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Metallomacrocycles containing {M(NO)(TpMe2)} [TpMe2 = HB(3,5-Me2C3HN2)3; M = Mo or W] have been
synthesized by direct reaction between [M(NO)(TpMe2)I2] and a heterotopic ligand HE–E�H {1,x-HOC6H4XOH
(x = 3, X = CO; x = 3 or 4, X = CH2 or CH2CH2)} in the presence of NEt3. Only  and meso isomers were isolated
from the reactions where M = Mo, x = 4 and X = CO or CH2CH2 but both  and meso and syn and anti isomers
from the other reaction mixtures. Stereo-controlled synthetic routes to syn and anti isomers containing the
OC6H4CH2O-3 bridging ligand were developed through formation of [M(NO)(TpMe2)(OC6H4CHO-3)]2 (M = Mo
or W) followed by reduction to [M(NO)(TpMe2)(OC6H4CH2OH-3)]2 and subsequent reaction with [M�(NO)(TpMe2)I2]
(M� = W or Mo) to give [{M(NO)(TpMe2)}(µ-OC6H4CH2O-3)2{M�(NO)(TpMe2)}]. The trinuclear complex
[{Mo(TpMe2)(NO)}(µ-OC6H4CH2O-3)2{W(TpMe2)(NO)}2(µ-1,3-OC6H4O)] was obtained from the reaction of
[Mo(NO)(TpMe2)(OC6H4CH2OH-3)]2 with the binuclear complex [{W(NO)(TpMe2)I}2(µ-1,3-O2C6H4)]. The crystal
structures of -[Mo(TpMe2)(NO)(OC6H4CH2CH2O-4)]2 and [W(TpMe2)(NO)(OC6H3NO2-4-CH2CH2O-3)]2 were
established.

Introduction
The synthesis of novel metallomacrocyclic architectures
through facile thermodynamically controlled self assembly
reactions involving d8, d9 or d10 metal centres and polypyridyl
ligands is now well established.1–4 Numerous examples of bi-,
tri- and higher nuclearity complexes are known, some of which
exhibit host properties,5 magnetism 6 or luminescence.7 Metallo-
macrocycles derived from symmetric ditopic oxygen donor
ligands are also known.8–11 Earlier work by Maverick and co-
workers demonstrated that ligands containing two β-diketonate
binding sites could form metallomacrocycles containing planar
copper() centres which display host properties.9 Subsequently
Saalfrank et al. showed that bicyclic structures could be
obtained by combining ligands of this type with octahedral
metal centres.10 In these cases the robustness of the macrocycles
arises, at least in part, from the kinetic stability of the metal–
β-diketonate interaction. Monodentate metal–organo-oxide
ligand interactions can also form a basis for metallomacrocycle
formation. Stephan established the feasibility of constructing
metallomacrocycles with ditopic ligands containing two
monodentate alkoxide binding sites by synthesizing [Zr(η5-
C5H5)2{1,3-(OCH2)2C6H4}]2.

8 In this case additional π bonding
between the oxygen and the formally d0 zirconium() centres
increases the stability of the metal–alkoxide bond and con-
tributes to the robustness of the metallomacrocycle structure.
In our own work 11 we have exploited the unusually strong
bonding between the ligands RE� (E = O, S or NH: R = hydro-
carbyl) and the coordinatively unsaturated, formally d4, metal
centres in {M(TpMe2)(NO)}2� {TpMe2 = HB(3,5-Me2C3HN2)3}

† Electronic supplementary information (ESI) available: NMR, IR and
LSIMS spectroscopic data for complexes 1–31. See http://www.rsc.org/
suppdata/dt/b0/b006716o/

to form metallomacrocycles. Thus we have synthesized, and
obtained the crystal structures of, the syn and anti isomers
of [Mo(TpMe2)(NO)(2,7-O2C10H6)]2,

11a syn, syn-[Mo(TpMe2)-
(NO)(1,4-O2C6H4)]3

11c and anti, syn-[W(TpMe2)(NO)(1,4-O2C6-
H4)]3,

11b which contain rigid ditopic ligands. We have also syn-
thesized and structurally characterised the syn- and anti isomers
of [Mo(TpMe2)(NO){1,4-(OCH2)2C6H4}]2 and anti-[Mo(TpMe2)-
(NO){(4-OC6H4)2CH2}]2 which contain more flexible ditopic
ligands.11e These compounds are formed under kinetic control
and, in some cases, particular isomers are formed stereo-
selectively. All contain symmetrical bridging ligands which,
in combination with octahedral {Mo(TpMe2)(NO)} centres,
lead to the availability of syn- or anti-isomeric forms for the
binuclear species. In this paper we examine the formation of
cyclophane like metallomacrocycles derived from [M(TpMe2)-
(NO)I2] (M = Mo or W) and the heteroditopic proligands 11e

HE–E�H {1,3-HOC6H4CH2OH, 1,3-HOC6H4CH2CH2OH,
1,4-HOC6H4CH2CH2OH or 1,3-HOC6H4CO2H (M = Mo)}. In
principle the binuclear metallomacrocycle complexes formed,
[M(TpMe2)(NO)(E-E�)]2, may exist as any of four isomers, ,
meso, syn or anti as shown in Fig. 1. Two synthetic approaches
to such compounds have been examined. The first involves
direct reaction of [M(TpMe2)(NO)I2] with a heteroditopic
proligand,11e an objective of this part of the work being to
establish whether such reactions show any stereoselectivity. The
second approach offers a measure of stereochemical control
through prior preparation of the achiral derivatives [M(TpMe2)-
(NO)(OC6H4CHO-3)2] which may be reduced to the alcohols
[M(TpMe2)(NO)(OC6H4CH2OH)2] which can then serve as
proligands in a subsequent metallomacrocycle forming reac-
tion. Such metal containing ligands cannot be formed from
the direct reaction of [M(TpMe2)(NO)I2] with HOC6H4CH2OH
because the conditions necessary to induce substitution of
both iodide ligands lead only to metallomacrocycle formation.
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Assuming that no ligand redistribution takes place, the reaction
between [M(TpMe2)(NO)(OC6H4CH2OH)2] and [M(TpMe2)-
(NO)I2] should then lead only to syn and anti isomers. The
syntheses of these metal containing proligands offer new syn-
thons for constructing redox active metallomacrocycles. The
structural formulae of the new compounds reported here are
presented in Figs. 2, 3 and 4.

Experimental
General details

All commercial reagents were used as supplied unless otherwise
stated. The complexes [M(TpMe2)(NO)I2]�xC6H5Me 12 (M = Mo,
x = 1; M = W, x = 0) were prepared using a previously reported
method. Solvents used as reaction media were dried and freed
of oxygen by standard methods. Reactions were carried out
under a dinitrogen atmosphere but products were purified in
air. Merck silica gel (60) was used as the stationary phase for
column chromatography. Thin layer chromatography was
carried out using Merck silica gel (60) F254 TLC plates. Infrared
spectra were recorded as KBr pellets using a Perkin-Elmer 1600
series FT-IR spectrophotometer, 300 MHz 1H NMR spectra
using a Bruker AC 300 spectrometer, 400 MHz 1H NMR spec-
tra using a Bruker AMX 400 spectrometer, liquid secondary
ion mass spectra (LSIMS) using a VG ZABSPEC mass
spectrometer, and ESR spectra on a Bruker ESP 300 instru-
ment. Cyclic voltammetry was carried out using an EG&G
model 362 potentiostat and the Condecon 310 hardware/
software package. Measurements were made using approxi-
mately 2 × 10�3 mol dm�3 solutions in dry dichloromethane
under an atmosphere of nitrogen. A 0.2 mol dm�3 solution of
[Bu4N][BF4] was used as the base electrolyte. A platinum bead
electrode was used and potentials were measured with reference
to ferrocene used as an internal standard. UV/Vis spectra
were obtained using a Perkin-Elmer λ3 spectrophotometer.
Elemental analyses were carried out at the microanalytical
laboratories, University of North London.

Syntheses

Synthetic procedures leading to crude products are presented
below but details of compound purification by column chrom-

Fig. 1 Isomers of metallocyclophanes containing heterotopic bridging
ligands.

atography, compound colours, eluents, Rf values, yields and
elemental analyses are collected in Table 1. Spectroscopic data
used for compound characterisation are deposited as Electronic
Supplementary Information, Table S1.

[Mo(TpMe2)(NO)(OC6H4XO-3)]n {X � CO, n � 2, 1;
X � CH2, n � 2, 2 and 3; X � CH2CH2, n � 2, 4, 5; n � 3, 8;
[Mo(TpMe2)(NO)(OC6H4CH2CH2O-4)]n {n � 2, 6 and 7;
[W(TpMe2)(NO)(OC6H4XO-3)]n (X � CH2, n � 2, 9 and 10;
X � CH2CH2, n � 2, 11, 12 and 13; n � 3, 14). To a round
bottom flask containing [M(TpMe2)(NO)I2]�xC6H5Me (M =
Mo: 0.5 g, 0.65 mmol. M = W: 0.5 g, 0.65 mmol) in toluene
(50 ml), triethylamine (1 ml) was added and the mixture stirred.
The bridging ligand HOC6H4XOH (X = CO, CH2 or CH2CH2)
(0.73 mmol) was then added and the mixture heated under
reflux for fourteen hours, allowed to cool to room temperature,
filtered and the solvent removed in vacuo to yield a crude solid
which was purified using column chromatography.

[W(TpMe2)(NO)(OC6H4NO2-4-CH2CH2O-3)]2, 15. This
material was recovered from a solution of complexes 11 and 12
in CDCl3 which had been used for an NMR measurement
and was recrystallised from CH2Cl2–hexanes. Characterisation
is based upon spectroscopic measurements and a single crystal
X-ray diffraction study.

[{Mo(TpMe2)(NO)I}2(OC6H4CH2O-3)], 16 and [Mo(TpMe2)-
(NO)I(OC6H4CH2OH-3)], 17. To a round bottom flask
containing [Mo(TpMe2)(NO)I2]�C6H5Me (1 g, 1.30 mmol) in
toluene (100 ml), 3-hydroxybenzyl alcohol (0.092 g, 0.74 mmol)
was added and the mixture refluxed for six hours, allowed to
cool to room temperature, filtered and the solvent removed
in vacuo to yield a crude solid.

[{Mo(TpMe2)(NO)I}2(OC6H4CH2CH2O-3)], 18 and [Mo-
(TpMe2)(NO)I(OC6H4CH2CH2OH-3)], 19. The procedure
described for complexes 16 and 17 was followed using [Mo-
(TpMe2)(NO)I2]�C6H5Me (1 g, 1.30 mmol) and 2-(3-hydroxy-
phenyl)ethyl alcohol (0.102 g, 0.74 mmol).

[{Mo(TpMe2)(NO)I}2(OC6H4CH2CH2O-4)], 20 and [Mo-
(TpMe2)(NO)I(OC6H4CH2CH2OH-4)], 21. The procedure
described for complexes 16 and 17 was followed using [Mo-
(TpMe2)(NO)I2]�C6H5Me (1 g, 1.30 mmol) and 2-(4-hydroxy-
phenyl)ethyl alcohol (0.102 g, 0.74 mmol).

[Mo(TpMe2)(NO)(OC6H4CHO-3)2], 22. To a round bottom
flask containing [Mo(TpMe2)(NO)I2]�C6H5Me (2 g, 2.60 mmol)
in toluene (250 ml), 3-hydroxybenzaldehyde (0.72 g, 5.92 mmol)
and triethylamine (1 ml) were added and the mixture refluxed
for twentyfour hours. It was allowed to cool to room temper-
ature, filtered and the solvent removed in vacuo to yield a crude
solid containing [Mo(TpMe2)(NO)(OC6H4CHO-3)2].

[Mo(TpMe2)(NO)(OC6H4CH2OH-3)2], 23. [Mo(TpMe2)(NO)-
(OC6H4CHO-3)2] (1 g, 1.5 mmol) was dissolved in dry, degassed
methanol (150 ml) and to this NaBH4 (0.23 g, 6 mmol) was
added slowly. The mixture was then stirred at room temperature
for twentyfour hours and the solvent removed in vacuo to yield
a crude solid containing [Mo(TpMe2)(NO)(OC6H4CH2OH-3)2].

[W(TpMe2)(NO)(OC6H4CHO-3)2], 24. [W(TpMe2)(NO)Cl2]
(0.5 g, 0.65 mmol) was treated with HOC6H4CHO-3 (0.16 g,
1.31 mmol) in refluxing toluene (100 ml) in the presence of
triethylamine following the general procedure described above
for 22 but with a reaction time of eight hours.

[W(TpMe2)(NO)(OC6H4CH2OH-3)2], 25. [W(TpMe2)(NO)-
(OC6H4CHO-3)2] was reduced following the method described
above for complex 23.
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syn- and anti-[{Mo(TpMe2)(NO)}(OC6H4CH2O-3)2{W(TpMe2)-
(NO)}], 26 and 27. To a round bottom flask containing
[Mo(TpMe2)(NO)(OC6H4CH2OH-3)2] (0.25 g, 0.37 mmol) in
toluene (50 ml) and triethylamine (1 ml), [W(TpMe2)(NO)I2]
(0.29 g, 0.37 mmol) was added and the mixture heated at 80 �C
for fourteen hours. It was allowed to cool to room temperature,
filtered, and the solvent removed in vacuo to yield a crude solid.

[{W(TpMe2)(NO)}(OC6H4CH2O-3)2{Mo(TpMe2)(NO)}] 28. To
a round bottom flask containing [W(TpMe2)(NO)(OC6H4-
CH2OH-3)2] (0.1 g, 0.13 mmol) in toluene (50 ml), [Mo(TpMe2)-
(NO)I2]�C6H5Me (0.09 g, 0.12 mmol) was added along with
triethylamine (1 ml). The mixture was refluxed for fourteen
hours, allowed to cool to room temperature, filtered and the
solvent removed in vacuo.

[{W(TpMe2)(NO)I}2(OC6H4O-3)], 29. To a round bottom
flask containing [W(TpMe2)(NO)I2] (1 g, 1.3.1 mmol) in toluene
(150 ml), resorcinol (0.7 g, 0.65 mmol) and triethylamine (1 ml)
were added and the mixture was refluxed for 8 hours. It was
then allowed to cool to room temperature, filtered and the
solvent removed in vacuo.

[{Mo(TpMe2)(NO)}(OC6H4CH2O-3)2{W(TpMe2)(NO)}2-
(OC6H4O-3)] 30 and 31. To a round bottom flask containing
[{W(TpMe2)(NO)I}2(OC6H4O-3)] (130 mg, 0.1 mmol) in toluene
(100 ml) and triethylamine (1 ml), [Mo(TpMe2)(NO)(OC6H4-
CH2OH-3)2] (63 mg, 0.1 mmol) was added and the mixture
heated to 80 �C for fourteen hours. It was then allowed to cool
to room temperature, filtered and the solvent removed in vacuo.

Crystallographic data 13

Crystallization from dichloromethane–hexane afforded crystals
of complexes 7 and 15 suitable for X-ray crystallographic
studies. Cell dimensions and intensity data (Table 3) for the two
complexes were measured on a Rigaku R-AXIS II area detector
diffractometer. The structures were determined 13a by direct
methods and refined 13b by least squares on F2 using anisotropic
thermal parameters for non-hydrogen atoms, apart from the
carbon atoms of the dichloromethane in 15, which were
included in the calculations with isotropic thermal parameters.
Hydrogen atoms were placed in calculated positions. Diagrams
were drawn with ORTEP; 13c thermal ellipsoids are at the 25%
probability level.

CCDC reference number 186/2244.
See http://www.rsc.org/suppdata/dt/b0/b006716o/ for crystal-

lographic files in .cif format.

Results and discussion
Synthetic studies

The direct reactions of [M(TpMe2)(NO)I2] with the heterotopic
proligands HE–E�H involved heating the reagents under reflux
in toluene for 14 hours in the presence of triethylamine. The reac-
tion products were separated by column chromatography and
characterised by IR and 1H NMR spectroscopy, LSIMS and
elemental analyses (Tables 1 and S1). The IR spectra of the new
compounds contained a band in the region 2535 to 2595 cm�1

attributable to νmax(BH), from the TpMe2 ligand, together with a
band in the region 1640 to 1665 (M = Mo) or 1610 to 1625 cm�1

(M = W) attributable to νmax(NO). Molecular ions are present in
the LSIMS spectra at the appropriate m/z value and elemental
analyses are in accord with the formulations given. The 1H
NMR spectra were most useful in assigning structures to the
compounds and allow chiral and achiral isomers of the bi-
nuclear complexes to be distinguished. In  and meso isomers
each metal centre is chiral and lacks a plane of symmetry but is
indistinguishable by NMR spectroscopy from its companion.
Thus the pyrazolyl C4 protons of the TpMe2 co-ligand should

give rise to three signals in the area ratio 2 :2 :2 in the region
δ 5.5 to 6.5. The protons of the pyrazolyl methyl groups should
appear as six signals in the area ratio 6 :6 :6 :6 :6 :6 in the region
δ 1.9 to 3. In the syn and anti isomers each metal centre is
bisected by a centre of symmetry so that, as two non-equivalent
metal centres are present, the 1H NMR spectra should contain
four signals attributable to the pyrazolyl C4 protons in the area
ratio 2 :1 :2 :1. The pyrazolyl methyl protons should appear as
eight signals in the area ratio 6 :3 :6 :3 :6 :3 :6 :3. Although
some signal overlap may occur, for the binuclear complexes the
1H NMR signals due to the TpMe2 ligand are usually sufficiently
well resolved to allow unambiguous assignment of the isomer
type. Earlier studies 11 have shown that the syn and anti isomers
of binuclear metallomacrocycles containing symmetric ditopic
ligands give rise to significantly different 1H NMR spectra.
Thus, although the 1H NMR spectra of the syn and anti
isomers, or the  and meso isomers, do not provide a basis for
determining which of each pair is which, the different isomers
in each pair should nonetheless give rise to different spectra.

The reaction between [Mo(TpMe2)(NO)I2] and 1,3-
HOC6H4CO2H afforded [Mo(TpMe2)(NO)(1,3-OC6H4CO2)]2, 1,
in 37% yield (Fig. 2). The 1H NMR spectrum (ESI Table S1) is
consistent with the presence of a single isomer, either the  or
meso form. As no other binuclear isomers could be isolated
from the reaction mixture it appears that the reaction is stereo-
selective. The IR spectrum of 1 is unusual in that νmax (BH)
appears at 2593 cm�1 rather than the more typical value of
ca. 2545 cm�1. The value of 1663 cm�1 observed for νmax(NO)
is slightly higher than the 1656 cm�1 found for [Mo(TpMe2)-
(NO)(OPh)2] and consistent with the carboxylate group being
a poorer π-donor than a second phenoxide ligand. A band
attributable to νmax (CO) is observed at 1693 cm�1.

A reaction between [Mo(TpMe2)(NO)I2] and the structurally
similar ligand 1,3-HOC6H4CH2OH afforded two fractions
containing the binuclear metallomacrocycle [Mo(TpMe2)(NO)-
(1,3-OC6H4CH2O)]2. The 1H NMR spectrum (ESI Table S1) of
the first, 2, obtained in 24% yield, is consistent with its formu-
lation as the  or meso isomer and that of the second, 3,
obtained in only 3% yield, with its formulation as the syn or anti
isomer. This reaction appears to be stereoselective in that, in the
products isolated, the  or meso isomer predominates over the
syn or anti isomer by a factor of about 7 to 1. The effect of
lengthening the bridging ligand by one CH2 unit was investi-
gated by carrying out a reaction with 1,3-HOC6H4CH2CH2OH.
Two binuclear fractions were again isolated but in this case
similar yields of each were obtained. The first, 4, obtained in
19% yield, is shown by 1H NMR spectroscopy to contain the 
or meso isomer whilst the second, 5 obtained in 13% yield, is
found to contain the syn or anti isomer. A further experiment
was carried out to determine the effect of changing the orient-
ation of the substituents on the aryl group of the heteroditopic
ligand by using 1,4-HOC6H4CH2CH2OH. In this case two
binuclear fractions were again obtained, 6, in 12% yield, and 7,
in 14% yield, in addition to a trinuclear fraction, 8, in 9% yield.
The 1H NMR spectra of 6 and 7 show that both are either
the  or meso isomer but do not distinguish which is which.
However, a crystal structure of 7 (see below) establishes that
this compound is the  isomer so that 6 must then be the meso
isomer. The 1H NMR spectrum of 8 is complicated by extensive
signal overlap arising from the presence of a number of isomers
(Fig. 2), there being six pairs of enantiomers arising from the
various ways of arranging the three bridging ligands and three
nitric oxide ligands. Despite this the relative areas of the groups
of signals due the protons associated with the TpMe2 ligand and
the OC6H4CH2CH2O ligand are in accord with the formulation
of 8 as a cyclic oligomer [Mo(TpMe2)(NO)(OC6H4CH2CH2O)]n

and a molecular ion appears at m/z = 1678 in the LSIMS
indicating a value of n = 3.

The reactions of [W(TpMe2)(NO)I2] with the heterotopic
ligands were also investigated and characterisable products
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Table 1 Purification procedures and elemental analyses

Found (Calc.) (%)

Complex Eluent a Colour Rf
b Yield mg (%) C H N 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15 c

16

17

18

19

20

21

22

23

24

25

CH2Cl2

Brown
7 :3 v/v
CH2Cl2–C6H14

Brown
7 :3 v/v
CH2Cl2–C6H14

Brown
6 :4 v/v
CH2Cl2–C6H14

Brown
6 :4 v/v
CH2Cl2–C6H14

Brown
6 :4 v/v
CH2Cl2–C6H14

Brown
6 :4 v/v
CH2Cl2–C6H14

Brown
6 :4 v/v
CH2Cl2–C6H14

Brown
9 :1 v/v
CH2Cl2–C6H14

Orange
9 :1 v/v
CH2Cl2–C6H14

Orange
9 :1 v/v
CH2Cl2–C6H14

Orange
9 :1 v/v
CH2Cl2–C6H14

Orange
9 :1 v/v
CH2Cl2–C6H14

Orange
9 :1 v/v
CH2Cl2–C6H14

Orange
9 :1 v/v
CH2Cl2–C6H14

Pink
7 :3 v/v
CH2Cl2–C6H14

Purple
7 :3 v/v
CH2Cl2–C6H14

Purple
7 :3 v/v
CH2Cl2–C6H14

Purple
7 :3 v/v
CH2Cl2–C6H14

Purple
7 :3 v/v
CH2Cl2–C6H14

Purple
7 :3 v/v
CH2Cl2–C6H14

Purple
98 :2 v/v
CH2Cl2–THF
Brown
95 :5 v/v
CH2Cl2–THF
Brown
CH2Cl2

Brown
7 :3 v/v
CH2Cl2–THF
Brown

0.35

0.67

0.52

0.34

0.28

0.44

0.31

0.22

0.53

0.17

0.45

0.43

0.30

0.35

0.42

0.8

0.2

0.82

0.27

0.78

0.31

0.72

0.64

0.40

0.38

132 (37)

86 (24)

11 (3)

66 (19)

46 (13)

41 (12)

50 (14)

33 (9)

19 (5)

22 (5)

36 (6)

13 (3)

16 (4)

36 (9)

12 (3)

134 (17)

256 (30)

97 (13)

152 (17)

153 (20)

426 (49)

1360 (79)

820 (82)

135 (27)

207 (42)

47.5 (47.2)

48.9 (48.4)

48.7 (48.4)

49.6 (49.4)

49.2 (49.4)

49.4 (49.4)

49.6 (49.4)

49.2 (49.4)

41.7 (41.7)

41.8 (41.7)

42.3 (42.7)

42.9 (42.7)

42.3 (42.7)

42.6 (42.7)

—

36.5 (36.3)

39.1 (39.2)

36.9 (36.9)

40.0 (40.2)

37.0 (36.9)

39.8 (40.2)

52.5 (52.4)

52.1 (52.0)

46.3 (46.2)

—

5.12 (4.65)

5.19 (5.14)

5.32 (5.14)

5.44 (5.34)

5.39 (5.34)

5.46 (5.34)

5.46 (5.34)

5.26 (5.34)

4.59 (4.42)

4.34 (4.42)

4.82 (4.64)

4.51 (4.64)

4.91 (4.64)

4.76 (4.64)

—

4.02 (4.09)

4.33 (4.31)

4.23 (4.21)

4.54 (4.51)

4.28 (4.21)

4.52 (4.51)

5.20 (4.85)

5.28 (5.42)

4.11 (4.28)

—

15.3 (15.5)

18.0 (18.0)

18.0 (18.0)

17.3 (17.5)

17.6 (17.5)

17.7 (17.5)

17.4 (17.5)

17.3 (17.5)

15.4 (15.5)

15.3 (15.5)

15.4 (15.2)

15.1 (15.2)

15.5 (15.2)

15.2 (15.2)

—

16.2 (16.0)

14.4 (14.6)

15.8 (15.9)

14.3 (14.3)

15.6 (15.9)

14.2 (14.3)

14.7 (14.7)

14.7 (14.7)

12.8 (13.0)

—
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Table 1 (contd.)

Found (Calc.) (%)

Complex Eluent a Colour Rf
b Yield mg (%) C H N 

26

27

28

29

30

31

8 :2 v/v
CH2Cl2–C6H14

Dark yellow
8 :2 v/v
CH2Cl2–C6H14

Dark yellow
8 :2 v/v
CH2Cl2–C6H14

Brown
9 :1 v/v
CH2Cl2–C6H14

Purple
CH2Cl2

Brown
CH2Cl2

Brown

0.34

0.18

0.41

0.76

0.44

0.32

110 (25)

21 (5)

34 (25)

138 (18)

35 (21)

28 (17)

44.9 (44.8)

44.9 (44.8)

44.7 (44.8)

31.3 (31.2)

43.9 (43.4)

43.8 (43.4)

4.85 (4.75)

4.64 (4.75)

4.82 (4.75)

3.26 (3.47)

4.62 (4.56)

4.58 (4.56)

16.5 (16.6)

16.7 (16.6)

16.6 (16.6)

14.1 (14.2)

16.2 (16.4)

16.4 (16.4)

a THF = tetrahydrofuran. b Obtained with the specified eluent on Merck silica gel (60) F254 TLC plates. c Recovered from a CDCl3 solution used for a
NMR measurement and characterised by a single crystal X-ray diffraction study.

obtained in two cases, although in lower yield than for the
reactions involving [Mo(TpMe2)(NO)I2]. The reaction with 1,3-
HOC6H4CH2OH afforded two binuclear fractions, 9 and 10,
each in 5% yield. The 1H NMR spectra indicate that 9 is a
mixture of  and meso isomers and 10 a mixture of syn and
anti isomers. Attempts to separate these isomer mixtures by
column chromatography were unsuccessful.

The reaction of [W(TpMe2)(NO)I2] with 1,3-HOC6H4-
CH2CH2OH afforded three binuclear fractions 11, in 6% yield,
12, in 3% yield, and 13, in 4% yield in addition to a trinuclear
fraction 14, in 9% yield. The 1H NMR spectrum of 11 showed
no plane of symmetry to be present in the TpMe2 ligands, indi-
cating that the  or meso isomer had been isolated. The spectra
of 12 and 13 differed but each showed the presence of a plane
of symmetry in the TpMe2 ligands establishing that the syn and
anti isomers had been isolated, although the spectra do not
distinguish which compound is which isomer. The formulation
of 14 as a cyclic trimer [W(TpMe2)(NO)(OC6H4CH2CH2O)]3 is
supported by the LSIMS data and the relative areas of the
groups of 1H NMR signals due the protons associated with the
TpMe2 ligand and the OC6H4CH2CH2O ligand. However, as is
the case with the trinuclear complex 8, the 1H NMR spectrum
of 14 is complicated by signal overlap due to the presence of a
number of different isomers.

During initial attempts to separate complexes 11 and 12
by recrystallisation from acetone–hexane mixtures, a pink
product, 15, crystallised from a solution of 11 and 12 which had
been recovered from an NMR measurement. The formulation
is based on 1H NMR and IR spectroscopy, LSIMS and a single
crystal X-ray analysis (see below). The 1H NMR spectrum
indicated that the 4-position protons of the aryl ring in the
bridging ligand had been substituted but the nature of the
substituent was not apparent, no new signals appearing in place
of the substituted protons. However, the relative areas of the
signals were consistent with the presence of a cyclic oligomer of
formula [W(TpMe2)(NO)(OC6H3(Y)CH2CH2O)]n. The LSIMS
spectrum contains a molecular ion at m/z 1385, 90 units greater
than expected for the unsubstituted macrocyclic dimer, with no
other significant ions being observed above m/z 511. This would
suggest that 15 is binuclear with Y having a mass of 46, con-
sistent with it being either a carboxylic acid or a nitro group.
The IR spectrum contains bands attributable to v(BH) at 2550
cm�1 and v(NO) (nitrosyl) at 1623 cm�1. However, no bands are
observed in the region 1600 to 1700 cm�1 which might be
attributed to ν(OH) or ν(C��O) although a band present at 1572
cm�1 could be due to ν(NO) arising from the presence of an aryl
nitro group. This formulation also gives the best fit to the X-ray

data (see Table 5). The origin of the nitro group is unclear. As
the sample was recovered from an NMR tube it is possible that
a tube contaminated with nitric acid from cleaning had been
used and this had led to nitration of the complex either directly
or through the presence of NO2 in the tube. However, attempts
to reproduce this reaction failed leaving the complex either
unchanged or decomposed. There was no evidence that the
starting materials used to form the original complex were
nitrated. The structure determination of 15 shows it to be the
 isomer so that, assuming 15 is derived from 11 without
ligand redistribution, this would imply that 11 is also a 
isomer.

Although the direct reactions between heteroditopic ligands
and [M(TpMe2)(NO)I2] (M = Mo or W) offer the simplest
synthetic approach to the metallomacrocycles described
above, alternative stepwise syntheses are also possible. Three
such routes to binuclear metallomacrocycles may be proposed.
The first is based on the preparation, as intermediates, of
monosubstituted complexes [M(TpMe2)(NO)I(E–E�H)] which
may react further with the elimination of 2HI to form
[M(TpMe2)(NO)(E–E�)]2. The second involves formation of a
binuclear intermediate [{M(TpMe2)(NO)I}2(E–E�)] which may
be treated with further HE–E�H. The third route involves the
preparation of a bis-substituted complex [M(TpMe2)(NO)-
(E–E�H)2] which may be treated further with [M(TpMe2)(NO)I2].

Samples of the bimetallic complexes [{Mo(TpMe2)(NO)-
I}2{OC6H4(CH2)nO-z}] 16 (n = 1, z = 3), 18 (n = 2, z = 3), 20
(n = 2, z = 4) and monometallic complexes [Mo(TpMe2)(NO)-
I{OC6H4(CH2)nOH-z}] 17 (n = 1, z = 3), 19 (n = 2, z = 3) and 21
(n = 2, z = 4) were prepared following previously established
procedures and characterised.14,15 However, attempts to prepare
the corresponding mononuclear bis(aryl oxide) complexes
[M(TpMe2)(NO){OC6H4(CH2)nOH-z}2] were unsuccessful since
the conditions necessary to form the intermediate led directly
to metallomacrocycle formation. Instead, it proved possible
to prepare the di-substituted complexes [M(TpMe2)(NO)-
(OC6H4CH2OH-3)2] (M = Mo or W) by reduction of the
formylphenoxide complexes [M(TpMe2)(NO)(OC6H4CHO-3)2].
Thus [Mo(TpMe2)(NO)(OC6H4CHO-3)2] 22 was prepared then
reduced using NaBH4 to afford [Mo(TpMe2)(NO)(OC6H4-
CH2OH-3)2], 23. A similar procedure afforded [W(TpMe2)-
(NO)(OC6H4CHO-3)2] 24 and [W(TpMe2)(NO)(OC6H4CH2OH-
3)2], 25, which were characterised by their IR, LSIMS and 1H
NMR spectra, all of which were unremarkable and in accord
with their formulations. These proligands could then be used
to prepare heterobinuclear complexes. Thus 23 reacted with
[W(TpMe2)(NO)I2] to form two isomers of a binuclear complex,
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Fig. 2 Structural formulae for compounds 1 to 21.

26 and 27, whilst the reaction of 25 with [Mo(TpMe2)(NO)I2]
afforded 28 (Fig. 3). Similarly the reaction of 23 with the binu-
clear complex [{W(TpMe2)I(NO)}2(1,3-O2C6H4)], 29, afforded a
trinuclear complex isolated in two forms, 30 and 31 (Fig. 4).

The overall yields of macrocycles obtained using the stepwise
approach are generally lower than those obtained from direct
reaction of the proligand with [Mo(TpMe2)(NO)I2]. However,
the variations in yields do not allow any one particular route to
be identified as the most efficient for macrocycle formation. The
yields obtained from the direct reactions of [Mo(TpMe2)(NO)I2]
with HE–E�H are generally higher after 24 than 4 hours, and
the syn or anti isomers do not readily convert into the  or
meso isomers.

Electronic spectra and electrochemical studies

The electronic spectra of the new complexes are summarised in
Table 2 and are in keeping with previous observations.16

Absorptions in the region 389–405 nm can be attributed to
the ditopic ligand to M (Mo or W) Ligand to Metal Charge

Transfer (LMCT), absorptions in the regions 288–273 and 346–
342 nm are assigned to (NO) to Mo and (NO) to W LMCT
respectively and finally the strongest absorption in the region
239–224 nm has been assigned to TpMe2 π–π* transitions.

The electrochemical properties of the new macrocyclic
complexes were investigated using cyclic voltammetry and the
results obtained are summarised in Table 2. Earlier electro-
chemical studies of acyclic binuclear complexes 15 containing
{M(TpMe2)(NO)}2� centres linked by symmetric bridging
ligands have revealed interactions between the metal centres
which vary with the nature of the bridging ligand. More recent
electrochemical studies of metallomacrocycles 11 have shown
similar effects and extended the series to include tri- and tetra-
nuclear compounds.11d The electrochemical properties of
binuclear metallomacrocycles containing asymmetric bridging
ligands E–E� will be affected by both the nature and the relative
orientation within the complex of E–E�. Typically aryloxy
complexes [Mo(TpMe2)(NO)(OAr)2] (Ar = aryl) 17 undergo
one-electron reductions at more positive potentials than
their alkoxide containing counterparts [Mo(TpMe2)(NO)(OR)2]
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(R = alkyl).14,18 Thus the syn or anti isomers of complexes con-
taining OC6H4(CH)nO (n = 1 or 2) bridges should exhibit two
reduction waves, one associated with the bis(aryloxy) substi-
tuted metal centre and the other, at more negative potential,
with the bis(alkoxy) substituted metal centre. In the case of the

Fig. 3 The stepwise formation of syn or anti isomers of binuclear
metallocyclophanes and the structural formulae of compounds 22 to
28.

 or meso isomers both metal centres are equivalent and
should reduce at the same potential, intermediate between
those of bis(aryloxy) and bis(alkoxy) substituted metal centres.

Fig. 4 The stepwise formation of a trinuclear metallocyclophane and
the structural formulae of compounds 29 to 31.

Table 2 Electronic spectra and electrochemistry of metallomacrocycles

Complex λ/nm (ε/dm3 mol�1 cm�1) a,b Ef
c/V ∆Ep

d/mV ia/ic
e 

1
2

3

4
5

6
7
8
9

10
11
12
13
14
26
27
28

30
31

429 (774), 288 (1875), 224 (9761)
390 (840), 273 (1874), 235 (3583)

404 (529), 273 (1354), 227 (4051)

389 (643), 273 (2033), 235 (3715)
406 (826), 274 (1889), 228 (3249)

405 (895), 272 (1467), 230 (3733)
405 (667), 273 (1250), 228 (4247)
414 (1416), 273 (3123), 227 (10956)
326 (960), 226 (4584)

337 (876), 234 (4245)
326 (789), 239 (5014)
332 (929), 234 (5002)
342 (918), 239 (4410)
343 (1764), 228 (9974)
404 (814), 237 (4460), 227 (6160)
416 (590), 235 (3900), 225 (3890)
349 (1413), 238 (5831), 228 (6644)

332 (1330), 234 (5800), 226 (11136)
328 (1150), 239 (4998), 227 (9958)

�0.62
�1.02
�1.17
�0.67
�1.4
�1.02
�0.81
�1.33
—
�1.09
�1.03
�1.53
�1.68
�1.21
�1.61
�1.28
�1.28
�1.29
�0.68
�0.73
�1.24
�1.48
�0.72
�0.74

540
90
90

103
80

180
220
130
—
260
110
100
100
150
220
130
130
270
240
385
110
150
205
200

1.1
1
1.0
1
0.9
1.0
1.0
1.05
—
1.0
1.0
1
1.1
1.0
1.0
1.0
0.8
1.1
1.0
1.0
1.0
1.0
1.1
1.0

a Concentrations ca. 1 × 10�5 mol dm�3. b Measurements from solutions in dichloromethane. c Formal electrode potential measured from cyclic
voltammograms obtained under an inert atmosphere at a platinum bead electrode from ca. 10�3 mol dm3 solutions in dry CH2Cl2 containing 0.2 mol
dm�3 [Bu4N][BF4] as the supporting electrolyte. Potentials were measured vs. a saturated calomel reference electrode with ferrocene (Fc) added as an
internal standard. Under these conditions Ef for the Fc–Fc� couple was 0.56 ± 0.01 V. d Difference between cathodic and anodic peak potentials.
Software compensation for the internal cell resistance was made in each case. e Ratio of anodic to cathodic peak currents.



4652 J. Chem. Soc., Dalton Trans., 2000, 4645–4655

The partly saturated nature of most of the bridging ligands
used here suggests that only weak interactions between the
metal centres should be present.

The electrochemistry of complex 1 was in keeping with its
formulation as a  isomer containing two equivalent weakly
interacting metal centres. The cyclic voltammogram contained
two unresolved waves at ca. �0.62 V (CH2Cl2 vs. SCE) but the
two reduction processes could be resolved in the first and
second derivative plots giving cathodic peak potentials at
�0.570 and �0.799 V. The peak separation of 229 mV indicates
that some metal–metal interaction is present, mediated by the
OC6H4CO2-3 bridging ligands and the cyclic voltammogram
suggests that they are chemically reversible.

The cyclic voltammogram of the molybdenum complex 2,
derived from 3-hydroxybenzyl alcohol, contained two reversible
waves at �1.02 and �1.17 V. These reduction potentials lie
between those of bis(aryloxy) and bis(alkyloxy) molybdenum
complexes,14,17,18 in accord with the formulation of the complex
as the  or meso isomer, but the observation of two waves
suggests that a weak metal–metal interaction is supported by
the bridging ligand. The tungsten complex 9 shows two chem-
ically reversible waves at �1.53 and �1.68 V. Bearing in mind
that tungsten complexes of this type typically reduce at poten-
tials ca. 450 mV more negative than their molybdenum contain-
ing counterparts,17 9 and 2 show very similar electrochemical
behaviour. The cyclic voltammogram of 3 contains two chem-
ically reversible waves at �0.67 and �1.4 V consistent with its
formulation as a syn or anti isomer containing one bis(aryloxy)
and one bis(alkoxy) bonded molybdenum centre. The related
tungsten complex 10 shows only a single chemically reversible
wave at �1.21 V. This may be attributed to the reduction of a
bis(aryloxy) tungsten centre by comparison with [{W(TpMe2)-
(NO)}(OPh)2] which has Ef = �1.20 V (MeCN vs. SCE).17 A
second wave corresponding to reduction of the bis(alkoxy)
tungsten centre should be present but was not observed,
presumably because the reduction potential lies beyond the
solvent limit for the conditions used (�1.8 V).

The  or meso isomer of the molybdenum complex con-
taining the OC6H4CH2CH2O-3 ligand, 4, shows only a single
chemically reversible wave at �1.02 V. The large ∆Ep value of
180 mV indicates some electrochemical irreversibility and a
similar situation is observed for the  or meso isomer of the
tungsten complex 11. A single chemically reversible wave is
observed at �1.61 V; the value of ∆Ep is again very large at 220
mV. These potentials lie between those expected for the corre-
sponding bis(aryloxy) and bis(alkyloxy) complexes in accord
with the formulations of 4 and 11 as  or meso isomers. The
cyclic voltammogram of the syn or anti isomer, 5, contained
two chemically reversible waves at �0.81 and �1.33 V with ∆Ep

values of 220 and 130 mV respectively, in accord with the
presence of both bis(aryloxy) and bis(alkoxy) molybdenum
centres. However, the related tungsten complexes 12 and 13
each show only a single wave at �1.28 V as found for 10. Owing
to its poor solubility no satisfactory electrochemical data could
be obtained for 6. The other molybdenum complexes derived
from 2-(4-hydroxyphenyl)ethyl alcohol exhibit single broad,
apparently chemically reversible, waves. These are observed at
�1.09 V for the cyclic dimer, 7, and �1.03 V for the cyclic
trimer, 8. In the cyclic voltammogram of the tungsten contain-
ing cyclic trimer 14 a single chemically reversible wave was
observed at �1.29 V.

The cyclic voltammogram of the mixed molybdenum and
tungsten complex 26 only shows a single wave at �0.68 V
(SCE vs. CH2Cl2) which can be assigned to reduction of the
bis(aryloxy) molybdenum() centre, similarly a single wave is
observed for the isomeric complex 27 at �0.73 V. It is thought
that the second wave corresponding to reduction of the bis-
(alkoxy) bound tungsten centre appears at too negative a poten-
tial to be observed under the experimental conditions used.
Despite changing the solvent to tetrahydrofuran in order to

increase the range of potentials accessible to �2.0 V no second
wave was observed. For both 26 and 27 the very large ∆Ep

values obtained indicate a large degree of electrochemical
irreversibility, although the ia/ic values suggest that the reduc-
tions are chemically reversible. Also of note is the difference in
molybdenum reduction potential between 26 and 27, with 27
being reduced at a potential 50 mV more negative than 26. This
would suggest the conformation adopted by 26 allows for better
orbital correlation between the ditopic ligand filled oxygen p
orbitals and vacant metal d orbitals. This would also result in
the ν(NO) in the IR spectrum of 26 shifting to lower frequency
due to increased π retrodonation into the nitrosyl empty π*
orbital. This is indeed observed with the ν(NO) of 26 being 10
cm�1 lower than that of 27. The observed cyclic voltammogram
of 28 contains two reversible waves at �1.24 and �1.48 V.
Based on electrochemical data obtained from the analogous
homometallic molybdenum and tungsten complexes it is
possible to assign the two waves with some confidence. The
tungsten complex 10 showed a single wave at �1.21 V assigned
to the reduction of the bis(aryloxy) tungsten centre. It would
seem reasonable to assign the reduction at �1.24 V for 28 to a
similar process. Likewise the electrochemistry of the related
molybdenum complex 3 contained two waves, the second
at �1.4 V being assigned to the reduction of the bisalkoxy
molybdenum centre. Again the wave observed for 28 at �1.48 V
would seem consistent with a similar reduction process
associated with a bis(alkoxy) substituted {Mo(TpMe2)(NO)}2�

centre. Both waves are chemically reversible but the large ∆Ep

values indicate kinetically slow electron transfer. The cyclic
voltammograms for 30 and 31 are essentially the same and
show only single reversible reduction processes at �0.72 and
�0.74 V respectively. These Ef values are consistent with the
reduction of a bis(aryloxy) molybdenum centre. The two tung-
sten centres might be expected to show a one electron reduction
at around �1.53 V followed by a second one electron reduction
shifted to more negative potential by approximately 200 mV
due to metal–metal interaction across the resorcinol bridge.
However, no electrochemical processes are observed in this
region. It may be that prior reduction of the molybdenum
centre causes the tungsten reduction potentials to shift beyond
the solvent limit.

Structural studies

Views of complexes 7 and 15 are shown in Figs. 5 and 6, and
selected geometric parameters are listed in Tables 4 and 5. The
nitrosyl substituents are oriented syn with respect to each other
in both complexes. The coordination geometry at the metal
atoms is approximately octahedral in each case. The mean
deviations from ideal octahedral range from 7.3 to 7.9�. As had
been noted previously,11a,e these deviations show a consistent
pattern and differences between corresponding angles at the
four metal centers are relatively small, mean differences 0.8–
1.9�, with no apparent distinction between molybdenum and
tungsten. Comparison of these with data for analogous mono-
meric 11f,g complexes shows that the mean differences between
corresponding angles are of similar magnitude. The metal–
oxygen bonds fall into two categories. Where the oxygen links
the metal to an sp3-hybridised carbon, the Mo–O bonds have
lengths 1.893 and 1.897 Å, W–O 1.873 and 1.888 Å, whereas in
the M–O–C(sp2) system the M–O lengths are longer, Mo–O
1.929 and 1.919, W–O 1.942 and 1.944 Å. Both categories of
Mo–O bonds are relatively short. This implies pπ–dπ electron
donation from the donor atom (O) to the coordinatively
unsaturated metal. Large angles at oxygen and the small
N(nitrosyl)-M–O–C torsion angles (<±19.5�) are consistent
with this, although steric effects may also play a role in increas-
ing the bond angle at oxygen. The longer M–O lengths in
systems where the carbon atom is unsaturated may be the result
of additional electron delocalisation involving the aromatic
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Fig. 5 A view of complex 7 showing the atom numbering.

Fig. 6 A view of complex 15 showing the atom numbering.

Table 3 Crystallographic data for complexes 7 and 15

7 15

Formula

M
Crystal system
Space group
a/Å
b/Å
c/Å
β/�
V/Å3

Z
T/�C 
λ/Å
µ(MoKα)/mm�1

Rw(Fo
2)

R(Fo) for
obs. reflections

C46H60B2Mo2N14O6�
2CH2Cl2

1288.4
Monoclinic
P21/c
14.730(3)
17.167(3)
24.701(5)
106.55(2)
5987(2)
4
21
0.7107
0.654
0.1507
0.0562

C46H58B2N16O10W2�
CH2Cl2

1469.3
Monoclinic
P21/c
12.489(4)
24.166(9)
20.568(11)
92.82(2)
6200(5)
4
21
0.7107
3.857
0.1669
0.0583

rings, which competes with the oxygen-to-metal pπ–dπ

donation. A similar effect had been noted previously.11e

The overall conformation of complexes 7 and 15 can be
described by reference to the 12-atom best plane through the
four oxygen atoms bonded to the metal, the methylene carbon
atoms linking O(2) and O(5) to the phenyl rings, and the four
linking atoms of the phenyl rings. In 7 this grouping is coplanar
to within 0.96 Å, with the Mo atoms close to the plane,
deviations 0.15 and 0.01 Å, and the nitrosyl oxygen atoms
displaced by 2.93 and 2.87 Å on the same side of this central
plane. The corresponding 12-atom grouping in 15 is somewhat
more planar, with atomic deviations of up to to 0.69 Å, the W
atoms are displaced by 1.44 and 1.39 Å and the nitrosyl oxygens
by 3.23 and 3.16 Å on the same side of this plane. However,
because of the difference in the linkages to the phenyl rings, the
orientations of the M(NO)TpMe2 residues relative to the central
plane differs in the two complexes, as shown in Figs. 5 and 6.
Thus the distance between the nitrosyl oxygen atoms is 7.15 Å
in 7, but only 3.70 Å in 15. The corresponding metal to metal
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Table 4 Selected geometrical parameters (distances in Å, angles in �) for complex 7 a

Mo(1)–N(1)
Mo(1)–N(3)
Mo(1)–N(5)
Mo(1)–N(7)
Mo(1)–O(1)
Mo(1)–O(2)
N(7)–O(3)
O(1)–C(31)
O(2)–C(46)

N(1)–Mo(1)–N(3)
N(1)–Mo(1)–N(5)
N(1)–Mo(1)–N(7)
N(1)–Mo(1)–O(1)
N(1)–Mo(1)–O(2)
N(3)–Mo(1)–N(5)
N(3)–Mo(1)–N(7)
N(3)–Mo(1)–O(1)
N(3)–Mo(1)–O(2)
N(5)–Mo(1)–N(7)
N(5)–Mo(1)–O(1)
N(5)–Mo(1)–O(2)
N(7)–Mo(1)–O(1)
N(7)–Mo(1)–O(2)
O(1)–Mo(1)–O(2)
Mo(1)–N(7)–O(3)
Mo(1)–O(1)–C(31)
Mo(1)–O(2)–C(46)

N(7)–Mo(1)–O(1)–C(31)
N(7)–Mo(1)–O(2)–C(46)

2.231(5)
2.223(5)
2.229(5)
1.747(5)
1.929(4)
1.893(4)
1.217(6)
1.361(7)
1.425(7)

84.1(2)
83.2(2)

175.2(2)
83.2(2)
85.0(2)
78.9(2)
92.6(2)

162.6(2)
89.8(2)
92.8(2)
87.8(2)

164.5(2)
99.3(2)
98.4(2)

100.9(2)
175.3(5)
135.6(4)
132.8(4)

7.5(6)
0.9(5)

Mo(2)–N(8)
Mo(2)–N(10)
Mo(2)–N(12)
Mo(2)–N(14)
Mo(2)–O(4)
Mo(2)–O(5)
N(14)–O(6)
O(4)–C(39)
O(5)–C(38)

N(8)–Mo(2)–N(10)
N(8)–Mo(2)–N(12)
N(8)–Mo(2)–N(14)
N(8)–Mo(2)–O(4)
N(8)–Mo(2)–O(5)
N(10)–Mo(2)–N(12)
N(10)–Mo(2)–N(14)
N(10)–Mo(2)–O(4)
N(10)–Mo(2)–O(5)
N(12)–Mo(2)–N(14)
N(12)–Mo(2)–O(4)
N(12)–Mo(2)–O(5)
N(14)–Mo(2)–O(4)
N(14)–Mo(2)–O(5)
O(4)–Mo(2)–O(5)
Mo(2)–N(14)–O(6)
Mo(2)–O(4)–C(39)
Mo(2)–O(5)–C(38)

N(14)–Mo(2)–O(4)–C(39)
N(14)–Mo(2)–O(5)–C(38)

2.238(6)
2.211(5)
2.207(6)
1.764(5)
1.919(4)
1.897(4)
1.204(6)
1.358(7)
1.427(7)

85.0(2)
85.0(2)

179.8(2)
81.4(2)
83.4(2)
77.0(2)
94.9(2)

161.7(2)
88.9(2)
95.1(2)
89.6(2)

162.5(2)
98.8(2)
96.4(2)

101.6(2)
178.1(5)
141.7(4)
130.2(4)

5.7(5)
�0.1(5)

a Values in parentheses are estimated standard deviations.

Table 5 Selected geometrical parameters (distances in Å, angles in �) for complex 15 a

W(1)–N(1)
W(1)–N(3)
W(1)–N(5)
W(1)–N(7)
W(1)–O(1)
W(1)–O(2)
N(7)–O(3)
O(1)–C(31)
O(2)–C(46)
C(34)–N(15)
N(15)–O(7)
N(15)–O(8)

N(1)–W(1)–N(3)
N(1)–W(1)–N(5)
N(1)–W(1)–N(7)
N(1)–W(1)–O(1)
N(1)–W(1)–O(2)
N(3)–W(1)–N(5)
N(3)–W(1)–N(7)
N(3)–W(1)–O(1)
N(3)–W(1)–O(2)
N(5)–W(1)–N(7)
N(5)–W(1)–O(1)
N(5)–W(1)–O(2)
N(7)–W(1)–O(1)
N(7)–W(1)–O(2)
O(1)–W(1)–O(2)
W(1)–N(7)–O(3)
W(1)–O(1)–C(31)
W(1)–O(2)–C(46)

N(7)–W(1)–O(1)–C(31)
N(7)–W(1)–O(2)–C(46)

2.204(12)
2.149(12)
2.181(11)
1.741(12)
1.942(9)
1.873(8)
1.224(14)
1.365(14)
1.432(15)
1.501(17)
1.189(14)
1.202(15)

86.3(4)
84.0(4)

178.8(5)
82.5(4)
82.0(4)
78.1(4)
94.9(5)

162.7(4)
90.0(4)
95.9(5)
87.7(4)

162.2(4)
96.2(5)
98.3(5)

101.3(4)
179.2(9)
134.1(8)
134.8(8)

19.5(12)
2.4(13)

W(2)–N(8)
W(2)–N(10)
W(2)–N(12)
W(2)–N(14)
W(2)–O(4)
W(2)–O(5)
N(14)–O(6)
O(4)–C(39)
O(5)–C(38)
C(42)–N(16)
N(16)–O(9)
N(16)–O(10)

N(8)–W(2)–N(10)
N(8)–W(2)–N(12)
N(8)–W(2)–N(14)
N(8)–W(2)–O(4)
N(8)–W(2)–O(5)
N(10)–W(2)–N(12)
N(10)–W(2)–N(14)
N(10)–W(2)–O(4)
N(10)–W(2)–O(5)
N(12)–W(2)–N(14)
N(12)–W(2)–O(4)
N(12)–W(2)–O(5)
N(14)–W(2)–O(4)
N(14)–W(2)–O(5)
O(4)–W(2)–O(5)
W(2)–N(14)–O(6)
W(2)–O(4)–C(39)
W(2)–O(5)–C(38)

N(14)–W(2)–O(4)–C(39)
N(14)–W(2)–O(5)–C(38)

2.238(11)
2.141(13)
2.176(12)
1.724(13)
1.944(9)
1.888(8)
1.245(14)
1.352(14)
1.436(15)
1.485(17)
1.153(18)
1.142(15)

84.8(4)
84.9(4)

178.5(5)
82.2(4)
82.1(4)
77.1(5)
96.7(5)

160.4(4)
90.6(5)
95.3(5)
87.2(4)

162.8(4)
96.3(5)
98.0(5)

102.1(4)
176.8(12)
134.3(8)
131.1(8)

13.5(13)
�1.0(12)

a Values in parentheses are estimated standard deviations.

distances are 8.63 and 7.77 Å. As noted previously,11e the
central cavity of cyclic complexes of this type is generally too
small to bind even small guest molecules. Critical cross-ring
interatomic distances in 7 are C(35) � � � C(40) 3.59 and

C(36) � � � C(41) 3.64 Å, with corresponding H � � � H distances,
3.13 and 3.26 Å, respectively. The central cavity of 15 is slightly
larger, with C(36) � � � C(40) 4.68 Å and H36 � � � H40 3.10 Å.
Other short H � � � H distances, in the range 2.46–2.79 Å, are
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between H36 and those bonded to C45 and C46, and between
H40 and those bonded to C37 and C38. In addition the nitrosyl
ligands block off one side of the cavity.

Crystals of both complexes contain solvent of crystallisation.
Those of 7 contain two molecules of dichloromethane per
complex molecule. The hydrogen atoms of one of these make
contacts of 2.60 and 2.68 Å to ring oxygen atoms O(2) and
O(5), respectively, of complex molecules separated by a unit
cell translation along x, with angles C–H � � � O(2) and
C–H � � � O(5) 148 and 150�. These distances are, however, too
large to be considered as true hydrogen bonds, or at best only as
exceedingly weak interactions.19 The second dichloromethane
appears to act as space filler and does not interact significantly
with the complex molecule. In crystals of 15 there is one
molecule of dichloromethane per complex molecule, in two
sites, each with 50% occupancy. One of these “half molecules”
is involved in a C–H � � � O interaction of 2.59 Å to nitrosyl
oxygen atom O(6), with C–H � � � O angle of 143�. The other
dichloromethane again appears to act as space filler.

Conclusion
The direct synthesis of metallomacrocycles from [M(TpMe2)-
(NO)I2] and the unsymmetric ditopic ligands HOC6H4(CH2)n-
OH-z (HE–E�H where n = 1, z = 3; n = 2, z = 3 or 4) is often,
but not always, selective for the  or meso isomers of
[M(TpMe2)(NO)(E–E�)]2 in preference to the syn or anti isomers.
However, syn or anti isomers containing the OC6H4CH2O-3
bridging ligand can be obtained using a stepwise synthesis
involving reduction of [M(TpMe2)(NO)(OC6H4CHO-3)2] prior
to addition of the second metal centre. Since the syn or anti
isomers do not readily convert into the  or meso isomers it
would appear that the reactions are kinetically controlled. The
new metallomacrocycles are all redox active undergoing reduc-
tion processes at potentials which reflect the isomeric structure
of the metallomacrocycle.
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