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The reaction of in situ generated 1'-(diphenylphosphino)-1-lithioferrocene with carbamoyl chlorides, CIC-
(E)NMe,, affords the corresponding (thio)amides, Ph,PfcC(E)NMe, (E = O (2), S (3); fc = ferrocene-1,1'-
diyl). These compounds as well as their analogues, Ph,PfcC(O)NHMe (4) and Ph,PfcC(O)NH, (5), prepared
from 1'-(diphenylphosphino)ferrocene-1-carboxylic acid (Hdpf) were studied as ligands for the Group
11 metal ions. In the reactions with [Cu(MeCN)4][BF,4], the amides give rise to bis-chelate complexes of
the type [Cu(L-k%O,P),][BF,]. Similar products, [Ag(L-KZO,P)Z]ClO4, are obtained from silver() perchlorate
and 2, 4 or 5. In contrast, the reaction of AgClO4 with 3 produces a unique molecular dimer [Ag(3)-
(ClO4-xO)],, where the metal centres are bridged by the sulfur atoms of the P,S-chelating thioamides.
The reactions of 2—5 with [AuCl(tht)] (tht = tetrahydrothiophene) afford the expected gold()—phosphine
complexes, [AuCl(L-kP)], containing uncoordinated (thio)amide moieties. Hemilabile coordination of the
phosphinoamide ligands in complexes with the soft Group 11 metal ions is established by the crystal
structure of a solvento complex, [Cu(5-k%0,P)(5-kP)(CHClz-xCl)l[BF 4], which was isolated serendipitously
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during an attempted crystallisation of [Cu(5-kO,P),][BF4]. All of the compounds are characterised by
spectroscopic methods, and the structures of several representatives of both the free phosphinoamides
and their complexes are determined by X-ray diffraction analysis and further studied by DFT calculations

www.rsc.org/dalton and cyclic voltammetry.

larity and facile synthesis, especially via amide coupling
reactions."

Introduction

Phosphine donors modified with carboxamide substituents
have evolved into a specific class of functional phosphine
ligands with applications in coordination and supramolecular
chemistry, catalysis, biomedical research, etc. The attractive-
ness of these compounds lies mainly in their structural modu-
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During our studies® on phosphinoferrocene carboxamides,
we have also typically relied on the amide coupling reactions,”
employing 1'-(diphenylphosphino)ferrocene-1-carboxylic acid
(Hdpf),” suitable functional amines and conventional peptide
coupling agents (route A in Scheme 1). Although this synthetic
strategy proved very efficient, we felt that the search for alterna-
tive synthetic routes that are more straightforward and avoid
the use of expensive stoichiometric reagents was still desirable.
Thus far, we have demonstrated that phosphinoferrocene
carboxamides can be synthesised equally well by lithiation of
1’-(diphenylphosphino)-1-bromoferrocene (1)°® and subsequent
reaction of the lithiated intermediate with isocyanates (route B
in Scheme 1).

In an attempt to extend this preparative strategy, we
decided to replace isocyanates with carbamoyl chlorides (route
C in Scheme 1).® Although the choice of substituents is inher-
ently limited in carbamoyl halides because of their high reac-
tivity, we reasoned that a reaction of lithiated intermediates
with these reagents® could possibly offer an alternative direct

This journal is © The Royal Society of Chemistry 2015


www.rsc.org/dalton
http://crossmark.crossref.org/dialog/?doi=10.1039/c4dt03279a&domain=pdf&date_stamp=2015-01-29
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4dt03279a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT044007

Open Access Article. Published on 24 December 2014. Downloaded on 2/20/2026 9:40:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

PPh, PPh,
A ?7/ RNH, (?7’
CE coupling agents CE 0
Q\COZH ¢
\
Hdpf NHR
= PPh: <= PPh:
] 1. LiBu ]
B Fe ———— Fe
@\ 2.RNCO @\ L
Br C‘
1 NHR
= PP PP
] 1. LiBu ]
(o3 Fe Fe
@\ 2. CIC(E)NR, @\ E
Br Q
NR,

1

Scheme 1 Synthetic routes to phosphinoferrocene carboxamides:
conventional amidation (A) and lithiation/electrophilic quenching (B and
C;E=0andS).

route to phosphinoamides and their corresponding thio-
amides that do not require protection of the already present
phosphine moiety from an undesired oxidation.’® In this
regard, a practical synthesis of phosphine-thioamides is par-
ticularly attractive as it may provide access to this type of
mixed-donor ligands and thus initiate investigations into their
coordination properties, which still remain largely un-
explored."* To the best of our knowledge, there is only one
report on the synthesis of a phosphine-thioamide donor via
the rather unconventional Diels-Alder [4 + 2]-cycloaddition of
N,N-dimethylthioacrylamide across 3,4-dimethyl-1-phenyl-1H-
phosphole bonded to a Pd(i) centre.'* This solitary example
markedly contrasts with the numerous studies that focus on
the chemistry of phosphine-carbothioamides, Ph,PC(S)NR,."

In this contribution, we describe the synthesis of a phos-
phinoferrocene carboxamide and thioamide via lithiation and
electrophilic functionalisation of 1, and their model com-
pounds obtained by the conventional amidation of Hdpf.
The resulting hybrid ligands'® are structurally characterised
through a combination of physicochemical and computational
methods and further employed as donors for the soft Group
11 metal ions in order to investigate their coordination
properties.

Results and discussion
Preparation and characterisation of phosphino-amide donors

Phosphinoferrocene carboxamide 2 and thioamide 3 were pre-
pared from 1 via a one-pot, two-step procedure consisting of
lithiation and subsequent quenching of the in situ generated
lithio intermediate with N,N-dimethylcarbamoyl chloride and
N,N-dimethylthiocarbamoyl chloride, respectively (Scheme 2).
The targeted amides were purified by column chromatography
and isolated in moderate to good yields (2: 46%; 3: 81%).

In view of the intended coordination study, the series of
phosphinoamide donors was extended by the homologous
secondary amide 4 (Scheme 3) and the known primary amide

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 Preparation of phosphinoferrocene amide 2 and thioamide
3 from 1 and the corresponding carbamoyl halides.
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Scheme 3 Preparation of amide 4 and its corresponding P-oxide and
P-sulfide. Legend: EDC = 1-ethyl-3-[3-(dimethylamino)propyllcarbodi-
imide, HOBt = 1-hydroxybenzotriazole.

1'-(diphenylphosphino)-1-(aminocarbonyl )ferrocene (5)” for the
purpose of comparison. The former compound was syn-
thesised by the conventional amidation of Hdpf with methyl-
amine in the presence of 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide (EDC) and 1-hydroxybenzotriazole (HOBt),
resulting in an 87% yield after isolation by column chromato-
graphy. Amide 4 was further converted to the corresponding
phosphine oxide (40) and sulfide (4S) via standard oxidations
with hydrogen peroxide and elemental sulfur, respectively.

Amides 2-4 have been characterised by multinuclear NMR
and IR spectroscopy, electrospray ionisation (ESI) mass
spectrometry and elemental analysis. Phosphines 2-4 display
singlets in their *'P{"H} NMR spectra at 8p ca. 17, close to that
of Hdpf itself,” while the signals of the P-oxidised derivatives
appear shifted to lower fields (Sp ca. 32 and 43 for 40 and 48,
respectively).>"® The '"H and "C{'H} NMR spectra reveal
signals typical for the 1'-(diphenylphosphino)ferrocenyl moi-
eties. The amide resonances are observed at ¢ ca. 170 for the
amides and at 6c 199 for thioamide 3. As a result of the
limited molecular mobility typical for conjugated amides, the
signals of the methyl substituents in the spectra of the tertiary
amides are observed either as a broadened singlet (2) or a pair
of non-equivalent signals (3) at room temperature. On the con-
trary, the "H NMR signals of the methyl groups in the spectra
of secondary amides 4, 40 and 4S are seen as NH-coupled
doublets associated with quartets attributed to the NH proton
at a lower field.

The type of amide pendant is manifested in the IR spectra,
showing bands resulting from the C-N and C=E'® stretching
vibrations (2: 1502 and 1650 ecm ™', 3: 1508 cm™ ). The spectra
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Fig. 1 PLATON plots of the molecular structures of 2, 3 and 30 (for displacement ellipsoid plots, see ESIT).

of the secondary amides further display bands due to NH
stretching modes above 3000 cm™". Additional characterisation
of 2 and 3 by DFT computations, UV-vis spectroscopy and by
cyclic voltammetry are described below.

Molecular structures of uncoordinated amides

The molecular structures of all tertiary amides (2, 3 and 30)
and secondary amides (4, 40-CHCIl; and 4S) have been deter-
mined by single-crystal X-ray diffraction analysis. The crystals
of 30 were isolated during an attempted complexation experi-
ment with 3, whereas those of all other compounds were
grown by crystallisation of authentic samples.

The molecular structures of 2, 3 and 30 are depicted in
Fig. 1. Selected geometric parameters are summarised in
Table 1. The ferrocene units in the structures of these tertiary
amides exert the typical regular geometries with similar Fe-C
distances and tilt angles below ca. 6° (maximum: 5.8(1)° for 3).
The ferrocene cyclopentadienyl rings in 2 and 3 assume
similar anticlinal eclipsed conformations that divert the sub-
stituents into mutually distant positions. The amide plane in 2
is rotated by as much as 47.4(2)° from an arrangement co-
planar with its parent cyclopentadienyl ring (Cp1) with the NMe,
group pointing away from the ferrocene unit and the PPh, sub-
stituent. The thioamide moiety in 3 is twisted considerably
less (26.7(2)°) and adopts the opposite orientation with respect
to the PPh, moiety (i.e., with the C=S bond more distant). In
contrast, the ferrocene unit in 30 has a synclinal eclipsed con-
formation, which results in a rather compact structure in
which both substituents are located on the same side of the
ferrocene scaffold. Consequently, the rotation of the thioamide
plane is increased to 41.8(2)° and the orientation of the C(S)
NMe, pendant unit is changed so that the more bulky NMe,
unit is directed away from the ferrocene unit (though on the
same side as the phosphine substituent). Parameters pertain-
ing to the amide/thioamide and (diphenylphosphino)-ferro-
cenyl moieties appear unexceptional in view of the data reported

3094 | Dalton Trans., 2015, 44, 3092-3108

Table 1 Selected geometric data for tertiary amides 2, 3 and 30 (in A
and °)?

Parameter 2(E=0) 3(E=5) 30 (E=S)
Fe-Cgl 1.6462(8) 1.6544(8) 1.6413(7)
Fe-Cg2 1.6464(8) 1.6486(8) 1.6402(7)
«Cp1, Cp2 2.8(1) 5.8(1) 4.12(9)

T ~151.1(1) 143.5(1) 71.8(1)
C11=FE 1.225(2) 1.689(2) 1.672(2)
C11-N 1.356(2) 1.333(2) 1.337(2)
E—C11-N 121.7(2) 121.4(1) 122.3(1)
» 47.4(2) 26.7(2) 41.8(2)
N-C24 1.460(2) 1.465(2) 1.468(2)
N-C25 1.460(2) 1.464(2) 1.461(2)
C24-N-C25 116.3(1) 113.7(2) 113.0(2)
P-C6 1.820(2) 1.811(2) 1.788(2)
P-C12 1.832(2) 1.835(2) 1.811(2)
P-C18 1.841(2) 1.839(2) 1.808(2)

“Definitions: Cp1 and Cp2 are the cyclopentadienyl rings C(1-5) and
C(6-10), respectively. Cg1/2 denote their centroids. z is the torsion
angle C1-Cg1-Cg2-C6 and ¢ is the dihedral angle subtended by the
amide unit (C11, E, N) and the plane of its parent ring Cp1. b Further
data: P=0 = 1.536(1) A.

earlier for FcCSNH,,"” fc[CSNMe,],,”* Hdpf and its P-oxide,’
Ph,P(0)fcCONHCy,” and bromide 1'® (Fc = ferrocenyl, fc =
ferrocene-1,1"-diyl).

Molecular structures of the secondary amides 4, 40-CHCl;
and 4S are shown in Fig. 2. Principal geometric data are given
in Table 2. The molecular parameters compare well with those
reported for other structurally characterised secondary amides
derived from Hdpf.'” Similar to the tertiary amides, the
ferrocene units in the structures of the secondary amides are
typical with tilt angles not exceeding ca. 5°. A most notable
difference observed across the series is again associated with
the mutual orientation of the ferrocene substituents, which
are near synclinal eclipsed in 4 and 40, staggered anticlinal in
molecule 2 of 4S, or assume an intermediate conformation
between anticlinal staggered and eclipsed anticlinal eclipsed
(molecule 1 of 4S).

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 PLATON plots of the molecular structures of 4, 40-CHCIls and 4S (molecule 1). Labelling of the second independent molecule in the struc-
ture of 4S is strictly analogous. Displacement ellipsoid plots are available in the ESI.f The N-H---O and C—H---Cl hydrogen bonds in the structure of

40-CHCl3 are shown as dashed lines.

Table 2 Selected geometric parameters for the secondary amides 4,
40 and 4S (in A and °°

Parameter 4 (E = void) 40 (E=01P) 48 (E = S1/S2)°
Fe-Cg1 1.6462(8) 1.650(1) 1.640(4)/1.662(4)
Fe-Cg2 1.6420(7) 1.641(1) 1.643(4)/1.639(4)
£Cp1, Cp2 3.2(1) 1.2(1) 3.2(5)/4.7(5)

T —82.6(1) 71.3(2) —-162.3(5)/145.4(5)
C11=0 1.242(2) 1.233(3) 1.222(6)/1.233(7)
C11-N 1.330(2) 1.343(3) 1.326(8)/1.309(7)
0-C11-N 122.1(2) 123.3(2) 123.6(5)/121.9(6)
@ 6.1(2) 25.3(3) 11.3(8)/13.6(7)
N-C24 1.453(2) 1.456(3) 1.457(9)/1.45(1)
P=E n.a. 1.495(2) 1.951(3)/1.960(3)
P-C6 1.822(2) 1.785(2) 1.785(8)/1.792(8)
P-C12 1.835(2) 1.809(2) 1.826(9)/1.813(9)
P-C18 1.839(2) 1.809(2) 1.819(7)/1.818(7)

“The parameters are defined as for the tertiary amides (see Table 1).
n.a. = not applicable. *The compound crystallised in the form of
stoichiometric solvate 40-CHCl;. “Data for the two structurally
independent molecules (molecule 1/molecule 2).

The rotation of the amide unit with respect to the parent
cyclopentadienyl ring varies from ca. 6° in amide 4 to ca. 25°
in 40. However, these structural changes seem to be (at least
partly) induced by different intermolecular interactions
because, unlike the tertiary amides whose solid-state struc-
tures are essentially molecular,® the molecules of the second-
ary amides associate in the solid state by means of hydrogen
bonds formed by the NH hydrogens. Compounds 4 and 4S
assemble into infinite chains consisting of molecules located
around the crystallographic glide planes via N-H---O=C hydro-
gen bonds (N---O = 2.835(2) A for 4 and 2.797(6)/2.834(6) for
molecules 1/2 of 4S). Conversely, the solvated phosphine oxide
40 forms an intramolecular hydrogen N-H:--O=P bond
towards the highly polarised®’ phosphoryl oxygen (N---O =
2.838(2) A) rather than the amide C—0 moiety, while the C—=0

This journal is © The Royal Society of Chemistry 2015

group is employed in binding the solvent molecule via the soft

C-H---O interaction (Cl3C-H---O=C, C---O = 3.013(3) A)

DFT and electrochemical study of amides 2 and 3

Geometries of 2 and 3 computed by DFT methods for isolated
molecules in vacuum reproduce very well those determined by
X-ray crystallography in the solid state (for an overlap of the
computed and experimentally determined molecular struc-
tures, see ESIT). Whereas the calculated interatomic distances
differ from the experimental ones by less than ca. 0.04 A (the
mean difference being only 0.01 A), the interatomic angles
show more pronounced variation (maximum 14°, average
difference: 1-3°) due to changes in conformation.** The di-
hedral angle of the cyclopentadienyl planes and ¢ parameter
calculated for amide 2 are 2° and —174°, respectively. The
amide moiety in the DFT optimised structure has similar
orientation to the solid state structure with twist angle ¢ of
39°. In the case of thioamide 3, the 7 and ¢ angles of 149° and
26°, respectively, correspond also well with the crystal structure
data (cf. data in Table 1).

The LUMO, HOMO and two next molecular orbitals below
HOMO are depicted in Fig. 3. In the case of 2, the HOMO and
HOMO-1 show dominant contributions from d orbitals on Fe,
while for 3, the HOMO consists mainly of non-bonding orbital
located on sulfur (lone pair). The next two lower molecular
orbitals of 3 are of similar nature as HOMO and HOMO-1 of 2
(similar to diagonal relationship), but with certain contri-
bution from atomic orbitals located on the sulfur atom and
with somewhat lower energies. This corresponds well with the
lower ionisation potential and higher softness of sulfur with
respect to oxygen. This principal difference in the structure of
the highest occupied molecular orbitals is most likely respon-
sible for the different electrochemical behaviour of 2 and 3
(vide infra).

Dalton Trans., 2015, 44, 3092-3108 | 3095
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Fig. 3 Plots of LUMO, HOMO and two lower molecular orbitals of 2
and 3 showing contours at the +0.05 a.u. level.

Changes in electronic structure associated with the
(formal) replacement of the amide oxygen with sulfur
prompted us to investigate the representative amides 2 and 3
by UV-vis spectroscopy and by electrochemical methods. The
UV-vis spectra (Fig. 4) comprise single bands (with a shoulder
at lower energies) located at the foot of a more intense bands

extending from the UV region. This band in the spectrum of 2

1.0 —

0.8 |- -

06 |- -

04 -

02| B

700 800

A[nm)

Fig. 4 UV-vis spectra of 2 (blue line) and 3 (red line) recorded in 1,2-
dichloroethane solutions (c = 5 x 10~* M, optical path 10 mm).
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Fig. 5 Cyclic voltammogram of amide 2 as recorded at Pt disc elec-
trode in 1,2-dichloroethane at 0.1 V s7* scan rate (the arrow indicates

the scan direction). The inset shows partial cyclic voltammograms

recorded at different scan rates (black: 20 mV s7%, blue: 50 mV s,

green: 0.1 mV s~ red: 0.2V s, and cyan: 0.5V s™).

is observed at 445 nm, shifted slightly to lower energies as
compared with ferrocene itself (440 nm; forbidden d-d tran-
sition).>* In the spectrum of 3, the absorption band is signifi-
cantly red-shifted (458 nm) and also more intense, presumably
owing to a more extensive conjugation.>*

Cyclic voltammogram of amide 2 (Fig. 5) displays a one-
electron oxidation at E°' ca. 0.17 V vs. ferrocene/ferrocenium.
The oxidation, which can be attributed to the Fe"/Fe™ couple
(electron removal from HOMO located predominantly at the
ferrocene unit, see above), is associated with some follow-up
processes that render it quasi-reversible and also give to rise to
additional redox waves at higher potentials. Nonetheless,
chemical reactions of the electrochemically generated species
are relatively slow because the ratio of the cathodic and anodic
peak currents (i,c/ips) significantly increases with increasing
scan rate (see inset in Fig. 5), limiting to unity. Such behaviour
resembles that of the parent acid Hdpf.” The fact that the oxi-
dation of the ferrocene unit is shifted to less positive potential
than that of Hdpf (E°’ ca. 0.31 V in MeCN) is in accordance
with the lower electron-withdrawing ability of the amide
moiety as compared with the carboxyl group (¢f. the Hammett
o, constants: 0.36 for CONH,, and 0.45 for CO,H).*

The redox behaviour of thioamide 3 is much less clear-cut
(Fig. 6). The compound undergoes an irreversible oxidation at
ca. 0.02 V (anodic peak potential, E,, is given), which is fol-
lowed by several ill-defined irreversible oxidations that replace
the original composite oxidative wave during the second and
following scans (even at 1 V s™*). Such a response may well cor-
respond with the properties of the HOMO orbital, which
encompasses both ferrocene unit and the thioamide moiety.

DFT study of amide group conformation

The relatively high and varying twisting of the amide pendant
observed in the solid-state structures of free phosphinoamides

This journal is © The Royal Society of Chemistry 2015
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E vs. ferrocene/ferrocenium [V]

Fig. 6 Full (red line) and partial (black line) cyclic voltammograms of 3
as recorded at Pt disc electrode in 1,2-dichloroethane at 0.1 V s™* scan
rate. The arrow indicates the scan direction and the second scan is dis-
tinguished by a dashed line.
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Fig. 7 Calculated energy dependence on the torsion angle y for
FcCONH, (blue) and FCcCSNH5 (red) at T = 300 K.

led us further to investigate the influence of the dihedral angle
subtended by the amide plane {C, N, E} and its parent cyclo-
pentadienyl ring on the overall energy of the isolated model
molecules of FCCONR, and FcCSNR, (R = H and Me) by DFT
calculations. Attention was paid to this parameter mainly
because it could significantly affect the coordination pro-
perties of the phosphinoamides, being responsible for an
efficient approach of the amide moieties to a metal centre.

For the sake of a simpler definition, the dihedral angle ¢
was replaced with the torsion angle C2-C1-C11-E (y). The
energy profiles calculated as a function of this angle for
FcCONH, and FcCSNH, (Fig. 7) show two equivalent minima
corresponding to enantiomers. The maxima belong to confor-
mations with amide groups perpendicular to the parent cyclo-
pentadienyl rings, with the higher in energy corresponding to
the conformation in which the NH, unit is directed closer to
the Fe atom. The practically coincident minima for both
amides exhibit twists of the amide group of 18°. In the case of

This journal is © The Royal Society of Chemistry 2015
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the more bulky N,N-dimethyl derivatives, FcC(E)NMe,, the
twisting increases to 35° and 37° for E = O and S, respectively,
presumably for steric reasons. The former value corresponds
with that determined in the solid state (FcCONMe,: 36/37° for
two independent molecules).>**”

Importantly, the curvature of the energy landscape near the
minima for both FcCONH, and FcCSNH,, allows for an essen-
tially free change of y by approximately 20° in both directions
at room temperature, i.e., within the energy change of 1 kT
(where kg is the Boltzmann constant). In this interval, the twist
angle can thus be controlled via an interplay between energy
changes reflecting the extent of conjugation, steric effects,
coordination and intermolecular interactions (the latter in the
solid state).

Another notable feature in the energy profiles concerns
small changes in the slope for conformers whose amide
groups are nearly coplanar with their bonding cyclopentadie-
nyl rings (y &~ 10°). These changes result from the potential
energy surface (PES) crossing other surface corresponding to
an inversion of the pyramidal NH, moiety because the two sur-
faces coincide for the planar arrangement of the NH, groups
(for clarity, only the PES with the lower energy is shown in
Fig. 7).

Synthesis of copper(1) and silver() complexes

In order to fully exploit the donor moieties available in 2-5,
coordination study with the soft Cu() and Ag(i) ions was
undertaken using metal precursors devoid of any firmly bound
ligands (e.g., halides) and coordinating anions that could poss-
ibly compete with the donor groups offered by the amido-
phosphine ligands. Hence, the complexation reactions were
performed at the ligand-to-metal ratio of 2:1 using [Cu-
(MeCN),][BF,] and AgClO, as the metal sources (Scheme 4).

These precursors reacted identically with all of the amides
to afford bis-chelate complexes of the type [M(L-k*0,P),]X. The
reaction of thioamide 3 with [Cu(MeCN),]|[BF,] afforded an
analogous compound 6d, the structure of which, together with
other representatives (6b, 7b and 6d; vide infra), was un-
ambiguously confirmed by single-crystal X-ray diffraction analysis.
In contrast, the reaction of 3 with silver(i) perchlorate pro-
duced an evidently different product (7d) exhibiting properties
very different from those of the rest of the series: the com-
pound readily precipitated from the reaction mixture and was
practically insoluble in common organic solvents (including
DMSO-dg), which in turn precluded its detailed characteris-
ation by solution techniques (e.g., NMR spectroscopy). This
finding alerted us to investigate this material in more detail.
Fortunately, X-ray quality crystals were obtained when the
educts were allowed to mix slowly by liquid-phase diffusion.
The isolated crystals proved to be identical with 7d obtained
by direct mixing of the starting materials, as evidenced by the
IR spectra.

The structure determination revealed 7d to be a “dimer”,
wherein the thioamide coordinates in a P,S-bidentate fashion
to one silver(i) centre and simultaneously acts as a bridge
towards the other Ag(1) ion through its sulfur atom. The coordi-
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Scheme 4 Synthesis of Cu(l) and Ag(l) complexes.

nation sphere is completed by O-bonded perchlorate, resulting
in tetrahedral coordination around the chemically equivalent
metal centres. As the consequence, the complex has an overall
1:1 ligand-to-metal stoichiometry, which clearly differentiates
7d from the rest of the Cu(i) and Ag(i) complexes.

Complexes 6 and 7 were characterised by elemental ana-
lysis, IR and NMR spectroscopy, and ESI MS spectrometry. The
coordination of the amidophosphine ligands in these com-
pounds is clearly manifested in the *'P NMR spectra via a shift
of the *'P NMR signal to lower fields. The *'P NMR signals are
observed as singlets at approximately —11 ppm for the Cu(r)
complexes 6a-d, and as '°”'°Ag-coupled doublets at
ca. 3-4 ppm for 7a-c. Compound 7d gives rise to a broad doublet
at 6p —0.3 with 'J(Ag,P) ~ 510 Hz. It is also noteworthy that the
*'p and '"H NMR signals are typically broadened, indicating
that some dynamic processes are taking place in the solution.
In their ESI mass spectra, the “mononuclear” complexes 6a-d
and 7a-c exhibit signals of the cations [ML,]" and their frag-
ments [ML]". The spectrum of the disilver(i) species 7d is
dominated by the ions due to [Ag(3)]" at m/z 563/566 and
further shows additional signals attributable to [Ag(3)-
(CH;0H)]" (m/z 596/599). All these results (shifts of the "H and
*'P NMR signals and species observed in the ESI MS spectra)
suggest the solid state structures to be retained even in solu-
tion, though perhaps with some structural dynamics.

Finally, the presence of the counter anions is reflected in
the IR spectra, showing composite intense bands resulting
from the v; vibrations?® of the tetrahedral ions BF,” and ClO,~
at ca. 1030-1095 cm ™" and 1050-1130 cm ™, respectively.

The anticipated dynamic and possibly hemilabile coordi-
nation®® of the phosphinoamide donors was proven by a seren-
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dipitous isolation of several crystals of a solvento complex,
[Cu(5-k>0,P)(5-xP)(CHCl;-«Cl)][BF,] (6a’), which was isolated
during an attempted crystallisation of 6a and structurally
characterised. It is noteworthy that this solvento complex
ensued from a copper(i) complex whose amide substituents
(NH,) provide the lowest steric protection and donating ability
among the amides studied and comprise oxygen as a hard
donor atom (N.B. Cu(i) is softer than Ag(i) according to the
absolute hardness scale®®).

Molecular structures of the Cu(i) and Ag(1) complexes

Crystallisation of the “bulk” samples provided single crystals
of 6b-1/4CHCIl;, 6d-2CHCl;, and 7b-CHCl;, which were used
for structure determination. The crystals of 7d had to be grown
by reactive diffusion because of poor solubility, making any
recrystallisation impossible (see Experimental), whereas those
of 6a-CHCI; were obtained unintentionally upon attempted
crystallisation of 6a.

As indicated by the formulae given above, the compounds
tend to retain crystallisation solvents in their structure, which
often become disordered in structural voids defined by the
bulky complex molecules. A similar effect affects the counter
anions, which are considerably smaller than the cations they
are associated with, and even some peripheral molecular parts
(e.g., phenyl rings).

The crystal structure of 6d-2CHCI; is shown in Fig. 8 (struc-
tural drawings of the analogous complexes 6b-1/4CHCIl; and
7b-CHCI; are presented in the ESIf). Relevant geometric para-
meters for all three complexes are provided in Table 3. The
structures support the formulation, revealing tetrahedral
coordination environments around the metal centres consti-
tuted by two P,E-chelating (E = O or S) amidophosphine
ligands. An inspection of the interligand angles reveals pro-
nounced angular distortion of the coordination sphere result-
ing from the different steric demands of the donor moieties.
In the pair of complexes derived from ligand 4 (ie., 6b-
1/4CHCI; and 7b-CHCl), the interligand angles increase from
O-M-0 via O-M-P to P-M-P. Such a feature, as well as the

Fig. 8 View of the cation in the structure of 6d-2CHCls. The hydrogen
atoms are omitted for clarity.

This journal is © The Royal Society of Chemistry 2015
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Table 3 Selected geometric data for the bis-chelates 6b-1/4CHCls, 6d-2CHCls and 7b-CHCls and for the related solvento complex 6a’-CHCls (in A

and °)?
c d 6b-1/4CHCl, 6d-2CHCl, 7b-CHCl, 6a’-CHCl,

ompoun (M/E = Cu/O1, 02) (M/E = Cu/S1, 52) (MJ/E = Ag/O) (M/E = Cu/O1, 02)°
Parameter Ligand 1 Ligand 2 Ligand 1 Ligand 2 Ligand 17 Ligand 17 Ligand 27
M-P 2.2469(7) 2.2256(8) 2.2842(5) 2.2636(5) 2.4256(6) 2.251(1) 2.233(1)
M-E 2.174(2) 2.102(2) 2.3866(6) 2.3951(7) 2.468(2) n.a. 2.006(3)
P-M-P [E-M-E] 125.79(3) [93.06(9)] 127.32(2) [108.24(2)] 142.99(3) [80.20(6)] 128.17(4) n.a
P-M-E1 104.09(6) 109.40(6) 105.59(2) 100.17(2) 115.50(5) n.a. n.a.
P-M-E2 101.29(7) 117.74(6) 104.98(2) 109.33(2) 93.16(5) 110.95(9) 118.04(9)
Fe-Cgl 1.645(2) 1.648(1) 1.647(1) 1.643(1) 1.651(1) 1.652(2) 1.652(2)
Fe-Cg2 1.639(1) 1.646(1) 1.644(1) 1.647(1) 1.640(1) 1.649(2) 1.646(2)
£Cp1, Cp2 1.0(2) 4.0(2) 3.5(2) 7.5(2) 1.0(2) 2.7(2) 2.2(2)
T -49.4(2) -68.2(2) -59.5(2) -15.2(2) -69.5(2) 101.0(3) -59.4(3)
C=E (amide) 1.240(4) 1.228(3) 1.711(2) 1.714(2) 1.231(3) 1.250(4) 1.271(3)
C-N (amide) 1.324(4) 1.331(3) 1.325(3) 1.323(3) 1.337(4) 1.320(5) 1.312(4)
E=C-N (amide) 121.1(3) 121.4(2) 120.0(2) 121.1(2) 122.0(2) 121.9(3) 118.6(3)
@ 19.3(4) 27.9(3) 11.1(2) 39.1(2) 15.5(3) 9.0(4) 19.8(3)

“ Definitions: Cp1 and Cp2 are the amide- and phosphine-substituted cyclopentadienyl rings, respectively. Cg1/2 are their centroids. 7 is the
torsion angle C1-Cg1-Cg2-C6 and ¢ is the dihedral angle subtended by the amide unit (E=C1-N) and the plane of its parent ring Cp1. n.a. =
not applicable. ” Only one set of distances and angles available because of the imposed symmetry.  Further data: Cu-Cl1 = 3.138(2); Cl1-Cu-P1 =
107.90(4), Cl1-Cu-P2 = 86.96(4), Cl1-Cu-02 = 91.8(1). “ Ligand 1 = P-monodentate 5, ligand 2 = O,P-chelating 5.

individual ligand-donor bond lengths, correspond with those
reported for [Cu(Ph,PfcCONHCH,CO,Me-k>0,P),](CF5S0;).>"

Upon going from 6b-1/4CHCI; to 7b-CHCl;, a lengthening
of the M-P (by ca. 0.2 A) and, particularly, the M~O bonds
(from ca. 2.10/2.17 A for Cu(1) to 2.47 A for Ag(1)) is observed
owing to the presence of a larger central atom in the Ag(i)
complex. The fact that the Cu-O distances in the structure of
the former compound differ significantly (0.07 A) can be
associated with a relatively weaker coordination of the hard
donor group, which may in turn allow for structural distortions
without any dramatic destabilisation (increase in the overall
energy; ¢f. the DFT calculations above). On the other hand, the
bond lengths within the amide pendant change only margin-
ally upon coordination (see the data for 4 above) but the
ligand undergoes conformational reorganisation. The ferro-
cene-bound donor moieties are rotated closer to each other
and the amide planes are twisted so as their oxygen atoms can
reach the metal centre.

The Cu(i) complex bearing the ligands,
6d-2CHCI;, also possesses a tetrahedral structure, but because
of longer Cu-S bonds, it appears to be more sterically relaxed.
This is manifested in the interligand angles among which the
S-Cu-S is no longer the most acute. Notably, the two structu-
rally independent P,S-chelating ligands in the structure of 6d
differ by conformation as evidenced by the 7z and ¢ angles
(Table 3; N.B. similar though less pronounced differences can
be observed in the structure of 6b).

Opening of one of the chelate rings, such in the structure
of 6a’-CHCl; (Fig. 9 and Table 3), does not result in an equali-
sation of the interligand angles (ca. 87-128°), presumably
because the amide oxygen is replaced with a relatively bulky
chloroform molecule. The Cu-Cl1 distance of 3.138(2) A
approaches the threshold of the van der Waals contacts

thioamide

This journal is © The Royal Society of Chemistry 2015

(3.15 A*?). According to a search in the Cambridge Structural
Database (CSD),** analogous Cu---CI-CHCI, interactions are
rare and can be detected in the crystal structures of chloroform
solvates of molecular triangles (Cu;)** and squares (Cu,)*
built up from bis(acetylacetonate) ligands and Cu(u) ions, in
which the chloroform occupies an apical position in a square
pyramid around the Cu(u) ions (Cu---Cl ~ 3.11-3.25 A).

The different roles that the two amidophosphine ligands
play in the complex cation of 6a’ are reflected in their confor-
mations. Thus, the donor substituents in the chelating ligand
adopt a conformation between synclinal staggered and syncl-
inal eclipsed (r »# —59°), and the amide planes are rotated by
ca. 20° with respect to the parent cyclopentadienyl ring. On
the other hand, the P-bound ligand assumes a more opened
anticlinal conformation (r ~ 101°) and the amide plane is
twisted by only ca. 9°. The C=O distances are affected only
marginally but in the expected manner as the coordinated
C—O0 bond is ca. 0.02 A longer than the uncoordinated one.

NH protons in the structures of complexes with coordinated
4 (i.e., 6b and 7b) are involved in hydrogen bonding to the
respective counter anion in the crystal state. Those in mole-
cules of 6a’ interconnect the complex units into dimers posi-
tioned around the inversion centres (Fig. 9). In the latter case,
each P-bound ligand is linked to its inversion-related counter-
part via a pair of N-H:-:O=C hydrogen bonds from the NH
hydrogen closer to the amide oxygen, whereas the other hydro-
gen forms an N-H-.--F hydrogen bridge to one of the BF,”
anions. Amide hydrogens in the P,0O-chelating ligand partici-
pate in similar interactions towards the oxygen in the P-mono-
dentate ligand (O1) bonded to the same metal centre and
towards another BF, fluorine, respectively.

As it was stated above, complex 7d (Fig. 10 and Table 4) is a
dimer, in which the phosphinoamide ligands coordinate in a

Dalton Trans., 2015, 44, 3092-3108 | 3099


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4dt03279a

Open Access Article. Published on 24 December 2014. Downloaded on 2/20/2026 9:40:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Fig. 9 Top: view of the complex molecule in the structure of
6a"CHCl;. Al CH hydrogen atoms are omitted for clarity. Bottom:
packing diagram for 6a’-CHClz. Only the pivotal carbon atoms from the
phenyl rings and NH hydrogens are shown for clarity. Hydrogen bond
parameters are as follows (in A and °): N1I-HIN---O1, N1..-O1 = 2.914(5),
angle at HIN = 158; N1-H2N---F3, N1.--F3 = 3.15(1), angle at H2N = 160;
N2-H4N-.-O1, N2.--O1 = 2.914(4), angle at H4N = 152; N2—H3N.--F1,
N2---F1 = 2.872(8), angle at H3N = 152.

Fig. 10 View of the molecular structure of 7d. The prime-labelled
atoms are generated by the crystallographic inversion.

chelating manner and are further involved in bridging of the
“other” Ag(i) ion through the sulfur atom. The donor set
around each Ag() is supplemented with an O-bonded perchlor-
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Table 4 Selected distances and angles for 7d (in A and °)®

Ag-P 2.426(1) P-Ag-S 121.68(4)
Ag-S 2.663(1) P-Ag-S' 143.55(5)
Ag-S' 2.572(1) P-Ag-O1 95.9(1)
Ag-01 2.814(6) S-Ag-S' 85.44(4)
Ag---Ag' 3.8469(7) S-Ag-01 117.6(1)
S8’ 3.552(2) S'-Ag-01 90.9(1)
Fe-Cg1 1.647(2) £Cp1, Cp2 5.1(3)
Fe-Cg2 1.651(2) T -80.9(3)
C11=S§ 1.719(4) S-C11-N 120.3(3)
C11-N 1.306(6) ) 37.8(5)

“All parameters are defined as for the free ligand (see Table 1). The
prime-labelled atoms are generated by the (1 — x, 2 — y, 2 — 2)
symmetry operation.

ate anion into a distorted tetrahedron. The Ag-O distance of
2.814(6) A falls well below the sum of the van der Waals radii
(3.24 A), suggesting a relatively weaker yet significant inter-
action between the anion and Ag(i).

The Ag-S distance pertaining to the sulfur atom from the
chelating ligand is ca. 0.1 A longer than the Ag-S distance to
the bridging sulfur, and the central Ag,S, ring has a twisted
rhomboidal shape (S-Ag-S’' = 85.44(4)°, Ag-S-Ag’ = 94.56(4)°).
The ferrocene ligands adopt a conformation near to synclinal
eclipsed (ideal value: 7 = 72°) and their amide pendants are
twisted by ca. 38°.

Synthesis of chloridogold(i) complexes

For the sake of completeness, we have synthesised a series of
chloridogold(i) complexes of the type [AuCl(L-kP)] (8; L = 2-5,
Scheme 5), in which the amidophosphine ligands employ only
their phosphorus donor moieties for coordination. These com-
pounds were readily prepared via displacement of the tetra-
hydrothiophene (tht) ligand in [AuCl(tht)] by the stoichiometric
amount of the respective amidophosphine, resulting in good
to excellent yields depending on the isolation procedure.

Compounds 8a-d were characterised similarly to the Cu(i)
and Ag(1) complexes discussed above. In addition, the mole-
cular structure of 8d was determined by single-crystal X-ray
diffraction analysis. The "H and *'P{'"H} NMR spectra of 8a-d
show signals of the phosphinoferrocene ligands and sharp
singlets at ca. §p +29, respectively. The ESI MS spectra of these
complexes display signals attributable to cationic fragments
resulting from the loss of chloride ion ([M — CI]") and, for 8a-
¢, also the signals due to the pseudomolecular ions ([M + Na]"
and [M + K]").

Ph complex E NR2
2
; = TA— 8 0 N
ligand ]
[AuCI(tht)] —— Fe 8h (@] NHMe
—tht @\ E
& 8c O NMe,
gad 2 8d S NMe;
Scheme 5 Synthesis of Au() complexes 8a—d (tht = tetrahydro-

thiophene).
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Fig. 11 View of molecule 1 in the crystal structure of 8d. The labelling
of molecule 2 is analogous with the respective labels having 2 as the
first numeral. Selected distances and angles (in A and °) for molecule 1
[molecule 2]: Au-Cl 2.294(2) [2.278(2)], Au—-P 2.230(2) [2.226(2)], Cl-
Au-P 178.3(1) [174.91(7)], Fe—Cgl 1.653(4) [1.654(4)], Fe—Cg2 1.640(3)
[1.628(4)], = —78.9(5) [-83.0(5)], C=S 1.663(9) [1.669(8)], C—N 1.34(1)
[1.34(1)], S-C-N 123.2(6) [122.1(6)], ¢ 33.2(8) [39.9(8)]. Note: the para-
meters are defined as for the free ligand.

Molecular structure of 8d

Complex 8d (Fig. 11) crystallises with two independent but
otherwise similar®*® molecules per asymmetric unit (for an
overlap, see ESIt). The molecules comprise the typical, practi-
cally linear Cl-Au-P moieties with the Au-P and Au-Cl
bond lengths being close to those previously determined
for [AuCl(FcPPh,)]*” and the related AuCl complexes with
1’-functionalised phosphinoferrocene ligands.**

The amidophosphine ligands in the two molecules exert
negligible tilting on the ferrocene unit (1.9(5)° and 3.4(5)°)
and adopt conformations close to synclinal eclipsed (cf. r with
the ideal value of 72°). The amide substituents are rotated by
ca. 33° and 40° (for molecules 1/2) from the planes of their
parent cyclopentadienyl rings so that the bulky NMe, unit are
directed away from the ferrocene unit. The structure of 8d is
essentially molecular; no Au---Au contacts indicative of poss-
ible aurophilic interactions®® were detected.

Electrochemical study of representative complexes

In addition to the characterization discussed above, complexes
6¢c, 6d, 7c and 8c as the representatives were studied by volta-
mmetric methods similarly to the free ligands. Attention was
paid mostly to the behaviour in the anodic region.

Thus, in cyclic voltammetry, compound 6c undergoes an
oxidation which can be tentatively attributed to the oxidation
of its ferrocene ligands (Fig. 12). However, the observed redox
wave is composite, presumably owing to a convolution of two
narrow-spaced oxidations (peak potentials: anodic 0.49 V,
cathodic 0.34 V). This is clearly manifested in differential
pulse voltammograms (see Figure in the ESIT). The associated
redox process appears to be reversible, though only when the
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Fig. 12 Full (bottom) and partial (top) cyclic voltammograms of 6c as
recorded at a glassy carbon electrode and with 0.1 V s scan rate
(second scans are shown as dashed lines). For clarity, the partial cyclic
voltammogram is shifted by +15 pA (to avoid overlaps) and the scan
direction is indicated with an arrow.

o
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Fig. 13 Representative cyclic voltammograms of 6d as recorded at a
glassy carbon electrode and 0.1 V s7! scan rate (the second scan is
shown as a dashed line).

wave is scanned separate over a narrow range. If the scan is
extended beyond this first redox event, an irreversible oxidative
and two reduction waves appear, replacing the original redox
response during the second and following scans (Fig. 12). The
response of the analogous Ag(1) complex 7c¢ in cyclic voltamme-
try is very similar (peak potentials for the composite wave:
approx. 0.50 and 0.37 V).

On the other hand, the redox behaviour of the Cu()-thio-
amide complex 6d differs from that of 6¢ (Fig. 13) in that com-
pound 6d undergoes an irreversible oxidation at ca. 0.41 V
(peak potential). When the scan window is enlarged, a pair of
redox waves appears at ca. 0.66 and 0.32 V that practically
supersede the original oxidative wave. Finally, the gold(i)
monophosphine complex 8c undergoes a standard one-elec-
tron oxidation at E°’ = 0.375 V. It is noteworthy that the wave,
which can be ascribed to the ferrocene/ferrocenium couple, is
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electrochemically reversible, very likely because the lone pair
at phosphorus as a reactive site is no longer available.’
The shift of the redox wave towards more positive potential
with respect to free 2 corresponds with the expected electron
density lowering at the ferrocene unit associated with
coordination.

Conclusions

The results presented in this paper demonstrate that the reac-
tion of 1'-(diphenylphosphino)-1-lithioferrocene with carb-
amoyl and thiocarbamoyl chlorides is a viable synthetic route to
new phosphinoamide ligands, offering an alternative to other
commonly employed preparative methods such as the amida-
tion of carboxylic acids. The reaction appears to be particularly
attractive for the synthesis of phosphine-thioamides because
it eliminates the additional protection/deprotection steps
required during the conventional thionations.

As evidenced by the structures of the free donors and their
complexes, the molecules of 1'-(diphenylphosphino)ferrocene
amides and thioamides are flexible, allowing for a pre-organis-
ation of the donor moieties into positions suitable for coordi-
nation via rotation of the ferrocene cyclopentadienyls and
twisting of the amide unit around the pivotal C-C bond at no
substantial energy cost. The hybrid nature of these donors,
particularly the amides combining hard and soft donor
groups, results in hemilabile coordination in complexes with
the soft Group 11 metal ions that in turn affects the stability
and structural dynamics of these coordination compounds.
The coordination variability is in no way reduced upon the
replacement of amide oxygen with the soft sulfur atom. The
thioamides may thus not only simply parallel the behaviour of
their amide analogues but can also behave differently, taking
advantage of the specific qualities of the thioamide moiety
(longer C=S bond, softer and less electronegative donor atom,
etc.) and thus give rise to new and unique structural motifs
(cf. the structure of 7d). All of these factors render the coordi-
nation chemistry of phosphino-thioamides an attractive
research target that has not yet been explored in great detail.

Experimental

Materials and methods

All syntheses were performed under an argon atmosphere in
the absence of direct daylight. Compounds 1*° and [AuCl-
(tht)]** were synthesised according to the literature. Dichloro-
methane and tetrahydrofuran were dried with a Pure Solv
MD-5 Solvent Purification System (Innovative Technology,
USA). Benzene and toluene were dried over sodium metal and
distilled under argon. Other chemicals and solvents utilised
for crystallisations and during column chromatography were
used as received (Sigma-Aldrich; solvents from Lachner, Czech
Republic).
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IR spectra were recorded with an FTIR Nicolet 760 instru-
ment in the range 400-4000 cm™'. NMR spectra were obtained
on a Varian UNITY Inova 400 spectrometer at 25 °C unless
noted otherwise. Chemical shifts (6/ppm) are referenced to
internal tetramethylsilane (for 'H and *C NMR spectra) and
external 85% aqueous H;PO, (*'P NMR spectra). Alongside the
standard notation of signal multiplicity, vq and vt are used to
distinguish virtual quartets and triplets arising from the mag-
netically non-equivalent protons at the phosphine- and carb-
amoyl-substituted cyclopentadienyl rings, respectively.

Electrospray ionisation mass spectra (ESI MS) were recorded
with a Bruker Esquire 3000 spectrometer using samples dis-
solved in HPLC-grade methanol. High-resolution (HR) ESI
mass spectra were measured on a LTQ Orbitrap XL spectro-
meter. UV-vis spectra were recorded with a Unicam UV300
spectrometer in 1,2-dichloroethane. Elemental analyses were
determined with a PE 2400 Series II CHNS/O Elemental Analy-
ser (Perkin Elmer). The amount of clathrated solvent (if any)
was verified by NMR analysis.

Safety note. Caution! Although we have not encountered
any problems, it must be noted that perchlorate salts of com-
plexes with organic ligands are potentially explosive and
should be handled with care and only in small quantities.

Synthesis of the amidophosphine ligands

1'-(Diphenylphosphino)-1-(dimethylamino)carbonyl[ferrocene
(2). 1'-(Diphenylphosphino)-1-bromoferrocene (1; 0.90 g,
2.0 mmol) was placed in a two-necked, round bottom flask
and dissolved in dry tetrahydrofuran (10 mL). The orange solu-
tion was cooled for 10 minutes in a dry ice/ethanol bath before
BuLi (1.0 mL of 2.5 M in hexanes, 2.5 mmol) was slowly intro-
duced, causing the reaction mixture to darken. After stirring
for 15 min, neat N,N-dimethylcarbamoyl chloride (0.39 g,
3.6 mmol) was slowly added to the reaction mixture at —78 °C
and the stirring was continued at room temperature for
90 min. Saturated aqueous NaHCO; (ca. 20 mL) was intro-
duced and the resulting mixture was stirred for an additional
15 min. Then, the mixture was extracted with Et,O (3 x 10 mL),
and the combined organic layers were washed with brine and
dried over MgSO,. Following solvent removal, the crude
product was purified by repeated column chromatography over
silica gel using dichloromethane-methanol (50:1) and then
ethyl acetate-hexane (3:1) as the eluents. Subsequent evapor-
ation under vacuum afforded amide 2 as an orange solid.
Yield: 0.41 g (46%).

'H NMR (399.95 MHz, CDCl,): & 3.04 (br s, 6 H, NMe,), 4.14
(vq,J' ~ 1.7 Hz, 2 H, fc), 4.19 (vt, J' = 1.9 Hz, 2 H, fc), 4.47 (vt,
J ~ 1.9 Hz, 2 H, fc), 4.52 (vt, J' ~ 1.9 Hz, 2 H, fc), 7.28-7.39 (m,
10 H, PPh,). *'"P{'"H} NMR (161.90 MHz, CDCl;): § —16.8 (s).
BC{"H} NMR (100.58 MHz, CDCl,): § 37.5 (very br, NMe,),
70.73 (CH of fc), 71.44 (CH of fc), 73.46 (d, Jpc = 4 Hz, CH of
fc), 74.18 (d, Jec = 15 Hz, CH of fc), 79.20 (C-CONMe, of fc),
128.17 (d, *Jpc = 7 Hz, PPhy CHyuers), 128.58 (PPh, CH,ur),
133.43 (d, *Jpc = 20 Hz, PPh, CHoy0), 138.60 (d, Jpc = 9 Hz,
PPh, Cj,,), 170.07 (C=O0). The signal due to C-PPh, was not
observed. IR (Nujol): vpax 1615 vs (amide I), 1502 s (amide II)
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em™'. ESI+ MS: m/z 442 (M + H]"). HR MS (ESI) caled for
CysH,sFeNOP (M + HJ') 442.1018, found 442.1019. Anal.
Caled for C,5H,,FeNOP (441.3): C 68.04, N 3.17, H 5.48%.
Found: C 67.74, N 3.04, H 5.32%.

1'-(Diphenylphosphino)-1-[(dimethylamino)thiocarbonyl]-
ferrocene (3). Thioamide 3 was prepared similarly to 2 using
bromide 1 (0.90 g, 2.0 mmol) and N,N-dimethylthiocarbamoyl
chloride (0.45 g, 3.6 mmol). An aqueous work-up as described
above afforded an oily crude product, which was purified by
column chromatography over silica gel using dichloro-
methane-methanol (50:1) and (in the second run) pure
dichloromethane as the eluents. Following evaporation under
vacuum, thioamide 3 was isolated as an a dark orange-red
solid. Yield: 0.74 g, 81%.

'H NMR (399.95 MHz, CDCl): § 3.31 (br s, 3 H, NMe), 3.43
(br s, 3 H, NMe), 4.12 (vq, J/ ~ 1.8 Hz, 2 H, fc), 4.24 (vt,
J ~ 1.9 Hz, 2 H, fc), 4.50 (vt, J ~ 1.8 Hz, 2 H, fc), 4.59 (vt,
J = 1.9 Hz, 2 H, fc), 7.29-7.39 (m, 10 H, PPh,). *'P{'H} NMR
(161.90 MHz, CDCl;): § —16.8 (s). "*C{'H} NMR (100.58 MHz,
CDCLy): 6 44.19 (NMe), 45.08 (NMe), 70.62 (CH of fc), 72.99
(CH of fc), 75.39 (d, Jpc = 14 Hz, CH of fc), 75.81 (d, Jpc = 4 Hz,
CH of fc), 88.02 (C-CSNMe, of fc), 128.17 (d, *Jpc = 7 Hz, PPh,
CH,rera); 128.57 (PPh, CHpyr), 133.46 (d, *Jpc = 20 Hz, PPh,
CHoyeno), 138.73 (d, YJpc = 10 Hz, PPh, Cypg,), 199.24 (C=S). The
signal due to C-PPh, was not observed. IR (Nujol): vpax 1508
(vcn) em™'. ESI+ MS: m/z 480 ([M + Na]"). HR MS (ESI) calcd
for C,sH,;NSPFe ([M + H])" 458.0789, found 458.0789.

1'<(Diphenylphosphino)-1-[(methylamino)carbonyl Jferrocene
(4). Neat 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
(EDC; 0.40 mL, 2.4 mmol) was added to a mixture of 1-(diphenyl-
phosphino)ferrocene-1-carboxylic  acid (Hdpf; 0.83 g,
2.0 mmol), 1-hydroxybenzotriazole (0.33 g, 2.40 mmol) and
tetrahydrofuran (5 mL) while stirring and cooling in ice. After
stirring at 0 °C for 30 min, dimethylamine solution (1.2 mL of
2 M in THF, 2.4 mmol) was introduced and the resultant
mixture was stirred at 0 °C for 30 min and then at room temp-
erature overnight. The reaction was terminated by addition of
a saturated aqueous NaHCO; solution (20 mL) and stirring for
additional 15 min. The organic phase was separated and the
aqueous layer was extracted with diethyl ether (3 x 10 mL). The
combined organic layers were washed with brine and dried
over MgSO,. The crude product resulting after evaporation was
purified by column chromatography on silica gel with dichloro-
methane-methanol (20:1) as the eluent. The first minor
band was discarded and the second one was collected and
evaporated to afford amide 4 as an orange yellow solid. Yield:
0.75 g, 87%.

'H NMR (399.95 MHz, CDCl,): § 2.83 (d, *Jy = 4.9 Hz, 3 H,
NMe), 4.07 (vq, J' ~ 1.9 Hz, 2 H, fc), 4.22 (vt, J' ~# 1.9 Hz, 2 H,
fc), 4.44 (vt, J' ~ 1.8 Hz, 2 H, fc), 4.55 (vt, J' ~ 1.9 Hz, 2 H, fc),
5.60 (br q, *Juu ~ 5 Hz, 1 H, NH), 7.31-7.41 (m, 10 H, PPh,).
*'p{"H} NMR (161.90 MHz, CDCl;): —16.7 (s). "C{'"H} NMR
(100.58 MHz, CDCl,): § 26.50 (NMe), 69.38 (CH of fc), 71.31
(CH of fc), 72.71 (d, Jpc = 4 Hz, CH of fc), 74.31 (d, Jpc = 14 Hz,
CH of fc), 128.30 (d, *Jpc = 7 Hz, PPh, CH,,,), 128.80 (PPh,
CH,rq), 133.48 (d, *Jpc = 20 Hz, PPh, CHyp,), 138.34 (d, e =
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9 Hz, PPh, C;,,,), 170.30 (C=O0). Signals due to ferrocene Cjyq,
were not observed. IR (Nujol): vpax 3308 m (vnp), 1628 s
(amide I), 1545 s (amide II) cm ™', ESI+ MS: m/z 428 (M + H]").
HR MS (ESI) caled for C,,H,,FeNNaOP ([M + Na]') 450.0681,
found 450.0680. Anal. Caled for C,,H,,FeNO (427.3): C 67.46,
N 3.28, H 5.19%. Found: C 67.07, N 3.24, H 5.03%.

1'<(Diphenylphosphinyl)-1-[(methylamino)carbonyl Jferrocene
(40). Aqueous hydrogen peroxide (2 drops of 30% solution)
was added to a solution of amide 4 (48 mg, 0.11 mmol) in
acetone (8 mL) while stirring and cooling in ice. The reaction
mixture was stirred at 0 °C for 30 min and then diluted with
water (5 mL). The organic solvent was removed under reduced
pressure and the aqueous residue was extracted with dichloro-
methane (3 x 5 mL). The organic washings were combined,
dried over MgSO, and evaporated. The residue was dissolved
in dichloromethane (2 mL) and the solution was passed
through a plug of silica gel eluted with dichloromethane-
methanol (10:1). Following evaporation, phosphine oxide 40
was isolated as a dark yellow solid. Yield: 40 mg, 82%.

'H NMR (399.95 MHz, CDCl,): § 2.93 (d, Jyy;; = 4.7 Hz, 3 H,
NMe), 4.07 (vt, J' ~ 1.9 Hz, 2 H, fc), 4.14 (vq, J' ~ 1.9 Hz, 2 H,
fc), 4.58 (vq, J' ~ 1.8 Hz, 2 H, fc), 4.99 (vt, J' ~ 1.9 Hz, 2 H, fc),
7.44-7.58 (m, 6 H, PPh,), 7.65-7.73 (m, 4 H, PPh,), 8.76 (br q,
Jun ca. 4.5 Hz, 1 H, NH). *'P{"H} NMR (161.90 MHz, CDCl,):
5 31.6 (s). “C{"H} NMR (100.58 MHz, CDCl;): § 26.46 (NMe),
70.26 (CH of fc), 70.74 (CH of fc), 72.56 (d, Joc = 11 Hz, CH of
fc), 73.07 (d, Ypc = 114 Hz, C-PPh, of fc), 74.91 (d, Jpc = 13 Hz,
CH of fc), 79.63 (C-CONH of fc), 128.45 (d, Jpc = 12 Hz, PPh,
CH), 131.43 (d, Jpc = 10 Hz, PPh, CH), 131.94 (d, *Jpc = 2 Hz,
PPh, CH,pu), 133.10 (d, YJpc = 108 Hz, PPh, Cjy), 170.35
(C=0). IR (Nujol): vmax 3246 m, 1657 s (amide I), 1556 s
(amide II) em™'. ESI+ MS: m/z 466 ([M + Na]"). HR MS (ESI)
caled for C,4H,3FeNO,P ([M + H]") 444.0810, found 444.0809.
Anal. Caled for C, H,,FeNO,-1/4CH,Cl, (464.5): C 62.71, N
3.02, H 4.88%. Found: C 62.70, N 2.81, H 4.73%.

1'-(Diphenylphosphinothioyl)-1-[(methylamino)carbonyl -
ferrocene (4S). Amide 4 (61 mg, 0.14 mmol) and elemental
sulfur (5.0 mg, 0.16 mmol) were dissolved in dry toluene
(5 mL) and the resulting solution was heated at 80 °C for
90 min. Subsequent evaporation afforded a yellow brown
residue, which was taken up with dichloromethane (2 mL) and
filtered through a plug of silica gel eluted with dichloro-
methane-methanol (50:1). Subsequent evaporation afforded
the product as a yellow glassy solid. Yield of 4S: 40 mg, 62%.

'H NMR (399.95 MHz, CDCl,): § 2.92 (d, *Jy;;; = 4.8 Hz, 3 H,
NMe), 3.96 (vt, J' ~ 2.0 Hz, 2 H, fc), 4.23 (vq, J' ~ 2.0 Hz, 2 H,
fc), 4.62 (vq, J' ~ 2.0 Hz, 2 H, fc), 4.90 (vt, J' ~ 2.0 Hz, 2 H, fc),
7.41 (br q, *Jun ~ 5 Hz, 1 H, NH), 7.43-7.56 (m, 6 H, PPh,),
7.68-7.76 (m, 4 H, PPh,). *'P{"H} NMR (161.90 MHz, CDCl,):
5 42.9 (s). C{"H} NMR (100.58 MHz, CDCl;): § 26.13 (NMe),
70.86 (CH of fc), 71.00 (CH of fc), 73.05 (d, Jpc = 10 Hz, CH of
fc), 74.81 (d, Jpc = 12 Hz, CH of fc), 75.98 (d, Jpc = 97 Hz,
C-PPh, of fc), 79.01 (C-CONH of fc), 128.40 (d, Jpc = 13 Hz,
PPh, CH), 131.60 (d, Jpc = 10 Hz, PPh, CH), 131.62 (d, */pc =
4 Hz, PPh, CH,4y), 133.51 (d, Jec = 88 Hz, PPh, Cys), 169.88
(C=0). IR (Nujol): vpax 3298 m, 3229 m, 1628 s (amide I),
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1558 s (amide II) cm™". ESI+ MS: m/z 482 ([M + NaJ*). HR MS
(ESI) caled for C,4H,3;FeNOPS (M + H]') 460.0582, found
460.0583. Anal. Calcd for C,4H,,FeNOPS-1/2CH,Cl, (501.2): C
58.64, N 2.79, H 4.62%. Found C 58.57, N 2.71, H 4.53%.

Synthesis of Cu(i) complexes

[Cu(7-kP),][BF,] (6a). 1-(Diphenylphosphino)-1-(aminocarb-
onyl)ferrocene (5; 80 mg, 0.19 mmol) and [Cu(MeCN),][BF,]
(29 mg, 0.092 mmol) were dissolved in dry dichloromethane
(2 mL), and the resulting orange solution was stirred for 4 h at
room temperature in the dark. The separated solid was filtered
off, washed with pentane and dried under vacuum. Yield:
84 mg (93%), yellow solid.

'H NMR (399.95 MHz, dmso-d): & 4.15 (br s, 2 H, fc), 4.19
(vt, 2 H, J' = 1.7 Hz, fc), 4.51 (vt, 2 H, J' = 1.7 Hz, fc), 4.82 (br s,
2 H, fc), 7.40 (s, 1 H, NH,), 7.42-7.52 (m, 10 H, PPh,), 7.71 (s, 1
H, NH,). *'P{"H} (161.90 MHz, dmso-d¢): § —10.1 (br s). IR
(Nujol): vmax 3450 (m), 3362 (m), 1650 (s) 1583 (s), 1481 (m),
1437 (m), 1405 (m), 1167 (m), 1095 (s), 1069 (s), 1029 (s), 837
(m), 748 (m), 697 (m), 517 (m), 502 (m) cm ™. ESI+ MS: m/z 889
([Cu(5),]"), 476 ([Cu(5)]'). Anal. caled for C,eH4oBCuF,Fe,-
N,O,P,-1/2CH,Cl, (1019.3): C 54.79; N 2.75, H 4.05%. Found
C 54.51; N 3.00, H 4.27%.

[Cu(4-xP),][BF,] (6b). Amide 4 (60 mg, 0.14 mmol) and
[Cu(MeCN),][BF,] (22 mg, 0.070 mmol) were dissolved in dry
dichloromethane (3 mL). The resulting yellow solution was
stirred at room temperature for 18 h, filtered through a PTFE
syringe filter (0.45 pm pore size), and the filtrate was precipi-
tated by addition of pentane (4 mL). The yellow precipitate was
filtered off, washed with pentane and dried under vacuum.
Yield: 44 mg (63%), yellow powder.

"H NMR (399.95 MHz, dmso-dg): 6 2.73 (d, *Juu = 4.5 Hz,
3 H, NMe), 4.15 (vt, J' = 1.8 Hz, 2 H, fc), 4.18 (vt, /' = 1.8 Hz,
2 H, fc), 4.52 (vt, /' = 1.8 Hz, 2 H, fc), 4.75 (vt, J' = 1.8 Hz, 2 H,
fc), 7.38-7.50 (m, 10 H, PPh,), 8.24 (br d, *Jyy ~ 4.5 Hz, 1 H,
NH). *'P{"H} NMR (161.90 MHz, dmso-d): § —11.5 (br s). IR
(Nujol): v 3397 (m), 1618 (s), 1601 (w), 1558 (s), 1435 (m), 1411
(m), 1310 (m), 1165 (w), 1061 (s), 1029 (s), 830 (m), 816 (m),
747 (s), 699 (s), 519 (s), 510 (m), 488 (s), 462 (m) cm~". ESI+
MS: m/z 917 ([Cu(4),]"), 490 ([Cu(4)]'). Anal. Caled for
C4sH,44BCuF,Fe,N,0,P,-CH,Cl, (1089.8): C 54.00, N 2.57,
H 4.25%. Found C 54.28, N 2.47, H 4.20%.

[Cu(2-kP),][BF,] (6¢). Complex 6c was prepared similarly
starting with amide 2 (50 mg, 0.11 mmol) and [Cu(MeCN),]-
[BF,] (18 mg, 0.057 mmol) in 2 mL of dichloromethane. The
reaction mixture was stirred for only 4 h prior to the filtration
and precipitation. Yield: 44 mg (75%), fine yellow powder.

"H NMR (399.95 MHz, dmso-de): 6 2.93 (br s, 3 H, NMe),
3.02 (br s, 3 H, NMe), 4.19 (vt, /' = 1.8 Hz, 2 H, fc), 4.21 (vt, J' =
1.8 Hz, 2 H, fc), 4.53 (br s, 2 H, fc), 4.60 (vt,J' = 1.8 Hz, 2 H, fc),
7.42-7.53 (m, 10 H, PPh,). *'P{"H} NMR (161.90 MHz, dmso-
dg): 8 =10.5 (br s). IR (Nujol): vmax 1582 (s), 1575 (s), 1505, (m),
1435 (w), 1401 (m), 1377 (m), 1112 (m), 1096 (m), 1050 (s) 1032
(s), 745 (m), 696 (s), 511 (s), 495 (s) cm™". ESI+ MS: m/z 945
([Cu(2),]M), 504 ([Cu(2)]'). Anal. caled for Cso,H,gBCuF,Fe,-
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N,O,P, (1032.9): C 58.14, N 2.71; H 4.68%. Found: C 58.63, N
2.52, H 4.94%.

[Cu(3-kP),][BF,] (6d). Compound 6d was prepared and iso-
lated analogously to 6c¢ using thioamide 3 (38 mg,
0.083 mmol) and [Cu(MeCN),]|[BF,] (13 mg, 0.041 mmol) as
the starting materials. Yield of 6d: 38 mg (87%), orange solid.

'H NMR (399.95 MHz, dmso-ds, 25 °C): & 3.28 (br s, 3 H,
NMe), 3.53 (s, 3 H, NMe), 4.15 (br s, 2 H, fc), 4.35 (br s, 2 H,
fc), 4.60 (br s, 2 H, fc), 4.64 (br s, 2 H, fc), 7.30-7.52 (m, 10 H,
PPh,). 'H NMR (399.95 MHz, dmso-dg, 50 °C): & 3.19 (s, 3 H,
NMe), 3.53 (s, 3 H, NMe), 4.16 (br s, 2 H, fc), 4.35 (vt, J =
1.9 Hz, 2 H, fc), 4.59 (vt, J' = 1.9 Hz, 2 H, fc), 4.74 (br s, 2 H, fc),
7.35-7.50 (m, 10 H, PPh,). *'P{"H} NMR (161.90 MHz, dmso-
de, 25 °C): § —=11.0 (br s). IR (NUjol): v 1712 (W), 1526 (m),
1436 (w), 1277 (m), 1059 (s) 1135 (m), 825 (m) 745 (m), 697
(m), 511 (m), 491 (w) cm™". ESI+ MS: m/z 977 ([Cu(3),]"), 520
([Cu(3)]"). Anal. Caled for CsoH,sBCuF,Fe,N,P,S,-1/4CH,Cl,
(1086.3): C 55.56, N 2.58, H 4.50%. Found: C 55.53, N 2.57,
H 4.77%.

Synthesis of Ag(1) complexes

[Ag(7-kP),]ClO, (7a). A solution of silver(r) perchlorate
(6.0 mg, 0.029 mmol) in dry benzene (2 mL) was added to
solid amide 5 (25 mg, 0.061 mmol) and the resultant mixture
was diluted with dry dichloromethane (4 mL). The reaction
mixture was stirred at room temperature for 4 h, whereupon it
deposited a light orange solid, which was filtered off, washed
with pentane and dried under vacuum. Yield of 7a: 28 mg
(87%), light orange powder.

'H NMR (399.95 MHz, CDCl,): 6 4.11 (br vt, J' = 1.9 Hz, 2 H,
fc), 4.46 (br s, 2 H, fc), 4.72 (vt, J' = 1.9 Hz, 2 H, fc), 4.84 (br vt,
J =18 Hz, 2 H, fc), 6.24 (br s, 1 H, NH), 6.75 (br s, 1 H, NH),
7.39-7.56 (m, 10 H, PPh,). *'P{'H} NMR (161.90 MHz, CDCl,):
8 3.1 (broad d, (**"**°Ag, *'P) ~ 510 Hz). IR (Nujol): vpax
3444 (m), 3340 (m), 1645 (s), 1591 (s), 1555 (m), 1479 (w), 1436
(s), 1396 (m), 1168 (m), 1098 (br s), 1027 (s), 910 (m), 837 (m),
826 (m), 747 (s), 735 (s), 697 (s), 624 (m), 532 (w), 506 (s), 489
(m), 465 (m) cm™". ESI+ MS: m/z 933 ([Ag(5).]"), 520 ([Ag(5)]")-
Anal. Calc. for C,6H,0AgCIFe,N,O6P,-CH,Cl, (1118.7): C 50.46,
H 3.76, N 2.50%. Found: C 49.95, H 3.58, N 2.62%.

[Ag(4-xP),]ClO4 (7b). Amide 4 (26 mg, 0.061 mmol) and
AgClO, (6.0 mg, 0.029 mmol) were reacted in a mixture of
benzene (1 mL) and dichloromethane (3 mL) for 20 h as
described above. The yellow solid that formed was filtered off,
washed with Et,0 and dried under vacuum to give 7b as a
yellow powder (26 mg, 78%).

"H NMR (399.95 MHz, dmso-dg): § 2.67 (d, *Jy = 4.6 Hz,
3 H, NMe), 4.12 (vt, /' = 1.9 Hz, 2 H, fc), 4.29 (vt, J' = 1.9 Hz,
2 H, fc), 4.60 (vt, J' = 1.9 Hz, 2 H, fc), 4.85 (vt, J = 1.9 Hz, 2 H,
fc), 7.44-7.60 (m, 10 H, PPh,), 8.09 (q, *Jun = 4.6 Hz, 1 H, NH).
3'p{'H} NMR (161.90 MHz, dmso-d,): & 2.6 (pair of d, 'J(**Ag,
*1p) = 543 Hz, YJ(**°Ag, *'P) = 471 Hz). IR (Nujol): vimay 3389
(m), 3079 (w), 1629 (s), 1615 (s), 1544 (s), 1480 (w), 1435 (m),
1412 (m), 1301 (m), 1194 (m), 1174 (m), 1095 (s), 1067 (br s),
1050 (w), 1031 (m), 914 (m), 816 (m), 748 (s), 697 (s), 623 (m),
529 (m), 509 (s), 492 (m), 467 (m) cm™'. ESI+ MS: m/z 961
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([Ag(@)2]), 534 ([Ag(@)])- Anal. Cale. for C,5H,4AgCIFe,-
N,O4P,-CH,Cl, (1146.7): C 51.32, H 4.04, N 2.44%. Found:
C 50.90, H 3.75, N 2.13%.

[Ag(2-xP),]ClO,  (7c). Silver() perchlorate (25 mg,
0.12 mmol) and amide 2 (107 mg, 0.24 mmol) were reacted in
benzene (2 mL) and dichloromethane (4 mL) for 4 h as
described above. The solid product was filtered off, washed
with diethyl ether and dried under vacuum. Yield of 7c¢: 84 mg
(62%), yellow-brown solid.

'H NMR (399.95 MHz, dmso-de): § 2.91 (br s, 3 H, NMe),
2.99 (br s, 3 H, NMe), 4.22 (br s, 2 H, fc), 4.32 (br s, 2 H, fc),
4.61 (vt, J/ = 1.9 Hz, 2 H, fc), 4.65 (vt, J/ = 1.9 Hz, 2 H, fc),
7.49-7.56 (m, 10 H, PPh,). *'P{'H} NMR (161.90 MHz, dmso-
de): 6 4.2 (pair of concentric d, J(*’Ag, *'P) = 770 Hgz,
7 (*°Ag, *'P) = 685 Hz). IR (Nujol): vmay 1557 (s), 1492 (s),
1436 (m), 1127 (m), 1109 (s), 1097 (m), 1071 (w), 1050 (s),
824 (w), 758 (m), 747 (m), 695 (m), 679 (s), 623 (s), 514 (w),
503 (w), 490 (m), 467 (w) cm™*. ESI+ MS: m/z 989 ([Ag(2).]"),
548 ([Ag(2)]"). Anal. Calc. for CsoH,sAgClIFe,N,06P,-1/2CH,Cl,
(1132.3): C 53.56, H 4.36, N 2.47%. Found: C 53.30, H 4.15,
N 2.35%.

[Ag,(C104)5(p-3),] (7d). Thicamide 3 (50 mg, 0.11 mmol)
and AgClO, (10 mg, 0.048 mmol) were reacted in benzene
(2 mL) and dichloromethane (6 mL) as described above. The
solid product was filtered off, washed with pentane and dried
under vacuum. Yield of 7d: 52 mg (81%), red solid. Crystals
suitable for X-ray diffraction analysis were grown by the
reactive diffusion approach as follows. A solution of ligand 3
(46 mg, 0.1 mmol) in dichloromethane (2 mL) was layered
with pure solvent (1 mL of dichloromethane) and then with a
solution of AgClO, (10.5 mg, 0.051 mmol) in benzene (3 mL).
The mixture was allowed to stand undisturbed for several days
during which time red crystals deposited in the phase bound-
ary region. These crystals were directly used for the X-ray
measurements. IR analysis of the isolated material confirmed
it to be identical to the authentic (bulk) sample of 7d.

'H NMR (399.95 MHz, dmso-de): § 3.39 (s, 3 H, NMe), 3.56
(s, 3 H, NMe), 4.12 (dt, J = 3.0, 1.8 Hz, 2 H, fc), 4.30 (vt, J' =
1.9 Hz, 2 H, fc), 4.73 (vt, J/ = 1.8 Hz, 2 H, fc), 5.06 (vt, J' =
1.9 Hz, 2 H, fc), 7.50-7.57 (m, 10 H, PPh,). *'P{"H} NMR
(161.90 MHz, dmso-dg): 6 —0.3 (broad d, ‘J(**"**°ag, *'P)
~ 510 Hz). IR (Nujol): vmax 1551 (s), 1436 (m), 1280 (m), 1144
(m), 1108 (s), 1096 (s), 1061 (m), 1030 (m), 979 (m), 851 (m),
818 (w), 749 (m), 695 (m), 623 (m), 507 (m), 465 (m) cm ™. ESI+
MS: m/z 564 ([Ag(3)]"), 597 ([Ag(3)(CH;O0H)]'). Anal. Calc. for
Cs0H45Ag,Cl,Fe,N,05P,S, (1329.3): C 45.17, H 3.64, N 2.11%.
Found: C 44.83, H 3.81, N 1.90%.

Synthesis of chloridogold(i) complexes

[AuCl(5-kP)] (8a). Amide 5 (71 mg, 0.17 mmol) and chlorido
(tetrahydrothiophene)gold(i) (55 mg, 0.17 mmol) were dis-
solved in dry dichloromethane (2 mL). The resulting solution
was stirred at room temperature for 4 h, whereupon it de-
posited a yellow solid. This solid was filtered off, washed with
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pentane and dried under vacuum to afford 8a as a yellow solid.
Yield: 102 mg (92%).

"H NMR (399.95 MHz, dmso-d): § 4.28 (vt, J' = 1.9 Hz, 2 H,
fc), 4.48 (dt, J = 3.0, 1.9 Hz, 2 H, fc), 4.59-4.61 (m, 2 H, fc), 4.78
(vt,J' = 1.9 Hz, 2 H, fc), 7.02 (br s, 1 H, NH), 7.37 (br s, 1 H,
NH), 7.54-7.64 (m, 10 H, PPh,). *'P{'"H} NMR (161.90 MHz,
dmso-de): 6 28.7 (s). IR (Nujol): vmax 3421 (m), 1667 (s),
1612 (m), 1432 (m), 1349 (m), 1176 (m), 1099 (m), 1027 (m),
843 (m), 822 (m), 745 (m), 688 (s), 526 (m), 511 (m), 496 (W),
477 (s) em™". ESI+ MS: m/z 610 ([8a — CI]"), 668 ([8a + NaJ"),
684 ([8a + KJ'). Anal. Caled for C,3H,,AuClFeNOP (645.6):
C 41.75,N 2.12, H 3.05%. Found: C 41.56, N 1.93, H 2.96%.

[AuCl(4-kP)] (8b). Amide 4 (90 mg, 0.22 mmol) and [AuCl-
(tht)] (68 mg, 0.21 mmol) were reacted in 2 mL of dichloro-
methane as described above to furnish 8b as a yellow powder.
Yield: 126 mg (91%).

'H NMR (399.95 MHz, CDCl,): § 2.93 (d, 5y = 4.8 Hz, 3 H,
NMe), 4.19 (vt, ] = 1.8 Hz, 2 H, fc), 4.23 (dt,J = 2.9, 1.9 Hz, 2 H,
fc), 4.68-4.70 (m, 2 H, fc), 4.87 (vt, J' = 1.9 Hz, 2 H, fc), 6.07 (q,
*Jun = 4.8 Hz, 1 H, NH), 7.44-7.61 (m, 10H, PPh,). *'P{'H}
NMR (161.90 MHz, CDCl;): 6 28.8 (s). IR (Nujol): vpmax 3369
(m), 1628 (s), 1544 (m), 1440 (m), 1298 (m), 1173 (m), 1103 (w),
1029 (m), 1000 (w), 842 (m), 743 (m), 691 (m), 628 (W), 555 (W),
529 (w), 515 (W), 494 (w), 480 (W) cm™". ESI+ MS: m/z 624 ([8b
— Cl]"), 680 ([8b + Na]"), 698 ([8b + K]'). Anal. Calcd for
C,4H,,AuClFeNOP-1/2CHC; (719.3): C 40.90, N 1.95, H 3.15%.
Found C 41.04, N 1.79, H 3.09% (analytical sample crystallised
from chloroform/pentane).

[AuCl(2-xP)] (8¢c). Amide 2 (55 mg, 0.12 mmol) and [AuCl-
(tht)] (40 mg, 0.12 mmol) were dissolved in dichloromethane
(2 mL). After stirring for 4 h, the solution was precipitated with
diethyl ether and the product was filtered off and dried under
vacuum. Yield of 8c: 61 mg (73%), yellow powder.

'H NMR (399.95 MHz, dmso-de): 6 2.85 (s, 3 H, NMe), 3.00
(s, 3 H, NMe), 4.30 (vt, J' = 1.9 Hz, 2 H, fc), 4.43 (dt, J = 3.0,
1.8 Hz, 2 H, fc), 4.61 (vt, J' = 1.8 Hz, 2 H, fc), 4.73-4.76 (m, 2 H,
fc), 7.54-7.65 (m, 10 H, PPh,). *'P{'H} NMR (161.90 MHz,
dmso-dg): § 28.9 (s). IR (Nujol): vpax 3103 (m), 1622 (s), 1585
(m), 1499 (m), 1439 (s), 1393 (m), 1308 (m), 1265 (m), 1225
(m), 1180 (m), 1173 (m), 1107 (s), 1039 (m), 1032 (m), 840 (m),
821 (m), 758 (s), 752 (s), 704 (s), 558 (m), 535 (m), 526 (s),
504 (s), 490 (s), 474 (m) cm™". ESI+ MS: m/z 638 ([8c — CI]"),
696 ([8c + Na]'), 712 ([8¢c + K]'). Anal. Caled for CysH,s
AuClFeNOP (673.7): C 44.57, N 2.08, H 3.59%. Found: C 44.22,
N 2.01, H 3.50%.

[AuCl(3-xP)] (8d). Ligand 3 (38 mg, 0.083 mmol) and [AuCl-
(tht)] (26 mg, 0.081 mmol) were reacted in CH,Cl, (2 mL) over-
night. The separated solid was filtered off, washed with diethyl
ether and dried under vacuum to afford 8d as a dark orange
solid. Yield: 36 mg (64%).

'H NMR (399.95 MHz, dmso-dg): § 3.27 (s, 3 H, NMe), 3.29
(s, 3 H, NMe), 4.34 (vt, J' = 1.9 Hz, 2 H, fc), 4.35 (dt, J = 3.0,
1.8 Hz, 2 H, fc), 4.73 (vt,J' = 1.9 Hz, 2 H, fc), 4.76-4.79 (m, 2 H,
fc), 7.54-7.65 (m, 10 H, PPh,). *'"P{'H} NMR (161.90 MHz,
dmso-de): 6 28.7 (s). IR (Nujol): vmax 1712 (W), 1512 (s),
1435 (m), 1309 (m), 1274 (m) 1174 (m), 1138 (m), 1101 (s),
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1062 (w), 1034 (w), 1025 (w), 989 (w), 973 (w), 838 (m), 824 (m),
814 (w), 764 (w), 749 (m), 695 (s), 556 (m), 530 (m), 509 (s),
498 (w), 477 (m) ecm™". ESI+ MS: m/z 654 ([8d — CI]". Anal.
caled for C,5H,,AuCIFeNPS (689.8): C 43.53, N 2.03, H 3.51%.
Found: C 43.88, N 1.87, H 3.45%.

X-ray crystallography

Crystallisation conditions are described in the ESILj Full set
diffraction data (+ 2 + k * [, Ohax = 26.0-27.5°, completeness
>99.3%) were collected with a Nonius Kappa CCD diffracto-
meter equipped with an Apex II image plate detector and
Cryostream Cooler (Oxford Cryosystems) using graphite
monochromated Mo Ka radiation (4 = 0.71073 A). The data
were analysed and corrected for absorption by methods
included in the diffractometer software. Details on the data
collection, structure solution and refinement are available in
the ESI (Table S17), which also contains conventional displace-
ment ellipsoid plots.

All structures were solved by direct methods (SHELXS97%)
and refined by full-matrix least-squares based on F
(SHELXL97%). The non-hydrogen atoms were refined with aniso-
tropic displacement parameters. The amide hydrogen atoms
(NH; if present) were located on the difference electron density
maps and refined as riding atoms with Uj,(H) set to a
1.2Ucq(N). Hydrogens residing on the carbon atoms were
included in their calculated positions and refined similarly
with Ujso(H) = 1.5Ucq(C) for the methyl groups and 1.2U.4(C)
for all other CH,, moieties. Particular details of the structure
refinement are as follows.

Compound 48 crystallises in the chiral Pc space group with
two molecules per asymmetric unit. However, all atoms except
for the amide moiety in these two independent molecules
match each other because of an inversion centre from the
space group P2,/c (the maximum distance of the overlapping
atoms in the phosphinoferrocenyl units is 0.53 A). Such a
virtually higher symmetry results in large correlations during
the refinement and, therefore, restrictions to anisotropic
displacement parameters had to be applied to several atoms.

Parts of some structures (7b-CHCl;: the solvent and the
perchlorate anion; 6b-1/4CHCl; and 6a’-CHCl;: one of the
phosphorus-bound phenyl rings and the BF,” anion) are dis-
ordered and were refined over two positions (with isotropic
displacement parameters, if necessary). Moreover, the solvat-
ing molecules in the structures of 6b-1/4CHCIl; and 6a’-CHCI;
are severely disordered in structural voids and were modelled
by PLATON/SQUEEZE.*

All geometric calculations were performed and the dia-
grams were obtained with the PLATON program.** All numeri-
cal values were rounded with respect to their estimated
deviations (ESDs) given to one decimal place. Parameters relat-
ing to atoms in constrained positions (hydrogens) are given
without ESDs.

DFT computations

Calculations were performed using the density-functional
theory (DFT) with Becke’s three-parameter functional®®
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employing the non-local Lee-Yang-Parr correlation functional
(B3LYP)*® and the 6-31G* basis set for FcC(E)NH, and
6-311G** for 2 and 3 with an analytically constructed energy
gradient as implemented in the Gaussian 09 program
package.” Geometry optimisations were started from the
experimentally determined solid-state structures of 2, 3 and
FcCONH,.>”” The stationary points of the potential energy
surface (PES) were located and harmonic vibrational analysis
was performed using the analytically calculated force-constant
matrix. For the case of FcC(E)NH, (E = O, S), relaxed PES scan
using y as a single variable was performed, starting from the
respective stationary points.

Electrochemistry

Electrochemical measurements were carried out with a pAUTO-
LAB III instrument (Eco Chemie) at room temperature (23 °C)
using a standard three-electrode cell (Metrohm) equipped with
a glassy carbon disc working electrode (2 mm diameter), plati-
num sheet auxiliary electrode, and a double-junction Ag/AgCl
(3 M KCl) reference electrode. The samples were dissolved in
anhydrous 1,2-dichloroethane (Sigma-Aldrich; absolute) to give
a solution containing 1 x 107> M of the analysed compound
and 0.1 M BuyN[PF¢] (Fluka, p. a. for electrochemistry). The
solutions were deaerated by bubbling with argon and then
kept under an argon blanket during the measurement. The
redox potentials are given relative to the ferrocene/ferrocenium
reference.
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