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Water-soluble monophosphine P(&BH); (1) and bisphosphines (HQB),PGH4P(CHOH); (2) and (HOHC),-
PCH,CH,P(CHOH), (3) were synthesized in near quantitative yields by the catalytic formylation of appropriate
P—H bonded compounds in the presence of formaldehyde in aqueous media. The reactions of these mono- and
bisphosphined—3 with ReGl(PPh)2, in biphasic media (aqueous/organic), or [REGCHs)4]Cl, in aqueous
media, produced the water-soluble Re(V) complexes FRECECH,OH)3} 4]t (4), [ReOyf (HOH,C),PCsH4P(CH.-

OH)3} 2™ (5), and [ReQ{ (HOH,C),PCHCH,P(CHOH),} 2]t (6) in near quantitative yields. The X-ray structures

of 5 and®6, reported in this paper, confirmed the dioxorhenium(V) structures of these new generation of water-
soluble transition metal complexes. All the compounds were characterized By, |18 d3P NMR spectroscopy.

X-ray data for5: monoclinic,C2/c, a = 23.906(5) Ab = 7.049(1) A, c= 17.024(4) A8 = 105.93(1}, Z =

4, R = 0.019 Ry = 0.027). For6: triclinic, P1, a = 6.493(1) A,b = 9.488(2) A,c = 10.577(2) A,a =
104.4(1}, f = 96.4(1y, y = 109.5(1}, Z = 1, R= 0.045 R, = 0.060).

Introduction tedisont® and Kuraray:*for the production of olefins, telomers,
For transition metal-catalyzed organic transformations to be fi_ne chemic_:gls, and pharmacgutical intermegliates_, exemp_lify the
cost effective and performance efficient, the metal-based catalyst'iC transition metal chemistry under biphasic conditions
needs to be readily separated from the resulting products. Indirected to specific catalytic transformations. The development
fact, recent studies demonstrate that the utility of water-soluble Of water-soluble transition metal complexes of specific metals
transition metal complexes enable catalytic reactions underand metallic radioisotopes is also important because of their
biphasic conditions, wherein the organic-soluble products can potential utility in pharmaceutical (and radiopharmaceutical)
be readily separated from the aqueous media after catalyticapplications. For example, the design and synthesis of ligands

runs2-9 Commercial processes by Ri@Poulend® 12 Mon- that can lead to water-soluble aimdvitro/in »ivo stable rhenium
complexes may aid the development of the corresponding
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rhenium complexes is expected to function as a model for the ReQ,(PPh),l or [ReO,(NHCH,),JCI + 4P(CH,OH); —

subsequent labeling experiments with Re-188.
The utility of mono-, di-, or trisubstituted arylphosphines has

become a common modality in the development of water-soluble

transition metal complexes and cataly$t$! While the

[ReO{P(CHOH);}" (1)

and3!P NMR spectroscopies. IR spectrumdoéxhibits a band

sulfonated phosphines offer convenient access to water-solubleat 880 cnm and is assigned to the=€Re=0 stretch. Thé'P

ligands in bulk quantities for the industrial-scale applications,
the lack of their purity and, the often encountered, limited

NMR spectrum o# consisted of a single resonance at 27.7ppm,
indicating significant downfield shift, compared to the free

oxidative stability in aqueous media have become major barriersligand (~24.3 ppm), upon coordination of the phosphine units

in the utility of this class of phosphines in specific catalytic

transformations. New developments in the design of water-
soluble phosphines will result in greater strides in the production
of catalytically useful water-soluble transition metal complexes.
In particular, the transition metal chemistry of water-soluble

to the dioxorhenium(V) center. The analytical dat@sliggest
that there are four ligands per metal center. THeNMR
spectrum of4 shows multiplets centered at 4.30 ppm for
methylene protons, suggesting that there is a slight downfield
shift compared to the chemical shift of the free ligand (4.2 ppm).

bisphosphines has remained relatively unexplored because of 1,2-Bis(bis(hydroxymethyl)phosphino)benzene (HMEBn
the lack of such functionalized bisphosphines and their precur- water, upon interaction with Re@PPh). in dichloromethane,

sors. As part of our ongoing research on the transition metal
chemistry of functionalized phosphin&s?2° we report, herein,
the synthesis and characterization of water-soluble Re(V)
complexes derived from the water-soluble monophosphine
P(CH:OH); (1) and bisphosphines (HQRB),PGH4P(CHOH),

(2), and (HOHC),PCH,CH,P(CH,OH), (3). The X-ray struc-
tures of [Re(OX (HOH,C),PGsH4P(CHOH).} 2] (5) and [Re-
(O)A (HOH,C),PCH,CH,P(CHOH),} 5] " (6), reported in this
paper, confirmed the molecular constitution of this new genera-
tion of water-soluble phosphines.

O
HO~ ,~OH HO~ ,CC_ ,oH
HO | OH P R P
on®! ho- OH HO/ \on
1 2 3

Results and Discussion

The water-soluble hydroxymethyl bisphosphi2esnd3 were
prepared by the addition of formaldehyde teRdsH,PH, and
H,PCH,CH,PH, in the presence of platinum catalyt, #¥95%
yield in agueous medi&2* Tris(hydroxymethyl)phosphine was
synthesized by using the reported proceddreThe water-

produced the cationic complex [Re@@IMPB),]l (5) in 90%
yield (Scheme 1). The chemical constitutiorbofias confirmed

by elemental analysis artiti and3P NMR spectroscopies. The
analytical data sugges that there are two ligands per metal center.
The 3P NMR spectrum ob consisted of a single resonance at
24.2 ppm, indicating significant downfield shift65 ppm) upon
coordination of the phosphine units to the Re(V) center. The
IH NMR spectrum o6 shows multiplets centered at 4.20 ppm
for methylene protons. This cationic compl&xcan also be
synthesized by the reaction of [Re¢g@sHsN)4]Cl and ligand

2 (1:2 mmol) in an agqueous solution by refluxing for 2 h.

The molecular structure &was further confirmed by X-ray
crystallography. An ORTEP diagram of the molecule is shown
in Figure 1, and the selected bond distances and bond angles
are listed in Table 1. The unit cell consists of four molecules
with no unusual inter- or intramolecular contracts. The
geometry around the rhenium center is octahedral, and the Re
lies on a center of symmetry. As revealed by the structure,
two diphosphine units are coordinated to the metal center in a
chelating fashion trans to each other. Two oxygens are trans
to each other. The ReP1 and Re-P2 distances are 2.461(1)
and 2.456(1) A, respectively. The PRe—P1 and P2Re—

P2 angles are 18C.(as required by symmetry. The PC5

soluble characteristics of these (hydroxymethyl)phosphines and P2-C10 distances are 1.819(4) and 1.822(3) A, respectively.

presented the prospect of investigating their coordination
chemistry in water or under biphasic conditions. Tris(hy-
droxymethyl)phosphine (THR) in water upon interaction with
ReQl(PPHg), in dichloromethane or with [Re(@)CsHgN)4]Cl,

in water produced the cationic complex [Reg@HP)] T (X)~

(X = Cl or I; 4 in ~80% vyield (eq 1). The chemical
constitution of4 was confirmed by elemental analysis attl
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The chelate angle of PARe—P2 (80.2(1)) is less compared
to the nonchelate angle of PRe—P2 (99.8(1)).

The interaction of an aqueous solution of 1,2-bis(bis-
(hydroxymethyl)phosphino)ethane (HMPE) with [RefO)
(CsHgN)4]CI (1:2 mole ratio), in water, produced the cationic
complex of [Re(O)(HMPE),]CI in 85% yield (Scheme 2). The
analytical data 06 suggest that there are two ligands per metal
center. Theé’P NMR spectrum o6 shows a single resonance
at 29.8 ppm, suggesting the presence of all the phosphorus nuclei
in a similar chemical environment. TRel NMR spectrum is
consistent with the proposed structure. The presence of a
dioxorhenium unit was indicated in its IR spectrum, which
shows a strong band at 876 ¢l The final confirmation of
the structure was obtained by determining the X-ray crystal
structure of6. An ORTEP diagram of the molecule is shown
in Figure 2, and the selected bond distances and bond angles
are listed in Table 2. The unit cell consists of a single molecule
with no unusual inter- or intramolecular contacts. The geometry
around the rhenium center is octahedral, and the Re lies on a
center of symmetry. As revealed by the structure, two diphos-
phine units are coordinated to the metal center in a chelating
fashion trans to each other. Two oxygens are bound to the
rhenium center in a mutually trans fashion. The-#d and
Re—P2 distances are 2.480(2) and 2.474(2) A, respectively,
slightly longer compared to the analogous bond distanc8s in
The P:-Re—P1 and P2Re—P2 angles are 180and the Pt
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Scheme 2
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Figure 1. ORTEP drawing ob showing 50% probability ellipsoids.
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Scheme 1

ReO,1(PPhs3),
or
[ReO,(NCsHg)4]Cl
+
HO— Q ,~OH
K O
HO— '\ ”e/P\OH x-
LN N/ OH
PO R
HO~ @ OH
|
5 (X=Clorl) Figure 2. ORTEP drawing o6 showing 50% probability ellipsoids.
Table 1. Selected Bond Distances (A) and Angles (deg)5or Table 2. Selected Bohd Distances (A) and Angles (deg)@or
Re_P1 2.461(1) P2Ca 1.844(3) Re-P1 2.480(2) P2C5 1.842(8)
Re—P2 2.474(2) P2C6 1.830(8)
Re-P2 2.456(1) P2C10* 1.822(3)
Re-01 1.774(5) 02C3 1.396(10)
Re—-05 1.779(2) 0xC1 1.415(4)
3 P1-C1 1.832(9) 03C4 1.411(12)
P1-C1 1.844(3) 02C2 1.389(5)
_ P1-C3 1.860(9) 04C5 1.410(10)
P1-C2 1.837(3) 03C3 1.408(5)
P1_CE 1.819(2) 04.Ca 1.418(2) P1-C4 1.835(9) 05C6 1.420(9)
P23 1.834(3) P2-C2 1.825(8) CtC2 1.525(13)
P1-Re-P1 180.0 P Re-P2 80.2(1) P1-Re-P¥ 180.0 P1-Re-P2 80.5(1)
_ P1-Re-P2 99.5(1) P2-Re-P2 180.0
P1-Re—P2 99.8(1) P2Re—P2 180.0

_ pP2—C2-C1 111.3(6) P+C1-C2 111.4(6)
P1-C5-C10 119.0(2) P2-C10-C5 118.7(3) P1-Re—O1 30.7(2 P1Re-O 30.3(2
P1-Re-05 90.1(1)  PtRe-O% 89.9(1) e 7(2) e 3(2)

aAtom at 1.5— x, 0.5—y, —z *Atomatl-x1-y,1-z

C1 and P2C2 distances are 1.832(9) and 1.825(8) A. The Conclusions

chelate angle of P1Re—P2 (80.5(1)) is less compared to the It is important to recognize that in all of the reactions

nonchelate angle of PARe—P2 (99.5(1)). discussed above (eq 1; Schemes 1 and 2), typically,9850
Stability Studies. The oxidative stability of HMPB and the  of the metal precursor, Re@PPh),, from the organic phase

corresponding rhenium complé&were analyzed b§'P NMR was transferred into the phosphine-containing aqueous phase

spectroscopy. A 10 mg/mL solution of HMPB was prepared in ~5 min upon simple shaking of the respective solutions.
in non-degassed, distilled water. This solution was stirred in Separation and evaporation of the aqueous phase produced the
open air, and aliquots were monitored®¥l? NMR spectroscopy  Re(V) complexeg—6 in analytically pure forms. The prefer-

at various time intervals. The results indicate that even after ential solubility of complexegl—6 in agueous media under

96 h only less than 10% of the phosphine was oxidized (Figure biphasic conditions is remarkable in terms of the separation of
3). A similar study performed on compl&showed no change  pure complexes from these, deceptively complex, reactions.
in the spectrum over 96 h, demonstrating the kinetic inertness Pringle et al3° have recently demonstrated that the tris(hy-

of this compound in aqueous media. droxymethyl)phosphine, P(GBH)s, upon reaction withcis-
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Table 3. Crystal Data for Complexes and 6
formula Q0H32010P4Rel C12H32010P4RGC|
space group C2/c (No. 15) P1 (No. 2)
869.47 717.38
a A 23.906(5) 6.493(1)
Phosphine oxide Phosphine b, A 7.049(1) 9.488(2)
(3°'P = 49.5) (6P = -31.2) c A 17.024(4) 10.577(2)
o, deg 90.0 104.4(1)
\ / B. deg 105.93(1) 96.4(1)
48 hrs. | v, deg 90-? " 2%%%:51()1)
T, K 295(%
et : A 0.709 30 1.540 56
> ' VA 4 1
15 mins. F(000) 1680 353
Figure 3. 3P NMR spectra (121.5 MHz) of HMPB2] at various v, A3 2758.7(9) 581.0(2)
time points. Peale, gl 2.093 2.050
Pobsa g/c® not measured not measured
[Pt(COD)Ch] or cis[Pd(PhCN)Cl,], produced PtkCl, and i ' g-g‘l‘g 0.027 15”-325 0.060
PdL.Cl;, (L = P(CHOH)s3), respectivelyyia the simple loss of ' DA R
COD or PhCN functionalities. The coordination chemistry of =~ *R T/ZZ(IIFo\ = IFDYZ(Fl); Rv = [[XW(IFol — [Fe)Z3w/
bidentate hydroxymethyl phosphin@sand 3 will add a new (IFol)™=
dimension to the chemistry of water-soluble transition metal tapje 4. Atomic Parameters, y, z, andBeg
complexes. » y " B
q
Experimental Section Re 9, Ya 0 1.319(9)
P1  0.84158(3) 0.29557(12) 0.10771(5) 1.68(3)
All reactions were carried out under purified nitrogen by standard P2 0.680 57(3) 0.364 59(10) 0.07213(4) 1.64(3)
Schlenk techniques. Solvents were purified and dried by standard O1 0.89997(11) 0.1539(4) 0.256 53(14)  3.62(11)
methods and distilled under nitrogen prior to use. Reagents such as 02  0.86102(18)  0.670 3(4) 0.11214(19)  6.28(21)
ReQl(PPhy), and ReOGPPh), were purchased from Aldrich Chemi- O3 0.74116(11)  0.352 3(4) 0.22577(15)  3.10(11)
cal Co. and were used without further purification. The syntheses of 0.72382(12)  0.715 4(4) 0.11879(16)  2.79(11)
(hydroxymethyl)phosphines P(GEH)s (1),% (HOH,C),PCsHaP(CH- % g-ggi gjg%) g-(ﬁg ?ﬁ‘?’,% g-(l’gg g(ég)) %'ig((?)s)
OH), (2),! and (HOHC),PCHCH,P(CHOH), (3)>*are reported in the 0.853 77(13) 0522 9(5) 0.162 62(20) 2.56(13)
literature. Nuclear magnetic resonance spectra were recorded on acg 0'690 01(18) 0'270 8(5) 0'175 47(24) 2'48(15)
Bruker ARX-300 spectrometer usingO as a solvent. ThtH NMR 0670 86(14) 0622 8(4) 0.079 53(20) 2:42(13)
chemical shifts are reported in parts per million, downfield from external  cg 0.90283(15) 0.2731(4) 0.064 34(22)  2.04(12)
standard SiMg The 3P NMR (121.5 MHz) spectra were recorded  cg 0.95919(13) 0.319 8(5) 0.109 13(20)  2.57(13)
with 85% HPO, as an external standard, and positive chemical shifts C7 1.004 81(15)  0.302 8(6) 0.073 6(3) 3.09(15)
lie downfield of the standard. Elemental analyses were performed by C8 0.505 14(20) 0.259 0(5) 0.005 9(3) 3.15(17)
Onieda Research Services, Inc., New York. C9 0.560 79(15)  0.308 4(5) 0.050 78(21) 2.63(14)
Synthesis of [Re(OX P(CHzOH)3}4* (4). An aqueous solution C10 0.60722(13) 0.2921(5) 0.016 61(19)  1.92(12)
0 0.80200(6) Y4 3.394(17)

(20 mL) of P(CHOHY);, (4.0 mmol) was added dropwise to the rhenium
precursor Re(Q)(PPh)2 (1.0 mmol) in dichloromethane (20 mL) at

a Estimated standard deviations refer to the last digit pritfeds.

25 °C with constant stirring. The stirring was continued for 2 h, and b B, is the mean of the principal axes of the thermal ellipsoid.

the aqueous layer was separated from the organic layer. The agueous
solution was concentrated te5 mL in vacuoand evaporated slowly
at room temperature to afford the yellow colored complen 90%
yield. Anal. Calcd for G:H3c014PsRel: C, 17.13; H, 4.31. Found:
C, 17.43; H, 4.46. IR (Nujol): 8801((0=Re=0)) cnT’. H NMR:

0 4.30 (m, P(G1,0H)). 3P NMR: & 27.7(s).

Synthesis of [Re(O}{ (HOH 20)2PC6H4P(CH20H)2}2]+ (5) An
aqueous solution (20 mL) of the ligand HMPH 2.0 mmol) was added
dropwise to the rhenium precursor Ref(JPh), (1.0 mmol) in
dichloromethane (20 mL) at 2% with constant stirring. The stirring

cmt H NMR: 6 2.28 (m, 8H, G1,CH,), 4.40 (m, 16H, P(E,-
OH)). 3P NMR: ¢ 29.8(s).
The above cationic complex can also be synthesized by the reaction

of [Re(O}l(PPhy);] in dichloromethane and ligand (1:2 mmol) in
aqueous media by stirring at room temperature for 30 min.

X-ray Data Collection and Processing. The crystal data and the
details of data collection for bothand6 are listed in Table 3. Yellow
colored crystals of botls and 6 suitable for X-ray diffraction were

was continued for 30 min, and the aqueous layer was separated fromgbtained from slow evaporation of aqueous solution at@5 X-ray

the organic layer. The aqueous solution was concentrateéstolL

data were collected on an Enraf-Nonius CAD-4 diffractometer with

in vacuoand evaporated slowly at room temperature to give crystalline Mo Koo radiation 6) and Cu K radiation 6) and a graphite

complex2 in 85% yield. Anal. Calcd for gH3,010P4Rel: C, 27.63;
H, 3.71. Found: C, 27.73; H, 3.76. IR (Nujol): 878(0=Re=0))
cmL HNMR: 6 4.20 (m, 16H, P(€,0H)), 7.8 (m, 8H, GHJ). 3P
NMR: d 24.2(s).

The above cationic complex can also be synthesized by the reaction
of [Re(Ox(CsHsN)4]Cl and ligand2 (1:2 mmol) in aqueous solution
by refluxing for 2 h.

Synthesis of [Re(OY (HOH ,C),PCH,CH,P(CH,OH)},]* (6). An
aqueous solution (20 mL) of the ligand HMPE 2.0 mmol) was added
dropwise to the rhenium precursor [Ref@sHsN)4]CI (1.0 mmol) also
in water (20 mL) at 25°C with constant stirring. The stirring was
continued for 30 min, and the solution was concentrated3amL in
vacuoand evaporated slowly at room temperature to give crystalline

monochromator at 22(X)C. The cell dimensions were obtained from
a least-squares fit to setting angles of 25 reflections with<229 <

30 for 5and 40< 20 < 50 for 6, respectively. The crystals exhibited
no significant decay under X-ray irradiation.

The structures were solved by direct methods and were subsequently
refined by the full-matrix least-squares method which minimizeg
(IFol — |F¢|)? wherew™! = [0%F, + 0.0005F,)?. Atomic scattering
factors including anomalous scattering contributions were from ref 31.
Absorption corrections were made; the minimum and maximum
transmission factors fdb are 0.634 939 and 0.993 871 and fare
0.061 060 and 0.215 886. All hydrogen atoms in both of the structures

complex6 in 85% yield. Anal. Calcd for GH3.0:0PsRel: C, 18.64;
H, 4.17. Found: C, 18.68; H, 4.21. IR (Nujol): 8768(0=Re=0))

(31) International Tables For X-ray CrystallographyKynoch Press:
Birmingham, 1974; Vol. 4.
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Table 5. Atomic Parameters, y, z, andBe4

X y z Bq

Re 0 0 0 1.77(3)
P1 0.2163(3) 0.253(2) 0.1759(2)  2.33(9)
P2  —0.0885(3) -0.0782(2)  0.1999(2)  2.17(9)
o1 0.2327(8)  —0.0577(6)  0.0140(5) 2.7(2)
02 0.6400(12) 0.4249(9)  0.3233(7) 5.1(3)
03 0.285(2) 0.4920(7)  0.0758(7)  5.7(5)
04 -05360(9) —0.1962(6)  0.1266(6)  3.1(3)
05 -0.1000(12) —0.2818(7)  0.3401(6)  3.9(3)
c1 0.148(4) 0.2374(10)  0.3364(8)  3.5(4)
c2 0.1079(14) 0.0733(10)  0.3470(8)  3.2(4)
c3 0.5247(14) 0.3108(10)  0.2010(9)  3.4(4)
c4 0.173(2) 0.4336(10)  0.1698(9)  3.7(4)
C5  -0.3637(13) —0.0903(9)  0.2364(8)  2.9(4)
c6  —0.069(2) —0.2620(9)  0.2139(8)  3.0(4)
cl 0.3245(6)  —0.2504(5)  0.4893(4)  7.2(3)

a Estimated standard deviations refer to the last digit prinfed6.
b Beq is the mean of the principal axes of the thermal ellipsoid.

were located in difference Fourier maps and refined with fixed isotropic
thermal parameters. The final cycle of the least-squares refinement
gave an agreement factBrof 0.019 R, = 0.027) for5 and of 0.045

(Ryv = 0.060) for6. Following convergence of the refinement&fa
residual peak of 3.47 ePAremained in the difference Fourier map,
adjacent to the Re position, and probably due to absorption effects.
The programs used for the crystallographic computations are reported
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in ref 32. Atomic coordinates and their equivalent isotropic displace-
ment coefficients for bottb and 6 are listed in Tables 4 and 5,
respectively.
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