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Abstract. Diphosphine chelate ligands are essential in many catalytic processes with both the
electronic structure and bite angle having a dramatic influence on the coordination behavior and
catalytic performance. The synthesis of a new class of diferrocenylmercury-supported diphosphine
chelate ligands was accomplished by the reaction of (ortho-diphenylphosphino)ferrocenyl
sulfinate (2) with #-BuLi, followed by treatment with mercury(II) chloride. Two diastereomers, 4a
(pSpR-, meso-isomer) and 4b (pSpS-isomer), differ in the orientation of the ferrocene moiety
relative to the central Ph,PCsH;-Hg-CsH;PPh, bridging entity. They were isolated independently
and fully characterized in solution and in the solid state by single crystal X-ray diffraction analysis.
Key characteristics of these ligands are their exceptionally wide and flexible bite angles and the
unique stereochemical environment that is achieved upon coordination to transition metals.
Complexation to Pd(II)Cl, gives rise to unusual square-planar trans-chelate complexes 5a (meso)
and 5b (pSpS). In competition reactions, 4a and 4b show similar reactivity toward Pd(II)Cl,. The
molecular structures of Sa and Sb exhibit short Pd---Hg contacts, possibly indicating secondary
metallophilic interactions as further evidenced by bond-critical points between Pd and Hg that

were identified by AIM analyses.
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Introduction

Bidentate diphosphine ligands play important roles in catalysis owing to the chelate effect that
enhances the stability of metal complexes, as well as the tunability of electronic and steric effects.!
The “bite angle” (B) is a characteristic geometric parameter that describes steric effects and can
have a pronounced influence on the catalytic process.> Among the most commonly used ligands is
DPEphos with a calculated natural B = 102.2° (Chart 1). In another example, the Xantphos ligand
and related diphosphines favor cis-coordination to transition metals as they display limited
flexibility due to the rigid heterocyclic backbone with bite angles in the range of ~100—134°.2¢3
At the other extreme, SPANphos (B ~ 172°) preferentially adopts a trans-configuration, and its
rigid structure makes cis-complexation unfavorable.*> frans-Coordination is also observed with
recently introduced diphosphines based on a rigid para-terphenyl framework (TpPhos). In this
case, the central Ph ring can undergo m-interactions with the metal center,’ similar to the electron-
donating effect of the oxygen atom in DPEphos.

Replacement of the 6-donating oxygen atom in DPEphos by c-acceptor atoms such as boron,
antimony or mercury results in Z-type diphosphine ligands (also referred to as ambiphilic
ligands’). Depending on the Z-bridging atom, they behave either as cis- or trans-chelating ligands
with natural bite angles between ~94—100° for the diphosphine-borane (DPB), ~166—170 for the
diphosphine-stibine (DPSb), and ~172—176° for the diphosphine-mercury (DPHg).® In an
interesting recent development, the trans-chelating diphosphine ligand (DBAphos) based on a
diboraanthracene framework was applied in the synthesis of an anionic auride species, which is

stabilized by donor-acceptor interactions with the boron centers.’
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Rigid Bidentate cis- and trans-Chelating Ligands
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Chart 1. Examples of diphosphine chelate ligands.

Only very few diphosphine ligands are known that are truly flexible in that they accommodate
both a trans- and cis-chelation mode. Among them is the chiral diphosphine PhTrap (f ~ 162°),
which nicely illustrates the potential of ferrocene fragments!® as building blocks for flexible
diphosphine ligands.!! Intriguingly, the insertion of a bridging c-acceptor atom between the two
ferrocenylphosphine moieties may turn PhTrap into a flexible Z-type ambiphilic diphosphine
ligand with a highly variable bite angle that adopts to the specific geometric requirements during
coordination to transition metals.

As part of our efforts to develop new ferrocene-based Lewis acids and Lewis pairs'?> we have
recently introduced a first example of such a diphosphine ligand, (pSpS)-Hg(ortho-FcPPh,),, with
mercury acting as the bridging c-acceptor atom.!? A complex with HgCl, bound to the phosphines
unexpectedly formed by successive Sn/Hg exchange reactions (B = 138.36(5)°),'* and the
corresponding free ligand ((pSpS)-4b; see Scheme 1) was isolated by HgCl, abstraction using
cyanide. We anticipated that this new redox active and planar chiral diphosphine should exhibit a
wide and flexible bite angle with unique stereochemical configuration, potentially resulting in

broad adoption in transition metal coordination chemistries. In this work, we present a new
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synthetic route that allows for facile isolation and structural characterization of both the rac- and
meso-isomers of the ambiphilic diphosphine ligand Hg(ortho-FcPPh;),. We compare the reactivity
and coordination behavior of the individual isomeric ligands as exemplified in the formation of
trans-chelated Pd(IT) metal complexes and evaluate the presence of metallophilic interactions in

the resulting mixed-metal complexes using computational methods.

Experimental Section
Materials. HgCl,, #-butyllithium (1.7 M in pentane), and PdCl,(COD) were purchased from
commercial sources and wused without further purification. The synthesis of (pS,S;)-

diphenylphosphinoferrocenyl sulfinate (2)!3 15 has been previously reported.

Caution: Mercury compounds are highly toxic! Reactions involving mercury species have to
be handled with extreme caution and the use of engineering barriers including non-permeable and
resistant gloves is essential. Organolithium reagents and #-butyllithium in particular are highly

reactive and need to be handled accordingly.

General Methods. All reactions were carried out under an atmosphere of dry nitrogen using
high vacuum Schlenk-line techniques or an inert-atmosphere glove box (MBraun). Commercial-
grade solvents (toluene, hexanes) were purified by a solvent purification system from Innovative
Technologies, degassed and stored over sodium-potassium (NaK) alloy prior to use.
Tetrahydrofuran was distilled from sodium/benzophenone and dichloromethane from CaH,,
degassed and stored under nitrogen atmosphere. 500.2/599.7 MHz '"H NMR, 125.7/150.8 MHz '3C
NMR and 202.5 MHz 3'P NMR spectra were recorded on a Bruker Avance III HD NMR
spectrometer (Bruker BioSpin, Billerica, MA) equipped with a 5 mm broadband gradient

SmartProbe (Bruker, Billerica, MA) or a 600 INOVA NMR spectrometer (Varian Inc., Palo Alto,

5
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CA) equipped with a 5 mm dual broadband gradient probe (Nalorac, Varian Inc., Martinez, CA).
Chemicals shifts (0) are given in ppm and were referenced internally to deuterated solvent signals
(CDCl; 7.26 ('H), 77.36 (3C); C¢Dg 7.15 ('H), 128.62 (!3C)). Coupling constants (J) are reported
in Hertz (Hz) and splitting patterns are indicated as s (singlet), d (doublet), dd (doublet of doublets),
pt (pseudo triplet), t (triplet), br (broad), nr (non-resolved) and m (multiplet), and the following
abbreviations are used for signal assignments: Ph = phenyl, Fc = ferrocenyl, Cp =
cyclopentadienyl, Me = methyl. High-resolution electrospray ionization-mass spectrometry (ESI-
MS) and matrix-assisted laser desorption ionization-mass spectrometry (MALDI-MS) data were
obtained on an Apex Ultra 7.0 Hybrid FTMS and MALDI-TOF (time-of-flight) MS data on a
Bruker Ultraflextreme. Elemental analyses were performed by Quantitative Technologies Inc.,
Whitehouse, NJ.

Single crystal X-ray diffraction analysis. Reflections for meso-4a, rac-4b, meso-5a, and
(pSpS)-5b were collected on a Bruker SMART APEX II CCD Diffractometer using CuKa
(1.54178 A) radiation at 100 K. Data processing, Lorentz-polarization, and face-indexed numerical
absorption corrections were performed using SAINT, APEX, and SADABS computer programs. !¢
The structures were solved by direct methods and refined by full-matrix least squares based on F?
with all reflections using the SHELXTL V6.14 program package.!” Non-hydrogen atoms were
refined with anisotropic displacement coefficients. All H atoms were found in electron-density
difference maps and treated as idealized contribution. Structural data have been deposited with the
Cambridge Structure Database as supplementary publications CCDC 1935847-1935850.

Computational Studies: All computations were performed using the hybrid density functional
method B97-D!8 as implemented in the Gaussian09 program.!® For all main-group elements (C,

H, P and Cl) the all-electron triple-{ basis set (6-311G**) was used.?° For the transition metals, a
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small-core relativistic ECP together with the corresponding double-{ valence basis set (Stuttgart
RSC 1997 ECP) was employed for Fe?! and Pd,?> and a small-core relativistic pseudopotential
Stuttgart-Koln MCDHF RSC ECP for Hg?3.2* Natural bond orbital (NBO) calculations were
carried out using NBO (Version 3.1),25 which is part of the Gaussian09 program package. The
AIM analyses were performed with the AIMII professional program applying wavefunctions
obtained for the optimized structure.?¢

Synthesis of Bis((ortho-diphenylphosphino)ferrocenyl)mercury ligands 4a (meso-
isomer), and 4b (pSpS/rac-isomer). To a solution of rac-2 (0.51 g, 1.00 mmol) in THF (50 mL)
that was cooled to =78 °C was added slowly a solution of rBuLi in pentane (1.7 M, 0.65 mL, 1.1
mmol, 1.1 equiv). The mixture was stirred for 10 min and a solution of HgCl, (0.12 g, 0.44 mmol,
0.44 equiv) in THF (10 mL) was slowly added. After stirring for at least 1 hour at this temperature,
the reaction mixture was allowed to slowly warm up to room temperature and stirring was
continued overnight. The mixture was then filtered to remove insoluble material and the solvent
removed in vacuum to leave an orange residue. The latter was purified by flash chromatography
on silica gel with hexanes/Et,O (6:1) as the eluent. The second band was collected, the solvent
evaporated, and the residue recrystallized from hexanes at —27 °C to give a yellow crystalline
solid. NMR data revealed that the crystals consist of a mixture of two distinct isomers (meso-4a
and rac-4b, ratio 44:56). Yield 0.19 g (46% for both isomers). High-resolution MALDI-TOF MS
(positive mode, anthracene) of the diastereoisomer mixture: m/z 940.0733 (M*, 100%, calcd for
12C44'H;367%Fe,2%Hg3'P, 940.0703). The two isomers were preparatively separated by repeated
recrystallization from hot hexanes. 4a (meso) crystallized first (0.080 g, 19%) and rac-4b was
subsequently isolated from the mother liquor as a yellow crystalline solid (0.090 g, 22%). A similar

route was used for the synthesis of enantiomerically pure (pSpS)-4b starting from a solution of
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pS-2 (1.51 g, 2.97 mmol) in THF (40 mL) cooled to =78 °C, to which /BuLi (1.7M, 1.7 mL, 2.9
mmol, 1.0 equiv) in pentane was slowly added. After 10 min stirring, the mixture was treated with
a solution of HgCl, (0.39 g, 1.44 mmol, 0.48 equiv) in THF (10 mL). The reaction was worked up
as described above and the enantiomerically pure (pSpS)-4b was isolated as an orange crystalline
solid. Yield: 0.54 g (40%). Single crystals of 4a (meso) and (pSpS)-4b were obtained from DCM
solution layered with hexanes.

For 4a (meso): "H NMR (599.7 MHz, CDCl;, 25 °C): 6 = 7.49 (m, 4H, Ph), 7.37 (m, 6H, Ph), 7.24
(m, 10H, Ph), 4.51 (pt, 3Jyu= 1.8 Hz, 2H, Cp), 4.26 (nr, 2H, Cp), 4.13 (nr, 2H, Cp), 4.03 (s, 10H,
free Cp). BC{'H} NMR (150.8 MHz, CDCls, 25 °C): 6 = 141.2 (d, 'Jcp = 10.4 Hz, i-Ph), 138.3
(d, 'Jep = 9.3 Hz, i-Ph), 135.0 (d, 2Jcp = 20.8 Hz, 0-Ph), 132.8 (d, 2Jcp = 18.5 Hz, 0-Ph), 129.2
(s, p-Ph), 128.6 (br d, m-Ph), 128.4 (d, *Jcp = 6.0 Hz, m-Ph), 128.2 (s, p-Ph), 110.1 (d, 2Jcp = 46.4
Hz, i-Cp-Hg), 84.2 (d, 'Jcp = 3.5 Hz, i-Cp-P), 78.3 (d, 2Jcp = 13.9 Hz, Cp), 74.3 (ur, Cp), 73.4
(nr, Cp), 69.1 (s, free Cp). *'P{'H} NMR (202.5 MHz, CDCl;, 25 °C): 6 = —13.1 (s). High-
resolution ESI-MS (positive mode, CH,Cl,/acetonitrile): m/z 940.0683 ([M]*, 50%, calcd for
12C44'H;36%%Fe,2°Hg3'P, 940.0703). Elem. Anal. for C44H36Fe,HgP,: Calcd C 56.28, H 3.86; Found
C 56.06, H 3.68. For 4b (rac/pSpS): '"H NMR (599.7 MHz, CDCl;, 25 °C): 6 = 7.61 (m, 4H, Ph),
7.39 (m, 6H, Ph), 7.25 (m, 10H, Ph), 4.51 (pt, *Jyu= 1.8 Hz, 2H, Cp), 4.20 (nr, 2H, Cp), 4.15 (nr,
2H, Cp), 4.13 (s, 10H, free Cp). 3C{'H} NMR (150.8 MHz, CDCl;, 25 °C): 6 = 141.6 (d, 'Jcp =
10.6 Hz, i-Ph), 138.4 (d, 'Jcp = 9.4 Hz, i-Ph), 135.1 (d, 2Jcp = 20.8 Hz, 0-Ph), 132.7 (d, 2Jcp =
17.5 Hz, 0-Ph), 129.3 (s, p-Ph), 128.5 (br s, m-Ph), 128.1 (s, p-Ph), 110.1 (d, 2Jcp = 51.0 Hz, i-
Cp-Hg), 84.4 (nr, i-Cp-P), 78.3 (d, 2Jcp = 13.9 Hz, Cp), 74.1 (nr, Cp), 73.5 (nr, Cp), 69.3 (s, free
Cp). 3'P{'H} NMR (202.5 MHz, CDCl;, 25 °C): ¢ = —13.4 (s). 'H, *C and *'P-NMR

characterization of 4b (pSpS) is consistent with reported data for a different synthetic route.'3
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Synthesis of Bis(ortho-diphenylphosphinoferrocenyl)mercury Palladium(II) Complex 5a
(meso). To a solution of dichloro(cyclooctadiene)palladium(Il) (PdCl,(COD), 4.1 mg, 0.014
mmol) in anhydrous CH,Cl, (2 mL) was added slowly a solution of meso-4 (13.4 mg, 0.014 mmol)
in anhydrous CH,Cl, (2 mL) at room temperature. The color changed immediately from yellow to
orange-red. The mixture was stirred for 20 min and the solvent evaporated under reduced pressure.
A 3P NMR spectrum of the crude product showed full conversion to a new species. The residue
was washed several times with hexanes, collected by filtration and dried under vacuum. Further
purification was achieved by column chromatography over a small plug of silica gel with
CH,Cly/pentane (1:1) as eluent. Subsequent recrystallization by slow partial evaporation of a
solution of the compound in CH,Cl,/octane afforded pure Sa as a red crystalline solid. Yield: 13.0
mg, 81%). Red colored single crystals for X-ray analysis were obtained by slow evaporation of a
solution in CH,Cly/hexanes. 'H NMR (599.7 MHz, CDCls, 25 °C): 6 = 8.47 (m, 4H, o0-Ph), 7.61
(m, 6H, m,p-Ph), 7.11 (t, 3*J= 7.5 Hz, 2H, p-Ph’), 7.06 (pt, 3J= 7.5 Hz, 4H, m-Ph’), 6.82 (m, 4H,
0-Ph’), 4.69 (pt, 3Jun = 2.4 Hz, 2H, Cp), 4.61 (br d, 2H, Cp), 4.59 (br d, 2H, Cp), 4.12 (s, 10H,
free Cp). *C{'H} NMR (150.8 MHz, CDCl;, 25 °C): § = 136.3 (pt, >*Jcp = 5.3 Hz, 0-Ph), 136.3
(pt, 3Jcp =26 Hz, i-Ph), 133.1 (pt, >*Jcp = 5.3 Hz, 0-Ph’), 132.4 (pt, *Jcp =26 Hz, i-Ph’), 131.3
(s, p-Ph), 129.2 (s, p-Ph’), 128.2 (pt, >>Jcp = 5.3 Hz, m-Ph), 127.2 (pt, >>Jcp = 5.3 Hz, m-Ph’),
113.1 (pt, >*Jcp = 19 Hz, i-Cp-Hg), 81.0 (pt, '*Jcp = 30 Hz, i-Cp-P), 77.6 (overlapped, Cp), 75.9
(pt, 3°Jcp = 3.1 Hz, Cp), 74.0 (br s, Cp), 70.7 (s, free Cp). 3'P{'H} NMR (202.5 MHz, CDCl3, 25
°C): 0 = 23.6 (s). High-resolution ESI-MS (positive mode, CH,Cl,/acetonitrile): m/z 1080.9438
(IM—CI]*, 100%, calcd for '2Cy4'H363°CI1°¢Fe,?Hg? P, 1%°Pd 1080.9421).

Synthesis of Bis(ortho-diphenylphosphinoferrocenyl)mercury palladium(IT) complexes Sb

(pSpS). The isomer Sb was obtained using a similar procedure as for Sa. To a solution of 4b (13.4
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mg, 0.014 mmol) in anhydrous CH,Cl, (2 mL) was added slowly a solution of
dichloro(cyclooctadiene)palladium(II), PACl,(COD), (4.1 mg, 0.014 mmol) in anhydrous CH,Cl,
(2 mL) at room temperature. The color changed immediately from yellow to orange-red. The
mixture was stirred for 20 min under N, atmosphere and then passed through a small plug of silica
gel. All volatiles were removed under high vacuum and the residue was washed several times with
hexanes to yield a light orange solid. Yield: 11.9 mg, 75%. Red colored single crystals for X-ray
analysis were obtained from a solution in toluene/hexanes at —27 °C. "H NMR (599.7 MHz, CDCls,
25°C): 0 =8.28 (m, 4H, 0-Ph), 7.44 (t, 2H,3J= 7.2 Hz p-Ph), 7.41 (m, 4H, m-Ph), 7.28 (t,3J="7.2
Hz, 2H, p-Ph’), 7.24 (m, 4H, m-Ph’), 7.10 (m, 4H, o-Ph’), 4.75 (pt, 3Jyu = 2.4 Hz, 2H, Cp), 4.64
(br d, 2H, Cp), 4.56 (br d, 2H, Cp), 4.10 (s, 10H, free Cp). 3C{'H} NMR (150.8 MHz, CDCl;, 25
°C): 0 = 136.0 (pt, >*Jcp = 6.6 Hz, 0-Ph), 135.9 (pt, *Jcp = 26 Hz, i-Ph), 133.4 (pt, >*Jcp = 5.3
Hz, 0-Ph’), 132.7 (pt, '3Jcp = 26 Hz, i-Ph’), 130.8 (s, p-Ph), 129.4 (s, p-Ph’), 128.0 (pt, >Jcp =
5.7 Hz, m-Ph), 127.4 (pt, >*Jcp = 5.2 Hz, m-Ph’), 111.0 (pt, >*Jcp = 18 Hz, i-Cp-Hg), 79.7 (pt,
13Jcp =29 Hz, i-Cp-P), 78.1 (pt, >*Jcp = 8.4 Hz, Cp), 75.8 (pt, *>Jcp = 3.1 Hz, Cp), 74.3 (br s,
Cp), 70.6 (s, free Cp). 3'P{'H} NMR (202.5 MHz, CDCl;, 25 °C): = 20.3 (s). High-resolution
ESI-MS (positive mode, CH,Cl,/acetonitrile): 1080.9437 ([M—CI]*, 100%, calcd for
12C44'H363CI3Fe,2%Hg? P, '19Pd 1080.9421). Elem. Anal. for Cy4H3¢Cl,Fe,HgP,Pd: Calcd C
47.34, H 3.25; Found C 47.43, H 3.07.

Competition reaction of 4a/4b with PdCl,(COD). A solution containing 4a (0.010 g, 0.011
mmol) and 4b (0.010 g, 0.011 mmol) in CDCl; (0.7 mL) was added slowly to a solution of
PdCl1,(COD) (0.0031 g, 0.011 mmol) in CDCl; (0.3 mL) at room temperature. The mixture was
introduced into an NMR tube and the reaction followed by 3'P NMR spectroscopy. After 0.5 h

standing at room temperature: *'P{!H} NMR (202.5 MHz, CDCl;, 25 °C): 6 =—13.4 (18%), —13.7

10
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(20%), 21.2 (26%), 23.0 (36%). After overnight standing at room temperature: 3'P{'"H} NMR

(202.5 MHz, CDCl, 25 °C): 6 = —13.4 (17%), —13.7 (20%), 21.2 (28%), 23.0 (36%).

Results and Discussion
Synthesis of Isomeric Diphosphine Ligands 4a and 4b. To prepare the diferrocenylmercury-
bridged bis(diphenylphosphine)s 4a (meso-isomer) and 4b (pSpS-/rac-isomer), we adopted a salt
metathesis procedure similar to that previously reported for the synthesis of DPHg?’ (Chart 1) and
related?® chelate ligands. As illustrated in Scheme 1, the independent preparation of 4a and 4b
requires racemic and single enantiomer (ortho-diphenylphosphino)ferrocenyl sulfinate (rac-2 and
pS-2) as starting materials, respectively, which in turn are readily obtained from
ferrocenylsulfinate 1 according to published procedures.!> Thus, rac-2 was treated with 1.1 equivs
of +-BuLi in THF at —78 °C followed by in-situ reaction of the resulting ortho-lithiated
diphenylphosphinoferrocene (3) with 0.44 equivs of HgCl,. Upon flash column chromatography
with hexanes/Et,O (6:1), a mixture of the bidentate ambiphilic ligands meso-/rac-4 was isolated as
a yellow-orange solid in 46% yield. The *'P NMR spectrum showed two closely spaced resonances
at 0 = —13.1 and —13.4 ppm in an integral ratio of 44:56 (meso:rac) and the '"H NMR spectrum
displayed two sets of signals, suggesting the formation of the two diastereomers in an approximate
1:1 ratio. Consistent with the formation of a mixture of isomers, high resolution MALDI-TOF MS
analysis revealed only a single mass cluster at m/z = 940.0661 corresponding to [4]". Attempts to
separate 4a (meso) from the diastereomer mixture by column chromatography were unsuccessful.
Fortunately, repeated recrystallization from hot hexanes resulted in the separation and full
characterization of 4a, which crystallizes first in the form of parallelepiped crystals in 19% yield.

The racemate 4b was subsequently isolated from the mother liquor in the form of block-shaped

11
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crystals in 22% isolated yield. Single crystal X-ray diffraction analyses (vide infra) confirmed that
the parallelepiped crystals correspond to 4a (6(*'P) = —13.1, 6('"H) = 4.03 (free Cp), 4.13, 4.26,
4.51 (substituted Cp)) and the block-shaped crystals to rac-4b (6(3'P) = —13.4 ppm, 6('"H) = 4.13
(free Cp), 4.15, 4.20, 4.51 ppm (substituted Cp)). ESI-MS analyses further confirmed the
formation of 4a and 4b. A similar route was applied for the synthesis of enantiomerically pure 4b
from (pSpS)-2 and the compound obtained in 40% isolated yield as an orange crystalline solid after
recrystallization from hexanes at —25 °C. As expected, the 3'P NMR spectrum exhibited a
resonance at 0 = —13.4 ppm, which is at essentially the same chemical shift as for racemic 4b. In
addition, the chirality of (pSpS)-4b was established by optical rotation measurements in
chloroform, which yielded a specific rotation of [a]*°p = +250 (c 0.1). Both 4a and 4b are readily
soluble in organic solvents; they are stable toward air and moisture, but when kept in solution
under air for a long period of time, gradual oxidation of P occurs as indicated by the appearance

of new signals at lower field in the 3'P NMR spectrum.

Pho? PhL
tol  1.LDA SP tol ~P
S5, 2 PhPCl @\s.o i
Fe 1 —_— Fe 1 —_— Fe
1 2 3
< pn P Fe
Ph Fe Ph,  p.PhFe Ph, PPN
b N ~~cbr PhP S
Ph'P Hg@ PP Hg
< BPh <7 =y
ie-) Ph z + (pPRpR)-enantiomer ol
= 4a (meso) = 4b (rac) 4b (pSpS)

Scheme 1. Synthesis of the ambiphilic diphosphine ligands meso-4a, rac-4b and (pSpS)-4b.

12
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The main difference between the structures of 4a (P2,/n) and racemic 4b (P-1) lies in the
orientation of the ferrocene moieties relative to the central Hg atom (Figure 1). The
centrosymmetric meso-isomer 4a adopts a trans conformation where the ferrocene moieties are on
opposite sides of the central Cp-Hg-Cp fragment, which also results in a trans arrangement of the
phosphine ligands with respect to the Hg atom. For the corresponding rac-isomer 4b, a similar
trans orientation of the ferrocene moieties would place the PPh, moieties in too close proximity to
one another. Avoiding steric congestion, 4b adopts a twisted orientation with an interplanar angle
between the substituted Cp rings of 57.5° and a P1---Hg---P2 angle of 134.2(1)°. In addition, while
the Hg atom adopts a perfectly linear geometry in 4a (C1-Hg—C1A = 180°), a modest distortion
is evident for 4b (C1-Hg—C23 = 174.67(14)°). The Hg---P distances of 3.5744(8) A in 4a are
slightly shorter than those found for 4b (3.5968(11), 3.6148(10) A) and, in both cases, they are at
just about the sum of the van der Waals radii for P (1.80)%° and Hg (2.05 A)3°, demonstrating that
secondary interactions are relatively weak or absent. This is in contrast to the much shorter P—Hg

contacts reported for DPHg (3.001(2) and 2.973(2) A).28

13
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Figure 1. Molecular structures of meso-4a (left) and rac-4b (right) (50% thermal ellipsoids,
hydrogen atoms omitted for clarity). Selected interatomic distances (A) and angles (°) for meso-
4a: P1-C2 1.820(3), Hg1—C1 2.053(3), Hgl---P1 3.5744(8), C1-Hgl—C1A 180, dihedral angle
for substituted Cp//Cp 0; rac-4b: P1-C2 1.812(4), P2-C24 1.819(4), Hg1—C1 2.068(4), Hg1-C23
2.070(5), Hgl---P1 3.5968(11), Hgl---P2 3.6148(10), C1-Hg1—C23 174.67(14), dihedral angle
for substituted Cp//Cp 57.5.

Having the ambiphilic diphosphine ligands 4a and 4b in hand, we sought to explore their
coordination toward transition metals. The bite angle of diphosphine ligands is known to have a
pronounced effect on the reactivity and selectivity of transition metal catalysts.?® 3 3! The new
ligands 4 should offer not only access to unusually wide bite angles but also display a high degree
of variability of the bite angle. Indeed, the observation of a single set of 'H NMR resonances
indicates free rotation about the Cp-Hg-Cp axis in solution and, thus, the ligands are expected to
readily adopt the most suitable conformation for metal coordination. They are unique also in that
the 3-dimensional structure of the ferrocene moieties offers a spatial environment not encountered
for any other ligand class. Moreover, a dramatically different environment is expected for 4a
versus 4b. Finally, the presence of the Lewis acidic mercury atom as a bridging element between
the phosphine binding sites may lead to rare and interesting secondary M---Hg metallophilic

interactions.

Complexation to Pd(II) and Structural Characterization. Upon independently mixing the
diphosphine isomers 4a and 4b, each with one equivalent of PACI,(COD), the color of the solutions
rapidly changed from yellow to orange-red with formation of the palladium(II) complexes 5a and
5b in 81% and 75% yield respectively (Scheme 2). A similar procedure also provided (pS,pS)-Sb
([a]**p = =70 in CHCI;) when starting from (pS,pS)-4b. Coordination of the phosphorus atoms to
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palladium manifests itself in the 3'P NMR spectra with resonances for 5a and 5b at 6 = 23.6 and

20.3 ppm, respectively, that are shifted by A6 = 36.7 and 33.7 ppm in comparison to those of 4a

and 4b. The '"H NMR spectra of the palladium complexes are markedly different from those of the

free ligands as exemplified by a distinct downfield shift of the protons on the substituted Cp rings

from 6 = 4.13, 4.26, 4.51 ppm to 6 = 4.59, 4.61, 4.69 ppm for Sa, and from 6 = 4.15, 4.20, 4.51

ppm to 6 = 4.56, 4.64, 4.75 ppm for Sb. The phenyl groups are non-equivalent and one set of

signals (6 = 8.48 ppm for ortho-protons of 5a; 6 = 8.28 ppm for ortho-protons of Sb) is shifted to

lower field and is thus less effectively shielded than the other. The formation of the Pd(II)

complexes 5a and 5b is further evidenced by high resolution ESI-MS analysis, which shows mass

clusters at m/z = 1080.9438 and 1080.9437 a. u. assigned to [Sa—Cl]"and [Sb—CIl]", respectively.

meso-4a

(pSpS)-4b

Scheme 2. Synthesis of Pd(Il) complexes 5a and Sb.

Cl Ph

Ph | 4 Ph
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CH,Cl,, r.t., 0.5h >7 Cl
Fe
@ (pSpS)-5b

To evaluate any differences in reactivity between isomers 4a and 4b toward PdCl,(COD),

competitive reactions were performed using an approximately equimolar mixture of each of the

isomers and the respective palladium precursor. The 3'P NMR spectrum (Figure S1, SI) of a sample
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containing a mixture of 4a, 4b, and PdCI,(COD) in a molar ratio of ca. 1:1:1 showed after 30 min
the expected product signals at 6 = 23.0 (36%, Sa) and 21.2 (26%, 5b), together with resonances
of the free ligands at 6 =—13.4 (18%, 4a) and —13.7 (20%, 4b). Further reaction for another 24 h
did not induce significant changes to the signal intensities. We conclude that the chelate ligands
4a and 4b show relatively similar reactivity in the formation of palladium(Il) complexes with
PdCl1,(COD), with a slight preference for reaction with 4a. The preferential reactivity of 4a over
4b suggests a lower kinetic barrier for the binding of PdCI, for 4a. Looking at the differences in
the X-ray structures of 5a and 5b (vide infra), a possible explanation is that in the formation of Sa
the PdCl, moiety can approach from above the diferrocenyl mercury framework, avoiding

interference with the ferrocenyl groups.

Red colored single crystals of Sa appropriate for X-ray diffraction analysis were obtained by
slow evaporation of a CH,Cl,/hexanes solution at room temperature and crystals of (pS,pS)-5b
were grown from a toluene/hexanes solution at —27 °C. The molecular structures of 5a-CH,Cl, and
(pS,pS)-5b-toluene (Figure 2) show the Hg in an almost linear environment (C1-Hgl-C23 =
177.6(3), 175.2(5) A) and the phosphino groups are positioned cis with respect to the Fc,Hg
moiety, in contrast to the orientation of the free ligands. For both structures an unusual trans
chelation of the square-planar Pd(II) atom is evident with P1-Pd1-P2 angles of 174.32(7)° and
175.49(7)° that are very close to the ideal angle of 180°. A survey of M(II)CLLL, (M = Pd, Pt)
complexes of common phosphine ligands shows that this bite angle is the highest ever reported for
diphosphine chelate ligands (Table 1). The bite angles in 5a and (pS,pS)-Sb are also higher than

that in the phenylene analogue [PdCl, {Hg(0-C4sH4PPh,)}] (168.45(9)°).27
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C39

Figure 2. Molecular structures of 5a-CH,Cl, (left) and (pS,pS)-5b-toluene (right) (50% thermal
ellipsoids, H atoms and solvent molecule omitted for clarity). Selected interatomic distances (A)
and angles (°) for meso-5a: Pd1-P1 2.3272(19), Pd1-P2 2.3654(19), Pd1-Cl11 2.313(2), Pd1-CI2
2.270(2), Pd1---Hgl 2.9828(6), P1-C2 1.817(7), P2—C24 1.801(7), Hg1—C1 2.077(7), Hg1-C23
2.072(7), C1-Hg1-C23 177.6(3), P1-Pd—P2 174.32(7), C11-Pd1-CI12 175.38(7), dihedral angle
for substituted Cp//Cp 4.9; for (pS,pS)-5b: Pd1-P1 2.347(2), Pd1-P2 2.344(2), Pd1-CI1 2.299(2),
Pd1-C12 2.304(2), Pdl1---Hgl 2.9313(10), P1-C2 1.817(10), P2-C24 1.790(11), Hgl—ClI
2.080(7), Hgl-C23 2.087(7), C1-Hgl—-C23 175.2(3), P1-Pd—P2 175.49(7), Cl1-Pd1-CI2
176.19(8), dihedral angle for substituted Cp//Cp 11.5.

Table 1. Comparison of bite angles for complexes 5 with those of other common Pd(II) and Pt(II)
diphosphine chelate complexes.

Diphosphine Complex!?! Bite angle Diphosphine Complex!?! Bite angle
) )

5a 174.2 (DPEphos)PdCl31 102.9

(pS,pS)-5b 175.5 (Xantphos)PdCl,3 312 110.0

(dppe)PdC1,* 85.82(7) (SPANphos)PtCl,* 171.9

(dppf)PdCl1,3% 99.07(5) (PhTrap)PdBr,!'!2 163.6(1)

[a] dppe = 1,2-bis(diphenylphosphino)ethane, dppf = 1,1°-bis(diphenylphosphino)ferrocene,
DPEphos = bis[(2-diphenylphosphino)phenyl]ether, Xantphos = 4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene, =~ PhTrap = (S,5)-(R,R)-2,2"’-bis[1-(diphenylphosphino)-ethyl]-1,1"’-
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biferrocene, SPANphos = (rac)-8,8’-bis(diphenylphosphino)-3,3°,4,4’-tetrahydro-4,4,4°,4°,6,6’-
hexamethyl-2,2’-spirobi[2H-1-benzopyran].

A major difference between the two Pd complexes is that, due to the different stereochemistry, the
ferrocene moieties are adjacent to one another in the meso-complex, but they are placed on
opposite sides in (pS,pS)-5b with respect to the plane defined by the substituted Cp rings, the P
atoms, Hg and Pd (see Figure S2a for a 3D-illustration). The eight atoms involved in the central
C4HgPdP, heterocycle form an almost planar structure in Sa marked by a very small twist between
the substituted Cp rings of only 4.9°; the latter is significantly larger in (pS,pS)-5b at 11.5° due to
steric interference of the PPh, groups and the Cl atoms on Pd. The relative position of the ferrocene
moieties also has a pronounced effect on the orientation of the PdCI, fragment relative to the Fc,Hg
moiety. For 5a the CI1-Pd-CI2 vector is tilted towards the ferrocene moieties as evidenced by a
small Hg1---Pd1-Cl1 angle of 71.77(5)° and large Hg1---Pd1-Cl12 angle of 111.22(5)°. For (pS,pS)-
5b, a much more modest tilting of C12 towards one of the ferrocenes and Cl1 away from the other
ferrocene is observed and, consequently, the respective angles of 99.39(6)° and 76.80(6)° are much
closer to 90°. As a result, for Sa the Cl1 chlorine atom appears to be bridging the two unsubstituted
Cp rings of the ferrocenes (C11-~-H30 2.844(2), Cl1---H7 3.008(2) A) and also shows a short
contact to one of the phenyl rings on phosphorous (Cl1---H34 2.711(2) A), whereas for 5b both
CI1 and CI2 are in close proximity to only one of the unsubstituted Cp rings (C11---H29 2.876(2)
A; C12---H7 2.998(2); Figure S2b). Possibly also related is the observation that the Pd-Cl distances
for meso-5a (2.270(2), 2.313(2) A) are more dissimilar than those for (pS,pS)-5b (2.299(2),
2.304(2) A), with the longest Pd-Cl distance observed for the chlorine atom that is acting as a
bridging hydrogen bond acceptor in 5a. The Pd atoms also show short contacts to Hg of 2.9828(6)

A for meso-5 and 2.9313(10) A for (pS,pS)-5b, at a distance that is only slightly longer than the
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value of 2.8797(8) A measured for [PdCl,{Hg(o-CsH4PPh,)}]?7. This offers a strong indication
of an intramolecular Pd--"Hg metallophilic interaction with the diorganomercury moiety,
considering also that the distance is well below those of related compounds?? for which Pd---Hg
interactions have previously been claimed [3.1020(3)-3.2841(2) A].

Computational Investigation of Pd(II)---Hg(II) Metallophilic Interactions. The possibility
of metallophilic Pd---Hg interactions in the two isomers meso-5a and (pSpS)-Sb was further
examined by computational methods. The calculations were performed using the hybrid density
functional B97-D with a 6-311g** basis set for C, H, CI and P, a Stuttgart RSC 1997 ECP basis
set for Fe and Pd, and a Stuttgart-Koeln MCDHF RSC ECP basis set for Hg. The interatomic
Pd---Hg distances of the optimized structures (2.9775 A for optimized 5a, 2.9721 A for optimized
Sb; Figure S3) are very close to the experimental values from the X-ray structures (2.9828(6) A
for 5a, 2.9313(10) A for 5b). An evaluation of the total energies (at 0 and 298K) of the optimized
isomers revealed a slightly lower energy for 5b in comparison to 5a (AE = 1.2 and 1.3 kcal mol~
1), suggesting that the Sb-isomer is thermodynamically favoured (even though 5a formed
preferentially in the competition experiment). Wiberg bond indices (WBIs) of 0.15 (5a) and 0.16
(5b) were calculated for the Pd---Hg interactions, which are in the same range as that (WBI =0.12)
of a previously reported complex®3¢ for which a Pd---Hg metallophilic interaction had been
postulated. Atom in Molecules (AIM) analysis of the geometry-optimized molecules revealed
bond paths between the Hg and the Pd atom with similar electron densities of p(r) = 2.9 x 102 e/ag?
and Laplacians of the electron density (7.2 x 10 e/ay’) for both isomers at the Pd---Hg bond
critical points (BCPs) (Figure 3). The electron densities at the BCPs are relatively larger and should
therefore likely reflect stronger interactions than those reported previously for complexes33e 33d

with Pd---Hg interactions (1.0 x 10-2, 1.3 x 102, and 1.7 x 102 e/a;®). However, an analysis of the
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relevant molecular orbitals shows that, although binding 6-MOs can be observed, any contribution
to a Pd-Hg bond is minimal since the associated antibonding 6*-MOs are also doubly occupied
(Figure S5). Weak hydrogen bonding interactions were observed in the optimized structures
(Figure S3), similar to those detected in the single crystal X-ray structure analyses (Figure S2),
and further confirmed by the presence of bond paths and bond critical points between the chlorine
and the Cp or Ph ring hydrogen atoms. AIM contour plots of the relevant contacts are presented in

Figure S4.

8.0 8.0 7

6.0

[A] —

20 |

0 2,0 4.0 6.0 8.0 0 2.0 4.0 6.0 8.0

[A] —— — [A] ——

Figure 3. AIM contour plot of the Laplacian for meso-5a (left) and (pSpS)-5b (right) showing the

bond paths (black line) and the bond critical points (BCPs as blue circle) between Pd and Hg.

Conclusions
A new class of ferrocene-based ambiphilic chelate ligands with a unique 3-dimensional structure
was generated by salt metathesis of ortho-lithiated diphenylphosphinoferrocene with HgCl,.
Single crystal X-ray analyses revealed a frans arrangement of the ferrocene moieties in the solid-

state structure of the meso-isomer 4a, but a more twisted conformation for the rac-isomer 4b. The
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latter avoids steric congestion due to the close proximity of the diphenylphosphino moieties in a
cis-arrangement. The coordination of these diphosphine ligands to Pd(II) was investigated,
revealing exceptionally large bite angles (B = 174.2 — 175.5°). The flexibility of the bite angle is
seen by comparison to a previously reported Hg(Il) complex with a much smaller value of B =
138.36(5)°. The molecular structures of the trans-chelated Pd(II) complexes meso-5a and (pS,pS)-
5b also suggested the presence of Pd---Hg metallophilic interactions, highlighting the ambiphilic
properties of the diphosphine ligands. This aspect was further studied by computational methods,
with AIM computations revealing bond-critical points with significant electron densities, but
analyses of the molecular orbitals suggesting that the interactions are very weak at best. The Hg-
bridged diferrocenyldiphosphines discussed in here represent a new type of chelate ligands with
unprecedented metal coordination behaviors, holding promise for stereoselective transition metal-

catalyzed transformations.
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Two isomeric diphosphine chelate ligands with divergent orientation of the ferrocenes were

prepared independently and their complexation to Pd(II) investigated.
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