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In this paper we report the reaction of [Ru(n>-CsHs)Cl(PPhs),] with
P{CH,N(CH,CH,),0}3 in the presence of NaBF,; in which, apart
from the Cl™ substitution, an unexpected P-C bond cleavage in the
tertiary phosphane is observed. It results in the formation of
[Ru(n3-CsHs)(PH{CH,N(CH,CH,),0},)(PPhs),IBF, (1) — the first “piano-
stool” ruthenium complex with a secondary aminomethylphosphane
ligand.

Metal complexes have been investigated as potential chemo-
therapeutic agents during the past few decades." The discovery
of therapeutic activity of (ImH)[trans-RuCl,(DMSO)Im]
(NAMI-A) and (IndH)[trans-RuCly(Ind),] (KP1019) allowed the
ruthenium complexes to achieve status of promising candidates
for novel cancer therapy.” The ruthenium ion in both complexes
has an oxidation state of +3. Nevertheless, it is suggested that
reduction of Ru(m) to Ru(u) takes place inside the cell prior to
DNA binding, which is known as the activation by reduction
mechanism.?> The hypothesis that ruthenium(un) agents are
much more active factors in biological system than their ruth-
enium(ur) analogues caused that more attention has been paid
in the investigations of Ru(u) coordination compounds. Nowa-
days, ruthenium(u) compounds, especially “piano-stool”
[Ru(arene) (L;)(L,)(L3)] complexes, are one of the most explored
groups of potential drugs.* Moreover, the easy introduction of
different L ligands (e.g. halides, phosphanes or amines) enables
significant modifications of not only stability and physico-
chemical properties but also biological activity of these
compounds.
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In recent years, we have been interested in photochemical
and biological properties of ruthenium compounds.® Currently,
we are focused on the synthesis of novel “piano-stool”
ruthenium complexes. Our preliminary goal was to substitute
of triphenylphosphane molecules or chloride ion in
[Ru(n’-CsHs)CI(PPh;),] complex, as it was shown by Ashby et al.®
For the Cl™ replacement we chose a method presented by
Romerosa et al.” involving the presence of sodium tetra-
fluoroborate. As the replacing ligands we decided to use tris(a-
minomethyl)phosphanes. These ligands are the large and
interesting class of phosphanes for several reasons. Firstly, they
are stable in water solution and, to some extent, in the presence
of oxygen.® Secondly, these ligands can be easily functionalised.
For example, aminomethylphosphanes derived from amino
acids® or prepared from the highly water-soluble aliphatic
secondary amines,' seem to be interesting in terms of the
formation of potential conjugates with a wide range of
biomolecules. Moreover, in our previous papers we presented a
group of copper(i) complexes with tris(aminomethyl)phos-
phanes derived from morpholine (P{CH,N(CH,CH,),0};) or
piperazine (P{CH,-N(CH,CH,),N-R};).® Promising in vitro
cytotoxicity of these complexes encouraged us to extend our
studies to ruthenium compounds.

Herein, we report the reaction of [Ru(n’-CsHs)Cl(PPh;),]
with P{CH,N(CH,CH,),0}; (P(CH,-morph);) in the presence
of NaBF,, which did not lead to a straightforward substitution
of the CI™ ion, but involved a simultaneous P-C bond
cleavage in P(CH,-morph);, resulting in formation of the
secondary phosphane - PH(CH,-morph),, which gave the
[Ru(n’-CsH;){PH(CH,-morph),}(PPh;),]BF, complex (1) (Fig. 1).

Addition of P(CH,-morph); to the orange suspension of
[Ru(n’-CsHs)CI(PPh;),] and NaBF, led to the formation of
yellow solution after 3 hours of reflux.{ *'P{"H} NMR spectrum
of this solution (see ESI Fig. S31) showed that the main product
possess three phosphorus atoms - two equivalent atoms
observed as a doublet and the other one, which is observed as a
triplet. Such a spectrum could suggest a simple replacement of
the chloride ion by the tris(aminomethyl)phosphane. However,
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Fig. 1 Two views of the crystal structure of complex 1 (30% probability ellipsoids). Selected bond distances (A) and angles (°): Ru(1)-C(1) =
2.250(2), Ru(2)-C(2) = 2.238(2), Ru(1)-C(3) = 2.244(2), Ru(1)-C(4) = 2.255(2), Ru(1)-C(5) = 2.253(2), Ru(1)-Cgc,, (cyclopentadienyl centre of

gravity) = 1.894(2), Ru(1)-P(1) = 2.294(1), Ru(1)-P(2) = 2.366(1), Ru(1)-

P(3) = 2.335(1), P(1)-Ru(1)-P(2) = 89.71(2), P(1)~Ru(1)-P(3) = 92.94(2),

P(2)-Ru(1)-P(3) = 102.08(2), Cgcp—Ru(1)-P(1) = 126.54(3), Cgcp—Ru(1)-P(2) = 121.71(3), Cgcp—Ru(l)-P(3) = 117.14(3).

the analysis of the crystal structure of this complex revealed
that, in time of synthesis, tertiary phosphine P(CH,-morph);
was rearranged to secondary PH(CH,-morph),. 1 is therefore a
“piano-stool” complex, in which chloride was substituted by the
secondary aminomethylphosphane.

Alarge number of ruthenium complexes with secondary and/
or primary phosphanes were synthesized until now."* However,
the cleavage of the phosphane P-C bond during complex
formation is unprecedented not only for the amino-
methylphosphanes. A similar reaction was observed by Higham
et al.*> only for two hydroxymethylphosphanes. They reported
analogous process when fourfold excess of P(CH,OH); or
P(CH,OH),Ph was mixed with RuCl;-H,0. As a result, they
obtained the coordination compounds possessing two mole-
cules of the tertiary phosphane and two molecules of the
secondary one: [Ru{PPh(CH,OH),},{PPh(CH,OH)H},Cl,] and
[Ru{P(CH,OH);},{P(CH,OH),H},Cl,].

The complex 1 crystallizes in tetragonal crystal system; space
group I4,/a. The asymmetric unit contains sixteen equivalent
[Ru(n’-CsH;5){PH(CH,-morph),}(PPh;),]" cations and tetra-
fluoroborate anions. Replacement of chloride with the
PH(CH,-morph), leads to a slight elongation of one of the
Ru-PPh; bonds compared to the parent complex.” The bond
lengths are equal: Ru(1)-P(3) = 2.335(1) A, Ru(1)-P(2) = 2.366(1)
A for 1 and Ru-P(1) = 2.337(1), Ru-P(2) = 2.335(1) A for
[Ru(n’-CsH;)CI(PPh;),]. Moreover, the average distance from
the carbon atoms of CsHs ™~ ligand to Ru(1) central atom, equal
to 2.248(2) A, is also longer than for [Ru(n’-CsH;)CI(PPh;),]
(2.207(3) A). The angle between Ru-PPh; bonds found for 1
(P(2)-Ru(1)-P(3) = 102.08(2)°) is smaller than for [Ru(n’-CsHj)
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Cl(PPh;),] (P(1)-Ru-P(2) = 103.99(4)°). Above data prove steric
hindrances in 1 caused by the presence of PH(CH,-morph),
ligand and may be related to a facilitation of the -CH,-morph
group release.

Measurement of >'P NMR spectrum confirmed the presence
of the secondary phosphane. The upfield signal of PH(CH,-
morph),, which is observed as a triplet at —12.96 ppm
(*J(P'-P*®) = 41.2 Hz) in the proton-decoupled *'P{H} NMR

P2, P3
42.03 ppm
d 2J(P*-P") = 41.2 Hz
P1
-12.96 ppm

t 2J(P'-F?) = 41.2 Hz
d-t "J(P'-H’) = 338.6 Hz

“P{'H} NMR

. "P NMR
e . s
43 42 M 12 3 14 15

Chemical Shift (ppm)

Fig.2 Comparison of the 3P and *P{*H} NMR spectra (CDClz, 300 K)
of complex 1.
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spectrum, in *'P NMR spectrum appears as a doublet of triplets
(Fig. 2). Appearance of a new, large coupling (338.6 Hz)
proves that phosphorous atom is directly bound with hydrogen
atom. Integration of the signals in the proton spectrum also
confirms that aminomethylphosphane loses one -CH,-morph
moiety during of complex preparation. The PPh; part of
the "C{H} spectrum of 1, similarly to the spectrum of
[Ru(n’-CsHs)CI(PPh3),], consists of four signals: the multiplet of
the CP*° atoms, the singlet of CP*™@ atoms and two pseudo-
triplets of the C°™° and C™** atoms (see ESI Fig. S6 and S87).
The latter signals arise from a second-order effect, referred to as
“virtual coupling”,** observed usually for the phosphanes in
trans positions to one another. The PH(CH,-morph), part
consists of a doublet of C11 carbon atoms with the 'J(C-P) =
36.1 Hz - much larger than observed for the free P(CH,-morph);
ligand, a doublet of C12 and a singlet of C13 atoms.

The other data are fully consistent with the crystal structure
of 1.} In the infrared spectrum the band assigned to P-H
stretching is observed at 2346 cm ™. The location of the band at
lower wavenumber in comparison with that of [Ru{P(CH,-
OH);},{PH(CH,0H),},Cl,] (2374 cm™")* suggests that P-H bond
in 1 is noticeably weaker. It is worth to mention that 1 is stable
under normal conditions (the air and the presence of moisture).
Fragmentation of the [Ru(n’-CsHs){PH(CH,-morph)}(PPhs),]"
ion in ESI-MS takes place only in a small degree, even under
acidic conditions. Among products of fragmentation it is
possible to identify [Ru(n’-CsHs){PH,(CH,-morph)}(PPh;),]"
and [Ru(n®-CsH;)(PPh;),]" ions. It suggests that ~CH,-morph
moiety as well as secondary phosphane PH(CH,-morph), are
more susceptible to elimination than triphenylphosphane parts
of complex 1.

Conclusions

The synthesized complex, to the best of our knowledge, is a first
metal complex bearing a secondary bis(aminomethyl)phos-
phane ligand. The presented formation of ruthenium(n)
complex containing a reactive P-H bond, offers a great scope for
further ligand functionalization. Moreover, our recent studies
proved that discussed process is not an individual case. The
preliminary experiments showed that similar reaction takes
place in the case of other tris(aminomethyl)phosphanes as well
as indenyl or pentamethylcyclopentadienyl “piano-stool” start-
ing complexes. Now we are focused on elucidation of the
mechanism of the phosphane P-C bond cleavage as well as the
biological properties of the resulting complex.

Notes and references

1 Preparation: [Ru(n’-CsH;)Cl(PPh;),] were bought in Stream Chemicals, whereas
other chemicals were from Sigma-Aldrich. P(CH,-morph); was synthesised
according to literature procedure.” Each synthetic step was performed in inert
atmosphere: [Ru(n’-CsH;)CI(PPh;),] (0.116 g, 0.16 mmol) and sodium tetra-
fluoroborate (0.026 g, 0.24 mmol) were refluxed in methanol by 20 minutes. After
this time the orange suspension was cooled to room temperature, solid amino-
methylphosphane P(CH,-morph); (0.080 g, 0.24 mmol) was added and the
mixture was refluxed one more time by 3 hours. Obtained yellow solution was
evaporated to 1 ml and biphasic mixture of diethyl ether and water was added.
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Immediately yellow precipitate appeared at the interface. The precipitate was
washed by water, methanol and diethyl ether and dried under vacuum. Yield:
65%. Anal. Found: C, 60.25; H, 5.55; N, 2.78%. Anal. Calc. for RuC5;H;;N,0,P;BF,:
C, 60.66; H, 5.59; N, 2.77%.

Spectroscopic data: *'P{"H} NMR (CDCl;) 6(ppm), (J [Hz]): —12.96 (t, 41.2), 42.03 (d,
41.2); *'P NMR (CDCly) 8(ppm), (J [Hz]): —12.96 (d-t, 41.2 and 338.6), 42.03 (d,
41.2); 'TH NMR (CDCl;) 6(ppm), (J [Hz]): 2.28 (m, 8 H), 2.94 (m, 4 H), 3.62 (m, 8 H),
4.95 (s, 5 H), 6.94 (bt, 8.6, 12 H), 7.33 (t, 7.2, 12 H), 7.45 (t, 7.2, 6 H); '*C NMR
(cDCly) é(ppm), (J [Hz]): 54.31 (d, 5.5), 55.97 (d, 36.1), 66.95 (s), 85.42 (s), 128.52
(bt, 4.1), 130.42 (s), 133.56 (bt, 4.8), 136.41 (m); IR (ATR) (Vimay [cm™']): 3103w,
3054w, 2954w, 2841w, 2799w, 2346w, 1480w, 1451w, 1433m, 1304w, 1285m,
1256w, 1233w, 1205w, 1186w, 1159w, 1113m, 1085m, 1058s, 1018s, 1000m, 987m,
926w, 914w, 900m, 875m, 864s, $47m, 818m, 802w, 788w, 752s, 693s, 610w, 590w,
533m, 516s, 487s, 456m, 430m; +ESI-MS (MeOH) (m/z): 953.27 (2.34%), 923.26
(100%), 824.19 (1.99%), 426.13 (1.65%); +ESI-MS (MeOH/HCOOH) (m/z): 1011.27
(3.32%), 953.27 (1.08%), 923.26 (32.84%), 824.19 (1.43%), 691.12 (2.58%), 462.13
(100%), 263.10 (3.39%), 233.14 (6.38%);

Yellow crystals suitable for the X-ray analysis were obtained by slow diffusion of
diethyl ether to methanolic solution.

Crystal data: [Ru(n®-CsH;)(PH{CH,N(CH,CH,),0},) (PPh;),]BF, (1) = Cs;H;cBF,-
N,O,P;Ru, M = 1009.77 g mol ™", crystal size: 0.28 x 0.25 x 0.15 mm, crystal
system: tetragonal, space group: I4,/a, a = 28.1859(1) A, b = 28.1859(1) A, ¢ =
23.7177(2) A, a = 8 = y = 90°; V = 18 842.4(2) A%, D qic(Z = 16) = 1.424 Mg cm 2, 6
range for data collection: 2.86 to 27.50, Mo Ko, radiation (A = 0.71073 A), uMo =
0.493 mm™', reflections collected/unique 132 166/10 782, [Ri, = 0.0366],
completeness to . = 99.7%, final R indices [I>2¢(I)]: R, = 0.0287, wR, = 0.0670,
R indices (all data): R, = 0.0374, wR, = 0.0726, GOF = 1.060, largest diff. peak and
hole: 1.008 and—0.427 eA ™, data/restraints/parameters: 10782/0/580, T = 119.8(5) K.
Instruments: NMR spectra were registered using Bruker Avance III 600 MHz spec-
trometer in CDCI; with traces of CHCI, as an internal reference for *H and **C and 85%
H,PO, in H,O as an external standard for *'P. The infrared spectrum was recorded
using Bruker Alpha FT-IR spectrometer. All spectra were collected using the Platinum-
ATR-sampling module equipped with diamond crystal. 64 interferograms were recor-
ded with a resolution of 4 em™, in the range of 4000 cm™" to 400 cm™'. A mass
spectrometer with a time of flight mass analyzer (MicrOTOF-Q II, Bruker, Germany)
was used. ESI was used as the ion source with conditions as follows: nebulizer pres-
sure: 0.4 bar, dry gas: 4.0 1 min~" heated to 180 °C. Data were recorded in the positive
ion mode and profile spectra were acquired in the mass range 50-3000 /z. End plate
offset was — 500 V and capillary voltage: 4500 V. Mass resolving power of the instrument
was over 18 000. Mass calibration was performed using the cluster method with a
mixture of 10 mM sodium formate and isopropanol (1 : 1, v/v) before run. Elemental
analyses were performed on a Vario Micro Cube - Elementar. Single crystal X-ray
diffraction was carried out on an Oxford Diffraction SuperNova diffractometer with
a molybdenum source. Data were processed using CRYSALIS”.*> The structure was
solved by direct methods with the program SHELXS-97 and refined by full-matrix least-
squares method on F* with SHELXL-97." Non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were positioned geometrically
and refined using a riding model with d(CHyom) = 0.93 A, Uy = 1.2Ucq.(C) for
aromatic, 0.97 A, U, = 1.2U,q.(C) for CH,. The coordinates of the hydrogen atom H1P
were refined freely with the displacement parameters Ujso(H) = 1.2Ucq(P1).
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