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Kinetics and Mechanism of Water Substitution at Half-Sandwich Iridium(III)
Aqua Cations Cp*Ir(A—B)(H,0)>*'* in Aqueous Solution (Cp* = n°-
Pentamethylcyclopentadienyl Anion; A—B = Bidentate N,N or N,O Ligand)
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The perchlorate complexes of a series of half-sandwich
monoaqua cations Cp*Ir(A-B)(H,0)>** with A-B = prol
(D/L-proline anion), picac (picolinic acid anion), R,R-dach
[()-(1R,2R)-1,2-diaminocyclohexane], R,R-dpen [(+)-(1R,2R)-
1,2-diphenylethylenediamine], phen (o-phenanthroline), and
bpy (2,2'-bipyridine) (Cp* = n’-pentamethylcyclopentadi-
enyl anion) have been prepared and characterized. An X-ray
structure analysis of Cp*Ir(R,R-dach)(H,0)(ClO,),-H,O has
revealed that the cation Cp*Ir(R,R-dach)(H,0)?* has a dis-
torted pseudo-octahedral coordination geometry. In the case
of A-B = prol, crystallization from water led to the trinuclear
complex [Cp*Ir(D-prol)|3(ClO,)3, which has also been charac-
terized by X-ray structure analysis. The experimental data
suggest that in aqueous solution the trinuclear proline com-
plex dissociates to form the cation Cp*Ir(D-prol)(H,O)*. The
proton dissociation constants of the coordinated water in Cp*
Ir(A-B)(H,0)?** have been determined as pK, = 7.5 (A-B =
bpy) and pK, = 7.1 (A-B = R,R-dach and picac). Substitution
of the water in Cp*Ir(A-B)(H,0)?** by the monodentate li-

gands L = py (pyridine), DMS (dimethyl sulfide), TU (thio-
urea), and monodentate anions according to the Equation
Cp*Ir(A-B)(H,0)**’* + L. — Cp*Ir(A-B)L?** + H,O has been
studied by multi-wavelength stopped-flow spectrophotome-
try in aqueous solution at I = 0.2 M. This kinetic investigation,
carried out at different concentrations, temperatures, and
pressures, showed that the process obeys second-order kin-
etics, where rate = k; [Cp*Ir(A-B)H,0%**][L]. The magnitude
of the second-order rate constant k; depends on the nature
of both A-B and L. The data for k. have been found to range
from 6.4 x 10* Mm~!s™! (A-B = D-prol; L = TU) to 10.5 m~Is7?
(A-B = bpy; L = py) at 298 K. The activation parameters for
water substitution at Cp*Ir(A-B)(H,0)** (A-B = bpy, R,R-
dach, and picac) by L = TU have been evaluated. The activa-
tion volumes of AV* = +2.3, +7.4, and +7.3 cm® mol™, re-
spectively, are supportive of an I3 mechanism. The results
regarding the kinetic lability of the coordinated water in the
monoaqua cations Cp*Ir(A-B)(H,0)?** are compared to
those obtained for the triaqua cation Cp*Ir(H,0)5%*.

Introduction

The aqua cations Cp*Rh(H,0);>* and Cp*Ir(H,0);>"
(1) belong to the small group of water-stable organometallic
species in which water molecules and carbocyclic ligands,
such as n-Cp* (= n’-pentamethylcyclopentadienyl anion),
are bound to the same metal centre.l'! There has been a
wide spectrum of studies on the chemistry of these aqua
cations, providing insight into the relatively new field of
aqueous organometallic chemistry.> ¢!

Our interest in half-sandwich aqua cations lies mainly in
their intriguing kinetic properties. The introduction of the
Cp* group into the cation Ir(H,O)s*" leads to a dramatic
increase of 14 orders of magnitude in the rate of water ex-
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change, as described by rate constant k., in Equation (1),
and in the rate of water substitution, as described by rate
constant k; in Equation (2) (L = monodentate ligand).l” 121

k X
CP*Ir(H0)™ + H0* ===  Cp*l(H:0)*(H,0),"" + H,0 )

ke

Cp*Ir(H,0):** + L Cp*Ir(H,0),L** + H,0 2)

Replacement of two of the coordinated water molecules
in the cation 1 by bidentate ligands A—B generates the
monoaqua species Cp*Ir(A—B)(H,0)>™*. The literature
on such iridium compounds is still very limited,!'3! but
numerous examples of the monochloro analogues
Cp*Ir(A—B)CI™ have been described. These species have
been found to be particularly effective as catalystst'*~ T and
in the coordination of biologically important molecules.[>]

As an extension of our earlier work on the kinetics of
Equations (1) and (2),”-8! we now compare the labilizing
effect of the Cp* group, as documented by the rate
data available for Equations (1) and (2), with that of
bidentate ligands A—B in the monoaqua species
Cp*Ir(A—B)(H,0)>™'*. The kinetics of water substitution
according to Equation (3) have been studied in aqueous so-
lution using a series of complexes Cp*Ir(A—B)(H,0)>™/*
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Table 1. Abbreviations used for the aqua complexes

Cp*Ir(H,0)5>" 1
Cp*Ir(R,R-dach)(H,0)>* 2
[Cp*Ir(R,R- dach)(HZO)](CIO4)2 H,O 2b
[Cp*Ir(D-prol)]3>* 3
[Cp*Ir(D-prol)]5(ClOy4)3 3b
Cp*Ir(p-prol)(H,O)™" 4
Cp*Ir(bpy)(H,0)** 5

[Cp*Ir(bpy)(H,0)|(CIO,), Sh
Cp*Ir(picac)(H,O)™" 6
[Cp*Ir(piac)lx(CIO)s 6b
Cp*Ir(R,R-dpen)(H,0)>" 7
[Cp*Ir(R,R- dpen)(HzO)](ClO4)2 7b
Cp*Ir(phen)(H,0)>* 8
[Cp*Ir(phen)(H,0)I(CIO,), 8b

(2, 4—8) containing neutral or anionic N,N and N,O li-
gands A—B (see Scheme 1). The incoming ligands L used
in the study of the reaction according to Equation (3) have
been either neutral species (py, py-nia, DMS, TU)P! or an-
ions (Br—, I7, SCN~, N37, NO,").

Ph  Ph
7\ /N Huy {aH
CWQQ QO ey

phen R, R-dpen

0

Qo 4 o
N NH, NH O
R,R-dach picac prol

Scheme 1. Bidentate ligands A—B coordinated in monoaqua com-
plexes Cp*Ir(A—B)(H,0)>™/* and abbreviations!?'!

ki

Cp*Ir(A-B)(H0)*"" L Cp*Ir(A-B)L™" + H,0 3)

The present contribution summarizes the kinetic results
obtained at various temperatures and pressures. We also
present crystallographic data for the perchlorates of the cat-
ions Cp*Ir(R,R-dach)(H,0)?>* (2) and [Cp*Ir(prol)]5>* (3)
(R,R-dach = 1,2-diaminocyclohexane; prol = anion of pro-
line)®!1 as well as acidity constants (pK,) for the coordin-
ated water in some of the mono aqua cations Cp*
Ir(A—B)(H,0)>*'*.

Results and Discussion

Properties of the Monoaqua Species Cp*Ir(A—B)(H,0)>*'*

The UV spectra of aqueous solutions of the perchlorates
of the cations Cp*Ir(A—B)(H,0)>*'* led to the absorption
data listed in Table 2. The various cations absorb in the

Table 2. UV absorptlon {k,mx [nm] (€max [M~'em™'])} of the cat-
ions Cp*Ir(A B)(H>0)>™'* in aqueous solution at pH = 2.0 and
293 K

= bpy) 243 (15500), 308 (13500), 317 (13400)
= phen) 298 (4990), 276 (16100), 218 (13200),
201 (16500)

>>>> >>
wwww ww
[T

R,R-dach) 269 (2070), 302 (1660)
R.R-dpen) 265 (1690), 298 (1080)
D-prol) 282 (1160), 300 (1150)Itb]
picac) 311 (4740), 260 (10600)

(2] The data obtalned at pH = 6 are identical to those obtained at
pH = 2.0. — I The values of Apax and €m,, refer to 1 mol of 4,
not to 1 mol of3
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range 260—320 nm with absorptivities €, of the order of
10° M 'cm™! in the case of aliphatic ligands A—B (dach,
dpen, prol)?! and 10* m~'cm™! in the case of aromatic li-
gand systems (bpy, phen, picac).?!! In the case of the pro-
line complex, the spectra were recorded using solutions of
the trinuclear complex 3b. However, the spectral data
strongly suggest that the trinuclear complex dissociates to
form the monoaqua cation Cp*Ir(p-prol)(H,O)* (4). This
follows from the fact that (i) the data for €,,,,, when refer-
enced to 4 instead of 3, are close to those obtained for the
other mono aqua species, and (ii) the data obtained for €,
at pH = 2.0, 4.8, and 6.0 are identical.

The spectral changes associated with substitution reac-
tion according to Equation (3) are sufficient to allow reli-
able spectrophotometric monitoring. As an example, Fig-
ure 1 shows a series of spectra describing the reaction of 2
with bromide ions according to Equation (3). The existence
of two sharp isosbestic points (at 257 nm and 267 nm) in-
dicates that the reaction does not involve substantial con-
centrations of intermediates.

350 400

250 300
A, nm

Figure 1. Spectral changes recorded for the reaction of 2 with
bromide ions according to Equation (3) within 1.2 s {[complex], =
1.0 X 1074w, [Br ], = 1.0 X 1073 m; pH = 2.0 (HCIO,), I = 0.2
M (NaClO,), 298 K}

It is well documented that, due to proton dissociation
from coordinated water, aqueous solutions of the triaqua
iridium species 1 are acidic.”! For comparison purposes, the
acid dissociation of some of the monoaqua species Cp*
Ir(A—B)(H,0)?>*'* according to Equation (4) was therefore
investigated by means of spectrophotometric titrations. The
pK, values presented in Table 3 show that (i) the effect of
the nature of the bidentate ligand A—B and of the overall
charge of the cation on the pK, is very minor, and (ii) the
dissociation constant K, of the monoaqua species is more
than three orders of magnitude smaller than that of the
triaqua species 1. The chelate ligands A—B presumably re-
duce the electrophilicity of the Ir™™ centre, such that less
electron density is donated by the water oxygen atom. The
coordinated water molecule thus becomes a weaker acid.

Eur. J. Inorg. Chem. 2001, 1361—1369
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Table 3. Acidity constants pK, of the monoaqua species Cp*
Ir(A—B)(H,0)>/* at 298 K (I = 0.2 m)

Complex pK,

5
2
6
1[= Cp*Ir(H,0)5*"]

[al Taken from ref.l”? — [®l Taken from ref.’]

At pH = 5, the formation of monohydroxo species Cp*
Ir(A—B)(OH)™ can be neglected.

Cp*I(A-B)H, 0" _—Ké Cp*Ir(A-B)(HO)™ + H' 4)

Structures of the Complexes 2b and 3b

To the best of our knowledge, 2b represents the first
structurally characterized monoaqua half-sandwich iridium
Cp* complex of the type Cp*Ir(A—B)(H,0)>*. As shown
in Figure 2, the coordination geometry of the cation 2 is of
the “three-legged piano stool” typel®? and can be classified
as pseudo-octahedral. The perchlorate ions are disordered
and the single water molecule of crystallization is far away
from the coordination sphere of the iridium centre.

Figure 2. Molecular structure of the cation 2 with thermal ellips-
oids drawn at a 30% probability level; most of the hydrogen atoms
have been omitted for the sake of clarity

The crystal contains two crystallographically distinct un-
its of 2. The difference is small and is manifested, for ex-
ample, in the relative positions of the Cp* and cyclohexane
rings. In unit I, the angle between the plane of the Cp* ring
and the plane formed by the donor atoms N13, N20, and
02 amounts to 2.7°. In unit II, this angle is found to be
just 1.0°.

The bond lengths N13—Irl (2.127 A) and N20—Irl
(2.130 A) are very similar (see Table 4), while the bond
length O2—Irl is slightly longer (2.18 A). The Ir—OH,
bond length of 2.18 Ais significantly longer than those re-
ported for other Ir'™ aqua complexes, which range from
2.057 A for oxo-bridged trinuclear iridium hexacarboxylate
complexes to 2.074 A for hydroxo-bridged bis(ethylenedia-
mine)iridium complexes.”?*?4 This ground-state bond

Eur. J. Inorg. Chem. 2001, 1361—1369

lengthening must be due to the trans influence of the Cp*
ligand and may account for the high lability of the coordin-
ated water molecule. Ir—O distances in the even more labile
cation 1 (longest distance 2.27 Al®l) are in line with this
conclusion. By comparison, the water exchange at
Ir(H,0)s>t is 10'* times slower than that at 1.[71%1 The
bond angles N20—Ir1—-N13, N20-Ir1-02, and
N13—-Ir1—02 in 2 are close to 80°, which indicates the de-
viation from ideal octahedral geometry of 90°. The iridium
atom is a centre of asymmetry, but the C, symmetry of the
ligand R,R-dach brings about a definite, nonracemic con-
figuration.

Table 4. Selected bond lengths and angles in unit I of the com-
plex 2b

Atoms Distance [A] Atoms Angle [°]
Ir(1)=N(20)  2.127(8) N0)—Ir(1)-N(13)  79.0(3)
Ir(1)=N(13)  2.130(8) N(20)—Ir(1)—0(Q) 80.9(3)
Ir(1)—0(2) 2.180(7) N(13)—Ir(1)—0(2) 83.6(3)
Ir(1)—C(3) 2.180(9) Xla—Ir(1)-OQ)& 128.7(3)
Ir(1)—C(4) 2.143(12) Xla—TIr(1)=-N(13)a  132.0(4)
Ir(1)—C(5) 2.113(9) Xla—Ir(1)-NQ0)  133.0(4)
Ir(1)—C(6) 2.178(9) C(19)—NQ0)—1Ir(1)  110.2(5)
Ir(1)—C(7) 2.170(9) C(19)—C(14)—N(13) 108.9(6)
Ir(1)—Xl1a  1.777(2) C(14)—N(13)—1Ir(1)  111.9(5)
N(13)—C(14) 1.502(9) C(14)—C(19)—N(20) 108.1(6)
C(19)—N(20) 1.510(9) C4)—-1Ir(1)-C(3) 39.6(6)
C(14)—C(19) 1.457(10) C(5)—1Ir(1)—C4) 41.1(4)
C(3)—C(7) 1.45(2) C(5)—1Ir(1)—C(6) 38.3(4)
C(7)—TIr(1)—C(6) 36.5(4)
C(7)—1r(1)—C(3) 38.9(5)

[a] The position X1a corresponds to the center of the Cp* ring.

While this work was being carried out, a series of com-
plexes containing trinuclear units [Cp*M(aa)]5** (M = Rh,
Ir; aa = amino acid anion) was reported.l>15231 All of these
complexes were obtained by crystallization from methanol.
With regard to aqueous solutions, the possibility of
trimer dissociation and the formation of mononuclear
Cp*M(aa)(H,O)™ units has yet to be fully explored.

In the presence of perchlorate ions, crystallization from
an acidic aqueous solution of the cation 4 leads to yellow
prisms, which are structurally composed of trinuclear units
3 with C; symmetry (see Figure 3). The structural backbone
of these units is a 12-membered metallacycle, consisting of
three iridium atoms and three doubly O-bonded carb-
oxylate groups. The pseudo-octahedral coordination sphere
about each iridium atom is made up by the n°-bound Cp*
ring, one N,O-bound proline, and another O-bound proline.
As shown in Table 5, the Ir1 =018 bond to the N,O-bound
proline (2.138 A) is slightly longer than the Irl—OI19A
bond to the singly coordinated neighbouring proline
(2.108 A).

The trinuclear unit 3 possesses 3 X 3 chiral centres (Ir,
N, a-C) and the diastereomer within the crystal has to be
described as (RcRcRc, RnyRaRN, Ri: Ry Ry)-3b. The unit is
the mirror image of the (all-S)-configured analogue re-
ported by Beck and co-workers.”®! The chirality at the
metal centre is determined by the configuration of the
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Figure 3. Molecular structure of the trinuclear cation 3 with ther-
mal ellipsoids drawn at a 30% probability level; hydrogen atoms
have been omitted for the sake of clarity

Table 5. Selected bond lengths and angles in the complex 3b

Atoms Distance [A] Atoms Angle [°]
Ir(1)—O(19A) 2.108(6) O(19)—1Ir(1)—0O(18) 81.5(3)

Ir()-N(12) ~ 2.136(8) N(12)-Ir(1)-0(18)  76.8(4)

Ir(1)—O(18) 2.138(5) O(19)—1Ir(1)—N(12) 78.7(3)

Ir(1)—C(6) 2.099(10) Xla—Ir(1)=N(12)®  134.5(5)
Ir(1)—C (4) 2.100(11) Xla—Ir(1)—O(18)®! 134.9(5)
Ir(1)—C(5) 2.133(12) Xla—Ir(1)—O(19)®! 128.7(5)
Ir(1)-C(2) 2.133(10) Ir(1)—N(12)—C(16) 112.2(6)
Ir(1)— C(3) 2.140(12) Ir(1)—O(18)—C(17) 115.0(7)
Ir(1)—X1al® 1.754(10) Ir(1B)—0(19)—C(17)[1 127.6(5)
N(12)—C(16)  1.484(12) N(12)—-C(16)—C(17)  108.7(8)
C(16)—C(17)  1.503(13) C(16)—C(17)—0(18)  121.4(8)
C(17)—0(18)  1.249(13) C(16)—C(17)—0(19)  114.6(7)
C(17)—0(19)  1.284(11) Ir(1)—N(12)—C(13) 117.1(7)
] O(19A): O(19) transformed to 1 —x +y, 1 —x, z. — [’ The

position X1a corresponds to the center of the Cp* rmg — I r(1B):
Ir(1) transformed to 1 — y, x — y, z

asymmetric carbon atom, making the complex an example
of chiral self-recognition.

Kinetics of Water Substitution

A kinetic investigation of water substitution according to
Equation (3) was undertaken to study the reactivity and
mechanistic behaviour of the coordinated water in the
monoaqua species Cp*Ir(A—B)(H,0)>™* and to compare
it with that in the triaqua species 1. We recently reported
that water substitution at the triaqua species follows an I
mechanism!?!] with the rate of substitution being close to
the rate of water exchange”! For a variety of Cp*
Ir(A—B)(H,0)>"/*/L systems, systematic variation of A—B
(with L = constant) and of L (with A—B = constant) was
carried out to obtain detailed information on the effect of
the bidentate ligands A—B on the kinetics and mechanism
of the reaction according to Equation (3).

Water Substitution in Complexes Cp*Ir(A—B)(H,0)**'+
by Pyridine

In a series of experiments, water substitution in six
monoaqua Cp*Ir(A—B)(H,0)>*'* complexes by pyridine
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was investigated at pH = 2.0 and 4.8. These substitution
reactions were expected to be second-order processes. Ac-
cordingly, under pseudo-first-order conditions the change
of absorbance with time was found to be monophasic and
exponential. Fitting of Equation (5) to the (4,7) data led to
the observed rate constant k,peq (A4 = amplitude). As an
example, Figure 4a shows the dependence of kypsq On [pylior
for the system 4/py.

( }
8F 2)
pH 4.8 ) J0.12
6t _ T
“ pH 2.0 Z
3 10.08
=° 4F
{0.04
2
1 1 1 1 0.00
000 001 002 003 004
[pyl,, - M
0.16
b)
0.12+
AA}OO
0.08 |
0.04
0_00 L I L 1
0.00 00l 002 003 004
[pyl,.-M

Figure 4. Dependence of the kinetic parameters kqpsq (2) and AAdszgg
(b) on [py]io: for the reaction of the cation 4 with pyridine at pH =
2.0 and 4.8

A = Adexp(—kopsat) + Ao (5)
kobsd = kL[pY] = m[py]tot (6)
kobsa = kilpyl + k-1 = m[pylot + k-1 @)

At pH = 4.8, the dependence is linear and conforms to
Equation (6) (irreversible pseudo-first-order reaction),
whereas at pH = 2.0 the linear dependence has an intercept
and conforms to Equation (7) (reversible pseudo-first-order
reaction).?”1 The slope m of the linear dependencies shown
in Figure 4a leads to rate constant kp and the intercept
corresponds to k_.”8 At pH = 2.0, where most of the
pyridine is protonated (pK, = 5.26*°)), the reverse reaction
(rate constant k_;) is observed and the equilibrium con-
stant K is obtained from the ratio ky/k_;. Independently
and additionally, K can be derived from the concentration
dependence of the amplitude A4, as described by Equa-
tion (8) and shown in Figure 4b.

Eur. J. Inorg. Chem. 2001, 1361—1369
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Table 6. Rate constants k; and k_; and equilibrium constants K for water substitution in monoaqua cations Cp*Ir(A—B)(H,0)*>*/* and

in the triaqua cation 1 by pyridine at 298 K

Aqua cation pH kp [M71s71] L [sT K =lylk_ M1 KMol
4 4.8 6270 = 90 - — -

2.0 6270 + 330 0.008 = 0.004 (7.8 = 4.4) X 10° (8.7 £ 0.7) X 10°
6 2.0 643 = 15 —lel — -
7 4.8 63 £ 0.8 —[el —

2.0l 79 £ 1.0 0.0053 £ 0.0004 (0.15 = 0.01) X 10° (0.15 = 0.01) X 10°
2 4.8 41.6 = 0.7 0.0025 + 0.00091d! (0.17 £ 0.07) X 105 —

2.0l 442 = 0.5 0.0008 = 0.0003 (0.5 = 0.2) X 10° (0.41 = 0.02) X 10°
8 4.8 16.9 = 0.6 0.004 = 0.001 4225 = 1200 -
5 4.8 10.5 = 0.3 —lel —
1 2.0 2610 =+ 400 - - -

[l According to Equation (7), rate constant k_p. corresponds to the intercept of the plot of kypsq Vs. [L]; in most cases, the values of k_p

are therefore obtained with high error limits. —

data taken from ref "]

A4 = A.K[pylod(1 + K[pyliot) ®)

The values of ki, k_y, and K obtained are summarized
in Table 6.

The data for the system 4/py demonstrate that the pH
value has no effect on k;, which clearly indicates that in
solutions at pH = 2.0 and 4.8 the reacting iridium species
is the same. This is in line with the UV absorption data (see
Table 2). Within the error limits, equilibrium constant K =
7.8 X 103 m~!, as obtained according to K = k;/k_y, is in
good agreement with K = 8.7 X 10°> M~ !, as derived from
the dependence of A4 on [py]:, according to the relation-
ship in Equation (8). It is noteworthy that the substitution
of water in the proline complex by py is a monophasic pro-
cess, properly described by a single exponential function. In
agreement with the UV absorption data, this finding sup-
ports the interpretation that the trinuclear compound 3b is
hydrolyzed to form the monoaqua cation 4 when dissolved
in water.B% If the trinuclear cation 3 were to be present
in solution, one should observe biphasic or even triphasic
kinetic behaviour.

As described above, the acidity of the coordinated water
in the species Cp*Ir(A—B)(H,0)>*'* is not significantly af-
fected by the nature of A—B (see Table 3). In contrast to
this lack of dependence, the magnitude of the rate constant
ki clearly depends on A—B (see Table 6). The proline com-
plex 4 (ky = 6270 M~ 's™!) reacts faster than the bipyridine
complex 5 (k. = 10.5 M~ !s™1) by a factor in excess of 500.
As a general rule, it is found that the singly charged com-
plex cations (A—B = prol and picac) react more rapidly
than the doubly charged ones (A—B = dpen, dach, phen,
and bpy). However, the difference of a factor of 10 between
the &y data for 4 and the picolinic acid complex 6 clearly
shows that the charge on the cations is not the only rate-
determining parameter.

The reverse reaction is less affected by the nature of
A—B. The values obtained for the rate constant k_; only
vary between 0.008 s~!' and 0.0008 s~!. As a result of the
effects of A—B on ki and k_;, the overall equilibrium con-
stant K ranges from 7.8 X 10° m~! (A—B = prol) to
42 x 10> M~ ! (A—B = phen).

Eur. J. Inorg. Chem. 2001, 1361—1369

b1 As obtained from the amplitude A4 according to Equation (8) — [ Error limits too
high to accept data for k_y as sufficiently rehable — 191 Substitution studied with py-nial?!l instead of py. —

¢l First substitution step;

Due to pH-dependent protonation of the incoming pyr-
idine ligand, rate constant k_y for the reverse reaction was
not reliably accessible for some of our complexes under cer-
tain conditions (see Table 6). Experiments in which the less
basic pyridine derivative py-nia (= nicotinamide; pK, =
3.47P%), rather than pyridine (pK, = 5.261*]), was treated
with Cp*Ir(R,R-dpen)(H,0)?>* (7) and 2 at pH = 2.0 led
to reliable data for k_; and K. Further evidence for the
reversibility of substitution reaction according to Equation
(3) was provided by the results of some pH-jump stopped-
flow experiments performed on the system 2/py-nia.’!l The
change in absorbance with time associated with the pH-
jump from pH = 2.0 to proton concentrations [H*] = 0.27,
0.55, and 1.5 m, respectively, proved to be exponential ac-
cording to Equation (5). The experimental rate constant
kopsa, formally described by Equation (7), was found to be
independent of [H™], with a mean value of kg = (1.02 =
0.03) x 1073 s~ 1.3 Within the limits of error, this value is
in agreement with k_; = (0.8 = 0.3) X 1073 s~ ! as deter-
mined from the kinetics of the complex formation reaction
(see Table 6). This means that the pH-jump from pH = 2
to higher proton concentrations causes aquation of the cat-
ion Cp*Ir(R, R-dach)(py-nia)*>* according to Equation (9).
Due to pyridine protonation at the high proton concentra-
tions employed, the contribution of the rate term ki [py] in
Equation (7) becomes negligibly small.

k +
Cp*Ir(R,R-dach)(py-nia)>* + H,0 —» Cp*Ir(R,R-dach)(H,0)’

+ py-nia 9)
In comparison to other aqueous systems [e.g.
Ni(H,0)¢>"/py; K = 81 M '],B2 the complexes

Cp*Ir(A—B)L>"" prove to be extraordinarily stable. Since
the carbon—iridium bonds are resistant to hydrolysis even
in very acidic solutions, high proton concentrations can be
used to reduce the concentration of the pyridine ligand. It
is thus possible to accurately determine large K values.

Water Substitution in Cp*Ir(A—B)(H,0)**'* Complexes

by Thiourea, Dimethyl Sulfide, and Monodentate Anions
The rates of associatively controlled substitution reac-

tions are strongly affected by the nucleophilicity of the in-
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coming ligand L. In the case of associative substitutions at
Pt'" complexes, the nucleophilic discrimination factor S, as
obtained from np, values according to Equation (10), is
used to quantify this effect of the nucleophilicity of L on
the rate of the reaction (k = second-order substitution rate
constant; n8, = empirical measure of the nucleophilicity).[**

(10)

To obtain information on the mechanism of water substi-
tution according to Equation (3), the rate constant k; was
determined for the entry of various ligands L into the
monoaqua complexes Cp*Ir(A—B)(H,0)>™*. Under
pseudo-first-order conditions ([L], = 10 X [complex],),
substitution was found to be a practically irreversible pro-
cess with the (4,7) data conforming to Equation (5). The
dependence of kg 0on [L], according to Equation (6), led
to the k; data summarized in Table 6. Analysis of these
data shows that (i) as found for L = py, water substitution
at the various cations Cp*Ir(A—B)(H,0)>**/* by TU and
DMS is more than two orders of magnitude faster for the
singly charged proline and picolinic acid complexes than for
the bipyridine complex, (ii) for a given cation Cp*
Ir(A—B)(H,0)>™'*, the magnitude of k; follows the order
TU > DMS > py, and (iii) water substitution at the cations
2 and 5 by the anions Br~, I7, SCN~, N3, and NO, is
faster than that by the neutral ligands TU, DMS, and py.
The latter result is in line with expectation for charge effects
according to the Eigen—Wilkins mechanism.4

A plot of log ki vs. np, for L = py, DMS, and TU is
shown in Figure 5. It can be seen that the substitution rate

logk = Sng, + ¢

constant k. increases with increasing nucleophilicity of L,
as characterized by the parameter ng,. This increase of ky
with n$, is found for all of the Cp*Ir(A—B)(H,0)>*'* com-
plexes studied. The nucleophilic discrimination factor S
ranges from 0.25 for the proline complex 4 to 0.41 for the
R,R-dach complex 2. In line with the second-order rate law
obtained for substitution reaction according to Equation
(3), this finding excludes a D mechanism. However, for typ-
ical associative substitutions at Pt'l complexes (4 mechan-
ism) it is found that S ranges from 0.6 to 1.4.133 This im-

log &

w B
\\
o0 [\S R TN - S

5 5
TU
1 DMS
PY
0 .
2 3 4 5 6 7 8
nO

Figure 5. Dependence of rate constant & on the nucleophilicity of
the neutral ligands py, DMS, and TU 4, S = 0.25; 6, S = 0.27 =
0.10; 7, S = 0.40 = 0.01; 2, S = 0.41 £ 0.02; 8, S = 0.28 = 0.01;
5,8 =0.26 = 0.01)

Table 7. Second-order rate constant k; (M~ 's™') for water substitution in monoaqua cations Cp*Ir(A—B)(H,0)>*/* and in the triaqua
cation 1 by monodentate ligands L according to Equation (3) under pseudo-first-order conditions at 298 K and 7 = 0.2 m

Cation pH Entering ligand L
TUR1 DMSPI  Br- I- Ny~ NO,~ SCN-
2 2.0 1960 = 50 143 =5 8830 + 260 (1.39 + 0.04) x 10* - 3730 = 1101 (1.19 = 0.04) X 10* [
7 20 2650 * 60 252+ 7 - - - - -
4 20 (6.4 % 02)x 10401 — - _ _ _ B
6 2.0  (1.00 = 0.04) X 10* 4880 = 160 — - - - —
8 20 2447 63.6 =2 - - - - —
5 2.0 120 = 4 278 =1 110 + 6lel [l [e] 285 + 15l 181 + 9le—el  — 342 + 20lc~el
11 2.0 8660 = 30 3990 = 20 (1.34 = 0.1) X 10* (2.5 = 0.1) x 10* - - (8.8 = 0.4) x 10*

[al {L]0 = 10 X [complex],. — ! As obtained under stoichiometric conditions. — [l As obtained at pH = 4.8. — [ Data taken from ref.[”)
— [’ Data determined at 7 = 0.3 m. — [l First substitution step; data, as taken from ref.’), refer to the substitution of 1 water molecule

in 1.

Table 8. Rate and activation parameters for water substitution in monoaqua cations Cp*Ir(A—B)H,O>"/* and in the triaqua cation 1

according to Equation (3) at / = 0.2 M and pH = 2.0

Aqua cation  Nucleophile LI k8 v sT]] AH™ AS” [J K 'mol™1] AV* Ref.
[kJ mol™1] [cm?® mol™]

5 TU 120 = 4 59 =+ (bl +4 + 9lbl +2.3 = 0.5 this work
2 TU 1960 * 50 63 =2 +26 =5 +7.4 = 0.4 this work
6 TU (10.0 = 0.4) x 103 53 +2 +12 * +7.3 = 0.4 this work
1 clr (50 + 0.1) X 10> 62+ 2 +35 = +4.7 = 0.4 o)

Br~ (13.4 = 0.3) X 103 55+ 1 +18 = +3.9 + 0.3 ]

py—CN (12.3 £ 0.2) x 107 - - +4.4 + (.40 9]

py-nia (177 +02) x 102 — - +5.4 * 0.41 o)

[a] For abbreviations, see ref.2!] — [®] Data taken from ref.l”l — [¢1 7= 293 K. — 4 7= 288 K. — [&] "= 298 K.
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plies that the substitution reactions under study have a ra-
ther weak dependence on the nucleophilicity of L.

Activation Parameters

The kinetics of water substitution at three monoaqua
Cp*Ir(A—B)(H,0)>*'* cations by thiourea were studied at
various temperatures and pressures. The corresponding ac-
tivation parameters, along with related literature data, are
listed in Table 8.

The values obtained for AH”, AS™, and AV™ are rather
similar in magnitude for all three complexes. When com-
pared to the data obtained for water substitution at the tria-
qua species 11 and to corresponding data reported in the
literature,®>~37 the positive volume of activation, which
ranges from AV” = +2.3 cm® mol ! for 5to AV” = +7.4
cm?® mol~! for 2, suggests the operation of a dissociatively
controlled interchange mechanism (/4). In line with the hy-
pothesis of an 74y mechanism, the activation entropies listed
in Table 8 are all positive and small. It is interesting to note
that the activation volumes for the complexes 2 and 6 are
significantly more positive than that for complex 5. In the
former cases, water substitution by thiourea is considerably
faster, which may point to a more dissociative process than
in the case of complex 5. By way of comparison, the activa-
tion volumes quoted for water substitution at the triaqua
complex 1 by a variety of nucleophiles vary between +3.9
and +5.4 cm® mol™!, again typical for an I; mechanism.
All of these reactions are many orders of magnitude faster
than water exchange and ligand substitution at hexaaqua
iridium(I1T), which is characterized by a negative volume of
activation as befits an I, mechanism.[!%21] The significant
labilization caused by the Cp* ligand is expected to result in
a ground-state lengthening of the Ir—OH, bond (see earlier
discussion). Compared to the case without ground-state la-
bilization, this, in turn, will require a lesser degree of bond
breakage (and a smaller volume increase) in going to a dis-
sociative transition state. Therefore, in the absence of struc-
tural information on the Ir—O(water) bond lengths in all of
the complexes appearing in Table 8, the reported volumes
of activation do not rule out the operation of a limiting
D mechanism.

Conclusions

Comparison of a series of half-sandwich monoaqua com-
plexes Cp*Ir(A—B)(H,O)>"/* with the triaqua species 1
has shown that the acidity of the coordinated water in the
pseudo-octahedral cations Cp*Ir(A—B)(H,0)>*'* is more
than three orders of magnitude less than that in 1. It follows
from kinetic investigations of the substitution of water in
the monoaqua complexes Cp*Ir(A—B)(H,0)>*'* by mon-
odentate ligands L that the formation of the species Cp*
Ir(A—B)L>*'* is a second-order reaction, rate = k[com-
plex][L]. The magnitude of the complex formation rate con-
stant & is affected by the nature of both the bidentate li-
gand A—B and ligand L. For a given incoming ligand L, it
is found that &y is smallest for complexes with c-donor/n-
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acceptor N,N ligands (bpy and phen), somewhat greater for
those with o-donor N,N ligands (R,R-dach and R,R-dpen),
and greatest for those with o-donor N,O~ ligands (picac
and prol). The reactivity of complex 6 is lower compared
to that of 4, which is probably due to the n-acceptor proper-
ties of the pyridine ring. For a given Cp*Ir(A—B)(H,0)>*/
* complex, it is found that &y increases with the nucleophil-
icity of L, as characterized by the empirical parameter ng,.
The effect of L on the second-order rate constant k; is very
similar to the effect of the incoming ligand on the rate of
water substitution in the triaqua complex 1. The overall
kinetic data suggest that water substitution in the species
Cp*Ir(A—B)(H,0)>*'* follows an I; mechanism.

Ligand substitution is thus mainly governed by the labil-
ity of the leaving water molecule. For L = py, the rate of
aquation (rate constant k_y) is less affected by the nature
of A—B than the rate of water substitution (rate constant
ki). From the values of k_y, it therefore follows that the
lability of the coordinated pyridine is roughly of the same
order of magnitude for all the Cp*Ir(A—B)(py)>™* com-
plexes. The pronounced differences in the lability of the co-
ordinated water are possibly a consequence of its limited
polarizability or “hardness”. As a general rule, it is found
that the iridium centre in the monoaqua species Cp*
Ir(A—B)(H,0)>*'" as well as in the triaqua cation 1 favours
polarizable or “soft” ligands, so as to form kinetically and
thermodynamically stable complexes.

Experimental Section

Unless stated otherwise, all manipulations were performed under
aerobic conditions using commercial-grade solvents. The metal
salts, organic solvents, and ligands (reagent grade) were obtained
from commercial sources and were used without further purifica-
tion. [Cp*IrCl,], was synthesized according to published proced-
ures.[3 Deionized water was doubly distilled in a quartz apparatus
prior to use.

General Procedure for the Preparation of the Complexes: Portions
0f 0.100 g (0.126 mmol) of [Cp*IrCl,], were suspended in methanol
(5mL) and 2 equiv. of the bidentate ligand A—B were added at
ambient temperature to immediately produce a clear yellow solu-
tion. After stirring for 3 h, the solvent was evaporated. The residue
was redissolved in water (7 mL) and the resulting solution was
heated to ca. 80 °C. A solution of 4 equiv. (0.504 mmol) of AgClO,
in water (5 mL) was added to the acidified solution (pH = 23,
HCIO,) to remove chloride by precipitation of AgCl, which was
separated by hot filtration after stirring for 2 h. The solvent was
partially evaporated until crystallization occurred. The addition of
1 equiv. of NaClO, completed the crystallization. — To achieve
deprotonation in the case of the ligands picac and prol,?!! following
the addition of the ligand A—B, a stoichiometric amount of triethy-
lamine was added to the reaction mixture. — Caution: Perchlorate
salts are potentially explosive; they should be handled with care
and in small portions only!

2b: Yellow needles from water (pH = 2—3, HCIO,). — Yield 0.118g
(69%). — C6H33CLIrN,Oyq (676.57): caled. C 28.40, H 4.92, N
4.14; found C 28.01, H 4.56, N 4.08. — 'H NMR (D,0): § =
1.05—1.46 (m, 4 H, cycl.-H), 1.51—-1.66 (m, 2 H, cycl.-H), 1.71 (s,
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15 H, Cp*), 2.00—2.07 (m, 4 H, cycl.-H). — IR (KBr): v = 3288
[m, v(N—H)], 3254 [m, v(N—H)], 2943 (m), 2862 (w), 1458 (w),
1386 (w), 1089 (vs), 625 (s) cm ™.

3b: Yellow prisms from water (pH = 2—3, HCIO,). — Yield 0.088g
(64%). — (C;5Hx;ClIrNOg); (1622.97): caled. C 33.30, H 4.28, N
2.59; found C 31.32, H 4.02, N 2.48. — 'H NMR (D,0): § = 1.78
(s, 15 H, Cp*), 1.86—2.14 (m, 3 H, cycl.-H), 2.41 (m, 1 H, cycl.-
H), 3.12 (s, 1 H, cycl.-H), 3.33 (m, 1 H, cycl.-H), 4.05 (t, 1 H, a-
H). — IR (KBr): ¥ = 3227 [s, (N—H)], 2970 (m), 1575 [s, v(C=
0)], 1445 (m), 1385 (m), 1095 (vs), 930 (s), 623 (m) cm™!.

5b: Yellow needles from water (pH = 2—3, HCIO,). Yield 0.123 g
(72%). — CyH,sCLIrN,Og (700.55): caled. C 34.29, H 3.60, N
4.00; found C 33.50, H 3.01, N 3.96. — '"H NMR (D,0): § = 1.58
(s, 15 H, Cp*), 7.74 (m, 2 H, Ar-H), 8.17 (m, 2 H, Ar—H), 8.42
(d, 2 H, Ar—H), 8.85 (d, 2 H, Ar—H). — IR (KBr): ¥ = 3086 (s),
3121 (s), 2920 (m), 1608 (m), 1466 (m), 1446 (m), 1096 (vs), 772
(s), 625 (s) cm ™.

6b: Yellow prisms from water (pH = 2—3, HCIO,). — Yield 0.099g
(71%). — (C6HoCIIrNOg); (1647.01): caled. C 35.00, H 3.49, N
2.55; found C 32.67, H 3.84, N 2.76. — 'H NMR (D,0): § = 1.77
(s, 15 H, Cp*), 8.01 (m, 1 H, Ar—H), 8.22 (m, 1 H, Ar—H), 8.38
(m, 1 H, Ar—H), 9.09 (m, 1 H, Ar—H). — IR (KBr): v = 1614
(w), 1583 (m), 1547 [s, v(C=0)], 1475 (m), 1406 (m), 1381 (w), 1335
(w), 1298 (w), 1265 (w), 1093 (vs), 1032 (m), 766 (m), 710 (m), 690
(m), 623 (w) cm™ L.

7b: Yellow powder from water (pH = 2—3, HCIO,). — Yield 0.136g
(70%). — Cy4H35CLIrN,O, (774.68): caled. C 37.21, H 4.55, N
3.62; found C 35.52, H 4.26, N 3.51. — '"H NMR (D;COD): § =
1.85 (s, 15 H, Cp*), 3.97 (d, 1 H, 3J = 12.3 Hz, C—H), 4.56 (d, 1
H, 3/ = 12.3Hz, C—H), 7.28 (m, 10 H, Ar—H). — 'H NMR
(D,0): 6 = 1.77 (s, 15 H, Cp*), 4.17 (s, 2 H, C—H), 7.28 (s, 10 H,
Ar—H). — IR (KBr): ¥ = 3290 [m, v(N—H)], 3240 [m, v(N—H)],
3153 (m), 3066 (m), 3033 (m), 2025 (w), 1884 (w), 1813 (w), 1589
(m), 1498 (m), 1456 (m), 1388 (m), 1093 (vs), 700 (s), 625 (s), 577
(m), 498 (m) cm ™.

8b: Yellow crystals from water (pH = 2-3, HCIO,). — Yield
0.137 g (75%). — CyH»7CLIrN,Oy (726.59): caled. C 36.47, H
3.34, N 3.87; found C 36.58, H 3.35, N 4.18. — 'H NMR
([Dg]DMSO): & = 1.70 (s, 15 H, Cp*), 8.35 (m, 4 H, Ar—H), 9.14
(d, 2 H, Ar—H), 9.45 (d, 2 H, Ar—H). — IR (KBr): ¥ = 3091 (w),
3061 (w), 1430 (m), 1090 (vs), 845 (s), 718 (m), 625 (s) cm™ L.

Instrumentation: UV/Vis spectra: diode-array spectrophotometer
(Zeiss Specord S10); NMR spectra: FT NMR spectrometer
(Bruker AM 200 and WM 300); IR spectra: FT-IR spectrometer
(Nicolet Impact 400); pH measurements: glass electrode (Schott)
in combination with a potentiometer (Metrohm 691), calibrated at
I=0.1 m (NaNOs3) and 25 °C to yield —log[H*] = pH — 0.09;
kinetics of reaction according to Equation (3): multi-wavelength
stopped-flow spectrophotometer (J. & M., TIDAS)3% and stopped-
flow spectrophotometer in combination with a high-pressure
cell.[40]

Spectrophotometric Titrations: The dissociation of the monoaqua
complexes Cp*Ir(A—B)(H,0)>™'* according to Equation (4) was
monitored by spectrophotometric titrations of acidic solutions of
the complexes with 0.1 M NaOH. Least-squares fitting of Equa-
tion (11) to the (absorbance,[H*]) data led to the acid dissociation
constants K, (Ao and Aoy refer to the absorbances of the aqua
and hydroxy complexes, respectively, at the concentration [com-

plex]ioy).
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A4 = (Ao + AmoH'VK)/(1 + [HTVK,) (1n

Kinetic Measurements: The reaction according to Equation (3) was
monitored in freshly prepared aqueous solutions in the wavelength
range 200—500 nm under pseudo-first-order conditions ([L], =
10 X [complex],) at various temperatures (285—318 K) and pres-
sures (10—150 MPa). The ionic strength was fixed at 7/ = 0.2 M
(NaClO4 or NaNO;). Measurements were made at either pH = 2
(as adjusted with HCIO,) or 4.8 (as adjusted with the noncoordin-
ating buffer 2,6-dimethylpyridine-3-sulfonic acid®!l). Least-squares
fitting of the (absorbance,time) data with Equation (5) led to the
experimental rate constant kg, Which is defined by Equations (6)
and (7) for irreversible and reversible pseudo-first-order reactions,
respectively. Rate constants k; and k_; were obtained from the
dependence ko = f([L],) according to Equations (6) and (7), re-
spectively. The amplitude A4 in Equation (5) depends on [L], ac-
cording to Equation (8). Fitting of this Equation to the (AA4,[L],)
data led to the equilibrium constant K = ky/k_;. — The volume
of activation was obtained from the pressure dependence of kgpq
according to Equation (12). A correction for the pressure depend-
ence of the activity coefficients (less than 0.6 cm? mol~! under the
given conditions*?) was not applied.

AV;‘]”“ = 7RT((") In kobsd/aP)T (12)

Crystallography: The crystals were obtained from aqueous solu-
tions (pH = 2-3, HCIO,) as stated above. Measurements were
made with a four-circle diffractometer (STOE-STADI-4) using
graphite-monochromated Mo-K, radiation (A = 0.71069 A); scan
20:@ = 1:1. Cell constants were determined by the least-squares
method from the 20 angles of 58 and 54 reflections for 2b and
3b, respectively. The structures were solved by direct methods with
SHELXS-86 and refined by least squares to the R values given in
Table 9 using the program package SHELXL-93. The non-hydro-
gen atoms were refined anisotropically. All hydrogen atoms were
placed in their calculated positions. Crystal data and data collec-
tion parameters are listed in Table 9; selected bond lengths and

Table 9. Crystallographic data for complexes 2b and 3b

2b 3b

Empirical formula C16H33C121rN2010 C15H23C11rN06

Crystal system monoclinic hexagonal

Space group P2, P6;

alA 12.628(4) 17.766(3)

blA 9.462(3) 17.766(3)

/A 20.654(6) 11.736(3)

p/e, 95.67(1) 90

VIA3 2455.8(13) 3208.0(11)

Z 4 6

Molecular mass 676.54 540.99

Measured reflections 9569 4728

Independent reflections 8603 4195

TIK 300(2) 300(2)

MA 0.71069 0.71069

DC.‘ﬂCd‘/%cm*3 1.830 1.680

wmm™ 5.705 6.393

Rl 0.0266 0.0356

[/ > 20(1)]

wR2P] . 0.0661 0.0826

Residual electron density/eA =3 0.590/—0.483 1.055/—-0.674

Absorption correction numerical numerical
Tmin = 0.173 Tnin = 0.347
Tmax = 0.391 Tmax = 0.403

Absolute structure parameter 0.071(12) 0.00(2)

Bl Rl = I|F| — |FJEIF. — ® wR2 = E[wF,2 — F2)Y/

S[wW(F,2)?DY2, where w = 1/[c*(F,2) + qP?> + jP] {g = 0.0496, j =
4.4892 for [Cp*Ir(p-prol)]5(ClOy4) and ¢ = 0.0327, j = 4.3163 for
[Cp*Ir(R,R-dach)H,0](ClO4),-H,0; P = (F,2 + 2 F2)/3}.
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angles are given in Table 3 and 4. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-146445 (3b) and -146446
(2b). Copies of the data can be obtained free of charge on
application to the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK. [Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Supporting Information: UV/Vis spectroscopic data (Figures
S1-—S3, S6), spectrophotometric titration data (Figures S4, S5), ob-
served rate constants at various concentrations, temperatures, and
pressures (Tables S1—S26, Figures S7, S8; see also the footnote on
the first page of this paper).
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