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Introduction

Metal–metal bonded dirhodium carboxylate bioinorganic
compounds with a lantern-type structure[1] are interesting
targets for research because of their considerable carcino-
static activity against various tumor cell lines,[2–9] their un-
usual binding modes to DNA,[10–15] and their documented in-
hibition of DNA replication, protein synthesis, and in vitro

transcription.[16–18] A closely related class of dirhodium com-
pounds to the tetracarboxylate series is one in which two
acetate ligands are substituted by the more robust amidinate
groups. Of particular note is the compound ACHTUNGTRENNUNGcis-[Rh2-
ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(O2CCF3)2ACHTUNGTRENNUNG(H2O)2] (DTolF

�=N,N’-di-p-tolylforma-
midinate; Scheme 1), which exhibits comparable antitumor
activity to that of dirhodium carboxylate compounds and
cisplatin against Yoshida ascites and T8 sarcomas, but with
considerably reduced toxicity.[19] Despite the presence of
two labile trifluoroacetate bridging groups, which impart ap-
preciable reactivity to the complex, cis-[Rh2ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(O2CCF3)2ACHTUNGTRENNUNG(H2O)2] was found to be virtually nontoxic.

[19]

Reactions of dirhodium compounds with purine nucleo-
bases,[13,20,21] nucleosides/nucleotides,[22–25] single-[10,11] and
double-stranded DNA[12,15] have received considerable at-
tention in light of DNA being the primary intracellular
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target of most metal-based anticancer agents. It is well-es-
tablished that 1,2-GG and AG intrastrand cross-links ac-
count for about 65% and 25%, respectively, of the DNA-
binding sites for cisplatin (a widely used anticancer
agent),[26–29] with 5’-G sites of 5’-GG-3’ cross-links being the
most electron-donating sites in B DNA.[30] In the case of di-
ACHTUNGTRENNUNGrhodium, findings in our laboratories have unequivocally es-
tablished that guanine bases bind to the metal core in a
manner involving unprecedented equatorial (eq) bridging in-
teractions through N7 and O6.[13] Head-to-head (HH)[31a]

cross-links with eq bidentate (N7/O6) guanine bases bridg-
ing the Rh�Rh bond were also identified in the dinucleotide
dirhodium adducts [Rh2ACHTUNGTRENNUNG(O2CCH3)2{d ACHTUNGTRENNUNG(GpG)}],

[22]

ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(O2CCH3)2{d ACHTUNGTRENNUNG(pGpG)}],
[23] and [Rh2 ACHTUNGTRENNUNG(DTolF)2-

{d ACHTUNGTRENNUNG(GpG)}].[24] Notable features of the adducts are the depro-
tonation of the guanine N1 site, that is, stabilization of the
enolate form of guanine, and a substantial increase in the
acidity of the N1H sites as a result of bidentate N7/O6 coor-
dination.[13,22–24] In the aforementioned d((p)GpG) com-
plexes, the presence of intense H8/H8 ROE (rotating frame
nuclear Overhauser effect) cross-peaks in the 2D ROESY
NMR spectra indicate a HH arrangement for the tethered
guanine bases. The [Rh2ACHTUNGTRENNUNG(O2CCH3)2 ACHTUNGTRENNUNG{dACHTUNGTRENNUNG(GpG)}] complex ex-
hibits two major right-handed conformers HH1R (�75%)
and HH2R (�25%),[22] as opposed to only one right-
handed HH1R conformer for [Rh2ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG{dACHTUNGTRENNUNG(GpG)}].

[24] In
the latter case, the detection of a single product is attributed
to the presence of the bulky, nonlabile formamidinate bridg-
ing groups, which serve to slow down the possible dynamic
processes for the adduct[32] that would lead to the formation
of the minor HH2R variant detected for the acetate.[22] The
terms HH1R and HH2R, initially proposed for platinum
compounds by Kozelka et al.,[33, 34] and refined by Marzilli,
Natile et al.,[32, 35–39] refer to the relative base canting[31b] and
the direction of propagation of the phosphodiester back-
bone with respect to the 5’ base.[22,24]

Dirhodium axial adducts with adenine derivatives and car-
boxylate bridging groups exhibit hydrogen bonds between
the purine exocyclic NH2(6) amino group (the base is coor-
dinated by N7) and the carboxylate oxygen atom of the
ACHTUNGTRENNUNGdirhodium unit.[13] The reaction of cis-[Rh2ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(NCCH3)6] ACHTUNGTRENNUNG(BF4)2 with 9-ethyladenine (9-EtAdeH), however,
proceeds by substitution of the acetonitrile groups and af-
fords HT cis-[Rh2ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(9-EtAdeH)2ACHTUNGTRENNUNG(NCCH3)] ACHTUNGTRENNUNG(BF4)2
with the adenine bases bridging through N7 and N6 at the

eq sites of the two rhodium atoms.[40,41] This unprecedented
adenine-bridging binding mode is also encountered in the
dinucleotide adduct [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApA)}].

[25] In the right-
handed HH1R dirhodium conformer of this adduct, the
tethered adenine bases exhibit a HH arrangement and are
found in the rare imino form, exhibiting a concomitant sub-
stantial decrease in the basicity of the N1H sites (pKa�7.0
in CD3CN/D2O) as compared to the imino form of the free
dinucleotide; this decrease is a result of coordination of the
N7/N6 adenine sites to the rhodium atoms.[25] In DNA, ade-
nine is mainly present as its amine tautomer,[42,43] which is
estimated to outnumber the rare imino form A* by a factor
of 104–105. Metal binding to the exocyclic amino group N6,
how ACHTUNGTRENNUNGever, may be accompanied by a concomitant shift of the
amino proton to site N1, thus generating a metalated form
of the rare adenine imino tautomer.[25,44–49]

The unprecedented binding modes and conformational
characteristics encountered in the homopurine adducts
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpG)}]

[24] and [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApA)}]
[25]

led us to undertake structural characterization of the mixed
purine complexes [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] by one- (1D) and two-dimensional
(2D) NMR spectroscopy, combined with molecular model-
ing studies. Moreover, the 1,2-ApG cross-links have been
extensively studied,[50–52] as they are the next most abundant
intrastrand adducts found for cisplatin (after the 1,2-GpG)
that are recognized by the HMG proteins.[53] For cisplatin,
GpA cross-links have been detected with dACHTUNGTRENNUNG(GpA) dinucleo-
tides[54,55] but not with double-stranded DNA.[51,52] In the
case of dirhodium compounds bridged by carboxylate
groups, single-stranded DNA oligonucleotides containing
mixed AG and GA purine sites have been studied by mass
spectrometry,[11] but to our knowledge, herein is the first de-
tailed NMR study of the products between the mixed-
purine DNA dinucleotides d ACHTUNGTRENNUNG(GpA) or dACHTUNGTRENNUNG(ApG) (Scheme 2)
and a metal–metal-bonded dirhodium formamidinate unit.

Results

1D 1H NMR spectroscopy: In the 1H NMR spectrum for
each of the dirhodium adducts [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], there is a triplet at d�7.45 ppm
(with twice the intensity of each purine H8 or H2 reso-
nance), which is ascribed to the two N-CH-N proton nuclei
of the two bridging formamidinate groups for each adduct
(the splittings are attributed to 1H coupling to the two
equivalent rhodium nuclei, 3J ACHTUNGTRENNUNG{103Rh–1H}�3.9 Hz). For cis-
[Rh2ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(NCCH3)6]ACHTUNGTRENNUNG(BF4)2, dACHTUNGTRENNUNG(N-CH-N)=7.51 ppm in
CD3CN.

[24]

ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]: In the aromatic region of the
1H NMR spectrum for the dirhodium adduct in 4:1 CD3CN/
D2O at 20 8C, the two resonances at d=8.62 and 7.96 ppm
are assigned to the 5’-G and 3’-A H8 protons, respectively
(Table 1) by analysis of 2D NMR spectroscopic data (vide
infra); the aromatic resonance at d=7.81 ppm is attributed

Scheme 1. Structure of cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(O2CCF3)2L2]; R=CF3.
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to the 3’-A H2 proton, an assignment also confirmed by its
longer T1 relaxation time as compared to H8.

[56–58] Although
the NMR data for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and dACHTUNGTRENNUNG(GpA)
were collected in different solvents (the complex is not solu-
ble in D2O only), a comparison of the aromatic proton
chemical shifts is still useful: the resonance of 5’-G H8 is
shifted downfield (Dd�1 ppm), whereas the 3’-A H8 and
H2 protons are shifted upfield by Dd�0.40 and 0.13 ppm,
respectively, as compared to the corresponding protons in
free d ACHTUNGTRENNUNG(GpA). Similar changes to the chemical shifts of the
aromatic proton resonances of metalated adenine rings have

been previously recorded in the literature.[47,48] Additionally,
downfield shifts of the guanine H8 proton indicate metal
binding to site N7 of the base.[22,23,59]

ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]: In a similar fashion to [Rh2-
ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}], the two aromatic resonances in the
1H NMR spectrum of [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}] in 4:1
CD3CN/D2O (at 20 8C) at d=8.74 and 7.70 ppm are assigned
to the 5’-A and 3’-G H8 protons, respectively (Table 1) by
analysis of 2D NMR spectroscopic data (see below). The
ACHTUNGTRENNUNGaromatic resonance at d=7.62 ppm is assigned to the 5’-A
H2 proton, an assignment also confirmed by its longer T1 re-
laxation time as compared to H8.[56–58] Although the H8 pro-
tons of purine bases metalated at N7 are typically shifted
downfield as compared to the free base, the 3’-G H8 of
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] exhibits an upfield shift as com-
pared to the free dinucleotide, which is attributed to the rel-
ative canting of the bases.[24,37]

pH-dependence titrations for dirhodium adducts : Since it is
known that protonation and metalation of the in-ring nitro-
gen atoms of purine nucleobases have profound effects on
the chemical shifts of the H8 aromatic protons,[60] 1H NMR
titrations as a function of pH were performed in 4:1
CD3CN/D2O for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] (Figure 1) and
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (Figure 2). The pH-independent be-
havior of the H8 1H NMR signals at low pH corroborates

Scheme 2. Structure and atom numbering of the dinucleotides d ACHTUNGTRENNUNG(GpA)
and d ACHTUNGTRENNUNG(ApG).

Table 1. 1H and 31P NMR chemical shifts, d [ppm] for [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}].

d ACHTUNGTRENNUNG(BpB) species B H8 H2 H1’ 3JH1’–H2’/
3JH1’–H2’’

[c] H2’ H2’’ H3’ H4’ H5’/H5’’ N1H/N6H[f] Base sugar 31P[g]

ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}]
[a] 5’ 8.62 – 6.11 0/10.0(d) 2.11 2.58 4.75 3.93 3.84[d] anti �3.16

3’ 7.96 7.81 6.28 14.2/6.0(dd) 2.38 2.44 4.48 4.02 3.95/3.77[e] 10.32/6.98 anti
d ACHTUNGTRENNUNG(GpA)[b] 5’ 7.72 – 5.86 2.09 2.30 4.75 4.18 4.15[d] anti �4.06

3’ 8.36 7.94 6.35 2.55 2.82 4.80 4.23 4.12[d] anti
ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}]

[a] 5’ 8.74 7.62 6.14 0/7.0(d) 2.20 2.38 4.68 3.98 3.81[d] 7.29/7.10 anti �2.29
3’ 7.70 – 6.16 13.0/5.0(dd) 2.28 2.60 4.74 3.89 3.70[d] anti

d ACHTUNGTRENNUNG(ApG)[b] 5’ 7.91 7.97 5.94 2.41 2.70 4.73 4.16 4.12/4.08[e] anti �4.09
3’ 7.99 – 6.10 2.20 2.50 4.75 4.19 3.68[d] anti

[a] 2D NMR spectra collected in 4:1 CD3CN/D2O at 10 8C. [b] 2D NMR spectra collected in D2O at 5 8C. [c] In Hertz. [d] Overlapped resonances.
[e] Not stereospecifically assigned. [f] Chemical shifts at �38 8C. [g] Referenced to TMP at 0 ppm.

Figure 1. pH dependence of the 5’-G H8 (~), 3’-A H8 (&), 3’-A H2 (*)
1H NMR signals for [Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] in 4:1 CD3CN/D2O at 20 8C.
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the binding of the guanine bases to the dirhodium units
through N7 in both adducts (as protonation of these sites is
impeded by bound metal atoms). Moreover, inflection
points are observed for the 5’-G and 3’-G H8 protons of
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], re-
spectively, at pKa�7.4, which correspond to deprotonation
of the N1 sites of the two guanine bases. For free dACHTUNGTRENNUNG(GpG)
the pKa value for N1H deprotonation is ~10.0 in D2O;[22]

the pKa value of N1H deprotonation in CD3CN, however,
has been estimated to be higher than 10.0 (owing to the in-
solubility of dACHTUNGTRENNUNG(GpA) and d ACHTUNGTRENNUNG(ApG) in CH3CN, it is not possi-
ble to perform a pH-dependence titration of their guanine
aromatic protons in CD3CN).

[61–63] The substantial decrease
in the pKa values of the guanine N1H groups in
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] ACHTUNGTRENNUNG(pKa

�7.4), as compared to the guanine bases in the free dinu-
cleotides, is attributed to bidentate binding of the guanine
bases to the dirhodium units through N7 and O6
(Scheme 4).[22,24]

Regarding the adenine bases, protonation of the common
amino tautomer of adenine (Scheme 3a) at N1 in H2O takes
place at pKa�3–4 (which decreases to ~2 upon metal bind-
ing to N7).[64–65,67] Protonation of the adenine N7 position
takes place below pH 0,[68] whereas the exocyclic group N6H
is deprotonated at pKa 16.7.

[69] In the case of the rare imino
form of (methyl)adenine (Scheme 3b), however, the pKa

value for N1H deprotonation in H2O has been estimated to
be ~12.[70] Moreover, the expected pKa value for deprotona-
tion of the exocyclic groups N6H of deoxyadenosine is ap-
proximately 16, as a result of the inductive effect of the

(deoxy)ribose group;[71–73] the estimated pKa value for N1H
deprotonation for the imino form of deoxyadenosine in H2O
is ~11.[70] It is thus inferred that the estimated pKa values
for N1H deprotonation for the imino form of adenosine in
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(GpA) and dACHTUNGTRENNUNG(ApG) in CD3CN/D2O should be much
higher than 11.[61,62] The inflection points from the pH-de-
pendence curves of the 3’-A and 5’-A H2 and H8 1H NMR
signals for [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] (Figure 1) and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (Figure 2) in 4:1 CD3CN/D2O at
20 8C, respectively, at pKa�7.0 and 7.1, correspond to de-
protonation of the N1H groups of the adenine bases in the
rare imino form. Evidently, the pKa values of the adenine
exocyclic N6H sites in [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] are considerably decreased as com-
pared to the imino form of the adenine bases in dACHTUNGTRENNUNG(GpA)
and dACHTUNGTRENNUNG(ApG) in the same solvent. The substantial decrease
in the basicity of the adenine N1H groups in both of the bis-
formamidinate dinucleotide adducts is attributed to the
presence of the adenine bases in the rare imino form, which
is stabilized by the binding of N7 and N6 to the dirhodium
unit (Scheme 4).[25,47,49]

Figure 2. pH dependence of the 5’-A H8 (&), 5’-A H2 (~), 3’-G H8 (*)
1H NMR signals for [Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}] in 4:1 CD3CN/D2O at 20 8C.

Scheme 3. Amine and imino tautomeric forms of adenine.

Scheme 4. Structure and numbering of [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] (top
panel) and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (bottom panel). Note that bond
lengths are not to scale and that angles between atoms have been distort-
ed to render the structures more clear. Both A and G nucleotides are de-
picted in their neutral forms in the complexes (imino form for A, ketone
form for G) because they have essentially identical pKa values for N1 de-
protonation when bound to the dirhodium core (see text).
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2D NMR spectroscopy : 2D ROESY, [1H–1H] DQF-COSY
(double-quantum-filtered correlation spectroscopy) and
[1H–31P] HETCOR (heteronuclear shift correlation) NMR
spectra were collected to assess the structural features and
assign the proton resonances of the [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]
and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] adducts (Table 1).

ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]: In the aromatic region of the
2D ROESY NMR spectrum of [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}], the
two H8 resonances at d=8.62 and 7.96 ppm are well sepa-
rated and exhibit intense ACHTUNGTRENNUNG5’-G H8/3’-A H8 NOE (nuclear
Overhauser effect) cross-peaks (Figure 3, upper panel), fea-
tures that are consistent with HH base orientation
(Scheme 4) as previously reported for dirhodium
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(GpG)[22–24] and d ACHTUNGTRENNUNG(ApA)[25] as well as platinum dACHTUNGTRENNUNG(GpG)
compounds.[32,35–37] Head-to-tail (HT) conformers do not
exhibit H8/H8 cross-peaks as a result of large H8–H8 distan-
ces.[32,35–37] The downfield H8 resonance at d=8.62 ppm is

unambiguously assigned to 5’-G because it exhibits a strong
H8/H3’ cross-peak in the 2D ROESY spectrum; moreover,
this H3’ proton (d=4.75 ppm) displays a cross-peak in the
[1H–31P] HETCOR spectrum to the phosphodiester
31P NMR signal at d=�3.16 ppm, whereas H5’/H5’’–31P and
H4’–31P cross-peaks are observed for 3’-A only (Figure 4). In
the 300 ms 2D ROESY NMR spectrum, the H3’ proton of
5’-G (d=4.75 ppm) has a much weaker cross-peak (in com-
parison to the intraresidue peak at ACHTUNGTRENNUNGd=8.62 ppm) to a reso-
nance in the aromatic region at ACHTUNGTRENNUNGd=7.96 ppm, which is as-
signed to H8 of 3’-A.

Both nucleotide residues in [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] ex-
hibit strong H8/H2’/H2’’ ROE cross-peaks and the sugar
rings have very weak (for 5’-G) or lack H8/H1’ ROE cross-
peaks, which are features consistent with anti glycosidic tor-
sion angles.[22–25,35–37,74] Furthermore, the 5’-G residue exhib-
its a strong H8/H3’ ROE cross-peak along with H1’-H2’’ (no
H1’–H2’ coupling; 3JH1’–H2’=0, Table 1) DQF-COSY cross-
peaks and a doublet coupling pattern for its H1’ in the
[1H–1H] DQF-COSY spectrum; these findings are character-
istic of an C3’–endo (N-type) deoxyribose conformation for
5’-G.[22–25,35–37,74,75] Conversely, the 3’-A sugar retains the
S (C2’–endo) conformation found in standard B-DNA,
which is indicated by the appearance of a strong H1’–H2’
DQF COSY cross-peak along with the doublet of doublets
coupling pattern observed for the H1’ reso-
nance.[22,23,25, 35–37,74,75]

ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]: As noted for the H8 aromatic reso-
nances of [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}], the two H8 resonances
for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] at d=8.74 and 7.70 ppm are
well separated (~1 ppm) and exhibit intense ACHTUNGTRENNUNG5’-A H8/3’-G H8
NOE cross-peaks in the aromatic region of the 2D ROESY
NMR spectrum (Figure 3, lower panel), which indicates HH
base orientation (Scheme 4), as previously reported for

Figure 3. Aromatic regions of the 2D ROESY NMR spectra for [Rh2-
ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] (upper panel) and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (lower
panel) in 4:1 CD3CN/D2O at 10 8C, with labeled H8/H8 base cross-peaks.

Figure 4. ACHTUNGTRENNUNG[1H–31P] HETCOR NMR spectrum for [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]
in 4:1 CD3CN/D2O at 10 8C. The dashed and dotted lines indicate the 5’-
G and 3’-A deoxyribose proton resonances, respectively.
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dirhodium dACHTUNGTRENNUNG(GpG)[22–24] and dACHTUNGTRENNUNG(ApA)[25] as well as platinum
dACHTUNGTRENNUNG(GpG)[32,35–37] compounds. The downfield H8 resonance at
d=8.74 ppm is assigned to 5’-A as indicated by the strong
H8/H3’ cross-peak that it exhibits in the 2D ROESY spec-
trum. This H3’ proton (d=4.68 ppm) has a cross-peak in the
[1H–31P] HETCOR spectrum to the phosphodiester
31P NMR signal (d=�2.29 ppm), whereas H5’/H5’’–31P and
H4’–31P cross-peaks are observed for 3’-G only. In the
150 ms 2D ROESY NMR spectrum of [Rh2ACHTUNGTRENNUNG(DTolF)2-
{d(ApG)}], the H3’ proton of 5’-A (d=4.68 ppm) has a
much weaker cross-peak (as compared to the intraresidue
peak at d=8.74 ppm) to a resonance in the aromatic region
at d=7.70 ppm, which is assigned to the H8 of 3’-G. Both
nucleotide residues in [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] show
medium intensity H8/H2’ and very weak H8/H1’ ROE
cross-peaks, which indicate anti glycosidic torsion
angles.[22–25,35–37,74] Moreover, the 5’-A residue exhibits a
strong H8/H3’ ROE cross-peak, no H1’–H2’ DQF-COSY
cross-peaks (3JH1’–H2’=0, Table 1) and a doublet coupling pat-
tern for its H1’ in the [1H–1H] DQF-COSY spectrum, in
contrast to the 3’-G sugar which has a strong H1’–H2’ DQF
COSY cross-peak and a doublet of doublets coupling pat-
tern for the H1’ resonance. These findings indicate C3’–endo
(N-type) and S (C2’–endo) deoxyribose conformations for
the 5’-A and 3’-G sugar residues, respectACHTUNGTRENNUNGively.[22–25,35–37,74,75]

Imino form of the adenine bases : The presence of the ade-
nine rings of [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d-
ACHTUNGTRENNUNG(ApG)}] in the rare imino form was confirmed by [1H–1H]
DQF-COSY spectroscopy experiments performed at
�38 8C.[25,47] In the low-field region of the [1H–1H] DQF-
COSY spectrum for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] in CD3CN at
�38 8C, cross-peaks are observed between the H2 resonan-
ce of dACHTUNGTRENNUNG(GpA) at 7.81 (3’-AH2) and a resonance at
d=10.32 ppm (N1H 3’-A) (3J1H–1H�3 Hz).[47,76] Likewise, in
the [1H–1H] DQF-COSY spectrum of [Rh2ACHTUNGTRENNUNG(DTolF)2-
{d ACHTUNGTRENNUNG(ApG)}] in CD3CN at �38 8C, cross-peaks are observed
between the 5’-A H2 resonance of dACHTUNGTRENNUNG(ApG) at d=7.62 ppm
and the 5’-A N1H resonance at d=7.29 ppm (Figure 5).[76]

The upfield value for the 5’-A N1H imino proton resonance
of ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], as compared to the 3’-A N1H
imino proton of [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}], is attributed to the
shielding effect on the 5’-A ring by the tolyl group of the
formamidinate bridge, as indicated by the models.
The previous H2/N1H DQF-COSY cross-peaks provide

unambiguous evidence that the N1 sites of the adenine
bases in [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG{d-
ACHTUNGTRENNUNG(ApG)}] are protonated and thus present in the rare imino
form, which is stabilized by the bidentate metalation of the
N7 and N6 sites.[25,47,49] Moreover, in the ROESY spectra in
CD3CN at�38 8C, ROESY cross-peaks are observed
ACHTUNGTRENNUNGbetween the 3’-A N1H (d=10.32 ppm) with 3’-A N6H
(d=6.98 ppm) resonances (for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]) and
ACHTUNGTRENNUNGbetween 5’-A N1H (d=7.29 ppm) with 5’-A N6H
ACHTUNGTRENNUNG(d=7.10 ppm) resonances (for [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]), fur-
ther confirming protonation of the adenine N1H sites of the
adducts (the X-ray crystallographic study of cis-[Rh2-

ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(9-EtAdeH)2]ACHTUNGTRENNUNG(BF4)2 showed that the adenine
N1H–N6H distance is 2.25 O[40,41]).

31P NMR spectroscopy: The 1D 31P NMR spectra of
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] in
CD3CN display resonances at d=�3.16 (Figure 4) and
�2.29 ppm, (Table 1), respectively, downfield from the re-
spective free dinucleotides dACHTUNGTRENNUNG(GpA) and d ACHTUNGTRENNUNG(ApG) at
d=�4.06 and �4.09 ppm, respectively; this behavior is typi-
cal of HH adduct phosphate groups, which resonate approx-
imately 1 ppm downfield from the free dinucleotides.[22–24]

Downfield shifts of the 31P NMR signals in DNA are typical-
ly characterized by changes in the R�O�P�OR’ torsion
angles.[77]

Molecular modeling : Each HH1R, HH2R, HH1L, and
HH2L conformer[24] of the tethered adducts [Rh2ACHTUNGTRENNUNG(DTolF)2-
{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] was independently
constructed and subjected to simulated annealing calcula-
tions. Initial right- and left-handed models produced mini-
mized conformers with the same canting as the original
models only. The lowest energy HH1R variant for
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] (Figure 6, upper panel) is more
stable by 3.5 kcalmol�1 than the lowest energy HH2L. In
the case of [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], the lowest energy
HH1R variant (Figure 6, lower panel) is higher in energy by
4.1 kcalmol�1 than the lowest energy HH2L conformer, but
the HH2L conformer was not considered because the NMR
spectroscopic data did not support a left-handed conformer.
The conformational features of the [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}]
and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] adducts, suggested by the NMR
spectroscopic data, were reproduced well by the calcula-
tions.
The H8/H8 cross-peaks in the 2D ROESY NMR spectra

of [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}]
(Figure 3) are in accordance with the H8/H8 distances for
the lowest energy HH1R models (~3.21 and ~3.25 O,

Figure 5. ACHTUNGTRENNUNG[1H–1H] DQF-COSY spectrum of [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] in
CD3CN at �38 8C.
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ACHTUNGTRENNUNGrespectively; Table 2) (see above). The NMR spectroscopic
data of the two adducts support the presence of all deoxyri-
bose residues in the anti orientation with respect to the gly-

cosyl bonds. For both dinucleotide adducts, the interproton
H8/H3’ distances (2.35 O) for the lowest energy HH1R con-
formers corroborate strong H8/H3’ ROESY cross-peaks and
thus N-type sugar pucker geometries for the 5’ sugar resi-
dues. Moreover, as indicated in the model for
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], the 5’-A N1H imino proton is in
the shielding cone of the formamidinate tolyl group
(Figure 6, bottom panel), thus giving rise to an upfield-shift-
ed resonance at d=7.29 ppm in the 1H NMR spectrum
(Table 1). Similarly to the dinucleotide adducts
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(O2CCH3)2{d ACHTUNGTRENNUNG(GpG)}],

[22] [Rh2ACHTUNGTRENNUNG(O2CCH3)2{d ACHTUNGTRENNUNG(pGpG)}],
[23]

[Rh2ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG{d ACHTUNGTRENNUNG(GpG)}],
[24] [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApA)}],

[25] and
cis-[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG{d ACHTUNGTRENNUNG(pGpG)}],

[23] the purine bases in the mini-
mized ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] and ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]
HH1R conformers are destacked with interbase dihedral
angles between 3’-B and 5’-B�72–748.

Discussion

Conformational features of [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]: The dinucleotide aromatic protons
in the tethered adducts [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] are nonequivalent. Both adducts
give rise to well-dispersed H8 proton resonances and rela-
tively intense H8/H8 NOE cross-peaks (Figure 3), which are
consistent with HH base conformation.[31] Based on the 2D
NMR spectroscopic data analysis for each adduct,
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}], the
downfield and upfield H8 resonances are assigned to the 5’
and 3’ base H8 protons, respectively (Table 1). In addition to
the deshielding effect of the metal on both rings, each base
experiences an upfield shifting effect as a result of the ring-
current anisotropy of the other cis base.[38,39,78] In compliance
with the recently assessed rules for base canting in platinum
compounds,[32,36] the H8 resonance of the more canted base
moves upfield as a result of the ring current effects of the
less canted base.[79] As the 3’ base H8 resonance is more up-
field than the 5’ base H8 resonance for both dinucleotide
adducts (Table 1), it is concluded that the 3’ base is more
canted than the 5’ base in each adduct (Scheme 5). Taking
into consideration both the experimental evidence from the
NMR spectroscopic data and the molecular modeling re-
sults, the conformers present in solution for the
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] ad-
ducts are assigned to the right-handed variant HH1R for
each adduct (Scheme 5, Table 2). HH1R variants have prec-
edent for dirhodium acetate dACHTUNGTRENNUNG(GpG),[22] formamidinate
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(GpG)[24] and d ACHTUNGTRENNUNG(ApA)[25] dinucleotide adducts. As in the
cases of the d ACHTUNGTRENNUNG(GpG) and dACHTUNGTRENNUNG(ApA) dirhodium adducts, the
bulk and the nonlabile character of the formamidinate
groups slow down the possible dynamic processes for the
mixed base dinucleotide adducts and favor the formation of
the HH1R conformers.[24,25] It is therefore evident that the
dirhodium formamidinate adducts give rise to R minihelix
variants and, in this respect, are good models for the duplex
DNA cisplatin cross-link lesion, because in duplexes with

Figure 6. Lowest energy conformers, resulting from simulated annealing
calculations, for the HH1R variants of [Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] (upper
panel) and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (lower panel). For each adduct, the 5’
residue is positioned to the left and the 3’ residue is the more canted
base. Rh green, N blue, O red, P yellow, C gray, H white.
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the cis-[Pt ACHTUNGTRENNUNG(NH3)2{dACHTUNGTRENNUNG(GpG)}] moiety, the HH1R variants
appear to dominate.[33,34,80]

The cisplatin[34] and Ru(II)-dimethyl sulfoxide[81] dACHTUNGTRENNUNG(ApG)
dinucleotide adducts are also right-handed conformers and
their metalated fragments have been isolated with both
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(ApG) and dACHTUNGTRENNUNG(GpA) dinucleotides , a fact that can be at-
tributed to the conformational freedom of the smaller DNA
fragments.[54] It is well-established, however, that cisplatin
forms 1,2-intrastrand adducts with d ACHTUNGTRENNUNG(ApG) but not with
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(GpA) in full-length double-stranded DNA.[51,52,68, 82] The
preference of the d ACHTUNGTRENNUNG(ApG) over the d ACHTUNGTRENNUNG(GpA) adduct, in the
case of cisplatin interacting with double-stranded DNA, is
attributed to the strong hydrogen bond established between
the axial ammine ligand and the phosphate backbone in the
dACHTUNGTRENNUNG(ApG) adduct, which reduces the energy of the relevant
transition state by 9–10 kcalmol�1.[52] In the present study of
the dirhodium formamidinate unit with the
dACHTUNGTRENNUNG(GpA) and d ACHTUNGTRENNUNG(ApG) dinucleotides, both reactions take
place, but the rate is slower for dACHTUNGTRENNUNG(ApG) than for dACHTUNGTRENNUNG(GpA),
which is also the case with the relevant RuII–dimethyl sulf-
oxide complexes.[81] Although it is known that, in the ab-
sence of guanine bases, 5’-A is a primary target for dirhodi-
um tetraacetate[15] and the energy of the transition state for
the reaction to form the bridging adenine N6/N7 adduct

with the dirhodium unit is significantly lowered in the pres-
ence of strong trans-labilizing ligands, such as formamidinate
groups,[49] further theoretical studies are necessary to eluci-
date the mechanism of interaction between the dirhodium
unit and short or longer DNA fragments.
In regards to the deoxyribose conformations for the ad-

ducts, the 2D NMR spectroscopic data for
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] sup-
port anti orientation of both the 5’- and 3’- sugar residues
about the glycosyl bonds, retention of the 3’-deoxyribose
residues in the native S-type (C2’-endo) conformations, and
adoption of N-type (C3’-endo) conformations for the 5’-
sugar residues. The aforementioned features of
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] bear
close resemblance to those of cisplatin with d ACHTUNGTRENNUNG(GpG), which
typically are HH cross-linked adducts with anti/anti 5’-G and
3’-G sugar residues in the N and S conformations, respec-
tively.[83] The change in sugar puckering geometry of the ACHTUNGTRENNUNG5’-
deoxyribose residues in the d ACHTUNGTRENNUNG(GpA), dACHTUNGTRENNUNG(ApG), d ACHTUNGTRENNUNG(GpG)[22–24]

and d ACHTUNGTRENNUNG(ApA)[25] dirhodium adducts is observed in all bifunc-
tional adducts of platinum. Theoretical studies support the
important role of this change to allow for a greater tilt angle
of the two purine bases and a more relaxed coordination
geometry at the metal centers.[52]

Bidentate binding and tautomers of the guanine and ade-
nine bases : As previously reported for [Rh2ACHTUNGTRENNUNG(DTolF)2-
(9-EtGuaH)2]ACHTUNGTRENNUNG(BF4)2 (9-EtGuaH: 9-ethylguanine) and
ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpG)}],

[24] the pH-dependent 1H NMR ti-
tration curves for the H8 guanine resonances of [Rh2-
ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (Figures 1
and 2) indicate the absence of N7 protonation at low pH
values as well as a substantial enhancement in the acidity of
the guanine N1H sites (pKa�7.4) in the dirhodium mixed
purine adducts as compared to the free dinucleotides.[22, 23]

The latter effects are induced by the purine bidentate bind-
ing to the rhodium centers by N7 and O6 (also confirmed
by the X-ray crystallographic study of HH cis-[Rh2ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(9-EtGuaH)2 ACHTUNGTRENNUNG(NCCH3)] ACHTUNGTRENNUNG(BF4)2)

[40] and indicate the presence
of the guanine bases in the enolate form at physiological pH
values.[22]

The pH-dependence curves of the 3’-A and 5’-A H2 and
H8 1H NMR signals in 4:1 CD3CN/D2O for the adducts
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}],

Table 2. Summary of lowest energy dirhodium formamidinate dinucleotide adducts.

Model Percent Energy c [8][b] P [8][c] 5’-B H8/ 3’-B/5’-B
[%][a] [kcalmol�1] 5’-B 3’-B 5’-B 3’-B 3’-B H8 [O] Dihedral angle[8][d]

ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}] HH1R
[a] 100 306.9 �135 �161 20 162 3.21 73.4

ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}] HH1R
[a] 100 306.8 �137 �163 19 169 3.25 71.7

ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpG)}] HH1R
[a,e] 100 300.7 �137 �146 20 12 3.30 75.9

ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApA)}] HH1R
[a,f] 100 297.5 �135 �163 36 163 3.20 73.8

[a] Experimentally detected. [b] c=O4’–C1’–N9–C4; jc j> 908 and jc j< 908 correspond to the anti and syn range respectively, for torsion angles
�1808<c<+1808. [c] P=pseudorotation phase angle calculated from the equation tan P= (n4+ n1)� ACHTUNGTRENNUNG(n3+n0)/ ACHTUNGTRENNUNG[2n2(sin368+sin728)] (n0–4 are endocyclic
sugar torsion angles; 08�P�368 (�188) corresponds to an N sugar, whereas 1448�P�1908 (�188) indicates an S sugar; if n2<0, P=P+1808. [d] Di-
hedral angles between 5’-B and 3’-B bases were calculated by using atoms N1, N3, N7 of each purine ring. [e] Reported in reference [24]. [f] Reported in
reference [25].

Scheme 5. Head-to-head (HH) variants of [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
[Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}] with right (R) canting. Canting arises from the
fact that the purine bases are not oriented exactly perpendicular to the
N7-Rh-N7 plane. The 1 in HH1R refers to models with the 5’-base posi-
tioned to the left. The two rhodium atoms are depicted as face-to-face
square planes with the Rh atom attached to the purine N7 atoms shown
in the front and the N atoms of the attached bridging formamidinate
groups in the back; to show the structures clearly, the remaining coordi-
nation sites for the second Rh atom are not shown. Each A base is indi-
cated by an arrow having H8 at the tip and H2 at the other end, whereas
each G base is indicated with H8 at the tip. A complete description of all
the possible variants is given in reference [24].
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ACHTUNGTRENNUNG(Figures 1 and 2), indicate that the N1H groups are depro-
tonated at pKa 7.0–7.1, that is, at considerably reduced pH
values as compared to N1 (de)protonation of the adenosine
imino tautomer (estimated to be considerably higher than
11 in CD3CN/D2O).

[61,62,70] The decrease in the basicity of
the adenine N1H sites in the adducts has been correlated to
the presence of the rare imino form of the base, and results
from N6/N7 bidentate binding to the metal (Scheme 4).[45] A
similar behavior of the N1 sites, resulting from the metal
binding of the adenine N6 and N7 has also been recorded in
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApA)}] and HT cis-[Rh2ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG(9-
EtAdeH)2]ACHTUNGTRENNUNG(BF4)2,

[25] for which the X-ray structure has been
determined.[40,41] As indicated in the previous X-ray struc-
ture as well as in the models for [Rh2ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG{dACHTUNGTRENNUNG(GpA)}]
and [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] (Figure 6), only the anti orien-
tation is possible for the metal at N6 and the protonated N1
as a result of the bidentate N6/N7 binding.[25] The presence
of the adenine base in the rare imino form, resulting from
bidentate metalation of the N6/N7 sites in [Rh2ACHTUNGTRENNUNG(DTolF)2{d-
ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] is further corroborat-
ed by the H2/N1H cross-peaks in the [1H–1H] DQF-COSY
spectra (Figure 5 for [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]) and the N1H/
N6H cross-peaks in the ROESY spectra of the adducts in
CD3CN at �38 8C.[25,47] The ROESY data provide unambigu-
ous evidence that the N1 sites of the adenine bases in [Rh2-
ACHTUNGTRENNUNG(DTolF)2ACHTUNGTRENNUNG{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}] are proton-
ated below the determined pKa values (~7.0–7.1). The imino
form of adenine in metalated DNA lesions may result in nu-
cleobase mispairing by inducing AT�fiCG transversions or
AT�fiGC transitions, which can be lethal if not re-
paired.[45,46,70, 84–86]

Conclusion

The present study of the dinucleotide adducts [Rh2-
ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and [Rh2ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(ApG)}] provides
unambiguous evidence that the mixed DNA–purine frag-
ments span the Rh�Rh bond in eq positions with N7/O6 and
N7/N6 bridges for the guanine and adenine bases, respec-
tively. Coordination of the adenine N7 and N6 sites to the
rhodium atoms in the adducts induces formation of the
metal-stabilized rare imino tautomer of adenine with a con-
comitant substantial decrease in the basicity of the N1H
sites.[25] Similarly, the N7/O6 binding of the guanine bases in-
duces a notable increase in the acidity of the N1H site (and
formation of the enolate form).[24] The shifting of the pKa

values of the bases in the physiological range and the stabili-
zation of rare base tautomers, resulting from binding of the
nucleotides to the dirhodium core, have a major influence
on the hydrogen-bonding properties of the bases with im-
portant biological implications.[45, 46,70]

In the dinucleotide adducts [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}] and
[Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}], the two rhodium centers are favor-
ably positioned to accommodate the bidentate binding of
the purine bases, which are almost completely destacked (di-
hedral angle 3’-B/5’-B=72–748) as compared to B DNA.

The backbone tether dictates the HH nature of the adducts,
whereas the bulky and nonlabile nature of the formamidi-
nate bridging groups leads to right-handed HH1R conform-
ers (Scheme 5, Table 2) in solution, as in the cases of the
ACHTUNGTRENNUNGhomopurine [Rh2ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpG)}]

[24] and [Rh2ACHTUNGTRENNUNG(DTolF)2-
{d ACHTUNGTRENNUNG(ApA)}][25] adducts. The dirhodium formamidinate core
with purine dinucleotides gives rise to R minihelix variants
and thus provides good models for the duplex DNA–cispla-
tin
dACHTUNGTRENNUNG(GpG) cross-link lesions responsible for the antitumor
properties of the drug. The other conformational features of
the dirhodium adducts also resemble those of known plati-
num dACHTUNGTRENNUNG(GpG) adducts: all sugar residues have anti orienta-
tion about the glycosyl bonds and the 5’ bases of the adducts
adopt N-type conformations to accommodate the base bind-
ing to the metal centers. It remains to be determined if the
antitumor active compound cis-[Rh2ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(O2CCF3)2-
ACHTUNGTRENNUNG(H2O)2] and its derivatives form relevant cross-links with
ACHTUNGTRENNUNGdACHTUNGTRENNUNG(GpA) and dACHTUNGTRENNUNG(ApG) sites in double-stranded DNA.

Experimental Section

The starting material RhCl3·xH2O was obtained from Pressure Chemical
Co. (Pittsburgh, PA) and was used without further purification. The com-
plex cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(NCCH3)6] ACHTUNGTRENNUNG(BF4)2 was prepared according to litera-
ture procedures.[40] The dinucleotide d ACHTUNGTRENNUNG(GpA) was purchased as the crude
5’-O-dimethoxytrityl (DMT) protected material from the Gene Technolo-
gies Laboratory at Texas A&M University. It was purified by reverse-
phase HPLC and used as the sodium salt. The dinucleotide d ACHTUNGTRENNUNG(ApG) was
purchased from Sigma as the ammonium salt and was used as received.
Concentrations of the free dinucleotides were determined by UV spec-
troscopy at 260 nm (e260=2.7Q10

4
m
�1 cm�1). Deuterium oxide (D2O,

99.996%), deuterated acetonitrile (CD3CN, 99.8%), deuterium chloride
(DCl, 99.5%), sodium deuteroxide (NaOD, 99.5%) and DSS (sodium
2,2-dimethyl-2-silapentane-5-sulfonate) were purchased from Cambridge
Isotope Laboratories. TMP {(CH3O)3PO} was purchased from Aldrich.

Syntheses

a) [Rh2 ACHTUNGTRENNUNG(DTolF)2{dACHTUNGTRENNUNG(GpA)}]: In a typical reaction, [Rh2 ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(NCCH3)6] ACHTUNGTRENNUNG(BF4)2 (2.4 mmol) in CD3CN (200 mL, brown solution) was
treated with of d ACHTUNGTRENNUNG(GpA) (2.4 mmol) in D2O (50 mL). Upon mixing the two
solutions, a white precipitate formed. After incubating the sample at
37 8C for two days, the white solid dissolved completely and the color of
the solution changed from brown to olive green. The progress of the re-
action was monitored by 1H NMR spectroscopy until no free dACHTUNGTRENNUNG(GpA)
could be detected. The reaction was complete in approximately 10 days.
MS-ESI (positive ion mode) m/z : 1232 ([Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(GpA)}]

+, see
Supporting Information, Figure S1).

b) [Rh2 ACHTUNGTRENNUNG(DTolF)2{d ACHTUNGTRENNUNG(ApG)}]: In a typical reaction, [Rh2 ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(NCCH3)6] ACHTUNGTRENNUNG(BF4)2 (2.4 mmol) in CD3CN (200 mL, brown solution) was
treated with d ACHTUNGTRENNUNG(ApG) (2.4 mmol) in D2O (50 mL). Upon mixing the two
solutions, a white precipitate formed. After incubating the sample at
37 8C for two days, the white solid dissolved completely and the color of
the solution changed from brown to dark green/brown. The progress of
the reaction was monitored by 1H NMR spectroscopy until no free
d ACHTUNGTRENNUNG(ApG) could be detected. The reaction is complete in approximately 12
days. MS-ESI (negative ion mode) m/z : 1231 ([Rh2 ACHTUNGTRENNUNG(DTolF)2-
{d ACHTUNGTRENNUNG(ApG)}-H]� , see Supporting Information, Figure S2).

Instrumentation : 1D 1H NMR spectra were recorded on a 500 MHz
Varian Inova spectrometer with a 5 mm switchable probehead. The
1H NMR spectra were typically recorded with 5000 Hz sweep width and
32 K data points. A presaturation pulse to suppress the water peak was
used when necessary. The 1D 31P NMR spectra were recorded on a
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Varian 300 MHz spectrometer operating at 121.43 MHz for 31P. The
1H NMR spectra were referenced to the residual proton impurity of
CD3CN. Trimethyl phosphate (TMP, d=0 ppm) was used as an external
reference for the 31P NMR spectra. The 1D NMR data were processed
using the Varian VNMR 6.1b software.

2D NMR data were collected at 10 8C on a Varian Inova 500 MHz spec-
trometer equipped with a triple-axis gradient penta probe. In general, the
homonuclear experiments were performed with a spectral width of ap-
proximately 5000 Hz in both dimensions, while some high resolution 2D
[1H–1H] DQF-COSY spectra were collected with 3000 Hz spectral width.
2D [1H–1H] ROESY spectra were collected with mixing times of 150 and
300 ms. A minimum of 2048 points were collected in t2 with at least 256
points in t1 and 32–64 scans per increment. 2D [

1H–1H] DQF-COSY spec-
tra, collected with 31P decoupling in both dimensions, resulted in a 1228Q
440 data matrix with 40 scans per increment. 2D [1H–31P] HETCOR ex-
periments were collected with 2048 points in t2, 112 points in t1 with 512
scans per increment. The 31P NMR spectral width was approximately
1500–3500 Hz. All data sets were processed using a 908 phase-shifted
sine-bell apodization function and were zero filled. The baselines were
corrected with first or second order polynomials. Two-dimensional (2D)
NMR data were processed using the program nmrPipe.[87]

The pH values of the samples were recorded on a Corning pH meter 430
equipped with a MI412 microelectrode probe by Microelectrodes, Inc.
The pH values of the samples were monitored in acetonitrile/water solu-
tions; calibration of the MI412 glass microelectrode probe was performed
in standard aqueous buffer solutions. The difference in the pH value of
the buffer measured in an aqueous solution and its pH* value in an ace-
tonitrile/water mixture primarily depends on the liquid-junction potential
of the electrode, which is negligible for the electrode used. It has been re-
ported that, for electrodes with a negligible liquid-junction potential, the
pH and pH* values for various buffers measured in aqueous and acetoni-
trile/water mixtures, respectively, differ by 0.01 to 0.2 pH units, which is
the precision expected for measurements in non-aqueous and mixed sol-
vents.[63,88] The pH-dependence of the chemical shifts for the purine
proton nuclei H8 and H2 was monitored by adding trace amounts of DCl
and NaOD solutions to the samples. No correction was applied to the pH
values for deuterium isotope effects on the glass electrode. The pH titra-
tion curves were fitted to the Henderson–Hasselbalch equation using the
program Kaleidagraph, with the assumption that the detected chemical
shifts are weighted averages according to the populations of the protonat-
ed and deprotonated species. The pKa(s) values for the dirhodium adducts
determined in acetonitrile/water mixtures, however, are not comparable
with the reported pKa(w) values of similar systems measured in water.
They are only comparable to the pKa(s) values of similar systems in aceto-
nitrile/water mixtures[24,25] or to the free ligands estimated in the same
acetonitrile/water solvent system, as the range of the pH scale for aceto-
nitrile (the pKa value for acetonitrile is 28.5) is different from that of
water.[89]

Electrospray mass spectra were acquired on an MDS Sciex API QStar
Pulsar mass spectrometer (Toronto, Ontario, Canada) using an electro-
spray ionization source. The UV spectra were collected with a Shimadzu
UV 1601PC spectrophotometer.

Molecular modeling : Molecular modeling results were obtained using the
software package Cerius2 4.6 (Accelrys Inc., San Diego). To sample the
conformational space of each compound, simulated annealing (SA) cal-
culations in the gas phase were performed using the Open Force Field
(OFF) program, with a modified version of the Universal Force Field
(UFF).[90–92] The SA was carried out for 80.0 ps, over a temperature range
of 300–500 K, with DT=50 K, using the NosR temperature thermostat, a
relaxation time of 0.05 ps and a time step of 0.001 ps. The compounds
were minimized (quenched) after each annealing cycle, producing 200
minimized structures. UFF is parameterized for octahedral RhIII, whereas
the molecules in the present study are metal–metal bonded RhII com-
pounds in a paddlewheel structure with axial ligands. To account for the
difference in the oxidation state and the coordination environment of the
metal, the valence bond parameter was modified. The appropriate va-
lence bond parameters for these types of complexes were previously de-
veloped[22,23] and were appropriately modified for the Rh�NDTolF bond by

taking into consideration the crystal structures of HH cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2-
ACHTUNGTRENNUNG(9-EtGuaH)2 ACHTUNGTRENNUNG(NCCH3)]

2+ and HT cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(9-EtAdeH)2]
2+ .[40,41]

The original valence bond value of 1.3320 O for RhIII was set to 1.2550 O
and all other parameters were unmodified. The bond orders for all
bonds, except those including the Rh atoms, were calculated using the
OFF bond order settings. The Rh�Rh and metal�ligand bond orders
were set to 1.0 and 0.5, respectively. The calculated Rh�Rh bond length
obtained for the lowest energy conformer of HT cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(9-
EtAdeH)2]

2+ is 2.50 O.[40, 41] The Rh�Rh, Rh�N6/N7 ACHTUNGTRENNUNG(adenine) and
Rh�NDTolF bond lengths are within 0.01, 0.08, and 0.1 O, respectively, of
the crystal structure values for HT cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(9-EtAdeH)2]

2+ .[40,41]

The distances from the crystal structure of HH cis-[Rh2 ACHTUNGTRENNUNG(DTolF)2 ACHTUNGTRENNUNG(9-
EtGuaH)2 ACHTUNGTRENNUNG(NCCH3)]

2+ were not used, owing to the poor quality of the
data.[40]
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