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ABSTRACT: The controlled release of functionally active compounds is important in a variety of
applications. Here, we have synthesized, characterized, and studied the magnetic properties of three novel
metal−metal-bonded tris(formamidinato) Ru2

5+ complexes. We have used different auxin-related
hormones, indole-3-acetate (IAA), 2,4-dichlorophenoxyacetate (2,4-D), and 1-naphthaleneacetate
(NAA), to generate [Ru2Cl(μ-DPhF)3(μ-IAA)] (RuIAA), [Ru2Cl(μ-DPhF)3(μ-2,4-D)] (Ru2,4-D), and
[Ru2Cl(μ-DPhF)3(μ-NAA)] (RuNAA) (DPhF = N,N′-diphenylformamidinate). The crystal structures of
RuIAA, RuIAA·THF, Ru2,4-D·CH2Cl2, and RuNAA·0.5THF have been determined by single-crystal X-
ray diffraction. To assess the releasing capacity of the bound hormone, we have employed a biological assay
that relied on Arabidopsis thaliana plants expressing an auxin reporter gene and we demonstrate that the
release of the phytohormones from RuIAA, Ru2,4-D, and RuNAA is pH- and time-dependent. These
studies serve as a proof of concept showing the potential of these types of compounds as biological
molecule carriers.

■ INTRODUCTION

Drug delivery systems can help overcome one of the most
important limitations in cancer chemotherapy: the lack of
efficacy in discriminating between cancer and healthy cells.
Many different approaches have been studied, including the use
of metal-containing materials such as metallic nanoparticles1 or
metallopolymers2 as carriers. The anticancer activity of discrete
metal complexes3 and, particularly, organic pharmaceutical
containing diruthenium(II,III) complexes with a paddlewheel
structure has also been explored.4

Dinuclear complexes with a paddlewheel structure, in which
two metal−metal-bonded atoms are bridged by four ligands, are
well-known types of complexes that have been intensively
studied in the last few decades.5,6 Diruthenium compounds with
this type of structure have been a subject of interest mainly
because they display singular electronic and magnetic proper-
ties. In particular, the family of tetracarboxylatodiruthenium
complexes is one that has been studied in more detail.7,8 Most of
these compounds are formally mixed-valence Ru(II)−Ru(III)
complexes, although it is better to consider them as averaged
valence compounds containing Ru2

5+ units. Moreover, Ru2
4+

compounds can also be isolated using carboxylate ligands.9

SCF-Xα-SW calculations carried out on [Ru2(μ-O2CR)4]
+

complexes showed that the Ru2
5+ unit shows a quasi-

degeneration of the π* and δ* energy levels, leading to a
Qπ*2δ* electronic configuration (where Q denotes the
underlying σ2π4δ2 core) with three unpaired electrons and a
metal−metal bond order of 2.5.10 The use of amidinate ligands,
which have a higher donor character in comparison to
carboxylates, allows isolation of not only Ru2

4+ and Ru2
5+

compounds but also Ru2
6+ compounds.11,12 Again, the Ru2

5+

oxidation state is the most common one in this family of
compounds. Furthermore, heteroleptic compounds with differ-
ent ratios of carboxylate/amidinate bridging ligands can be
prepared by varying the synthetic conditions employed.13

Depending on the nature of the ligands, it is possible to obtain
Ru2

5+ compounds with high (Qπ*2δ*), low (Qδ*2π* or Qπ*3),
or intermediate-spin configurations.11

Another interesting aspect of these types of compounds is
their potential interaction with biological systems. It is
important to note that they offer different stereochemistry in
comparison to mononuclear complexes that increases their
possibilities of interaction. It has been recently shown that the
[Ru2Cl2(μ-DPhF)3(DMSO)] complex, which displays an open-
paddlewheel structure (three bridging ligands instead of four),
can be a useful reagent to obtain information about the
secondary structure of RNAs. This compound interacts
covalently with nucleotides placed at, or in the neighborhood
of, double-strand/single-strand junctions of a stem-loop
structured RNA, providing information complementary to that
obtained with other reagents that specifically react with single-
stranded RNA loops.14 In order to get more insight into the
interactions of [Ru2Cl2(μ-DPhF)3] with nucleic acids, the
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coordination capacity of cytosine, adenine, and derivatives to
diruthenium species was also studied. Those species are
coordinated as a bridge to two equatorial positions of
diruthenium fragments, leaving the axial positions available to
form additional interactions with other residues. This could
explain the preference of the diruthenium moieties to RNA
junctions.15 It was previously reported that diruthenium
compounds can interact with biological substances through
the axial16 or equatorial positions17−20 and that they can form
metal−protein adducts.19 Interestingly, some diruthenium
compounds have shown anticancer activity against rat and
human glioma cells21,22 and breast and prostate cancer cells.20

It is well-known, on one hand, that solid tumors present
extracellular acidosis (pH 6.5−7.1 or even lower values) due to
high rates of lactic acid production and low rates of diffusion
while normal tissues have a pH of∼7.4.23−26 On the other hand,
the paddlewheel [Ru2Cl(μ-DPhF)3(μ-O2CMe)] complex re-
leases the carboxylate ligand in the presence of dilute
hydrochloric acid in methanol to form the open-paddlewheel
complex [Ru2Cl2(μ-DPhF)3] (Scheme 1).27 Therefore, we

hypothesized that diruthenium complexes could be used, for
example, as carriers of anticancer drugs, or other biologically
active compounds, containing a carboxylate group to be released
in the acidic environment of solid tumors. As a first step to that
goal, we aimed at investigating the coordination/release
properties of biologically active species by using diruthenium
moieties.
In order to study the kinetic release of the ligands, we have

employed auxins. These phytohormones are involved in
different processes during plant growth and development,
regulating cell proliferation and differentiation in various
tissues.28 Auxins are important regulators of the root
architecture, and plant exogenous treatment leads to the
inhibition of the primary root growth and promotes the
formation of lateral roots. More importantly, their biological
activity in plants can be monitored after a short exposure time
and detected specifically even at very low concentrations. In
addition, auxins are easy to assess and do not present any ethical
concerns. Thus, we have prepared tris(formamidinato)-
diruthenium complexes with a paddlewheel structure carrying
O,O′-donor auxin ligands (Figure 1) in order to study their
potential pH-controlled release in a complex environment.

■ EXPERIMENTAL SECTION
General Materials and Methods. [Ru2Cl2(μ-DPhF)3] was

prepared according to a published procedure.27 The rest of the
reactants and solvents were obtained from commercial sources and
used as received. Elemental analyses were done by the Microanalytical
Service of the Complutense University of Madrid. FT-IR spectra were
recorded with a PerkinElmer Spectrum 100 instrument that has a
universal ATR accessory. Electrospray ionization (ESI) mass spectra
were collected by the Mass Spectrometry Service of the Complutense
University of Madrid using an ion trap-Bruker Esquire-LC

spectrometer. Electronic spectra of dichloromethane solutions of the
complexes with an ∼10−4 M concentration were recorded using a Cary
5G spectrometer. Variable-temperature magnetization measurements
were performed on a Quantum Design MPMSXL SQUID magneto-
meter. All data were corrected for the diamagnetic contribution to the
susceptibility of both the sample holder and the compound.

Single-Crystal X-ray Diffraction Data Collection and Struc-
ture Refinement. Single crystals of RuIAA, RuIAA·THF, and Ru2,4-
D·CH2Cl2 were measured at 100, 250, and 150 K, respectively, with a
Bruker Kappa Apex II system, while RuNAA·0.5THF was measured at
296 K using a Bruker Smart-CCD diffractometer, both with graphite-
monochromated Mo Kα radiation (λ = 0.71073 Å) from conventional
sealed tubes. CCDC 1988474−1988477 contain the crystallographic
data for RuIAA, RuIAA·THF, Ru2,4-D·CH2Cl2, and RuNAA·
0.5THF, respectively. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. A summary of selected crystal structure data can be
found in Table 1.

More crystallographic information can be found in Figures S1−S10
and Tables S1−S8 in the Supporting Information.

Syntheses. Synthesis of [Ru2Cl(μ-DPhF)3(μ-IAA)] (RuIAA). A
solution of 0.05 g of NaIAA (0.25 mmol) in 2 mL of water was
added to a suspension of 0.20 g of [Ru2Cl2(μ-DPhF)3] (0.23 mmol) in
4 mL of acetone. The dark bluish purple suspension obtained was
stirred for 3 days. The mixture was filtered, and the solid was washed
with 3 × 3 mL of a 1/1 water/acetone mixture, 2 × 3 mL of methanol,
and 2 × 3 mL of a 2/1 diethyl ether/petroleum ether mixture and dried
under vacuum. Yield: 0.19 g (81%). Anal. Found (calcd) for
C49H41ClN7O2Ru2·2H2O (1033.542 g mol−1): C, 56.78 (56.94); H,
4.28 (4.39); N, 9.42 (9.49). IR: ν ̃ (cm−1) 3621w, 3430w, 3260w,
3056w, 2965w, 1618w, 1593m, 1530vs, 1485vs, 1458m, 1408s, 1317s,
1214vs, 1125m, 1098m, 1076m, 1026m, 1010w, 956m, 939m, 841w,
804w, 774m, 756s, 742s, 724s, 690vs, 655s. UV/vis/NIR (CH2Cl2):
λmax/nm (ε/M−1 cm−1) 517 (4700), ∼570 sh (4300), ∼640 sh (2800).
MS (ESI+):m/z 963.1, [M−Cl]+. Crystals ofRuIAA andRuIAA·THF
suitable for single crystal X-ray diffraction were obtained by slow
diffusion of hexane into a THF solution of the compound. Although
both presented a dark purple color, their habit and size were different.

Synthesis of [Ru2Cl(μ-DPhF)3(μ-2,4-D)] (Ru2,4-D). A 0.05 g portion
of H2,4-D (0.23 mmol) was dissolved in 4 mL of an acetone/water 1/1
mixture. This solution was added to a mixture of 0.20 g of [Ru2Cl2(μ-
DPhF)3] (0.23 mmol) in 4 mL of acetone. The dark bluish purple
mixture obtained was stirred for 3 days, at which point the solid was
filtered, washed with 2 × 2 mL of a 1/1 water/acetone mixture, 1 mL of
methanol, and 1 mL of diethyl ether, and dried under vacuum. Yield:
0.19 g (79%). Anal. Found (calcd) for C47H38Cl3N6O3Ru2 (1043.364 g
mol−1): C, 54.22 (54.11); H, 3.84 (3.67); N, 8.01 (8.05). IR: ν ̃ (cm−1)
3060w, 2968w, 1592m, 1547s, 1527vs, 1486vs, 1450s, 1426s, 1317s,
1290s, 1270m, 1219vs, 1153m, 1119m, 1105m, 1073s, 1027m, 1002m,
954m, 939m, 906m, 858m, 838m, 805s, 773s, 759s, 729m, 716m,
693vs, 658s. UV/vis/NIR (CH2Cl2): λmax/nm (ε/M−1 cm−1) 527
(4500), ∼564 sh (4300), ∼641 sh (3000). MS (ESI+):m/z 1008.0, [M
− Cl]+ ; 864 .0 , [Ru2(DPhF)3(O2CCH2OH)]+ ; 848 .0 ,
[Ru2(DPhF)3(O2CCH3)]

+; 833.0, [Ru2(DPhF)3(O2CH)]
+. Crystals

of Ru2,4-D·CH2Cl2 suitable for single-crystal X-ray diffraction were

Scheme 1. Schematic Representation ofMeCOOHRelease in
the Reaction of [Ru2Cl(μ-DPhF)3(μ-O2CMe)] with Dilute
HCl

Figure 1. Auxins employed in this study: indole-3-acetate (IAA), 2,4-
dichlorophenoxyacetate (2,4-D), and 1-naphthaleneacetate (NAA).
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obtained by slow diffusion of hexane into a dichloromethane solution of
Ru2,4-D.
Synthesis of [Ru2Cl(μ-DPhF)3(μ-NAA)] (RuNAA).A 0.05 g portion of

KNAA (0.23 mmol) was dissolved in 2 mL of water and added to a
mixture of 0.20 g of [Ru2Cl2(μ-DPhF)3] (0.23 mmol) in 4 mL of
acetone. The dark bluish purple mixture was stirred for 3 days. The solid
obtained was filtered, washed with 3 × 2 mL of a 1/1 water/acetone
mixture and 2 mL of diethyl ether, and dried under vacuum. Yield: 0.21
g (90%). Anal. Found (calcd) for C51H42ClN6O2Ru2·H2O (1026.55 g
mol−1): C, 59.78 (59.67); H, 4.14 (4.32); N, 8.23 (8.19). IR: ν ̃ (cm−1)
3056w, 2954w, 1593m, 1531vs, 1486vs, 1450m, 1408s, 1393m, 1318s,
1220s, 1158m, 1064m, 1027m, 958m, 939m, 908m, 840w, 793m,
786m, 773s, 755vs, 715m, 694vs, 659s. UV/vis/NIR (CH2Cl2): λmax/
nm (ε/M−1 cm−1) 525 (4600), ∼572 sh (4300), ∼642 sh (3100). MS
(ESI+):m/z 974.1, [M−Cl]+. Crystals of RuNAA·0.5THF suitable for
single-crystal X-ray diffraction were obtained by slow diffusion of
hexane into a THF solution of RuNAA.
Biological Assays to Measure Auxin Activity. Transgenic

Arabidopsis thaliana seeds carrying pDR5::GUS29 were surface-
sterilized with a 20% commercial bleach and rinsed with sterile water.
After 2 days of stratification at 4 °C, seeds were sown on plates
containing 1/2 Murashige and Skoog medium supplemented with 0.5
g/L MES (2-(N-morpholino)ethanesulfonic acid) pH 5.7, 1% sucrose,
and 1% Plant Agar (Duchefa). Plates were maintained vertically to
allow root growth during 5 days at 21 °C under long day conditions (16
h light/8 h dark) and 60% moisture. For the experiments, a fresh
solution of each auxin, sodium indole-3-acetate (NaIAA), dichlor-
ophenoxyacetic acid (H2,4-D), and potassium 1-naphthaleneacetate
(KNAA), and each diruthenium compound, RuIAA, Ru2,4-D, and
RuNAA, was prepared at 10 mM in DMSO. Plants were then
transferred to six-well plates containing 1 μM of NaIAA, RuIAA,
KNAA, or RuNAA or 5 μM of H2,4-D or Ru2,4-D in a 5 mMHEPES-
KOH (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer at
pH 6.5, 7, and 7.5. Plants were incubated during 1.5−24 h at room
temperature. At each time point, a histochemical assay was performed,
incubating the plants for 2 h at 37 °C in the GUS assay buffer (100 mM
NaH2PO4/Na2HPO4 buffer at pH 7, 0.5 mg/mL of X-Gluc (5-bromo-
4-chloro-3-indolyl-β-D-glucuronide), 2 mM K3[Fe(CN)6], 2 mM
K4[Fe(CN)6]). Roots were imaged with an Axioskop2 microscope
(Zeiss) coupled to a DMC6200 color camera (Leica), and image
processing was performed using FIJI.30

■ RESULTS AND DISCUSSION

Synthesis and Characterization of the Compounds.
The incorporation of carboxylate ligands into diruthenium
complexes has usually been carried out by the substitution of
acetate groups in [Ru2Cl(μ-O2CMe)4]

7,8 at high temperatures.

The same principle has been used to replace acetate ligands by
other carboxylates in [Ru2Cl(μ-DPhF)3(μ-O2CMe)] in reflux-
ing solvents31,32 or solvothermal conditions under microwave
radiation.33 However, those methods are limited to very stable
ligands. Therefore, in order to work at room temperature to
introduce sensitive ligands, another synthetic strategy has to be
employed. One alternative is the use of the very reactive open-
paddlewheel compound [Ru2Cl2(μ-DPhF)3].

15 Thus, RuIAA,
Ru2,4-D, andRuNAAwere obtained by the addition of a water/
acetone or a water solution of the corresponding auxin or auxin
salt (see the Experimental Section) into a dark blue suspension
of [Ru2Cl2(μ-DPhF)3] in acetone at room temperature. The
suspension changed immediately from blue to bluish purple in
all cases. The three compounds can be isolated with a ca. 60%
yield after stirring the reaction mixture for 15 min, filtering, and
washing the solid profusely with methanol to eliminate the
remaining starting material. Nevertheless, if the reaction time is
increased to 3 days, it is possible to isolate them with yields
ranging from 79 to 90%. The gain in stability of the diruthenium
species from an open-paddlewheel to a paddlewheel structure
probably acts as the driving force of the reaction.34 In fact, the
reaction is probably almost instantaneous. However, the
reaction rate could be limited by the low solubility of
[Ru2Cl2(μ-DPhF)3] in the reaction mixture that was selected
to reduce its potential decomposition in solution prior to the
reaction.
The IR spectra of RuIAA, Ru2,4-D, and RuNAA display

symmetric (1426−1408 cm−1) and antisymmetric (1547−1530
cm−1) O−C−O stretching absorption bands due to the
carboxylate groups of the auxin ligands. The separation of
these two bands is similar in all of the spectra (∼130 cm−1),
which suggests the same coordination mode for the carboxylate
ligands in all of the complexes. This separation is compatible
with a bridging coordination mode.35 The IR spectra and the
assignment of the most relevant bands are shown in Figure S11
in the Supporting Information and in Table 2, respectively.
The electronic spectra of RuIAA, Ru2,4-D, and RuNAA and

the precursor [Ru2Cl(μ-DPhF)3(μ-O2CMe)] present the same
profile (Figure S12 and Table 3), typical of high-spin (S = 3/2)
carboxylatotris(formamidinato)diruthenium complexes.27 All of
the spectra show an absorption in the range 515−527 nm that
can be ascribed to a π(RuO/N,Ru2) → π*(Ru2) transition and
two shoulders between 565 and 572 nm and between 640 and

Table 1. Crystal and Refinement Data of RuIAA, RuIAA·THF, Ru2,4-D·CH2Cl2, and RuNAA·0.5THF

RuIAA RuIAA·THF Ru2,4-D·CH2Cl2 RuNAA·0.5THF

T/K 100 250 150 296
formula C49H41ClN7O2Ru2 C49H41ClN7O2Ru2·C4H8O C47H38Cl3N6O3Ru2·CH2Cl2 C51H42ClN6O2Ru2·0.5C4H8O
fw 997.48 1069.61 1128.28 1044.58
space group P1̅ C2/c C2/c P1̅
a/Å 10.0070(5) 31.8361(9) 33.622 (1) 12.7237(5)
b/Å 14.2862(9) 10.7930(2) 15.9552(6) 13.3262(5)
c/Å 15.477(1) 27.6895(8) 20.0006(7) 16.1951(6)
α/deg 83.813(2) 90 90 68.462(1)
β/deg 81.775(2) 97.307(1) 120.957(2) 86.833(1)
γ/deg 77.596(2) 90 90 84.925(1)
V/Å3 2131.9(2) 9437.0(4) 9200.9(6) 2543.5(2)
Z 2 8 8 2
dcalcd/g cm

−3 1.554 1.506 1.629 1.364
μ/mm−1 0.821 0.749 0.997 0.692
R indices (I > 2σ(I)) R1 = 0.0379, wR2 = 0.0625 R1 = 0.0303, wR2 = 0.0589 R1 = 0.0320, wR2 = 0.1063 R1 = 0.0421, wR2 = 0.1290
GOF on F2 1.028 1.265 1.004 1.043
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665 nm that are assigned to π*(Ru2)→ σ*(RuN) and δ(Ru2)→
π*(Ru2), respectively

31,36 (Table 3).
The ESI+mass spectra of the complexes are shown in Figure 2.

Although none of the mass spectra show the molecular peak, the
base peak of all of them corresponds to the [M−Cl]+ fragments
at m/z 963, 1008, and 974 for RuIAA, Ru2,4-D, and RuNAA,
respectively. The isotope pattern of these peaks agrees well with
the calculated distribution as can be observed in Figure 2.
Additional peaks with very low intensity are observed in the
spectrum of Ru2,4-D and ascribed to the fragmentation of the
2,4-D ligand.
Single crystals of compounds RuIAA, RuIAA·THF, and

RuNAA·0.5THF were obtained by slow diffusion of hexane in a
solution of the corresponding complex in THF, while crystals of
Ru2,4-D·CH2Cl2 were obtained by diffusion of hexane in a
solution of Ru2,4-D in dichloromethane, and their structures
were solved by single-crystal X-ray diffraction. Selected bond
lengths and angles are presented in Table 4, and more structural
and refinement data can be found in the Experimental Section
(Table 1) and Figures S1−S10 and Tables S1−S8 in the
Supporting Information.
All of the complexes display paddlewheel diruthenium units

(see Figure 3), where the two ruthenium atoms show metal−
metal bonds and are bridged by three N,N′-diphenylformami-
dinates and one carboxylate ligand, and a chloride ligand is
axially coordinated. All of the bond distances and angles present
the expected values for this kind of compounds. Ru−Ru
distances are in the range 2.3147(3)−2.3213(4) Å, typical for a
diruthenium paddlewheel compound with a 2.5 bond order and
a σ2π4δ2π*2δ* electronic configuration.11

With regard to the supramolecular interactions, the strongest
ones were found in RuIAA and RuIAA·THF: the nitrogen atom
in the IAA ligand participates in N−H···Cl bonds with the axial
chloride ligand from a neighboring molecule to yield pairs of
paddlewheel dimers in both structures (Figure S6). These
synthons are bonded with adjacent pairs through weaker C−H···
O interactions involving the carboxylic O2 atom to form chains
in the [101] direction in RuIAA (Figure S7, left), while in the
case of RuIAA·THF these interactions are established with two
oxygen atoms from interstitial THF moieties, generating groups
of four molecules instead (Figure S7, right).

In Ru2,4-D·CH2Cl2 only weak C−H···O and C−H···Cl
interactions (involving both chlorine atoms from the
phytohormone as well as the axial Cl− ligand) are present
between the paddlewheel molecules, to yield an intermolecular
3D arrangement. Finally, in the structure of RuNAA·0.5THF,
supramolecular chains are found in the [100] direction achieved
through C−H···Cl bonds, where the NAA ligand is not involved.
It is worth noting that a Cambridge Structural Database38

search at the time of this writing yielded only one compound
with the natural auxin IAA: [Cu2(μ-IAA)4(DMF)2] (GEXRAC
entry39). However, many crystal structures with synthetic auxins
have been described: 62 structures of complexes containing 2,4-
D and 75 structures of complexes containing NAA. Among
them, only a few display a paddlewheel structure: [Cu2(μ-2,4-
D)4L2] (L = 2,4-dioxane,40 H2O,41 pyridine-3-carboxylic
acid42), [Cu2(μ-2,4-D)4(pyz)]n,

43 [Cd2(μ-2,4-D)4(bpy)2],
44

[Ni2(μ-2,4-D)4(DMF)2],
45 [Cu2(μ-NAA)4L2] (L = DMF,46

DMSO47), [Cu4(μ-NAA)8(NCCH3)2],
48 [Zn2(μ-NAA)4(6-

phenyl-1,3,5-triazine-2,4-diamine)2],
49 and [Ru2(μ-

NAA)4(OH2)2](PF6).
50

Powder X-ray diffraction (PXRD)measurements were carried
out in bulk samples of the complexes crystallized as explained
above. Although two different types of single crystals of RuIAA
were simultaneously obtained by crystallization in a THF/
hexane mixture, the PXRD measurement of the bulk sample
shows that RuIAA·THF is the main product, but the few
additional peaks detected in the diffractogram could account for
the presence of a small amount of the nonsolvated compound
(Figure S8). The data obtained for Ru2,4-D and RuNAA show
that a single phase is obtained in both cases (Figures S9 and
S10).

Magnetic Properties. Magnetization measurements at 0.5
T were carried out for samples ofRuIAA,Ru2,4-D, andRuNAA
in the 2−300 K range of temperatures. Figure 4 shows the
temperature dependence of both the molar magnetic suscept-
ibility (χM) and the product of the molar magnetic susceptibility
by the temperature (χMT) of RuIAA and also the fit of the data
with the model described below (eqs 1−3). The plots of the data
and the fits obtained for Ru2,4-D and RuNAA are shown in
Figures S13 and S14 in the Supporting Information.
The χMT values at room temperature ofRuIAA,Ru2,4-D, and

RuNAA are 1.98, 1.93, and 1.94 cm3 K mol−1, respectively,
which are slightly higher than the expected spin-only value for an
S = 3/2 system with g = 2 (1.87 cm3 K mol−1). On cooling, the
χMT value decreases in all cases, which is typically observed in
these types of complexes.11 This behavior originates mainly
from a zero-field splitting (ZFS), and for this reason the
experimental χM and χMT data were fitted using eqs 1−3, which
describe a quadruplet state undergoing an axial ZFS.

2

3Mχ
χ χ

=
+ ⊥

(1)

Table 2. Tentative Assignment of Some Relevant Bands
(cm−1) of the IR Spectra of RuIAA, Ru2,4-D, and RuNAA

RuIAA Ru2,4-D RuNAA

ν(N−H) 3260
ν(Carom−H) 3056 3060 3056
ν(Caliph−H) 2965 2968 2954
ν(CCarom) 1595, 1485 1592, 1486 1593, 1486
νas(O−C−O) 1530 1547 1531
νs(O−C−O) 1408 1426 1408
ν(C−N) 1317, 1214 1317, 1219 1318, 1220

Table 3. Tentative Assignment of the Transitions (nm) of the Electronic Spectra of [Ru2Cl(μ-DPhF)3(μ-O2CMe)],27 RuIAA,
Ru2,4-D, and RuNAA

compound π(RuO/N,Ru2) → π*(Ru2) π*(Ru2) → σ*(RuN) δ(Ru2) → π*(Ru2)

[Ru2Cl(μ-DPhF)3(μ-O2CMe)] 515 565 sh 665 sh
RuIAA 517 570 sh 640 sh
Ru2,4-D 527 569 sh 641 sh
RuNAA 525 572 sh 642 sh
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where N, g, β, kB, and D have their usual meanings.

Figure 2. (top) ESI+ spectra of RuIAA (left), Ru2,4-D (center), and RuNAA (right). (middle) Enlargement of the peak corresponding to the [M −
Cl]+ base peak forRuIAA (left),Ru2,4-D (center), andRuNAA (right). (bottom) Calculated spectra of the [M−Cl]+ ion forRuIAA (left),Ru2,4-D
(center), and RuNAA (right). Nominal molecular masses and distribution isotopes were calculated with the MASAS37 software.

Table 4. Selected Bond Lengths (Å) and Angles (deg) for Compounds RuIAA, Ru2,4-D·CH2Cl2, and RuNAA·0.5THF

RuIAA RuIAA·THF Ru2,4-D·CH2Cl2 RuNAA·0.5THF

Ru1−Ru2 2.3162(5) 2.3147(3) 2.3202(4) 2.3213(4)
Ru1−Cl1 2.397(1) 2.4294(7) 2.3889(9) 2.3899(9)
Ru1−O1 2.090(3) 2.094(2) 2.115(3) 2.082(3)
Ru1−N1 2.095(4) 2.072(2) 2.087(2) 2.081(3)
Ru1−N3 2.070(5) 2.067(2) 2.055(4) 2.069(3)
Ru1−N5 2.079(4) 2.084(2) 2.080(2) 2.097(3)
Ru2−O2 2.061(3) 2.065(2) 2.063(3) 2.085(3)
Ru2−N2 2.050(4) 2.040(2) 2.043(2) 2.047(2)
Ru2−N4 2.012(5) 2.004(2) 2.023(4) 2.020(3)
Ru2−N6 2.043(4) 2.046(2) 2.034(2) 2.042(3)
Cl1−Ru1−Ru2 178.43(3) 173.96(2) 173.54(3) 173.52(3)
N1−Ru1−N5 175.1(1) 174.82(9) 175.7(1) 173.6(1)
N3−Ru1−O1 175.9(1) 176.42(8) 175.5(1) 176.1(1)
N2−Ru2−N6 178.7(2) 176.07(4) 174.8(1) 176.4(1)
N4−Ru2−O2 176.9(1) 178.47(9) 178.5(1) 178.6(1)
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The values obtained from the fit of the data are shown in
Table 5 together with the σ2 values that indicate the quality of

the fits. The use of this model gives good agreements with the
experimental data with σ2 values in the (2.17−3.78) × 10−4

range. The values found for the gyromagnetic constant (g) are in
the range 2.03−2.07 and for the zero-field splitting parameter
(D) are in the range 50−64 cm−1, which are similar to those of
other related complexes.11,51

The data were also fitted using the model of Cukiernik et al.,52

which considers O’Connor’s equations with Telser and Drago’s
corrections.53,54 These fittings consider not only the zero-field
splitting parameter (D) and the gyromagnetic constant (g) but
also a weak intermolecular coupling (zJ) and a temperature-
independent paramagnetism (TIP) term (eqs S1−S5 in the
Supporting Information). However, the use of this model did
not lead to a significantly better quality of the fits, and very small
values were obtained for the TIP and zJ parameters.

Auxin Activity Measurement. A very sensitive biological
assay to qualitatively measure the release of the auxin ligand
from the diruthenium compounds was set up. The advantage of
this type of assay is that it also provides information on the
ability of the released ligand to have a measurable effect at the
cellular level. For this purpose, a transgenic Arabidopsis plant
carrying a highly active synthetic auxin reporter element was
used, which drives the expression of the β-glucuronidase (GUS)
gene in the presence of auxin.29 This reporter is widely used
because it responds quickly at low concentrations of auxin (in
the micromolar range). Also importantly, it detects effects at the
end of the signaling pathway, which include release and
transport. The GUS activity was detected histochemically
using the GUS substrate X-Gluc which liberates a product that
accumulates at the site of the enzyme activity as a blue
precipitate (Figure 5). Long-term (6 days) treatment of plants
with diruthenium species without auxin ligands does not affect
their normal growth, and treatment with the RuAux or free Aux
produces the same plant phenotype (Figure S15). These results
indicate that any difference in RuAux activity at short times can
be ascribed specifically to the kinetic of the ligand release.
Auxin is normally produced during plant development and

accumulates at the tip of the root (Figure 5G). The treatment
with [Ru2Cl2(μ-DPhF)3] alone during 24 h was carried out as a
control, and the auxin pattern in the root was not modified
(Figure 5H). Then, plants were treated in parallel with the free
auxin and the same auxin-coordinated diruthenium compound
in different buffers at pH 6.5, 7.0, and 7.5. The histochemical
staining was performed at different time points to evaluate
qualitatively the action of each phytohormone. Since the effect
of the three auxins might be significantly different55 and be
influenced by the pH of the media, we compared the results of
treatment with each auxin to those of its corresponding
diruthenium derivative for each experimental condition. Treat-
ment with exogenous KNAA led to an increase in GUS activity
first in the proximal part of the root, as soon as after 1.5 h, and in
the more distal part at longer treatment times (Figure 5B,D,F).
At pH 6.5, the auxin activity of plants treated with RuNAA was
also detectable after 1.5 h of treatment and increased to levels
comparable to that of the sample treated with KNAA at 6 h
(Figure 5A,B), indicating that at this pH the NAA release from
theRuNAA occurs very quickly. At pH 7, a delay in the release of
the auxin moiety was observed and became detectable after 2.5 h
of treatment (Figure 5C,D). At pH 7.5, the plants treated during
6−24 h with KNAA showed less auxin activity in comparison to
that at slightly acidic or neutral pH (Figure 5B,D,F). This was
also true for the other auxins studied, NaIAA and H2,4-D

Figure 3. View of the paddlewheel molecules of RuIAA (from the structure of RuIAA·THF), Ru2,4-D, and RuNAA, with selected atoms labeled.
Hydrogen atoms and solvent molecules are omitted for clarity.

Figure 4. Temperature dependence of the molar susceptibility χM
(circles) and χMT (squares) forRuIAA. Solid lines are the best fit to the
data as described in the text.

Table 5. Magnetic Parameters Obtained from the Fit of the
Experimental Magnetic Data of RuIAA, Ru2,4-D, and
RuNAA

RuIAA Ru2,4-D RuNAA

g 2.07 2.03 2.04
D (cm−1) 50 53 64
σ2 a 2.42 × 10−4 2.17 × 10−4 3.78 × 10−4

a T T T( ) / ( )M
2

M calcd M exptl
2

exptl
2σ χ χ χ= ∑ − ∑ · .
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(Figure S16). However, interestingly, when the activities of
RuNAA and KNAA at pH 7.5 are compared, no auxin activity
can be detected in plants treated with RuNAA until 6 h,
indicative of a delay in the release of the active species from the
diruthenium complex (Figure 5E,F). A similar effect could be
also detected for RuIAA and Ru2,4-D (Figure S16). These
results indicate that the kinetics of the auxin release depends on
the pH. The pKa values of HIAA, HNAA, and H2,4-D are 4.7,
4.2, and 2.7, respectively. Therefore, the phytohormones are
predominantly in their anionic forms in solution at pH 6.5, 7, or
7.5. However, the release of the auxin from the diruthenium
complex requires its protonation and is favored in acidic pH.
Thus, it has been shown experimentally that the release occurs
more quickly at acidic and neutral pH than in slightly alkaline
media.
It has been reported that the formation of noncovalent auxin

complexes with cucurbit[7]uril macrocyle, CB[7], is also pH-
dependent and takes place only at pH < pKa.

56 CB[7] has also
been recently used to functionalize a dendrimer to carry a guest-
modified doxorubicin, an anticancer drug used in chemotherapy.
This prodrug is attached via a pH-sensitive linker to facilitate its
release at the sites of the disease. The delivery depends on the
hydrolysis of the linker, which increases with lowering pH.
However, the stability of the CB[7]−guest complex prevents a
sufficient release even at low pH.57 In the present work, the auxin
is covalently bonded to the diruthenium complex and is more
stable, at least kinetically, at pH >7. Nevertheless, the ligand can
be progressively released to the medium in a reasonable time to
be assimilated by the plants.

■ CONCLUSIONS

The synthetic strategy using an open-paddlewheel compound,
[Ru2Cl2(μ-DPhF)3], to incorporate biologically active, often
sensitive species to diruthenium fragments has been successful
to prepare [Ru2Cl(μ-DPhF)3(μ-IAA)] (RuIAA), [Ru2Cl(μ-
DPhF)3(μ-2,4-D)] (Ru2,4-D), and [Ru2Cl(μ-DPhF)3(μ-
NAA)] (RuNAA) (DPhF = N,N′-diphenylformamidinate;
IAA = indole-3-acetate, 2,4-D = 2,4-dichlorophenoxyacetate,
NAA = 1-naphthaleneacetate) under mild conditions and with
good yields. These compounds have been structurally
characterized by single-crystal X-ray diffraction. In fact, RuIAA
constitutes a rare example of a coordination compound with the
natural auxin IAA, whose crystal structure has been determined.

The auxin activity of RuIAA, Ru2,4-D, and RuNAA in
Arabidopsis thaliana depends on the release of the auxin ligands,
which is progressive and occurs more slowly in slightly alkaline
media. These results confirm our hypothesis and reinforce the
idea of employing these types of diruthenium compounds as
molecule carriers. Further work will be needed to incorporate
other ligands functionalized with carboxylate groups such as
anticancer drugs. However, in order to employ them in vivo, it
would be necessary to study the influence of the other bridging
ligands in the delivery process and the use of auxiliary ligands to
increase the solubility in water of the compounds.
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Figure 5. Histochemical localization of auxin activity in Arabidopsis roots reflected by the activity of the DR5 promoter driving GUS expression
(pDR5::GUS). Five-day-old plants were treated from 1.5 to 24 h with the compound RuNAA (A, C, E) or KNAA (B, D, F) at 1 μM in 5 mMHEPES
buffer at pH 6.5 (A, B), 7 (C, D), and 7.5 (E, F). Plants treated during 24 h with DMSO (G) or [Ru2Cl2(μ-DPhF)3] at 1 μM(H) were used as controls.
GUS activity was detected as a blue precipitate by incubating the plants with the substrate X-Gluc.
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thaliana plants treated with [Ru2Cl2(DPhF)3], the
different RuAux compounds, and their corresponding
free auxin, histochemical localization of auxin activity in
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(14) Lozano, G.; Jimeńez-Aparicio, R.; Herrero, S.; Martínez-Salas, E.
Fingerprinting the junctions of RNA structure by an open-paddlewheel
diruthenium compound. RNA 2016, 22, 330−380.
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(24) Böhme, I.; Bosserhoff, A. K. Acidic tumor microenvironment in
human melanoma. Pigm. Cell Melanoma Res. 2016, 29, 508−523.
(25) Webb, B. A.; Chimenti, M.; Jacobson, M. P.; Barber, D. L.
Dysregulated pH: a perfect storm for cancer progression. Nat. Rev.
Cancer 2011, 11, 671−677.
(26) Zhang, X.; Lin, Y.; Gillies, R. J. Tumor pH and Its Measurement.
J. Nucl. Med. 2010, 51, 1167−1170.
(27) Barral, M. C.; Gallo, T.; Herrero, S.; Jimeńez-Aparicio, R.;
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