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Ligands (L) in β-[Ru(azpy)2(L)2](PF6)2 Complexes
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The synthesis and characterization of the cis bifunctional co-
ordinated ruthenium(ii) complexes β-[Ru(azpy)2(Me-
Im)2](PF6)2 (β-MeIm) and β-[Ru(azpy)2(MeBim)2](PF6)2 (β-
MeBim) (azpy = 2-phenylazopyridine, MeIm = 1-methylimid-
azole and MeBim = 1-methylbenzimidazole) is reported. In
β-MeIm the two MeIm ligands can both freely rotate around
the Ru−N axes on the NMR timescale. In β-MeBim the two
MeBim ligands appear restricted in their rotation around the
Ru−N axes, which becomes slow on the NMR timescale at
low temperatures. In contrast to the analogous complexes α-
[Ru(azpy)2(MeBim)2](PF6)2 and cis-[Ru(bpy)2(MeBim)2]-
(PF6)2, only one atropisomer is observed for the two MeBim
ligands in β-MeBim. The orientation of the MeBim ligands

Introduction

Dichlorobis(azpy)ruthenium() isomers [azpy � 2-
(phenylazo)pyridine] have gained interest because of the
very different cytotoxicity they exhibit against a series of
tumor cell lines, α-[Ru(azpy)2(Cl)2] being very cytotoxic and
β-[Ru(azpy)2(Cl)2] only moderately so.[1] In a similar man-
ner to platinum antitumor compounds, ruthenium com-
plexes are thought to exhibit their cytotoxic activity
through their coordination to biological target molecules
like proteins or DNA.[2] Therefore, the differences in cyto-
toxicity found for the isomeric [Ru(azpy)2Cl2] complexes
might be very useful in the search for a structure-activity
relationship (SAR) of antitumor-active ruthenium com-
plexes. From steric aspects derived from the crystal struc-
tures[3,4] of α- and β-[Ru(azpy)2(Cl)2] and cis-[Ru(bpy)2-
(Cl)2], it was suggested that the potential cis binding sites
in these three complexes are least accessible in the β iso-
mer.[1,5] All three cis-[Ru(LL�)2] moieties (LL� � bpy or

[a] Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden
University,
P. O. Box 9502, 2300 RA Leiden, The Netherlands

[‡] Current address: Molteni Farmaceutici, S.S.
67 Loc. Granatieri, 50018 Scandicci, Florence, Italy

[‡‡] Current address: Departamento de Quı́mica Inorgánica,
Universidad Autonoma de Madrid,
Cantoblanco, 28049 Madrid, Spain

Supporting information for this article is available on the
WWW under http://www.ejic.com or from the author.

Eur. J. Inorg. Chem. 2003, 713�719  2003 WILEY-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim 1434�1948/03/0204�0713 $ 20.00�.50/0 713

appears to correspond to an HT isomer which is similar to
the orientation of the MeBim ligands in the most abundant
atropisomer found in the related α-[Ru(azpy)2(MeB-
im)2](PF6)2. A stacking interaction between the phenyl ring
of one azpy and one MeBim ligand is likely to stabilize the
observed atropisomer of β-MeBim, and is such that the rota-
tion of the phenyl ring of one of the two azpy ligands is re-
stricted. At very low temperatures this rotation, or flipping of
the phenyl ring between two identical positions, is in the
slow-exchange range on the NMR timescale.

( Wiley-VCH Verlag GmbH & Co KGaA, 69451 Weinheim,
Germany, 2003)

azpy) bind only monofunctionally to guanine
derivatives.[5�7] Due to the absence of a C2 axis, the β iso-
mer has actually two different binding sites (see Figure 1),
which both appear to be accessible for the binding of an
oxopurine ligand; however, the bifunctional coordination of
non-tethered purines appears impossible for this isomer.

Previously,[5,8,9] it has been described that the study of
the coordination of ruthenium complexes to the lopsided
heterocyclic ligand 1-methylbenzimidazole, MeBim, can
provide information about the (steric) possibilities of a
complex to bind in a cis bis(configuration) to the purines
of DNA. In the present paper the binding of the lopsided
imidazoles (L) 1-methylimidazole (MeIm) and MeBim (see
Figure 2) to β-[Ru(azpy)2(NO3)2] is described and their ro-

Figure 1. Structural (left) and schematic (right) representation of
β-[Ru(azpy)2(L)2](PF6)2 and the used proton numbering scheme
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tational behavior discussed. The results are compared with
those obtained for the analogous bpy complexes cis-[Ru-
(bpy)2(L)2](PF6)2,[8,9] and the isomeric α complexes α-[Ru-
(azpy)2(L)2](PF6)2.[5,10]

Figure 2. Structural representation, proton numbering scheme,
NOE (solid arrows) and COSY (dashed arrows) connectivities of
methylimidazole (MeIm, left) and methylbenzimidazole (MeBim,
right); the bold arrows (bottom) represent the head-tail axis of the
imidazole ligands, as will be used in the schematic drawings in Fig-
ures 4 and 9

Results and Discussion

The α- and β-isomers are generally accepted to be the
most stable isomers of the bis(azpy)ruthenium()
complexes.[11�13] However, in solution these two complexes
can isomerize, as in fact is observed in the reaction of the
isomeric complexes α- and β-[Ru(azpy)2(NO3)2] with guan-
ine derivatives under refluxing conditions in water.[5�7] In
the synthesis of bis(adducts) of the type α-[Ru(azpy)2-
(L)2](PF6)2 no evidence for isomerisation has been
found;[5,10] in the present synthesis of the β-isomer bis(ad-
ducts), no isomerized compounds were observed either. Ap-
parently, once fully coordinated with nitrogen ligands the
α- and β-bis(azpy)ruthenium complexes are stable to iso-
merisation, even under refluxing conditions in acetone/
water.

Similar to the 1H NMR spectra of the analogous com-
plexes α-[Ru(azpy)2(MeIm)2](PF6)2

[5,10] and cis-[Ru(bpy)2-
(MeIm)2](PF6)2,[8,9] the β-MeIm complex shows a 1H NMR
spectrum with sharp signals, suggesting that the MeIm li-
gands are rotating rapidly on the NMR timescale (Fig-
ure 3). Also analogous to the bpy and α-azpy systems, the
β-MeBim complex shows mainly broad peaks at room tem-
perature, suggesting that the MeBim ligands are rotating at
an intermediate speed on the NMR timescale. The possible

Figure 3. 1H NMR spectra (δ scale in ppm) of the complexes β-
MeIm (top) and β-MeBim (lower spectrum) in [D6]acetone, at 25
°C; assignments are indicated in the figure
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presence of rotameric structures in the β-MeBim complex
requires a short introduction, which is given below.

For two cis-coordinated lopsided ligands on the ruth-
enium ion, the corresponding atoms can be on the same
side (head-to-head, HH), or on opposite sides (head-to-tail,
HT) of the ligand�metal�ligand plane.[14] As a lopsided
ligand prefers not to orient in the same plane as another
ligand,[15] four staggered orientations are possible. In a cis
bifunctional octahedrally coordinated complex 16 possible
atropisomers can be drawn.[5] It can be reasonably assumed
that the bicyclic ligands will prefer an orientation with the
longitudinal axis parallel to each other, and not orthogonal,
therefore only the eight atropisomers depicted in Figure 4
have to be taken into account when identifying the atropiso-
mers. In the complex cis-[Ru(bpy)2(L)2](PF6)2] the orienta-
tion of the imidazole ligands above the bpy ring system is
not observed, diminishing the number of possible atropiso-
mers.[8,9] The other four atropisomers, R5�R8, are not ob-
served, the steric hindrance of the bpy rings most likely pre-
venting the orientation of an MeBim unit above its ring
system. It appears, however, that such an orientation cannot
be excluded in α-[Ru(azpy)2(L)2](PF6)2 complexes.[5,10] The
identification of the observed rotamers for bis(azpy)ruthen-
ium complexes therefore requires a detailed investigation
and consideration of all the eight atropisomers R1�R8.
Most convenient for the identification of atropisomers in
the α-[Ru(azpy)2(MeBim)2](PF6)2 system[5,10] is the fact that
the C2 symmetry in the α-[Ru(azpy)2] moiety reduces the
number of different rotamers from eight to six. Further-
more, four of the HT rotamers have C2 symmetry, resulting
in the two azpy and the two MeBim ligands being indistin-
guishable by 1H NMR spectroscopy, which proves the pres-
ence of the HT isomers already from a 1D 1H NMR spec-
trum. Due to the lack of C2 symmetry in the β-[Ru(azpy)2]
moiety, all the eight atropisomers are different from each
other, and each of them is expected to give different proton
resonances for both azpy and both imidazole ligands.

Figure 4. Schematic representation of eight theoretically possible
rotameric structures of β-[Ru(azpy)2(MeBim)2](PF6)2

β-[Ru(azpy)2(MeIm)2](PF6)2 (β-MeIm)

The 1H NMR spectrum of β-MeIm at room temperature
is shown in Figure 3. In the aromatic region, 20 resonances
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are found, several of which overlap with other signals. With
the use of COSY and NOESY data the complete assign-
ment of all resonances has been done (Figure 3 and
Table 1). One doublet and two triplet peaks with double
intensity in the high-field region can immediately be attrib-
uted to the azpy ortho [H(o)], and meta [H(m)] protons of
the phenyl ring, respectively, after which a COSY spectrum
reveals the triplet at δ � 7.55 ppm to be attributed to H(p).
The MeIm peaks were assigned starting from an NOESY
spectrum in which the Me(i) resonances show interaction
with the parent H(ii) as well as the H(v) proton resonances;
the latter also shows a cross peak with H(iv). From a COSY
spectrum, the four signals of the pyridine part of the azpy
ligands could be correlated; on the basis of the 3J coupling,
the doublets at δ � 8.8 and 7.9 ppm were assigned to the
H6 and H6� resonances (� 6 Hz), whilst the doublet at δ �
9.0 ppm (� 9 Hz) was assigned to the two overlapping H3
and H3� resonances. The peak assignment was further con-
firmed by the (weak) NOE cross-peaks observed between
the H6 and the H6� resonances, and the H(o) and H(o�)
signals, as would be expected for the β-isomer.[5,7,16]

Table 1. Selection of 1H NMR spectroscopic data (chemical shifts)
of β-[Ru(azpy)2(MeIm)2](PF6)2, β-MeIm, and β-[Ru(azpy)2(Me-
Bim)2](PF6)2, β-MeBim, in [D6]acetone at room temp. and at �95
°C, respectively

H3 H6 H3� H6� H(ii) H(iv) H(ii�) H(iv�)

β-MeIm 9.08 8.87 9.08 8.02 7.08 6.21 7.69 6.49
β-MeBim 9.35 7.82 9.35 8.87 8.02 5.3 7.76 6.35

On the basis of only the inter-azpy NOE interactions, it
is impossible to attribute one of the two sets of pyridine- or
one of the two sets of phenyl-ring proton resonances to a
specific azpy ligand. Whereas the interligand NOE peaks of
H6 with H(o) in a (non-C2-symmetric) bis(adduct) of the
α-isomer allow to distinguish between the azpy moieties,
this is not the case for the β-isomer.[5,16] As the H6� is ori-
ented just above the pyridine ring of the other azpy ligand
(Figure 5) a relatively strong shielding of this proton reson-
ance is expected with respect to the H6 proton, and there-
fore the high-field doublet with a 3J coupling of 6 Hz has
been attributed to the H6� proton, whilst the low-field
doublet with a coupling of 6 Hz is assigned to H6. The

Figure 5. Structural representation and proton numbering scheme
of β-[Ru(azpy)2(MeIm)2](PF6)2 (β-MeIm)
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resonances of the two phenyl ring systems have been as-
signed on the basis of the interligand azpy-MeIm NOE in-
teractions (vide infra).

The 1H NMR spectrum of β-MeIm (Figure 3) shows two
sets of azpy and two sets of imidazole signals. In theory,
such a spectrum can either represent a complex in which
both the MeIm ligands are rotating rapidly on the NMR
timescale, or it can represent one of the eight atropisomers
depicted in Figure 4. As the MeBim ligands in this complex
show rotational behavior at room temp. (vide infra) it is
reasonable to assume the smaller MeIm ligands do so, too.
Upon lowering the temperature to �95 °C, the 1H NMR
spectrum of β-MeIm does not change significantly, indicat-
ing that at lower temperatures the MeIm ligands are still
rotating rapidly on the NMR timescale. In the study with
the cis-[Ru(bpy)2(L)2]2� [8,9] and α-[Ru(azpy)2(L)2]2� com-
plexes[5,10] it is pointed out that the didentate heterocycles
are spectator ligands, with the protons closest to the coor-
dination sites functioning as probe protons that can be used
to monitor the orientation and/or the rotation of the mon-
odentate imidazole ligands L. The present results indicate
that the H6/H6� and the H(o)/H(o�) protons of the azpy
ligand can also function as probe protons to monitor the
orientation and rotational behavior of the cis bis(coordin-
ated) ligands L. The NOESY spectrum of β-MeIm (Fig-
ure 6) shows that the azpy H6 proton interacts with the
H(ii) and H(iv) protons of both MeIm ligands. These NOE
peaks indicate that the MeIm ligands are rotating around
their Ru�N axes on the NMR timescale, and this is further
confirmed by the cross peaks between the two MeIm li-
gands: H(ii)-H(ii�), H(ii)�H(iv�), H(iv)�H(ii�) and
H(ii)�H(iv�). The 2D 1H NMR spectroscopic data clearly
confirm, therefore, that the MeIm ligands are indeed rotat-
ing (fast) around their Ru�N(iii) axes.

Figure 6. NOESY spectrum of β-[Ru(azpy)2(MeIm)2](PF6)2, in
[D6]acetone at 25 °C; the highlighted areas indicate the NOE cross
peaks of the H6 (solid rectangle) and H(iv) (dashed rectangle) res-
onances
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β-[Ru(azpy)2(MeBim)2](PF6)2 (β-MeBim)

Variable-Temperature 1H NMR Behavior

At room temperature broad peaks are observed in the 1H
NMR spectrum of β-MeBim (Figure 3). These are charac-
teristic of a complex with different rotamers that are ex-
changing with each other on the NMR timescale. In the
1H NMR spectrum of β-MeBim at higher temperatures, no
(complete) sharpening of the signals is observed. On
lowering the temperature, on the other hand, a sharp set of
signals is observed (Figure 7). All the azpy protons reson-
ances can be assigned from the COSY and NOESY spectra
in a similar way to β-MeIm. The identification of the rota-
mers was made from the 2D NOE data and by evaluating
the (de)shielding effects of the ligands on the other proton
resonances; the rotational aspects of the ligands at different
temperatures were determined from the ROESY data.

Figure 7. 1H NMR spectra (δ scale in ppm) of β-[Ru(azpy)2(Me-
Bim)2](PF6)2 at different temperatures; assignment of resonances in
the low temperature spectrum is given in Table 1

Analogous to the discussion of the MeIm complex, for
β-MeBim a theoretical total of 24 resonance signals in the
aromatic region for the two azpy ligands and the two Me-
Bim ligands could indicate the presence in solution of only
one symmetric atropisomer, in slow exchange on the NMR
timescale, or on the other hand it could indicate the average
of a rotational system which is in fast exchange on the
NMR timescale. For β-MeBim the 1H NMR spectrum at
room temperature shows broad peaks, suggesting that the
presence of different atropisomers could possibly be ob-
served at lower temperatures. The results obtained with the
α-[Ru(azpy)2(MeBim)2]2� complex explicitly demon-
strate[5,10] that one should take great care in interpreting the
1H NMR spectroscopic data of rotational complexes, as a
set of signals can indicate a system which has no rotating
ligands on the NMR timescale, but can also indicate a sys-
tem with fast moving ligands, which can freeze out into
different atropisomers upon lowering the temperature. Fur-
thermore, the sets of signals belonging to these ‘‘atropiso-
mers’’ in slow exchange can sometimes represent the aver-
age signal of more possible atropisomers.[5,10] For β-Me-
Bim, the spectrum at �95 °C is shown to represent one
specific atropisomer (see next section), but the VT 1H NMR
spectroscopic data show one particular feature that should
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be treated in more detail. This regards the rotational be-
havior of the phenyl ring of one of the two azpy ligands,
which, due to interaction with the lopsided ligands, be-
comes slow on the NMR timescale in the low-temperature
region.

Orientations of the Two MeBim Ligands in β-MeBim

The orientation of the MeBim ligands in β-MeBim as
observed at low temperatures was determined from the
NOE data. As pointed out for the MeIm complex β-MeIm,
the H(o) and H6 protons of the azpy ligands are found close
to the imidazole ligands, and NOE interactions are most
useful for determining the orientation of the MeBim li-
gands. Unfortunately, the H(o) resonances are very broad
at the recording temperature and no NOE cross-peaks are
observed. The most important NOE cross peaks observed
for β-MeBim (Figure 8) are the H6�H(iv�) and the weak
cross peaks between the H(ii) and H(iv�) resonances and
H(iv) and H(ii�) resonances. These three cross peaks point
to a conformer in which the imidazole H(ii) protons of both
the benzimidazole ligands are oriented above the aza bind-
ing of their fac-coordinated azpy ligands (R5 in Figure 4;
see Note added in proof). The six-membered ring of the
MeBim ligand [H(iv)] is oriented in a face-to-face manner
with the pyridine of the mer-coordinated azpy ligand, whilst
the other MeBim ligand [H(iv�)] has its six-membered ring
face-to-face with the phenyl ring of the mer-oriented azpy
ligand. This HT atropisomer is different from the two HT
atropisomers found for the cis-[Ru(bpy)2(MeBim)2](PF6)2

system[8,9] in which none of the rotamers has the lopsided
part of a MeBim ligand oriented above the didentate ligand.
Interestingly, this rotamer is very similar to the most abund-
ant (HT) atropisomer observed in the related α com-
plex.[5,10]

Figure 8. ROESY spectrum of β-[Ru(azpy)2(MeBim)2](PF6)2 (β-
MeBim) in [D6]acetone at �95 °C; NOE cross peaks are high-
lighted in the dotted areas (see Note added in proof)

It is most likely that the bulky, rotating phenyl rings of
the two azpy ligands prevent the MeBim ligand from ori-
enting in the direction of the two aromatic rings of the two
azpy ligands (R1�R4).The orientation of the MeBim� li-
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gand with the six-membered ring above the azpy ligand is
also not expected due to severe steric clashes (R7, R8). For
the same reason atropisomer R6 is likely to be sterically
disfavored. The remaining atropisomer, R5, has the MeBim
ligands oriented in such a way that the imidazole ring pro-
tons are oriented close to the aza bond of the azpy ligands.
Besides the steric effects preferring this orientation, an elec-
tronic effect is possibly also stabilizing the orientations of
the MeBim ligands. Marzilli et al.[17] have pointed out that
the orientation of imidazole ligands can partly be deter-
mined by the electrostatic interaction between the relatively
positive NCHN δ� site of the imidazole ring with partly
negative ligands like chloride ions. In β-MeBim there might
be two such interactions between the imidazole ring of both
MeBim ligands and the aza bond of the respectively fac-
oriented azpy ligands.

In summary, taking into account that, for symmetry
reasons the two HH rotamers in α-[Ru(azpy)2(MeBim)2]-
(PF6)2 each represent two (identical) atropisomers, seven
out of the eight possible orientations of the two MeBim
ligands shown in Figure 4 are observed.[5,10] The isomeric
complex β-MeBim, however, shows only one stable atrop-
isomer, i.e. the HT isomer R5 (Figure 4).

From the discussion of the possible orientation of the
non-tethered MeBim ligands in β-MeBim, it is concluded
that only one stable atropisomer is to be expected. For the
investigation of atropisomers in cis-[Ru(bpy)2(L)2](PF6)2

complexes, the mdbz ligand [bis(1-methyl-2-benzimidazolyl)-
ethane] has been used to prepare the complex cis-[Ru-
(bpy)2(mdbz)](PF6)2. In this mdbz complex, the two MeBim
moieties are oriented as in the R1 atropisomer (A in the
previous paper)[9] but are tethered, and therefore rotation
of the imidazole ligands around the Ru�N axes cannot be
expected and is indeed not observed. On reaction of β-[Ru-
(azpy)2(NO3)2] with mdbz, however, no β-[Ru(azpy)2-
(mdbz)](PF6)2 could be obtained at all. From a space-filling
model of β-[Ru(azpy)2(mdbz)](PF6)2, and from Figure 4, it
is clear that the didentate ligand mdbz cannot coordinate
in a bifunctional mode to the β-bis(azpy) isomer in such a
way as to adopt the HT atropisomer R5, as the imidazole
moieties in the R5 orientation are too distant. On the other
hand, to adopt the HT orientation from atropisomer R1,
one phenyl ring of the mdbz should be coordinated wedged
in between the pyridine rings of the two azpy ligands. The
‘‘tail’’ part of the mdbz in β-[Ru(azpy)2(mdbz)](PF6)2

should be wedged in between the phenyl rings of the two
azpy ligands. In particular, the phenyl rings of the two azpy
ligands are prevent the second benzimidazole moiety of the
mdbz from coordinating to the ruthenium ion. (See the
Supporting Information where the hypothetical structure of
β-[Ru(azpy)2(mdbz)](PF6)2 is drawn schematically.) This in-
dicates that the (main) HT conformation in which the
benzimidazole ligands coordinate to the cis-[Ru(bpy)2] is
not possible for the β-[Ru(azpy)2] complex, and confirms
the mdbz to be a good model ligand for an HT interaction
in which the imidazole sites of the MeBim ligands are
pointing towards each other.
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(De)Shielding Effects
Because of the different (de)shielding effects caused by

the different orientations of the MeBim ligands, the probe
protons shift characteristically, as is nicely illustrated for the
three main atropisomers found[5,10] in α-[Ru(azpy)2(Me-
Bim)2](PF6)2 and the three atropisomers observed[8,9] in cis-
[Ru(bpy)2(MeBim)2](PF6)2. In β-MeBim only one atropi-
somer is observed, and therefore the relative shifts of the
probe protons in different atropisomers cannot be discus-
sed. However, a few remarkable proton resonances do re-
quire further discussion.

The most upfield-shifted aromatic proton signal appears
to be the H(iv) resonance at δ � 5.30 ppm. In the free li-
gand the H(iv) proton resonance is observed at δ �
7.6 ppm, and in the cis-[Ru(bpy)2(MeBim)2](PF6)2 complex
at δ � 7.1�7.2 ppm for the atropisomer R2/R3 and R4
(atropisomers B and C, respectively, as mentioned in the
corresponding previous publications).[8,9] In the α-[Ru(-
azpy)2(MeBim)2](PF6)2 complex the most upfield-shifted
H(iv) resonance signals are at δ � 6.1 and 6.2 ppm,[5,10]

and belong to the least abundant atropisomer R6/R7. The
exceptional upfield shift of H(iv) in β-MeBim can be nicely
explained by the strong shielding effect of the proximate
phenyl ring of the azpy ligand (see Figure 9).

Figure 9. Schematic representation of the atropisomer R5 of β-
MeBim (left) and projection along the MeBim��Ru axis (right);
the overlap and consequential mutual shielding effects of the six-
membered rings of the azpy phenyl group and the MeBim ligand
is visualized

It is most likely that some kind of stacking interaction is
present, with H(iv) oriented just above the slowly flipping
phenyl ring, which most of the time is oriented parallel and
face-to-face with the MeBim six-membered ring. Consecut-
ively, the two phenyl ring H(o) protons, once having become
inequivalent due to the slow rotation of the ring around the
C�N axis, are, in turn, expected to shift characteristically
due to the shielding effect of the six-membered ring of the
MeBim ligand. In fact, one resonance [δ � 6.1 ppm, H(o)sh]
is shifted strongly upfield whilst the other is deshielded [δ �
8.3 ppm, H(o)desh] and shifted downfield. The H(m�) pro-
tons show a similar effect {δ � 6.3 [H(m�)sh] and 7.6 ppm
[H(m�)desh]}, albeit with a frequency difference, ∆v, less ex-
treme than observed for the H(o) resonances (660 and
390 Hz, respectively).

From Figure 9 the mutual shielding effect of the azpy
phenyl ring and the MeBim six-membered ring is evident.
The H(o�)sh signal is assigned to the proton which is ori-
ented just above the shielding cone of the MeBim six-mem-
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Figure 10. EXSY level of the ROESY spectrum of β-MeBim in
[D6]acetone at �95 °C; the H(o�) and H(m�) exchange peaks are
indicated with dashed and dotted lines, respectively

bered ring, whilst the H(o�)desh signal is attributed to the
other H(o�) proton. NOE cross peaks between H(o�) and
H(iv) would unambiguously confirm this orientation; how-
ever, none are observed. At �95 °C the phenyl ring is still
flipping as can be concluded from the cross peaks observed
in the EXSY level of a ROESY spectrum (Figure 10). The
H(o�) resonance is too broad to detect any NOE interac-
tion. However, all assignments and conclusions agree well
with the results of the analogous 1,2-dimethylimidazole
complex, in which the phenyl ring is rotating even more
slowly on the NMR timescale than in the analogous Me-
Bim complex, and the signals of the phenyl ring protons
are sharper.[18]

Exchange Mechanism

The kinetics of exchanging systems can be studied by 1D
and/or 2D NMR spectroscopic techniques. At higher tem-
peratures a broadening of signals is observed for β-MeBim
which might be due to rotational behavior of the MeBim
ligands. The broadening of the peaks is not the result of
interchanging rotamers present at low temperatures. The
energy input upon increasing the temperature might allow
the interconversion of the atropisomers R5 into (one of the)
other atropisomers. In the highly symmetric system cis-
[Ru(bpy)2(4Pic)2](PF6)2, in which the four rotamers present
are all identical,[19] the thermodynamic parameters of the
rotation of a heterocyclic six-ring ligand, 4-picoline, could
be determined. The phenyl ring rotation in complex β-Me-
Bim is observed to be relatively independent from the other
rotational processes in the temperature range between �95
°C and �50 °C. However, close to the temperatures where
the coalescence of the H(o�)desh and H(o�)sh, and the
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H(m�)desh and H(m�)sh signals are expected, the other sig-
nals of β-MeBim are also broadening, indicating that an-
other rotational process is occurring. Besides the fact that
the coalescence temperature of the phenyl ring protons is
difficult to observe because of overlap with other signals,
the occurrence of other dynamic processes in the same tem-
perature region severely complicates the calculation of the
thermodynamic parameters.

Conclusion

The synthesis and characterization of the bifunctional co-
ordinated ruthenium() complexes β-[Ru(azpy)2(L)2](PF6)2

provides detailed information of the steric properties of the
β-[Ru(azpy)2] moiety. Both MeIm ligands in β-MeIm can
rotate freely on the NMR timescale at all recording temper-
atures. The MeBim ligands in β-MeBim, in contrast to Me-
Bim in the analogous complexes α-[Ru(azpy)2-
(MeBim)2](PF6)2 and cis-[Ru(bpy)2(MeBim)2](PF6)2, do not
orient in different ways on the ruthenium ion at low record-
ing temperatures, and only one atropisomer is observed. By
using NMR techniques, including COSY and NOESY, the
complete structural characterization of the conformation
has been carried out, and the MeBim ligands appear to be
oriented in an HT orientation similar to that found in the
isomeric complex α-[Ru(azpy)2(MeBim)2](PF6)2. An inter-
esting observation is that the steric hindrance of the MeBim
ligands is such that the rotation of the phenyl rings of one
of the two azpy ligands is hindered. At very low temper-
atures the rotation is just at slow exchange on the NMR
timescale, causing all five phenyl-ring protons to become
inequivalent. This stacking interaction probably stabilizes
the observed atropisomer.

The results for α-[Ru(azpy)2(MeBim)2](PF6)2 and β-[Ru-
(azpy)2(MeBim)2](PF6)2 might indicate that the cytotoxic
effect of the α-[Ru(azpy)2Cl2] complex is not due to a
(static) interaction with the DNA bases in an HT configura-
tion, which is observed in the main atropisomer of all three
complexes. The antitumor drug cisplatin coordinates in a
cis bis(mode) to two neighboring guanine units in DNA,
with the guanine units oriented in an HH conformation.[20]

In the complex β-MeBim, neither of the two MeBim ligands
appears to rotate around its Ru�N(iii) axis on the NMR
timescale. The 1D and 2D VT 1H NMR studies on com-
plexes of the type cis-[Ru(Xpy)2(L)2]2� (with Xpy being a
didentate ligand like bpy or azpy, and L an imidazole li-
gand) confirm clearly that complexes of the type cis-
[Ru(Xpy)2(L)2]2� are sterically borderline cases in which bi-
functional coordination of lopsided heterocycles depends
on relatively small differences in the ligands or in their mu-
tual orientations. The 1D and 2D VT 1H NMR study pre-
sented here is an elaborate, but informative, method for de-
termining such small differences in the steric properties of
complexes of the type cis-[Ru(Xpy)2]2�. Whether the coor-
dination and/or fluxional properties of heterocyclic ligands
to cis-[Ru(Xpy)2]2�-type ruthenium complexes is indeed
crucial for the biological activity of the complexes is a sub-
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ject that should be investigated further with other cis-
[Ru(Xpy)2]2� complexes, as well as with in vitro DNA bind-
ing studies.

The current data prove that coordination of heterocyclic
bicyclic ligands to bpy and azpy complexes differs signific-
antly. The β-[Ru(azpy)2]2� moiety is sterically less versatile
than the cis-[Ru(bpy)2]2� and α-[Ru(azpy)2]2� moieties.
Therefore, the β isomer, which is biologically not as active
as the α isomer, shows a relatively reduced affinity regard-
ing coordination to the heterocyclic ligands. Besides the ori-
entation of DNA bases to platinum complexes, also the (li-
gand) rotational properties are accepted to be important
factors influencing the antitumor properties.[20] If these dif-
ferences in orientational and rotational behavior can indeed
explain the differences in biological activity of cis-dichloro-
ruthenium complexes, then a systematic, extensive investi-
gation of a series of complexes of the type cis-[Ru(Xpy)2] is
of paramount importance.

Experimental Section

Materials and Physical Measurements: 1-Methylimidazole (MeIm,
Aldrich) and 1-methylbenzimidazole (MeBim, Sigma) were used
without further purification. Hydrated RuCl3 was used as received
from Johnson Matthey; azpy and β-[Ru(azpy)2(Cl)2]·CHCl3 were
prepared according to literature procedures.[11] For the purification
of β-Ru(azpy)2(MeBim)2](PF6)2 neutral aluminum oxide (Alumina
Woelm N Super I) was used. The complex β-[Ru(azpy)2-
(NO3)2]·CHCl3 was prepared as described elsewhere.[5,7] NMR
measurements were performed as described before[8,9] at
300.13 MHz with a Bruker 300 MHz DPX spectrometer, equipped
with a Bruker B-VT1000 variable-temperature unit. Concentrations
were in the 0.01  region or below.

Syntheses

β-Ru(azpy)2(MeIm)2](PF6)2 (β-MeIm): β-[Ru(azpy)2(NO3)2]·CHCl3
(0.15 g, 0.21 mmol) was dissolved in a mixture of 10 mL of water
and 4 mL of acetone and stirred at room temperature for 24 h.
After addition of an excess of 1-methylimidazole (0.78 g, 9 mmol),
the solution was refluxed for 3 h, and after addition of NH4PF6,
β-MeIm was isolated by filtration. Recrystallization from ethanol/
water, and from acetone/diethyl ether resulted in a purple micro-
crystalline material. Yield 0.10 g (54%). C30H30F12N10P2Ru
(921.63): calcd. C 39.10, H 3.28, N 15.2; found C 38.5, H 3.18,
N 14.7.

β-Ru(azpy)2(MeBim)2](PF6)2 (β-MeBim): β-[Ru(azpy)2(NO3)2]·
CHCl3 (0.15 g, 0.21 mmol) was dissolved in a mixture of 10 mL of
water and 4 mL of acetone and stirred at room temperature for 24
h. An excess of 1-methylbenzimidazole (1.19 g., 9 mmol) was added
and the solute was refluxed for 3 h. The solid isolated after addition
of NH4PF6 was recrystallized from ethanol/water and further puri-
fied by column chromatography with acetone/methanol (99:1) as
eluent. Yield 0.060 g. (42%).1H NMR spectroscopic data indicate
the presence of a co-crystallized acetone molecule.
C38H34F12N10P2Ru·(CH3)2CO (1079.83): calcd. C 45.6, H 3.73, N
12.9; found C 45.8, H 3.79, N 12.6.

Supporting Information: Schematic representation of the α and β
isomers of Ru(azpy)2L2 species is given in Figure S1 (see also foot-
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note on the first page of this article). A representation of the mdbz
ligand and a hypothetical orientation of the mdbz ligand on the β-
[Ru(azpy)2] is given in Figures S2 and S3. The steric hindrance of
the two phenyl rings of the two azpy ligands prevents the coordina-
tion of one of the MeBim moieties to the ruthenium ion.
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Note added in proof (December 16, 2002): The assignment to this
atropisomer is further confirmed by the observation of (very) weak
NOE cross peaks from both H(ii) and H(ii)� with the (overlapping)
H3 and H3� proton resonances (not visible in the present Figure 8).

[1] A. H. Velders, H. Kooijman, A. L. Spek, J. G. Haasnoot, D.
de Vos, J. Reedijk, Inorg. Chem. 2000, 39, 2966�2967.

[2] M. J. Clarke, F. Zhu, D. R. Frasca, Chem. Rev. 1999, 99,
2511�34.

[3] A. Seal, S. Ray, Acta Crystallogr., Sect. C 1984, 40, 929�32.
[4] D. S. Eggleston, K. A. Goldsby, D. J. Hodgson, T. J. Meyer,

Inorg. Chem. 1985, 24, 4573�80.
[5] A. H. Velders, PhD Thesis, Leiden University, The

Netherlands, 2000.
[6] A. C. G. Hotze, A. H. Velders, F. Ugozzoli, M. Biagini-Cingi,

A. M. Manotti-Lanfredi, J. G. Haasnoot, J. Reedijk, Inorg.
Chem. 2000, 39, 3838�3844.

[7] A. H. Velders, K. van der Schilden, A. C. G. Hotze, J. Reedijk,
F. Ugozzoli, M. Biagini-Cingi, A. M. Manotti-Lanfredi, to be
published.

[8] A. H. Velders, A. C. G. Hotze, J. G. Haasnoot, J. Reedijk,
Inorg. Chem. 1999, 38, 2762�2763.

[9] A. H. Velders, A. C. G. Hotze, G. A. van Albada, J. G. Haas-
noot, J. Reedijk, Inorg. Chem. 2000, 39, 4073�4080.

[10] A. H. Velders, A. C. G. Hotze, J. Reedijk, to be published.
[11] R. A. Krause, K. Krause, Inorg. Chem. 1980, 19, 2600�3.
[12] S. Goswami, A. R. Chakravarty, A. Chakravorty, Inorg. Chem.

1981, 20, 2246�50.
[13] T. Bao, K. Krause, R. A. Krause, Inorg. Chem. 1988, 27,

759�61.
[14] L. G. Marzilli, P. A. Marzilli, E. Alessio, Pure Appl. Chem.

1998, 70, 961�68.
[15] S. E. Sherman, D. Gibson, A. H. J. Wang, S. J. Lippard, J. Am.

Chem. Soc. 1988, 110, 7368�81.
[16] A. H. Velders, A. C. G. Hotze, K. van der Schilden, J. Reedijk,

H. Kooijman, A. L. Spek, to be published.
[17] L. G. Marzilli, M. Iwamoto, E. Alessio, L. Hansen, M. Calli-

garis, J. Am. Chem. Soc. 1994, 116, 815�16.
[18] A. H. Velders, A. G. Quiroga, unpublished results.
[19] A. H. Velders, C. Massera, F. Ugozzoli, M. Biagini-Cingi, A.

M. Manotti-Lanfredi, J. G. Haasnoot, J. Reedijk, Eur. J. Inorg.
Chem. 2002, 193�198.

[20] S. O. Ano, Z. Kuklenyik, L. G. Marzilli, in Cisplatin � Chem-
istry and Biochemistry of a Leading Anticancer Drug (Ed.: B.
Lippert), Verlag Helvetica Chimica Acta, Zürich, Wiley-VCH,
Weinheim, 1999.

Received August 5, 2002
[I02441]


