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The thioether-functionalized metalloligand ferrocenyl-bis(phosphonite), Fe(CsHsPR), (4, R = —OCyoHs(u-S)C10HsO—)
is synthesized in three steps starting from ferrocene, and its coordination behavior toward various transition-metal
derivatives is described. The reactions of 4 with [Rh(CO),Cl], or M(COD)CI, afforded the chelate complexes, cis-
[Rh(CO)CK{ Fe(CsHsPR),-«P,icP}] (5) or cis-[MClo{ Fe(CsHsPR),-«P,«cP}] (6, M = Pd"; 7, M = Pt"), respectively.
However, treatment of 4 with CuX (X = ClI, Br, and I) produces binuclear complexes, [Cuy(u-X)(MeCN){ Fe(CsH,-
PR)»-kPP}] (8, X = Cl; 9, X = Br; 10, X = ) where the sulfur atom on one side of the ligand is involved in a
weak interaction with the copper center. Reaction of 4 with 1 equiv of Ag(PPh3)OTf gives the mononuclear chelate
complex [Ag(OTf)PPhs{ Fe(CsH4PR)-k P,k P}] (11), whereas treatment with 2 equiv of AuCl(SMe,) produces the
dinuclear gold complex [Au(CI){ Fe(CsH4PR)-«P,x P} Au(Cl)] (12). The crystal structures of 10 and 12 are reported,
where a strong metallophilic interaction is observed between the closed-shell metal centers. The palladium complex
6 catalyzes the Suzuki cross-coupling reactions of aryl bromides with phenylboronic acid with excellent turnover
numbers (TON up to 1.36 x 109).

Introduction cenyl-phosphines such as monophosphfndimhosphines
L . (1,2-, 1,2-, 1,3-disubstitutior,polyphosphinéswith dif-
Metal-containing ligands, particularly those based on the ferent steric and electronic properties, and also chiral
ferrocene scaffold, have played important roles in catalysis ferrocenyl ligandshave been well-studied and have shown
and material scienéeand also in medicinal applicatiofis.  good catalyst activity. In contrast, the readily modifiable
Ferrocenyl-phosphine ligands are able to form complexes ferrocenyl-phosphonite or -phosphite derivatives have been
with transition metals in a variety of coordination geometries much-less explored although they offer an attractive alterna-
and oxidation states, which have proven to be efficient tive to ferrocenyl-phosphine ligands. Recently, Reetz and co-
catalysts for many organic transformaticnSeveral ferro- workers and Pastor and co-workers have rep8rtibe
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Suzuki-Miyaura Cross-Coupling Reactions
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synthesis of ferrocenyl-bis(phosphonites) containing sterically catalytic properties. In view of this and as a part of our
congested BINOL and tetralkyl-substituted dibenzo[d,f]- interest in designing new inexpensive ligands and studying
[1,3,2]-dioxaphosphepin ring systems, which are highly their coordination behavidtand catalytic application's,we
efficient catalysts in hydrogenation and cross-coupling reac- report on the synthesis and characterization of a new type
tions. of mixed P,S-ferrocenyl ligand and its coordination behavior
Ferrocenyl-bis(phosphines) or -bis(phosphonites) contain-toward various transition-metal derivatives. The palladium-
ing hemilabile backbones such as P%° P,0—%ab10 (1) complex of this ligand exhibits excellent catalytic activity
compounds have been found to show high activity in several in the Suzuki-Miyaura cross-coupling reaction.
catalytic processes, and their reactivity offers interesting
structural possibilities. Despite the considerable current
interest in the chemistry of mixed-donor ferrocenyl functional ~ Ligand Synthesis.The bis(diethylamino)chlorophosphine,
ligands and the catalytic properties of their metal complexes, (Etz2N),PCl (1), was prepared from the reaction of R@ith
there are very few reports of ferrocene-based P,S-donor4 equiv of diethylamine at-20 °C by a modification of the
ligands!* In our recent work on mesocyclic-thioether- published procedur®.The ferrocenyl derivatives Fed,P-
phosphonites, we observed sulftrphosphorus coordination  (NEt)2). (2) and Fe(GH4PCh), (3) were also prepared in
that influences the coordinating ability and also the geometry improved yield by amodification of the published procediiré.
of the phosphorus atoms. In this context, we sought to make The ferrocenyl-bis(phosphonite), FEGPR) (R = —OCdHs-
more derivatives to examine their coordination behavior and (u-S)CioHsO—) (4), was synthesized by the reaction of

Results and Discussions
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Figure 1. Molecular structure ofl0. For clarity, all of the hydrogen atoms have been omitted.

Figure 2. (a) Molecular structure ol2. For clarity, all of the hydrogen atoms have been omitted. (b) Core vied2ashowing Au-Au aurophillic

interaction.

thiobis(2,2-naphthol) with3 in the presence of an excess of
triethylamine at—15 °C (Scheme 1). Bisphosphonideis a
dark-orange colored solid, which is moderately stable in air.
The 3P NMR spectrum o# consists of a singlet at 175.2
ppm, and théH NMR spectrum shows two broad singlets
at 4.83 and 4.77 ppm for the protons of the ferrocenyl group.

Metal Complexes.The reaction of ferrocenyl-bis(phos-
phonite)4 with [Rh(CO)CI], in a 2:1 molar ratio gives the
mononuclear chelate complevis-[Rh(CO)CK Fe(GH4PR)-
kP xP}] (5), in good yield. The IR spectrum & shows a
strong CO absorption at 2031 ciwhich clearly indicates
the trans disposition of the CO ligand to one of the

10270 Inorganic Chemistry, Vol. 46, No. 24, 2007

phosphorus atoms rather than to chlori©@he 3P NMR
spectrum of5 shows two doublets centered at 180.1 and
140.2 ppm due to the presence of two magnetically non-
equivalent phosphorus atoms. The correspondidige
coupling constants are 177 and 145 Hz, respectively. The
2Jep coupling constant is 33 Hz. Because the carbon
monoxide is a goodr acceptor, the upfield shift at 140.2
(Mrn-p = 145 Hz) is assigned to the phosphorus atom trans
to the carbon monoxide, and the downfield shifdat80.1
(Mrnp = 177 Hz) is assigned to the phosphorus atom trans

(16) van den Beuken, E. K.; de Lange, W. G. J.; van Leeuwen, P. W. N.
M.; Veldman, N.; Spek, A. L.; Feringa, B. 1. Chem. Soc., Dalton
Trans.1996 3561—3569.



Suzuki-Miyaura Cross-Coupling Reactions

Table 1. Crystallographic Data fot0 and 12

10 12
formula Q,oH32| 204P252F€CLQ(M9CN)2 C5[)H32AU2C|2F€QP2$Q
fw 1341.7 1343.5
cryst syst triclinic monoclinic
cryst size (mrf) 0.06x 0.08x 0.13 0.08x 0.12x 0.12
space group PWNo. 2) C2/c (No. 15)
a(A) 11.356(1) 18.585(1)

b (A) 12.034(1) 9.683(6)
c(A) 19.243(2) 24.923(2)
o (deg) 86.241(1) 90

B (deg) 77.666(1) 103.520(1)
y (deg) 74.859(1) 90
V(A3 2479.7(4) 4360.7(5)
z 2 4

Pealcd (g CNT3) 1.810 2.046

u (Mo Ka), (mnr?t) 2.585 7.380

F (000) 1327 2576

T (K) 100 100
Omin-max (deg) 2.0,28.4 2.3,28.3
GOF F?) 1.04 1.08

R12 0.0450 0.0330
wR2 0.1024 0.0756

AR1= 3 |Fol — [Fell/ZIFol. ®WR2 = { 3W{(Fo® — F&)/ Z[W(Fo)7} 2

Table 2. Selected Bond Distances (Angstroms) and Bond Angles
(Degrees) forl0 and 12

10 12
11-Cul 2.581(7) Au-Cl 2.284(1)
11—-Cu2 2.723(7) Au-P 2.202(1)
12—Cul 2.565(7) FeC21 2.044(4)
12—Cu2 2.686(7) FeC22 2.049(5)
Cul-P1 2.185(1) FeC23 2.049(5)
Cu2-P2 2.218(1) FeC24 2.054(5)
Cu2-N1 1.994(4) FeC25 2.042(5)
Fe-C41 2.028(5) POl 1.608(3)
Fe-C42 2.044(5) P02 1.610(3)
Fe-C43 2.053(6) PC21 1.755(4)
Fe-C44 2.056(6) sC2 1.792(4)
Fe-C45 2.032(5) SC12 1.783(6)
P1-C41 1.773(4)
P2-C46 1.772(5)
Cul..s1 2.979(1)
Cul-11—-Cu2 60.91(2) CHAU—P 170.95(4)
Cul-12—Cu2 61.61(2) C24Fe-C22 40.75(2)
11—-Cul-I2 108.55(2) C2+Fe-C23 68.29(2)
11-Cul-P1 117.87(4) C24Fe-C25 111.73(2)
12—Cul-P1 132.52(4) C24Fe-C22 164.08(2)
11—Cu2-12 101.15(2) Au-P—O1 111.76(1)
11—Cu2—P2 122.37(4) AuP—02 116.27(1)
11—-Cu2-N1 98.12(1) Au-P—C21 119.71(1)
12—Cu2-P2 110.34(4) 01P-C21 100.66(2)
P2-Cu2-N1 112.76(1) 0+P-02 105.19(2)
C41-Fe-C42 41.36(2) Cc2s-Cl2 99.23(2)
C41-Fe-C43 68.54(2)
C41-Fe-CA7 108.57(2)
C41-Fe-C50 164.70(18)
Cul-P1-C41 116.13(2)
02-P1-C41 102.17(2)
01-P1-C41 98.28(2)
Cu2-P2-C46 126.61(2)
03-P2-C46 96.5(2)
04—P2-C46 97.96(2)

to the chlorin€’® Treatment of ligand4 with M(COD)Cl,

(M = Pd' or Pt") in dichloromethane produce the complexes,
[MClA Fe(GH4PRY-«P«P}] (6, M = Pd'; 7, M = Pt!).
Palladium6 was precipitated out within 20 min from the
reaction solution, whereas platinufrwas crystallized from
the reaction solution at room temperature. e NMR
spectra of6 and7 show single resonances at 94.8 and 76.7
ppm, respectively, with the platinum complex showing

satellite peaks with &Jpip coupling of 4476 Hz. This high
value of the PP coupling constant signifies the mutual cis
orientation of the phosphorus atoms around the platinum
center. In the'H NMR spectra, two broad singlets are
observed in the region 4.44.75 ppm for the ferrocenyl
protons in both of the complexes.

The reaction of bis(phosphonité)wvith an excess of CuX
(X = CI, Br, 1) in a dichloromethane/acetonitrile mixture
afforded the halide-bridged binuclear complexes 5{ZX) -
(MeCNX Fe(GH4PR)-«P«P}] (8, X = CI; 9, X = Br; 10,

X =1) in good yield as dark-orange crystals. THE NMR
spectra 0of8—10 show at room temperature as well as at
0 °C only broad singlets at 139.6, 139.3, and 138.4 ppm,
respectively. ThéH NMR spectra show two singlets in the
region 4.975.26 ppm for the ferrocenyl protons and sharp
singlets around 2.672.49 ppm for the protons of a
coordinated acetonitrile ligand. Although the X-ray structure
of 10 shows two different environments for copper atoms,
the®P NMR data suggests that the acetonitrile probably does
disrupt the thioethercopper interaction and that it does so
very rapidly on the NMR time scale and exchanges itself
between the two copper centers. Similarly, treatmerd of
with 1 equiv of Ag(PPBOTT afforded the mononuclear
chelate complex [Ag(OTf)PRAFe(GH4sPRY-«P «P}] (11).

The 3P NMR spectrum ofL1 shows two doublets centered
at 162.4 ppm with Ag-P couplings of 361'(*°*AgP)) and
312 Hz {J(*°’AgP)) for the phosphonite phosphorus and a
broad singlet at 11.6 ppm for PRIThe resonance for the
PPh group was too broad to obtain values for couplings
with the°’Ag and*®Ag nuclei. The dinuclear gold complex
[Au(C){Fe(GH4PR)-«P «P} Au(ClI)] (12) was obtained by
the reaction of4 with 2 equiv of AuCI(SMe) in dichlo-
romethane at room temperature. THe NMR spectrum of

12 shows a singlet at 142.7 ppm, and theNMR spectrum
shows two singlets at 5.50 and 5.31 ppm for the ferrocenyl
protons. The proposed formulations for the complexes
described above are further supported by elemental analyses
and by single-crystal structure determinationsfoand12.

Molecular Structures of 10 and 12.Perspective views
of the molecular structures oif0 and 12 with atom-
numbering schemes are shown in Figures 1 and 2, respec-
tively. The crystallographic data and the details of the
structure determinations are given in Table 1 and selected
bond lengths and bond angles are listed in Table 2.

10 is dinuclear with both the iodine atoms and the bis-
(phosphonite) ligand bridging the two copper atoms. One
of the copper atoms is tetra-coordinated, being bound to one
phosphorus atom, two iodine atoms, and one acetonitrile
ligand. The other copper atom is best considered to be pseudo
tetra-coordinated because, in addition to coordination by the
other phosphorus atom and the two iodine atoms, there is a
weak interaction with the sulfur atom as indicated by the
S1:--Cul distance (2.979(1) A), which is less than the sum
of the van der Waals radii for copper and sulfur (3.20'A).
The Cul, core adopts a butterfly shape with the iodine atoms
at the wing tips, as indicated by the €L+—Cu angles [Cut

(17) Bondi, A.J. Phys. Chem1964 68, 441-451.
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Table 3. Suzuki Cross-Coupling of Aryl Halides with Phenyl Boronic Atid

R1
cae W

Entry Aryl halide Amount  Time Product Conv. TON
of Cat. (h) (%)°
(mol %)
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4
(o]
o
z
(s}

N
=z
(9]
o
z
O

N
(e}
I
o
@

0.005 24 OHC 86 17,200

a Aryl halide (0.5 mmol), phenyl boronic acid (0.75 mmol),®0; (1 mmol), MeOH (5 mL), at 60C. ® Conversion to coupled product determined by
GC, based on aryl halides; average of two runs.

11—Cu2= 60.91(2); Cut12—Cu2= 61.61(2)]. The four 12 has crystallographically imposed 2-fold rotation sym-
Cu—1 bond lengths (Table 2) differ significantly from one metry with the 2-fold axis passing through the iron atom
another with each copper atom forming a long and a shortand the midpoint of the AutAu2 vector. The bis(phos-
Cu—1 bond. The distance between the two copper centers isphonite) ligand coordinates the metal centers in an open
2.691 A, which indicates the presence of a ligand-supportedbridging mode with Au-P and Au-Cl bond distances of
Cur--Cu interactiont® The Cu-P bond lengths (CudP1= 2.202(1) and 2.284(1) A, respectively, which are close to
2.185(1), Cu2-P2= 2.218(1) A) are slightly shorter than those found in the similar structure of [ADlx(u-dppf)]

the corresponding distances observed in the analogougAu—P = 2.226(1) and Au-Cl = 2.282(1) A)2 The
complex, [Cug-1)(dppf-P,P)]. (Cu—P = 2.28(1), 2.286(8) P—Au—ClI bond angle, 170.95(2)is significantly distorted

A), where dppf chelates the copper centéiBhe bond angles  from the expected linear geometry. This may be due to
around Cu(1) and Cu(2) range from 108.55(2) to 132.52(4) packing interactions because the chlorine atom makes
and 98.13(1) to 122.37(%) respectively, indicating the  contacts of 2.61 A with H23 (atx, —1 +y, />, — 2) and of
distorted-tetrahedral environment around copper. One of the2.69 A with H15 (at—x, 1 — y, —2), both of which would
eight-membered rings containing phosphorus and sulfur isbe even shorter were the angle to be more linear. The
in an anti chairlike conformation, where the sulfur atom cyclopentadienyl rings adopt an eclipsed conformation. Both
remains away from the copper center, whereas the otherthe eight-membered rings containing phosphorus and sulfur
eight-membered ring is in a syn boatlike conformation, and are in an anti chairlike conformation, where the sulfur atom
its sulfur atom shows a coordinative interaction toward the remains too far from the gold centers for there to be any
copper center. Previously, binuclear copper iodide complexessulfur-to-gold interactions. This contrasts with what was
of bis(phosphine)s crystallized from solvent systems containing found previously for complexes of related bis(phosphonite)
acetonitrile generally have been found to adopt tetrahedralligands!?®-*3¢where these eight-membered rings adopted syn
geometries at both copper centers due to the coordinationboat conformations. The shortest-H&u distance is 4.179

of acetonitrile at both metaf8.However, in this complex, A, indicating that there is no Fe- - -Au interaction. Both of
the coordinative interaction of one thioether moiety with the the gold centers are on same side, and there appears to be
adjacent copper atom is evidently strong enough to preventan aurophilic interaction because the -AAu contact

displacement by acetonitrile. distance is 3.175 A, which falls within the range of Adu
(18) @) Pyykio. PCh 097, 97, 597636, (&) Meh distances (2.7#3.7 A) reported for several gold complex@s.
1 a) Pyykko, PChem. Re. 1997 97, 597— . Mehrotra, P. K.; i :

Hoffmann, R.Inorg. Chem 1978 17, 2187-2189. These metallophilic interactions itD and12 are due to the
(19) Neo, S. P.; Zhou, Z.; Mak, T. C. W.; Andy Hor, T. 5.Chem. Soc.,

Dalton Trans.1994 3451-3458. (21) Canales, F.; Gimeno, M. C.; Jones, P. G.; Laguna, A.; Sarroca, C.
(20) Ganesamoorthy, C.; Balakrishna, M. S.; George, P. P.; Mague, J. T. Inorg. Chem.1997, 36, 5206-5211.

Inorg. Chem 2007, 46, 848—858. (22) Schmidbaur, HGold Bull. 200Q 33, 3—10.
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combination of correlation and relativistic effects with added
ionic contributiong®a.23

Suzuki Cross-Coupling Reactions using Palladium
Complex. The palladium complex catalyzes the cross-
coupling reactions of aryl bromides and phenylboronic acid,
to yield the desired biaryls in high yields at 8C using
methanol as solvent (Table 3). Only electron-poor, highly
reactive aryl bromides were investigated containing electron-
withdrawing sr-acceptor substituents in the para position.
Using these catalysts, high yields are maintained from
catalyst loadings of 0.05 to 0.0005 mol%. In the case of the
coupling of 4-bromobenzonitrile with phenyl boronic acid,
the highest TON observed is 1.36 10° (entry 5). The
activity of catalyst6 is found to be superior to that of the
most commonly used catalysts, Pe@ppf) and Pe(dba)/
(dppf), which catalyze the reaction between 4-bromoac-
etophenone and phenylboronic acid in toluene at@0n
94 and 86% yields, respectiveld.

phonite) forms chelate complexes with rhodium(l), paladium-
(), and platinum(ll) metals, whereas with copper(l) deriva-
tives, bridged binuclear complexes are obtained. In these
binuclear copper complexes, one of the copper centers is
coordinated to the sulfur in the ligand backbone, whereas
an acetonitrile ligand occupies the corresponding coordina-
tion site on the other copper center. Both binuclear complexes
10 and 12 show strong metallophilic interactions between
the closed-shell metal centers, which make them ideal
candidates for luminescence studies. The palladium complex
of the ferrocenyl-bis(phosphonite) is an effective catalyst for
the Suzuki cross-coupling reaction (TON up to 1:34.0°)

and is found to be superior to most of the commonly used
catalysts. The catalytic activity of this palladium complex
toward aryl chlorides and other coupling reactions (e.g., Heck
cross-coupling, amination reactions) of different aryl halides
is under progress in our laboratory and will be reported in
due course.

Experimental Section

All of the experimental manipulations were carried out under
an atmosphere of dry nitrogen or argon using Schlenk techniques.
Solvents were dried and distilled prior to use by conventional
methods. Bis(2-hydroxy-1-napthyl)sulfid®, (Et,N),PCI* [Rh-
(COXCI]2%” M(COD)Cl,, (M = Pd, Pt)?8 CuX (X = ClI, Br),?®
Ag(PPh)OTf,2%and AuCI(SMg)3! were prepared according to the
published procedures. Other reagents were obtained from com-
mercial sources and used after purification. Theand 31P{1H}

NMR (6 in ppm) spectra were obtained on a Varian VRX 400
spectrometer operating at frequencies of 400 and 162 MHz,
respectively. The spectra were recorded in CXGF DMSO-ds)
solutions with CDCJ (or DMSO-dg) as an internal lock; TMS and
85% HPO, were used as internal and external standardsHor
and3'P{1H} NMR, respectively. Positive shifts lie downfield of
the standard in all of the cases. Infrared spectra were recorded on
a Nicolet Impact 400 FTIR instrument as a KBr disk. Microanalyses
were carried out on a Carlo Erba (Model 1106) elemental analyzer.
Q-Tof Micromass experiments were carried out using Waters Q-Tof
micro(YA-105). Melting points of all of the compounds were

The homogeneous nature of the catalysis was checked bydetermined on a Veego melting point apparatus and are uncorrected.

the classical mercury test. Addition of a drop of mercury to
the reaction mixtures did not affect the activity of the catalyst,
thus showing them to be truly homogeneous systéms.

Conclusion

The ferrocenyl-bis(phosphonite) containing the hemilabile
thioether-dinaphthyl backbone was synthesized from fer-
rocene and his(2-hydroxy-1-napthyl)sulfide. Ferrocenyl-bis-
(phosphonite), 4), shows versatile coordination modes
toward various transition-metal derivatives. The bis(phos-

GC analyses were performed on a PerkinElmer Clarus 500 GC fitted
with a FID detector and a packed column.

Synthesis of Bis(diethylamino)chlorophosphine, (EN).PCI
(1). A solution of diethylamine (23.7 mL, 228.9 mmol) in diethyl
ether (70 mL) was added dropwise to a solution of RGImL,
57.2 mmol) in diethyl ether (400 mL) at20 °C. The solution was
slowly warmed to room temperature and stirred for an additional
12 h. The suspension obtained was filtered through celite to remove
Et,NH-HCI, and the solvent was removed by distillation. The
resulted yellow liquid was transferred to a small round-bottom flask
and distilled under vacuum to obtain prodadas a colorless liquid.

(23) (a) Singh, K.; Long, J. R.; Stavropoulos,?Am. Chem. S0d.997,
119 2942-2943. (b) Siemeling, U.; Vorfeld, U.; Neumann, B.;
Stammler, H.-G.Chem. Communl997, 1723-1724. (c) Poblet, J.
M.; Benard, M.Chem. Commuri998 1179-1180. (d) Sundararaman,
A.; Zakharov, L. N.; Rheingold, A. L.; Jakle, Ehem. Commur2005
1708-1710.

(24) Colacot, T. J.; Qian, H.; Cea-Olivares, R.; Hernandez-Ortega, S.
Organomet. ChenR001, 637-639, 691-697.

(25) (a) Widegren, J. A.; Bennett, M. A.; Finke, R. &.Am. Chem. Soc.
2003 125 10301-10310. (b) Widegren, J. A.; Finke, R. G. Mol.
Catal. A: Chem2003 198 317—341.

(26) Mercado, R. M. L.; Chandrasekaran, A.; Day, R. O.; Holmes, R. R.
Organometallics1999 18, 906-914.

(27) McCleverty, J. A.; Wilkinson, Glnorg. Synth.199Q 28, 84—86.

(28) Drew, D.; Doyle, J. RInorg. Synth.199Q 28, 346—349.

(29) Furniss, B. S.; Hannaford, A. J.; Smith, P. W. G.; Tatchell, A. R.
Vogel's Textbook of Practical Organic Chemistfifth ed.; ELBS:
England, 1989; pp 428429.

(30) Bardaji, M.; Crespo, O.; Laguna, A.; Fischer, A.IKorg Chim. Acta
2000 304, 7-16.

(31) Brandys, M. C.; Jennings, M. C.; Puddephatt, RJ.JChem. Soc.,
Dalton Trans.200Q 4601-4606.
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Yield: 73% (17.6 g)*H NMR (400 MHz, CDC}): 6 3.17 (quartet,
8H, CH,), 1.14 (t, 12H, CH). 3'P{*H} NMR (162 MHz, CDC}):
0 158.7 (s).

Synthesis of F€CsHP(NEt,)2} 2 (2). A mixture of n-BulLi (37
mL, 59.1 mmol, 1.6 M in hexane) and TMEDA (5.85 mL, 59.1
mmol) in n-hexanes (30 mL) was added dropwise to a solution of
ferrocene (5 g, 26.9 mmol) also imhexanes (120 mL) at room
temperature. After stirring for 12 h, (),PCI (11.3 g, 53.8 mmol)

Punji et al.

stirred for 30 min. The orange-colored precipitate formed was
filtered off and dried under vacuum. Yield: 83% (0.091 g). Mp:
172-174 °C (dec). Anal. Calcd for &H3,Cl,O4P,S;FePd: C,
56.87; H, 3.05; S, 6.07. Found: C, 56.79; H, 2.99; S, 6%1.
NMR (400 MHz, DMSOdg): ¢ 8.51 (d, 4H,Ar, 334y = 8.0 Hz),
7.73 (d, 8H,Ar, 334y = 8.8 Hz), 7.39 (t, 4HAr, 334y = 7.2 Hz),
7.24 (t, 4H,Ar, 3y = 7.6 Hz), 7.18 (d, 4HAT, 334y = 9.2 Hz),
4.52 (brs, 4HFc), 4.47 (br s, 4HFc). 31P{H} NMR (162 MHz,

in THF (40 mL) was added dropwise to the resulting orange-colored DMSO-dg): 6 94.8 (s).

suspension at78 °C. The reaction mixture was warmed to room

Synthesis of [PtCH{ Fe(CsH4PR),-«P «P}] (7). A solution of

temperature and stirred for an additional 10 h. The suspensionPt(COD)C} (0.03 g, 0.08 mmol) in dichloromethane (6 mL) was

obtained was filtered through celite to remove LiCl. The solution
was concentrated to dryness to give a pasty crude produ2t of
Yield: 80% (11.5 g)*H NMR (400 MHz, CDC}): ¢ 4.82 (s, 4H,
Fc), 4.76 (s, 4H,Fc), 3.14 (quartet, 16H, B;, 3Jyy = 7.0 Hz),
1.11 (t, 24H, Gz, 3Jyn = 7.0 Hz). 3P{H} NMR (162 MHz,
CDCl): 6 88.7 (s).

Synthesis of F€CsH4PCly}, (3). A solution of2 (11.0 g, 20.6
mmol) in diethyl ether (250 mL) was cooled to78 °C and
saturated with anhydrous HCI(g)rf@ h with continuous stirring.

added dropwise to a dichloromethane (10 mL) solutiod (8.07

g, 0.08 mmol), and the reaction mixture was stirred for 3 h. The
solution was concentrated and layered with petroleum ether (1 mL),
which gave a crystalline product)(on slow evaporation. Yield:
85% (0.078 g). Mp: 216218 °C (dec). Anal. Calcd for €Hsx
ClL,OP,SFePt: C, 52.46; H, 2.82; S, 5.60. Found: C, 52.39; H,
2.78; S, 5.57'H NMR (400 MHz, DMSO¢g): 6 8.52 (d, 4HAr,

3Jun = 8.8 Hz), 7.73 (d, 8HAr, 33y, = 8.8 Hz), 7.39 (t, 4HAr,

3Jun = 7.6 Hz), 7.23 (t, 4HAr, 334y = 7.6 Hz), 7.19 (d, 4HAr,

The reaction mixture was then allowed to warm to room temperature 3Jun = 8.4 Hz), 4.75 (br s, 4HFc), 4.49 (br s, 4HFc). $1P{*H}
and was stirred for an additional 12 h. The resulted suspensionNMR (162 MHz, DMSO¢): ¢ 76.7 (s),*Jpp = 4476 Hz.

was filtered through celite to remove,BiH-HCI. The solvent was

evaporated under vacuum to obtain proddias an orange-colored

solid. Yield: 92% (7.34 g)*H NMR (400 MHz, CDC}): 6 4.72

(s, 8H,Fc). 31P{IH} NMR (162 MHz, CDC}): ¢ 160.7 (s).
Synthesis of Fe(GH4PR)2 (4, R = —-0CH s(ﬂ-s)oloHeO—).

A solution of 3 (1 g, 2.58 mmol) in THF (30 mL) was added

dropwise to the mixture of bis(2-hydroxy-1-napthyl)sulfide (1.64

g, 5.16 mmol) and EN (1.62 mL, 11.6 mmol) in THF (50 mL) at

Synthesis of [Cy(u-Cl) (MeCN){ Fe(CsH4PR)-«P «P}] (8). A
solution of CuCl (0.032 g, 0.323 mmol) in acetonitrile (5 mL) was
added dropwise to a solution ¢f (0.071 g, 0.081 mmol) in
dichloromethane (10 mL) at room temperature, and the reaction
mixture was stirred for 3 h. The solution obtained was concentrated
under vacuum to give a yellow-colored crystalline prod@&tupon
standing at room temperature. Yield: 79% (0.071 g). Mp: 168
170°C (dec). Anal. Calcd for &H3sCl,NO4P,S,FeCuy: C, 55.87;

—15 °C. The reaction mixture was warmed to room temperature H, 3.16; N, 1.25; S, 5.74. Found: C, 55.79; H, 3.08; N, 1.21; S,
and stirred for 12 h. The solvent was removed under vacuum, and5.68.'*H NMR (400 MHz, DMSOs): 6 8.77 (d, 4H,Ar, 3y, =
the residue obtained was redissolved in toluene (20 mL) and filtered 8.0 Hz), 8.00 (d, 8HAr, 3Jy4 = 8.4 Hz), 7.35-7.71 (m, 12HAT),

through celite to remove Bti-HCI. The orange-colored solution

5.25 (s, 4H,Fc), 4.98 (s, 4HFC), 2.49 (s, 3H, GIsCN). 31P[{1H}

obtained was concentrated to a small volume and cooled to NMR (162 MHz, DMSO#g): 6 139.6 (S).

—25°C to give an analytically pure product 4fas orange crystals.
Yield: 77% (1.75 g). Mp: 168170 °C. Anal. Calcd for
C50H3204P2$2Fe: C, 68.34; H, 3.67; S, 7.29. Found: C, 68.29;: H,
3.63; S, 7.22H NMR (400 MHz, CDC}): ¢ 8.79 (d, 4H,Ar,
3Jun = 8.4 Hz), 7.75 (d, 4HAr, 33y, = 8.0 Hz), 7.70 (d, 4HAr,
3Jun = 8.8 Hz), 7.59 (t, 4HAr, 33y = 7.2 Hz), 7.41 (t, 4HAr,
3Jyy = 7.2 Hz), 7.20 (d, 4HAr, 334y = 9.2 Hz), 4.83 (br s, 4H,
Fc), 4.77 (br s, 4HFc). 3'P{H} NMR (162 MHz, CDC}): 0 175.2
().

Synthesis of [Rh(CO)C{ Fe(CsH4PR),-«P «P}] (5). A solution
of 4 (0.068 g, 0.077 mmol) in THF (10 mL) was added dropwise
to a solution of [Rh(CO)XI], (0.015 g, 0.039 mmol) also in THF

Synthesis of [Cuy(u-Br)(MeCN){Fe(GH4PR)-«P «P}] (9).
This was synthesized by the procedure similar to thaBfarsing
CuBr (0.04 g, 0.278 mmol) and (0.061 g, 0.069 mmol). Yield:
74% (0.062 g). Mp: 228222 °C (dec). Anal. Calcd for GHss
BroNO4P,S,FeCuy: C,51.76; H, 2.92; N, 1.16; S, 5.31. Found: C,
51.71; H, 2.89; N, 1.13; S, 5.2%4 NMR (400 MHz, DMSO#¢l):
07.92 (d, 4HAr, 334y = 8.0 Hz), 7.14 (t, 8HAr, 3Jyy = 9.2 Hz),
6.68-6.86 (m, 8H,Ar), 6.49 (d, 4H,Ar, 3Juy = 8.4 Hz), 4.89 (s,
4H, Fc), 4.43 (s, 4H,Fc), 2.50 (s, 3H, EI:CN). 31P{1H} NMR
(162 MHz, DMSO4g): ¢ 139.3 (s).

Synthesis of [Cuy(u-1) 2(MeCN)Y{ Fe(CsH4PR),-«P «P}] (10).
This was synthesized by the procedure similar to thaBfarsing

(5 mL) at room temperature, and the reaction mixture was stirred Cul (0.06 g, 0.315 mmol) and (0.069 g, 0.079 mmol). Yield:
for 2 h. The orange-colored solution obtained was concentrated, 81% (0.083 g). Mp: 208210°C (dec). Anal. Calcd for &Hasl -
and petroleum ether (6 mL) was added to precipitate out an orange-NO,P,S;FeCy: C, 48.02; H, 2.71; N, 1.08; S, 4.93. Found: C,

colored product, which was then filtered off and dried under
vacuum. Yield: 90% (0.072 g). Mp: 18Z (dec). Anal. Calcd
for CsiH3ClOsP,SFeRh: C, 58.61; H, 3.09; S, 6.14. Found: C,
58.57; H, 3.05; S, 6.09. IR (KBr disc, c): vco, 2031.1H NMR
(400 MHz, CDC}): ¢ 8.70 (d, 4H,Ar, 3Jyy = 8.4 Hz), 8.12 (d,
4H, Ar, 3Jyy = 8.4 Hz), 7.91 (d, 4HAr, 334y = 7.2 Hz), 7.29-
7.71 (m, 12H,Ar), 5.07 (br s, 4HFc), 4.86 (br s, 4HFc). 31P-
{H} NMR (162 MHz, CDC}): 0 180.1 (br d,}Jgne = 177 Hz),
140.2 (br d,\Jgnp = 145 Hz).

Synthesis of [PACK Fe(GH4PR)-«P «P}] (6). A solution of
Pd(COD)C} (0.03 g, 0.105 mmol) in dichloromethane (6 mL) was
added dropwise to a dichloromethane (10 mL) solutio# (F.092

47.98; H, 2.65; N, 1.04; S, 4.834 NMR (400 MHz, DMSO#¢):
0 8.74 (d, 4H,Ar, 3Jyy = 8.4 Hz), 7.96-8.01 (m, 8H,Ar), 7.69
(t, 4H, Ar, 334y = 7.2 Hz), 7.53 (t, 4HAr, 3Jyy = 7.2 Hz), 7.36
(d, 4H, Ar, 33y = 8.8 Hz), 5.26 (s, 4HFc), 4.99 (s, 4H,Fc),
2.07 (s, 3H, GisCN). 31P{1H} NMR (162 MHz, DMSO¢): o
138.4 (s).

Synthesis of [Ag(OT)PPh{ Fe(CH4PR),-«P «P}] (11). To a
solution of4 (0.068 g, 0.077 mmol) in dichloromethane (12 mL),
Ag(PPR)OTf (0.04 g, 0.077 mmol) was added, and the reaction
mixture was stirred for 4 h. The solution was concentrated and
petroleum ether (5 mL) was added to precipitate the pale-yellow
product, which was then filtered off and dried under vacuum.

g, 0.105 mmol) at room temperature, and the reaction mixture was Yield: 83% (0.090 g). Mp: 192194 °C (dec). Anal. Calcd for
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CogHa7F30;PsSsFeAg: C, 59.28; H, 3.39; S, 6.88. Found: C, 59.21;
H, 3.34; S, 6.81'H NMR (400 MHz, CDC}): ¢ 8.44 (d, 4H Ar,
3Jyy = 8.8 Hz), 7.25-7.66 (m, 20HAr, 15H, FPhg), 4.62 (s, 4H,
Fc), 4.50 (s, 4HFc). 3*P{1H} NMR (162 MHz, CDC}): 6 162.4
(2d, 2P,1J(1°AgP) 361,%3(°7AgP) 312 Hz), 11.6 (br s, 1P, PPh
Synthesis of {Fe(CsH4PR),-«P «P}Au,Cl;] (12). A solution

using three sets of 400 scansuin(0.5° per scan) aip = 0, 90, and

10C plus two sets of 800 scans ¢n(0.45 per scan) ato = —30

and 210 using theSMARTsoftware packag& The raw data were
reduced td- 2 values using th&SAINT+ software3® and a global
refinement of unit cell parameters using 82&Y00 reflections
chosen from the full data set was performed. Multiple measurements
of AuCI(SMe,) (0.04 g, 0.136 mmol) in dichloromethane (8 mL) of equivalent reflections provided the basis for an empirical
was added dropwise to a solution 4f(0.06 g, 0.068 mmol) in absorption correction as well as a correction for any crystal
dichloromethane (10 mL), and the reaction mixture was stirred for deterioration during the data collectiocBADABS?). The structure

6 h. The yellowish-colored solution was concentrated under vacuum of 12 was solved by direct methods, whereas X6y the positions

and layered with petroleum ether (1 mL) to give an orange-colored of the metal atoms were obtained from a sharpened Patterson
crystalline product o2 on cooling at—25°C. Yield: 88% (0.081 function. Both structures were refined by full-matrix least-squares
g). Mp: 214-216 °C (dec). Anal. Calcd for €H3,Cl,04P,S,- procedures using th&HELXTL program packag®. Hydrogen
FeAw: C, 44.69; H, 2.40; S, 4.77. Found: C, 44.61; H, 2.38; S, atoms were placed in calculated positions and included as riding
4.72.'H NMR (400 MHz, DMSO¢g): ¢ 8.97 (d, 4H,Ar, 3Jyy = contributions with isotropic displacement parameters tied to those
8.4 Hz), 8.13 (d, 4HAr, 33y = 9.2 Hz), 7.89 (d, 4HAr, 3Jyy = of the attached non-hydrogen atoms.

8.0 Hz), 7.58-7.77 (m, 12H,Ar), 5.50 (s, 4H,Fc), 5.31 (s, 4H,
Fc). 3P{1H} NMR (162 MHz, DMSO¢k): & 142.7 (s). Acknowledgment. We are grateful to the C.S.I.R., New
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