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ABSTRACT: Polypyridyl ruthenium complexes have been intensively studied and possess photophysical properties which are 

both interesting and useful. They can act as probes for DNA, with a substantial enhancement in emission when bound, and can in-

duce DNA damage upon photoirradiation. Therefore the synthesis and characterization of DNA binding of new complexes is an 

area of intense research activity. While the knowledge of how the binding of derivatives compares to the parent compound is highly 

desirable, this information can be difficult to obtain. Here we report the synthesis of three new methylated complexes, 

[Ru(TAP)2(dppz-10-Me).2Cl, [Ru(TAP)2(dppz-10,12-Me2)].2Cl  and [Ru(TAP)2(dppz-11-Me)].2Cl, and examine the consequences 

for DNA binding through atomic resolution X-ray crystallography. We find that the methyl groups are located in discrete positions 

with a complete directional preference which may help to explain the quenching behavior which is found in solution.

INTRODUCTION 

Ruthenium polypyridyl complexes have been intensively 

studied since the mid-1980s
1,2

 due to the interesting, and use-

ful, photophysical properties which they possess. Their inter-

actions with DNA have been extensively studied as the com-

pounds are able to act as DNA probes
3
, can induce DNA dam-

age
4
 and, when they possess a dipyrido[3,2-a:2′,3′-c]phenazine 

(dppz) group, are able to intercalate between DNA base pairs. 

A large number of complexes have been reported, as the pho-

tophysical properties of the compounds can be tuned by intro-

ducing seemingly small changes into the ancillary ligands
5
. 

An example of this sensitivity is the changing of the ancil-

lary ligands from 1,10-phenanthroline (phen) to 1,4,5,8-

tetraazaphenanthrene (TAP), which alters the luminescence 

behaviour of the compound. [Ru(phen)2(dppz)]
2+

 luminesces 

when bound to DNA but does not in an aqueous environment, 

due to quenching by water
6–8

. However, [Ru(TAP)2(dppz)]
2+

 

luminesces in aqueous solution but has its emission quenched 

by electron transfer from guanine when bound to DNA
9–11

. 

Changes to the dppz group have also been investigated, with 

[Ru(phen)2(1,10-phenanthrolino[5,6-b]1,4,5,8,9,12-

hexaazatriphenylene)]
2+

 being found to emit less than the par-

ent [Ru(phen)2(dppz)]
2+

, but bind with the same strength
12

. In 

addition to this the complexes [Ru(phen)2(dppz-10-X)]
2+

, 

where X = OH or NO2, have been reported, and it was found 

that, while both could bind to DNA via intercalation, the in-

troduction of an electron-withdrawing substituent results in a 

greater binding affinity
13

 due to electronic effects.  It has also 

been reported that the placing of methyl substituents onto the 

dppz group of [Cr(phen)2(dppz)]
3+

, to give [Cr(phen)2(dppz-

11,12-Me2)]
3+

, increases the binding strength of the com-

pound
14

 due to the hydrophobic effect of the alkyl group in the 

DNA groove. Similar effects have been found for dipyrido-

quinoxaline complexes
15

. Electronic differences could account 

for some binding preferences but it is also possible that intro-

ducing substitutions into the dppz group could have steric 

consequences, and therefore promote different binding motifs.  

Whilst the binding of Ru-dppz compounds to DNA is an ar-

ea of intense study, it was not until recently
16

 that the first 

crystal structure was reported. This structure showed how Λ-

[Ru(TAP)2(dppz)]
2+

 binds to DNA of sequence 

d(TCGGCGCCGA). We subsequently reported the structure 

of this DNA duplex bound to a ruthenium complex possessing 

an asymmetrically substituted dppz group, [Ru(TAP)2(dppz-

11-Cl)]
2+

, and found that the chlorine was directed preferen-

tially away from the major groove of the DNA
17

. Here we 

report the synthesis of three methylated  ruthenium complexes 

and explore how these, along with an additional derivative 

(Figure 1) bind to DNA as shown by atomic resolution X-ray 

crystal structures.  

RESULTS 

X-RAY CRYSTAL STRUCTURES 

Four X-ray crystal structures were obtained, containing 

DNA of sequence d(TCGGCGCCGA) bound to each of the 

complexes displayed in Figure 1b-e. The overall structure is 

illustrated in Figure 2a. The structures, numbered 1-4 as dis-

played in Table 1, show how placing a methyl substituent in 

different positions on the dppz group can affect the direction 

in which the Me is directed. Apart from the directionality of 

the methyl group(s), all four structures are isostructural with 

our previously reported work for the dppz complex and there-

fore the general features are present throughout the set pre-

sented here. Despite the crystallization solution containing the 

racemic compound only the Λ enantiomer is in the structure. 



 

 

Figure 1. (a) Chemical diagram of Λ-[Ru(TAP)2(dppz]2+ illustrat-

ing  the TAP and dppz numbering scheme. The positions of me-

thyl substitution on the dppz group for the complexes reported 

here are also illustrated in (b) dppz-10-Me, (c) dppz-11-Me, (d) 

dppz-10,12-Me2 and (e) dppz-11,12-Me2. 

INTERCALATION SITE 

The complex is intercalated into the minor groove, through 

the substituted-dppz group, into the T1C2 step in the DNA 

duplex. The end of the dppz group sits in the major groove of 

the DNA. Due to the two-fold crystallographic axis which runs 

through the center of the duplex, perpendicular to the helical 

axis, the complex is also intercalated into the symmetry equiv-

alent G9A10 step at the opposite end of the DNA. The long axis 

of the dppz group is offset from the C2-G9 hydrogen bonds by 

approximately 51° and therefore intercalation into this site 

occurs with a canted geometry. Intercalation into this step also 

causes A10 to flip out of the duplex and form a reverse Wat-

son-Crick base pair with T1 from a neighbouring duplex. The 

ordered water structure in all four structures is remarkably 

similar around the intercalation site. Three additional water 

molecules are present at the end of the dppz group in structure 

1 suggesting that when the complex only a 10-Me substituent 

fewer water molecules are displaced. 

SEMI-INTERCALATION SITE 

A TAP group (TAP 1), from the ruthenium complex, is 

semi-intercalated into the duplex at the symmetry equivalent 

G3G4 and C7C8 steps. This induces a 51° kink into the helix at 

each site. This mode of interaction is stabilized by the pres-

ence of a Ba
2+

 cation which is bound to G3(N7) and is bifur-

cated to G4 (Figure 2b). 

 

Figure 2. (a) An overall view of the DNA duplex, with all four 

interacting complexes, in structure 1. (b) A close up of the semi-

intercalation site, with coordinated Ba2+ cation. Carbon atoms in 

the intercalating complexes are coloured purple and carbon atoms 

from semi-intercalating complexes are cyan. Other atoms are 

coloured according to type with phosphorus in orange, oxygen in 

red, nitrogen in blue, barium in silver, carbon in green and hydro-

gen in white. 

DIRECTIONAL PREFERENCE 

When substitutions are introduced into the dppz group, they 

can be placed to either fit with, or to remove, the C2 rotation 

axis which runs down the long axis of the group. If placed 

asymmetrically, the complex loses its 2-fold rotational sym-

metry axis and as such can bind with the groups pointed in one 

of two directions. X-ray crystallography allows us to quantify 

this binding preference as, with high resolution data, sites with 

a fractional occupancy in the crystal can be observed.  

Here, three complexes are used which possess asymmetric 

substitutions. Structure 1 shows the consequences of placing a 

methyl group in the 10- position on the dppz, removing the 

twofold rotational symmetry of the metal complex. While it 

could be expected that the methyl presents in two positions, 

each with a 50% occupancy, the group is actually exclusively 

directed into the major groove and directed towards the pyrim-

idine side of the intercalated step (Figure 3a). The opposite is 

true for structure 2, which shows that when a methyl group is 

placed in the 11- position it is directed toward the purine side 

of the DNA and away from the major groove (Figure 3b). 

Structure 3 shows the effect of introducing two methyl substi-

tutions in an asymmetric manner, at the 10- and 12- positions 

on the dppz group (Figure 3c). Again, the methyl groups are 

found only in one location, with the 10-Me directed into the 

major groove on the pyrimidine side of the duplex and the 12-

Me away from the groove on the purine side.  

In structures 1-3, no methyl group was observed protruding 

into the major groove on the pyrimidine side of the duplex. 

However in structure four, which contains [Ru(TAP)2(dppz-

11,12-Me2)]
2+

, one methyl is located on the pyrimidine side of 

the duplex with the remaining substituent located directed 

toward the purine bases (Figure 3d). The position of the me-

thyl group was assigned on the basis of a 6σ peak in the Fo-Fc 

difference map, which is illustrated in Figure S1 in the sup-

plementary information 

a b 
a 

b c d e 



 

 

Figure 3. The intercalation site is shown for each structure. (a) [Ru(TAP)2(dppz-10-Me)]2+, (b) [Ru(TAP)2(dppz-11-Me)]2+, (c) 

Ru(TAP)2(dppz-10,12-Me2)]
2+ and (d) [Ru(TAP)2(dppz-11,12-Me2)]

2+. The purine side of the duplex is to the right of each diagram with 

the pyrimidine side on the left. The methyl groups are shown in yellow with other atoms coloured according to type with phosphorus in 

orange, oxygen in red, nitrogen in blue, carbon in green and hydrogen in white. Hydrogen atoms have not been added to the final model of 

structure 4 but are shown, at calculated positions, on the Ru complex.  

Table 1. Selected crystallographic data processing and refinement statistics. 

Structure Number 1 2 3 4 

Complex 

[Ru(TAP)2(dppz-10-

Me)]2+ 

[Ru(TAP)2(dppz-11-

Me)]2+ 

[Ru(TAP)2(dppz-10,12-

Me2)]
2+ 

Λ-

[Ru(TAP)2(dppz-

11,12-Me2)]
2+ 

Data Processing 

    Space group P43212 P43212 P43212 P43212 

Cell Dimensions, Å 42.2, 42.2, 39.6 42.1, 42.1, 39.2 42.2, 42.2, 39.6 42.4, 42.4, 39.6 

Resolution, Å 21.14-0.97 (1.00-0.97)* 28.70-1.05 (1.08-1.05) 17.05-0.89 (0.91-0.89) 

42.4-1.24 (1.27-

1.24) 

Rpim 0.018 (0.273) 0.020 (0.504) 0.018 (0.344) 0.026 (0.217) 

I/σI 24.2 (2.6) 21.8 (2.1) 23.5 (2.2) 20.2 (3.5) 

Completeness, % 95.9 (98.7) 99.1 (97.7) 98.5 (95.9) 99.9 (100) 

Multiplicity 6.3 (4.8) 6.2 (6.3) 6.2 (6.1) 10 (10.2) 

*Outer shell statistics in parentheses 

   Refinement 

    No. Reflections 19713 15996 26155 10212 

Rwork/Rfree 0.08/0.09 0.09/0.10 0.09/0.10 0.10/0.12 

No. Atoms 

    DNA 315 315 315 202 

Ligands 78 78 80 55 

Water 115 77 92 101 

PDB ID 4MJ9 4X18 4X1A 4E8S 

 

a b 

c d 



 

 

Figure 4. A view of the intercalation site in structures 1-4. (a) In structure 1 the 10-Me group is directed into the major groove away from 

the potential clash with the A10 sugar on the purine side of the intercalation site. (b) The 11-Me group is directed away from the major 

groove, toward the purine side of the intercalation site. (c) The positions of the 10 and 12-Me groups are the perfect superposition of the 

10-Me in structure 1 and 11-Me in structure 2. (d) The 11,12-Me groups are located in the major groove. The methyl carbons are coloured 

yellow with all other atoms coloured according to element with nitrogen in blue, hydrogen in white, carbon in green, oxygen in red and 

phosphorus in orange. In (d) the DNA hydrogen atoms are not present in the crystal structure and are therefore omitted in the Figure. They 

have been added, at calculated positions, for the complex. 

DISCUSSION  

We have been able to synthesise three novel methylated de-

rivatives of [Ru(TAP)2(dppz)].Cl2. The X-ray structures pre-

sented here clearly demonstrate that all four derivatives are 

able to bind with the same orientation and intercalation depth 

as the non-methylated parent complex and therefore the only 

differences between the structures are in the position of the 

methyl groups. However, it is the position of these groups 

which are of interest as they can have a profound effect on the 

observed photophysics of similar complexes. 

In structure 1, the binding of [Ru(TAP)2(dppz-10-Me)]
2+

 

occurs with an angled geometry and with the methyl substitu-

ent directed exclusively into the major groove. It has previous-

ly been reported that the quenching of the emission of 

[Ru(phen)2(dppz)]
2+

 by water
7
 is dependent on the number of 

hydrogen bonds between the dppz nitrogen atoms and water. 

Quenching of the emission of the complex can be reduced by 

the addition of a methyl group at the 10 position on the dppz 

as this disrupts the hydration cage around the complex
18

. 

Structure 1 demonstrates that the nitrogen on the non-

methylated side of the DNA is completely water inaccessible 

when it is intercalated into DNA with an angled geometry. 

The combined effect of the methyl group and the DNA bases 

partially occlude the dppz nitrogen on the methylated side of 

the dppz and would therefore reduce its propensity for forming 

H-bonds with solvent molecules. Additionally, if the complex 

were rotated by 180°, down the long axis of the dppz group, 

placing the methyl group on the opposite side the substituent 

may clash with the A10 sugar. It is therefore interesting to con-

sider whether angled intercalation could occur if a methyl 

group were added to both the 10 and 13 position, to give 

[Ru(TAP)2(dppz-10,13-Me2]
2+

, or whether binding could only 

a b 

c d 

Purine 

side 

Pyrimidine 

side Major 

groove 



 

occur with a perpendicular geometry, which we have previ-

ously reported at TA steps
19

.  

Structure 2, [Ru(TAP)2(dppz-11-Me)]
2+

 with 

d(TCGGCGCCGA), is of particular interest. The 11-Me sub-

stituent would not clash with the DNA if the complex were 

rotated 180°down the long axis of the dppz group, to place the 

group it in its alternative position. Additionally, if the methyl 

group were directed into the major groove it seems likely that 

it would displace more water molecules than directed away, 

where one side of the group is close to the A10 sugar and is 

therefore shielded from the solvent. It could be possible that 

binding with the 11-Me group on the purine side of the step is 

therefore more favourable because the methyl group helps the 

compound to stay intercalated into the DNA and act as a mo-

lecular “hook”, reducing the ability of the complex to rotate in 

the intercalation cavity and therefore forming a more stable 

interaction. The position of the 11-Me group is mirrored in 

structure 3, containing [Ru(TAP)2(dppz-10,12-Me2)]
2+

, and 

complemented by the 10-methyl group also in the same posi-

tion as structure 1. This highlights that binding with an angled 

orientation, and with a methyl group in what would be the 13 

position, is highly disfavoured. 

[Ru(TAP)2(dppz-11,12-Me2)]
2+

 has been shown to bind 

more strongly than the parent compound, [Ru(TAP)2(dppz)]
2+

,
 

in solution
20

 and this has been attributed to the increased dis-

placement of water making binding entropically favourable. 

Structure 4 shows that the intercalation depth and binding 

geometry of [Ru(TAP)2(dppz-11,12-Me2)]
2+

 are consistent 

with its parent compound and therefore it seems likely that the 

increase in binding constant is not a steric consequence of 

methylating the complex. It has also been found that methyl 

groups in the 11 and 12 position can disrupt the water cage 

around the complex and reduce emission quenching, albeit to a 

lesser extent than with [Ru(phen)2(dppz-10-Me)]
2+

 presumably 

because the groups do not directly shield the dppz pyrazine N 

atoms. Our structure shows that the accessibility of these 

dppz-N atoms is not affected by the introduction of methyl 

groups at the 11 and 12 positions, confirming that the differ-

ence in emission behaviour must be due to non-steric effects. 

The binding preferences observed here are very different to 

those observed for [Ru(TAP)2(dppz-11-Cl]
2+

 where the chlo-

rine substituent is disordered over two sites with a partial di-

rectional preference. The effect of methylation can clearly 

affect the binding of the complex and can promote a single, 

unambiguous binding motif. This result may prove useful in 

the future design of complexes designed to exploit groups 

close to a particular binding site and could assist with the pro-

duction of complexes which are able to bind with a high level 

of specificity to a specific target. 

CONCLUSION 

We have reported the synthesis of three novel methylated 

polypyridyl ruthenium complexes and explored the conse-

quences to binding by X-ray crystallography. The X-ray crys-

tal structures show that the addition of a methyl group to the 

end of the dppz moiety promotes a single binding mode de-

spite the potential for binding with a disordered motif. The 

structures also show that, when binding with an angled geome-

try, the dppz nitrogens can be partially or completely shielded 

from solvent. These results will assist with the interpretation 

of solution data based in the knowledge of new binding modes 

and could prove useful in the design and synthesis of 

polypyridyl ruthenium complexes  

EXPERIMENTAL SECTION 

PREPARATION OF THE RUTHENIUM COMPLEXES 

The complexes [Ru(TAP)2(dppz′)]X2 (TAP = 1,4,6,9-

tetraazaphenanthrene; dppz′ = a substituted dipyrido[3,2-a:2′,3′-

c]phenazine) were prepared from [Ru(TAP)2pd]Cl2, (pd = phenan-

throline-5,6-dione), and purified as previously reported
17

.  Data for 

the new complexes are as follows.  

 

[Ru(TAP)2(10-Medppz)](PF6)2- 
1
H NMR (400 MHz, acetone) δ 

9.78, 1H, dd (J = 6.04, J = 1.72 Hz); 8.87, 2H, dd (J = 6.44, J = 1.64 

Hz); 8.64, 1H, d (J = 8.28 Hz); 8.55, 1H m; 8.48, 2H, m; 8.12, 2H m; 

7.85, 2H, m; 3.04, 3H, s. Mass spectrum: (FTMS, ESI) 

[Ru(TAP)2(dppz)]
2+ 

 Obs: 381.0644; calc for [C39H24N12]
2+ 

 381.0640 

(err. 1.10 ppm).  

 

[Ru(TAP)2(11-Medppz)](PF6)2- 
1
H NMR (400 MHz, acetone) δ 

9.82,  1H, d (J = 8.12 Hz); 9.14, 1H, d (J = 2.76 Hz); 9.09, 1H, d (J = 

2.72 Hz); 8.85, 2H, m; ca. 8.71, 1H, m; 8.43, 1H, d (J = 8.68 Hz); 

8.31, 1H, m; 8.10, 1H, dd (J = 8.8, 1.64 Hz); ca 8.03, 2H m; 2.79, 3H 

s. 

 

[Ru(TAP)2(11,12-Me2dppz)]Cl2- 
1
H NMR (400 MHz, CD3CN) δ 

9.73, 1H, dd (J = 8.0, J = 1,2 Hz); 9.00, 2H, dd (J = 8.0, J = 2.8 Hz); 

8.66, 2H, m; 8.33, 1H, d, (J = 2.6 Hz); ca. 8.26, 2H, dd (J = 8.8 Hz, 

smaller coupling not fully resolved); 8.19, 1H, dd (J = 5.2, J = 1,2 

Hz); 7.85, 1H, M; 2.70, 6H, s. 

CRYSTALLIZATION 

The oligonucleotide d(TCGGCGCCGA) was purchased from 

ADTBio (Southampton) as a HPLC purified solid. The crystallization 

solution contained 1μL 2mM oligonucleotide, 1μL 4mM rac-

ruthenium complex and 6 μL of a solution containing 20 mM BaCl2, 

80mM KCl, 40mM Na-cacodylate pH 7, 12 mM spermine-tetra HCl 

and 10% (v/v) 2-methyl-2,4-pentanediol. This was equilibrated 

against 1 ml 35% (v/v) 2-methyl-2,4-pentanediol. Crystals grew in 

approximately 1-3 weeks.  

DATA COLLECTION, STRUCTURE SOLUTION AND 
REFINEMENT 

Data for all four structures were collected on beam line I02 at Dia-

mond Light Source. Data were processed using xia2
21

, with XDS
22

 

and Scala
23

. Structures 1 and 4 were solved using molecular replace-

ment with Phaser
24

 and structure 3QRN from the Protein Data Bank
25

. 

Structures 2 and 3 were solved using the anomalous diffraction of 

barium with SHELXC/D/E
26

. In all cases the models were built using 

Coot
27

 and refined with Refmac
28

. The models were then deposited in 

the Protein Data Bank. The CCP4
29

 suite was used throughout. Se-

lected data collection and refinement statistics are in Table 1 with full 

experimental details in the supplementary information (Table S1). 
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