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Ru" Complexes Incorporating Tetrathiamacrocycles: Synthesis and

Conformational Analysis

Harry Adams,””’ A. M. Amado," Vitor Félix,*""! Brian E. Mann,**!
Jorge Antelo-Martinez,'*! Mike Newell,”™ Paulo J. A. Ribeiro-Claro,"
Sharon E. Spey,"” and James A. Thomas*!*!

Abstract: The synthesis of a series of
Ru" complexes incorporating thia-
crown ligands ([12]ane-S,, [14]ane-S,,
[16]ane-S,), as well as 2,2'-bipyridine
(bpy) or pyridine, is reported. Structur-
al studies on these complexes have
been carried out using a variety of
techniques. Detailed 'H NMR spectro-
scopic studies on the previously report-
ed [Ru([12]ane-S,)(bpy)]** (1) reveal
that—contrary to earlier reports—the
observed fluxional 'H NMR behavior
is not due to chemical exchange involv-
ing cleavage of the bpy Ru—N bond

sion of coordinated macrocyclic sulfur
donor atoms. This phenomenon is also
observed for the [l4]ane-S,; and
[16]ane-S, analogues of 1. For the first
time, using a combination of X-ray
crystallography, more detailed
'"HNMR experiments, and computa-
tional methods, an in-depth study on
the energetics and dynamics of inverto-
mer formation and conversion for mac-

Keywords: fluxionality - inverto-
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rocyclic coordination complexes has
been carried out. These studies reveal
that the steric constraints of assembling
each sulfur macrocycle and bpy ligand
around the octahedral Ru" center lead
to close intramolecular contacts. These
contacts are largely dependent on the
orientation of the electron lone pairs of
equatorial sulfur donor atoms and cor-
relate with the comparative stability of
the different invertomeric forms. Thus,
the conformational preferences of the
three macrocyles in [Ru([r]ane-
S,)(bpy)]** complexes are determined

but is, in fact, due to lone-pair inver-

Introduction

The observation of intervalence charge transfer in the
Creutz-Taube ion!"! has led to Ru"™ complexes playing a
key part in the investigation of electron-transfer process-
es.**l Consequently, mixed-valence bimetallic complexes in-
corporating metal centers, such as [Ru(bpy),]** and
[Ru(NH,)s]*" (bpy=2,2"-bipyridine), have played an impor-
tant role in the development of devices for molecular elec-
tronics.* Virtually all this research has involved nitrogen-
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by steric rather than electronic effects.

based auxillary ligands, such as NH; and bpy, coordinated to
the metal ion. We have been broadening the experimental
basis of such work by introducing new metal complexes con-
taining sulfur-donor macrocyclic ligands. The first steps in
such work have focused on the readily available thio macro-
cycle [9]ane-S;.! Previously, the fragment [Ru([9]ane-S;)]**
has been used to construct electron-transfer systems and
supramolecular architectures.”®! As part of a long-term aim
to create molecular devices with targeted coordination geo-
metries, we are now investigating the chemistry of related
[Ru([n]ane-S,)]** metal centers.

Previous reports have demonstrated that [Ru(dmso)-
CI(LY]T (L'=[12]ane-S,, dmso=dimethyl sulfoxide) is a
suitable starting material for the preparation of bidentate
polypyridyl complexes incorporating [Ru(L')] metal centers,
such as [Ru(L')(phen)](PF;), (phen=1,10-phenanthroline)
and 1-(PFy),.”! Crystallographic data showed that in order to
accommodate the relatively small cavity of the coordinated
L' ring and bite angle of the pyridyl ligand, the coordination
geometry around the Ru" ion was distorted away from octa-
hedral symmetry. Furthermore, such complexes displayed
fluxional '"H NMR behavior, with the signals for coordinated
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aromatic protons and the CH,

Table 1. Summary of crystallographic data for 3 and 6.

units of [12]ane-S; being 4-(PF,)," 5-(PF,)," 6-(PF,),
9.
broad.” It was suggested that formula CyoHosF,N,P,RUS, C,,H,,F,N,P,RUS, C,H,,F,N,OP,RUS,
these observations were due to M, 815.69 843.75 847.74
chemical exchange involving crystal system monoclinic monoclinic monoclinic
P2/n P2/c P2,/c
cleavage of the Ru—N bond, re- SP2°° group ! G !
.. & . K ’ crystal size [mm '] 0.31x0.21x0.19 0.35%0.26x0.21 0.21x0.12x0.08
lieving the distortion observed A 12.1828(10) 17.4077(16), 18.4021(13)
in the solid state. b[A] 11.8928(9) 11.8261(11), 10.6165(7)
It is well established that c¢[A™] 22.4693(18) 17.0058(16) 15.9240(11)
higher tetrathiamacrocycles, B [°] 103.4780(10) 110.407(2) 97.1660(10)
. . VA7 3165.9(4) 3281.2(5) 3086.7(4)
which possess larger cavity 4 4 4
: 2
sizes, such as [l4]Jane-S, (L) , [Megm7| 1711 1.708 1.824
and [16]ane-S, (L*), are more F(000) 1632 1696 1704
accommodating in terms of #(Mox) [mm™] 0.947 0.917 0.977
. . . . final R, (on F) 0.0446 0.0485 0.0499
their coordination geometr !
& Yo final WR, (on F)le 0.1142 0.1243 0.0981

for example, while [RhCLL']
and [RhCLL?] are isolated as
cis isomers, [RhCLL’] is ob-
tained as a trans isomer.""
Therefore, with the aim of syn-
thesizing suitable, nonfluxional
building blocks for the construction of oligomeric complexes,
he substitution chemistry of [Ru(L")], [Ru(L?)] and [Ru(L?)]
metal centers with pyridine (py) and bpy was investigated.

Results and Discussion

Synthetic and structural details: Addition of Ag* ions to
starting materials 2 and 3 followed by the addition of bpy

\ 2+ VAR (\
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VRN Me\S/ \Cl Me— / \
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[Ru(LY) (bpy)1?*  [Ru(dmso)Cl(L?)1* [Ru(@mso)CL(L?)1*
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N ON= N Ne N ON—
\ 7/ N\ 7 \ 7/ \ 7 <\/><\/>
[Ru(L?) (bpy) 1** [Ru(L?) (bpy) ]** [Ru(L') (py),1?*
4 5 6

led to the isolation of 4 and 5, respectively, as analytically
pure hexafluorophosphate salts. In a similar manner, the bis-
substituted complex 6 was obtained when a solution of
[Ru(dmso)CI(L")|PF, was first treated with Ag™ followed
by the addition of excess pyridine. Again, 6 was isolated in
good yields as a analytically pure hexafluorophosphate salt
without further work up. The solid-state structures of all
three products were confirmed by X-ray crystallography
(see Table 1). The crystallographic data offers an informa-
tive comparison between the coordination demands of L',
L2 and L.

2032

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] A weighting scheme, w=1/[0*(F2)+ (0.0570P)*+2.8368P] in which P=(F>+2F2)/3, was used in the latter
stages of refinement. [b] A weighting scheme, w=1/[0*(F2)+ (0.0628P)*+0.00P] in which P=(F2+2F2)/3, was
used in the latter stages of refinement. [c] A weighting scheme, w=1/[0*(F2) + (0.0503P)*+0.00P] in which P=
(F2+2F?/3, was used in the latter stages of refinement.

The previously reported structure of 1 shows a large dis-
tortion from idealized octahedral geometry; for example,
the angle between the two axial sulfur donor atoms and the
Ru ion, S,,-Ru-S,,, is 162.5(2)°, whereas the S.-Ru-S,, angle
between two equatorial sulfur donor atoms and the Ru ion
is distorted away from the idealized 90°, being instead
104.5(1)°. The corresponding angles in 4 are 177.21(4)° for
Si-Ru-S,, and 87.90(3)° for S.-Ru-S,, (Figure 1, Table 2).

Figure 1. ORTEP plot of the cation in 4-(PF),. Hydrogen atoms are re-
moved for clarity.

However, while the S.,-Ru-S,, angle for 5 is 88.26(4)°, the
S.-Ru-S,, angle opens out slightly to 187.99(6)° (Figure 2,
Table 3). A comparison of S.-Ru-N bond angles also indi-

www.chemeurj.org  Chem. Eur. J. 2005, 11, 20312046


www.chemeurj.org

Metallamacrocycles

Table 2. Selected bond lengths [A] and angles [°] for complexes 4-(PFy),.

Bond lengths Bond angles

Ru-N(1) 2.109(3) N(1)-Ru-N(2) 77.39(11)
Ru-N(2) 2.119(3) N(1)-Ru-S(1) 88.43(8)
Ru-S(1) 2.3403(9) N(1)-Ru-S(2) 178.32(8)
Ru-S(2) 2.3171(9) N(1)-Ru-S(3) 94.36(8)
Ru-S(3) 2.3558(10) N(1)-Ru-S(4) 92.98(8)
Ru-S(4) 2.3131(10) N(2)-Ru-S(1) 89.35(9)
N(2)-Ru-S(2) 101.86(9)
N(2)-Ru-S(3) 91.05(9)
N(2)-Ru-S(4) 190.76(1)
S(1)-Ru-S(2) 93.07(3)
S(1)-Ru-S(3) 177.21(4)
S(1)-Ru-S(4) 85.54(3)
S(2)-Ru-S(3) 84.14(4)
S(2)-Ru-S(4) 87.90(3)
S(3)-Ru-N(4) 94.52(4)

cl15) clie)

Figure 2. ORTEP plot of the cation in 5-(PF4), showing modeling of dis-
ordered coordinated thiacrown ligand. Hydrogen atoms are removed for
clarity.

Table 3. Selected bond lengths [A] and angles [°] for complexes 5-(PF),.
Bond lengths

Bond angles

Ru-N(1) 2.111(3) N(1)-Ru-N(2) 78.14(13)
Ru-N(2) 2.114(3) N(1)-Ru-S(1) 87.23(9)
Ru-S(1) 2.3595(11) N(1)-Ru-S(2) 190.10(9)
Ru-S(2) 2.3415(10) N(1)-Ru-S(3) 172.00(4)
Ru-S(3) 2.3533(11) N(1)-Ru-S(4) 101.71(9)
Ru-S(4) 2.3376(11) N(2)-Ru-S(1) 86.74(9)
N(2)-Ru-S(2) 91.95(10)
N(2)-Ru-S(3) 85.95(9)
N(2)-Ru-S(4) 178.06(9)
S(1)-Ru-S(2) 90.25(4)
S(1)-Ru-S(3) 187.99(6)
S(1)-Ru-S(4) 95.19(4)
S(2)-Ru-S(3) 93.26(4)
S(2)-Ru-S(4) 88.26(4)
S(3)-Ru-N(4) 92.11(4)
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cates that 4 and 5 are less distorted: in 1, both S.-Ru-
Nyas=166.7°, while for 4, S.-Ru-N,,,,=178.32(8) and
190.76(1)°, and for 5, S.-Ru-N,,,=178.06(9) and
190.10(9)°. The small cavity size of L' within the 1** cation
also results in a difference in axial Ru—S,, and equatorial
Ru—S,, bond lengths, with the former being significantly
longer (>0.1 A) than the latter. The structures of 4 and 5
display a similar trend, but to a much smaller degree: for 4,
Ru—S,,=2.3403(9) and 2.3558(10) A compared with Ru—
Seq=2.3171(9) and 2.3131(10) A, while for 5, Ru—S, =
2.3595(11) and 2.3533(11) A compared with Ru-S,=
2.3415(10) and 2.3376(11) A.

Figure 3. ORTEP plot of the cation in 6-(PF,),. Hydrogen atoms are re-
moved for clarity.

The structure of complex 6, shown in Figure 3, is less dis-
torted away from model octahedral geometry than 1, as the
non-chelating monodentate ligands allow the N-Ru-N bond
angle (85.52(13)°) to take a value closer to the idealized 90°.
However, the structural demand produced by the small
cavity size of L' still produces distinct effects. For example,
Si-Ru-S,, is 161.78(4)°, whereas S.-Ru-S,, is 106.66(4)°,
and the average Ru—S,, bond length is 2.3796(62) A, while
the corresponding Ru—S., bond length is almost exactly
230 A. See Table4 for more details on relevant bond
lengths and angles.

"H NMR studies: Despite the crystallographic evidence that
the Ru coordination spheres of 4 and § are much less dis-
torted than that of 1, somewhat surprisingly, both new com-
plexes also display fluxional '"H NMR behavior, vide infra,
suggesting that the previously postulated chemical exchange
mechanism is incorrect. This prompted us to re-examine the
"H NMR properties of 1 in more detail and at a lower tem-
perature than the previously reported studies.”)
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Table 4. Selected bond lengths [A] and angles [°] for complexes 6-(PF),.

Bond lengths Bond angles

Ru-N(1) 2.156(3) N(1)-Ru-N(2) 85.52(13)
Ru-N(2) 2.130(3) N(1)-Ru-S(1) 95.03(10)
Ru-S(1) 2.3748(12) N(1)-Ru-S(2) 169.36(10)
Ru-S(2) 2.2996(12) N(1)-Ru-S(3) 98.54(10)
Ru-S(3) 2.3845(12) N(1)-Ru-S(4) 83.76(10)
Ru-S(4) 2.3003(12) N(2)-Ru-S(1) 97.61(10)
N(2)-Ru-S(2) 84.11(10)
N(2)-Ru-S(3) 95.52(10)
N(2)-Ru-S(4) 169.18(10)
S(1)-Ru-S(2) 84.00(4)
S(1)-Ru-S(3) 161.78(4)
S(1)-Ru-S(4) 84.80(4)
S(2)-Ru-S(3) 84.86(4)
S(2)-Ru-S(4) 106.66(4)
S(3)-Ru-N(4) 84.65(4)

At room temperature, the 'H NMR spectrum of 1-(PF),
in [Dg]acetone does show one set of broadened signals.
However, on cooling to —43°C, the signals split to give two
sets of signals, see Figure 4. The two isomers are present in
a ratio of 1.00:0.16. This corresponds to a AG,,, of
3.5kJmol™".

[
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Figure 4. The 400 MHz '"H NMR spectrum of 1-(PFg), in [Dgacetone at
—43°C.

Three possible isomers can arise from the orientation of
the macrocyclic sulfur lone pairs: 1a, 1b, and 1e¢. Ligand
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conformation 1c is found in the crystal structures of 1-Cl,,
[Ru(L")(phen)]Cl,, and [Ru(L')(4,7-Ph,-phen)]Cl, (Ph=
phenyl, phen=1,10-phenanthroline),”! and also 6-(PFy),.
While the ligand conformation of 1b is found in the crystal
structures of cations such as [Ni(L"),(u-Cl),](BF,),!"” and
[Rh(L")(phi)|Bry"™  (phi=9,10-phenanthrene-quinone  di-
imine). As far as we are aware, isomer 1a has not been ob-
served crystallographically.
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From the 'HNMR spectrum, it is clear that the major
isomer in solution is symmetric with only one set of four sig-
nals for the bpy ring and one set of four signals for L'. This
is consistent with the C,, symmetry of 1a or 1e. Since struc-
ture 1a has not been reported in crystal structure analyses,
and the solid-state structure of 1 is 1¢, it seems likely that
the major isomer in solution is also 1c.

The "H NMR signals of the minor isomer are partially ob-
scured by the signals corresponding to the major isomer—
the signals were partially assigned using COSY-45 and ex-
change spectroscopy (EXSY; see Figures5 and 6). In the
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Figure 5. The 400 MHz COSY-45 'HNMR spectrum of 1-(PF), in
[Dglacetone at —43°C: a) aromatic signals; b) thiacrown signals.
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Figure 6. The 400 MHz EXSY 'H NMR spectrum of 1-(PFy), in [Dg]ace-
tone at —43°C with a mixing time of 0.5 s and a relaxation delay of 0.5 s:
a) aromatic signals; b) thiacrown signals.

COSY-45 spectrum, the connec-
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9.09 and 9.54 ppm. Similarly, in the methylene region of the
spectrum, the COSY-45 NMR picks out two sets of four pro-
tons consistent with two different types of SCH,CH,S
groups. This is consistent with the C; symmetry of 1b. These
spectra have led to the assignment of the signals shown in
Table 5.

The EXSY spectrum shows exchange between the minor
and major isomer, but not direct exchange between the two
sets of protons in the minor isomer. This is consistent with a
mechanism of exchange between 1b and 1¢ involving inver-
sion at the sulfur atoms. Exchange of the inequivalent bpy
protons in 1b would involve the improbable process of con-
certed inversion at both sulfur atoms. Analysis of the inten-
sities of the cross peaks at —43°C gives rates of major to
minor isomer conversion of 0.18 s7!, and minor to major of
1.1s7". These figures correspond to AG},,(major to minor) =
59+2 and AGZ,(minor to major) =562 kJmol™".

Examination of the Jyy values has permitted a tentative
assignment of the methylene protons. For each CH,CH,
group, one CH, group has /=11 Hz while the other has
2] =14 Hz. Examination of the crystal structures shows that
the S,-C-C angle is around 106°. It is therefore probable
that the H-C-H angle at S.-CH,-C is greater than 109.5°.
Similarly, as the S,,-C-C angle is around 114°, it is thus prob-
able that the H-C-H angle at S,,-CH,-C is less than 109.5°.
It is known that %/ depends on the H-C-H angle with the
magnitude decreasing with increasing angle.” Therefore, it
is probable that the CH, group with 2/=11Hz is S.-CH,,
while that with 2/ =14 Hz is S,,-CH,. Using the Karplus rela-
tionship, *J values can be used to further assign signals.
Within each CH,CH, group there is one */=~14 Hz, imply-
ing an approximately 180° torsion angle, as found in the
crystal structure.

The above data suggests that the observed fluxionality of
1 is not due to the dissociation of one nitrogen of the bpy
ligand, but coordinated sulfur lone-pair inversions, that is in-
terconversion of invertomers. This phenomenon has rarely
been discussed in the literature; work by Barton et al. has
established that L' is exclusively found as the b form inver-
tomer in the solid state and solution structure of
[Rh(L")(phi)]>*."®! While NMR fluxionality in square-planar
complexes containing the selenium analogue of L* has been
ascribed to Se lone-pair inversion,?!! the octahedral complex
trans-[Ru([16]ane-Se,)Cl,]" is found as only one inverto-
mer !

Table 5. Full assignment of "H NMR signals for isomers of 1-(PF), [0 in ppm, J in Hz].

tivity through the negative %/ Major isomer

Minor isomer

was differentiated from the pos-
itive *J by the lean of the cross- H’
peaks. The EXSY spectrum was H'
used to partially identify the ex-
changing sets of L' 'HNMR
signals. CH,

In the bpy region of the spec- CH,
trum, the minor isomer has two CHe
well-resolved H® protons at 6= CH,

bpy
6=8.84,J,,=8.0;

[12]ane-S,

5=830,J5,=8.0,J,5=7.6, J,4=1.5;
H  6=778,7,5=13,7,5=75,715,=58;
HY  0=9.64,J,,=12,J5,=59;

0=4.07,%1=14,%]=5;0=325,T=14,%]=14, 5;
0=3.77,%1=12,%1=5;6=3.29,%7 =12,/ =5, 14

bpy

5=8.81,/,,=8.0; 0=8.78, J5,=8.0;

0=8.30, (obscured);

0=17.76, extensive overlap;
0=9.54,J54=5.9;0=9.09, J5,=5.9;

[12]ane-S,

0=3.97, (obscured); 6 =3.80, (obscured);
0=3.63,4=11,%1=3; 0=3.14,1=3T=14,°] =3;
0=4.12,%7=13.5,°7=8, 1.5; =3.36, (obscured);
0=3.57, 6=3.77 (obscured)
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In order to test this theory, the corresponding bis-pyridine
complex 6-(PF;), was studied. At room temperature, the
'H NMR spectrum of 6-(PFg), in [D¢]acetone shows two sets
of signals, one due to a symmetric isomer, analogous to 1a
or 1c¢, and an asymmetric isomer, analogous to 1b, in the
ratio 1:1.9. On the basis of the arguments already presented
for 1, it is probable that the symmetric isomer has a confor-
mation that is analogous to lc¢, which is observed in the
solid-state structure. Signals were assigned by using COSY-
45 and phase-sensitive NOESY spectroscopy. Broadening
due to isomer exchange is noticeable at 37°C. Pyridine was

N

a) M
@ |
R
@:@ L 80
fa L85
<l of
1 c oo
ppm
ppm 8.5 80 75

T T T T

T
ppm 4.5 4.0 35 3.0 25

Figure 7. The 400 MHz EXSY 'H NMR spectrum of 6-(PF;), with the ad-
dition of pyridine, in [Dg]acetone at 37°C with a mixing time of 0.1 s and
a relaxation delay of 5 s: a) aromatic signals; b) thiacrown signals.
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added to the sample and the integrated 'H NMR spectrum
showed a ratio of symmetric isomer/asymmetric isomer/free
pyridine of 1.00:2.04:4.19. An EXSY spectrum indicated ex-
change between the symmetric and asymmetric isomers, but
no exchange between the coordinated and free pyridines
(Figure 7). A quantitative analysis of the EXSY spectrum
yielded a rate of exchange of 6.16s™' from minor to major
isomer and 3.01 s! from major to minor isomer correspond-
ing to AG;(major to minor)=734+2kJmol™ and
AGj,(minor to major)=71+£2kJmol™'. As no exchange
was observed with the free pyridine, the mechanism of ex-
change clearly does not involve pyridine dissociation. This
observation further confirms that a ligand dissociation
mechanism for the fluxionality in the NMR spectrum of 1-
(PFs), involving chelated bpy is highly unlikely.

The discovery that "H NMR line broadening for 1 and 6 is
consistent with interconversion of invertomers prompted us
to further investigate the 'H NMR properties of 4 and 5.

The '"H NMR spectrum of 4-(PF;), in [Dg]acetone at room
temperature is broadened by exchange. However, on cooling
to —15°C, the signals sharpen. The '"H NMR spectrum is
consistent with the presence of one isomer in which all the
protons are inequivalent. As with 1**, there are three iso-
mers possible due to sulfur inversion: 4a, 4b, and 4c¢. The

AU, ul, - R
SHl o8 es” | =5 | Ts@
a S a 8 a =
Pl O A
b L b
4a 4b dc

conformation of L? in 4a has been observed in the crystal
structures of [Cr(L?)CL]PF:,* [Ru(L?)CL], [Ru(L?-
pY21(PFe),,* and [{Ni(L?)},(u-Cl),](BF,),"” The conforma-
tion of L? in 4b has been observed in the crystal structures
of [Ru(L»)CI(PPhy)]* > [Ir(L*)CL]BPh,P and [Hg(L?)-
(picrate),].””? The conformation of L? shown in 4¢ does not
appear to have been observed crystallographically.

In principle, further isomers are possible due to the con-
formation of the six-membered [CH,(CH,S),Ru] rings, but
as no evidence was found for this extra complication, it will
not be considered further for this complex—although it will
prove to be significant for the L* complex, vide infra. In
order to assist the assignment of the '"H NMR spectrum, the
COSY-45 NMR spectrum was also recorded at —15°C, see
Figure 8. The spectrum showed the presence of 28 inequiva-
lent protons in equal intensities. This is consistent with 4b
being the only species present; it is viewed as being highly
unlikely that 4a and 4c¢ are present in equal concentrations
without any 4b being present. These studies confirm that
the isomer found in the crystal structure of 4-(PF), is also
the exclusive solution structure.

The EXSY spectrum at room temperature clearly demon-
strated pairwise exchange of the protons (Figure 9). The ob-

www.chemeurj.org  Chem. Eur. J. 2005, 11, 20312046
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Figure 8. The 400 MHz COSY-45 'HNMR spectrum of 4-(PFy), in
[DgJacetone at —15°C: a) aromatic signals; b) thiacrown signals.

served exchange is consistent with the inversion of both
sulfur atoms in 4b, resulting in pairwise exchange of the two
types of six-membered rings and similarly, the two types of
five-membered rings. Quantitative analysis of the EXSY
spectrum yielded rates of 20 s™' corresponding to a AGjy, of
6442 kImol™'. The increased AG* compared with that ob-
served for 1 is attributed to a mechanism involving 4a or 4c.
Neither of these isomers are observed in solution, so they
must lie at least 4 kJmol™ above 4b, resulting in the in-
creased AG™ relative to 1.

At room temperature the 'H spectrum of 5-(PF), in
[D¢lacetone shows one set of signals. On cooling, the
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Figure 9. The 400 MHz EXSY 'H NMR spectrum of 4-(PF;), in [Dg]ace-
tone at room temperature (20°C) with a mixing time of 0.03 s and a re-
laxation delay of 5 s: a) aromatic signals; b) thiacrown signals.

"HNMR spectrum initially broadens and then at —90°C
shows signals attributable to two isomers. The room temper-
ature and —90°C "H NMR spectra are shown in Figure 10.
The resolution is best for H® which clearly shows signals
due a major isomer with two inequivalent H protons at 6 =
9.85 and 9.45 ppm and a minor isomer at  =9.27 ppm in the
ratio 1:0.35, corresponding to AG|,=1.6 kImol™. The reso-
lution is poor for the remaining protons.

A COSY spectrum was also measured at —90°C, see
Figure 11. This provided further information on the assign-
ment of the signals, especially those of the bpy ligand, but
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Figure 10. The 400 MHz '"H NMR spectrum of 5-(PF), in [Dg]acetone:
a) at room temperature; b) at —90°C.

failed to give sufficient information to determine the confor-
mation of L.

Quantitative exchange information was obtained from a
"H EXSY spectrum at —74°C. The relaxation delay of 2.5 s
is 57 and the mixing delay of 0.03 s is short compared with
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Figure 11. The 400 MHz COSY-45 'HNMR spectrum of 5-(PFy), in
[Dg]acetone at —74°C: a) aromatic signals; b) thiacrown signals.

relaxation to minimize NOE contributions. The resulting
spectrum is given in Figure 12. Weak signals are present, but
as the EXSY spectrum fails to show any cross peaks with
the major isomers, it is believed that they arise from the un-
identified compounds/isomers observed at room tempera-
ture.

A quantitative analysis of the 'H EXSY spectrum in
Figure 12 yielded 10.14+1.5s™" as the rate of major to minor
isomer excahnge and 29+2.0s™' as the rate of minor to
major isomer exchange. This corresponds to AG/,, =443+

www.chemeurj.org  Chem. Eur. J. 2005, 11, 20312046


www.chemeurj.org

Metallamacrocycles

o e

a)
- o - 8.0
[
- 8.5
-4 : L 9.0
L] " L]
° %
L o5
[l "
ppm
p
b)

pm 9.5 9.0 8.5 8.0

F3.5

ppm

T T T T T T

T
ppm 3.4 32 30 28 26 24 22
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0.5kJmol™' for the major isomer removal and 425+
0.5 kImol ™! for the minor isomer removal.

These AG™ values are much lower than those observed
for 1, 4, and 6. This raises the possibility that the fluxionality
could be due to either sulphur inversion or exchange be-
tween boat and chair conformations of the [CH,(CH,S,),Ru]
rings. For example, ring inversion occurs with AGj,=
31 kImol ™! for 7.7

The crystal structure of 5-(PF4), shows some disorder
(Figure 2), but the structure of the cation is clearly 5b. In
5b the two pyridyl groups are inequivalent, which is consis-
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tent with the major isomer in the NMR spectrum. In the
minor isomer, the two pyridyl rings are equivalent. The
'H NMR spectra of the [16]ane-S, ligand are too complex to
assign the signals, preventing further information being ob-
tained about the structures of the two isomers by using this
technique.

Complex Sa has the coordination geometry normally
adopted by L° for example, it is observed in
[NiCI(L?)],(BF,),.'" The geometry found in 5¢ has not been
observed crystallographically.

The value of AGj,, observed for the dynamic process in 5-
(PF¢), could either arise from sulfur or six-membered ring
inversion. The problem could not be resolved by NMR spec-
troscopy on account of the complexity of the spectra. In
order to shed light on this question, modeling studies were
performed.

Modeling studies: While the degree of geometrical distor-
tion of the new complexes from the ideal octahedron ap-
pears to reflect the different cavity sizes of these three
crown thioethers, the conformational preferences exhibited
by the macrocycles in solution and solid phase are puzzling.
Previously, density functional theory (DFT) calculations
have provided relevant information concerning the structure
and energetics of macrocyclic and thio complexes.” In
order to rationalize the conformational preferences of the
[n]ane-S, macrocycles in the [Ru([r]ane-S,)(bpy)]**t com-
plexes, DFT calculations were performed by using the pro-
gram Gaussian 98.11%

The crystal structure of 1-Cl, reveals that the macrocycle
displays a well-defined ¢ conformation thus allowing the
comparison with the calculated 1¢ structure. To investigate
the validity of computational studies we started DFT calcu-
lations with a full optimization of the X-ray structure of 1.
A comparison of the selected bond distances and angles de-
rived from experimental and computational data, presented
in Figure 13, shows a close similarity between both struc-
tures.

Furthermore, fitting between the atomic coordinates of
experimental and calculated structure, excluding hydrogen
atoms, gives a root-mean-square (RMS) value of 0.0578 A,
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Figure 13. Comparison of the X-ray (bottom) and DFT (top left) struc-
tures of the complex 1 in the isomeric form 1¢. The axial S-Ru-S angle is
162.5° and 160.6° for X-ray and DFT structures, respectively.

indicating that all structural features of the X-ray determi-
nation are reproduced in the computational model. For ex-
ample, the bond distances have a pattern consistent with the
C, symmetry observed crystallographicaly, even though this
symmetry constraint had not been imposed in the DFT opti-
mization.

As these results indicate that the basis used is appropriate
to model the stereoelectronic properties of [Ru([n]ane-
S,)(bpy)]** complexes, calculations were extended to model
conformations consistent with the isomeric forms 1b or 1c,
and also the postulated invertomers of 4 and 5. The opti-
mized structures of the a, b, and ¢ isomers, together with
their relative energies, are shown in Figure 14. The group
symmetry of each structure is also given in the figure.

Calculated distances and angles in the metal coordination
of these complexes, as well as the C—S distances for the
three isomeric forms are compared in Tables 6, 7, and 8.

The calculations on the three cations place the three iso-
meric forms in a stability order that is agreement with X-ray
data available from structural data for M([n]ane-S,) com-
plexes (M=metal ion). The latter data reveals that com-
plexes of the macrocycles adopt a folding conformation, en-
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Table 6. Selected distances [A] and angles [°] for DFT-computed mini-
mum energy invertomers of the 1°* cation.

a b c
bond lengths
Ru-S,, 2.428,2.428 2.449, 2.451 2.466
Ru-S,, 2.378, 2.378 2.371, 2.381 2.373
Ru—N 2.155,2.155 2.146, 2.130 2.145, 2.145
C-S 1.856-1.897 1.852-1.890 1.847-1.869
bond angles
N—Ru—N 77.1 71.7 78.0
S..—Ru—S,, 166.7 163.8 160.5
S Ru—=S,, 81.4 88.4 103.8
SegRu—N 100.7, 100.7 102.2,91.6 89.1, 89.1
intramolecular distances
Seqr-H 2x2.948 2.544,2.940 2.502,2.497
SeqS, 3.106 3.426 3.764

eq”**Oeq

Table 7. Selected distances [A] and angles [°] for DFT-computed mini-
mum energy invertomers of the 4% cation.

a b c
bond lengths
Ru—S,, 2.419, 2.420 2.430, 2.434 2.424,2.424
Ru-S,, 2.411,2.411 2.397, 2.405 2.396, 2.396
Ru—N 2.133,2.133 2.125,2.132 2.135,2.135
C-S 1.847-1.856 1.843-1.874 1.844-1.858
bond angles
N—Ru—N 77.6 77.9 78.0
S.—Ru—S,, 176.8 175.5 174.0
S Ru—=S, 80.2 89.1 100.6
SegRu—-N 101.2,101.0 91.9,101.4 90.7, 90.7
intramolecular distances
Seqr-H 2.932,2.934 2.954, 2.546 2.521,2.521
SeqrSeq 3.107 3.368 3.687

Table 8. Selected distances [A] and angles [°] for DFT-computed mini-
mum energy invertomers of the 5+ cation.

a b c
bond lengths
Ru—S,, 2.440, 2.440 2.444,2.442 2.451,2.429
Ru-S,, 2.453,2.453 2.432,2.433 2.420, 2.415
Ru—N 2.113,2.113 2.129,2.124 2.139,2.144
C-S 1.846-1.861 1.844-1.862 1.842-1.862
bond angles
N—Ru—N 78.3 78.0 77.8
S..—Ru=S,, 171.7 174.1 176.6
Seqg~Ru—S,, 78.6 89.5 102.3
SegRu—N 101.8, 101.8 91.6, 101.1 90.0, 90.0
intramolecular distances
Seqr-H 2x2.948 2.544,2.940 2.502, 2.497
Seqr+Seq 3.106 3.426 3.764

capsulating the transition metal in a cis-octahedral environ-
ment. The macrocycles L? and L adopt a or b conforma-
tions, while the macrocyle L' prefers b or ¢ conformations.
In addition, the relative energies computed for these folded
conformations are in reasonable agreement with the experi-
mental energy values derived from the solution phase NMR
data (keeping in mind that DFT calculations refer to isolat-
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Figure 14. DFT-computed minimum energy structures of the three isomers a, b, and ¢ for complexes

[Ru([n]ane-S,)(bpy)]** with their relative energies (kJ mol ™).

ed molecules, the condensed phase effects, such as solvent
or crystal packing effects, were therefore not taken into ac-
count).

The DFT calculations on 1 yielded isomer 1le, observed
experimentally as the most stable form, but only by
3.2 kImol™! relative to 1b. The optimized structure of 1a
corresponds to a local minimum 54.9 kJmol™' higher in
energy. These results are consistent with the NMR data,
which reveal the presence of two forms in solution, assigned
to 1c¢ and 1b, with a AG;,, separation of 3.5 kImol™" (the
comparison between AE and AG values assumes similar
thermal energy corrections, including zero-point vibrational
energy, for the three conformations).

In contrast to 1, calculations indicate that for 4 and 5, the
stability of isomeric forms follows the order b>a>¢. Thus,
for complex 4, the isomer 4b is favored relative to isomers
4a and 4¢ by 5.1 and 21.1 kJmol ™, respectively. While the ¢
conformation of L? does not appear to have been observed
crystallographically, NMR results suggest that 4b is the only
species present in the solution of 4. For complex 5, the most
stable form, Sb, is below forms S5a and 5S¢ by 59 and
39.6 kImol™!, respectively. While the former value of
59kImol™" is above the experimentally derived AGS,
value, the NMR spectrum of 5 shows the presence of two
isomers, which, in view of the DFT results, may be assigned
to the 5b and 5a invertomers.

Other structural features revealed by the DFT calcula-
tions deserve some discussion. In L' metal transition com-
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c plexes with cis-octahedral ge-
ometry, the small cavity size of
the folded macrocycle prevents
two sulfur donor atoms from
achieving idealized positions.
This leads to Ru—S,, distances
being longer than equatorial
distances and S,-Ru-S,, angles
that are considerably smaller
than 180°.%! Both structural
features are clearly apparent
from the optimized geometries
of 1a, 1b, and 1c.

As the size of the macrocycle
increases from 12- to 16-mem-
bered rings, the difference be-
tween the Ru-S,, and Ru-S
distances becomes much less
pronounced and the S,,-Ru-S,,
angle should approach that of a
perfect octahedron. This trend
is observed in all the calculated
structures for the three isomeric
forms of 1, 4, and 5. In fact,
when geometric parameters are
compared, only slight differen-
ces are observed between iso-
mers of the latter two com-
plexes. Therefore, it is almost
impossible to decide from DFT data which of the macrocy-
cles (L* or L?) has the cavity with the most appropriate size
to accommodate an Ru center in a cis-octahedral environ-
ment. All computed structures display similar Ru—N distan-
ces and the corresponding N-Ru-N angles differ less than
1.3°, which is a consequence of the stereoelectronic demands
of the small bite angle of bpy. It is clear that the values of
the remaining cis angles of the equatorial plane S.-Ru-S,,
and S.-Ru-N., depend on the orientation of the electron
lone pairs of the two equatorial sulfur donor atoms rather
than the macrocyclic dimensions. For example, 1a has two
lone pairs in an endo configuration and the S.-Ru-S,, angle
is 81.4°, while in isomer 1lc the two electron pairs are exo
and the angle is forced to become more open, taking a
value of 103.8°. Isomer 1b with one electron lone pair in an
endo position and one in an exo position has an intermedi-
ate angle of 88.0°. As expected, the reverse situation is ob-
served for both S.-Ru-N., angles. Thus, for isomer 1b, the
angle involving the endo sulfur atom is similar to those
found for isomer 1a, while the angle involving the exo sulfur
atom is identical to those found for isomer le. The same
structural trend, with similar values, is followed by geomet-
ric isomers of 4 and 5. These observations indicate that the
degree of the folding of the macrocycle along the axis de-
fined by the two axial sulfur donor atoms is more pro-
nounced in type a isomers and reflects the conformation
adopted by the macrocycle rather than the cavity size of the
ligand. In line with these observations, the S-S, and

C, 396

cq
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[16]ane-S, + [Ru.bpy]** —————— [16]ane-S; + [Rubpy]*

Figure 15. Two-step mechanism illustrating the formation of the geometric isomers for complex 5.

Seg+H (in which H represents the H® and H® atoms on the
bpy ring) intramolecular distances observed are also de-
pendent on macrocyclic conformation (see Tables 6-8).

To fully understand this stability order, it is useful concep-
tually to assume that the formation of 1, 4, and § occurs
through a two-step mechanism: in the first step, the free
macrocycle adopts a folded conformation consistent with
the a, b, or ¢ configuration (a structural “pre-organization”
step); subsequently in the second step, the macrocycle, in
the “pre-organized” conformation, binds the Ru-bpy frag-
ment (macrocycle “complexation” step) to give one of the
geometric isomers. This mechanism is illustrated for the
three geometric isomers of complex 5 in Figure 15. In this
process, the “pre-organization” energy is given by Equa-
tion (1):

AE = E,—E, (1)

in which E; represents the energy of the macrocycle in the
complex (single point energy) and E, is the energy of the
optimized structure of free macrocycles. Both terms also in-
clude the energy of the separated Ru-bpy fragment allowing
the comparison with the energies of entire complexes. In all
cases except one, the observed conformational preferences
are determined by the energy required to pre-organize the
conformation of the macrocyclic ligand in order to fit the
stereoelectronic demands of the metal center. The energy
involved in the “complexation” step is nearly identical for
all isomers and so the energy order between them is re-
tained. The exception to this behavior is observed for the
5a/5b pair. In the “pre-organization” step, form a is more
stable than form b by 3.1 kJmol™, but after the “complexa-
tion” step the order is reversed by 5.9 kJmol™'. All these ef-
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fects can be explained in terms
of intramacrocycle and macro-
cycle-bpy steric interactions in-
volving short HeH contacts,
with only localized contribu-
tions from electronic distribu-
tion.

Figure 16 presents DFT-com-
puted minimum energy molecu-
lar diagrams for [Ru([r]ane-
S,)(bpy)]** fragments showing
the close contacts between hy-

L 800 drogen atoms separated by at
least three non-hydrogen atoms
Sa and using a cut-off value of
5h 24A (sum of van der Waals
radii of two hydrogen atoms).
-850 In conformation 1a, all -CH,-
-CH,S.,CH,-
groups adopt eclipsed arrange-
ments leading to C,, symmetry
for this isomer with two sym-
metry planes running along and
perpendicular to the bpy ligand.
The endo orientation of the two equatorial sulfur lone pairs
brings -CH,S, into four close contacts of 1.94 A with the
H—(C—N) atoms from bpy. In addition, a second close con-
tact of 2.11 A occurs between the two hydrogen atoms of
each -CH,S,,CH,- fragment. By contrast, for isomer 1c, in
which electron lone pairs of both equatorial sulfur atoms
adopt an exo configuration, only the latter type of interac-
tions are observed, with short intramolecular distances of
2.03 A. These interactions involve two -CH,S,, groups from
consecutive five-membered chelate rings.

Isomer 1b displays nearly C,; symmetry with the symmetry
plane containing the bpy ligand. As expected, only the CH,
groups from the -CH,S.,CH,- fragment with the sulfur
atoms in a endo configuration are involved in close contacts
with bpy through one of the -N—C—H groups, resulting in
two intramolecular distances of 1.95 and 1.96 A. In this
structure, two CH, groups from each -CH,S,,CH,- fragment
exhibit an almost staggered conformation, with two short
contacts of 2.37 A between them. These results suggest that
the relative stability of the three isomeric forms of
[Ru([12]ane-S,)(bpy)]** are related to the number and
strength of the intramolecular contacts described. Thus, for
the ¢, b, and a isomeric forms, with two, four, and six intra-
molecular contacts, respectively, the steric stability decreases
in the following order ¢>b>a.

As already found for 1¢, isomers 4¢ and 5S¢ show no close
contacts between bpy hydrogens and those of the macrocy-
clic framework. However, as the macrocycle becomes larger,
the number of unfavorable interactions between hydrogen
atoms within the macrocyclic framework increases to five
for 4¢ and six for Sc¢. In both cases, this isomer now be-
comes the higher energy form, thus altering the stability
order tob>a>c.

www.chemeurj.org  Chem. Eur. J. 2005, 11, 20312046


www.chemeurj.org

Metallamacrocycles

Isomer a

I; n=12

4; n=14

5 n=16

FULL PAPER

Figure 16. DFT structures of the three isomers a, b, and ¢ for complexes [Ru([n]ane-S,)(bpy)]*" (n=12, 14, or 16) showing the H--H intramolecular

close contacts.

In order to further study the invertomers of 1, 4, and 5,
the frontier orbitals of the relevant isomers were investigat-
ed. With the exception of 5b, all calculated structures dis-
play very similar frontier orbitals. Figure 17 (from left to

Sa, HOMO

Sa, HOMO-1

Figure 17. Molecular orbitals for [5]**.

right) shows the HOMO and HOMO-1 orbitals for isomer
5a and the HOMO orbital for isomer 5b. The HOMO of Sa
is concentrated on the d,, orbital of the metal center and
two orbitals from the axial sulfur donor atoms, which are
the result of the combination of the p, and p, orbitals. The
HOMO-1 of 5a comprises the orbital d,. ,» from Ru" and
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two molecular orbitals derived from the interaction between
the p, and s atomic orbitals from equatorial sulphur donor
atoms. The HOMO for 5b is obtained in a different way:
the d,,, d», and d,. . orbitals from the metals interact with
the orbitals p, and p, from axial
sulphur atoms. Given the small
differences in frontier orbitals,
these results suggest that the
conformational preferences of
the three macrocyles in
[Ru([n]ane-S,)(bpy)"*  com-
plexes are essentially deter-
mined by steric rather than
electronic effects.

Another interesting point
that can be addressed by DFT
calculations concerns the “inter-
conversion” process between
isomers and AG™ values ob-
tained experimentally from
NMR studies. Ab initio calcula-
tions for the first-order saddle points (transition states) be-
tween the two most stable isomers have been carried out.
The transition states correspond to the inversion of the
sulfur moiety through a planar structure. The planarity
around the S atom in the transition state can be evaluated
by the sum of the valence angles Ru-S-C and C-S-C, which

Sb, HOMO
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in all cases match 360+0.1° (C-S-C angles are 124.0° in 1,
116.8° in 3, and 108.1° in 4, while Ru-S-C angles range from
113.0° to 130.2°). The corresponding molecular orbitals
clearly confirm the trigonal geometry around the S atom.

The calculated interconversion energy barrier, AE™, be-
tween the two lowest energy forms does not show a linear
dependence on the size of the three macrocycles considered.
This is not surprising as transition states are not between
the same isomers.

In general, taking into account the different meanings of
the energy functions and the exclusion of solvent effects, ab
initio interconversion energy barriers are in good agreement
with the corresponding experimentally derived AG™ values.
For compound 1, the barrier between 1b and 1¢ was found
to be approximately 68 kJmol™!, which is comparable to
AG,, =562 kImol . For complex 4, the calculated value
of approximately 76 kJmol™' has no experimental counter-
part and can only be compared to the AG;,, value of 64+
2 kJmol™ reported for the inversion of both sulfur atoms in
isomer 4b. The lowest energy barrier value is found for
complex §, a feature that can be related to the additional
flexibility resulting from the larger macrocycle. Calculated
AE* and experimental AG;,, values are 54 kJmol™' and
44.340.5 kJmol ™!, respectively.

Conclusion

Although free L', L% and L* have considerable conforma-
tional flexibility, the calculated structures reveal that the
steric constraints of assembling each of the macrocycles, as
well as a bpy ligand, around the octahedral Ru" coordina-
tion sphere, lead to close intramolecular H--H contacts in
all isomeric forms. These contacts are largely dependent on
the orientation of the electron lone pairs of equatorial sulfur
donor atoms and correlate with the comparative stability of
the different invertomeric forms of complexes 1, 4, and 5.
Future synthetic work will concentrate on the synthesis of
oligomeric structures incorporating [Ru([n]ane-S,;)] frag-
ments, while DFT calculations will center on a more de-
tailed study on the electronic structure of such complexes.
Structural studies to investigate how generally applicable
these observations are to other macrocyclic coordination
complexes are also underway.

Experimental Section

Materials: The complexes cis-[Ru(dmso),CL],!"" [Ru(dmso)CI(L")]PF,,"!
and 1-(PF),” were prepared according to previously published proce-
dures. All other reagents were obtained commercially and used as sup-
plied. Reactions were conducted under an atmosphere of nitrogen. Prod-
ucts were dried at room temperature in a vacuum desiccator for approxi-
mately 10 h prior to characterization.

Physical measurements: 'H NMR spectra were recorded on a Bruker
AM250 or AMX400 NMR spectrometer. Spectra were acquired in a
range of 0-12 ppm with 32 K data points. The temperature was deter-
mined using a Comark electronic thermometer with a thermocouple in
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an NMR tube containing the same solvent as the NMR sample. 'H
EXSY spectra were obtained using the phase-sensitive Bruker pulse se-
quence noesytp. Quantitative analyses of the resultant '"H EXSY spectra
were carried out using a computer program supplied by Dr. K. Orrell.['?!
FAB mass spectra were obtained on a Kratos MS80 machine working in
positive-ion mode, with a m-nitrobenzyl alcohol matrix. Elemental analy-
ses were obtained using a Perkin—Elmer 2400 analyzer working at 975°C.
Syntheses

[Ru(dmso)CI(L?)]PF,, 2-PF;: A mixture of cis-[Ru(dmso),Cl,] (0.485 g,
0.1 mmol) and L? (0.268 g, 1 mmol) were dissolved in ethanol/water (1:1,
20 mL). The solution was brought to reflux for 4 h. After cooling to room
temperature, excess solid NH,PF, was added to the reaction mixture.
This solution was left overnight at 2°C. The resultant precipitate was
washed with water and then ethanol. It was then dried in vacuo to yield
2-PF, as a pale-yellow microcrystalline powder (0.471 g, 75%). '"H NMR
([Dglacetone): 6=3.5-2.35 ppm (m, 20H); FAB MS: m/z (%): 483 (25)
[M*—PF,], 405 (43) [M*—PF;—DMSO]; elemental analysis calcd (%)
for RuC,,H,S;CIOPF: C 22.94, H 4.17, S 25.52; found: C 23.31, H 4.27,
S 24.93.

[Ru(dmso)CI(L*)]PF,, 3-PF;: A mixture of cis-[Ru(dmso),Cl,] (0.485 g,
0.1 mmol) and L? (0.297 g, 1 mmol) were dissolved in ethanol/water (1:1,
20 mL). The solution was brought to reflux for 4 h. After cooling to room
temperature, excess solid NH,PF¢ was added to the reaction mixture.
This solution was left overnight at 2°C. The resultant precipitate was
washed with water and then ethanol. It was then dried in vacuo to yield
3-PF as a pale-yellow microcrystalline powder (0.446 g, 68 %). "H NMR
([Dglacetone): 6=3.35-2.2 ppm (m, 24H); FAB MS: m/z (%): 511 (32)
[M* —PF]; elemental analysis calcd (%) for RuC,,H;,SsCIOPF: C 25.62,
H 4.61, S 24.43; found: C 26.02, H 4.72, S 24.68.

[Ru(Lz)(bpy)](PFﬁ)z, 4-(PF;),: A solution of 2-PFg (0.3 g, 0.4775 mmol)
in ethanol/water (1:1, 20 ml) was brought to reflux. AgNO; (0.105 g,
1.3 equiv) was added to the yellow solution and the mixture was left at
reflux for 4 h. After removal of AgCl by filtration, excess 2,2"-bipyridine
(0.149 g, 2 equiv) was added to the mixture and was then brought to
reflux for a further 3 h. After cooling to room temperature, excess solid
NH,PF; was added to the reaction mixture. The volume of the solution
was reduced in vacuo to 10 ml and then left overnight at 2°C. The resul-
tant precipitate was washed with ethanol, diethyl ether, and then dried in
vacuo to yield 4-(PF), (0.316 g, 81%). '"HNMR (RT, [Dg]acetone): bpy
protons: 0=9.60 (ddd, J54=5.8, J,s=15, J;,=0.7 Hz; H°), 9.09 (dd,
Js¢=5.7, Jyg=14Hz; HY), 8.89 (ddd, J;,=8.5, Js5=1.4, J;35=0.7 Hz;
HY), 8.89 (dd, J34=84, Jy5=15Hz; H), 8.41 (dt, Jy4=Jy5=82, Jy4=
1.5 Hz; HY), 8.39 (dt, J54,=J,5=82, J,s=1.5 Hz; H*), 7.91 (ddd, J, 5=7.7,
Js¢=5.7, Jys=14Hz; H’), 7.89 ppm (ddd, J,5=7.6 Hz, J5,=5.8 Hz,
Jis=14Hz; H’); 14-ane-S, protons: 0=4.00 (ddd, /=13.5, *J=6.5,
8.0 Hz; CHY*), 3.88 (dd, /=11.5, /=40, <1 Hz; CH{*), 3.78 (ddd, &/ =
12.5, 37=2.0, 5.5 Hz; CH5°), 3.62 (ddd, 2/=13.5, ’J=4.0, 8.5; CH3*), 3.53
(dt, =12.5, 3J=2.0, 12.5 Hz; CH2*), 3.46 (obscured; CHS"), 3.45 (ob-
scured; CHY*), 3.36 (ddd, 2J=14, *J=4, ca. 1 Hz; CH2), 3.27 (ddd, /=
14.5, 3J=4.5, 6.5 Hz; CH:?), 3.25 (obscured; CH:), 3.20 (obscured;
CHY{*), 3.18 (obscured; CHS®), 2.93 (dt, 2/=14.5, >J=7, 7 Hz; CHSY),
2.84 (dt, J=15.0, 3J=15.0, 4.5 Hz; CHS¥), 2.80 (obscured; CHY), 2.78
(obscured; CHZ), 2.70 (obscured; CHY), 2.47 (t, /=14, /=14, <2 Hz;
CHZ9), 2.30 (ttq, 2/=13, /=ca. 1.5, ca. 1.5, 13, 13 Hz; CH}), 2.12 ppm
(obscured; CHY); FAB MS: miz (%): 671 (100) [M*—PF]; elemental
analysis calcd (%) for RuC,,H;N,S,OP,F,, (4-H,0): C 28.81, H 3.63, N
3.36, S 15.38; found: C 28.37, H 3.87, N 3.65, S 14.97.

[Ru(L?)(bpy)1(PF,),, 5-(PFy),: A solution of 3-PF, (0.3 g, 0.4571 mmol)
in ethanol/water (1:1, 20 ml) was brought to reflux. AgNO; (0.101 g,
1.3 equiv) was added to the yellow solution and the mixture was left at
reflux for 4 h. After removal of AgCl by filtration, excess 2,2-bipyridine
(0.143 g, 2 equiv) was added and the mixture was brought to reflux for a
further 3 h. After cooling to room temperature, excess solid NH,PF; was
added to the reaction mixture. The volume of the solution was reduced
in vacuo to 10 ml and then left overnight at 2°C. The resultant precipi-
tate was washed with ethanol, diethyl ether, and then dried in vacuo to
yield 5-(PF), (0.262 g, 68%). 'HNMR (RT, [Dg]acetone): bpy protons:
0=9.44 (dd, J=5.5, 1.5Hz, 2H; H®), 8.90 (ddd, J=8, 1.5, 0.5 Hz, 2H;
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HP), 8.43 (dt, J=8, 8, 1.5 Hz, 2H; H*), 7.98 ppm (ddd, /=8, 5.5, 1.5 Hz,
2H; H%); the cyclohexadecane protons have not been assigned but are at
0=3.44 (ddd, /=125, 7.5, 4 Hz, 4H), 329 (ddd, /=12.5, 8, 4 Hz, 4H),
3.06 (ddd, J=135, 6.5, 3Hz, 4H), 2.69 (dt, J=10.5, 10.5, 3 Hz, 4H),
2.55 ppm (m); FAB MS: m/z (%): 699 (100) [M*—PF]; elemental analy-
sis caled (%) for RuC,H;N,S,P,F,: C 31.32, H 3.82, N 3.32, S 15.20;
found: C 31.02, H 3.97, N 3.54, S 16.12.

[Ru(L")(py).1(PFy),, 6-(PF¢),: To a solution of [Ru(dmso)CI(L")]PF,
(0.3 g, 0.5 mmol) in ethanol/water (1:1, 20 ml), AgNO; (0.11 g, 1.3 equiv)
was added. This mixture was stirred at reflux for 4 hours and the resul-
tant AgCl precipitate was removed by centrifuging. The resultant pale-
yellow solution was brought back to reflux and pyridine (1 mL) was
added. This mixture was stirred at reflux for 3 h. The solvent was then re-
moved in vacuo and the resultant solid was dissolved in ethanol (25 ml).
Excess solid NH,PF, was dissolved into this solution, which was then left
overnight at 2°C. The resultant precipitate was washed with ethanol, di-
ethyl ether, and then dried in vacuo to yield 6-PF; as a bright yellow mi-
crocrystalline powder (61%). HNMR (RT, [D4]DMSO): symmetric
isomer: 0 =8.67 ([AM],X; H*®), 8.01 ([AM],X; H*) , 7.49 ([AM],X; H*),
422 (dd, J=14.5, 3J=45Hz; CH,), 3.66 (dd, */=11Hz, *J=4.5Hz;
CH,), 3.44 (obscured; CH,), 3.26 ppm (dd, 2/=11, *J=14 Hz; CH,); sym-
metric isomer: 0=8.93 ([AM]X; H*®), 8.64 ([AM],X; H>*), 8.03
([AM],X; HY, 7.96 ([AM],X; H*), 7.55 ([AM],X; H*), 7.47 ([AM],X;
H*), 4.55 (dd, /=14, */=6.5Hz; CH,), 3.97 (dd, /=14, *J=3 Hz;
CH,), 3.64 (ddd, 2/=11.5, /=2, 3.5Hz; CH,), 3.57 (dd, =115, *J=
5.5 Hz; CH,), 3.46 (dt, 2J=14, *J=14, 6 Hz; CH,), 3.35 (dt, /=14, *J=
14, 3 Hz; CH,), 3.25 (obscured; CH,), 2.64 ppm (ddd, 2/=11.5, 3J=13.5,
5.5 Hz; CH,); FAB MS: m/z (%): 644 (100) [M*—PF]; elemental analy-
sis caled (%) for RuC;sHyN,S,P,F,: C 27.37, H 3.29, N 3.55, S 16.22;
found: C 27.80, H 3.67, N 3.33, S 15.98.

Crystal structure determinations: Crystals of 4-(PF),, 5-(PFy),, and 6-
(PFs), were grown by vapor diffusion using acetone and diethyl ether
mixtures. Crystallographic data is summarized in Table 1. In all three
cases, data was collected at 150 K on a Bruker Smart CCD area detector
with Oxford Cryosystems low-temperature system, and complex scatter-
ing factors were taken from the program package SHELXTL! as imple-
mented on the Viglen Pentium computer. Hydrogen atoms were placed
geometrically and refined with a riding model with the isotropic displace-
ment parameter (U,,) constrained to be 1.2 times that of the equivalent
displacement parameter (U.,,) of the carrier atom.

CCDC 242825-242827 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational details: Ab initio calculations were performed with the
Gaussian 98 software package,!'! running on a PC equipped with a linux
operating system (redhat 8.0) at the B3LYP level. The Los Alamos effec-
tive core potentials plus double zeta (§) of Hay and Wadt (LanL2DZ
option of G98)™! supplemented with an f function (§=1.235) for the Ru
atom and the Dunning/Huzinaga full double zeta (D95 option of G98)!®!
for the remaining atoms, supplemented with a d function in the case of
the S atoms ({=0.532) were used. The structures of [Ru([n]ane-
S,)(bpy)]** systems (with n=12, 14, or 16) in the isomeric forms a, b,
and ¢ were fully optimized using gradient methods.

The starting models were generated from X-ray structures, either directly
for 1¢ or from a structure with the macrocycle in the required conforma-
tion. Thus, the remaining starting geometries were obtained by manipu-
lating the atomic coordinates of the structures of related complexes. The
comparison between the X-ray structure and the calculated structure for
1c has been used to check the quality of the method and basis set used.
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