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New chlorido(dimethyl sulfoxide)iridium(III) complexes with
N6-substituted adenine derivatives: [Ir'Cl,(DMSO-xS){H-
AdeC,—«N(7)}]'nH,O [x =3, n=3for1; x=4,n=0.5and 3
for 2a and 2b, respectively; x =5, n =0 for 3; x =10, n = 0.33
for 4] and [Ir™C1,(DMSO-xS){H-AdeC,—«N(9)}] [x = 3 for 5; x
=4 for 6, x =5 for 7; x = 10 for 8] have been synthesized and
characterized by spectroscopic techniques and by single-
crystal X-ray diffraction studies (1, 2b and 5). In all cases,
iridium shows octahedral geometry and is coordinated to four
chlorido ligands and one S atom from dimethyl sulfoxide
(DMSO-«S). The coordination sphere of the metal is com-

pleted by the N6-substituted adenine molecule. Two different
coordination modes are observed: (i) the ligand is protonated
at N(1) and coordinated through N(7) (complexes 1-4); (ii)
the adenine is protonated at N(3) and coordinated through
N(9) (complexes 5-8). The kinetic/thermodynamic mecha-
nisms that yield the different coordination products have
been studied by using DFT calculations. Electrophoretic mo-
bility studies and atomic force microscopy (AFM) investiga-
tion of the interaction between complexes 1, §, 8 and plasmid
pBR322 DNA have been performed.

Introduction

Organoiridium chemistry is in great development in
organic synthesis and catalysis,!!! and iridium(III) cyclo-
metalated compounds have been extensively applied in the
design and preparation of light-emitting diodes,[>3 photo-
activated agents in redox reactions with DNAM or lumines-
cent labels and sensor molecules for biological purposes.[>-6]
Furthermore, although several organometallic Ir™ com-
pounds with ligands of biological interest have been de-
scribed,”-19 few studies of non-organometallic Ir'™" com-
plexes have been reported.[!!-13]

On the other hand, Ru"™ complexes, [LH][trans-Ru'"-
Cly(DMSO-kS)(L)] (L = nitrogenated ligand), such as
NAMI-A  [ImH][trans-Ru™Cl(DMSO-S)(Im)] (Im =
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imidazole) or KP1019 [IndH][trans-Ru™Cl,(Ind),] (Ind =
indazole) show selective antimetastatic properties or spe-
cific antitumour action.['® 18 Moreover, several Ir''l- and
Rh"-related compounds have proved to be potent in vitro
cytotoxic agents,'%29 although similar “NAMI-A"-Ir"" or
Rh'™ complexes have been found to be inactive[!!-12-21]
which has been related to the lack of lability for ligand sub-
stitution and redox properties of the metal centre. In this
way, the more inert Ir""" compounds could be useful as trace
systems to study the route of Ru'™ analogues or designed
complexes to deliver an active ligand to a specific receptor.

As a continuation of our work on the zwitterionic system
[MCl,(DMSO-xS)HL] (M = Ru'", Ir'"'; L = nitrogenated
ligand),['422-23] we have explored the synthesis of new iridi-
um(III) complexes with N-substituted adenines that pres-
ent cytokinin activity.?*23 Natural cytokinins (CK) are
modified adenine molecules with a side chain at the N°-
position that are involved in most aspects of plant growth
and development and exhibit interesting biological proper-
ties.?®-2”) Moreover, CK—metal complexes (with Zn'', Cu'!,
Fe'l, Pt'l, among others) show significant cytotoxic ac-
tivity.[28:291

In this paper we report the synthesis and characterization
by X-ray diffraction of two types of isomeric complexes
with NC-substituted adenines, N(7)-Ir and N(9)-Ir
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Scheme 1. Numbering scheme of compounds 1-8.

(Scheme 1), which are obtained under different experimen-
tal reaction conditions. We also report a theoretical study,
which is useful to explain the different isomers obtained
depending on the experimental conditions (kinetic or
thermodynamic). Preliminary electrophoretic mobility and
atomic force microscopy (AFM) studies of the interaction
between complexes 1, 5 and 8 and plasmid pBR322 DNA
are also reported. Their antiproliferative activity was as-
sayed against the HL-60 tumour cell line.

Results and Discussion

Synthesis

As already described,!'”! in the trans-[RuCl,(DMSO),]
precursor, the remarkable frans-influencing effect of the two
DMSO molecules coordinated through the sulfur atom fav-
ours the substitution of one of them by heterocyclic nitro-
genated ligands. In some cases, hydrolysis of one chlorido
ligand favours the formation of mer-[MCl;(DMSO)(H,0)-
L], which can be possible by access of a second ligand L.

Initially, the synthesis of analogous Ir''' complexes was
performed by the methods use for Ru™ complexes,*223! but
only the outer-sphere compound, that is [H-AdeCs][Ir™-
5618
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[I'"'C1,(DMS0)-kS)[H-AdeC,-kN(9)]]

Cly(DMSO-kS),] (1'), was isolated and spectroscopically
characterized as expected for the more inert Ir'f complexes.
For this reason, the temperature was increased to 40 °C (re-
action time 3-4d). In this way, zwitterionic [Ir''-
Cly(DMSO-kS){H-AdeC,-kN(7)}] complexes, coordinated
through N(7) and protonated at N(1), were obtained (com-
plexes 1-4). On the other hand, by heating at 90 °C (reac-
tion time 8 h), the N(9)-Ir isomers, protonated at N(3),
were isolated (complexes 5-8).

Description of X-ray Crystallographic Structures

Selected crystallographic data are shown in the Experi-
mental Section. ORTEP representations of complexes [Ir!-
Cly(DMSO-kS){H-AdeC;s-kN(7)}]-3H,O (1), [IrMCl,-
(DMSO-kS){H-AdeC4-kN(7)}]:3H,O (2b) and [Ir'"'Cl,-
(DMSO-xS){H-AdeC53-kN(9)}] (5) are shown in Figure 1.
These three zwitterionic inner-sphere complexes present a
distorted octahedral geometry around the Ir'" metal ion,
where the basal plane is occupied by four chlorido ligands
and the axial positions by a DMSO ligand coordinated
through S (kS) and the corresponding NO-substituted ade-
nine [coordinated through N(7) in complexes 1 and 2b and
through N(9) in 5]. All Ir'™! complexes show metal-nitrogen
[2.1172(10) for 1, 2.096(10) for 2b and 2.069(7) A for 5] and
metal-sulfur [2.2459(4) for 1, 2.244(3) for 2b and 2.232(2) A
for 5] bond lengths comparable to those of related com-
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Figure 1. ORTEP drawings of complexes 1, 2b and 5. Displacement ellipsoids are drawn at the 50% probability level, and H atoms are
drawn as circles of arbitrary radii. Water molecules are omitted for clarity.

plexes of RuMl17:22231 and [r™MUI1L12) g]ready described. The
same can be said for the Ir-CI bond lengths [ranging from
2.3382(6) to 2.3618(7) A for 1, 2.340(3) to 2.356(3) A for 2b
and 2.344(3) to 2.358(1) A for 5]. As can be observed, Ir—
N and Ir-S distances in complex 5 [coordinated through
N(9)] are slightly shorter than those in complexes 1 and 2b
[coordinated through N(7)].

Finally, the cis angles around the metal ion vary between
90.27(3) and 92.55(3)° for 1, 90.00(12) and 92.55(3)° for 2
and 89.10(10) and 92.47(10)° for 5, while the trans angles
are between 176.969(11) and 178.07(1)° for 1, 176.89(11)
and 177.77(12)° for 2 and 175.87(9) and 176.33(6)° for 5.
Selected bond lengths and angles are shown in Table 1.

As previously described with Ru'l' analogues,>3! the
most commonly observed coordination site of N°-substi-
tuted adenines is N(9). In our hands, the corresponding Ir™!
derivatives, at 40 °C, yield the N(7)-Ir complex, while at
higher temperatures (90 °C) N(9)-Ir complexes can be iso-
lated. A possible reason for the initial coordination at N(7)
of the ligand at gentle reaction conditions is that such bind-
ing allows relatively strong intramolecular hydrogen
bonds.?%31 Thus, in complexes 1 and 2b, the N(1)-proton-
ated adenine ligand is involved in intramolecular hydrogen
bonding with two cis chlorido ligands through the exocyclic
nitrogen atom N(6) [N(6)-H-Cl distances from 2.43 to
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2.74 A and angles from 112.0 to 147.8° in complex 1; dis-
tances from 2.41 to 2.62 A and angles from 122.3 to 152.8°
in complex 2b].

Although in N(9)-metalated/substituted adenine com-
plexes the preferred protonation site is N(1) under acidic
conditions,3? 3% several examples of N°-substituted ade-
nine complexes coordinated through N(9) and protonated
at N(3) have been reported.?>3%37] In our hands, N(9)-Ir
complex 5 has the protonation site at N(3). It has been pro-
posed that this protonation site is stabilized by weak intra-
molecular hydrogen bonds [distances N(3)-H--Cl 2.57-
2.88 A; angles N(3)-H-Cl 126.1 and 114.4°, respectively].
Furthermore, this pattern is confirmed by comparing the
internal angles C2-N3-C4 and C2-N1-C6 with neutral ad-
enine [110.8(1) and 118.8(2)°].3%3°1 Larger bond angles of
C2-N3-C4 [N(9)-Ir isomers] or C2-N1-C6 (N7-Ir iso-
mers) are consistent with the protonation at N(3) or N(1),
respectively (see Table 1).

The crystal packing, in complexes 1 and 2b is dictated
by intermolecular hydrogen bonds between O(DMSO) and
chlorido ligands, and water molecules of crystallization are
present in both structures. On the other hand, three inter-
molecular interactions among complex units principally de-
termine the crystal packing of complex 5 [N(6)-H--O(1)
2.19 A; N(7)-H-+O(1) 1.95 A; N(7)--CI(2) 2.72 A].

5619
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Table 1. Selected bond lengths [A] and angles [°] for compounds 1,
2b and 5.

1

Ir(1)-N(7) 21172100 Ir(1)-S(1) 2.2459(4)
Ir(1)-CI(1) 2.3618(7) Ir(1)-Cl(2) 2.3574(7)
Ir(1)-CI(3) 2.3517(7) Ir(1)-Cl(4) 2.3382(6)
N()-Ir(1)-S(1)  172.84(2) N()-Ir(1)-Cld)  90.27(3)
S(1)-Ir(1)-Cl(4)  94.03(2) N(7)-Ir(1)-Cl3)  86.29(3)
S(1)-Ir(1)-CI(3)  88.08(2) Cl@)-Ir(1)-CI(3)  88.87(3)
N(7)-Ix(1)-Cl2)  88.51(3) S()-Ir(1)-Cl2)  87.32(2)
Cl@)-Ix(1)-Cl2) 178.07(1) CIB)-Ir(1)-ClQ2)  92.55(3)
N(7)-Ir(1)-CI(1)  90.80(3) S()-Ir(1)-CI(1)  94.89(2)
Cl@)-Ir(1)-Ci(1)  90.29(3) CI3)-Ir(1)-Cl(1)  176.969(11)
Cl2) Ix(1)-Ci(1) 88.22(3) CQ)N(1)-C(6) 1234109
CQ) NG3)C@)  111.56(12)
2b
Ir(1)-N(7) 2.096(10) Ir(1)-S(6) 2.244(3)
Ir(1)-CI(1) 2.340(3) Ir(1)-Cl(2) 2.346(2)
Ir(1)-CI(3) 2.356(3) Ir(1)-Cl(4) 2.349(3)
N(7)-Ir(1)-S©6)  172.53) N(7)-Ir(1)-Cl@)  91.203)
S(6)-Ir(1)-Cl(4)  94.79(12) N(7)-Ir(1)Cl3)  87.80(3)
S(6)-Ir(1)-CI(3)  87.30(12) Cl4) Ir(1)-CI(3)  88.00(12)
N(7)-Ir(1)-Cl2)  86.30(3) S6)I(1)-Cl2)  88.22(12)
Cl@) Ir(1)-Cl2) 176.89(11)  CIG)Ir(1)-Cl2) 92.89(12)
N(7)-Ir(1)-CL(1) 91.20(3) S(6)-Ir(1)-Cl(1)  93.84(12)
Cl(@)-Ir(1)-Cl(1) 90.00(12) CI3)-In(1)-Cl(1)  177.77(12)
Cl2)-Ir(1)-Cl(1) 89.05(13) CQ)N(1)C6)  123.80(12)
C(Q) NG3)C@)  112.6(11)
5
Ir(1)-N(©9) 2.069(7) 1r(1)-S(1) 2232(2)
Ir(1)-Cl(1) 2351(7) Ir(1)-ClQ2) 2358(2)
Ir(1)-CI(3) 2.358(1) Ir(1)-Cl(4) 2.344(3)
NO)-Ir(1)-S(1)  177.1©2) NO)-Ir(1)-Cl4)  88.80(2)
S(1)-Ir(1)-Cl(4)  90.59(9) NO)-Ir(1)-CI(3)  88.30(2)
S(1)-Ir(1)-CI(3)  94.45(9) Cl4) Ir(1)-CI(3)  88.33(10)
NO)-I(1)-Cl2) 87.90(2) S()-I(1)-Cl2)  92.83(8)
Cl@)-Ir(1)-Cl2) 175.8709) CI3)Ir(1)-Cl2)  89.10(10)
NO)-Ir(1)-CI(1) 88.10(2) S()-Ir(1)-Cl(1)  89.13(9)
Cl@)-Ir(1)-Cl(1) 92.47(10) CIB)-Ir(1)-Cl(1)  176.33(9)
Cl2)-Ir(1)-Cl(1) 84.90(9) CQ)N(1)-C6)  121.1@8)
CQ)NG3)-C@4)  117.9@8)

NMR Spectroscopic Studies: 'H and '3C NMR Spectra

'"H NMR spectra allow an easy identification of the two
different isomers, N(7)-Ir or N(9)-Ir (see Scheme 2). Ad-
ditional 2D NMR spectroscopic experiments ('H, '3C
HMBC) for complexes 1, 5 and for the corresponding N°-
alkyladenine ligand (H-AdeC5) have been performed, in or-
der to obtain an unequivocal assignment of the adenine sig-
nals ("H and '3C). The assignments of complexes 2—4 and
6-8 have been carried out by comparison of these data.
Furthermore, it must be mentioned that the structures of
complexes 1 and 5 have been solved by X-ray diffraction.

Selected '"H NMR spectroscopic data for complexes 1-8
are shown in Table 2. All complexes (comparing with the
protonated ligands) show downfield shifts corresponding to
8-H, which is in agreement with the coordination site, al-
ways in the imidazole moiety. These values were higher in
N(9)-Ir complexes (Ad = +0.33 to +0.37 ppm) than those
in the isomeric N(7)-Ir derivatives (Aé = +0.10 to
+0.27 ppm). On the other hand, the behaviour of the pyr-
5620
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imidine moiety of the adenine ligand is completely different.
Whist the N(7) complexes are characterized by an upfield
shift at 2-H (Ad = —0.18 to —0.30 ppm), the corresponding
N(9) structures present a downfield shift corresponding to
2-H (Ao = +0.14 to +0.17 ppm). The C(10)-H, proton sig-
nal is broad and generally hidden in the residual water sig-
nal; for this reason, it is generally not assigned in spectra.
On the other hand, the signal corresponding to the methyl
groups of dimethyl sulfoxide, present in all complexes, ap-
pears at approximately 3.30-3.40 [s, 6 H, (CH;),SO] {'H-
NMR ([Dg]DMSO)} and at 41-42 ppm {!3C NMR ([Dg]-
DMSO) [(CH3),S0]}.[49

A comparison of the 3C NMR spectroscopic data of
complexes 1 and 5 with those of the protonated ligands
shows a downfield effect for C-8, which is also in accord-
ance with the coordination of Ir'' through the imidazole
ring.

Conversion of the N(7)-Ir Complex to the Isomeric N(9)
Coordinated Product

Because of the low water solubility of all synthesized co-
ordinated Ir'" complexes, it was impossible to carry out
kinetic experiments by using '"H NMR spectroscopy as a
tool to investigate the changes in the coordination sites of
adenine-Ir complexes. To observe this change, we carried
out an experiment in two different NMR tubes under the
same conditions (0.05 mmol of the ligand [H-AdeC;]Cl and
0.05 mmol of the starting complex [(DMSO),H][zrans-Ir™
IC1,(DMSO),] were dissolved in 1.5mL of D,O). Both
NMR tubes were heated at 40 °C for 36 h. After 14 h,
orange crystals appeared in both tubes, and the 'H NMR
spectrum of the solution showed the two typical aromatic
signals corresponding to the N(7) complex 1 as the main
product, which disappeared as the amount of orange crys-
tals in the tube increased. Crystals from one of the NMR
tubes were filtered off, washed with cold acetone and dried
under vacuum. The 'H NMR spectra ([D¢]DMSO) of these
crystals clearly showed that the compound was N(7)-coor-
dinated Ir'™" complex 1.

On the other hand, the other NMR tube was heated for
an additional 6 h at 90 °C, and a change from orange crys-
talline material to orange microcrystalline precipitate oc-
curred slowly. The 'H NMR spectrum of the solution only
showed very weak signals assigned to the N(7)-coordinated
Ir" complex. At the end of the reaction, the orange micro-
crystalline precipitate, deposited at the bottom of the tube,
was filtered off, washed with cold acetone and dried in
vacuo. 'H NMR spectra ([Dg]DMSO) of this solid showed
the two aromatic signals corresponding to N(9)-coordi-
nated Ir"" complex 5.

Infrared and Electronic Spectra

The infrared spectra of the inner-sphere complexes 1-
8 were compared with those of protonated N°-substituted
adenines. Tentative band assignments [cm!] for the ligands

Eur. J. Inorg. Chem. 2010, 5617-5628
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Scheme 2. Synthetic route to 1-8.

Table 2. Selected '"H NMR signals [ppm] for N-alkyladenine hy-
drochlorides and complexes 1-8.

NO-Propyladenine (L)

LHCI  L(N7-Ir)  Ad LNO-Ir)  AS®
1 5
2-H 8.54s 8.36's —0.18 8.71s +0.17
8-H 8.50 s 8.69 s +0.19 8.87s +0.37
N°-Butyladenine (L)
LHCI  LN7-Ir)  Ad LIN9-Ir)  AJ
2a 6
2-H 8.56 s 8.26's -0.30 8.70 s +0.14
8-H 8.51s 8.61 s +0.10 8.87s +0.36
NO-Pentyladenine (L)
LHCl  L(N7-p)  Ad LN9-I)  Adel
3 7
2-H 8.54 s 8.34 s -0.20 8.70 s +0.16
8-H 848 s 8.60 s +0.18 885s +0.37
N¢-Decyladenine (L)
LHCl  L(N7-Ir)  Ade LN9-Ir)  Adel
4 8
2-H 8.55s 8.28 s -0.27 8.609 s +0.14
8-H 849 s 8.76 s +0.27 8.82s +0.33

[a] Ad = 6 (complex) — J (adenine hydrochloride).

according to the literaturel**? and the most characteristic
variations in the bands of the complexes are shown in
Table 3. All the spectra show the typical v(S=0) vibration
between 1121 and 1080 cm™!, the p,(CH3) band at 1017-
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(5-8)

1026 cm™' and the v(Ir-S) medium intensity band at ap-
proximately 440 cm .4l With respect to the adenine moi-
ety, the spectra of the complexes show small shifts on the
two bands at approximately 1660 and 1615 cm™! related to
J(NHR) + v[C(5)-C(6)] + V[C(6)-NH,] and more impor-
tant changes in frequency and intensity of the v(ring) bands
between 1500 and 1300 cm™!. As observed in the rutheni-
um(I1I) analogues,?? the 1513-1526 cm™' weak band as-
signable to v[C(4)-N(9)] + J[C(8)-H] disappears in all spec-
tra of N(9)coordinated compounds with the exception of
complex 8. On the contrary, all the N(7)-coordinated and
N(1)-protonated complexes show this characteristic weak
band. This spectral change represents a useful IR diagnostic
to distinguish between N(9)- and N(7)-coordinated adenine
complexes. A second feature to discriminate between N(7)-
and N(9)-coordinated adenine complexes is the presence,
only in N(9)-coordinated compounds, of a very weak char-
acteristic broad band at approximately 3500 cm™' in the
v(OH) (water) region assignable to H-bond sensitive NH
modes.[*!

The electronic spectra of all the obtained Ir'" com-
pounds in DMSO solution present a similar pattern. Visible
absorption spectra of complexes 2a and 6 in DMSO
(1073 M) are reported in Figure 2. The two weak bands ap-
pearing at lower energy: 470 nm [¢ = 25 M 'em™! for 2al;
473 nm [¢ = 20 m'cm™! for 6] and approximately 395 nm
[e=86M 'cm! for 2a and ¢ = 66 M 'cm ! for 6] are tenta-
tively assigned to singlet-triplet transitions 'A;, — 3T, +
3T,, while the stronger band at approximately 343 nm
[¢ = 86 M 'cm! for 2a] at higher energy to the spin-allowed
'Ag = 'T), transition.

111
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Table 3. Selected infrared bands [cm '] for N°-alkyladenine hydrochlorides and complexes 1-8 (v: stretching, 8: bending, p,: rocking, s:
strong, m: medium, w: weak, br: broad, sh: shoulder).

Ne-Alkyladenine (L) ~ v(N-H) + SNHR) + V[C(5)-  v(ring):  v(ring): IC4)NO)] +  v(S=0) p(CH;)  v(Ir-S)
v(OH) C(6)] + V[C(6) NH,]  &(NH) JCE®)-H]
Propyl L-HCI 3377 m 1662 vs, 1615 m 1583 m 1520 w
L(N7-Ir) 1 3537 s, 3470 s, sh 1665 vs, 1604 m 1580 m, sh 1520 w 1107 s 1026 s 442 m
L(NO9-Ir) 5 3462 w, br 1653 vs, 1610 m 1568 m - 1084 vs 102l m 442 m
Butyl L-HCI 1666 vs, 1614 m 1578 sh, m 1519 m
L(N7-Ir) 2a 3521 m 1671 vs, 1604 m 1576 m, sh 1522 w 1114 m 1024m 441l m
L(N9-Ir) 6 3473 w, br 1665 vs, 1618 m 1581 m - 1121 m 1017m 442 m
Pentyl L-HCI 3476 w 1662 vs, 1615 m 1578 m 1518 m
L(N7-Ir) 3 3524 s, 3437m 1673 vs, 1608 s 1574 m 1521 w 1103 s 1024 s 440 m
L(N9-Ir) 7 3500 w, br 1666 vs, 1624 m, sh 1581 m - 1112m, 1080 m 1022m 441 m
Decyl L-HCI 3535 w, 3444w 1661 vs, 1614 m 1582 m 1513 w
L(N7-Ir) 4 3520 m 1673 vs, 1608 m 1576 m 1521 w 1114 s 1021 s 440 m
L(N9-Tr)8 3500 w, br 1659 vs, 1619 m 1574m 1514w 111m, 1071 m 1023m 441 m
0.4 v — ICL(DMSO)KSHH-AdeCe-tN(T]} I 0.5H;O (2a) ated at N(1) as starting product, because it is the most
e [IHICLL(DMSO)kS)H-AdeCe-kN(9} ] (6) stable isomer in water. The adenine protonated at N(3) is
0.3 1.07 kcal/mol higher in energy than the isomer protonated
g at N(1) as calculated by the RI-BP86/def2-TZVP level of
< 02 theory. For the kinetic route, the starting products 9a and
' 10, which are positively and negatively charged, respec-
tively, interact to form a supramolecular complex 11, which
0.1 is stabilized through electrostatic and hydrogen-bonding in-
teractions. This complex suffers a ligand dissociation to
0.0 : form the unsaturated complex 12, which is 15.8 kcal/mol
300 350 400 450 500 550

Figure 2. Visible absorption spectra of complexes [Ir'''Cl4(DMSO-
KS){H-AdeC4-kN(7)}0.5H,0 (2a) and [Ir'"'Cl(DMSO-S){H-
AdeC,-kN(7)}] (6) in DMSO (10-3 m).

Theoretical Studies

We performed a focussed theoretical study to explain the
fact that two isomeric complexes N(7)-Ir and N(9)-Ir can
be obtained depending on the experimental conditions (ki-
netic/thermodynamic). In this theoretical study, we used a
model of N°-alkyladenine in which the alkyl chain was sub-
stituted by a methyl group in order to reduce computational
costs. In Figure 3 we show the optimized starting, interme-
diate and final products used in the theoretical mechanistic
proposal, which is shown in detail in Figure 4. The relative
free energies (kcal/mol in water as solvent) are relative to
the lowest energy intermediate, which is 11 for the kinetic
route and 14b for the thermodynamic route. In this figure
the kinetic pathway is shown at the top and the thermo-
dynamic one at the bottom. It should be mentioned that
transition states have not been computed, as the ligand
dissociation involves a progressive increase in the total en-
ergy to finally yield the unsaturated complex and the ligand.
Conversely, the ligand association involves a progressive
stabilization of the system without crossing a transition
state, which is similar to what happens in protonation reac-
tions. In addition, we have used the adenine moiety, proton-
5622

WWW.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

higher in energy than the saturated complex 11. This inter-
mediate yields the final product 13 [N(7)-Ir isomer] that is
2.9 kcal/mol lower in energy than intermediate 11 and
3.9 kcal/mol lower than the starting products. The thermo-

a

16
Figure 3. RI-BP86/def2-TZVP optimized structures 9-16.
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Figure 4. Theoretical mechanistic route to kinetic (top) and thermodynamic (bottom) products. The relative free energies (AG [kcal/mol])

are shown in parentheses.

dynamic route (Figure 4, bottom), involves an initial tauto-
merization of adenine 9a to adenine 9b, which is 2.9 kcal/
mol higher in energy. This tautomerization is required in
order to explain the formation of the final thermodynamic
product 16 [N(9)-Ir isomer]. Upon its formation, this tau-
tomeric form 9b is highly stabilized by electrostatic and hy-
drogen-bonding interactions by the counterion 10 to form
the supramolecular complex 14a (see Figures 3 and 4). This
intermediate is protonated at N1. Since the final product is
protonated at N(3), a plausible evolution of this intermedi-
ate is the formation of 14b, where a proton transfer from
N(1) to N(3) occurs and a new supramolecular complex
forms, in which the iridium complex 10 is located closer to
N(9). This intermediate is 1.1 kcal/mol lower in energy than
14a. This complex undergoes a ligand dissociation to form
unsaturated complex 15, which is 16.2 kcal/mol higher in
energy than saturated complex 14b. The formation of the
unsaturated complex from the intermediate is easier by the
kinetic (15.8 kcal/mol) than by the thermodynamic
(16.2 kcal/mol) pathway. This intermediate yields the final
product 16, which is 3.7 kcal/mol lower in energy than in-
termediate 14b and 6.2 kcal/mol lower in energy than the
starting products. The N(9)-Ir isomer is lower in energy
than the N(7)-Ir isomer, in agreement with the experimen-
tal results. This difference in stabilization is probably due to

Eur. J. Inorg. Chem. 2010, 5617-5628

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the fact that the charge separation in the zwitterionic final
product 13 (similar to complexes 1-4) is large compared
that in 16 (similar to complexes 5-8).

Interactions between Iridium Complexes and Plasmid DNA

Atomic force microscopy (AFM) and electrophoretic
mobility (Figures 5 and 6, respectively) were used to study
the interactions of isolated iridium complexes 1, 5 and 8
with plasmid pBR322 DNA.

Electrophoretic Mobility, AFM Images and
Antiproliferative Activity

The influence of the compounds on the tertiary structure
of DNA was determined by its ability to modify the electro-
phoretic mobility of the covalently closed circular (CCC)
and open circular (OC) forms of plasmid pBR322 DNA.
In Figure 5, the pattern of electrophoretic mobility of free
plasmid pBR322 DNA and plasmid pBR322 DNA incu-
bated with compounds 1, 5 and 8 is shown in comparison
with cisplatin behaviour. Only in the case of compound 8 a
slight delay of the CCC form and a decrease in the amount
of the OC form were observed. Compounds 1 and 5 do not
5623
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DNA

CisPt 1 5 8

Figure 5. Electrophoresis experiments: plasmid pBR322 DNA
(DNA control) incubated in the presence of: cis-Pt(NH;),Cl,, [Ir''-
Cl4(DMSO-kS){H-AdeCs-kN(7)}]:3H,0 (1), [Ir'"'Cl4(DMSO-
kS){H-AdeC;3-kN(9)}] (5) and [Ir'Cl(DMSO-kS){H-AdeC (-
kN(9)}] (8).

Figure 6. AFM images: plasmid pBR322 DNA incubated 5h at
37°C with (a) [I[r'™Cl(DMSO-kS){H-AdeC;-kN(7)}]-3H,O (1),
(b) [Ir™Cly(DMSO-xS) {H-AdeC3-kN(9)}] (5), (¢) [Ir'Cl4(DMSO-
kS){H-AdeC,p-kN(9)}] (8) and (d) control.

seem to modify the tertiary structure of the plasmid DNA.
An AFM image of plasmid pBR322 DNA without pre-
vious treatment, in mixed covalently closed circular (CCC)
and open circular (OC) forms, is shown in Figure 6d. The
images obtained of plasmid pBR322 DNA incubated with
(a) compound 1, (b) compound 5, and (c) compound 8
show the same type of modification of the plasmid forms:
the number of supercoiled forms and the grade of supercoil-
ing increases in comparison with free DNA plasmid, (d).
These three complexes interact with DNA to modify its
structure, mainly producing supercoiling and kinks in the
plasmid forms in comparison with free DNA plasmid.
Compounds 1, 5 and 8 were also assayed against the tu-
mour cell line HL-60. The ICsy (uM, 72 h) values obtained
against HL-60 cells are very high [>200 um in 1 and 5 and
5624
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>150 uM in 8 vs. 2.15% 0.1 in the cisplatin control] in com-
parison with those obtained for analogous octahedral ru-
thenium(I1T) NAMI-A type compounds. Although similar
[Ru'Cl,(DMSO)L] complexes with L = purine ligands are
only weakly active on tumour TS/A murine adenocarci-
noma cell proliferation,*¥ the dmtp (dmtp = 5,7-dimeth-
yDIL-24 triazolo[1,5-a]pyrimidine derivative inhibits metas-
tasis growth in vivo (MCa mammary carcinoma tumours),
being noncytotoxic on tumour TS/A murine adenocarci-
noma cells like NAMI-A.*3! In addition, compounds of the
3-pyridinehydroxamic acid and 4-pyridinehydroxamic acid
NAMI-A type were devoid of any meaningful cytotoxicity
against the cell lines tested. However, the 3-pyridinehy-
droxamic acid derivative inhibited tumour cell invasion of
the highly invasive MDA-MB-231 cells.['8! Such inactivity
for the It complexes is related to their inertness and diffi-
culty to be involved in ligand exchange processes. Octahe-
dral iridium(IIT) complexes that are biologically poorly
active are devoid of redox properties and could be useful as
tracing systems to study the route of Ru'™ analogues. Sim-
ilar results have been obtained with Ir'!-imidazole related
systems.[11:12.21]

Conclusions

We have synthesized new chlorido(dimethyl sulfoxide)-
iridium(IIT) complexes with N°-substituted adenine deriva-
tives. We have observed that the substitution in N(7) or in
N(9) of the adenine can be controlled experimentally (ki-
netic or thermodynamic conditions). Both isomers have
been characterized by means of X-ray crystallography. A
theoretical explanation for the experimental results has
been provided by using high-level DFT calculations. We
have proposed a mechanistic pathway that agrees with the
experimental findings. Finally, preliminary biological assays
(AFM images) show interaction between Ir complexes and
plasmid pBR322 DNA; however, no antiproliferative prop-
erties against the tumour cell line HL-60 have been ob-
served.

Experimental Section

Materials, Analysis and Physical Measurements: All organic and
inorganic reagents were purchased from Sigma-Aldrich and used
without further purification. Elemental analyses were carried out
with Carlo Erba instrument models 1106 and 1108 and Thermo
Finnigan Flash 1112 microanalyzers. Infrared spectra were ob-
tained in the solid phase with KBr pellets by using a Bruker IFS
66 instrument. UV/Vis spectra were recorded with a Varian Cary
300 Bio UV/Vis spectrophotometer. '"H and '*C NMR spectra were
recorded with a Bruker AMX 300 spectrometer. Proton and carbon
chemical shifts in dimethyl sulfoxide were referenced to [Dg]DMSO
itself ['H NMR (DMSO): ¢ = 2.47 ppm. '3C NMR (DMSO): 6 =
40.0 ppm].

DNA Interaction Studies (Formation of Drug-DNA Complexes):
Deionized Milli-Q water (18.2 MW) was filtered through 0.2 nm
FP030/3 filters (Schleicher & Schuell) and centrifuged at 4.000 g
prior to use. pBR322 DNA was heated at 60 °C for 10 min to ob-
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tain the open circular (OC) form. To stock aqueous solutions of
plasmid pBR322 DNA in Hepes buffer (4 mm Hepes, pH 7.4/2 mm
MgCl,) were added aqueous solutions (with 4% of DMSO) of
complexes in a 10:1 ratio of DNA base pair to complex. In parallel
experiments, blank samples of free DNA and DNA complex solu-
tions were equilibrated at 37 °C for 4 h in the dark shortly there-
after.

AFM Imaging: Samples were prepared by casting a 3 pL drop of
test solution onto freshly cleaved mica disks as support. The drop
was kept undisturbed for 3 min to favour the interaction between
adsorbate and substrate. Each DNA-laden disk was rinsed with
Milli-Q water and was blown dry with clean compressed argon gas
directed normal to the disk surface. Samples were stored over silica
prior to AFM imaging. All AFM observations were made with a
Nanoscope III Multimode AFM instrument (Digital Instrumen-
tals, Santa Barbara, CA). Nanocrystalline Si cantilevers of 125 nm
length with a spring constant of 50 N/m average ending with coni-
cal-shaped Si probe tips of 10 nm apical radius and 35° cone angle
were utilized. High-resolution topographic AFM images were per-
formed in air at room temperature (relative humidity < 40%) on
different specimen areas of 2 X2 pum operating in the intermittent
contact mode at a rate of 1-3 Hz.

Agarose Gel Electrophoresis: PBR322 DNA aliquots (0.25 pg/mL)
were incubated in TE buffer (10 mm TrissHCI, 1 mm EDTA, pH =
7.5) at a molar ratio r; = 0.50 for the electrophoresis study. Incu-
bation was carried out in the dark at 37 °C for 24 h. Charge marker
(4 pL) was added to the compound-DNA complex (20 pL). Elec-
trophoresis of the mixture was performed in agarose gel (1% in
TBE buffer, Tris-Borate-EDTA) for 5h at 1.5 V/icm. Afterwards,
the DNA was dyed with ethydium bromide solution (0.75 pg/mL
in TBE) for 6 h. A sample of free DNA was used as control. The
experiment was carried out in an ECOGEN horizontal tank con-
nected to a PHARMACIA GPS 200/400 variable potential power
supply, and the gel was photographed with an image Master VDS
instrument from Pharmacia Biotech.

Growth Inhibition Assays: Antiproliferative activity of the iridium
complexes and cisplatin was tested in a cell culture system with the
human acute promyelocytic leukaemia cell line HL-60 [American
Type Culture Collection (ATCC)]. The cells were grown in RPMI-
1640 medium supplemented with 10% (v/v) heat-inactivated fetal
bovine serum and glutamine (2 mmol/L, Life Technologies, Inc.) in
a highly humidified atmosphere of 95% air with 5% CO, at 37 °C.
The growth inhibitory effect was measured by the microculture tet-
razolium [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, MTT] assay.[*! Following the addition of different concentra-
tions of the complex to quadruplicate wells, plates were incubated
at 37 °C for 24 or 72 h. Aliquots (20 mL) of MTT solution were
then added to each well. After 3 h, the colour formed was quantita-
ted by a spectrophotometric plate reader (Labsystems iEMS
Reader MF) at 490 nm. Cytotoxicity was evaluated in terms of cell
growth inhibition in treated cultures relative to that in untreated
controls. IC50, the concentration of compound at which cell prolif-
eration was 50% of that observed in control cultures, was obtained
by using the GraphPad Prism software, version 4.0.

Synthesis of N°-Alkyladenines (AdeC,) and Their Hydrochlorides H-
(AdeC,)CI: N°-alkyladenines (AdeC,) were easily prepared in good
yield by a procedure previously described from 6-chloropurine and
the corresponding alkylamine under reflux in BuOH/Et;N.[23-24.47]
Dissolution of all these compounds in HCI (2 m) yielded the corre-
sponding hydrochloride salts.
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[(DMSO),H][trans-Ir"'Cl4(DMSO),]: The starting complex,
[(DMSO),H][trans-1r'"Cl,(DMSO),], was prepared according to
the procedure published by Haddad et al.[*8]

[Ir'"'CL(DMSO-xS){H-AdeC,—xN(7)}|'nH,0: The corresponding
Né-alkyladenine hydrochloride [H-AdeC,]Cl (0.19 mmol) was dis-
solved in distilled water (3 mL) and heated, in an oil bath, at 40 °C.
An equimolar quantity of [(DMSO),H][trans-1r"™Cl,(DMSO),]
(123 mg, 0.19 mmol), dissolved in distilled water or methanol
(3 mL), was added, and the solution was kept at 40 °C without
stirring for 3-4 d (see below). Orange crystals appeared in the solu-
tion, which were filtered off, washed with cold water and dried
under vacuum. The procedure is shown in Scheme 2.

[Ir"'CL(DMSO-xS){H-AdeC3-kN(7)}]-3H,0 (1): Orange prismatic
crystals (160 mg, 25%) suitable for X-ray diffraction crystallogra-
phy were obtained in water after 3d. C;oH;gCl4IrNsOS-:3H,0
(644.42): caled. C 18.64, H 3.75, N 10.87; found C 18.41, H 3.59,
N 10.54. IR: ¥ = 3537 (s), 3470 (s), 2385 (m), 1665 (vs), 1604 (s),
1580 (m, sh), 1520 (w), 1459 (m), 1425 (m), 1400 (m), 1340 (m),
1314 (m), 1179 (m), 1107 (s), 1026 (s), 919 (m), 880 (m), 545 (m),
442 (m) cm™!. 'TH NMR: § = ([D¢g]DMSO): 8.89 [br. s, 1 H, N(6)-
H], 8.69 [s, 1 H, 8-H], 8.36 [s, 1 H, 2-H], 1.63 [q, / = 7.2 Hz, 2 H,
11-H], 0.96 [t, J = 7.2Hz, 3 H, 12-H] ppm. '3C NMR: ([Dg}-
DMSO): = 149.8 [C-6], 149.5 [C-2], 148.1 [C-4], 148.0 [C-8], 117.2
[C-5], 43.6 [C-10], 22.1 [C-11], 12.2 [C-12] ppm. When the above
reaction was carried out at 25 °C, a pale-yellow microcrystalline
material appeared immediately, which corresponds to the outer-
sphere complex [H-AdeCs][Ir''Cl,(DMSO-kS),] (160 mg, 24%).
CoHoyCIUN5IrO,S, (668.51): caled. C 21.56, H 3.62, N 10.48;
found C 21.63, H 3.51, N 10.26. IR: ¥ = 3288 (m), 3213 (m), 3160
(w, sh), 3071 (m), 3008 (m), 2988 (m), 1663 (vs), 1610 (m), 1575 (w,
sh), 1438 (vs), 1400 (s), 1371 (m), 1341 (m), 1316 (m 1279 (m), 1206
(m), 1155 (s), 1100 (vs), 1017 (s), 777 (m), 618 (s), 538 (w, sh), 530
(m), 427 (m) cm'. '"H NMR ([Dg]DMSO): § = 8.53 [br. s, | H, 2-
H], 8.44[s, 1 H, 8-H], 3.49 [br. s, 2 H, 10-H], 1.63 [sext., J = 7.2 Hz,
2 H, 11-H], 091 [t, J = 7.2 Hz, 3 H, 12-H] ppm. After 48 h at
25 °C, orange crystals corresponding to the coordinated compound
[Ir"ClL(DMSO-kS){H-AdeC5-kN(7)}]-3H,O (1) were isolated
from the mother liquor.

[FM™Cly(DMSO-kS){H-AdeC4kN(7)}]:0.5-H,O  (2a):  Orange
microcrystalline material (233 mg, 38%) was obtained in water af-
ter 4 d. C;;H,,CL41IrN5s0S-0.5H,0 (613.41): calcd. C 21.54, H 3.45,
N 11.42; found C 21.58, H 3.55, N 11.34. IR: v = 3521 (m), 1671
(vs), 1604 (m), 1576 (m, sh), 1522 (w), 1420 (s), 1209 (m), 1114 (s),
1024 (s), 775 (m), 441 (m) cm!. '"H NMR: ¢ = ([D¢]DMSO): 8.61
[s, 1 H, 8-H], 8.25 [s, 1 H, 2-H], 1.57 [br. quint., Jo = 7.2 Hz, 2
H, 11-H], 1.42 [br. sext., Jo. = 7.2Hz, 2 H, 12-H], 0.87 [t, J =
7.2 Hz, 3 H, 13-H] ppm. In addition, suitable orange crystals for
X-ray diffraction of composition [Ir'''Cl,(DMSO-xS){H-AdeC,-
kN(7)}]-:3H,0 (2b) were obtained from the mother liquor.

[Ir'"'CL(DMSO-xS){H-AdeCs-kN(7)}] (3): A pale-orange precipi-
tate (68 mg, 11%) was obtained in water after 4d.
C,H5,ClLIrNsOS (618.43): caled. C 23.31, H 3.59, N 11.32; found
C 23.78, H 3.87, N 11.47. IR: ¥ = 3524 (s), 3437 (m), 1673 (vs),
1608 (s), 1574 (m), 1521 (w), 1463 (w), 1420 (vs), 1395 (m), 1206
(s), 1137 (vs), 1103 (s), 1024 (s), 982 (m), 916 (m), 809 (m), 553
(m), 440 (m) cm™'. '"H NMR ([Dg]DMSO): § = 8.76 [br. t, 1 H,
N(6)-H], 8.66 [s, 1 H, 8-H], 8.34 [s, 1 H, 2-H], 3.45 [br. m, 2 H, 10-
H], 1.62 [br. quint., J = 6.9 Hz, 2 H, 11-H], 1.35 [br. m, 4 H, 12-
H/13-H], 0.85 [t, J/ = 6.9 Hz, 3 H, 14-H] ppm.

[FM™Cl(DMSO-kS){H-AdeC1p-kN(7)}]-0.33H,O0 (4): A pale-
orange precipitate (180 mg, 26%) was obtained in methanol after
3d at 65 °C. C7H;3,CL1IrN5s0S:0.33H,0 (694.51): calcd. C 29.40,
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H 4.74, N 10.08; found C 29.42, H 4.53, N 9.81. IR: ¥ = 3520 (m),
1673 (vs), 1608 (m), 1576 (m), 1521 (w), 1415 (m), 1114 (s), 1021
(s), 440 (m) cm . '"H NMR ([Dg]DMSO): 6 = 8.76 [s, 1 H, 8-H],
8.28 [s, 1 H, 2-H], 8.14 [br. s, 1 H, N(6)-H], 4.31 [br. t, 2 H, 10-H],
1.75 [br. m, 2 H, 11-H], 1.21 [br. m, 14 H, 12-H to 18-H], 0.82 [br.
t, 3 H, 19-H] ppm.

[Ir™Cly(DMSO-kS){H-AdeC,—kN(9)}]: The corresponding N°-
alkyladenine hydrochloride [H-AdeC,]Cl (0.19 mmol) was dis-
solved in distilled water (3 mL) and heated in an oil bath, at 90 °C.
[(DMSO),H][trans-Ir"'Cl,(DMSO),] (246 mg, 0.38 mmol), dis-
solved in distilled water or methanol (3 mL), was added, and the
solution was kept at 90 °C without stirring for several hours (see
below). Orange microcrystals appeared in the solution, which were
filtered off, washed with cold water and dried under vacuum
(Scheme 2).

[Ir"'CL(DMSO-xS){H-AdeC3-kN(9)}] (5): Orange prismatic crys-
tals (236 mg, 40%) suitable for X-ray diffraction crystallography
were obtained in water after 8 h. C;oH,3CI4IrNsOS (590.38): calcd.
C 20.34, H 3.07, N 11.86; found C 20.39, H 3.07, N 11.67. IR: ¥
= 3462 (w, br), 1653 (vs), 1610 (m), 1568 (m), 1456 (m), 1402 (m),
1356 (m), 1084 (vs), 1021 (m), 442 (m) cm~'. 'H NMR: = ([Dg]-
DMSO): 9.34 [br. t, | H, N(6)-H], 8.87 [s, | H, 8-H], 8.71 [s, 1 H,
2-H], 3.62 [br. m, 2 H, 10-H], 1.65 [sext., J = 7.2 Hz, 2 H, 11-H],
0.93 [t, / = 7.2 Hz, 3 H, 12-H] ppm. '3*C NMR ([Dg]DMSO): § =
153.1 [C-6], 148.6 [C-8], 146.9 [C-2], 145.0 [C-4], 112.4 [C-5], 43.4
[C-10], 22.2 [C-11], 11.8 [C-12] ppm.

[Ir'"'CL(DMSO-xS){H-AdeC4kN(9)}] (6): Orange microcrystals
(447 mg, 74 %) were obtained in water after 8 h. C;H,,Cl4IrNsOS
(604.40): calcd. C 21.86, H 3.34, N 11.59; found C 22.03, H 3.27,
N 11.52. IR: ¥ = 3473 (w, br), 1665 (vs), 1618 (m), 1581 (m), 1449
(m), 1410 (w), 1378 (w), 1121 (m), 1017 (m), 609 (w), 563 (w), 442
(m) cm!. 'H NMR ([DgDMSO): 6 = 9.30 [br. s, 1 H, N(6)-H],

8.85[s, 1 H, 8-H], 8.70 [s, 1 H, 2-H], 1.61 [quint., J = 7.5 Hz, 2 H,
11-H], 1.36 [sext., J = 7.5 Hz, 2 H, 12-H], 0.89 [t, J = 7.5 Hz, 3 H,
13-H] ppm. '*C NMR ([Dg]DMSO): 6 = 153.0 [C-6], 148.5 [C-8].
147.0 [C-2], 145.0 [C-4], 112.3 [C-5], 41.4 [C-10], 30.9 [C-11], 20.0
[C-12], 14.1 [C-13] ppm.

[r"'CL(DMSO-xS){H-AdeCs-kN(9)}] (7): An orange precipitate
(310 mg, 50%) was obtained in water after 8 h. C;,H,,Cl4IrNsOS
(618.43): caled. C 23.31, H 3.59, N 11.32; found C 23.33, H 3.49,
N 11.36. IR: ¥ = 3500 (b, w), 1666 (vs), 1624 (m, sh), 1581 (m),
1474 (m, sh), 1444 (m), 1406 (m), 1378 (m), 1112 (m), 1080 (m),
1022 (m), 774 (m), 665 (m), 441 (m) cm™'. 'H NMR ([Dg]DMSO):
6=931[brs, 1 H, N6)-H], 8.85 [s, I H, 8-H], 8.70 [s, 1 H, 2-H],
3.63 [br. t, 2 H, 10-H], 1.62 [br. t, 2 H, 11-H], 1.31 [br. s, 4 H, 12-
H/13-HJ, 0.86 [br. t, 3 H, 14-H] ppm. *C NMR ([DgJDMSO): § =
153.1 [C-6], 148.7 [C-8], 146.8 [C-2], 145.1 [C-4], 112.8 [C-5], 41.7
[C-10], 28.9 [C-11], 28.6 [C-12], 22.3 [C-13], 14.4 [C-14] ppm.

[Ir"Cl(DMSO-kS){H-AdeC(-kN(9)}] (8): Orange microcrystals
(537mg, 78%) were obtained in methanol after 4 days.
C7H;3,CL4IrNsOS (688.56): caled. C 29.65, H 4.68, N 10.17; found
C 29.53, H 4.52, N 9.94. IR: ¥ = 3500 (w, br), 1659 (vs), 1619 (m),
1574 (m), 1514 (w), 1438 (m), 1400 (m), 1111 (m), 1071 (m), 1023
(m), 790 (w, br), 611 (m), 441 (m) cm~!'. 'H NMR ([D¢]DMSO): 6
=9.29 [br. s, 1 H, N(6)-H], 8.82 [s, | H, 8-H], 8.69 [s, | H, 2-H],
3.62 [br. q, 2 H, 10-H], 1.61 [br. t, 2 H, 11-H], 1.20 [br. m, 14 H,
12-H to 18-H], 0.81 [br. t, 3 H, 19-H] ppm. '*C NMR ([D4]DMSO):
0 = 152.8 [C-6], 148.3 [C-8], 147.0 [C-2], 144.8 [C-4], 111.9 [C-5],
41.6 [C-10], 31.7, 29.4, 29.1, 28.8, 26.7, 22.5 [C-11, C-12, C-13, C-
14, C-15, C-16, C-17, C-18], 14.4 [C-19] ppm.

Crystallographic Studies: Suitable crystals of 1, 2b and 5 were se-
lected for single-crystal X-ray diffraction experiments and mounted
at the tip of glass fibres on an Enraf-Nonius CAD4 diffractometer
producing graphite monochromated Mo-K, radiation (1 =

Table 4. Selected crystallographic data for the compounds 1, 2b and 5.

1 2b 5
Empirical formula C10H24C14IrN504S C11H26C14IIN504S C10H18C14II'NSOS
MW 644.43 658.43 589.38
Wavelength [A] 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic monoclinic
Space group P121/cl P21/n P21/c
a[A] 8.331(3) 8.375(5) 8.172(2)
b [A] 27.169(6) 27.340(16) 13.046(2)
c[A] 12.416(3) 9.316(2) 18.960(2)
p [1 131.34(2) 90.23(4) 115.53(2)
VA3 2110.0(12) 2133.1(18) 1824.0(6)
zZ 4 4 4
D,y [Mg/m3) 2.028 2.050 2.142
Absorption coefficient [mm ] 6.958 6.885 8.026
Crystal size [mm] 0.36x0.28 X 0.21 0.49x0.41x0.3 0.21x0.12x0.12
0 range for data coll. [°] 1.50-24.98 1.49-25.97 1.96-24.96
Index ranges O9=h=7 10=h=10 9=h=8
0=k=32 0=k=33 0=k=15
0=/=14 0=/=11 0=1=22
Reflections collected 3696 4444 3570
Independent reflections 3696 4185 [R(int) = 0.0446] 3210 [R(int) = 0.0472]
Max. and min. transmission 0.232 and 0.116 0.044 and 0.127 0.38 and 0.21
Data/restraints/parameters 3696/354/307 4185/23/237 3210/0/202
Final R indices [/>2c(/)] R, = 0.0481 R; = 0.0509 Ry = 0.0412
wRy = 0.1222 WwRy = 0.1215 wR, = 0.0931
R indices (all data) R; = 0.0697 R, =0.0917 R, = 0.0671
wR, = 0.1347 wRy = 0.1509 wR, = 0.1001
GOF on F? 1.046 1.235 1.027
Largest diff. peak/hole [e A3 1.447/-1.889 3.726/-3.948 1.115/-1.323
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0.71073 A). In each case, after the random search of 25 reflections,
the indexation procedure gave rise to the cell parameters (see
Table 4 for a summary of the crystal data). Intensity data were
collected in the w-20 scan mode and corrected for Lorenz and po-
larization effects. The absorption correction for the three crystals
was performed by following the empirical DIFABS method.** The
structural resolution procedure was carried out with the WinGX
package.’” Solving for structure factor phases was performed with
SIR200451 for 1 and 2b and SHELXS-861°2! for 5, and full-matrix
refinement was done with SHELXL97.53 Non-H atoms were re-
fined anisotropically and H atoms were introduced in calculated
positions and refined as riding on their parent atoms, except for
water molecules and the protonation site in 1, where H atoms were
located in difference Fourier maps and refined isotropically. Hydro-
gen atoms belonging to water molecules in 2b could not be located
in difference Fourier maps. In 1, the aliphatic chain presents rota-
tional disorder, which has been modelled by assuming three frag-
ments with complementary occupancies (50%, 25% and 25%
respectively). Due to the disorder model applied in 1, ISOR and
DELU instructions have been used to make the ellipsoids much
more realistic, consequently a large number of restraints are gener-
ated (see Table 4), which also lists a summary of refinement param-
eters. Selected bond lengths and angles around the metal ion are
shown in Table 1.

Computational Details: The geometries of all complexes studied in
this work were fully optimized at the RI-BP86/def2-TZVP level of
theory by using the program TURBOMOLE version 5.7.°4 The
def2-TZVP is a Gaussian atomic orbital (AO) basis set of triple-{
quality augmented with polarization functions.>® This basis set
uses relativistic effective core potential (ECP) for the iridium atom.
For some supramolecular complexes, the C, symmetry constraint
has been imposed. The RI-DFT method applied to the study of
weak interactions is considerably faster than the DFT method, and
the interaction energies and equilibrium distances are almost iden-
tical for both methods.’®) We have performed the calculations in
the presence of solvent (water, dielectric constant ¢ = 78.39) by
using the conductor-like screening model (COSMO)P7! as im-
plemented in TURBOMOLE.

CCDC-771877 for 1, -771878 for 2b and -771879 for 5 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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