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Kinetics of Aquation and Anation of Ruthenium(i1) Arene Anticancer
Complexes, Acidity and X-ray Structures of Aqua Adducts
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Abstract: The aqua adducts of the anti-
cancer complexes [(M’-X)Ru(en)Cl]
[PF;] (X=biphenyl (Bip) 1, X=
5,8,9,10-tetrahydroanthracene  (THA)
2, X=9,10-dihydroanthracene (DHA)
3; en=ecthylenediamime) were separat-
ed by HPLC and characterised by mass
spectrometry as the products of hydrol-
ysis in water. The X-ray structures of
the aqua complexes [(n>-X)Ru(en)Y]
[PFq],, X=Bip, Y=0.5H,0/0.50H,
n=15 (4), X=THA, Y=0.5H,0/
0.50H, n=1.5 (5A), X=THA, Y=

Although the THA ligand in 5A and
5B is relatively flat, the DHA ring
system in 6 is markedly bent (hinge
bend ca. 35°) as in the chloro complex
3 (41°). The rates of aquation of 1-3
determined by UV/Vis spectroscopy at
various ionic strengths and tempera-
tures (1.23-2.59x107%s™" at 298K, I=
0.1m) are >20x faster than that of cis-
platin. The reverse, anation reactions
were very rapid on addition of 100 mm
NaCl (a similar concentration to that
in blood plasma). The aquation and

anation reactions were about two times
faster for the DHA and THA com-
plexes compared to the biphenyl com-
plex. The hydrolysis reactions appear
to occur by an associative pathway.
The pK, values of the aqua adducts
were determined by '"H NMR spectros-
copy as 7.71 for 4, 8.01 for 5 and 7.89
for 6. At physiologically-relevant con-
centrations (0.5-5 um) and temperature
(310K), the complexes will exist in
blood plasma as >89% chloro com-
plex, whereas in the cell nucleus signifi-

H,O0, n=2 (5B), and X=DHA, Y=
H,O, n=2 (6), are reported. In com-
plex 4 there is a large propeller twist of
45° of the pendant phenyl ring with re-
spect to the coordinated phenyl ring.

Introduction

Recently we have shown that Ru" arene complexes of the
type [(W*-arene)Ru(XY)(Z)], where XY is a chelating di-
amine such as ethylenediamine (en), and Z is a leaving
group such as Cl~, are cytotoxic to cancer cells including cis-
platin-resistant cell lines."” The cytotoxicity increases with
the size of the arene ring system! in the series arene =ben-
zene < p-cymene < biphenyl < dihydroanthracene < tetrahydro-
anthracene with X=Cl and PF, as counteranion. Other
groups have reported anticancer activity for certain phos-
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cant amounts (45-65%) of the more
reactive aqua adducts would be formed
together with smaller amounts of the
hydroxo complexes (9-25%, pH 7.4,
[CI"]=4 mm).

agents
organometal-

phinoP®! and aminoacidato® Ru" arene complexes. The
stable water-soluble complex [(n°-biphenyl)Ru(en)Cl][PF;]
(1) is active in the A2780 human ovarian cancer xenograft
and non-cross-resistant in the A2780cis xenograft.?

Since DNA is a potential target for ethylenediamine
Ru" arene complexes, we have investigated interactions
with nucleotides. The arene complexes exhibit a high selec-
tivity for N7 of guanine and, in contrast to cis-
[PtCL(NH,),], cisplatin, show little binding to adenine.” Re-
actions of the chloro Ru" arene ethylenediamine complexes
with nucleotides appear to involve initial aquation of the
arene complexes, and reactions of the aqua complexes with
cyclic guanosine monophosphate are much faster (ca. 3x)
than those of the chloro complexes.”! However, reactions of
the aqua complexes were retarded at high pH (e.g. 9) sug-
gesting that Ru—OH bonds may be less reactive than Ru—
OH, bonds. Such behaviour appears to parallel that of Pt"
diam(m)ine anticancer complexes.[”!

In view of the potential importance of aquation in the
biological mechanism of action of these Ru" arene anticanc-
er complexes, we have made detailed studies of the rates of
aquation and anation of the series of complexes [(n’-Bip)-
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Ru(en)CI][PF,] (1), [(W*-THA)Ru(en)CI|[PF,] (2) and [(n°-
DHA)Ru(en)CI][PF;] (3), where en=ecthylenediamine,
Bip=biphenyl, THA =5,8,9,10-tetrahydroanthracene and
DHA =9,10-dihydroanthracene, using HPLC, MS, UV/Vis
and NMR spectroscopy (Scheme 1). Complexes 1-3 are all

Arene (A) *
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|
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Biphenyl (Bip)
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Scheme 1. Hydrolysis and deprotonation of ruthenium arene anticancer
complexes.

cytotoxic towards A2780 cancer cells,”! with a potency order
2>3>1. We have determined the acid dissociation con-
stants of the aqua adducts (pK,) and their X-ray crystal
structures. Finally we consider the implications of these find-
ings for the mechanism of biological action.

Table 1. Crystal
Results

[PF6]2~2(HZO) (6)

structure  data
(H,0)o5(OH)ys][PFelis (5A), [(n*-THA)Ru(en)(H,0)][PF¢],:(H,0) (5B), and [(n*-DHA)Ru(en)(H,0)]

Table 2. Selected bond lengths (A) and angles (°) for [(n®-Bip)Ru(en)-
(H,0)05(OH)os][PFelis (4), [(m*-THA)Ru(en)(FHLO)][PF,L(H,0) (5B)
and [(n°-DHA)Ru(en)(H,0)][PF,],-2(H,0) (6a). For numbering schemes
see Figure 1.

4 5Bl 6a (Rul)®
Rul-O1W 2.090(4)  2.163(5) (O™ 2.161(5) (O1)
2.163(8) (O1)k!
Rul-N1B 2113(5)  2.111(4) 2.138(7) (N12)
Rul-N2B 2.130(5)  2.115(5) 2.135(6) (N22)
Rul-C1A 2207(6)  2.224(5) 2.235(7) (C11)
Rul-C2A 2.188(6)  2.180(5) 2.176(7) (C21)
Rul-C3A 2.164(7)  2.175(5) 2.174(7) (C31)
Rul-C4A 2.162(7)  2.156(5) 2.164(7) (C41)
Rul-C5A 2173(7)  2.146(5) 2.210(7) (C51)
Rul-C6A 2201(6)  2.216(5) 2.207(7) (C61)
N1B-Rul-N2B  79.4(2) 79.44(18) 78.6(3) N12-Rul-N22
N1B-Rul-O1W  79.4(2) 77.4(2) (O 81.5(2) N12-Rul-O1
88.4(4) (01!
N2B-Rul-O1W  82.7(2) 87.6(2) (O1)! 81.9(2) N22-Rul1-O1

70.8(4) (O1))

[a] The bond lengths and angles for complex 5A and cation 6b are listed
in Table S1 in the Supporting Information. [b] With an occupancy factor
of 0.7. [c] With an occupancy factor of 0.3.

complex 5, two single crystals from the same batch were se-
lected for X-ray determination. One crystal could also be
formulated as an aqua/hydroxo complex [(n’-THA)Ru(en)-
(H,0),5(OH),5][PFe];s (5A), whereas the second crystal
consisted of the aqua complex only, [(W>-THA)Ru(en)-
(H,0)][PF4),-H,O (5B). In 5B the coordinated OH, was dis-
ordered and placed at two positions (see Figure S1 in the
Supporting Information). For the dihydroanthracene com-
plex 6, the crystal corresponded to [(n°-DHA)Ru(en)(H,0)]
[PF¢],-2H,0 and contained only the aqua complex.

In the Bip complex 4 (Figure 1), the propeller twist of
the pendant phenyl ring with respect to the coordinated
phenyl ring of the Bip ligand is 45.3°, which is 19.1° larger
than that for the chloro complex 1 (Table 3). The long axis

for  [(n*-Bip)Ru(en)(H,O),s(OH)os][PFqlis  (4), [(n*-THA)Ru(en)-

X-ray structures of aqua ruthe- 4

SA 5B 6

nium arene complexes: Crystal-

formula CyHyF 1 N,O,P;Ru, Cy,H, FN,O,P;Ru, C;H,F;,N,O,P,Ru C,H,F;,N,0,P,Ru
lographic data for aqua rutheni-  molar mass 1100.68 1156.79 669.40 685.40
um arene complexes 4-6 are crystal system monoclinic orthorhombic triclinic triclinic
listed in Table 1, and selected crystal size [mm)] 0.43x0.21 x0.09 0.22x0.10x0.06 0.?8><0.24><0.18 0.§0><0.14><0.12
bond lengths and angles in space group C2e Ibam Pl Pl
i crystal orange yellow yellow orange

Table 2 and Table S1 in the ,[4) 14.400(4) 23.313(5) 9.3030(17) 11.586(3)
Supporting  Information. A  »[A] 16.011(5) 12.272(2) 9.8849(18) 13.319(4)
comparison of the configura- ¢ [A] 17.049(5) 14.249(3) 13.086(2) 16.241(4)
tions of the aqua complexes ¢ ] % 20 85.585(3) 98.663(4)

. B 106.881(4) 90 88.262(3) 94.970(4)
and those of their parent chloro v [°] 90 90 85.679(3) 91.094(4)
complexes 1-3 is given in T[K] 150 (2) 150(2) 150 (2) 150(2)
Table 3. For the biphenyl com- Z 4 4 2 4
plex 4, the X-ray data for one R [f>4o(F)][ﬂl 0.0524 0.0650 0.0562 0.0936[31
single crystal showed that it R, 0.1254 0.1394 0.1409 0.077219

) GOF 1.055 1.232 1.034 1.117

could be formulated as a mixed  Ap max and min [eA] +1.64, —1.12 4091, ~125 131, -1.02 4228 121

aqua/hydroxo complex [(n’-Bip)-
Ru(en)(H,0)os(OH)s][PFe]y 5.
For the tetrahydroanthracene

60(F).

Chem. Eur. J. 2003, 9, 5810—5820 www.chemeurj.org

[a] R=Z||F,| = |F||/Z] Fy| . [P R,
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=[Ew(F~FE)YEwF)]"™ [c] GOF=[Ew(F,~F2)*(n—p)]"?, where n=
number of reflections and p=number of parameters. [d] Refinement based on F with 7242 data with F>

— 5811


www.chemeurj.org

FULL PAPER

P. J. Sadler et al.

Table 3. Comparison of the conformations of aqua Ru arene complexes 4-6 (Figure 1) and their parent chloro-complexes!"!*) 1-3. X =H,O or Cl. Com-

parison of biphenyl complex 4 (H,O) and 1 (Cl).

hinge
NH A -‘_= & """ J ""
",l}?_z.‘A J— A/‘»‘\f P ¢ B p
AU BY AT BYCY Ru
N}:F.'_":/:Za\_-/ N}<TT>*E~~,,F*~\,,,*' "z"// N, c
VA N e Cm
I Il 1]
4 (H,0) 1(CHY  5A(H,0) 5B (H0) 2 (C)! 6 (H,0) 3 (Cy!
Bip orientation, a (I) 23.3(3) 26.8(2)
[Aa]® [] [-3.5]
Bip propeller twist, [ 45.3(3) 26.2(4)
(A" [°] [+19.1]
Ru-coordinated ring 1663 (3)  1.663 (3) 1.653(3) 1664 (2)  1.676(3) L671(3)k! L678(3)! 1.667(3)
(centroid) [A]
THA/DHA orientation, a (II) 0.00(17) 63.7(2) 45.12(6) 32.5(3)k! 35.5(3)1 64.09(8)
[Aa] [] [~45.12] [+18.58] [~31.59] [-28.6]
Hinge bending angle, 5 (II1)[) + 11.60 -1.8(3) -7.53(12)  +31.8(4) +38.4(4)1 +40.65(16)
[Ag] [°] [-19.13] [+5.73] [-8.85] [-2.25]

[a] x: twist of pendant phenyl ring (B) with respect to coordinated phenyl ring (A) of Bip. [b] The change in torsion angle for 4 compared to 1. [c] The
hinge is defined by C7A-C10A, see Figure 1. A + ve sign for § indicates movement towards Ru—X. [d] The change of torsion angles for 5§ and 6 com-

pared to 2 and 3, respectively. [e] Cation 6a. [f] Cation 6b.

of Bip is rotated away from the Ru—O vector by 23.3°,
which is 3.5° smaller than that for complex 1. The distance
from the Ru centre to the centroid of the coordinated
phenyl (A) is 1.66 A, similar to that in complex 1.

For the THA complex 5, the geometry of cation SA (see
Figure S1 in the Supporting Information) showed high sym-
metry along a plane through the long axis of the THA ring,
Rul and O1W atoms. Thus the long axis of THA nearly
overlaps with the Ru-O1W vector (Table 3). The outer ring
(C) of the THA ligand is slightly bent down towards the
O1W atom (hinge bending) by 11.6°. For the cation 5B (Fig-
ure 1b), the coordinated H,0O molecule was disordered over
two positions O1 and O1" with occupancy factors of 0.7 and
0.3, respectively (see Figure S1 in the Supporting Informa-
tion). The THA tricyclic ring system is nearly flat. The outer
ring (C) is slightly bent up away from the O atom (hinge
bending) by 1.8°, similar to that in complex 2 (7.5°). The
long axis through the THA ligand is rotated away from the
major Ru—O vector by 63.7°, which is 18.6° larger than in
complex 2. The distance from Ru to the centroid of coordi-
nated ring (A) is 1.66 A, similar to that in complex 2.

For the DHA complex 6, there are two kinds of inde-
pendent cations (two 6a cations, Figure 1¢ and two 6b cat-
ions, see Figure S2 in the Supporting Information) in the
asymmetric unit, and two water solvent molecules. The
structures of these two cations 6a and 6b differ significantly
only in the orientation and hinge bending of the DHA ring.
The outer ring (C) is bent down towards the O atom by
31.8° in cation 6a and by 38.4° in cation 6b, comparable to
that in complex 3 (40.6°). The long axis through the DHA
ligand is rotated away from the Ru-O vector by 32.5° in
cation 6a and by 35.5° in cation 6b, values which are about
30° smaller than that in complex 3 (Table 3). The distance
from the Ru atom to the centroid of the coordinated ring
(A) is 1.67 A in both 6a and 6b, similar to that in complex
3. There is an interesting chain of intermolecular hydrogen
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bonds O4--01--O3---O5--02---O6 involving the coordinated
and solvent water molecules, and en NH--O4/06 hydrogen
bonding contributes to the crystal packing of both cations
6a and 6b (see Figure S2 in the Supporting Information).

HPLC separation and ESI-MS identification of hydrolysis
products: Aqueous solutions of the chloro complexes [(’-
Bip)Ru(en)CI][PFs] (1), [(n*-THA)Ru(en)CI][PF,] (2) or
[(m®-DHA)Ru(en)CI][PF,] (3) were allowed to equilibrate
for 12 h at ambient temperature and were then analysed by
HPLC. Two well-separated peaks were observed for each
complex (Figure 2), which were identified by the subsequent
ESI-MS assays. The observed positive ions are listed in
Table 4, and mass spectra are shown in Figure S3 in the Sup-
porting Information.

The seven isotopes of ruthenium give rise to a character-
istic pattern in the mass spectra of ruthenium complexes.”]
The first HPLC fraction (retention time: 5.03 min) from
complex 1 in aqueous solution gave rise to two ion peaks at
m/z 314.8 and 428.9 assignable on the basis of mass-to-
charge ratios and isotopic models (see Figure S3a in the
Supporting Information) to the aqua complex [(n’-Bip)-
Ru(en)(H,0)]** (4*") (caled m/z 315.0 for [4**—H,0—H]")
and its TFA adduct (caled m/z 429.0 for [4°T—H,0+TFA]*
), respectively. The second HPLC fraction (9.61 min) gave a
peak at m/z 350.9 corresponding to the intact cation of 1
(caled 351.0 for 1%). Analogous products in aqueous equili-
brium solutions of complexes 2 and 3 were also identified
by ESI-MS analysis of their HPLC fractions (see Figures
S3b and S3c in the Supporting Information).

pK, determinations: Complexes 4, § and 6 all give rise to
two '"H NMR resonances assignable to the two non-equiva-
lent NH protons on each NH, group of coordinated en
(NH, protons are oriented away from the coordinated
arene, and NH, towards the coordinated arene). As the pH

www.chemeurj.org  Chem. Eur. J. 2003, 9, 5810-5820
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Figure 1. X-ray structures and atom numbering schemes for a) [(n*-Bip)-
Ru(en)(H,0),5(OH)ys]"** in complex 4, b) [(-THA)Ru(en)(H,0)**
in complex 5B, and c) [(n>-DHA)Ru(en)(H,0)]** (6a) in complex 6, at
30% probability thermal ellipsoids. Complex 5SA and cation 6b are
shown in Figures S1 and S2 in the Supporting Information.

is increased, these peaks shifted to lower frequency as
shown for the NH, protons of complex 4 in Figure 3a. Anal-
ysis of the NMR titration curves (Figure 3b) gave pK,
values of 7.714+0.01, 8.01£0.03 and 7.894+0.02 for com-
plexes 4, 5 and 6, respectively.

The UV/Vis spectra of the aqua complexes 4, 5 and 6 all
showed significant changes in the region 215-400 nm on

Chem. Eur. J. 2003, 9, 5810—5820 www.chemeurj.org
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Retention Time / min

Figure 2. HPLC chromatograms with UV detection at 254 nm for 2 mm
equilibrium aqueous solutions of a) [(n*-Bip)Ru(en)CI][PF,] (1), b) [(n°-
THA)Ru(en)CI][PF,] (2), and c) [(n-DHA)Ru(en)CI][PF,] (3). Peak
labels: 1, 2 and 3 correspond to the chloro complex cations, and 4, 5 and
6 to the corresponding aqua adducts, respectively. Retention times (min)
1: 9.61, 2: 7.17, 3: 6.08, 4: 5.03, 5: 4.37, 6: 4.61.

Table 4. Positive ions detected by HPLC-ESI-MS for aqueous solutions
of complexes [(n’*-Bip)Ru(en)CI][PFq] (1), [(n*-THA)Ru(en)CI][PF,] (2)
and [(n*-DHA)Ru(en)CI][PF4] (3).

RT @ [min] Obs (Caled)™ m/z

1 5.03 314.8 (315.0) [4+_H,0-HY*
428.9 (429.0) [4°*-H,0+TFA]*
9.61 350.9 (351.0) 1*
2 437 343.1 (343.1) [5°+-H,0-H]*
457.1 (457.1) [**-H,0 + TFA]*
717 379.1 (379.1) 2+
3 4.61 341.1 (341.1) [6*+-H,0—H]*
455.1 (455.1) [6°*—H,0+TFA]*
6.08 377.1 (377.0) 3+

[a] RT is the retention time in HPLC traces (Figure 2). [b] Observed
(Obs) and calculated (Calcd) mass-to-charge ratios for the observed ions.
Mass type: monoiso. For mass spectra see Figure S3. [c] Complexes 4, 5
and 6 are the respective aqua adducts of 1, 2 and 3. [d] H indicates gain
or loss of a proton.

Observed ions

varying the pH from 1 to 11 (for 4, see Figure 4a), accompa-
nied by two isosbestic points suggesting that the spectral
changes arise from an equilibrium involving the aqua and
hydroxo complexes. No evidence was found for time-de-
pendent changes on variation of the pH (which might have
been indicative of the formation of hydroxo bridged spe-
cies). This interpretation agrees with the NMR data. The
UV/Vis pH titration curve for complex 4 was fitted to the
Henderson—Hasselbalch equation giving a pK, value of
7.71+£0.01 from 270 nm data, 7.70+0.04 from 242 nm data
(Figure 4b), in agreement with the pK, value obtained by
NMR spectroscopy.

Kinetics of aquation and anation: The time dependences of
the absorption spectra of aqueous solutions of complexes 1-3
in 0.1m NaClO, at 298 K are shown in Figure 5 (difference
spectra) and Figure S4 in the Supporting Information. In
each case the presence of an isosbestic point (292, 261 and
259 nm for 1, 2 and 3, respectively) suggested a single step
reaction, conversion of the initial chloro complexes to the
aqua products. The pK, values of complexes 4, 5 and 6 are
all >7.7 so that the deprotonation of the aqua products is
negligible at the pH range of the kinetic studies. The maxi-

—— 5813


www.chemeurj.org

FULL PAPER

P. J. Sadler et al.

a)
\2+
/ \< ;'//k 1\\
N— \:/
H\N ~=Ru.,
] H\\ H0 pH
< Hd _N
" hd 11.68
k 9.21
* 8.04
7.27
4.3 3.8 3.3
8('H)
b)
4.0
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Figure 3. a) Variation of the 'H NMR chemical shift of the NHd protons
of [(n*-Bip)Ru(en)(H,0)][PF], (4, 6 mm) in 100 mm NaClO,, 298 K with
pH. The peak labelled * is from residual [(n’-Bip)Ru(en)CI][PF4] (1). b)
Comparison of complexes 4 (@), 5 (0) and 6 (o). The full lines represent
computational fits giving the pK, values listed in Table 5.

mum change in absorption in the region of 250-500 nm oc-
curred at 319, 316 and 315 nm for 1, 2 and 3, respectively.
These wavelengths were selected for the subsequent kinetic
studies, and the extinction coefficients of the chloro and re-
spective aqua complexes at these wavelengths are listed in
Table 5.

The aquation of complexes 1, 2 and 3 at 298 K in aque-
ous solutions with various ionic strengths (0.015-0.5M
NaClO,) was monitored at the selected wavelengths as
shown in Figure 6 and Figure S5 in the Supporting Informa-
tion. In each case the time dependence of the absorbance
followed first-order kinetics, corresponding to the rate con-
stants ky,o listed in Table 6. For all three complexes, it can
be seen that the rate of aquation was almost independent of
ionic strength, and was about twofold faster for the THA
and DHA complexes 2 and 3 than for the Bip complex 1.

The reverse anation reactions were studied by adding
excess NaCl to equilibrium solutions of the chloro com-
plexes 1, 2 and 3. The anation reactions were rapid (Figure 6
and Figure S5), reaching equilibrium within periods of 100-
1600 s. The second-order rate constants ko were calculated
from the slopes of the plots of the pseudo-first-order rate
constants ko vs. [Cl7] (inserts in Figure 6 and Figure S5)
and are listed in Table 6. It can be seen that the anation re-
actions of the THA and DHA complexes 5 and 6 are about

5814
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Figure 4. a) UV/Vis spectra for a 0.3 mm aqueous solution of [(n’-Bip)-
Ru(en)(H,0)][PF4], (4) at pH 1.70 and 10.39, 298 K. The insert shows
the difference spectrum. b) Variation of the absorbance at 242 nm (m)
and 270 nm (o) with pH. The full lines are computational fits giving the
pK, values shown.

Table 5. Extinction coefficients (¢) at selected wavelengths (1) for ruthe-
nium arene complexes, and pK, values of aqua complexes in 0.1m
NaClO, at 298 K.

Complex!*! e [M'em™'](4 [nm]) pK,
[(m*-Bip)Ru(en)CI]* (1) 1576 (319)

[("-THA)Ru(en)CI]* (2) 850.6 (316)

[(-DHA)Ru(en)CI]* (3) 1090 (315)

[(W*-Bip)Ru(en)(H,O)P* (4) 1139 (319) 7714001
[(-THA)Ru(en)(H,O)P* (5)  590.1 (316) 8.01+0.03
[(-DHA)Ru(en)(H,O)* (6)  775.0 (315) 7.89+0.02

[a] pH values all within range of 6.29-6.41 (aqua complexes).

2.5-fold faster than that of the biphenyl complex 4, and that
the rates decrease by about twofold on increasing the ionic
strength from 0.015 to 0.5M (NaClOy).

The rates of the aquation and anation reactions in
100 mm NaClO, were also determined at 288 and 310 K
(Table 6, Figures S6-S8 in the Supporting Information)
which allowed the Arrhenius activation energy (E,), activa-
tion enthalpy (AH™) and activation entropy (AS™) to be de-
termined (Figure S9; see Supporting Information). The acti-
vation parameters resulting from the Arrhenius and Eyring
plots for the aquation and anation of complexes 1/4 are
listed in Table 7, and for 2/5 and 3/6 in Table S3. The reac-
tions of complexes 2/5 and 3/6 were faster than those of 1/4,

www.chemeurj.org  Chem. Eur. J. 2003, 9, 5810-5820
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Figure 5. Time evolution of UV-Vis difference spectra for the aquation of
a) [(m-Bip)Ru(en)CI][PFs] (1) (0.3mm, pH6.229), b) [(M>-THA)-
Ru(en)CI][PFq] (2) (0.5mm, pH 6.37), and c) [(n’*-DHA)Ru(en)CI][PF]
(3) (0.5mm, pH 6.41) in 100 mm NaClO, solution at 298 K. The down
arrows indicate the wavelengths selected for subsequent kinetic studies,
and the up arrows indicate isosbestic points. AA=A, —A,, where A,=ab-
sorbance at time ¢, and A,=absorbance at t=0.5 min (i.e. immediately
after dilution of methanol solutions with water).

Table 6. Rate and equilibrium constants for aquation of complexes 1-3 at various ionic strengths and tempera-

Kol s
0.52 ¢
0.48 -
A 0.44-
| 0.00 0.05 0.10
0.40 [CH/M
0.36 -

T T T T T T T T T T 1

T
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Time/s

Figure 6. Time-dependence of the absorbance at 319 nm for the hydroly-
sis of 0.3 mm [(m*-Bip)Ru(en)CI][PF,] (1) in 100 mm NaClO, solution at
298 K. The full lines represent computer fits giving the first order rate
constants listed in Table 6 for aquation, and pseudo-first order rate con-
stants for anations. Labels: aquation (m), anation with addition of 5 (A),
20 (@), 50 (¥) or 100 () mM NaCl to the hydrolysis equilibrium solu-
tion.

Table 7. Activation parameters for the aquation of complex 1 and the
anation of complex 4.

Complex E, AH* AS*
[kImol™'] [kJmol™] [JK 'mol™]

[(*-Bip)Ru(en)CIJ* 1 756406 731406  —557+20

[(*-Bip)Ru(en)(H,0)]** 4 76.7+£13 741+£13  —13.6+45

so the errors of the measurements over the accessible tem-
perature range are higher. To assess further the reliability of
the activation parameters, the variation with temperature of
the aquation rate constant for the benzene complex 7, [(n’-
benzene)Ru(en)Cl][PF4], was also determined by the same
method (Table S3 and Figure S10 in the Supporting Infor-
mation). It can be seen that AS™ values are negative for the
aquation or anation reactions of all seven complexes (except
aquation of complex 3).

The values of the equilibri-
um constants for all hydrolysis

tures. reactions were calculated from
[NaClO,] [M7!] T [K] kno [107s7] (ti2)n,0 [min] ko [M7's™] K [107°m] the ratios of ky,/ke and are
[(n™-Bip)Ru(en)CI][PE,]® 1 listed in Table 6. The constants
0.015 298 1.28+0.01 9.0240.04 0.146 40.009 88+0.6  increase with ionic strength and
0.1 288 0.4240.02 275+1.4 0.045 +0.001 93+07  are similar for all three coms-
0.1 298 1.2340.01 9.3940.03 0.12740.006 9.740.5 lexes. In the presence of O.1m
0.1 310 3.9540.09 2.92+0.07 0.43540.029 91+09 P - p :
025 298 1.2340.01 9.39+0.06 0.096 +0.008 128+11 NaClO,, about 8.8% of com-
0.5 298 1.28+0.01 9.02+0.07 0.088+0.005 145+09 plex 1 is aquated in an equili-
[(*-THA)Ru(en)CI][PF]* 2 brium aqueous solution con-
0.015 298 2.36+0.02 4.90+0.04 0.360+0.014 66%03  taining 100 mm NaCl at 298 K.
0.1 288 0.60+0.01 192403 0.091+0.017 6.6+1.6
0.1 298 2.26+0.01 5.11+0.02 0.306+0.022 74106 For complexes 2 and 3, under
0.1 310 6.8440.07 1.69+0.02 0.583+0.028 11.7+0.7  the same conditions the propor-
0.5 298 2.59+0.02 4.26+0.06 0.169+0.011 153412  tions are 6.9% and 6.8%, re-
[(m*-DHA)Ru(en)CI|[PF]™ 3 spectively.
0.015 298 223+0.02 5.18+0.05 0.347+0.019 64404 The equilibrium constants
0.1 288 0.40+0.03 289+1.5 0.072 +0.004 56406 X ¢
0.1 298 2.15+0.03 5.37+0.08 0.293+0.018 73406 (Ka) for the anation reactions
0.1 310 6.49+0.10 1.78+0.03 0.7224+0.020 90404 of aqua complexes 4-6 in
0.5 298 2.44+0.02 4.73+0.04 0.144+0.010 169414 100 mm NaClO, at 298 K were

[a] Initial concentration: 0.3 mm for 1, 0.5 mm for 2 and 3, and pH: 1 6.29, 2 6.37, 3 6.41.
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tometric titration as 109.1, 129.6 and 133.9m !, respectively.
These values give equilibrium constants K,, (K,q=1/K,,) for
the respective aquation reactions of 9.2x107%, 7.7x10~* and
7.5x107m, respectively, in agreement with the values ob-
tained from kinetic data (Table 6).

Discussion

The aqua adducts of the anticancer complexes [(n’-arene)-
Ru'(en)CI]* may play key roles in the biological mecha-
nism of action of this class of complexes. We studied the
aquation and anation rates, and characterised the aqua com-
plexes by HPLC, mass spectrometry, NMR spectroscopy
and X-ray crystallography. The chloro and hydroxo adducts
appear to be less reactive than the aqua adducts,” and the
pK, values of the aqua complexes were therefore also deter-
mined.

Structures of aqua ruthenium arene complexes: To prepare
crystalline aqua complexes, the coordinated chloride ligands
were removed from the chloro ruthenium arene complexes
1-3 by addition of AgPF,. AgNO; was avoided because of
the possible coordination of the nitrate ligand to Ru, as re-
ported for crystals of a-[Ru(azpy),(NO;),]®! and cis-
[Pt(NH;),(NO3),] .

The X-ray structures of 4-6 revealed coordinated Ru—
O(H,) bond lengths of 2.1-2.2 A (Table 2 and Table S2 in
the Supporting Information), within the range reported for
other aqua Ru arene compounds."” The coordinated OH,
ligand showed acidity through deprotonation as revealed in
solid state structures of 4 and SA, where about 50% of the
aqua ligands in the unit cell are deprotonated in each case.
There is an interesting arene conformation for each aqua
compound as shown in Figure 1 and Table 3. Notably, the
propeller twist of the biphenyl in 4 is 19.1° larger than that
in chloro complex 1. For the aqua THA complex 5, the
small hinge bending of 11.6° down toward the O atom in
cation SA and of 1.8° away from the O atom in cation
5B shows that the tricyclic ring system is still rather flat
as in the chloro THA complex 2. For the aqua DHA com-
plex 6, the outer ring (C) is significantly bent down toward
the O atom by 31.8° (6a, 38.4°(6b)), comparable with the
hinge bending of 40.6° in the chloro complex 3. Such large
hinge bending toward the O atom in the DHA complex 6
may impose a steric constraint G N7 coordination in
reactions with DNA. For the biphenyl complexes 1 and 4,
the propeller twist of the biphenyl ring may present an
even larger steric constraint towards aquation and DNA
binding.

Effects of ionic strength and temperature on hydrolysis
rates: The rate constants for aquation of the chloro com-
plexes 1-3 are almost independent of the ionic strength, but
the rate constants for anation of the aqua complexes 4-6 all
decrease with increase in the ionic strength (Table 6). This
result is in agreement with the prediction of the Brgnsted
equation:["'! the rate constant is expected to be independent
of the ionic strength when one of the reactants is uncharged,
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whereas the rate constant decreases with ionic strength if
the charges on the two ions are of opposite sign.

When the temperature was increased from 288 to 310 K,
the rate constants for hydrolysis of complexes 1, 2 and 3 in
0.1m NaClO, increased by about 9-, 11- and 16-fold, respec-
tively, while the rate constants for anation of the aqua com-
plexes 4, 5 and 6 in 0.1m NaClO, at 310 K were about 10-,
6- and 10-fold, respectively, higher than those at 288 K. The
activation parameters resulting from the Arrhenius and
Eyring plots for the aquation and anation of complexes 1-6
(Table 7 and Table S3) show that the mean AS™ values for
both reactions are negative, except for the aquation of com-
plex 3. Unfortunately, the activation parameters, especially
the activation entropies for complexes 2/5 and 3/6 are sub-
ject to large errors. The rate constant for aquation of the
benzene analogue 7, 1.98x 10 s™" at 298 K, is intermediate
between that of complexes 1 and 2, and the errors associat-
ed with the activation parameters are also between those for
complexes 1 and 2 (Table S3 in the Supporting Information).
This indicates that the lower errors for the activation param-
eters of complexes 1/4 and 7 are reliable, and that the
higher errors for complexes 2/5 and 3/6 result not only from
the small accessible temperature range but also from the
fast rate of the reactions. The apparent negative entropies
for the reactions of complexes 1/4 and 7 suggest that hydrol-
ysis of this class of ruthenium(1) arene complexes occurs by
an associative pathway (vide infra).

Relationship between structure, aquation and anation rates:
The pseudo-first-order rate constants for the anation of the
aqua arene complexes 4-6 are within the range of 1.3-3.1x
107%s7! (Table S2; see the Supporting Information). These
are comparable with the rate constants for water exchange
on [Ru(H,0)4** " (1.8x1072s7"), but 100 x lower than that
(11.5 s71) for [(n*-C¢Hg)Ru(H,0),]**.%! Although there is a
strong trans-labilising effect of the benzene ligand in [(n’-
C¢Hy)Ru(H,0),]**,1¥ this was not observed for anation of
the ethylenediamine ruthenium(i) arene complexes 4-6.
This implies that, in the current work, the chelate ligand en
slows down the anation rate. For complexes 1-3 [(n’-arene)-
Ru(en)Cl]* (arene =biphenyl (Bip), 5,8,9,10-tetrahydroan-
thracene (THA), 9,10-dihydroanthracene (DHA)), the rate
constants (1.23-2.26x107*s™!) are much lower than that for
cis-[Ru(H,0),CL]" (130x 1073 s7'; see Table S2 in the Sup-
porting Information), also indicating that the en ligand in
[(m®-arene)Ru(en)CI]™ reduces the lability of the leaving
group Cl™.

The effect of chelate ligands on substitution reactions is
dependent on the nature of the central metal and the posi-
tion of the chelate ligand relative to the leaving group. Che-
late ligands such as en in cis- and trans-[Co(en),Cl,]*" and
2,2'-bipyridine (bpy) in [(n°*-C¢Hg)Ru(bpy)(H,0)]**!' slow
down the substitution of the labile groups chloride and
water. In contrast, for the ruthenium(m) complexes!'’!
[Ru(NH;)sCI]**, cis-[Ru(NH,),CL]*, cis-[Ru(en),ClL,]*, cis-
[Ru(en),(H,O)CI]**, cis-a-[Ru(trien)ClL,]* and cobalt(im)
complex B-[Co(trien)Cl,]*,'® the hydrolysis rate increases
with increase in chelation. The present work indicates that
for (nS-arene)ruthenium(ien complexes, the en ligand cis to
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the leaving group Cl~ or H,O, as for the bpy ligand in [(n°-
C¢H¢)Ru(bpy)(H,0)]**, slows down the aquation and ana-
tion reactions due to its electronic and steric effects.

Reaction mechanism: The X-ray structures™! show that
the Ru—Cl bond lengths in complexes 1-3 (2.408(15),
2.405(6) and 2.407(9) A, respectively) are almost the same.
However, the hydrolysis rates of the THA and DHA com-
plexes 2 and 3 are about 2 x faster than that of the Bip com-
plex 1, implying that bond-breaking alone is not rate-con-
trolling in this case and suggesting that an associative inter-
change mechanism (I,) applies to the substitution reactions
of the ruthenium(ir) arene complexes studied here. The neg-
ative AS™ values (Table 7) support this conclusion. It might
be expected that I, substitution reactions would be more in-
fluenced by steric factors than those which occur by I; path-
ways. Indeed, the aquation and anation of the Bip complexes
1 and 4 are slowed down by the steric hindrance of the
pendant phenyl ring twisting towards the labile groups CI~
and H,O. Crowding around the central atom does not favour
the formation of associative states with a higher coordina-
tion number (seven)."”! Additional support for an I, mecha-
nism is provided by studies on the kinetics of reactions with
other nucleophiles.” The rates of aquation of the complexes
[(m®-biphenyl)Ru(en)X]* X=ClI, Br and I follow the order
Cl~Br>1, consistent with an associative mechanism in
which bond-making and not bond-breaking is rate-controlling.

The acidic hydrolysis of ruthenium(i) complexes such
as [Ru(NH;),X,]", [Ru(NH;)sX]** (X=CI", Br~, I") occurs
by an Sy2 associative pathway.'’” Bond making is more im-
portant than bond breaking. The strong dependence of the
substitution rate on the nature of incoming group in substi-
tution reactions of [Ru(EDTA)(H,0)]",?" and the complete
stereoretention in the substitution and hydrolysis reactions
of chiral ruthenium(m) complexes also support predomi-
nant associative pathways. In contrast, most ruthenium(i)
complexes tend to react via dissociative pathways."? The
rates of substitution of the pyridine (py) ligand in rutheniu-
m(1) complexes such as cis-[Ru(phen),(py),]** by X~ (CI-,
Br—, I", NCS™, N5, NO,") are independent of the nature of
X! and these complexes are thought to react by I, path-
ways.

However, m-acid ligands such as benzene in [(n’
C¢Hg)Ru(H,0),]*" are thought to accept electron density
from the central ruthenium atom to produce a higher charge
on the metal. Thus Ru" in {(n*-CsHg)Ru"™}** behaves like a
Ru" centre.™™! This electronic effect makes the substitution
reactions of the ruthenium(n) complexes [(n’-
C¢H¢)Ru(H,0);]** appear to occur by interchange pathways
in which bond-breaking is only slightly less favourable than
bond-making. A similar effect has been reported for water
substitution reactions of the complexes [(n°-X)Ru(bpy)-
(H,0)]** (X =benzene, p-cymene or hexamethylbenzene),
though the rates were said to be only slightly affected by the
nature of the entering ligand L (L=H,0, SCN-, I, Br™,
N;").' Therefore, strong m-acid ligands such as Bip, THA
and DHA might be responsible for the shift towards a more
associative pathway in the I; < I, mechanistic continuum
for the (n-arene)ruthenium(m)(en) complexes studied here.
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Speciation of ruthenium complexes in plasma and cell nu-
cleus: We can use the pK, values of (n’-arene)Ru"(en) aqua
adducts and equilibrium constants for aquation of the
chloro complexes in Table 5 and Table 6 to predict the speci-
ation of these chloro anticancer complexes under various bi-
ological conditions (Table 8).

Table 8. Speciation of ruthenium arene anticancer complexes in blood
plasma, the cell cytoplasm and nucleus, pH 7.4, 310 K.

Complex [Ru]® [CI] % species X=
[um] [mMm] Cl H,0 OH

[(m*-Bip)Ru(en)X]"* 5.0 plasma 104 920 52 28
5.0 cytoplasm 227 714 186 10.0
5.0 nucleus 4 30.5 452 243
[(m-THA)Ru(en)X]"* 0.5 plasma 104 899 88 13
0.5 cytoplasm 227 66.0 29.7 43
0.5 nucleus 4 254 652 9.4
[(m-DHA)Ru(en)X]"* 2.0 plasma 104 921 56 23
2.0 cytoplasm 227 71.6 202 82
2.0 nucleus 4 30.8 49.1  20.1

[a] Initial concentration of chloro complexes are the I1Cs, values.”?!

In blood plasma, the CI” concentration is high, about
104 mMm, and all three complexes would exist largely
(>89%) in their chloro forms. In contrast, the chloride con-
centrations in the cell cytoplasm and cell nucleus are much
lower, about 22.7 and 4mm, respectively.” Hence the
extent of aquation would increase from about 30% in the
cytoplasm to about 70 % in the nucleus. This would repre-
sent an activation mechanism for these chloro (n‘-arene)-
Ru"(en) complexes since the Ru—Cl adducts react much
more slowly with nucleotides such as 5-GMP than the Ru—
OH, adducts and aquation is the initial step in reactions of
the chloro complexes.”

Only small amounts (< 10% of the total Ru" arene
complexes) of hydroxo adducts are predicted to exist inside
cells since the pK, values of the aqua complexes are all rela-
tively high (7.7-8.0). We found previously that arene Ru"
aqua complexes reacted with guanine nucleotides much
more slowly at pH9 compared to pH7.° At pH9 they
would exist largely as Ru—OH complexes and, just as with
Pt" diam(m)ine complexes it seems that Ru—~OH bonds are
less reactive than Ru—OH, bonds.

For cisplatin, the hydrolysis products are present mostly
as hydroxo forms both in plasma and in the cell nucleus due
to the higher acidity of the aqua adducts (pK, cis-
[Pt(NH;),CI(H,0)] 6.41, cis-[Pt(NH;),(H,0),]** 5.39 and
7.21),) although the extent of aquation is higher than that
for the ruthenium(m) arene complexes. In the cell nucleus,
the chloride concentration is about 4 mm, and the dominant
species for cisplatin are unreactive hydroxo forms, including
the monohydroxo species cis-[PtCI(OH)(NH;),] (30%) and
dihydroxo species cis-[Pt(OH),(NH,),] (35 % ).

Conclusion

The aquation reactions of en Ru" arene complexes 1-3
reach equilibrium within 50 min at 298 K. This is an order of
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magnitude faster than platinum diam(m)ine complexes such
as cisplatin. The twofold difference in rate between the bi-
phenyl complex 1 and the tetrahydroanthracene complex 2
or the dihydroanthracene complex 3 suggests that variations
in the steric and electronic effects of arene ligands modulate
the aquation rate. Since the anation reactions are rapid, the
equilibrium constants for hydrolysis are small (K=7.3-9.7 x
107m, 298 K, I=0.1m (NaClO,)). Hence in blood plasma
these complexes will exist largely as the less reactive chloro
complexes and the percentage of aqua species will increase
markedly in the cell cytoplasm and nucleus where the chlo-
ride concentrations are lower (22.7 and 4 mwm, respectively).

Variation of the arene had little effect on the pK, of the
coordinated water ligands. Since the pK, values were high
(7.7-8.0), only small amounts of the less reactive hydroxo
species would be present at biological pH (7.2-7.4). Howev-
er hydroxo adducts of complexes 4 and S readily co-crystal-
lised with the aqua adducts even at pH 3-6. Whereas the
tetrahydroanthracene ligand remains relatively flat in the
aqua complexes, as it is in the chloro complex, the dihy-
droanthracene ligand is significantly bent towards the coor-
dinated oxygen. The biphenyl ligand in the aqua complex 4
has a relatively large propeller twist. These structural fea-
tures illustrate how the arene ligand can influence access to
the substitution site. The variation of rate constants of com-
plexes 1, 2 and 3 indicates that bond-breaking is not rate-
controlling and suggests that the hydrolysis reactions of the
chloro (arene)Ru"en complexes occur by associative path-
ways. The electronic effect of arene ligands may account for
the shift from an I; towards an I, pathway.

These findings show that there are some common fea-
tures in the aqueous chemistry of arene Ru" ethylenedi-
amine and Pt" diam(m)ine chloro anticancer complexes.
Both undergo hydrolysis in water, which is largely sup-
pressed at blood chloride concentration. Such hydrolysis can
be the rate-limiting step for interaction of these complexes
with DNA bases. It should be possible to control both the
rate and extent of hydrolysis of organometallic Ru" com-
plexes with variation in the arene, the monodentate (halide
and other) ligand, and the chelate ligand (en), and such
changes may aid the optimisation of the anticancer activity
of this class of complexes.

Experimental Section

Chemicals: NaCl and NaClO, were purchased from Fisher Chemicals,
AgNO;, AgPF¢ and ruthenium atomic absorption standard solution
(1030 uygmL™" in 5wt% HCI) from Aldrich, and CF;COOH (TFAH)
from Arcos.

Preparation of chloro ruthenium complexes: [(n*-Bip)Ru(en)CI][PF,] (1),
[(*-THA)Ru(en)CI][PF,] (2), [(n*-DHA)Ru(en)CI][PF,] (3) and [(n‘-
benzene)Ru(en)CI|[PFy] (7) were synthesised as described previously.!"!”)
Preparation of crystalline of aqua ruthenium complexes: A solution of
AgPF, (1.3 mol equiv) in H,O was added to a solution of [(n®-arene)-
Ru(en)CI][PF;] (complex 1: 100 mg, 0.20 mmol; complex 2: 49.4 mg,
0.09 mmol; or complex 3: 61 mg, 0.12 mmol) in H,O (20 mL), giving a
yellow-orange solution and an immediate precipitate of AgCl. This mix-
ture was stirred overnight at 313 K (protected from light) and was then
filtered to remove AgCl. Evaporation of the solution to dryness gave a
dark-yellow product. This was recrystallised from water to afford a crop
of fine yellow crystals, which were then recrystallised a second time from
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water at 277 K to give yellow needles suitable for X-ray structure deter-
mination.

[(M°-Bip)Ru(en)(H,0)][PFs], (4): 'HNMR (10% D,0/90% H,0,
500 MHz, 298 K,): 6=7.800 (m, 2H), 7.618 (m, 3H), 6.116 (d, 2H), 5.991
(t, 2H), 5.844 (t, 1H), 5.967 (broad, 2H), 3.768 (broad, 2H), 2.455 (m,
2H), 2.390 ppm (m, 2H).

[(M°-THA)Ru(en)(H,0)][PF,], (5): '"HNMR (10% D,0/90% H,O,
500 MHz, 298 K): 6=6.057 (broad, 2H), 5.863 (s, 2H), 5.808 (m, 2H),
5.729 (m, 2H), 4.045 (broad, 2H), 3.357 (q, 2H), 3.015 (q, 2H), 2.760 (s,
4H), 2.448 (m, 2H), 2.368 ppm (m. 2H).

[(M*-DHA)Ru(en)(H,0)][PF,, (6): 'HNMR (10% D,0/90% H,0,
500 MHz, 298 K): 6 =7.473 (m, 2H), 7.407 (m, 2H), 5.954 (m, 2H), 5.857
(m, 2H), 5.737 (broad, 2H), 3.98 (q, 2H), 3.864 (q, 2H), 3.654 (broad,
2H), 2.10 (m, 2H), 2.011 ppm (m, 2H).

Preparation of NMR and UV/Vis samples: For solution work, stock solu-
tions of the aqua complexes 4, 5 and 6 were prepared as follows: aliquots
of the chloro complexes 1, 2 or 3 were dissolved in methanol (1 mL) and
the Ru concentration (5-10 mm) was determined by ICP-AES. Then one
mol equiv of AgNO; (an aliquot of a 100 or 50 mm aqueous solution) was
added and left to react for 24 h in the dark. The precipitate of AgCl was
removed by filtration and the resulting aqua complexes were used for the
determination of pK, values by UV/Vis spectroscopy. For 1D 'H NMR
experiments aliquots of the solutions were lyophilised and re-dissolved in
10% D,0/90 % H,O containing 0.1 M NaClO,.

Ultraviolet and visible (UV/Vis) spectrometry: A Perkin-Elmer Lambda-
16 UV/Vis recording spectrophotometer was used with 1 cm path-length
quartz cuvettes (0.5mL) and a PTP1 Peltier temperature controller.
Spectra were processed using UVWinlab software for Windows' 95.

High-performance liquid chromatography-electrospray ionisation mass
spectrometry (HPLC-ESI-MS): Positive-ion electrospray ionisation mass
spectra were obtained with a Platform II mass spectrometer (Micromass,
Manchester, U.K.). A Waters 2690 HPLC system was interfaced with the
mass spectrometer, using a PLRP-S reversed-phase column (250 x
4.6mm, 100 A, 5 um, Polymer Labs). Mobile phase: 25% acetonitrile
(for HPLC application, Fisher Chemicals)/75% water (purified using a
Millipore Elix 5 system) containing 0.1 % (for complex 1) or 0.01% (for
complexes 2 and 3) TFA as the ion-pairing reagent with a flow rate of
1.0 mLmin~' and a splitting ratio of 1/6. The spray voltage and the cone
voltage were 3.50kV and 20V, respectively. The capillary temperature
was 373 K with a 450 Lh™! flow of nitrogen drying gas. The quadrupole
analyser, operated at a background pressure of 2 x 107° Torr, was scan-
ned at 900 Das~'. Data were collected and analysed on a Mass Lynx (ver.
2.3) Windows NT PC data system using the Max Ent Electrospray soft-
ware algorithm and calibrated versus an Nal calibration file.

NMR spectroscopy: 1D "H NMR spectra were acquired at a temperature
of 298 K on a Bruker DMX500 NMR spectrometer equipped with a
triple resonance ('H, °C, '*N) z-gradient probehead, using 32 transients
into 32 k data points over a frequency width of 7 kHz and using presatu-
ration to suppress the water resonance. All NMR data were processed
using Xwin-nmr (Version 2.0, Bruker UK. Ltd.).

Inductively coupled plasma atomic emission spectrometry (ICP-AES):
Stock solutions of ruthenium complexes 1-3 (5-10 mm) in methanol were
diluted with deionised water for Ru determination using an IRIS plasma
spectrometer (Thermo Jarrell Ash Co.) with ThermoSPEC/CID software.

pH measurements: All pH measurements were made using a Corning
240 pH meter equipped with an Aldrich micro combination electrode
calibrated with Aldrich standard buffer solutions of pH 4, 7 and 10. For
NMR samples in 10% D,0/90% H,O, no correction has been applied
for the effect of deuterium on the glass electrode.

pH titrations: a) NMR samples. NMR samples of aqua complexes 4 and
5 (5 mm), 6 (3 mm) were prepared in 10 % D,0/90 % H,O, and the values
of pH were adjusted with 0.01-1m NaOH or HCIO, as appropriate. A
small amount of leakage of Cl™ ions from the combination electrode into
the NMR solutions occurred (reduction in intensity of peak for aqua
complex, appearance of new peak for chloro complex) but this did not
affect the shifts of the aqua/hydroxo species. b) UV/Vis samples. For the
UV/Vis titration, an aliquot (13.2 pL) of a stock solution of the aqua
complex 4 (9.09 mm) was diluted to 400 uL with 100 mm NaClO, solution
to which 0.01-1m NaOH or HCIO, was added to give a range of pH
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values. Immediately after recording the absorption spectrum, the pH
value was determined using a glass electrode.

X-ray crystallography: Single crystal diffraction data were collected with
Mok, radiation on a Bruker SMART APEX CCD diffractometer equip-
ped with an Oxford Cryosystems low temperature device operating at
150 K. Absorption corrections were applied by using the SADABS™!
procedure (based on an algorithm given by Blessing?”'). The structures of
4, 5A and 6 were solved by Patterson methods (DIRDIF),*! the struc-
ture of 5B was solved by direct methods (SHELXTL).” Data collection
and refinement parameters are listed in Table 1. All four of the structures
exhibit either disorder or twinning. Data analyses utilised the program
PLATON.®!

The two independent PF,~ ions in 4 are both disordered over two orien-
tations; in one case the disorder components are related by a crystallo-
graphic twofold axis. Similarity restraints were applied to chemically
equivalent PF distances and FPF angles. The ratio of Ru to PFy™ in the
unit cell of 4 is 8:12, suggesting that the oxygen atom attached to Ru can
be assigned to a 1:1 mixture of OH, and OH. Though it is rare, there are
five crystal structures in the Cambridge Database®! which contain termi-
nal OH attached to Ru". The average Ru—OH distance in these struc-
tures is 1.922(11) A, with a range of 1.897-1.978 A. A similar search for
terminal Ru~OH, moieties (56 structures) yielded an average Ru—O dis-
tance of 2.133(5) A with a range of 2.058-2.218 A. Based on these data, a
disordered Ru-OH/Ru—OH, moiety might be expected to exhibit a Ru—O
distance of about 2.02 A. The Rul-O1W distance in 4 is 2.090(4) A and
rather long compared with this value, although given the rather wide
ranges spanned by the literature bond lengths and the lengths of the only
ordered Ru—OH, bonds observed in this series (2.161(5) and 2.155(5) A
in 6), perhaps not unreasonably so. The anisotropic displacement param-
eter of O1W also seems quite normal, and shows no elongation along the
Ru—O vector. There is thus little direct crystallographic evidence for our
proposed disorder model, except that other possible explanations for the
observed unit cell stoichiometry, such as partial occupancy of the PF4~
sites or a mixture of Ru oxidation states, seem rather less plausible.

Similar OH/OH, disorder is observed in the structure of 5A, which also
contains disordered PF~ ions. There is no question of this kind of disor-
der in the crystal structure of 5B, though in this case the water molecule
is disordered over two positions in response to the positions of a disor-
dered water of crystallisation. The two Ru—O distances were restrained
to be equal.

Crystals of 6 were twinned and generally of rather poor quality. The dif-
fraction pattern was indexed by using the program GEMINL and the
twin law, a twofold rotation about a* identified with ROTAX.” This op-
eration can be expressed by the matrix I and reflections from the two do-
mains of the crystal were considered to be overlapped if they lay within
0.07 A~!. The structure was refined against F using data with I>30(l)
using the program CRYSTALS.’ Aqua-hydrogen positions could not be
identified in Fourier maps, and were left out of the model, although it is
clear from the O--O contact distances in the structure that a hydrogen
bonded network is formed.

1 0.057 0.131
0 -1 0 {I
0 0 -1

CCDC-199475 (5B), CCDC-199476 (4), CCDC-199477 (6), and CCDC-
199478 (5A) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1HZ, UK; Fax: (+44)
1223-336033 or deposit@ccdc.cam.ac.uk).

Kinetic analyses: a) For aquation studies, aliquots (12 pL for 1, 20 uL for
2, or 40 pL for 3) of stock solutions of the chloro complexes 1 (10 mm), 2
(10 mm) or 3 (5 mm) in methanol were diluted to 400 uL with 0.015-0.5m
aqueous NaClO,, and the absorbance at selected wavelengths was then
recorded at 20 s intervals. The absorbance/time data for each complex
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were computer-fitted to the first-order rate equation [Eq.(1)], which
gave the ky,o value (k) for each aquation, where C, and C, are comput-
er-fitted constants, A is the absorbance corresponding to time .

A=Cy+Ce™ 1)

b) For the measurement of rate constants of the anation reactions, solu-
tions containing 0.3 mm 1, 0.5 mm 2 or 3, in presence of various concen-
trations of NaClO, (0.015-0.5m) were left to equilibrate overnight. An
aliquot (392 or 390 uL) of the hydrolysis equilibrium solution was trans-
ferred into the UV cell, and the initial absorbance was recorded at the
selected wavelength. Then an aliquot of an NaCl solution (8 pL of 5, 2.5,
or 1M, or 10 pL 0.2m NaCl) was added to the above solution and the ab-
sorbance was determined at 6-20 s intervals to allow measurement of the
pseudo-first-order rate constants. Finally, the second-order rate constants
k¢ of the anation reactions were calculated from the slope of plots of the
pseudo-first-order rate constants (k') versus chloride concentration
[CI]. All kinetic data were computer-fitted to the appropriate equation
using the programme Microcal Origin 5.0.

Measurement of equilibrium constants K: a) the equilibrium constants
K,q for the aquation reactions were calculated from K,,=ky,o/kq. b) In
order to confirm the precision of the equilibrium constants obtained
from the kinetic data, the equilibrium constants K, (=[Ru(Cl)]/
[Ru(H,O)][CI7], where [Ru(H,0)] and [Ru(Cl)] represent the concentra-
tion of aqua and chloro complexes, respectively) for the anation reactions
of complexes 4-6 in 100 mm NaClO, at 298 K were determined by spec-
trophotometric titration. The absorbance at equilibrium (A) is related to
K., by Equation (2), where, A, and A., refer to the absorbance of the
aqua complex [(n°-arene)Ru(en)(H,0)][PF], (in the absence of CI7) and
the chloro complex (formed from the aqua complex in the presence of
0.1m NaCl), respectively.'!

A = (Ay + A Kau[CIN)/(1 + K[CI) )

Additions of NaCl were made giving chloride concentrations of 5-50 mm
and the value of K,, was obtained by a computer fit to equation 2. The
respective aquation equilibrium constants K,, were calculated from the
equation K,,=1/K,,, where K, is the equilibrium constant corresponding

to a chloride concentration which is the same as that of the initial aqua
complexes.
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