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The reactions of the water-soluble chelating phosphines 1,2-bis(bis(hydroxyalkyl)phosphino)ethane (alkyl = n-propyl,
DHPrPE; n-butyl, DHBUPE; n-pentyl, DHPePE) with FeCl,+4H,0 and FeSO,+7H,0 were studied as routes to water-
soluble complexes that will bind small molecules, dinitrogen in particular. The products that form and their
stereochemistry depend on the solvent, the counteranion, and the alkyl chain length on the phosphine. In alcoholic
solvents, the reaction of FeCl,-4H,0 with 2 equiv of DHBUPE or DHPePE gave trans-Fe(L,),Cl,. The analogous
reactions in water with DHBUPE and DHPePE gave only cis products, and the reaction of FeSO,-7H,0 with any
of the phosphines gave only cis-Fe(L2).SO,. These results are interpreted as follows. The trans stereochemistry of
the products from the reactions of FeCl,-4H,0 in alcohols is suggested to be the consequence of the trans geometry
of the Fe(H,0)4Cl, complex, i.e., substitution of the water molecules by the phosphines retains the geometry of the
starting material. The formation of cis-Fe(DHPrPE),Cl, is an exception to this result because the coordination of
two —OH groups forms two six-membered rings, as shown in the X-ray structure of the molecule. DHBUPE and
DHPePE reacted with FeSO4-7H,0 in water to initially yield cis-Fe(P,),SO4 compounds, but subsequent substitution
reactions occurred over several hours to give sequentially trans-Fe(DHBUPE),(H,0)(SO4) and then trans-[Fe-
(DHBUPE),(H,0),]S0.. The rate constants and activation reactions for these aquation reactions were determined
and are consistent with dissociatively activated mechanisms. The cis- and trans-Fe(L,).X (X = (Cl), or SO4) complexes
react with N,, CO, and CH3CN to yield trans complexes with bound N, CO, or CH3CN. The crystal structures of
the cis-Fe(DHPIPE),SQ,, trans-Fe(DHPrPE),(CO)SO,, trans-Fe(DHBUPE),Cl,, trans-[Fe(DHBUPE),(CO)(CI)][B(C¢Hs)a],
trans-Fe(DMeOPIPE),Cl,, trans-Fe(DMeOPrPE),Br,, and trans-[Fe(DHBUPE),Cl,]Cl complexes are reported. As
expected from using water-soluble phosphines, the complexes reported herein are water soluble (generally greater
than 0.5 M at 23 °C).

Introduction it must have a high selectivity for Nover CH, In a
homogeneous process, high selectivity foy dver CH,
requires that the transition metal complex bingdtrongly
and have high solubility in a solvent in which G poorly

The ability of iron—diphosphine complexes to coordinate
N.! suggests they may be useful compounds for separating
N, from nitrogen-containing natural gas streaimSor a
transition metal complex to be SucceSSfu”y deployed ina (1) For overviews of this research area, see: (a) Henderson, R. A.; Leigh,
nitrogen-removal process, it must exhibit reversible N G. J.; Pickett, C. JAdv. Inorg. Chem. Radiochen987, 23, 197. (b)
absorption and desorption at process-related pressures and ~Hidai, M.; Mizobe, ¥.Chem. Re. 1995 95 1115. (c) Leigh, G. J.
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soluble. Water is an ideal solvent for such a process. Iron(ll) chloride tetrahydrate (Fe@hH,O) and iron(ll) sulfate
However, the known irordiphosphine complexes are water heptahydrate (FeSE&7H,O) were obtained from Aldrich. Reagent
insoluble, and it is necessary to modify them accordingly. 9rade methanol, ethanol, and acetonitrile were deoxygenated with
The method we chose to impart water solubility was to use @ argon purge before being brought into the glovebox. The
phosphines that are water soluble. Sulfonated phosphines ar@nhydrous Ne8Q; (Aldrich) was used as received. CO was obtained
often used in this capacifi/, but we found that sulfonate from Linde.

groups are often non-innocent and can affect the ability of _Instrumentation and Procedures.*!P{*H} NMR were run on
the iron compounds to react with ,Nor other small either a VARIAN GEMINI 2000 NMR spectrometer (at BRI) at

p .
molecules. For example, when sulfonated phosphines Were121.47 MHz and referenced externally to 1%P, or on a Varian

. . . Unity/Inova 300 spectrometer (at UO) at an operating frequenc
used for the chemistry reported herein, Binding was Y P ( ) P g red y

. o of 299.95 and 121.42 MHz fdH and3!P nuclei, respectively. The
greatly decreased due to competitive binding of the sulfonatey g IP[1H} NMR obtained on the latter instrument were

group to the iron centéf. To avoid this problem, we decided  referenced to the solvent peak and to an external standard of 1%
to focus on phosphine ligands that have hydroxyl groups asH,po, in D,0, respectively. The samples were sealed under argon
the water-solubilizing entity. Examples of the phosphines in 5 mm tubes fitted with Teflon valves. Infrared spectra were
that have been developed are the 1,2-bis(bis(hydroxyalkyl)- recorded on a Perkin-Elmer Paragon 1000 FT infrared spectropho-
phosphino)ethane ligands and the related methoxy derivative tometer (at BRI) or on a Nicolet Magna 550 FT-IR spectrometer

shown belowt (at UO) with OMNIC software. Samples were prepared as either
Nujol mulls with NaCl or AgCI windows or in solution with CaF
HO-(" — /G—}HOH Meof\)s — /é_fOMe or ZnSe cells. UV-vis spectra were recorded with a Perkin-Elmer
HO {_,)«HP P\(\_%OH MeO {)j: PHOMe Lambda 6 _spectroph_otometer. Elemental analyses were performed
| DHMPE 3. DHPIDE by E+R Microanalytical Laboratory, Inc., Corona, NY.
o= 4 DHBuPE; n = 5, DHPCPE DMeOPrPE Kinetics Studies.All of the kinetics experiments were performed

in H2O in a thermostated cell. The water was purified to a resistivity
In this paper, we report the synthesis and characterizationof 17—18 MQ-cm with a Barnstead Nanopure Il system. The water
of the complexes formed in the reactions of these ligands Was bubbled with oxygen-free;Nor 1 h prior to use. The reactions
with FeCh+4H,0, and we compare these compounds to the were monitored by recording th_e dl'sappeara'mmdee'(DHBuPE}
analogous complexes that have water-insoluble chelating(S®) @t 4max= 500 nm. The kinetics experiments in the presence
hosphine ligands such as depe (1,2-bis(diethyl hOS-Of Na,SO, were carried out at 293 K. Values of the rate constants
Ehinol;ethane)g In addition. we reporF; the réactions of éfi)SO reported are an average of at least three individual measurements.
7H,O with the 1,2-bis(bis(hydroxyalkyl)phosphino)ethane X-ray Structural Analyses. Crystals ofl, 5, 8, 9, and10 for
ligands. The reactions of these complexes with @D, and X-ray work were manipulated under hydrocarbon grease and sealed

. in special glass capillaries in the glovebox. The data crystak of
CH4CN are also discussed, and the crystal structures of the,,q4 which remained stable during data collection, were coated

cis-Fe(DHPrPE)SQ, transFe(DHPrPEXCO)SQ, trans-Fe- with epoxy resin and mounted on glass fibers. Cell dimensions and
(DHBUPE)CLy, trans[Fe(DHBUPE)Y(CO)(CI)][B(CeHs)4], orientation matrices were determined from the setting angles of an
transFe(DMeOPrPELI,, transFe(DMeOPrPEBr,, and Enraf-Nonius CAD-4 diffractometer for 25 centered reflections in
trans[Fe(DHBUPE)CI,]Cl complexes are reported. As part the following6 ranges:1, 15-16°; 8, 14—15°; 2, 13-14°; 9, 12—

of this investigation, we also studied the effect of solvent 14°; 4, 14-15° 5, 14-15°; and 10, 14—15°. Table 1 contains a
and counterion on the products obtained in the preparatorysummary of crystal data and the final residuals; fuller tables with
reactions. These investigations led to the unexpected and)articula_lrs of data c_ollection and structure refinement are in the
previously unreported results that the transition metal Supporting Information. Data were collectedd@s’ for 1, 2, 4,

compound stereochemistry is dependent on solvent, coun-5' and10 and tof 22.5 for 8. Because of crystal decay, data for

. . . the weakly diffractingd were collected from two crystals, ranges
teranion, and alkyl chain length on the phosphine. 1.5-20° and 206-23 6, and the data sets were corrected for decay

Experimental Section before they were combined. Structure solutions were obtained from

. ) . SIR92 Emaps? Small absorption corrections were applied to the
Materials and Reagents.Unless otherwise noted, all manipula-

tions were carried out in an argon-filled Vacuum Atmospheres Co.

(5) ThelH NMR spectra of the molecules reported herein were relatively

glovebox or on a Schlenk line with nitrogen. The 1,2-bis(bis- broad and generally similar to the spectra of the uncoordinated
(hydroxyalkyl)phosphino)ethane ligands were prepared as reported phosphine ligand. Therefore, they were nondiagnostic in terms of
previously? 1,2-Bis(diethylphosphino)ethane (depe) was obtained checking for either purity of the sample or the identity of the molecule.

In contrast, thé!P{1H} NMR spectra of the molecules were simple,
had no overlapping peaks, and were spread over a wide range of
chemical shifts. Thus, they provided an excellent means for character-

from Strem Chemical Co. and used without further purification.

(2) Lyon, D. K. Fe Phosphine Complexes fos Removal from Natural izing and identifying the products and for checking their purity. For
Gas, U.S. Patent 5225 174, 1993. the sake of completeness, thé NMR spectra of the complexes are
(3) See, for example: Cornils, B.; Wiebus, GhemTecl 995 January reported in the Experimental Section. For comparison,'th&iMR
33. spectra of the ligands are as follows: DHPrPE (MeOH), 1.52 (m, br,
(4) (a) Nieckarz, G. F.; Weakley, T. J. R.; Miller, W. K.; Miller, B. E.; 8 H, 4 x P-CHy), 1.57 (m, br, 4 H, P-CH,CH,—P), 1.64 (m, br, 8
Lyon, D. K.; Tyler, D. R.Inorg. Chem 1996 35, 1721-1724. (b) H, 4 x CHy), 3.61 (t, 8 H, 4x CH,—0OH), 4.8 (s, ®); DHBUPE
Baxley, G. T.; Miller, W. K.; Lyon, D. K.; Miller, B. E.; Nieckarz, (D20), 1.47 (m, br, 20 H), 1.59 (m, br, 8 H), 3.54 (t, 8 Hx4CHz-
G. F.; Weakley, T. J. R.; Tyler, D. Rnorg. Chem1996 35, 6688 OH), 4.80 (s, ®); DHPePE (MeOH), 1.38 (m, br, 28 H), 1.47 (m,
6693. (c) Baxley, G. T.; Weakley, T. J. R.; Miller, W. K.; Lyon, D. br, 8 H), 3.46 (t, 8 H, 4x CH,OH), 4.8 (OH).
K.; Tyler, D. R.J. Mol. Catal. A1997 116, 191-198. (d) Miller, W. (6) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Cuagliardi, A.; Burla,

K.; Lyon, D. K.; Tyler, D. R. Unpublished observations. M. C.; Polidori, G.; Camalli, NJ. Appl. Crystallogr.1994 27, 435.
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Synthesis of Water-Soluble Complexes of Iron(ll)

Table 1. Crystallographic Data fotrans-Fe(DHBUPE)CI; (1), cisFe(DHPrPE}SOQs (2), transFe(DMeOPrPEXLI; (4), transFe(DMeOPrPEBTI; (5),
trans[Fe(DHBUPE)(CO)(CI)][B(CsHs)4] (8), transFe(DHPrPE)CO)SQ (9), andtrans[Fe(DHBUPE)CI,]CI (10)

1 2 4 5 8 9 10

compd GeHgoClo- CogHeaFeO1oPsS: CaeHgoCl2- CagHgoBro- Ce1H10BClI- CooHes- CagHgoClz-

FeQPy 0.5H,0 FeQPy FeQP, FeQP, FeOQPsS FeQPs
fw 891.67 813.62 891.67 980.57 ~1203.5 832.62 927.12
space group P1 P2i/n C2lc C2lc P1 P2:/n C2lc
a, 10.487(3) 10.023(2) 19.747(2) 19.750(2) 10.495(2) 11.6314(8) 14.830(2)
b, A 10.553(6) 22.427(3) 12.739(1) 12.780(3) 13.037(5) 15.943(2) 21.455(3)
¢ A 12.432(3) 17.195(3) 19.783(2) 20.078(5) 24.822(7) 21.422(3) 15.306(4)
o, deg 64.98(4) 90 90 90 91.61(3) 90 )
5. deg 81.00(2) 100.07(2) 111.39(1) 111.76(2) 99.18(2) 100.152(8) 100.13(2)
v, deg 67.12(4) 90 90 90 100.96(2) 90 90
Vv, A3 1149(2) 3806(1) 4634(2) 4707(2) 3284(3) 3910(2) 4649(2)
Z 1 4 4 4 2 4 4
deale, g CnT 3 1.289 1.420 1.278 1.384 1.217 1.414 1.325
T, °C 21 22 22 22 21 21 23
1A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
u, cmt 6.24 6.68 6.19 22.0 4.14 6.52 6.78
rel trans coeff 0.931.00 0.92-1.00 0.94-1.00 0.871.00 0.96-1.00 0.95-1.00 0.94-1.00
no. of obsd reflnd 3550 4361 2607 3299 6254 3368 2472
total indep refins 4031 6698 3079 4130 8558 5416 4091
R(F)ab 0.033 0.084 0.041 0.042 0.063 0.093 0.077
WR(F?)© 0.076 0.151 0.096 0.080 0.114 0.155 0.155

al z o(l). °R(F) = Y||Fol — IFcll/3[Fol.; SWR(F?) = [SW(IFol> — |Fcl)ZIWIFo|4Y2 all independent data.

data for2 (based on the isotropically refined structQrand for5
(based on azimuthal scans). The precision of the analys&s2of
9, and 10 has been restricted by considerable disorder in the side

mixture of products. Separation of the mixture was not pursued

(see the Discussion section).

Synthesis oftis-Fe(DHBUPE)(SOy) (3). A solution of DHBUPE

chains; some carbon atoms showed large vibrational anisotropy and(1.374 g, 3.596 mmol) in 5 mL of ethanol was slowly added to a
unusual apparent bond lengths, and alternative positions werestirred solution of FeS@7H,0 (0.500 g, 1.798 mmol) in ethanol
evident in difference maps for some oxygen atoms of the terminal at room temperature. The solution was stirred for 24 h in a glovebox
OH groups. The fractional oxygens were generally refined with and then filtered through a pipet containing glass wool. The solvent
isotropic thermal parameters. In addition, each of the two inde- was removed and a purple, oily residue was obtained. The residue
pendent cations on crystal inversion center8 tiearly contained was washed with diethyl ether (3 25 mL) and then dried under
two composite (CQ)Clos ligands in trans coordination sites. vacuum. The product was a purple solid (yield 87%). IR (Nujol):
Hydrogen atoms of Ckigroups were included at calculated, 1(SQy) 1170, 1122, 947, 637, 607, and 532 ¢mtH NMR (CDs-
updated, positions witB(H) = 1.2B((C). Hydrogen atoms of OH  OD) at 23°C: ¢ 1.7 (m, br), 2.2 (m, br), 3.6 (m, br), 4.9 (s, OH).

groups, where discernible, were included at the observed positionsanal. Calcd for GgHgoFeO,P,S: C, 47.16; H, 8.80. Found: C,
without refinement. There was no evidence for solvent of crystal-
lization in any compound. The TEXSANbrogram suite, incorpo-
rating complex scattering factotsyas used in all calculations.

47.41; H, 8.85.

Synthesis oftrans-Fe(DHBUPE)CI, (1). DHBUPE (5.00 g, 13.1
mmol) was dissolved in 40 mL of absolute ethanol. Re€,0

Synthesis ofcis-Fe(DHPrPE),SO;, (2). FeSQ-7H,O (1.70 g, (21.30 g, 6.54 mmol) was added with stirring, giving a green-brown
6.11 mmol) and DHPrPE (4.00 g, 12.3 mmol) were stirred overnight homogeneous solution. The mixture was stirred for 48 h. Diethyl
in 20 mL of methanol to give a deep purple solution. 1-Propanol gther (200 mL) was then added over4 min to induce rapid
(100 mL) was added with stirring and within a few moments a  ¢yystallization of a green microcrystalline solid. Yield: 4.95 g, 85%.
microcrystalline purple solid formed. After 2 h, the solid was 14 NMR (CD;OD) at 23°C: ¢ 1.5 (m, br), 1.6 (m, br), 1.8 (m,
collected by filtration, rinsed with 1-propanol, and dried in vacuo. py) 1.9 (m, br), 2.0 (m, br), 2.3 (m, br), 3.6 (m, br), 3.7 (m, br),
Yield: 4.1 g, 83%. Anal. Calcd for FelgHe401,P4S: C, 41.80; H, 4.9 (s, OH). Anal. Calcd for FegHgsCl,OsPs: C,48.49; H, 9.04;
8.02; P, 15.40; Fe, 6.94. Found: C, 41.90; H, 8.20; P, 14.65, 14.40;p’ 13.89: Fe, 6.26; Cl, 7.95. Found: C, 48.82: H, 9.46; P, 12.97:
Fe, 6.49, 6.57. Dark purple X-ray quality crystals were isolated by Fe, 6.30; CI, 8.04. Green X-ray quality crystals were grown from
cooling a hot saturated 1-propanol solution containing a few drops g saturated ethanol solution by addition of a small amount of

of methanol as a cosolveritd NMR (CDsOD) at 23°C: 6 1.3
(m, br), 1.7 (m, br), 2.0 (m, br), 2.3 (m, br), 3.2 (m, br), 3.5 (m,
br), 3.7 (m, br), 4.0 (m, br), 4.9 (s, OH).
Reaction of FeC}-4H,0 with DHPrPE. DHPrPE (4.00 g, 12.3
mmol) and FeG+4H,0O (1.21 g, 6.09 mmol) were dissolved in 30
mL of methanol, giving a deep purple solution. The purple solid
was isolated by removing the methanol under vacuum. 3fRe
{™H} NMR (CD30D) of the purple solid showed it was a complex

(7) Walker, N.; Stuart, DActa Crystallogr., Sect. A983 39, 158-166.

(8) TEXSAN Texray Program for Structure Analysisersion 5.0;
Molecular Structures Corporation: 3200A Research Forest Drive, The @ 0.7-mm glass capillary.
Woodlands, TX 77381, 1989.

(9) Cromer, D. T.; Waber, J. T. Iinternational Tables for X-ray
Crystallography Ibers, J. A., Hamilton, W. T., Eds.; Kynoch Press:

Birmingham, England, 1974; Vol. IV, pp 71 and 148.

toluene.

Synthesis oftrans-[Fe(DHBUPE),CI,]CI (10). DHBUPE (0.095
g, 0.25 mmol) was added to a stirred solution of Re&H,O (0.032
g, 0.12 mmol) in 20 mL of absolute ethanol. The solution
instantaneously changed from a bright yellowish-green to a deep
purple. The mixture was stirred at room temperature for 24 h.
Diethyl ether (¢~20 mL) was then added, causing a purple solid to
precipitate from the reaction solution. The solid was filtered and
washed with diethyl ether~20 mL). Crystals for X-ray analysis
(Figure S4) were grown by evaporation from ethanol and sealed in

Generation of trans-Fe(DHPePE)Cl,. This complex was
generated in situ by dissolving DHPePE (0.345 g, 0.79 mmol) and
FeCb-4H,O (0.078 g, 0.39 mmol) in 5.0 mL of methanol. The

Inorganic Chemistry, Vol. 41, No. 21, 2002 5455
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Table 2. NMR Data

complex 31P NMR temp (K) solvent

trans-Fe(DEPE)CI2 62.5 223 toluene

trans-Fe(DHBUPE)CI; (1) 55.0 (s, br) 193 CBOD

trans-Fe(DHPePEXLI, 53.2 (s, br) 296 CBOD

cis-Fe(DHBUPE)Cl, cannot be observed 296 28

cis-Fe(DHPePEXLI, cannot be observed 296 268

cis-Fe(DEPE)SO, 82.9 (t,J =34 Hz) 193 CROD
64.2 (t,J =34 Hz)

cis-Fe(DHPIrPE)SOs (2) 71.5 (t,J=33 Hz) 193 CROD
57.9 (t,J =33 Hz)

cis-Fe(DHBUPE)SO; (3) 79.0 (t,J =34 Hz) 193 CROD
60.0 (t,J = 34 Hz)

cis-Fe(DHPePESO 79.0 (t,J=34 Hz) 193 CROD
59.7 (t,J =34 Hz)

cis-[Fe(DHPrPE)|SO;, (2) 70.0 (t,J =34 Hz) 296 HO
56.8 (t,J =34 Hz)

cis-[Fe(DHBUPE)SOy] (3) cannot be observed 296 28

cisFe(DHPePESO, cannot be observed 296 28

trans[Fe(DEPE)(CO)CIH]CIP v(C=0) 1906 296 Nujol

trans-[Fe(DHBUPE)(CO)CI*][BPhy] (8) 63.4 (s) 296 CROD
»(C=0) 1928 1-propanol

trans[Fe(DHPePE)CO)CH]CI~ 62.9 296 CROD

trans-Fe(DEPE)(CO)(SQ) 69.1(s) 296 CDhOD
r(C=0) 1928

trans-Fe(DHPrPE)YCO)SQ (9) 66.8 (s) 296 CBOD
v(C=0) 1927

trans-Fe(DHBUPE)(CO)SQ 64.3 (s) 296 CBOD
r(C=0) 1926

transFe(DHPePE) CO)SQ 64.4 296 CROD

transFe(DHPrPE)CHsCN)SQy 62.2 (s) 296 CHCN

trans-Fe(DHBUPE)(CH3;CN)SQ 62.0 (s) 296 CHCN

trans-Fe(DHPePE)CHsCN)SOy 61.5 (s) 296 CHCN

transFe(DMeOPrPEXLI; (4) 61.5 193 CROD

trans-Fe(DMeOPrPEBTr; (5) 58.7 247 toluene

trans-Fe(DHBUPE)(H20)(SQ,) (6) 54.6 (s) 233 CBOD

trans[Fe(DHBUPE)(H20)2](SOu)(7) 55.8 (s) 233 CROD

aReference 1112 Reference 11a.

resulting solution was yellow-brown. The complex was character- the original vessel. Approximately 20 mL of the toluene was
ized by NMR (Table 2) but was not isolated. removed under vacuum followed by addition of anhydnodexane
Synthesis of 1,2-Bis(dimethoxypropylphosphino)ethane (50 mL). Vacuum was applied to remove some of the hexane and

(DMeOPrPE). Methylallyl ether (34.0 g, 472 mmol) and 1,2- chill the mixture. A green crystalline product was obtained by
diphosphinoethane (10.0 g, 106 mmol) were combined in a 500- filtration followed by hexane rinse and drying in vacuo. Yield 8.0
mL round-bottom flask containing 100 mL of methanol. VAZO g, 54%.1H NMR (CDs;OD) at 23°C: 6 1.7 (m, br), 3.4 (s), 3.9

67 (DuPont, 2.5 g) was added as the free-radical initiator and the (m, br), 4.9 (s, OH). The bromide analog&ewas prepared
flask was sealed with a rubber septum held in place with a steel similarly.

worm clamp The flask was placed in an oil bath at 6@ and Synthesis of trans-Fe(DHBUPE),(H,0)(SOs) (6). cis-Fe-
stirred for 2 days behind a blas_t shiel&afety notg Because _(DHBUPE)(SOJ) (0.50 g., 0.54 mmol) was dissolved in deionized
_round-bottom flasks are not designed tg handle high pressures, ItH20 under N and stirred for 30 min at 23C. The solution changed
LsCreUcommt(:.lndtedht_h?(: ;heﬂt}gmperatgre n _f_:e fIa;I: not exceedl 6docolor from purple to red and some yellow solid was observed. The
- Use a blast shield for this procedure.) The mixture was cooled ) tion was filtered through glass wool in a pipet, the water was
_to room temperature followed by workup under inert atmosphere removed under vacuum, and a red oily residue was obtained. The
n an arg_on-fllled glovet_)ox. Solve_nt was removed und_er Vaculm o 4 residue was washed 3 times with 10 mL of diethyl ether and
with heating. The resulting yellowish syrup was then dissolved in dried under high vacuum for 3 days. The compound was stored in

300 mL of water by stirring with dropwise addition of 50% aqueous .

. . . . ' the glovebox. IR (Nujol):»(H,0), 1653;»(SQy), see Table 431P-
sulfuric acid until the pH was 4. The mixture was filtered to remove
LHiunC acid untt fhe pri w peure was i V® [1H} NMR (CD:OD): & 54.6 (s). Anal. Calcd for GHs>

the white flocculant impurity. The solution was then neutralized

with sodium carbonate and extracted three times with diethyl ether. FeQdP.S: C, 46.25; H, 8.84. Found: C, 46.35; H, 8.84.

The ether extracts were combined and then dried over anhydrous Synthesis oftrans-[Fe(DHBUPE)(H20)2](SO) (7). The syn-

sodium sulfate. The ether solution was isolated by filtration and thesis oftrans{Fe(DHBUPE)(Hz0).|(SOs) was carried out as above

the solvent removed with vacuum to give the pure ligand. Yield: except the solution was stirred for at ledsh at 23°C. A yellow-

33.1 g, 82%3P{*H} NMR, —26.7 (s). orange solution resulted, which yielded a yellow oil on removal of
Synthesis of trans-Fe(DMeOPrPE),Cl, (4) and trans-Fe- the water. A small amount of orange material precipitated when

(DMeOPTIPE),Br, (5). DMeOPrPE (12.79 g, 33.4 mmol) and the reaction was over and this was removed by filtration prior to

FeCb-4H,O (3.32 g, 16.7 mmol) were dissolved in 30 mL of removing the solvent. However, if the starting material is compound

anhydrous toluene with stirring under argon atmosphere at ambient6, no precipitate is observed and the filtration step is not necessary.

temperature. The resulting green solution was carefully decanted3*P{'H} NMR (CDs;OD): ¢ 55.8 (s).!H NMR (CD;0OD) at 23°C:

into a clean flask, leaving a small amount of oily, red impurity in 6 0.5 (m, br), 1.0 (m, br), 1.3 (m, br), 1.9 (m, br), 2.5 (m, br), 2.7
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Synthesis of Water-Soluble Complexes of Iron(ll)

Table 3. Summary of the Reactions and Products

product from reaction with

Fe complex phosphine g} solvent product CO or CHCN (L")
FeCb-4H,0O DPPE, DPPP, and many THF or hexane trans-Fe(L)2Cl trans-Fe(Ly)z(L")CI™
other water-insoluble
chelating phosphines

FeCb-4H,0 DEPE hexane trans-Fe(Ly)2Cl

FeCb-4H,0 DEPE MeOH cis-Fe(L2).Clo

FeCb-4H,0 DHPrPE alcohol mixture dfis- andtrans-Fe(Ly)Cl» trans-Fe(Ly)(L")CI™

FeCb-4H,0 DHBUPE alcohol trans-Fe(L)2Cl trans-Fe(Ly)z(L")CI™

FeCb-4H,0 DHPePE alcohol trans-Fe(Ly).Clz transFe(Ly)(L")CI+

FeCh-4H,0 DMeOPrPE toluene trans-Fe(L).Clz trans-Fe(Ly)2(L")CIT

FeCb-4H,0O DHPrPE HO mixture ofcis- andtrans-Fe(Ly)Cl» trans-Fe(Ly)z(L")CI™

FeCb-4H,0 DHBUPE HO cis-Fe(Ly).Cl>

FeCb-4H,0 DHPePE HO cis-Fe(Lp).Clo

FeSQ-7H,0 DHPrPE alcohol cis-Fe(Ly)2S0y trans-Fe(Ly)2(L")SOs"

FeSQ-7H,0 DHBUPE alcohol cisFe(Ly)2SOn trans-Fe(Ly)2(L")SOs"

FesSQ-7H,O DHPePE alcohol cis-Fe(L2)2S0y trans-Fe(Ly)2(L")SOy "

FeSQ-7H,0 DHPrPE HO cisFe(Lp)2SOy trans-Fe(Ly)2(L")SOs™

FeSQ-7H,0 DHBUPE HO cis-Fe(L)2SOs

FeSQ-7H,0 DHPePE HO cis-Fe(L)2SOy

a Alcohol refers to methanol or ethanol.

Table 4. Selected Infrared Data
SO, (cm™1h)
compd proposed coordination of the O 1 V3 Va ref

uncoordinated Sg3~ uncoordinated 983w) 1104 (s) 613 (s) 25a
Cu(en}SOy uncoordinated 1088 609 25b
FeSQ-7H,0 uncoordinated 980 (w) 1090 (s) 630 (s)
trans[Fe(DHBUPE)(H20),]S0x(7) uncoordinate®l c 1150 640, 605 b
cis-[Fe(DHPrPE)|SOy (2) uncoordinated c 1088 (s) 630 (s) b
cis-Fe(DHBUPE)SO, (3) bidentate 947 1170, 1122 637, 607, 584 b
Pd(phen)S® bidentate 955 1240, 1125,1040015 26a
Pd(py)SQ-H.0O bidentate 930 1235, 1125, 1020 26a
Co(enySOsBr bidentate 993 1211, 1176, 1075 647,632, 515 26¢
Ir(PPh)2(CO)I(SQy) bidentate 856 1296, 1172, 880 662, 610 26b
Ru(PPR)2(NO)CI(SQy) bidentate 860 1300, 1170, 885 26b
Cu(bipy)SQ-2H,0 bridging 971 1166, 1096, 1053035 26a
[(u-NH2)(u-SOs) Cop(NH3)4] ~2 bridging 995 1170, 1105, 1055 26a
Pd(NH)2SOs bridging 960 1195, 1110, 1035 26a
transFe(DHBUPE)(H20)(SQy) (6) monodentate c 1130 638, 604
Pd(NHs)2S0Os-H20 monodentate 970 1144110, 1056-1030 617,593 26a
Co(enySOyBr-2H,0O monodentate 978 1130, 1070 645, 652 26¢
Cu(en)S0Oy monodentate 965 1114, 1070 613, 602 25b
Fe(DHBUPE)(CO)SO monodentate 939 1154 617,593 b

aRaman Frequency.This work.¢ The weak band in the 970-crhregion is obscured by the Nujol band at 973<¢nf The sulfate band in the 1050-
cm~1 region is obscured by strong DHBUPE bantiSymmetry likely lowered by ion-pairing or other type of outersphere bonding to complex.

(m, br), 3.0 (m, br), 4.9 (s, OH). Anal. Calcd forglgFeQ4PsS:
C, 45.38; H, 8.89. Found: C, 45.56; H, 9.08.

Synthesis oftrans-[Fe(DHBUPE),(CO)CI][B(C ¢H5s)4] (8). trans

N,. The solution was subjected to 3 freezmimp—thaw cycles

and the flask was then filled with CO at 1 atm and stirred for 1 h

at room temperature. The solution changed from purple to yellow.

Fe(DHBUPE)CI, (1.50 g, 1.68 mmol) was dissolved in 30 mL of The CO was released and the solution was filtered through a pipet

1-propanol. NaBPh(0.59 g, 1.72 mmol) was added with stirring, ~ containing glass wool. The solvent was removed under vacuum

giving a green-brown homogeneous solution. The mixture was and a yellow oily residue was obtained. The residue was washed

stirred overnight at ambient temperature under 45 psig of carbon three times (10 mL) with diethyl ether and dried under vacuum

monoxide in a sealed 120-mL Fisher-Porter bottle. The resulting overnight. A yellow solid was obtained in 80% yield. IR(gH

yellow mixture was filtered to remove NaCl, leaving a yellow OH): »(CO) 1928 cm™. IR (Nujol): »(CO) 1917 cm?; »(SQy)

solution. Crystals were obtained by adding toluene to the solution 1154, 939, 617, and 593 crth *1P{H} NMR (CDs;OD): ¢ 66.4

and letting it stand for several day$i NMR (CD;OD) at 23°C: (s). 'H NMR (CDz0OD) at 23°C: 6 1.7 (m, br), 1.8 (m, br), 2.0

6 1.6 (m, br), 2.0 (m, br), 2.1 (m, br), 2.3 (m, br), 3.6 (m, br), 49 (m, br), 2.1 (m, br), 2.5 (m, br), 2.8 (m, br), 3.6 (m, br), 4.9 (s,

(s, OH), 6.8 (m, br), 6.9 (m, br), 7.3 (m, br). Anal. Calcd for OH). Anal. Calcd for G/HgoFeQsP,S: C, 47.04; H, 8.53. Found:

FeGiH100BCIOgP,: C, 60.88; H, 8.38; P, 10.29; Fe, 4.64; Cl, 2.94. C, 46.50; H, 9.37.

Found: C, 62.84; H, 8.12; P, 11.97; Fe, 4.34; Cl, 3.46. In light of  Synthesis oftrans-Fe(DHPrPE),CO(SQy) (9). cis-Fe(DHPrPE)

the rather poor elemental analysis for this compound, the purity of SO, (2.10 g, 2.61 mmol) was slurried in 30 mL of absolute ethanol

this compound was demonstrated B{*H} NMR. See Figure  and placed in a Fischer-Porter tube. The tube was sealed and

S1 in the Supporting Information. removed from the glovebox, and the argon atmosphere was
Synthesis oftrans-Fe(DHBUPE)(CO)(SO,). cis-Fe(DHBUPE)- exchanged for 40 psig of carbon monoxide. The sample was then

(SQy) (0.50 g, 0.54 mmol) was dissolved in 5 mL of methanol under stirred for 12 h at 60C, after which time the sample was cooled
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to room temperature, the CO atmosphere replaced with argon, and
the Fischer-Porter tube returned to the glovebox for workup. The 0
yellow solid was collected on a glass frit and dried under vacuum.
Yield: 1.66 g (1.99 mmol, 76%)}H NMR (CD;OD) at 23°C: ¢

1.7 (m, br), 1.9 (m, br), 2.1 (m, br), 2.5 (m, br), 2.7 (m, br), 3.6
(m, br), 4.9 (s, OH). This synthesis was also carried out in methanol ]
with the same result except that the solvent must be removed in o J
vacuo to recover the product. X-ray quality crystals were obtained

by cooling a hot saturated 1-propanol solution of the product.

Synthesis oftrans-Fe(DHBUPE)L(MeCN),(SOy). cis-Fe(DHBu-
PE)X(SO;) (0.400 g; 0.436 mmol) was dissolved in 5 mL of
methanol in the glovebox and 2 drops of N was added to the
solution. The solution changed from purple to yellow immediately.
The reaction mixture was stirred for 30 min and the solution was
filtered through a short pipet containing glass wool. The solvent
was removed under vacuum and an oily residue was obtained. The
residue was washed with diethyl ether%310 mL) and the solid
thus obtained was dried in a vacuum. The product was a yellow-
orange solid (yield 87%). IR(MeOH): v&y) 2257 cnl. IR

(Nujol): (ven) 2266 cntl. 31P{1H} NMR (CDsOD): & 61.7 (s). Figure 1. Molecular structure of th#ans-Fe(DHBUPE)CI> (1) complex.
Anal. Calcd for GoHgeFeNoO1,P4S2H,O: C, 46.42; H, 8.77; N, . . .
2.71. Found: C, 46.43; H. 8.52: N, 2.67. octahedral complexes with two equatorial bidentate phos-

Reactions ofcis-Fe(DHPePEYSO, with CO and CHACN. A phines and two trans chloride ligands (eq 1). In contrast,

solution of FeSQ@(0.05 M) with 2 equiv of DHPePE in either water

. : cl
or methanol was stirred under 45 psig of CO for several hours. |
Although the solution changed color to yellow within a few minutes,  fecl,-4H,0 + 2 P’_‘p _ [P """" Few""'Pj
ion ti i P~ | P ¢))
the extra reaction time was allowed to ensure completion of the
reaction. The reaction with acetonitrile was carried out in an NMR Cl
tube by adding 1.1 equiv of acetonitrile to ttis-Fe(DHPePESO, PP - a chelating phosphine

solution, generated in situ as described above. The NMR spectra
of the products (presumablyans[Fe(DHPePE)YCO)SQ] and
trans[Fe(DHBUPE)(CH3;CN),]SOy), respectively, were recorded
(Table 2), but the products were not characterized further.
Preparation of Dinitrogen Complexes.The Fe sulfate com-

plexes were stirred under dinitrogen in methanol but no dinitrogen h of th is di din th . bel
binding was observed, as indicated by NMR and IR spectroscopy. each of these parameters Is discussed In the sections below.

The Fe chloride complexes were found to bind dinitrogen when _ Effect of Chaln Length. The reaction of 2 equiv of
stirred in methanol in the presence of NaBPThe dinitrogen DHBUPE with FeCG}4HO in ethanol formed a green
complexes were prepared following the method previously reported Solution from which a green product was isolated by addition
by Leigh® A typical preparation is the following for [Fe(CI)@t of ether to the reaction solution. Elemental analysis suggested
(DMeOPrPey"1BPh;~. Fe(Cly(DMeOPrPe) (5.00 g, 5.60 mmol) the molecular formula Fe(DHBUPE)I,, a result confirmed

and NaBPh (1.92 g, 5.61 mmol) were dissolved in 40 mL of by the X-ray crystal structure of the product (Figure 1). The
anhydrous THF in a FishetPorter tube and stirred under 50 psig  product has a trans geometry, analogous to the products that
of dinitrogen. The green solution immediately turned brown and zre formed by reaction of Feg£4H,O with the water-

the pressure of the dinitrogen slowly decreased as the productingoluble DEPE, DPrPE, and DBPE chelating diphosphihes.
complex was formed. After 24 h, the solution was filtered to remove These latter complexes have bréd8 NMR resonances at
the white precipitate of NaCl. The presence of metal-bound room temperatur&® and similarly,trans-Fe(DHBUPE)CI,
dinitrogen was confirmed by FTIR spectroscopy of the solution, (1) also showed a, very broad si,gnal at room temperature

which showed a stretch at 2094 tinThe 3'P{1H} NMR of the . ‘ o .
complex in acetones under 40 psig of dinitrogenr{ia 5 mm NMR This broad band sharpened considerably-80 °C to give

tube with Teflon valve) showed a single peak at 60 ppm. Because & '€Sonance centered at about 55 ppm. _ _
the dinitrogen binding is readily reversible, the product was not [N contrast to the reaction above, the reaction of 2 equiv

this study found that the reactions of Fe(ll) salts with the
water-soluble DHPrPE, DHBUPE, and DHPePE ligands gave
cis and/or trans products, depending on the solvent, the anion,
and the alkyl chain length of the phosphine. The effect of

isolated in pure form. of DHPrPE with FeCGl4H,0 in ethanol gave a deep purple
solution. Removal of the solvent gave a solid whé%e-
Results and Discussion {H} NMR spectrum in methanal, showed the presence

of more than one product. (Peaks~atr9, 71, and 53 ppm

There are numerous reports on the reactions of iron(ll) syggested the presence of at least cis and trans isomers of
chloride with water-insoluble 1,2-bis(bis(alkyl)phosphino)-

ethanes in nonagueous solvefitEhese reactions yield green  (11) (a) Bellerby, J. M.; Mays, M. J.; Sears, P.1.Chem. Soc., Dalton

Trans.1976 1232-1236. (b) Baker, M. V.; Field, L. D.; Hambly, T.

W. Inorg. Chem.1988 27, 2872-2876. (c) Lewis, J.; Khan, M. S;

(10) Hughes; D. L.; Leigh; G. J.; Jiminez-Tenorio, M.; Rowley, A.JT. Kakkar, A. K.; Raithby, P. R.; Fuhrmann, K.; Friend, R. B.
Chem. Soc., Dalton Tran4993 75. Organomet. Cheml992 433 135-139.
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Figure 3. Variable-temperature®'P{*H} NMR spectra of cis-Fe-
(DHBUPE)YSQ, in methanolds. The peaks labeled “#” and “*” are assigned
to the substitution productsans-Fe(DHBUPE)(CDsOD)(SQ;) andtrans
[Fe(DHBUPE)(CD30OD);]SO4 (see text).

a mixture of cis and trans isomers is formed. As discussed
further below, it is suggested that, with the DHPrPE ligand,
coordination of two hydroxyl groups stabilizes the cis isomer
Figure 2. Molecular structure of theis-Fe(DHPrPE}SOs (2) complex. by forming two six-membered rings; the extra stability this
chelation imparts to the molecule drives the conversion of
Fe(DHPrPEXI;.) Attempts to separate and isolate the the trans to the cis isomer. Finally, it is noted that ReCl
prOdUCtS of the reaction were unsuccessful, and therefore the4H20 also reacts with water-insoluble Che|ating phosphine
synthesis was repeated by using Fe36:0 in place of  |igands in THF to form trans products.Thus, with the
FeCh-4H,O. (The strategy here was to replace the two exception of the DHPrPE ligand, the hydroxy alkyl and
chloride ligands with a chelating ligand, which might sregular” alkyl ligands react similarly with Fe@#H,O.
stabilize the cis isomer so it could be isolated. Note that in  Effect of Anion. In contrast to the results above with
the solid state FeSEYH,O contains F& as the Fe(HO)s** FeCb-4H,0, the reaction of FeSEYH,0 with any of the
complex;? whereas FeGi4H,O containstrans-Fe(H0)s- chelating water-soluble phosphines (DHPrPE, DHBUPE,

Cl2.*%) As with FeCh-4H;0, a deep purple solution resulted pHPePE) in methanol gave cis-Fe(L,),SO: (eq 2), as
from the reaction, giving a product with the molecular

formula Fe(DHPrPESO:. The NMR of the solution at-80 P

°C consisted of two trlp_let resonances at57.9 and 71.5 ppm FeSO, " TH,O + 2 g % P~-/..“F|C£O>S:<O @
(Jr—p = 34 Hz), suggestive of a cis geometry. Purple crystals P~ | 07 Yo

of X-ray diffraction quality were isolated and the crystal 3

structure is shown in Figure 2. As predicted from the NMR o ]

spectrum, the complex indeed has a cis geometry. Note thatndicated by the characteristic two resonances in°tfe

the hydroxyl groups on the propy! chains are non-innocent; { "H} NMR spectra at 193 K (Table 2). A sample spectrum,
two of them coordinate to the Fe to form six-membered rings. that ofcis-Fe(DHBUPE)SQ, (3), is shown in Figure 3; note
Similar coordination of the-OH groups in the DHBUPE that at room temperature the characteristic tr_lplets are broad,
ligand in complexl (Figure 1) apparently does not occur, fe_atureless_ resonances, a result usually attrlbute_d either to_a
probably because the resulting structure would have unfa-diamagnetic/paramagnetic crossover or to a rapid decoordi-
vored seven-membered ringscist[Fe(DHPrPE)SO, is r_1at|on/re—c_oord_|nat|on of one bonding atom in the bldgntate
designated ag.) ligand1® Likewise, reaction of FeS©7H,O with DEPE in

In the final experiment of this series, Fe@H,0 was methanol gave the cis product, again indicated by two triplet

e a1 .
reacted with 2 equiv of DHPePE in methanol. As was the resonances at80 .C in the*p NMR spec_:trum. Evidence
case with DHBUPE, a green solution formed containing the for a coordinated bidentate sulfate ligand in these complexes

H H bigen 3 "
trans isomer, as indicated by the single resonance at 53.2; ?Ai%;:ﬁg;ﬁﬁéﬂg ;Wz;ere;c(t)rri]ki?tg?jstgtthe %neczh:n(?lsgi]s
in the®'P NMR f th lution (Table 2).
ppm in the spectrum of the solution (Table 2) productdrans[Fe(DHBUPE)(CH;OH)(SQy)] andtrans[Fe-

f I'Il'he .relf UICtS f:%/e are Sqmrgir"éegén T;t[))las lglgd aS(DHBuPE)g(CHg,OH)z]SO4. These species are also formed
ollows: FeCl-4H,0 reacts wit urk an EE N in other reactions and are discussed in a later section.)

methanol or ethanol to formmans Fe(Ly),Cl.. With DHPIPE, Recall that the sulfate ligand is not coordinated to the

ol — — chom Fe in cis[Fe(DHPrPE)]SO,. To determine if cis-Fe-
12) ,’E\‘('f gesrbgm'gr?%”r“e%rse: N ?&Ea{g%g \?gl‘.'sér’ygrfggg”' A-F. (DHBUPE)}SO, has a similar coordination sphere, repeated

(13) Penfold, B. R.; Grigor, J. AActa Crystallogr.1959 12, 850-854. attempts were made to grow crystals for X-ray analysis.

Inorganic Chemistry, Vol. 41, No. 21, 2002 5459



Miller et al.

Unfortunately, the attempts were unsuccessful, and thereforethe sections below on solvent effects and interpretatitRs.
the infrared spectrum of the product was examined to NMR data for all the products are summarized in Table 2.
determine the coordination mode of the sulfate lig&hd. Solvent Effects.With three exceptions, the reactions of
Sulfate can be present in a metal complex in several differentFeSQ-7H,O or FeC}-7H,O with 2 equiv of DHPrPE,
ways: as a monodentate ligand, as a bidentate ligand, as &HBUPE, or DHPePE in water or methanol formzsg-Fe-
bridged bidentate complex, or as a noncoordinated counte-(L,).X (X = (Cl), or SQ,). The three exceptions to this
rion.*®> These coordination modes can be distinguished by generalization, already discussed, are the reactions of+eCl
the fact that the sulfate; and thev, modes each give rise  4H,O with DHBUPE and DHPePE in methanol, both of
to two IR bands in the monodentate form, three in the which give the trans product, and DHPrPE, which forms a
bidentate form, and only one when uncoordindfed@he mixture of the cis and trans isomers. Note that the reaction
infrared data fo®, 3, and related complexes are summarized of FeChk-4H,0O with DEPE in hexane gave the trans product,
in Table 4. As expected from the X-ray structure, the IR but the reaction of FeS£YH,O with DEPE in methanol gave
spectrum of is consistent with the presence of a noncoor- the cis product.

dinated sulfate ligand. (The bands at 1088 (s) and 630 (s) Interpretation of the Reactivity. The results in the
cmtare assigned to uncoordinated sulfate. For comparison,preceding sections are summarized and interpreted as follows.
free sulfate in the form of N&O, has bands around 1104 In methanol or ethanol, the reactions of Fe@H,O with

(s), 983 (w), and 613 (s) cmh. See Table 4 for additional 2 equiv of any bidentate phosphine other than DHPrPE give
comparisons to complexes having uncoordinated sulfatea trans product. This stereochemisty is suggested to be the
counterions?®) Note the IR spectrum d8 (Table 4; Figure consequence of the trans geometry of the (-dELO starting

S2) is quite different from that df and shows bands in the material’® i.e., substitution of the water molecules by the
sulfate region at 1170, 1122, 947, 637, 607, and 584'cm phosphines retains the geometry of the starting complex (eq
Suggested band assignments are shown in Table 4. (The3). Fe(DHPrPEXI; is an exception to this result; some cis
additional bands in the spectrum 8fat 1025-1060, 981,

and 890 cm! (Figure S2) are assigned to the DHBUPE ligand Tl T'

(Table S1 in the Supporting Information). For comparison, "wge- ) 7 o PoupePy 3)
) H,0” | ~SOH, P

Figure S2 also shows the spectruntrahsFe(DHBUPE)CI, | |

(1), which also has DHBUPE bands at 162860, 985, and cl cl

890 cm™. The 1025-1060 cnt* absorption consists of  nroqyct also forms because th@H groups on two of the

several overlapping bands, which likely obscure the sulfate jigangs can coordinate to the Fe center, forming two chelating
band in3 that is also in this region. For additional reference, gix_membered rings. The cis isomer is preferred in this

the uncoordinated DHBUPE ligand exhibited strong IR bands ,5jecule probably for electronic reasons because the
at 1025-1060 and 985 crt (Table S1).) Comparing the ;. qonor O atoms are trans to theaccepting phosphines.
IR spectrum of3 with the other complexes in Table 4  consistent with this interpretation, it is noted that when the
suggests tha't.the. sulfat'e group is chelatmg or bridging. The _qH groups in the DHPIPE ligand are replaced witBMe
latter possibility is unlikely because a dimer of formula he resulting product has coordinated trans chloride ligands,
(DHBUPE}Fe(-SOy).Fe(DHBUPE) is severely sterically  gnajogous to théransFe(DHBUPE)C, (1) and transFe-
congested due to the numerous hydroxy-butyl groups. For(DHPePEQCIg complexes. A crystal structure of theans

that reason a monomeric complex with a chelating sulfate Fe(DMeOPrPECI, complex @) is shown in Figure 4. (The

ligand is proposed fo8 (eq 2). _ crystal structure of the isomorphotians-Fe(DMeOPrPEBT,
In water, DHPIPE reacted with Fe3@H.0 to yield complex B) is shown in the Supporting Information.)

purplecis-[Fe(DHPrPE)SO; (2), the same product formed All of the remaining reactions initially favor products with

in methanol, as indicated by té> NMR spectrum of the s stereochemistry. Thus, the bidentate ligands react with
product |n.methanol (Taple 2). DHBgPF and 'DHPePE also Fecl-4H,0 in water (where Fe(¥D)2* is the predominant
reacted with FeSE7H,0 in water to initially yield purple  gheies) to give predominantly cis products and with FeSO
solutions. No*!P NMR signals were observed at ambient 7 5 in water or alcohols to give predominantly cis products.
temperature for either of these products. (Again, rapid the cis isomers are the predominant product probably for
decoordination/re-coordination of one arm of the bidentate goyeral reasons. In the case of FeS8,0 in methanol, a

phosphine ligand or a spin state change may prevent the.,qqinated bidentate sulfate counterion will force the two
observation of signals for these compoutidsEach of these  ¢elating phosphines into a cis orientation (eq 4). The reasons
latter two solutions underwent additional reactions over the

course of several hours to give orange solutions3fRé&IMR L (P
spectra of which are characteristic of trans compounds. TheseL-. | .. Os62% . L, p MeoH P |e...--~-0\s//0 @)
. . . . NS NS
reactions were thoroughly investigated and are discussed afte.” | ~o” ~0 P(/| o7 o
L P

(14) The infrared spectra were obtained in Nujol because the complex
degraded quickly when it was mixed with KBr. L = H,0, CH;0H, CH,CH;0H
(15) Nakamoto, Ninfrared and Raman Spectra of Inorganic and Coor-

dination Compounds, Part B. Applications in Coordination, Organo- . .
metallic, and Bioinorganic Chemisyth ed.; John Wiley & Sons: for a cis geometry in water are less clear. In water, the sulfate

New York, 1997; pp 79-82. ligand is likely not coordinated to the Fe center, and it may
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expected band in the 1050-chregion is obscured by the
o broad peaks attributed to the DHBUPE ligand, Table S1.)
Q Further support for a coordinated sulfate ligandioomes
from the reaction of3 in water in the presence of added
NaSQ;; only 6 formed and the formation af was inhibited,

as would be expected by the common-ion effect (mass-law
retardation) for a mechanism involving the loss of a
monodentate sulfate ligand.

As was the case witB, the'H NMR spectra of6 and7
were not particularly diagnostic. Both complexes exhibited
a broad resonance for the alkoxybutyl groups of the phos-
phine ligands. Furthermore, the resonance for th@ ligand
coordinated to the Fe atom i was not observed, likely
because of rapid H/D exchange with the {ID solvent.
Finally, note tha6 and7 were only soluble in KO or CH;-

OH. They did not dissolve in other common deuterated
solvents such as acetodg- CDsCl, or GDs, and they
decomposed in ethanol.

Attempts to recrystallizé and7 for X-ray analysis were
unsuccessful because they back-reacted to f8rmhen
dissolved in methanol and set aside to crystallize. For
E(l)gnl:;?eé. Molecular structure of thetransFe(DMeOPrPECI, (4) example, complex6 reverted to3 in about 7- days in

methanol. Thus, th&P{*H} NMR spectrum of this crystal-
be that the formation of the cis isomer is statistically 'ization solution after 7 days showed a small residual
determined. (Coordination of two bidentate ligands will result "®Sonance foé and two new resonances@¥9.0 (t,Jp-p =
in 5/ cis andYs trans isomer.) Alternatively, the cis geometry 34 Hz) and 60.0 (Jp—p = 34 Hz), assigned t8. In addition,
may be directed by steric interactions between the hydroxy- W0 minor peaks at 57.7 (dp—p = 40 Hz) and 56.8 (s) were
alkyl groups on the phosphines. Note that in aqueous present. These_ peaks are conditionally assigned to the
solution, the cis products slowly react to form trans com- Methanol-substituted complexeans[Fe(DHBUPE)YCHs-
plexes (except in the case of the DHPrPE ligands for which, ©H)(SQ)] andtrans [Fe(DHBUPE)CH;OH);|SO, (Scheme

as already discussed, the coordinate@H groups stabilize ~ 1)- These complexes could not be isolated, but it is noted
the cis isomer). These reactions were studied in detail andthat the same species grew in slowly wtgwas dissolved

are discussed in the next section. in methanole, (Scheme 1; Figure 3), which lends credence
Reaction ofcis-Fe(DHBUPE),SO, with H ,0. Synthesis {0 the suggestion that they are solvent-substituted species.
and Characterization of Fe(DHBUPE(L) SOx (L = H.0: Complex 7 also backreacted: whei was dissolved in

n = 1 or 2). DHBUPE and DHPePE reacted with FeSO methanold, at room temperature it initially forme@ a_nd
7H,0 in water to initially yieldcis-Fe(R),SO; compounds.  then converted t8, as monitored by*P{*H} NMR. Again,
Subsequent reactions occurred over several hours to give newwMall amounts of the putative methanol-substituted com-
products. These products were isolated for the case of P Plexestrans[Fe(DHBUPE)CH;OH)(SQy)] and trans{Fe-
DHBUPE, and subsequent characterization identified the (PHBUPEL(CH:OH);SO; also formed. o
products agransFe(DHBUPE)(H,0)(SQ;) (6) and trans The reaction sequen@—» 6 — 7is also reversible in the
[Fe(DHBUPE)(H;0),]SOs (7) (Scheme 1). The complexes solid state. When a solid sample 6f(red) or7 (ora.nge)
were synthesized and isolated pure (as indicated by elementafVas heated at 363 K under vacuum for 3 h, the solid turned
analysis) by stirfing in water at room temperature for 0.5 Purple and the”’P{*H} NMR spectrum of the product in
(6) or 2 h (7). The trans stereochemistry of each molecule Methanol at 233 K showed the resonances3faith small
was indicated by thé'P{*H} NMR spectra, which showed ~amounts of6 or 7. S
a single resonance ab 54.6 and 55.8 for6 and 7, Kinetics Studies of the 3— 6 — 7 Reactions in HO.
respectively. Note that the chemical shifts of these resonances! € kinetics of the reaction & in water to formé and7
are in agreement with other related trans iron chelating- Were monitored by following the disappearance of the
phosphine complexé. starting matgnal allmax = 500 nm. The chgnges in absor-
The IR spectrum 06 is consistent with the presence of a bance with time were fit to a biexponential function. The
monodentate sulfate group: the sulfate bands at 1130, 638’t_)iphasic kjnetics are consistent with two successive ;ubstitu-
and 604 cm* are in good agreement with other monodentate 10N reactions that occur according to eqs 5 and 6 Witk

sulfate complexes reported in the literature (Tabléé4yhe ~ (2.794 0.29) x 107 57! andks = (3.99+ 0.07) x 10°*
stat25°C1"18

(16) (a) Hills, A.; Hughes, D. L.; Jimenez-Tenorio, M.; Leigh, G.JJ.

Organomet. Chenil99Q 391, C41. (b) Baker, M. V.; Field, L. D.; ks
Hambley, T. W.inorg. Chem1988 27, 2872. (c) Baker, M. V: Field, ~ F€(DHBUPE)SO, + H,0 — Fe(DHBUP?(HzO)SQ (5)

L. D. J. Organomet. Chenl988 354, 351. 3
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Scheme 1. Reaction ofcis-Fe(DHBUPE)SO, (3) in H20 to Form SuccessiveliransFe(DHBUPE)(H,0)(SQy) (6) and
trans[Fe(DHBUPE)(H20),]SO; (7), as Well as the Reactions 8fand6 in CHzOH to Formtrans[Fe(DHBUPE)(CH;OH)(SQy)] and

trans-[Fe(DHBUPE)(CHzOH),]SOy

|/\ P (I)Hz OH,
P.. ‘ <..0 H,0 P, | P H,0 P. | . P
" " ’d "y o — "y mE
P/FI"\O/S%O ':P/Fle\ — EP/ ‘\Pj S04
P 6]
SO, OH,
3 6 7
lcmor{
CH;0H
o o
C|>H (|)H
/ \ P.. | . P CH;0H P.. | . P
P p = DHBuPE |: el |: Fel SO,
P |
0 OH
SO; I
CH,
ks and ionic metal complex separafelhere are few appropri-
Fe(DHBUPE)(H,0)S0, + H,0 > piex Sep pprop

6
[Fe(DHBUPE)(H,0),]*" + SO, (6)
7

To probe the mechanisms of these aquation reactions, th
effect of added N&50O, and the temperature dependences of
the reaction rates were studied. The rate constants at variou
temperatures over the range 2807 K are summarized in
Table S2. The activation parameters, obtained from an Eyring
plot of the data, aréH*s = 15.04 1.8 kcal mot?, AS's =
—21.0+ 1.6 cal mot?, AH* = 13.0+ 0.5 kcal mot?, and
ASs = —31.3 + 1.4 cal mofL In the experiments with
added NgSQ,, the only product formed wa8; no 7 was
formed. In addition, the added O retarded the formation
of 6 from 3. For example, when [S®] = 1.50 x 107 M,

ate aquation reactions of Fe(ll) complexes in the literature
for comparison to reactions 5 and 6, but it is noted that the
activation parameters for aquation of Fe(phen{§}#* are
AH* = 12.8 kcal/mol and\Sf = —16 cal/mol, both of which
compare favorably to the values for reactions 5 arifl 6.
Water Solubilities. The DHPrPE, DHBUPE, and DHPePE

e

gomplexes synthesized in this study are appreciably water

soluble. Selected solubilities in water at 28 are as
follows: cis-Fe(DHPrPE)SO, (2), >0.63 M; transFe-
(DHPrPE)(CO)SQ, 0.63 M;cis-Fe(DHBUPE)SQ;, 0.56 M;
transFe(DHBUPE)(CO)SQ, 0.16 M; and transFeCh-
(DHBUPE}), 0.43 M.

Reactions ofcis- and trans-Fe(L,)2(X) with N 2, CO, and
CH3CN in Alcohols. The complexes synthesized above can
be used to bind a variety of small molecules for possible

the rate of reaction 5 was 23 times smaller than in the absence®eParation purposes. In the literature it is reported that the

of added S@~ (ks( with SOz 122 x 10* s vs
ks( without SQ?H = 2.79 x 1072 s! at 25 °C).2® The
inhibition by added S@~ suggests a dissociative mechanism
for both substitution reactions. Although positive values of

ASF are generally expected for dissociative processes, the(l")2

rather negative values for reactions 5 and 6 are likely
attributable to solvent ordering as the ionic sulfate ligand

(17) A small amount of an orange-yellow solid precipitated from solution
after the kinetics runs were complete. A similar observation was made
when 3 was dissolved in kD containing NaS@to suppress the
formation of7, i.e.,6 formed along with a small amount of the orange-
yellow precipitate. However, the orange-yellow solid did not form
when 6 reacted in HO to give 7. The orange-yellow solid was not
soluble in common organic solvents. TA#{'H} NMR spectra of
the reaction solution in which the precipitate formed showed trace
amounts of free phosphiné (-23.4) and phosphine oxidé 56.6).

The pH of the reaction solutions was 6.6. A decrease in pH increased
the rate, and above pH 7.5, a white precipitate (perhaps FefOH)
formed quickly.

(18) As expected for mass law retardation of a rate, the retardation was
dependent on the concentration of the;5Qas shown in the following
([Na:SOy)/1072 M, ky/1074 s71): 0, 27.94 0.29; 0.15, 1.22+ 0.03;

0.75, 1.00+ 0.12; 1.50, 0.65+ 0.08.
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transFe(Ly)Cl, complexes (where Lis one of the water-
insoluble chelating phosphine ligands) react with ligands such
as N, CO, and CHCN in methanol or aceto®# to form
complexes of the typgansFe(Ly)(L')CI* or trans-Fe(Ly)-

2T (L' = N, CO, CHCN, etc.). In this study, similar
reactivity and products were found for the reactions of the
Fe(L)(X) complexes (X= SOy or (Cl); L, = one of the
water-soluble chlelating phosphines used in this study) with
N2, CO, and CHCN in methanol. For examplérans-Fe-
(DHBUPE)CI, (2) reacted with CO in methanol to give
[transFe(DHBUPE)(CO)CI]CI. The tetraphenylborate salt
was isolated as yellow crystals (designated as comp8und
and the X-ray structure is shown in Figure 5. Note that the
trans products formed in these reactions regardless of reactant
stereochemistry, reaction solvent, counterion, or alkyl chain
length. The reaction ofransFe(DHBUPE)CI, with N in

(19) Wilkins, R. G.Kinetics and Mechanism of Reactions of Transition
Metal Complexes2nd ed.; VCH Publishers: New York, 1991; pp
105-106.

(20) Bell R. S.; Sutin, NInorg. Chem.1962 1, 359.
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Figure 5. Molecular structure of therans[Fe(DHBUPE)CO)(CI)]-
[B(CeHs)4] (8) complex.

the presence of NaBRlgave fransFe(DHBUPE)(N,)CI]-
BPh,. The N=N stretch was observed at 2095 ¢m! The

Cl Ny +

P | P N, NaBPh, P | P
R S v
Cl Cl
I\
P P = DHBuPE or DMeOPrPE

Scheme 2. Reactions oR, 3, and6 with CO
[cis-Fe(DHPIPE),]SO,4

0
i |
P., | .0__oO P, | P
P |el\o> S o - Ep/ F’e\P]
P 0
3
o SO,
OH, 9 (ligand = DHPrPE)
re
P~ |e\P
0
SO,

cis-Fe(DHBUPE)SO; (3) also reacted with 1 atm of CO
at room temperature in methanol (Scheme 2). The IR
spectrum of the reaction solution after 30 min showed a band
at 1928 cm?, indicative of a carbonyl ligané. The 3'P-
{H} NMR exhibited only one resonance (at 66.4),
indicative of a trans geometry. The IR spectrum of the
product in Nujol showed bands corresponding to the sulfate
ligand coordinated in a monodentate fashiof®Qy) = 1154,
939, 617, and 593 cm; the »(CO) band was at 1917 crh
in Nujol (Figure S2)). The product is assigned the formula
transFe(DHBUPE)(CO)SQ (Scheme 2).

In a related reactiongis-Fe(DHBUPE)SO, (3) was dis-
solved in methanol and two drops of @EN were added to
the solution. The starting material reacted immediately (as
indicated by an immediate color change from purple to
yellowish) and the IR spectrum in methanol showed-a
(CN) band at 2257 cnt (2266 cmt in Nujol), indicative
of a coordinated CECN ligand?? The3P{*H} NMR of the

reaction is reversible, as indicated by the decrease in theproduct exhibited a single resonance) 1.7, indicative of

intensity of the N peak in the IR spectrum when vacuum is
applied to the reaction solution. The band increased in
intensity on subsequent reexposure to Tis reversible N
binding was also observed B{P{H} NMR, which showed

trans stereochemistrgis-Fe(DHBUPE)SQO; (3) is not soluble

in neat CHCN, but a slurry otis-Fe(DHBUPE)SO, in CH3z-

CN reacted in the solid state to give the same complex as
was formed in MeOH. Elemental analysis of the product

the reversible appearance and disappearance of a resonancg,owed the presence of two molecules of CN. X-ray

at 59 ppm. ThdaransFe(DMeOPrPECI, complex reacted
analogously with Mand CO, forming products with(N=
N) at 2094 cm?, 3P{H} 60 ppm and/(C=0) at 1930 cm?,
S1P{H} 64 ppm, respectively.

In another examplegis-Fe(DHPrPE)SO, (2) reacted
readily with CO in methanol to give a yellow solution from
whichtransFe(DHPrPEXCO)SQ (9) was isolated (Scheme

structural analysis showed that the complex wass[Fe-
(DHBUPE)Y(CH3CN),]SO, and not the alternative [Fe-
(DHBUPE)(CH3CN)(SQ)]-CH3CN (Scheme 3§
transFe(DHBUPE)(H,0)(SQ) (6) also reacted with
CO(g) and CHCN (Schemes 2 and 3). The reaction with

(22) See ref 15, pp 126148.

2; for spectroscopic data see Table 2). The crystal structure(23) See ref 15, pp 113115

of this complex is shown in Figure 6; note the monodentate
coordination of the sulfate ligand. For comparison purposes,
it was found thatcis-Fe(DEPE)SO, reacted with CO in
methanol to give the yellowwrans-Fe(DEPE)(CO)(0SQ)
complex. (This complex was not isolated as a solid, but was
characterized in solution by IR and NMR. TR#¥ NMR
spectrum showed a singlet at 69.1 ppm (Z3 and the IR
showed a single, intense carbonyl stretch at 1928'9gm

(21) See ref 15, pp 173176.

(24) A capillary-mounted crystal ofrans[Fe(DHBUPE)(CHsCN),]SO4
diffracted weakly with broad peaks. Data collected on a CAD 4
diffractometer sufficed to show that the Fe atom lay on a cystallo-
graphic center of symmetry in space gro@2/c and that the
composition wastrans[Fe(DHBUPE)(CH3sCN);]SO, and not the
alternative [Fe(DHBUPEJCH;CN)(SQy)]-CHsCN. The refinement
was not pursued further because of the rather poor quality of the data.

(25) (a) Nakamoto, K.; Fujita, J.; Tanaka, S.; KobayashiJMAmM. Chem.
Soc.1957, 79, 4904. (b) Baldwin, M. ESpectrochim. Acta963 19,

315. (c) McWhinnieJ. Inorg. Nucl. Chem1964 26, 21.

(26) (a) Eskenazi, R.; Raskovan, J.; LevitusJRnorg. Nucl. Cheml966
28, 521 and references in therein. (b) Horn, R. W.; Weissberger, E.;
Collman, J. PInorg. Chem 197Q 10, 2367. (c) Barraclough, C. G;
Tobe, M. L.J. Chem. Socl961, 1993.
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Further Discussion of the X-ray Structures. The fol-
06 lowing additional points are noted concerning the X-ray
structures of the molecules.

trans-Fe(DHBUPE)CI, (1). The structure is accurately
centrosymmetric. Note the hydroxybutyl side chains are
extended (Figure 1). The O(1), O(2), and O(4) atoms (located
in OH groups) are donors in-B0 intramolecular hydrogen
bonds (2.696-2.839(4) A), and the O(3) atom is a donor in
an O++Cl bond (3.087(2) A). Thus, a full three-dimensional
network is present.

trans{Fe(DHBUPE),(CO)CI][B(C ¢Hs)4] (8). Two inde-
pendent trans-octahedral Fg({CO)CI" complexes are
present. They lie on crystallographic centers of symmetry
so that the trans ligands are necessarily disordered. In
addition, O(2) is disordered over two positions. The hy-
droxyalkyl side chains are extended and all oxygen atoms
have short intramolecular ‘OO0 contacts, attributable to
hydrogen bonds.

cisFe(DHPrPE),SO, (2). Although the hydrogen atoms
Figure 6. Molecular structure of thérans-Fe(DHPrPE}CO)SQ (9) of the —OH groups could not be clearly located, numerous
complex. O--+O contacts under 2.9 A suggest there is a network of
cation—cation and catiorranion hydrogen bonds. These
include two short contacts (2.530, 2.576(7) A) each involving
an anion oxygen atom andaordinatedhydroxyl group.

Scheme 3. Reactions of3 and 6 with CH;CN

E;F:eigﬁig trans-Fe(DHPrPE),(CO)(SQOs) (9). Despite the partial
(p w‘ disorder, the main features of the structure are clear. The
L iron atom exhibits octahedral coordination, with two DHPrPE
3 P... | P 2* ligands in the equatorial plane and a carbonyl and a
EP/'FF"\PJ monodentate sulfate ligand in axial psoitions. The-Ee
y’ L bond length is 1.686(12) A compared with 1.709, 1.717(16)
OH, A for the Fe-C bonds in the two disordered cations of Fe-
(P""""Fle""""Pj L = CHyCN (DHBUPE)(CO)CI*. The Fe-C—-0O ur_1it is ne_za_rly linear
P~ | ~p (178.9(8)). The hydroxyl groups avoid the vicinity of the
(s)o carbonyl oxygen, O(9). Most of the hydroxyl groups make
3

close contacts (2.582.74(2) A) with hydroxyl or noncoor-
dinated sulfate oxygens in other molecules; in addition, an
intra-molecular contact O(4)0(11) (2.80(2) A) may also

CO(g) in methanol was immediate. The product was spec- indicate a hydrogen bond.

troscopically identical with the one formed by reaction of .
cis-Fe(DHBUPE)SQ; (3) in methanol in the presence of CO,  ransFe(DMeOPrPE)CI, (4). The complexes lie on
i.e., transFe(DHBUPE)(CO)SQ. Similarly, the reaction of ~ Crystallographic centers of symmetry. The-R&l and Fe-P
trans-Fe(DHBUPE)(H,0)(SQ) (6) with CH:CN formed a b_on_d lengths ar_ld chelate—fe—P bond angle are very
product spectroscopically identical with the one formed by Similar to those in comples. As was found for the latter,
reaction ofcis-Fe(DHBUPE)SO; (3) in methanol with CH- thg extended side cham_s are free from disorder, although in
CN, namelytrans[Fe(DHBUPE)CHiCN),]SO,. The reac- this case the_rg.are no intermolecular contacts under 3.4 A
tion of transFe(DHBUPEYH;0)(SQ;) (6) with CH:CN and no possibility of intermolecular hydrogen bonds.
suggests that C}N will substitute for coordinated water. trans-Fe(DMeOPrPE)BTr (5). The compound is isomor-
Finally, it is noted that reactions similar to those above Phous and closely isostructural with the dichloro complex,
also occurred in aqueous solution. For example, when the4-
reactions otis-Fe(DHPrPE)CI, with CO and CHCN were trans-[Fe(DHBUPE),CI,JCI (10). The trans-octahedral
carried out in water, the products werans-Fe(Ly)(L")CI* [FE"(DHBUPE)CI,]t cation lies on a crystal center of
(L' = CO, CHCN; L' = CO, **P{H} NMR (CD30D) ¢ symmetry, and the ionic chlorine, CI(2), on a crystal diad
62.6 (s);¥(C=0) 1930 cm*; L' = CHsCN, 3'P{*H} NMR axis. Compared with the Fecomplex2, the Fe-Cl bonds
(CD;OD) ¢ 61.8 (s)). Likewise, the reactions ais-Fe- are shortened [2.361(1) A to 2.250(1) A] and the-Pebonds
(DHPrPE)SQ; (2) with CO and CHCN in water gavérans: are lengthened [2.265, 2.284(1) A to 2.334, 2.342(2) A]. All
Fe(L)(L)(OSG) (L' = CO, CHCN; L' = CO, 3P{H} side chains are extended; one is disordered, and in addition
NMR (CDsOD) 6 66.8 (s);»(C=0) 1927 cm%; L' = CHs- three of the four independent terminal oxygens have alterna-
CN, 3P{H} NMR (CDsOD) 6 62.3 (s)). tive sites. Several intermolecular@D contacts [2.482.91-
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(3) A] and CI(2)-+O contacts [2.882.33(1) A] may indicate With regard to the 1,2-bis(bis(hydroxyalkyl)phosphino)-
hydrogen bonds. ethane ligands, it is noteworthy that these ligands were
Conclusions.An important consideration in removinggN  originally designed to replace the more commonly used
from methane (e.g., natural gas purification) by using sulfonated phosphines, which in our hands were not neces-
reversible N-binding to a metal complex in a homogeneous sarily innocent, i.e., the sulfonate group frequently bonded
process is to use a polar solvent to enhance the separatioio the metal and prevented the coordination of small
by decreasing the solubility of methane in the carrier solvent. molecules. With one exception, this study found that the
Because water is the best solvent for a properly designed—OH ligands are noninterfering. (The one exception gias
absorbent (in that it provides the highestGH, selectivity), [Fe(DHPrPE)ISO;, (2), in which two OH groups bonded to
potential dinitrogen-absorbing compounds ideally are water the metal to form two six-membered rings.)
soluble. This work showed that the water-soluble 1,2-bis- Acknow|edgment_ The authors acknow|edge the National
(bis(hydroxyalkyl)phosphino)ethane ligands react with EeCl  Science Foundation for the support of this research. P.R.B.,
or FeSQ to form water-soluble complexes of the general \w.K.M., and D.K.L. acknowledge support from DOE-METC
type Fe(PRX (X = (Cl), or SQ). Whether the products  and internal R&D funds from Bend Research, Inc.
have a cis or trans stereochemlstry depends on the solyent, Supporting Information Available: X-ray crystallographic files
the counterion, and the alkyl chain length of the phosphine. in CIF format for the structure determinations 1hf2, 4, 5, 8, 9,
Of importance to the long-range goal of finding a suitable and10; four figures showing th&'P{'H} NMR spectrum ofrans-
carrier molecule, the chloride or sulfate ligands in the Fe- [Fe(DHBUPE)(CO)CI][B(CsHs)4] (8), selected infrared spectra, and
(PPYX complexes are labile, and they are readily substituted the molecular structures of theans-Fe(DMeOPrPEBT; (5) and
by N,, CO, or CHCN. Quantitative measurements of the trans[Fe(DHBUPE)CI;]CI (10) complexes; and two tables showing
N,-binding in water will be reported in a subsequent paper, phosphine ligand IR data and rate constants for reactions 5 and 6
as will the synthesis of water-soluble complexes of the type 52 function of temperature. This material is available free of charge
trans-Fe(PP)(H)(X), which have superior Nbinding ability Vi the Intemet at http://pubs.acs.org.
compared to the complexes reported in this paper. IC025774Q
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