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Synthesis and characterization of dioxorhenium complexes derived from
water-soluble diphosphine tetraphosphonatest
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Water-soluble diphosphine tetraphosphonates [(RO),OPCH,CH,],P-X-P[CH,CH,PO(OR),], (X = C¢H,

or C,H,, R = Et or Me) were synthesized in near-quantitative yields by a base-catalysed Michael addition

of appropriate P-H bonded compounds to vinylphosphonates in the presence of potassium tert-butoxide. The
reactions of these compounds with [ReO,I(PPh,),] in biphasic media (aqueous—organic) produced water-soluble
dioxorhenium complexes of the type [ReO,{[(RO),OPCH,CH,],P-X-P(CH,CH,PO(OR),],},]1" in near-
quantitative yields. The water-soluble phosphines and their rhenium complexes were characterized by IR, 'H
and *!P NMR and high-resolution fast atom bombardment mass spectral analysis.

The chemistry of water-soluble transition metal/organometallic
compounds has become a subject of burgeoning interest
because of their usefulness in biphasic catalysis’™ and
biomedicine.>® Transition-metal complexes, in general, tend to
exhibit instability in aqueous media because of complex redox
reactions mediated by water. Characteristics including high
aqueous solubility and kinetic inertness in water may be
achieved by the use of appropriate ligands bound to specific
transition metals. In this context the utility of sulfonated
arylphosphines, as demonstrated by various workers, provides
a viable pathway to produce water-soluble transition-metal
compounds.”’ 7 The application of mono-, di- or tri-sulfonated
arylphosphines has become common in the development of
water-soluble co-ordination compounds.®~!” However, this
methodology does suffer from some serious drawbacks. For
example, it is extremely difficult to produce sulfonated
arylphosphine ligands in high purity. In addition, the often
encountered, sulfonated-assisted oxidation of phosphines poses
complications in the utility of these ligands to synthesize
transition-metal compounds (in high purity) for specific
catalytic or biomedical applications.

Our current research interests are concerned with the
development of ligand systems suitable for complexation
reactions with technetium-99m and rhenium-186/188 with the
ultimate objective of producing new diagnostic and therapeutic
radiopharmaceuticals, respectively.!®-2% From this viewpoint,
sulfonated arylphosphines, although highly soluble in water,
are unsuitable because they display high lipophilicity.
Therefore, it is expected that new developments in the design of
water-soluble phosphines will result in greater strides in the
areas of biphasic catalysis and also pharmaceutical sciences. As
part of our ongoing research on fundamental main-group
chemistry aimed at the design and development of new
multifunctional ligand frameworks, we have recently discovered
new classes of phosphines that have shown remarkable
oxidative stability and solubility in aqueous media.?*2® This
paper will describe further developments on (a) new synthetic
approaches to water-soluble phosphines and (b) biphasic
reactions of these chelating bis(phosphines) with [ReO,I-
(PPh;), ] to produce water-soluble rhenium metal complexes.

Results and Discussion

New water-soluble diphosphine tetraphosphonates L!-L*
were synthesized by a base-catalysed Michael addition of
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Scheme 1 (i) 4 CH,=CHPO(OR),, KOBu'-tetrahydrofuran (thf)

phosphorus-hydrogen bonds to the vinylphosphonates as
shown in Scheme 1. In all the cases the synthesis was performed
in boiling tetrahydrofuran with potassium ferz-butoxide as the
base catalyst. The reactions with 1,2-bis(phosphino)benzene
were complete in 6 h, whereas with 1,2-bis(phosphino)ethane
the reactants needed to be refluxed for 6 d. All the new
compounds were characterized by various spectroscopic and
analytical techniques. Their oily nature coupled with the
presence of small amounts (<5%) of the unreacted
vinylphosphonate precluded the determination of their
chemical composition using analyses for C and H. However,
their hydrophilic nature allowed their purity to be established
via high-performance liquid chromatography (HPLC) analysis.
On a Hamilton PRP-1 column, L!-L* eluted as single chemical
species, in a water—acetonitrile gradient (e.g. 95%:5%),
demonstrating x~97% purity of the individual compounds.
Only trace amounts ( < 3%) of the unreacted vinylphosphonate
were observed in the solutions of L'-L* The chemical
compositions were further confirmed by high-resolution fast

1 Chemistry in Environmentally Benign Media. Part 4. Part 3 is ref. 28.
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Fig. 1 The *'P NMR (121.5 MHz) spectrum of compound L!
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Scheme 2 (i)  [ReO,I(PPh,),]

atom bombardment (HRFAB) mass spectral analysis. All the
compounds show peaks corresponding to their parent ions,
M+ H]".

The 3!'P NMR spectra of compounds L'-L* may be
explained in terms of an AA’XX'X"X" spin pattern [A and A’
correspond to the two phosphorus(iii) centres while the four
phosphonate phosphorus(v) centres are labelled as X, X', X"
and X" respectively]. A representative spectrum of L* is shown
in Fig. 1. Complex multiplets observed at 6 —28.0, —28.4,

—19.2 and —19.5 for L'-L* respectively m%’e]?%ﬂf&é%?ﬂe
to P (ie. A and A’) whereas, multiplets between & 34 and

38 are assigned to PV (Table 1). The resonances for P fall
within the region noted for the closely related water-soluble
hydroxymethyl-functionalized phosphines L-L7 (Table 1).
The 'H NMR spectroscopic data for L! complement the
proposed structures of these compounds (Scheme 1).

It is important to note that the reactions outlined in Scheme 1
demonstrate the efficacy with which the backbone that bridges
the phoshporus(iir) centres as well as the substituents on the
phosphorus can be altered to produce a wide spectrum of
functionalized bis(phosphines). This systematic tuning of
substituents in L!-L* should allow construction of frameworks
with appropriate lipophilicities for use in radiopharmaceutical
applications. Further, the chelating nature would provide
useful avenues for the development of new classes of transition-
metal complexes. In addition, the water-solubilities present
unique prospects in reactions with transition-metal precursors
under biphasic (i.e. aqueous—-organic) conditions. For example,
the chelating bis(phosphines) L!-L*, dissolved in water, react
with [ReO,I(PPh;),] dissolved in dichloromethane, to
produce the corresponding water-soluble rhenium(v) complexes
14 in 80-85% yields. Detailed studies have confirmed the
stoichiometry of 2 equivalents of L!~L* with 1 equivalent of the
rhenium(v) precursor (Scheme 2). The hydrophilic nature of 1-
4 has presented significant problems in getting rid of water
from these compounds. They tend to be waxy solids even after
drying in vacuo for over 48 h. Attempts to crystallize them by
slow evaporation of water or ethanol solutions have proven to
be unsuccessful so far. The HRFAB mass spectral data confirm
their chemical composition as formulated in Scheme 2. Positive-
ion HRFAB gave signals corresponding to the respective parent
cations in = 100% intensities. These parent ions ([M + H]*:
mfz 1814.45 1, 1590.20 2, 1718.45 3 and 1494.20 4) correspond

o '85Re. The 3'P NMR spectroscopic data for 14 suggest a
considerable (x45 ppm) downfield shift in comparison to those
of the corresponding L*~L* (Table 1). Similar chemical shift
trends were also noted for the rhenium(v) complexes derived
from the water-soluble hydroxymethylphosphines P(CH,OH),
L3, E[P(CH,0OH),],-1,2(E = C¢H, L% or C,H, L7), Table 1.25
A dramatic simplification, as compared to the complex
AA’XX'X”X" spin pattern for L'-L* (see above), in the *'P
spectral pattern of 14 is of note. A representative spectrum of
1, shown in Fig. 2, demonstrates that the Re"-bound phosphine
centres resonate as a simple quintet whereas the four
phosphonate groups resonate as a triplet. This simplicity, of a
potentially second-order spectrum [(AA’XX'X"X"),], may be
explained in terms of its collapse to a six-spin AA'XX'X"X"
pattern, presumably as a result of C,, symmetry in the
molecule. The six-spin AA'XX'X”X" system is expected to
transform into an apparent first-order A,X, spin pattern if the

Table 1 The *'P NMR spectroscopic data for the phosphines and their rhenium complexes

Compound

L! C4H,{P[CH,CH,PO(OE),1,-1,2},
L2 CH,{P[CH,CH,PO(OMe),],-1,2},
L?® C,H,{P[CH,CH,PO(OEt),],-1,2},
L* C,H,{P[CH,CH,PO(OMe),1,-1,2},
L’ P(CH,OH),

L® CsH,[P(CH,0H),-1,2],

L" C,H,[P(CH,0H),-1,2],

1 [ReO,(C¢H,{P[CH,CH,PO(OE!),],-1,2},),]I
2 [ReO,(C4H,{P[CH,CH,PO(OMe),],-1,2},), 11
3 [ReO,(C,H,{P[CH,CH,PO(OE),],-1,2},),]1
4 [ReO,(C,H,{P[CH,CH,PO(OMe),1,-1,2},),]11

5 [ReO, {P(CH,OH), | ]I
6 [ReO,{CcH,[P(CH,0H),-1,2],},]11
7 [ReO,{C,H,[P(CH,0H),-1,2],},]I

7 Ref. 29. ® From ref. 23. ¢ From ref. 25.

3(3'P) 5(1P=0)
—28.0 (m) 34.4 (m)
—28.4 (m) 37.6 (m)
—19.2 (m) 34.8 (m)
—19.5 (m) 37.5(m)
—24.0(s)° —
—312(s)? —
—25.1(s)" —

22.0 (qnt) 31.2(1)

21.4(q) 34.0 (1)

20.0 (q) 31.2(1)

20.2 (q) 34.5 (1)

27.7 (s)* -

24.2 (s)¢ —

29.8 (s)¢ —
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Fig.2 The >!P NMR (121.5 MHz) spectrum of compound 1

chemical shift differences within each of As and Xs are
minimum or equal to zero. A similar explanation may be
advanced for the observed simplicity in the 3'P NMR spectra of
2-4. The A,X, pattern noted for 1-4 also suggests that the two
bis(phosphines) in these compounds are disposed in a trans
arrangement. An A,B, pattern for the phosphorus(in) nuclei
would be apparent for a less likely cis disposition of the
bis(phosphines).

Recent X-ray crystallographic investigations in our labora-
tory have demonstrated that the products from the reactions of
bis(phosphines) of the type (HOH,C),P-E-P(CH,OH), (E =
C,H, or C4H,) with rhenium(v), palladium(ir) or platinum(i)
precursors are exclusively cationic species similar to the ones
outlined in Scheme 2.232¢ The co-ordination chemistry of ReY,
Pd" and Pt", with the hydroxymethylphosphines L5-L7,23-2¢
not only complements the formulation of cationic structures for
compounds 1-4, as outlined in Scheme 2, but more importantly
suggests the propensity of the water-soluble phosphines L!-L*
with [ReO,I(PPh;),] to produce the cationic complexes
exclusively.

The reactions outlined in Scheme 2 are ‘strictly’ biphasic
because upon simple shaking of solutions of L'~L* (in aqueous
media) and the metal precursor (in organic media) more than
989 of the metal complexes 1-4 are transferred into the
aqueous phase enabling easy isolation upon simple separation
from the organic phase. A similar observation was recently
made for the reactions of bis(phosphines) L6 and L7 with late-
transition-metal precursors to afford several water-soluble
complexes of Pd" and Pt".23:24 The rhenium(v) complexes 1-4
are stable in aqueous media for several weeks. This remarkable
kinetic inertness may be attributed to the high nucleophilicity of
the phosphorus centres in the these diphosphine tetraphos-
phonate ligands (i.e., L!-L*). Phosphine ligands with high
nucleophilicity are expected to participate in efficient n-back
bonding interactions with metal centres enabling the formation
of strong and kinetically inert M—P bonds.

Experimental

All reactions were carried out under purified nitrogen by
standard Schlenk techniques. Solvents were purified and dried
by standard methods and distilled under nitrogen prior to use.
Reagents such as [ReO,I(PPh;),], CH,=CHPO(OELt), and
KOBu' (1.0 mol dm 3 solution in thf) obtained from Aldrich
Chemical Co. and 1,2-bis(phosphino)benzene and 1,2-bis-
(phosphino)ethane from Strem Chemical Inc. were used with-
out further purification. The compound CH,=CHPO(OMe),

was obtained from Fluka Chemical Co. N%&@krﬁ%%ﬂﬁe
resonance spectra were recorded on a Bruker ARX-300
spectrometer using D,0 as a solvent, *H chemical shifts are
reported in ppm, downfield from external standard SiMe,, >'P
NMR (121.5 MHz) with 85% H;PO, as external standard and
positive chemical shifts downfield of the standard. Infrared
spectra were recorded using Nujol mulls and KBr cells on a
Mattson Galaxy-3000 spectrophotometer, mass spectra at
Washington University, St. Louis, Missouri. All the FAB data
correspond to the 1#*Re isotope.

Syntheses

CH {P[CH,CH,PO(OEt),],},-1,2 L'. To a thf solution (25
cm?) of diethyl vinylphosphonate (0.141 mmol) was added 1,2-
bis(phosphino)benzene (0.035 mmol) at room temperature via a
syringe. A 1 mol dm™ solution of KOBu' (4 cm?) in thf was
added dropwise with constant stirring at 25 °C, followed by
reflux for 6 h. Solvent was removed in vacuo and the residue
extracted by diethyl ether. Removal of ether in vacuo afford
compound L! in quantitative yield as a viscous colourless oil.
HRFAB: m/z 799.2583 ([M + H]"); calc. for C3oHgo04,Ps
798.2510. NMR: 'H, 8 1.17 [td, J(HH) 7.0, J(PH) 5.4 Hz, 24 H,
CH,CH,], 1.78 (m, 8 H, PCH,CH,), 1.94 (m, 8 H, PCH,CH,),
4.0 (m, 16 H, OCH,CH,) and 7.47 (m, 4 H, C¢H,); *'P, § 34.4
(m, 4P, P¥) and —28.0 (m, 2P, P!,

Compound L? was synthesized by a similar procedure using
dimethyl vinylphosphonate (0.141 mmol) and 1,2-bis(phos-
phino)benzene (0.035 mmol) in the presence of one molar solu-
tion of KOBu' (4 cm?®) in thf. HRFAB: m/z 687.1326 ([M +
H]*); calc. for C,,H,,0,,P6 686.1258. NMR: 'H, § 1.74 (m,
8 H, PCH,CH,), 1.92 (m, 8 H, PCH,CH,), 3.57 [d, J(HH) 6.4,
12 H, OCH,}, 3.61 [d, J(PH) 6.4 Hz, 12 H, OCH,] and 7.48
(m, 4 H, C¢H,); 3'P, 8 37.6 (m, 4P, PY) and —28.4 (m, 2P, P™M).

C,H {P[CH,CH,PO(OE),],},-1,2 L3. To a thf solution (25
cm?) of diethyl vinylphosphonate (0.141 mmol) was added 1,2-
bis(phosphino)ethane (0.035 mmol) at room temperature also
in thf solution. A 1 mol dm™3 solution of KOBu' (4 cm?) in thf
was added dropwise with constant stirring at 25 °C followed by
reflux for 6 d [reaction was incomplete even after 5d (3P NMR
spectroscopy)]. Solvent was removed in vacuo and the residue
extracted with diethyl ether. Removal of ether in vacuo afforded
compound L? in quantitative yield as a viscous colourless oil.
HRFAB: m/z 751.2578 ([M + H]"); calc. for C,4Hg00,,Ps
750.2510. NMR: 'H, § 1.23 [t, J(HH) 7.0 Hz, 24 H,
OCH,CH,], 1.62 (m, 8 H, PCH,CH,), 1.85 (m, 8 H,
PCH,CH,) and 4.0 (m, 16 H, OCH,CH,); *'P, § 34.8 (m, 4P,
PY)and —19.2 (m, 2P, P™).

Compound L* was synthesized by a similar procedure as
described above for L* using dimethyl vinylphosphonate (0.141
mmol) and 1,2-bis(phosphino)ethane (0.035 mmol) in the
presence of a 1 mol dm 3 solution of KOBu' (4 cm3) in thf.
HRFAB: m/z 639.1323 ([M + H]"); cale. for C,sH,,0,,P;
638.1258. NMR: 'H, § 1.62 (m, 8 H, PCH,CH,PO), 1.78 (m, 4
H, PCH,CH,P), 1.90 (m, 8 H, PCH,CH,PO) and 3.65 [d,
J(HH) 10.9 Hz, 24 H, OCH,]; *'P, & 37.5 (m, 4P, PY) and
—18.4 (m, 2P, P™).

[ReO,(X{P [CH2CH2P O(OR)z]z}z'lsz)zu X =CH, R =
Et 1 or Me 2; X = C,H,, R = Et 3 or Me 4). An aqueous
solution (20 cm?) of X{P[CH,CH,PO(OR),],-1,2} (2.0 mmol)
was added dropwise to the rhenium(v) precursor [ReO,-
I(PPh;),] (1.0 mmol) in dichloromethane (20 cm?®) at 25°C
with constant stirring. Stirring was continued for 1 h and the
aqueous layer separated from the organic layer. The aqueous
solution was concentrated to ~5 cm? in vacuo and evaporated
slowly at room temperature to give yellow complex(es) 1-4 in
~ 80-85%; yield(s).

Complex 1: HRFAB m/z 1814.4549 ([M + H]™) (calc. for
CesoH,200,6P; ,Re 1813.4556); v(O=Re=0) (Nujol) 842 cm™;
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'HNMR, § 1.14 [dt, J(HH) 7.1, J(PH) 16.1,48 H, OCH,CH,],
1.60 (m, 32 H, PCH,CH,), 3.0 (m, 32 H, PCH,CH,), 3.90 (m,
32H,0CH,CH;)and 8.20 (m, 8 H, CcH,); >'P NMR, 6 31.2[t,
J(PP) 25.7, 8P, PV] and 22.0 [(qnt, J(PP) 25.7 Hz, 4P, P"].

Complex 2: HRFAB m/z 1590.1980 ([M + H]™) (calc. for
C44HgsO,6P1,Re 1589.1973); v(O=Re=0) (Nujol) 812 cm*;
'HNMR, §1.7(m, 16 H, PCH,CH,), 2.9 (m, 16 H, PCH,CH,),
3.46 [d, J(PH) 11.0, 24 H, OCH,], 3.52 [d, J(HH) 11.0, 24 H,
OCH,] and 8.20 (m, 8 H, C¢H,); 3'P NMR, § 34.0 [t, J(PP)
36.4, 8P, PV] and 21.4 [gnt, J(PP) 36.4 Hz, 4P, P"].

Complex 3: HRFAB m/z 1718.4590 ([M + H]") (calc. for
Cs,H,,00,¢P,Re 1717.4477) w(O=Re=0) (Nujol) 847 cm™,;
!H NMR, 8§ 1.22 (m, 48 H, CH,CH,), 2.0-2.5 (m, 40 H,
CH,CH,) and 4.0 (m, 32 H, OCH,CH,); 3'P NMR, 5 31.2 [t,
J(PP) 24.0, 8P, P¥] and 20.0 [gnt, J(PP) 24.0 Hz, 4P, P}

Complex 4: HRFAB m/z 1494.2001 ([M + H*]) (calc. for
C36Hg50,6P;,Re 1493.1973); v(O=Re=0) (Nujol) 818 cm’;
'H NMR, § 2.1 (m, 16 H, PCH,CH,PO), 2.3 (m, 16 H,
PCH,CH,PO), 2.5 (m, 8 H, PCH,CH,P), 3.65 [d, J(PH)
11.0, 24 H, OCH,] and 3.69 [d, J(PH) 11.0, 24 H, OCH,J;
31P NMR, & 34.5 [t, J(PP) 24.7, 8P, P¥] and 20.5 [qnt, J(PP)
24.7 Hz, 4P, P}
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