) 

C7 32(9) 373(18) 1074(13) C48 -92(7) -169(14) 3449(9) 

N2 261(5) 1556(12) 2015(8) C49 -666(8) -360(16) 3419(11) 

C8 -332(9) 1911(18) 2065(12) C50 323(6) -762(12) 3071(9) 

C9 -404(9) 2501(17) 2798(13) C51 262(9) -1552(16) 2588(11) 

01 88(4) 2987(10) 2987(7) C52 754(8) -1977(17) 2284(12) 

NIO 1154(6) 3801(10) 2097(8) C53 1269(9) -1668(18) 2458(12) 

Cll 931(8) 4025(15) 1491(11) C54 1322(7) -774(14) 2991(10) 

C12 1085(8) 5054(15) 1147(11) N50 846(6) -415(10) 3235(8) 

C13 1456(7) 5681(13) 1445(9) 040 1083(4) 1322(8) 3537(6) 

C14 1648(6) 5411(13) 2052(9) Cll 295(2) 2913(4) 9794(3) 

C15 1494(7) 4470(13) 2374(9) 011 678(8) 2174(13) 9980(11) 

C16 1750(9) 4011(18) 3024(13) 012 541(7) 3891(11) 9674(8) 

C17 2446(8) 3921 (15) 2973(11) 013 . -96(8) 2975(13) 10329(9) 

continued ... 
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continued ... 
C18 2646(10) 4639(17) 3351(12) 014 3(7) 2556(13) 9222(9) 
C19 3266(10) 4881(22) 3471(16) C12 942(2) 7417(4) . 9876(3) 
C20 2255(7) 5267(15) 3733(11) 021 642(10) 6620(18) 9476(15) 
C21 . 2352(12) 6044(19) 4224(16) 022 1466(7) 7095(17) 9951 (11) 
C22· 1822(9) 6457(18) 4507(12) 023 677(9) 7457(15) 10552(10) 
C23 1346(10) 6104(18) 4330(12) 024 918(9) 8428(14) 9614(10) 
C24 1312(7) 5345(14) 3797(10) Cl3 3547(2) 1902(4) 1994(3) 
N20 1754(7) 5017(16) 3553(12) 031 3690(9) 2449(13) 2582(10) 

010 1517(4) 3177(8) 3279(5) 032 3091(6) 2350(14) 1624(9) 
Mn2 1678(1) 2168(2) 4127(2) 033 3437(9) 916(15) 2128(10) 
N31 1262(6) 3275(11) 4904(9) 034 3992(7) 1926(18) 1599(14) 
C31 684(8) 3425(16) 4872(12) Cl4 2976(2) 7260(4) 1876(4) 
C32 468(11) 4128(19) 5306(14) 041 3260(8) 8231(16) 2107(10) 
C33 776(12) 4703(22) 5687(16) 042 2788(14) 6745(27) 2450(15) 
C34 1368(13) 4666(23) 5734(16) 043 2562(11) 7438(22) 1538(23) 
C35 1612(8) 3768(15) 5313(10) 044 3409(9) 6902(21) 1640(21) 
C36 2159(10) 3514(19) 5257(13) 060 2682(8) -330(16) 3196(10) 
C37 2614(13) 4028(23) 5753(18) C60 2835(19) -1210(33) 3633(17) 
N32 2330(6) 2896(13) 4839(11) C61 2600(17) ~1075(25) 4288(22) 
C38 2867(13) 2433(25) 4766(18) 070 -102(6) 4923(12) 3487(8) 
C39 3010(13) . 1821(27) 4168(18) C70 -178(12) 5731(19) 3009(15) 
030 2501 (6) 1509(10) 3809(9) C71 -263(16) 5533(26) 2342(14) 
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Table 55: Atomic coordinates (xlO4) for 
[Mn(HL6)(L6')h(CI04)4.2MeCN 

atom x y z atom x y z 
Mn 5647(4) -534(2) 752(4) N3 4020(25) -997(11 ) 1200(23) 
Nl 6057(19) 1120(8) 1857(17) C25 4244(27) -1539(12) 1137(25) 

Cl 7212(23) 1107(10) 1605(21) C26 5485(24) -1764(10) 905(22) 

C2 7860(25) 1630(9) 1556(21) C27 5579(28) -2393(11) 819(26) 
C3 7170(23) 2091(10) 1735(21) N4 6327(18) -1411(8) 696(17) 

C4 5852(23) 2064(10) 2063(21) C28 7624(26) -1536(12) 481(26) 

C5 5314(20) 1530(8) 2142(18) C29 8435(28) -1012(11 ) 571(27) 
C6 4065(24) 1355(10) 2381(22) 02 7772(18) -550(8) 289(17) 
C7 3011(26) 1765(11) 2704(25) Cll -236(6) -295(3) -2357(6) 
C8 3963(21) 832(8) 2311(19) 011 -296(21) -845(8) -2290(26) 
C9 5260(18) 601(8) 2000(17) 012 -1315(18) -90(8) -2883(20) 
01 5140(13) 321(6) 900(12) 013 895(18) .101(8) -2806(21 ) 
CIO 5856(19) 222(8) 2902(18) 014 -247(29) -87(10) -1220(19) 
Cll 6156(21) 427(9) 4021(20) Cl2 498(9) 2897(4) 514(7) 
C12 6641(19) 75(8) 4849(19) 021 81(41) 2483(19) -299(26) 
Cl3 6838(24) -460(11) 4581(24) 022 1502(57) 2698(19) 1110(30) 
Cl4 6533(24) -632(12) 3431(24) 023 -346(29) 2951(12) 1265(36) 
N2 6013(16) -294(7) 2610(16) 024 800(42) 3341(17) 220(43) 
C21 2837(26) -765(11) 1480(24) N90 868(24) 1591(10) -3499(23) 
C22 1947(34) 1145(15) 1722(30) C90 155(24) 1387(10) -4133(22) 
C23 1967(42) -1660(19) 1684(35) C91 -739(30) 1031(13) -4830(28) 
C24 3159(27) -1905(12) 1277(26) 
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Table 56: Atomic coordinates (xl04) for [Mn(H2L9) (N C S) 2]x 

atom x y z atom x y z 
Mn 308(1) 5527(1) 7410(1) 02 .3940(1) 5408(2) 4995(1) 
N1 664(1) 4632(2) 8822(1) Cll -3089(2) 5074(3) 4797(2) 
C1 ·23(1) 3838(2) 8930(1) C12 -2108(2) 5215(2) 5704(2) 
C2 190(2) 3219(2) 9798(1) C13 -2070(2) 4236(2) 6456(1) 
C3 1135(2) 3460(2) 10555(2) N3 -1099(1) 4339(2) 7323(1) 
C4 1842(2) 4274(2) 10429(1) C14 .1020(1) 3700(2) 8066(1) 
C5 1586(1 ) 4857(2) 9547(1) C15 .1850(2) 2857(2) 8125(2) 
e6 2263(2) 5791(2) 9318(1) N21 388(2) 6197(2) 6142(1) 

C7 3276(2) 6176(2) 10098(2) e21 574(2) 6815(2) 5608(1) 
N2 1901(1) 6203(2) 8459(1) S21 835(1) 7727(1) 4862(1) 
C8 2451(2) 7185(2) 8150(2) N31 -319(1) 7401(2) 7613(1) 
C9 3111(2) 6515(2) 7726(2) e31 ·432(2) 8538(2) 7654(1) 
CIO 3545(2) 7527(2) 7269(1) S31 .626(1) 10129(1) 7707(1) 
01 4109(1) 8567(2) 7920(1) 

. Table 57: Atomic coordinates (xlO4) for Ni(H2L9h](CI04h 

atom x y z atom x y z 
Ni 5000 7821(1) 7500 01 6802(1) 11464(2) 10182(1) 
N1 5710(1) 7804(2) 7107(1) 02 3444(1) 3253(2) 5855(1) 

Cl 5505(2) 7060(3) 6518(2) Cll 3970(2) 3619(3) 6628(2) 

C2 5990(2) 7056(3) 6223(2) e12 3655(2) 4805(3) 6799(2) 

C3 6679(2) 7840(3) 6560(2) e13 3577(2) 5969(3) 6339(2) 

C4 6877(2) 8603(3) 7166(2) N3 4387(1) 6510(2) 6588(1) 

C5 6367(2) 8572(3) 7430(2) e14 4723(2) 6342(3) 6219(2) 

continued ... 
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continued ... 
C6 6451(2) 9382(3) 8049(2) C15 4398(2) 5560(3) 5517(2) 
C7 7167(2) 10273(3) 8447(2) Cl 3953(1) 12504(1) 8683(1) 
N2 5875(1) 9240(2) 8162(1) 011 3871(2) 13812(3) 8463(2) 
C8 5837(2) 10045(3) 8709(2) 012 4685(3) 12332(4) 9398(2) 
C9 6298(2) 9445(3) 9493(2) 013 3967(3) 11742(4) 8155(2) 
CIO 6316(2) 10346(3) 10061(2) 014 3278(3) 12222(4) 8724(3) 

Table 58: Atomic coordinates (xl04) for [Ni(H2L9)(NCSh]x 

atom x y z atom x y z 
Ni 8002(1) 333(1) 2079(1) 02 11156(3) 3360(4) 2754(2) 
Nt 7007(3) -469(5) 916(3) Cll 11246(4) 2160(7) , 2219(4) 

Cl 7145(4) -277(6) 152(4) C12 10363(4) 1153(7) 1921(4) 
<:2 6469(4) -827(6) -671(4) C13 9413(4) 1959(7) 1374(4) 

C3 5670(4) -1591(7) -659(4) N3 8551(3) 1001(5) 1119(3) 

C4 5534(4) -1781(7) 134(4) C14 8055(4) 581(6) 304(4) 

C5 6234(4) -1187(6) 928(4) C15 8281(4) 848(7) -513(4) 

C6 6238(4) -1238(6) 1856(4) N60 7252(3) 2252(5) 1922(3) 
(:7 5366(4) -1868(7) 1968(4) C61 6834(4) 3320(7) 1915(4) 
N2 7006(3) -715(5) 2498(3) S62 6225(1) 4793(2) 1869(1 ) 
C8 7118(4) -725(6) 3446(4) N70 9061(3) 988(5) 3275(3) 
C9 6719(5) 625(7) 3686(4) C71 9777(4) 1493(7) 3808(4) 
CIO 6958(5) 694(7) 4698(4) S72 10781(1) 2259(2) 4535(1 ) 

01 6609(3) 2009(5) 4876(3) 



Appendix B 

PHYSICAL MEASUREMENTS 

Infrared spectra were recorded in the range 4000-200 cm-I as KBr discs or 

liquid smears using a Pye-Unicam SP3-300 infrared spectrophotometer. All spectra 

were referenced to the 1601.4 cm-I polystyrene absorbance. 

A Varian DMSlOO spectrophotometer was used in measurements of 

electronic spectra of solutions in the range 11,111-50,000 em-I, Spectra of solid 

samples were recorded using a Beckman DK-2A ratio recording spectrophotometer. 

1H and 13C nmr spectra were usually obtained on a Varian XL300 Fourier 

transform spectrophotometer. 

Microanalyses were determined by the Campbell Microanalytical Laboratory, 

University of Otago, Dunedin. 

A conductivity cell of cell constant 0.251, constructed from platinum 

electrodes in conjunction with a resistance/capacitance bridge was used for 

measurements of electrical conductance. 
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Mass spectra were obtained by two methods: F AB (Fast Atom 

Bombardment) and 252Cf PDMS (Plasma Desorption Mass Spectrometry). The low 

resolution F AB spectra were run on a Kratos MS80 RF A mass spectrometer using a 

magic bullet (1:3 dithioerythritol:dithiothreitol) matrix. The 252Cf PDMS spectra 

were obtained by Dr. L.K. Pannell of NIDDK, National Institutes of Health, 

Bethesda, USA. 

EXAFS (Extended X-ray Absorption Fine Structure) and XANES (X-ray 

Absorption Near Edge Spectroscopy) were obtained by Dr. S.P. Cramer of the 

National Synchrotron Light Source, Brookhaven National Laboratory, New York, 

USA. 

Room temperature magnetic moment studies were carried out using a 

Newport Instruments Gouy balance. Detailed low temperature measurements were 

obtained by Dr. J-M. Latour and Dr. J-P. Tuchagues of CNRS at Grenoble and 

Toulouse respectively. 

A Philips PW1729 X-ray powder diffractometer was used to record powder 

diffraction patterns. 
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