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ABSTRACT: Phosphinoferrocene ureas  PPh
Ph,PfcCH,NHCONR,, where NR, = NH, (la), NHMe Fe RNCO or ArBr
(1b), NMe, (1c), NHCy (1d), and NHPh (1e); the analogous 5 R,NCOCI Ka[Fe(CN)el
thiourea Ph,PfcCH,NHCSNHPh (1f); and the acetamido Q\\NHZ-HU\\ Pth Na,CO3
derivative Ph,PfcCH,NHCOMe (1g) (Cy = cyclohexyl, fc = F®e [Pd]
ferrocene-1,1'-diyl) were prepared via three different ap- Q\\ NR;
proaches starting from Ph,PfcCH,NH,-HCl (3-HCl) or —,PPh / ift 2
Ph,PfcCHO (4). The reactions of the representative ligand -F'e CT;NIV(I:ON[:Z'] ArCN

ivies,

le with [PdCL(cod)] (cod = cycloocta-1,5-diene) afforded
[PACI(u-Cl)(1e-kP),], or [PACl,(1e-kP),], depending on the
metal-to-ligand stoichiometry, whereas those with [PdCI(7’-
C,H;)], and [PACI(LN®)], produced the respective bridge cleavage products, [PdCl(1>-C;H;)(1e-kP)] and [PACI(LNC)(1e-
kP)] (LN¢ = [(2-dimethylamino-kN)methyl]phenyl-C"). Attempts to involve the polar pendant in coordination to the Pd(II)
center were unsuccessful, indicating that the phosphinoferrocene ureas 1 bind Pd(II) preferentially as modified phosphines rather
than bifunctional donors. When combined with palladium(II) acetate, the ligands give rise to active catalysts for Pd-catalyzed
cyanation of aryl bromides with potassium hexacyanoferrate(II). Optimization experiments revealed that the best results are
obtained in 50% aqueous dioxane with a catalyst generated from 1 mol % of palladium(II) acetate and 2 mol % of le in the
presence of 1 equiv of Na,COj as the base and half molar equivalent of K,[Fe(CN)]-3H,O. Under such optimized conditions,
bromobenzenes bearing electron-donating substituents are cyanated cleanly and rapidly, affording the nitriles in very good to
excellent yields. In the case of substrates bearing electron-withdrawing groups, however, the cyanation is complicated by the
hydrolysis of the formed nitriles to the respective amides, which reduces the yield of the desired primary product. Amine- and
nitro-substituted substrates are cyanated only to a negligible extent, the former due to their metal-scavenging ability.

S cho

B INTRODUCTION

Modification of phosphines via introduced functional groups
has been recognized as an efficient route toward new tailored
ligands for coordination chemistry and catalysis. The latter field,
in particular, advantageously capitalizes on the modification of
pristine phosphine donors. For instance, phosphines modified

applications of urea-functionalized phosphinoferrocene donors
appear to be represented only by the preparation of urea- and
thiourea-modified BPPFA-type donors (C in Scheme 1; BPPFA
= 1,1'-bis(diphenylphosphino)-2-(1-dimethylaminoethyl)-
ferrocene®) and their applications in asymmetric catalytic
hydrogenations.”® In addition, our laboratory recently reported
the synthesis of phosphinoferrocene carboxamides” bearing
extended urea-based pendants (D in Scheme 1) and their use in
Pd-catalyzed cross-coupling of arylboronic acids with acyl
chlorides to yield benzophenones.'’ This situation markedly
contrasts with the numerous studies devoted to the electro-
chemical sensing properties of ferrocenyl- and ferrocenylmeth-
yl-substituted ureas.'!

with highly polar moieties such as sulfonato, carboxyl, or
hydroxy groups have been successfully incorporated into
catalysts for organic reactions performed in less environ-
mentally demanding aqueous reaction media including pure
water, homogeneous aqueous mixtures, and biphase mixtures."
The range of polar phosphine derivatives has been recently
extended by those bearing urea substituents (A and B in

Scheme 1).” The presence of urea pendants in these donors has
been shown to be responsible for the formation of supra-
molecular assemblies via hydrogen bond interactions, which in
turn affect their catalytic properties.

In the chemistry of phosphinoferrocene ligands,® the urea
moiety has been used relatively scarcely, most often as a stable
and structurally defined linking group in the preparation of
immobilized or water-soluble donors* and conjugates of
ferrocene with biologically relevant molecules.” Genuine
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In this contribution, we report on the preparation,
coordination properties, and catalytic performance in the Pd-
catalyzed cyanation of aryl bromides of a new type of
phosphinoferrocene ureas (1 in Scheme 1). The urea moiety
in these functional hybrid ligands' is attached to the ferrocene
scaffold via a methylene spacer, which increases conformational
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flexibility'® and enhances the ditopic nature of these polar
donors.

B RESULTS AND DISCUSSION

Synthesis of Phosphinoferrocene Ureas. Three different
methods were employed for the synthesis of phosphinoureas 1,
partly due to their exclusivity with respect to the substituents at
the terminal nitrogen atoms as well as for comparison of
different preparative routes leading to this type of functionally
modified, polar phosphinoferrocene donors. The first, perhaps
inevitable approach, method A, was based on the conventional
and widely applicable addition of amines across isocyanates.
The amine 3 required for this reaction was prefared by hydride
reduction of the known oxime 2 (Scheme 2),"* which is in turn

Scheme 2. Preparation of 3-HCI
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accessible from 1’-(diphenylphosphino)ferrocene-1-carbalde-
hyde (4)."° The amine was advantageously isolated in the
form of stable and easy-to-handle hydrochloride (3-HCL),
which separates in reasonable yield from the solution of the
crude product upon addition of methanolic HCl. Contami-
nation of 3-HCl with the corresponding phosphine oxide,
which is otherwise difficult to separate (e.g, by chromatog-
raphy), does not exceed 5% in this case.

Gratifyingly, the reaction of amine 3 generated in situ from
the hydrochloride and triethylamine proceeded in the
anticipated manner, leading to 1,3-disubstituted ureas 1d and
le in very good isolated yields (Scheme 3). Not surprisingly,
this method could be successfully adopted for the synthesis of
thiourea 1f (yield: 94%). However, when applied to the
preparation of N-ferrocenylmethyl urea la by the action of
sodium cyanate on the amine, method A furnished a relatively
lower yield (37%) of the desired urea derivative, presumably
because of a low equilibrium concentration of HNCO as the
active reagent16 in the presence of excess triethylamine.
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Scheme 3. Synthesis of Phosphinoferrocene Ureas from in
Situ Generated Amine 3
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Nevertheless, because most of the starting amine hydrochloride
remained unreacted and could be isolated (57% of the starting
amine was recovered), the yield of la with respect to
unconsumed 3-HCI was very satisfactory (86%). It should be
noted that compound 1a is typically contaminated by traces of
the respective phosphine oxide (1a0), which cannot be
efficiently removed by chromatography or crystallization.

The second approach, method B, employed for the
preparation of trisubstituted urea lc and the acetamido (i.e.,
non-urea) derivative 1g, which was included in the series of
prospective ligands for comparison, was also rather straightfor-
ward, making use of the reactions of amine 3 with the
corresponding acyl or carbamoyl chlorides (Scheme 3). As in
the previous case, free amine 3 was liberated in situ from its
hydrochloride by the action of triethylamine, which was used in
excess to also serve as a scavenger of the formed HCI. Even
these reactions proceeded satisfactorily and afforded the
aforementioned products in isolated yields exceeding 90%.

The last alternative (method C, Scheme 4) relied on the
direct reaction of aldehyde 4 with the respective urea by

Scheme 4. Preparation of Phosphinoferrocene Ureas by
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condensation and reduction of the presumed imine inter-
mediates (reductive alkylation).'” This method was tested
mainly because it could possibly eliminate the two steps
required to convert 4 to 3. Thus, the reaction of 4 with N-
phenylurea performed in the presence of chlorotrimethylsilane
as the condensation agent and subsequent reduction with
Li[AlH,] led to le in a good 82% yield. The choice of the
reducing agent proved to be crucial since a similar reaction with
Na[BH,] and simultaneous addition of acetic acid afforded a
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Figure 1. PLATON plot of cation 1 in the structure of 3-HCI showing
atom labeling and displacement ellipsoids at the 30% probability level.
Note: Atom numbering in molecule 2 is strictly analogous.

product containing considerable amounts (approximately 30%)
of the respective borane adduct, le-BH; (5, 16.5). On the
other hand, method C proved unsuitable for the preparation of
la because it mainly led to [1’-(diphenylphosphino)-
ferrocenyl Jmethanol'® (68% of this alcohol and only ca. 9%
of la were isolated with Li[AIH,]) or yielded the desired
product la contaminated with the respective phosphine oxide
and borane adduct, only the latter of which could be efficiently
removed by crystallization (reaction with Na[BH,]; chroma-
tography proved to be inefficient in separating 1a, 1a0, and 1a-
BH,).

On the other hand, method C becomes particularly
important when no isocyanate or carbamoyl chloride required
for the conventional additions or condensations is available or
at least reasonably accessible. In the present case, method C
was employed for the synthesis of N-methylurea 1b. Thus,
“reductive alkylation” of 4 with N-methylurea in the presence of
CISiMe; in THF—CH;CO,H followed by reduction by
Na[BH,] provided 1b in a 73% yield with less than 5%
contaminants (phosphine oxide and borane adduct; further
purification could be achieved through recrystallization).
Similar reaction in the presence of Li[AlH,] as a more
energetic reducing agent afforded a cleaner product but in a
lower yield because a considerable part of the starting aldehyde

was reduced directly to the corresponding alcohol (isolated
yields of 1b and the alcohol were 30% and 49%, respectively).

All newly prepared compounds were characterized by
multinuclear NMR and IR spectroscopy, electrospray ionization
(ESI) mass spectrometry, and elemental analysis. In their 'H
NMR spectra, the compounds showed signals typical of the
phosphinoferrocenyl moiety, namely, a set of virtual multiplets
(three triplets and one quartet) attributable to the unsym-
metrically 1,1’-disubstituted ferrocene moiety bearing one
phosphine substituent and a multiplet due to protons at the
PPh, group. Corresponding signals were found in the "*C
NMR spectra. Signals of the methylene linkers in 1la—e and 1g
were observed at dy around 4.0 and & 38—39, whereas those
of 1f appeared shifted to lower fields (5 4.34, 6c 44.25). *C
NMR resonances of the C=OQO units, another characteristic
feature in the NMR spectra, were observed at ¢ ca. 155—159
for ureas la—e, at ¢ 180.16 for thiourea 1f, and at d; 169.73
for the N-acetyl derivative 1g. Finally, the *'P NMR signals of
3-HCl and 1a—g were found within the narrow range of 5, —16
to —18 ppm.

The ESI mass spectra of ureas 1 displayed pseudomolecular
ions of the type [M + X]*, where X = H, Na, and K. In contrast,
the mass spectrum of 3-HCI showed a strong signal attributable
to the [1’-(diphenylphosphino)ferrocenyl]methylium cation,
Ph,PfcCH,*, analogous to the stabilized [FcCH,]* fragment
(Fc = ferrocenyl) typically appearing in the mass spectra of
ferrocenylmethyl derivatives.'

In addition to characterization by various solution
techniques, the crystal structures of 3-HCI, 1a, le, and 1f
were determined by single-crystal X-ray diffraction analysis.
Compound 3-HCI (Figure 1 and Table 1) crystallizes with the
symmetry of the monoclinic space group P2,/n and two
molecules per asymmetric unit. The two independent
molecules differ only marginally, mainly in the mutual
orientation of the cyclopentadienyl rings (see 7 angles in
Table 1 and the overlap in the Supporting Information, Figure
S1), and their geometric parameters are unexceptional. Hence,
the reason for their “multiplication” most likely lies in the
complexity of the hydrogen-bonded array in the crystal state.

Individual ions constituting the crystal structure of 3-HCI
assemble via charge-assisted N—H--Cl hydrogen bonds (N---Cl
= 3.054(4)—3.143(4) A), forming infinite columnar assemblies
oriented parallel to the crystallographic b-axis. The bulky
nonpolar phosphinoferrocenyl moieties are directed away from
the “central” polar domains and thus decorate the hydrogen-
bonded stacks on their exterior (Figure 2).

Table 1. Selected Geometric Data for the Two Independent Cations in the Crystal Structure of 3-HCI (in A and deg)”

parameter molecule 1
Fe—Cgl 1.654(2)
Fe—Cg2 1.651(2)
«Cp1,Cp2 1.0(3)

T —156.8(4)
P1-C106 1.825(5)
P1-Cl112 1.846(5)
P1-C118 1.840(5)
N1-Cl11 1.482(6)
C101-C111-N1 112.5(4)

parameter molecule 2
Fe—Cgl 1.655(2)
Fe—Cg2 1.650(2)
£Cp1,Cp2 1.5(3)

T —171.3(4)
P2—C206 1.821(5)
P2—-C212 1.836(5)
P2—C218 1.844(5)
N2—-C211 1.497(6)
C201-C211-N2 111.4(4)

“Definitions: Cpl and Cp2 are the azoniamethyl- [C(101—105) and C(201—205) in molecules 1 and 2] and phosphine-substituted [C(106—110)
and C(206—210) in molecules 1 and 2] cyclopentadienyl rings, respectively. Cgl and Cg2 are their respective centroids. 7 represents the torsion
angle Cn01—Cgl—Cg2—Cn06, where n = 1 and 2 for molecules 1 and 2, respectively.
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Figure 2. (a) Section of the hydrogen-bonded array in the structure of
3-HCI. For convenience, the repeating unit is enclosed within a yellow
box. Only the NH hydrogens are shown, and the bulky
phosphinoferrocenyl moieties have been replaced with black circles
to avoid complicating the figure. (b) Projection of a single columnar
stack along the b-axis.

The molecular structure of 1a is depicted in Figure 3, and the
selected geometric parameters for all structurally characterized
phosphinoureas (i.e., 1a, le, and 1f) are compiled in Table 2.
Generally, the structural parameters determined for 1a fall into
the typical ranges."”*® The individual Fe—C distances vary
slightly (2.020(3)—2.068(2) A), which in turn results in tilting
of the cyclopentadienyl ring planes by ca. 5°. The cyclo-
pentadienyl rings assume an approximately synclinal eclipsed
(ideal value:*' 72°) conformation, and the urea pendant is
directed below the ferrocene unit and takes part in
intermolecular interactions.

The individual molecules of 1a associate in a manner typical
for N,N’-disubtituted ureas by forming infinite chains through
pairs of N—H:-O hydrogen bonds between proximal®*
NHCONH moieties, whose oxygen atoms behave as bifurcate
hydrogen bond acceptors.”> These hydrogen bonds thus
involve only hydrogen atoms in an anti position with respect
to the urea oxygen and are significantly asymmetric (N1---O =
3.212(3) A; N2-+-O = 2.870(2) A). The third NH proton
available in 1a (H3N) does not take part in hydrogen bonding
with any conventional acceptor. Nonetheless, it is positioned
appropriately for an interaction®* with the “residual” electron
density attributable to the lone pair of phosphorus, which
manifests itself as the most intense peak in the final difference

1945
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Figure 3. (a) PLATON plot of the molecular structure of 1la.
Displacement ellipsoids enclose the 30% probability level. (b) Section
of the hydrogen-bonded chains in the structure of 1a. For clarity, only
the NH hydrogens are shown, and the phosphinoferrocenyl moieties
have been replaced with black squares.

Table 2. Selected Geometric Parameters for 1a, le, and 1f
(in A and deg)

parameter” la (Y=0) le (Y=0) 1f (Y=15)
Fe—Cgl 1.646(1) 1.6458(9) 1.662(2)
Fe—Cg2 1.639(1) 1.6402(9) 1.656(2)
£Cp1,Cp2 4.5(2) 2.6(1) 1.8(2)
T —68.1(2) —90.0(1) 157.7(3)
P-C6 1.805(2) 1.815(2) 1.823(3)
P-CI2 1.836(2) 1.840(2) 1.838(4)
P—C18 1.829(2) 1.838(2) 1.838(4)
C1-Cl11 1.503(3) 1.504(3) 1.505(5)
C11-N1 1.454(3) 1.452(3) 1.452(5)
C1-C11-N1 113.8(2) 112.0(2) 110.3(3)
N1-C24 1.354(3) 1.346(2) 1.344(5)
N2—-C24 1.353(3) 1.376(2) 1.343(5)
N2—-C25 na. 1.408(3) 1.434(5)
C24-Y 1.241(2) 1.238(2) 1.699(4)
N1-C24—-N2 115.4(2) 1132(2) 117.0(3)

“Definitions: Cpl and Cp2 are the CH,- [C(1-5)] and phosphine-
substituted [C(6—10)] cyclopentadienyl rings, respectively. Cgl and
Cg2 stand for the respective centroids. 7 is the torsion angle Cl—
Cgl—Cg2—Cé6. n.a. = not applicable.

electron density map (see the Supporting Information, Figure
S2).

Although the molecules of 1e and 1f (Figure 4 and Table 2)
differ “only” by the chalcogen atom in the urea pendant, their
structures are considerably dissimilar. The individual distances
and angles are quite unexceptional and, for le, compare well
with those determined for a calix[4]arene modified by two
FcCH,NHCONH- redox-active pendants (Fc = ferrocenyl).*®
The main difference lies in the molecular conformation and
solid-state assemblies the compounds constitute in their
crystals.

The cyclopentadienyl rings in the molecules of 1e and 1f are
tilted by only 2.6(1)° and 1.8(2)°, respectively. They adopt
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Figure 4. PLATON plots of the molecular structures of (a) le and (b)
1f. Displacement ellipsoids are scaled to the 30% probability level.

different mutual orientations, namely, an intermediate con-
formation between synclinal eclipsed and anticlinal staggered in
le and a conformation close to ideal anticlinal eclipsed in 1f.
Another substantial difference can be observed in the
arrangement of the urea pendants. Whereas the urea moiety
in 1e has both hydrocarbyl groups in syn positions with respect
to the oxygen of the central C=0 bond, the substituents at the
NHC(S)NH assume syn (CH,) and anti (Ph) positions.
Together with reorientation of the entire urea pendant with
respect to the ferrocene units (cf. the C2/5—C1-C11-N1
angles 64.9(3)/—112.1(3)° for 1a, 17.6(3)/—165.1(2)° for le,
and —149.7(4)/34.8(5)° for 1f), this positioning directs the
phenyl ring closer to the ferrocene unit and results in twisting
of the terminal phenyl group with respect to the urea moiety, as
evidenced by the dihedral angles subtended by the phenyl and
the NC(E)N (E = O or S) planes being 24.8(1)° and 63.3(2)°
for 1e and 1f, respectively. (Note: The values of the C11-N1—
C24—N2 angles are higher than 175° in all three structures,
thereby ruling out any signification torsion at the connecting
urea motifs.

The different geometries of the urea pendants are clearly
associated with differences in the solid-state architecture.
Compound 1le forms the typical one-dimensional chain
described by the C(4)[R',(6)] descriptors™® in graph set
notation”® and observed as the main motif in the crystal
structure of la (see the Supporting Information, Figure S3;
NI1--O = 3.053(2) A, N2--O = 2.884(2) A). In contrast, the
molecules of 1f associate into simple centrosymmetric dimers
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via the relatively softer (weaker) N—H:--S interactions (N2---S
= 3.335(3) A) and make use of only one of the available NH
protons (N2—H2N, which is syn with respect to the sulfur
atom; see Figure S4 in the Supporting Information).
Preparation of Palladium(ll) Complexes. The coordina-
tion properties of the phosphinoferrocene ureas were examined
in palladium(II) complexes using le as a representative ligand.
The experiments confirmed that the compounds behave as
modified phosphines rather than as true bifunctional donors.
For instance, the reaction of le with [PdCl(cod)] (cod =
cycloocta-1,5-diene) at 1:1 molar ratio provided the
dipalladium(1I) chloride-bridged complex 5 (5 33.6;>” Scheme
S). A similar reaction with two molar equivalents of le with

Scheme 5. Synthesis of Palladium(II) Complexes 5 and 6“

cl o B2
_Pd__Pd_ =~
1e (1 equiv). @/Pﬁ Cl Cl %
—cod ] 2
> Fe
HN\‘(NHPh
HN NHPh o)
o 5
[PdCly(cod)]
Phy
Cl.,
_Pd, @ﬁ
p” Yo Fe
©/Ph2
1e (2 equiv). 23) HN_NHPh
— cod
NHPh (¢]
HN\‘(
(0] 6

“cod = cycloocta-1,5-diene.

respect to Pd proved to be complicated due to unexpected side
reactions and required careful optimization to produce the bis-
phosphine complex 6 (5 16.5%°).

The reactions of le with dipalladium precursors [Pd(LN)(u-
C1)], and [Pd(57*-C3H;) (1-Cl)], also gave rise to the expected
“simple” phosphine complexes 7 and 8, both resulting via
cleavage of the chloride bridges in the starting Pd complexes
(Scheme 6). Repeated attempts to induce a chelate

Scheme 6. Synthesis of Palladium(II) Complexes 7 and 8

77N 77N
oL Lo L

Pd _ Pd 7 LL= NMe,
CI/ \CI 1e (2equiv.) CI/ \P o
N/ Phy N

Pd_ Fe 8 L-L=alll
! - ¢

N

PhNH

WNH

o}

coordination of le by removal of the Pd-bound chloride in 7
by either a soluble Ag(I) or TI(I) salt (Ag[SbF¢] and TI1[PF4])
or via an intramolecular replacement following deprotonation
of the NH group(s) with +BuOK were unsuccessful, affording
only complicated and easily decomposing reaction mixtures.
Although partly disordered, the molecular structures of 7-
2CHCl; and 8 could be determined by X-ray diffraction
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Figure 5. PLATON plot of the molecular structure of 7. The displacement ellipsoids are scaled to the 30% probability level. For clarity, only one
orientation of the disordered phenyl group is shown (for a complete drawing, see the Supporting Information). Selected geometric data (in A and
deg): Pd—Cl 2.4160(9), Pd—P 2.2576(8), Pd—N(3) 2.153(3), Pd—C(31) 2.005(4), P—Pd—Cl 91.87(3), CI-P—N3 90.28(8), N2—Pd—C31

81.9(1), C31—-Pd—P 97.1(1).

analysis. The structures are presented in Figures S and 6,

respectively, along with relevant geometric parameters.

Figure 6. PLATON plot of the molecular structure of 8 (30%
probability displacement ellipsoids) showing only the dominant
orientation of the z-allyl moiety and the N—H---Cl hydrogen bonds
as dashed lines (for a complete structural drawing, see the Supporting
Information, Figure S6). Coordination geometry parameters (in A and
deg): Pd—Cl2.3826(6), Pd—P 2.3013(6), Pd—C50 2.124(5), Pd—CS1
2.138(5), Pd—Cs2 2.221(7), Cl-Pd—P 95.35(2), P—Pd—CS0
102.8(1), CI-Pd—C52 94.6(2).

The structure of solvated 7 corroborates the trans-P—N
relationship already deduced from the NMR parameters of the
CH,NMe, moiety, namely, the *J,c and *py coupling
constants.”” The compound has the expected square-planar
coordination environment around the palladium center, which
is distorted due to the presence of a small metallacycle (the
Pd—C and Pd—N bonds are the shortest among the Pd-donor
distances, and the C—Pd—N angle is the most acute interligand
angle).***“*8 The five-membered palladium ring has an
envelope conformation with the nitrogen N3 at the tip position.
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Ferrocene cyclopentadienyls in the structure of 7 are tilted by
as little as 0.5(2)° (Fe—Cgl and Fe—Cg2 are 1.646(2) and
1.647(2) A, respectively) and assume a conformation near
anticlinal eclipsed (7 = 136.3(2)°, cf. ideal value: 144°). The
urea moiety is rotated by 68.5(2)° with respect to the plane of
the cyclopentadienyl ring C(1-S5), forming a pair of N—H---Cl
hydrogen bridges toward chloride in a proximal, inversion-
related molecule of the complex (see the Supporting
Information, Figure S7; N1--Cl = 3.335(3) A, N2--Cl =
3.351(2) A).

The 7’-allyl moiety in the structure of 8 is disordered over
two positions that are approximately related by reflection
through the plane constituted by the remaining ligands (i.e., the
{Pd, Cl, P} plane). The allyl unit intersects the latter plane at an
angle of 65.7(6)° (60.5(8)° for the less abundant orientation),
and the Pd—C distances gradually increase on going from C50
to CS2, following the trend dictated by trans influence (P >
C1).*° Similar structural features have been observed in the
structures of analogous (i*-allyl)Pd(II) complexes with
phosphinoferrocene ligands.'**'

Similarly to 7, the urea protons in 8 form hydrogen bridges
to the Pd-bound chloride, although within the same molecule
(N1--Cl = 3.408(2) A, N2--Cl = 3.380(2) A). However,
because the N—H:-Cl interactions are intramolecular, the urea
moiety is oriented nearly perpendicularly to the plane of its
parent cyclopentadienyl ring C(1—5) (dihedral angle: 89.8(1)°;
see Figure 6), and the ferrocene unit has a less open
conformation (7 = 99.5(2)°, N.B. the tilting is slightly higher:
3.4(1)°; Fe—Cgl/Cg2 = 1.657(1)/1.649(1) A).

Pd-Catalyzed Cyanation of Aryl Bromides. In view of
the presence of the highly polar urea tags in the newly prepared
phosphinoferocene donors, we decided to evaluate their
catalytic potential in aqueous, Pd-catalyzed cyanation of aryl
bromides leading to synthetically valued benzonitriles,** using
potassium hexacyanoferrate(II) as an environmentally benign,
hydrolytically stable, and water-soluble cyanide source.*® For
the initial screening of the reaction conditions, we chose the
cyanation of 4-bromoanisole (9g), providing the corresponding
nitrile 10g and amide 11g as its hydrolytic side-product
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(Scheme 7). This reaction can be easily followed by 'H NMR
spectroscopy using the signals of the methoxy groups as

Scheme 7. Model Cyanation Reaction

Br CN CONH,
K4[Fe(CN)el .
Pd cat./base
OMe OMe OMe
9g 10g 11g

characteristic markers. A catalyst generated in situ by mixing
palladium(II) acetate with two equivalents of ligand le was
used in most of the screening experiments.

Aiming at understandin§ the effect of aqueous reaction media
on the reaction course,** the possible influence of the solvent
was evaluated first. The results presented graphically in Figure 7

ME

D MeCN EtOH

Yield of 10g [%]
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Figure 7. Effect of the solvent on the yield of the coupling product
10g. Pure solvents (yellow bars) are compared with their 1:1 (by
volume) aqueous mixtures (blue bars). Conditions: substrate 9g (1.0
mmol), K,CO; (1.0 mmol), and K,[Fe(CN)]-3H,0 (0.5 mmol)
were reacted in the presence of in situ generated catalyst (1 mol % Pd,
2 mol % le; see Experimental Section) in the respective solvent (4
mL) at 100 °C for 3 h. NMR yields are given.

demonstrate that the yields of 10g achieved in an aqueous
mixture (solvent—water 1:1 by volume) were better than those
obtained in any tested pure organic solvent. This observation
likely reflects the solubility of the inorganic components in the
reaction mixture because the difference in the reaction outcome
was most pronounced for ethereal solvents such as (1,4-)
dioxane and 1,2-dimethoxyethane (DME) and for acetonitrile,
in which the polar reagents would be practically insoluble.

It is also noteworthy that the yield of the coupling product
obtained in pure water was lower than that in all other water—
organic solvent mixtures tested. Again, this result can be
accounted for by the solubility of the reaction components and
phase mixing phenomena. We observed that the addition of the
mixed solvent typically gave rise to a heterogeneous reaction
mixture (two liquid phases). However, this mixture was partly
or even fully homogenized upon heating to the reaction
temperature (100 °C), which in turn allowed for efficient
interaction between the organic substrate, the catalyst, and the
highly polar inorganic reagents (ie., the base and CN™ source).
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On the basis of the results of the solvent screening
experiments, dioxane was chosen for further reaction tests as
an inexpensive aprotic solvent possessing favorable properties,
including a reasonably high boiling point and unlimited
miscibility with water. More detailed tests showed that
changing the water/dioxane ratio also significantly affects the
reaction course. For instance, whereas no coupling product was
obtained from reactions performed in pure and 80% dioxane
(Figure 8), the yield of 10g suddenly grew to 92% upon

100

80

Yield of 10g (%)

60

40

20

60 80

100
Content of water in dioxane (v/v %)

Figure 8. Effect of the composition of the water—dioxane mixture on
the yield of the coupling product 10g. For detailed conditions, see
caption of Figure 7

increasing the water content to 40 vol %. In accord with our
previous results,>> the best results were obtained in 40:60—
60:40 solvent mixtures (cf. 96% yield of 10g in 50% dioxane). A
further increase in the water content to 80% and 100%
markedly decreased the yield of the coupling product.
Consequently, a 1:1 dioxane—water mixture was employed as
the solvent for this particular reaction in all subsequent
experiments.

Experiments were also focused on the possible effects of the
palladium source and the base. The evaluation of various
common palladium precursors at 1 mol % Pd loading (Table 3)
has indeed shown that the type of palladium precursor plays an
important role. The most satisfactory yields of the coupling

Table 3. Survey of Various Pd Precursors in the Model
Coupling Reaction”

Pd source yield of 10g [%] Pd source yield of 10g [%]
Pd(OAc), 88 [PdCl,(cod)] 89
Pd(OAc), 56° K,[PdCl,] <5
Pd(OAc), 29¢ [PdCL(MeCN),] 91
Pd(OAc), 244 [PACI(LN®)], 52
Pd(OAc), <s¢ [PACI(1*-CHy) ], 18*
Pd(0,CCF,), 92 [Pd,(dba),] 30

“Conditions: substrate 9g (1.0 mmol), K,CO; (1.0 mmol), and
K,[Fe(CN)4]-3H,0 (0.5 mmol) were reacted in the presence of in situ
generated catalyst (1 mol % Pd, 2 mol % le; see Experimental
Section) in dioxane—water (1:1, 4 mL) at 100 °C for 3 h. The yield
was determined by integration of 'H NMR spectra using mesitylene as
an internal standard. "Pd:1e = 1:1. “Reaction with 0.5 mol % Pd.
9Reaction at 80 °C. “Reaction at 60 °C./The catalyst was prepared in
methanol due to the insolubility of the starting Pd complex in
dichloromethane.
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product (around 90%) were obtained with catalysts resulting
from simple palladium(II) carboxylates, viz, Pd(OAc), and
Pd(O,CCF;),, at a Pd:1e ratio of 1:2. For practical reasons, the
former Pd(II) salt appears particularly attractive because it not
only gives rise to a highly active catalyst but is also relatively
inexpensive and readily available. Notably, catalysts generated
from other Pd(II) precursors as well as from [Pd,(dba);] as an
immediate source of Pd(0) performed significantly worse.
Similarly, lowering the amount of the ligand to 1 equiv with
respect to palladium or decreasing the reaction temperature
(100 °C — 80 and 60 °C) considerably reduced the yield of
10g with the Pd(OAc),/1e catalyst.

The catalytic results achieved with different bases are
presented in Table 4. Sodium and potassium carbonate

Table 4. Survey of Various Bases”

base yield of 10g [%] base yield of 10g [%]
Li,CO; 50 NaHCO, 8
Na,CO; 92 Na,PO, 49°
Na,CO, 4s° Na,HPO, 8’
K,CO, 88 NaH,PO, 0
K,CO, 80° NaOAc <5
Cs,CO;4 28 NaOH 12¢

“Conditions: substrate 9g (1.0 mmol), base (1.0 mmol unless specified
otherwise), and K,[Fe(CN)4]-3H,0 (0.5 mmol) were reacted in the
presence of in situ generated catalyst (1 mol % Pd(OAc),, 2 mol % le;
see Experimental Section) in dioxane—water (1:1, 4 mL) at 100 °C for
3 h. The yield was determined by integration of '"H NMR spectra using
mesitylene as an internal standard. 40.5 mmol of base. ©0.33 mmol of
Na;PO,. Amide 11g (<5%) was also detected. 9Caution! (Partial)
hydrolysis to HCN likely occurs. “Amide 11g (42%) also formed.

afforded comparable, very good yields (around 90%) when
employed in a 1:1 molar ratio with respect to the substrate 9g.
When the amount of these bases was reduced by half (i.e., to
one molar equivalent of alkali metal cation per 9g), the yields of
the coupling product decreased, although to different extents,
to approximately half in the case of Na,CO; and by only 8%
with K,CO;. Both the lighter (Li,CO;) and the heavier
(Cs,CO;) congeners of these carbonates produced 10g in
lower yields, the former most likely due its relatively poor
solubility in the reaction system. Likewise, sodium hydrogen
carbonate as well as other bases tested (sodium phosphates,
sodium acetate, and sodium hydroxide) did not match the
results obtained for either simple carbonate from which the
common Na,CO; was selected as the most suitable for further
reactions because of its good performance and lower molar
weight (less material was needed).

To further minimize the amount of inorganic reagents
required for the cyanation reaction to proceed with good yields
and to limit the amount of waste produced, we have studied the
effect of the amount of the cyanide source on the yield of the
coupling product. Unfortunately, the results presented in Table
5 indicate that the amount of K,[Fe(CN)4]-3H,0O cannot be
reduced further below approximately 0.5 molar equivalents (i.e.,
3 equiv of CN™) with respect to 9g without reducing the yields
of the corresponding nitrile in the present case.

Having established the optimal reaction conditions in terms
of the reaction solvent, base, and palladium source, we turned
to studying the properties of individual phosphinoferrocene
ligands (Table 6). The best catalytic results showed catalysts
resulting from ligands equipped with urea moieties bearing
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Table 5. Effect of the Amount of CN™ Equivalents on the
Yield of Nitrile 10g”

amount of K,[Fe(CN)¢]-3H,0 [mmol] CN equiv  yield of 10g [%]
1.00 6 96
0.50 3 922
0.33 2 65
0.17 1 46

“Conditions: substrate 9g (1.0 mmol), Na,CO; (1.0 mmol), and
varying amounts of K,[Fe(CN)]-3H,0 were reacted in the presence
of in situ generated catalyst (1 mol % Pd(OAc), 2 mol % le; see
Experimental Section) in dioxane—water (1:1, 4 mL) at 100 °C for 3
h. The yield was determined by integration of "H NMR spectra using
mesitylene as an internal standard.

Table 6. Catalytic Results Achieved with Different Ligands®

ligand yield of 10g [%] ligand yield of 10g [%]
la 52 le 92
1b 53 1f 0
1c SS 1g 40
1d 86 FcPPh, 30

“Conditions: substrate 9g (1.0 mmol), Na,CO; (1.0 mmol), and
K,[Fe(CN)4]-3H,0 (0.5 mmol) were reacted in the presence of in situ
generated catalyst (1 mol % Pd(OAc), 2 mol % ligand; see
Experimental Section) in dioxane—water (1:1, 4 mL) at 100 °C for
3 h. The yields were determined by integration of "H NMR spectra
using mesitylene as an internal standard.

more bulky and lipophilic substituents (phenyl and cyclohexyl),
with phenyl urea le being the most efficient (92% of 10g).
Donors possessing urea substituents with relatively smaller
terminal substituents (NHMe and NMe,) as well as the
monosubstituted urea 3a furnished only ca. 50% yields of 10g,
whereas a further reduction of the polar pendants, such in the
acetylamino derivative 1g, caused the yield to decrease even
further.

The reaction performed in the absence of any supporting
ligand (i.e, employing only Pd(OAc), as the catalyst) did not
proceed in any appreciable extent under otherwise identical
conditions (results not tabulated), suggesting that the
supporting phosphine ligand represents a vital component of
the catalytic system (unlike many other cross-coupling
reactions). In addition, from the dependence of the reaction
yield on the structure of the phosphine ligands, it appears likely
that the urea moiety is also involved in the catalytic reaction,
e.g, by (temporary) coordination of the metal center or
through its solubility-tuning properties. The most indicative
signs are the dramatically different performance of catalysts
based on the analogous phenyl-substituted urea and thiourea
ligands (1e vs 1f) and the fact that the catalyst based on FcPPh,
as a P-monodentate donor produced a rather low yield of the
coupling product.

As the last step, we studied the scope of the cyanation
reaction by altering the structure of the aryl bromide substrate
(Scheme 8). The results collected in Table 7 demonstrate that
the reaction proceeds satisfactorily with electron-rich, alkylated
substrates, despite moderate steric hindrance (see entries 1—5

Scheme 8. General Scheme of the Cyanation Reaction

K4[Fe(CN)g]

Ar—B
e Pd cat./base
9 10

Ar—CN (+ ArCONH,)
1
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Table 7. Cyanation of Different Aryl Bromides”

conversion (yield)? after

24 h'[%]
conversion to (yield
entry Arin ArBr (9)  of)” 10 after 3 h [%] 10 11
1 2-MeC¢H, (9a) 92 (89)
2 3-MeCg¢H, (9b) 96 (90)
3 4-MeC4H, (9C) 100 (94)
4 4+BuCH, 88 (84) 91 (84)  nd. (9)
(9d)
S 246-Me,CeH, 48 (n.d.) 100 (97)
(9¢)
6  4PhC(H, (9f) 100 (96)
7 4MeOCH, 100 (92)
(%)
8 34 98 (94)
(MeO),C¢H,
(9h)
9 34-(OCH,0) 62 (60)
CeH; (91)
10 4-AcCeH, (9)) 9 (nd) 16 (15) 84 (82)
11 4F,CCH, 18 (n.d.) 16 (nd) 84 (80)
(9K)
12 4CICH, (91) 25 (n.d.) 17 (14) 83 (80)
13 40,NCH, 0 <5
9m
14 4HNCH, 10 (n.d.) 10 (n.d.)
(9n)
1S 4-Me,NC(H, 10 (n.d.) 9 (nd.)
(90)
16 4-ANHCH, 60 (55) 50 (48) 32 (25)¢
(%p)
17 4-HO,CC(H, 93 (84)°
(99)
18  1-naphthyl (9r) 18 (nd.) 100 (94)
19 2-naphthyl (9s) 99 (94)
20  1-pyrenyl (9t) n.d. (79)
21  Fc (9u) 21 (18)

“Conditions: substrate 9 (1.0 mmol), Na,CO; (1.0 mmol), and
K,[Fe(CN)4]-3H,0 (0.5 mmol) were reacted in the presence of in situ
generated catalyst (1 mol % Pd(OAc),, 2 mol % le; see Experimental
Section) in dioxane—water (1:1, 4 mL) at 100 °C for 3 or 24 h. ”'H
NMR conversion (isolated yield in parentheses). These values are
averages of two independent runs. n.d. = not determined. “2 mmol of
Na,CO; were used. “Nitrile 10n was also formed (conversion: 18%,
isolated yield: 16%).

in Table 7). The introduction of a methoxy group(s) or similar
substituents, whose +M effect prevails over an —I effect, does
not hamper the cyanation reaction (entries 7—9). On the other
hand, substrates bearing groups with a pronounced electron-
withdrawing character react less willingly, and the respective
nitriles as the primary products are activated toward hydrolysis
to the corresponding amides (see entries 10—12).> The crystal
structures determined for two such amides, 11j and 11k, are
discussed in the Supporting Information.

The presence of the nitro group in the para position of the
benzene ring, exerting strong —M and —I effects, practically
stopped the cyanation reaction, and substrate 9m thus
remained unchanged (entry 13). Aryl bromides bearing
amine substituents 9n and 90 (entries 14 and 15) also reacted
only sluggishly, albeit presumably due to the metal-scavenging
effect of their donor substituents. This was corroborated by
cyanation of 4-bromoacetanilide (9p, entry 16), which
furnished nitrile 10p with 60% conversion (55% isolated
yield; entry 16) after 3 h. Extending the reaction time to 24 h
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did not improve the yield of 10p (isolated yield: 48%) because
of partial hydrolysis to the corresponding amide 11p (isolated
yield: 25%) and removal of the acetyl group resulting in the
formation of 4-aminobenzonitrile (10n; isolated yield: 16%).
The cyanation of 4-bromobenzoic acid (9q, entry 16) also
represents a notable example because the deprotonation of the
carboxyl group under the applied reaction conditions (2 equiv
of Na,COj; are used) activated the substrate, which was then
efficiently converted to the corresponding nitrile without any
notable hydrolysis (COOH: —I and —M; COO™: +I and +M).

In addition to substituted bromobenzenes, we tested a few
other brominated arenes. Thus, 1-bromonaphthalene was fully
converted to the respective nitrile 10r over a period of 24 h,
whereas the isomeric 2-bromonaphthalene reacted to a similar
extent already within 3 h. The described procedure could also
be used to prepare l-cyanopyrene (10t) and cyanoferrocene
(10u), in which case, however, extended reaction times were
required, and the latter product was isolated in only a modest
18% yield. In this case, however, 75% of the starting
bromoferrocene was recovered unchanged.

In an attempt to further expand the scope of the reaction, we
also varied the halide substituent. Quite expectedly, 4-
iodoanisole reacted smoothly under the standard conditions
(1 mol % Pd, 3 h), affording 10g in a 95% isolated yield, but no
reaction was observed with the less reactive chloride (i.e., 4-
chloroanisole). 4-Bromobenzyl bromide (9v) was not cyanated
either, being cleanly hydrolyzed under the reaction conditions
to 4-bromobenzyl alcohol (12; 100% conversion, 90% isolated
yield after 24 h).

In is also noteworthy that analysis of the crude reaction
mixtures (ie., prior to workup) typically revealed a character-
istic low-field signal in the '"H NMR spectrum attributable to a
ligand decomposition product (8y ca. 8.7). To identify this
reaction product and, consequently, the fate of the phosphine
ligand, we prepared phosphine oxide 1eO by standard
hydrogen peroxide oxidation of the model ligand le. Indeed,
the NMR signals of authentic 1eO were identical to those
observed in the reaction mixtures, thereby confirming that the
ligand undergoes oxidation during the reaction.

H CONCLUSION

This contribution describes the synthesis and catalytic
applications of a series of phosphinoferrocene donors modified
by various urea moieties, appended via a methylene linker.
These compounds were synthesized through three different
methods, starting from either the newly prepared phosphino-
amine 3 (or rather its stable hydrochloride) or aldehyde 4. The
applicability of these methods was demonstrated to depend on
the urea pendant to be incorporated into the newly formed
molecule, namely, on the number and type of the substituents
at the nitrogen atoms.

As exemplified for the model ligand 1e, phosphinoferrocene
ureas 1 coordinate the Pd(II) ion as typical soft donors
(functionally modified phosphines) via their phosphine groups,
while the polar urea moieties remain available for the formation
of hydrogen-bonded assemblies in the solid state. When
combined with a suitable palladium source, these ligands give
rise to active catalysts for Pd-catalyzed cyanation of aryl
bromides with nontoxic K,[Fe(CN)¢]-3H,O in aqueous
reaction media. Under the optimized conditions, the cyanation
reaction proceeds with very good to excellent yields for
bromoarenes devoid of other substituents and substrates
modified by electron-donating groups. In the case of
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electron-poor substrates, the yield of cyanation product (the
nitrile) is typically reduced by subsequent hydrolysis upon the
action of the base present in the reaction mixture. Substrates
with amine substituents also pose some problems, presumably
because of their metal-scavenging effect.

B EXPERIMENTAL SECTION

Materials and Methods. The syntheses were performed under an
argon atmosphere using standard Schlenk techniques. Compounds
2, 4" [PdCly(cod)],”” and [(LN)Pd(u-Cl)],*® were synthesized
according to procedures reported in the literature. Commercial N,N-
dimethylcarbamoyl chloride was distilled before use. Methanol,
dichloromethane, and tetrahydrofuran (HPLC grade) were dried
with a PureSolv MDS solvent purification system (Innovative
Technology). Other chemicals and solvents used for crystallizations
and during chromatography were used as received without any
additional purification.

NMR spectra were recorded at 25 °C on a Varian UNITY Inova
400 spectrometer operating at 399.95, 100.58, and 161.90 MHz for
'H, *C, and *'P, respectively. Chemical shifts (6/ppm) are reported
relative to internal tetramethylsilane ("H and "*C) or to external 85%
H,PO, (*'P). In addition to the standard notation of signal
multiplicity, vt and vq are used to denote virtual multiplets arising
from the protons constituting the AA'BB’ and AA'BB'X spin systems
in the methylene- and PPh,y-substituted cyclopentadienyl rings,
respectively (fc = ferrocene-1,1’-diyl). IR spectra were recorded with
a Thermo Nicolet Magna 6700 FTIR spectrometer over the range
400—4000 cm™". Low-resolution ESI mass spectra were obtained with
an Esquire 3000 (Bruker) spectrometer. Elemental analyses were
determined with a PerkinElmer PE 2400 CHN analyzer. The amount
of residual solvents, typically present in amorphous products, was
verified by NMR analysis and taken into account during all subsequent
experiments.

Synthesis of 1'-(Diphenylphosphino)-1-(aminomethyl)ferrocene
Hydrochloride (3-HC). Aldoxime 2 (250 mg, 0.61 mmol; mixture of
E- and Z-isomers) was dissolved in dry THF (15 mL), and the
solution was added dropwise to solid Li[AlH,] (115 mg, 3.0 mmol)
while stirring and cooling in an ice bath. The reaction mixture was
stirred at room temperature for 6 h and then recooled on ice and
quenched by sequential addition of water (0.55 mL) and 15% aqueous
NaOH (0.15 mL). After stirring for another 30 min, the resulting
heterogeneous mixture was filtered through a pad of diatomaceous
earth (Celite). The filtrate was diluted with diethyl ether (15 mL),
washed with brine (5 mL), dried over magnesium sulfate, and, after
removal of the drying agent, treated with methanolic HCI (0.81 mL of
a 0.75 M solution, 0.61 mmol). The separated product was filtered off
and dried under vacuum to afford hydrochloride 3-HCI as a yellow
solid (168 mg, 64%). Crystals for X-ray diffraction measurements were
grown from hot methanol—chloroform.

'H NMR (DMSO-d): 8 3.55 (s, 2 H, CH,), 4.06 (vt, ]’ = 1.9 Hz, 2
H, fc), 4.11 (vq, J' = 1.9 Hz, 2 H, fc), 4.30 (vt, ] = 1.9 Hz, 2 H, fc), 4.50
(vt, J = 1.8 Hz, 2 H, fc), 7.29-7.41 (m, 10 H, Ph), 8.15 (br s, 3 H,
NH,*). 3C{'H} NMR (DMSO-d): § 37.73 (CH,), 69.48 (CH of fc),
70.52 (CH of fc), 71.70 (d, Jpc = 4 Hz, CH of fc), 73.11 (d, Jpc = 15
Hz, CH of fc), 75.99 (d, YJpc = 7 Hz, C-PPh, of fc), 79.84 (C-CH, of
fc), 128.22 (d, Ypc = 7 Hz, CH™™ of PPh,), 128.58 (CHP*® of PPh,),
132.94 (d, 3Jpc = 20 Hz, CH™" of PPh,), 138.44 (d, Jpc = 10 Hz,
CP® of PPh,). ¥P{'H} NMR (DMSO-d): § —17.7 (s). IR (Nujol,
em™)): 1, 3068 m, 2635 w, 2559 w, 1594 w, 1562 w, 1309 w, 1241 w
1162 m, 1104 m, 1026 m, 963 w, 911 w, 884 w, 827 s, 817 s, 746 s, 698
s, 633w, 522w, 503 s, 483 s, 452 m, 424 w, 412 w. ESI+ MS: m/z 383
([Ph,PfcCH,]*). Anal. Calcd for C,;H,;CIFeNP-0.1CHCI, (447.6): C
61.98, H 5.20, N 3.13. Found: C 61.78, H 5.07, N 3.02 (crystallized
sample).

Synthesis of N-[1’-(Diphenylphosphino)ferrocenyljurea (1a).
Method A. Anhydrous triethylamine (1.0 mL, 7.2 mmol, 16 equiv)
was added to a suspension of 3-HCl (200 mg, 0.46 mol) in dry
methanol (15 mL), causing the solid hydrochloride to dissolve the
compound. Sodium cyanate (47 mg, 0.6 mmol, 1.5 equiv) dissolved in
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methanol and water (4 + 4 mL) was added, and the resultant solution
was stirred at room temperature overnight. Next, the mixture was
diluted with water (10 mL) and extracted with dichloromethane (2 X
10 mL). The organic extracts were combined, washed with brine, dried
over anhydrous magnesium sulfate, and evaporated. Subsequent
chromatography over silica gel with dichloromethane—methanol
(10:1 v/v) led to the development of two orange bands. The first
one contained the desired product la, which was isolated by
evaporation as an orange, readily crystallizing oil (75 mg, 37%).
Evaporation of the second band afforded unreacted free amine (105
mg, 57%). Note: Isolated 1a is typically contaminated by traces of the
corresponding phosphine oxide, which cannot be removed by
crystallization. Increasing the amount of NaOCN to 5 equiv did not
improve the yield of 1a.

Attempted Preparation of 1a by Method C. Aldehyde 4 (398 mg,
1.00 mmol) and urea (900 mg, 15 mmol) were mixed with THF (50
mL) and freshly distilled acetic acid (50 mL), and the resultant
mixture was cooled in an ice bath. Neat chlorotrimethylsilane (0.16
mL, 1.2 mmol) was added with stirring, and the stirring was continued
at room temperature for 3 h, during which time the color of the
reaction mixture changed from red to orange. The mixture was
recooled in ice, and Na[BH,] (189 mg, 5.0 mmol) was added in one
portion. After the addition, the reaction mixture was stirred at 0 °C for
30 min and then at room temperature for another 2 h, whereupon it
turned yellow. The mixture was diluted with saturated aqueous
NaHCO; (60 mL; Caution: gas evolution!) and extracted with
dichloromethane (40 mL). The organic layer was washed with
saturated aqueous NaHCOj3, water, and brine, dried over magnesium
sulfate, and evaporated with chromatography-grade silica gel.
Subsequent column chromatography of the crude preadsorbed
product over silica gel with dichloromethane—methanol (10:1) and
evaporation furnished an orange foam (353 mg), which was analyzed
as a mixture of la (approximately 80%), 1aO (approximately 10%),
and la-BH; (10%). Crystallization from hot ethyl acetate—hexane
efficiently removes the borane adduct but not the phosphine oxide. A
similar reaction with Li[AIH,] (5.0 mmol) in THF (no acid added)
afforded 1a in only 9% yield, the majority of the aldehyde being
converted to 1’-[(diphenylphoshino)ferrocenyl]methanol (isolated
yield: 68%). Crystals used for X-ray diffraction analysis were grown
from ethyl acetate—hexane.

'"H NMR (CDCl,): 6 3.97 (d, *Juy = 4.8 Hz, 2 H, CH,), 3.98 (vt, J'
= 1.8 Hz,2 H, fc), 4.08 (vq, ]’ = 1.8 Hz, 2 H, fc), 4.13 (vt, J' = 1.9 Hz,
2 H, fc), 441 (vt, ] = 1.8 Hz, 2 H, fc), 4.54 (br s, 2 H, NH,), 5.32 (br
s, 1 H, NH), 7.31-7.39 (m, 10 H, PPh,). *C{'H} NMR (CDCL,): §
39.21 (CH,), 68.86 (CH of fc), 69.01 (CH of fc), 71.46 (d, Joc = 3 Hz,
CH of fc), 73.27 (d, Jpc = 15 Hz, CH of fc), 75.58 (C-P of fc), 86.86
(C-CH, of fc), 12828 (d, *Jpc = 7 Hz, CH*™® of Ph), 128.81 (CHP**
of Ph), 133.40 (d, ¥Jpc = 19 Hz, CH™" of Ph), 138.04 (br s, C**° of
Ph), 158.47 (C=0).*'P{'H} NMR (CDCl,): § —16.1 (s). IR (Nujol,
cm™): 3355 br w, 3389 br w, 3322 br w, 3191 br m, 1738 w, 1644 br's,
1601's, 1431's,1329's, 1311 m, 1269 w, 1232 w, 1202 w, 1162 m, 1123
m, 1096 m, 1069 w, 1029 s, 998 w, 929 w, 888 w, 823 m, 781 w, 742 s,
696 s, 655 w, 571 m, 532 s, 488 s, 460 s, 436 m. ESI+ MS: m/z 443
(M + H]*), 465 ([M + Nal*), 481 ([M + KJ*). Anal. Calcd for
C,4H,;FeN,0P-0.2AcOEt (459.9): C 64.77, H 5.39, N 6.09. Found: C
64.62, H 5.25, N 5.94 (sample crystallized from ethyl acetate—hexane).

Synthesis of N-[1'-(Diphenylphosphino)ferrocenyl]-N'-methylur-
ea (1b). Method C. Aldehyde 4 (398 mg, 1.00 mmol) and N-
methylurea were dissolved in a mixture of dry THF (30 mL) and
acetic acid (60 mL). Chlorotrimethylsilane (0.15 mL, 1.2 mmol) was
added, causing an immediate change in color from the initial red to
deep orange. After stirring at room temperature for 3 h, the mixture
was cooled in an ice bath, and Na[BH,] (189 mg, 5.00 mmol) was
added in one portion (the color of the reaction changed gradually to
yellow). The stirring was continued at 0 °C for 30 min and then at
room temperature overnight before quenching with water (100 mL,
effervescence). The resultant mixture was extracted with dichloro-
methane (50 and 20 mL), and the combined organic layers were
washed twice with saturated aqueous NaHCO; (Caution: gas
evolution!), water, and brine, dried over magnesium sulfate, and
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evaporated. The crude product was purified by column chromatog-
raphy (silica gel, dichloromethane—methanol, 20:1 v/v). The major
band containing the product and some phosphine oxide was
evaporated, and the residue was purified again by chromatography
over silica gel using ethyl acetate as the eluent to afford 1b as an
orange solid (335 mg, 73%).

A similar reaction with Li[AlH,] in THF (without added acetic
acid) yielded analytically pure 1b (30%) together with [1'-
(diphenylphoshino)ferrocenyl]methanol (49%). The second chroma-
tography was not needed in this case.

'H NMR (CDCL;): 6 2.80 (s, 3 H, CH,), 3.95 (br s, 2 H, CH,),
3.98 (vt,J' = 1.9 Hz, 2 H, fc), 4.07 (vq, J' = 1.8 Hz, 2 H, fc), 4.12 (vt, ]’
= 1.8 Hz, 2 H, fc), 4.39 (vt, ]’ = 1.8 Hz, 2 H, fc), 4.62 (brs, 1 H, NH),
5.01 (br s, 1 H, NH), 7.30~7.38 (m, 10 H, PPh,). *C{'H} NMR
(CDCl,): 6 27.26 (CH;), 39.19 (CH,), 69.22 (CH of fc), 68.99 (CH
of fc), 71.42 (d, J = 4 Hz, CH of fc), 73.25 (J = 15 Hz, CH of fc),
75.60 (br s, C-CH, of fc), 87.22 (C-P of fc), 12826 (d, ¥Jpc = 7 Hz,
CH*™ of Ph), 128.76 (CHP*® of Ph), 133.40 (*Jpc = 19 Hz, CH™" of
Ph), 13820 (br s, C? of Ph), 158.71 (C=0). *P{'H} NMR
(CDCL): 6 —16.1 (s). IR (Nujol, em™): v, 3326 s, 3294 s, 3137 br
m, 3100 m, 3078 m, 3043 m, 1625 s, 1582 s, 1259 m, 1194 w, 1161 m,
1089 w, 1059 w, 1038 m, 1025 m, 998 w, 923 w, 889 w, 831m, 807 s,
776 w, 794 s, 696 s, 667 m, 635 m, 570 w, 529 m, 496 s, 485 s, 453 m,
422w, 410 w cm ™%, ESI+ MS: m/z 457 ([M + H]*), 479 ([M + Nal*),
495 ([M + KJ*). Anal. Caled for C,H, FeN,OP-0.25AcOEt (478.3):
C 65.28, H 5.69, N 5.86. Found: C 65.19, H 5.44, N 5.91.

Synthesis of N-[1'-(Diphenylphosphino)ferrocenyl]-N',N’-dime-
thylurea (1c). Method B. Anhydrous triethylamine (1.0 mmol, 7.2
mmol) was added to a suspension of 3-HCI (437 mg, 1.0 mmol) in dry
dichloromethane (20 mL). To the resulting clear orange solution was
introduced neat N,N-dimethylcarbamoyl chloride (0.10 mL, 1.1
mmol), and the resulting mixture was stirred at room temperature
overnight. The reaction was terminated by the addition of saturated
aqueous NaHCO; solution (10 min). The organic phase was
separated, washed with water and brine, and dried. The product was
isolated by flash column chromatography over silica gel with
dichloromethane—methanol (20:1 v/v) as the eluent and evaporation
under vacuum. Yield of 1c: 433 mg (92%), yellow solid foam.

'H NMR (CDCL): 6§ 2.91 (s, 6 H, NMe,), 3.99 (br d, ¥,y = 3.8
Hz, 2 H, CH,), 401 (vt,J' = 1.8 Hz, 2 H, fc), 4.08 (vq, J' = 1.8 Hz, 2
H, fc), 4.13 (vt, ]’ = 1.9 Hz, 2 H, fc), 4.36 (vt, ] = 1.8 Hz, 2H, fc), 4.67
(brs, 1 H, NH), 7.29—7.38 (m, 10 H, Ph). *C{"H} NMR (CDCL,): §
36.37 (NMe,), 37.77 (CH,), 69.06 (CH of fc), 69.15 (CH of fc),
71.33 (d, Joc = 4 Hz, CH of fc), 73.22 (d, Jpc = 15 Hz, C-P of fc),
87.14 (C-CH, of fc), 128.18 (d, JJpc = 7 Hz, CH*™ of Ph), 128.63
(CHP™ of Ph), 133.41 (d, *Jpc = 20 Hz, CH™" of Ph), 138.58 (d, Jpc
= 8 Hz, C?* of Ph). 158.11 (C=0). One signal due to ferrocene CH
probably overlaps with the solvent resonance. *'P{'H} NMR
(CDCLy): 5 —16.5 (s). IR (Nujol, cm™): 3356 m, 3047 w, 1721 w,
1630 s, 1585 w, 1533 5, 1339 m, 1239 m, 1220 w, 1162 w, 1088 w,
1038 w, 1027 w, 831w, 812 w, 747 m, 699 m, 569 w, 500 m, 486 w,
449 w. ESI+ MS: m/z 471 ([M + H]"), 493 ([M + Na]*), 509 ([M +
K]*). Anal. Calcd for C,sH,,FeN,OP-0.1CH,Cl, (478.8): C 65.47, H
5.73, N 3.55. Found: C 65.48, H 5.77, N $.62.

Synthesis of N-[1'-(Diphenylphosphino)ferrocenyl]-N’-cyclohex-
ylurea (1d). Method A. Hydrochloride 3-HCI (219 mg, 0.50 mmol)
and triethylamine (1.0 mmol, 7.2 mmol) were mixed in dry
dichloromethane (10 mL), producing a clear orange solution, which
was cooled on ice. Neat cyclohexyl isocyanate (10 4L, 0.55 mmol) was
introduced, and the reaction mixture was stirred at 0 °C for 15 min
and then at room temperature overnight. After the reaction was
quenched by addition of water (10 mL), the organic layer was
separated, and the aqueous residue was extracted with dichloro-
methane (3 X 10 mL). The combined organic phases were washed
with brine, dried over magnesium sulfate, and evaporated under
vacuum to afford a crude product, which was purified by
chromatography (silica gel, dichloromethane—methanol, 10:1) and
then crystallized from hot ethyl acetate—hexane (approximately 1:3) to
afford urea 1d as orange crystals (217 mg, 83%). Crystals suitable for
X-ray diffraction analysis were obtained from ethyl acetate—hexane.
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'H NMR (CDCl): § 1.06—1.20 (m, 3 H, CH, of Cy), 1.29—1.41
(m, 2 H, CH, of Cy), 1.54—1.61 (m, 1 H, CH, of Cy), 1.64—1.72 (m,
2 H, CH, of Cy), 1.90—1.98 (m, 2 H, CH, of Cy), 3.59 (m, 1 H, CH
of Cy), 3.95 (d, *Jyy; = 4.8 Hz, 2 H, CH,NH), 3.97 (vt, ]’ = 1.9 Hz, 2
H, fc), 4.06 (vq, J' = 1.7 Hz, 2 H, fc), 4.12 (vt, ]’ = 1.8 Hz, 2 H, fc),
4.39 (vt,J' = 1.9 Hz, 2 H, fc), 4.64 (br d, *Jyy = 7.7 Hz, 1 H, NHCy),
5.01 (br m, 1 H, CH,NH), 7.30—7.39 (m, 10 H, Ph). BC{*H} NMR
(CDCL): 6 24.87 (CH, of Cy), 25.63 (CH, of Cy), 33.94 (CH, of
Cy), 38.99 (CH,NH), 48.94 (CH of Cy), 68.76 (CH of fc), 69.01
(CH of fc), 71.40 (d, Jpc = 4 Hz, CH of fc), 73.19 (d, Jpc = 15 Hz, CH
of fc), 75.55 (br s, C-P of fc), 87.53 (C-CH, of fc), 128.25 (d, *pc = 7
Hz, CH*"° of Ph), 128.75 (CHP*® of Ph), 133.39 (d, ¥y = 19 Hg,
CH™" of Ph), 138.09 (br d, Yy = 6 Hz, CP* of Ph), 157.37 (C=
0). *P{'H} NMR (CDCL): § —164 (s). IR (Nujol, cm™): 3392 m,
3264 br m, 3049 m, 1740 w, 1620 s, 1598 s, 1497 s, 1310 w, 1272 m,
1254 m, 1233 m, 1160 m, 1084 m, 1049 w, 1033 m, 1025 m, 921 w,
871 w, 842 w, 813 m, 750 s, 745 s, 700 s, 634 m, 528 w, 499 s, 484 s,
461 w, 413 w. ESI+ MS: m/z 525 ([M + H]*), 547 ([M + Nal*), 563
([M + KJ*). Anal. Calcd for C4,H;3FeN,OP (524.4): C 68.71, H 6.34,
N 5.34. Found: C 68.51, H 629, N 5.22.

Synthesis of N-[1’-(Diphenylphosphino)ferrocenyl]-N'-phenylur-
ea (1e). Method A. Anhydrous triethylamine (2.5 mL, 18 mmol) was
added to a suspension of 3-HCl (437 mg, 1.0 mmol) in
dichloromethane (35 mL), whereupon the hydrochloride dissolved
to yield a clear orange solution. After cooling in an ice bath, neat
phenyl isocyanate (86 uL, 1.1 mmol) was added, and the resulting
mixture was stirred at 0 °C for 15 min and then at room temperature
overnight. Next, the reaction mixture was diluted with water (20 mL),
and the organic layer was separated. The aqueous residue was
extracted with dichloromethane (10 mL), and the organic phases were
combined, washed with brine, dried over anhydrous magnesium
sulfate, and, finally, evaporated under vacuum. The crude product was
purified by flash chromatography (silica gel, dichloromethane—
methanol, 20:1 v/v). The first intense band was collected and
evaporated to afford 1e, which was further crystallized from hot ethyl
acetate—hexane (approximately 1:1). Yield: 458 mg (88%), orange
microcrystalline solid.

Method C. Aldehyde 4 (199 mg, 0.50 mmol) and N-phenylurea
(136 mg, 1.0 mmol) were dissolved in anhydrous THF (20 mL), and
the solution was cooled on ice. Chlorotrimethylsilane (76 uL, 0.60
mmol) was added with stirring at 0 °C, and the reaction was continued
at room temperature for 30 min. The color of the reaction mixture
changed from deep red to orange, and a fine precipitate formed. Then,
the reaction mixture was cooled again to 0 °C, and Li[AIH,] (57 mg,
1.5 mmol) was added at once. Instant effervescence and a change in
color to yellow were observed upon the addition. After the gas
evolution ceased (ca. 5 min), the reaction was terminated by a careful
addition of degassed water (0.3 mL) and 3 M NaOH (0.1 mL). The
cooling bath was removed, and the resultant mixture was stirred for 20
min at room temperature (to complete hydrolysis) and then filtered
through a pad of Celite, eluting with diethyl ether. The yellow filtrate
was washed with water (3X) and brine, dried over magnesium sulfate,
mixed with chromatography-grade silica gel, and, finally, evaporated
under reduced pressure. The preadsorbed crude product was
transferred to the top of a chromatographic column packed with
silica gel in ethyl acetate—hexane (1:3). Elution with the same solvent
mixture removed minor impurities. Changing the solvent to pure ethyl
acetate eluted the main yellow band due to le, which was collected
and evaporate to furnish pure le as an orange solid (212 mg, 82%).

A similar reaction of 4 (199 mg, 0.50 mmol), N-phenylurea (136
mg, 1.0 mmol), and chlorotrimethylsilane (76 yL, 0.6 mmol) in THF
(10 mL) and acetic acid (10 mL) with Na[BH,] (95 mg, 2.5 mmol) as
the reducing agent followed by aqueous workup provided 250 mg of a
solid product, which contained the desired product le strongly
contaminated by the respective borane adduct (1e-BHj: approximately
30%) according to NMR analysis.

"H NMR (CDCl;): 6 3.98 (vt, J' = 1.9 Hz, 2 H, fc), 4.01 (d, ¥y =
49 Hz, 2 H, CH,), 4.04 (vq,]' = 1.8 Hz, 2 H, fc), 4.13 (vt, ] = 1.8 Hz,
2 H, fc), 435 (vt, ] = 1.8 Hz, 2 H, fc), 5.53 (br s, 1 H, NH), 6.99 (br s,
1 H, NH), 7.02—7.06 (m, 1 H, Ph), 7.26—7.39 (m, 14 H, NHPh and
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PPh,). BC{'H} NMR (CDCL,): 6 38.80 (CH,), 68.87 (CH of fc),
69.00 (CH of fc), 71.44 (d, Joc = 3 Hz, CH of fc), 73.17 (d, Joc = 14
Hz, CH of fc), 87.11 (C-CH, of fc), 120.42 (CH™ of NHPh),
123.41 (CHP*® of NHPh), 128.35 (d, %Jpc = 7 Hz, CH*™® of PPh,),
12891 (CH™* of NHPh), 129.19 (CHP™ of PPh,), 133.37 (d, ¥Jpc =
19 Hz, CH™® of PPh,), 137.79 (br, C** of PPh,), 138.87 (C** of
NPh), 15540 (C=O0). Signal due to C-P of fc was not observed.
SIp{H} NMR (CDCL): § — 16.3 (s). IR (Nyjol, cm™): v, 3370 br
w, 3318 w, 3183 w, 3092 m, 1645 s, 1598 s, 1544 s, 1324 m, 1310 s,
1250 s, 1189 w, 1159 m, 1089 w, 1051 w, 1025 w, 997 w, 912 w, 862
w,839's, 815 m, 756's, 748 s, 698 s, 514 m, 493 s, 482 5, 451 m, 430 w.
ESI+ MS: m/z 519 ([M + HJ*), 542 ([M + NaJ*), 557 ([M + K]*).
Anal. Calcd for CyoH,,FeN,OP (518.4): C 69.51, H 5.25, N 5.41.
Found: C 69.30, H 5.08, N 5.29.

Preparation of N-[1'-(Diphenylphosphino)ferrocenyl]-N'-phenyl-
thiourea (1f). Method A. Hydrochloride 3-HCI (437 mg, 1.0 mmol)
and dry triethylamine (2.5 mL, 18 mmol) were mixed in dry
dichloromethane (30 mL), and the resulting clear solution was cooled
on ice. Phenyl isothiocyanate (0.13 mL, 1.1 mmol) was added, and the
mixture was stirred at 0 °C for 15 min and then at room temperature
overnight. The reaction was terminated by addition of water (20 mL),
the organic phase was separated, and the aqueous residue was
extracted with dichloromethane (approximatelyl0 mL). The com-
bined dichloromethane layer was washed with brine, dried with
magnesium sulfate, and evaporated under vacuum. The crude product
was purified by flash chromatography (silica gel, dichloromethane—
methanol 50:1 v/v) and further crystallized from hot ethyl acetate—
hexane (1:1) to yield stoichiometric solvate 1f-AcOEt as yellow-orange
crystals (483 mg, 77%). Crystals of unsolvated 1f used for X-ray
diffraction analysis were grown from ethyl acetate—hexane.

'H NMR (CDCL,): 6 3.88 (vq, ] = 1.8 Hz, 2 H, fc), 4.01 (vt, ] = 1.9
Hz, 2 H, fc), 404 (vt, ] = 1.8 Hz, 2 H, fc), 407 (vt, ] = 1.8, 2 H, fc),
434 (d, ¥y = 49 Hz, 2 H, CH,), 627 (br s, 1 H, CH,NH), (101
MHz): § 44.25 (CH,), 68.53 (CH of fc), 69.45 (CH of fc), 71.02 (d, J
= 4 Hz, CH of fc), 73.08 (d, ] = 14 Hz, CH of fc), 85.09 (C-CH, of
fc), 125.77 (CH®™® of NHPh), 127.62 (CHP™ of NHPh), 128.19 (d,
Ype = 7 Hz, CH™ of PPh,), 128.67 (CH™" of NHPh), 130.25
(CHP*™ of PPh,), 133.40 (d, 3Jpc = 20 Hz, CH™" of PPh,), 136.06
(C™*° of NHPh), 138.54 (d, 'Joc = 9 Hz, CP* of PPh,), 180.16 (C=
S). The signal due to C-P of fc was not observed. *'P{'H} NMR
(CDClLy): 5 — 16.7 (s). IR (Nujol, cm™): 3371 w, 3356 m, 3154 br m,
1734 w 1588 w, 1515 s, 1316 m, 1300 m, 1261 m, 1240 m, 1192 w,
1163 m, 1092 w, 1050 w, 1026 m, 970 w, 960 w, 844 w, 833 m, 754 s,
746 s, 699 w, 532 w, 493 m, 480 m, 458 w. ESI+ MS: m/z 535 ([M +
H]*), 557 ([M + Nal]*), 573 ([M + K]*). Anal. Calcd for
C30H,,FeN,PS-AcOEt (622.5) C 65.59, H 5.67, N 4.50. Found: C
66.00, H 5.42, N 4.50.

Preparation of 1'-(Diphenylphosphino)-1-[(acetylamino)methyl]-
ferrocene (1g). Method B. Freshly distilled acetyl chloride (45 uL,
0.63 mmol) was added to a solution of amine 3 generated in situ by
mixing 3-HCl (250 mg, 0.57 mmol) and triethylamine (0.7 mL, §
mmol) in dry dichloromethane (10 mL). The reaction mixture was
stirred at room temperature overnight before quenching with 3 M HCI
(5 mL). The organic phase was separated and washed successively
with 3 M HCI, 0.1 M NaOH, water, and brine (5 mL each), dried over
magnesium sulfate, and evaporated. The crude product was purified by
column chromatography over silica gel using dichloromethane—
methanol (S:1, v/v) as the eluent. Following evaporation under
vacuum, the product was isolated as a viscous, orange-brown oil (231
mg, 91%).

'"H NMR (CDCl,): 6 2.03 (s, 3 H, CHj;), 4.00—4.03 (m, 4 H, 2x fc
+ CH,), 407 (vq,J' = 1.8 Hz, 2 H, fc), 4.11 (vt, J' = 1.8 Hz, 2 H, fc),
4.38 (vt, J' = 1.8 Hz, 2 H, fc), 6.02 (br s, 1 H, NH), 7.30—7.39 (m, 10
H, Ph). BC{'H} NMR (CDCL): § 22.23 (CHj;), 38.51 (CH,), 69.14
(CH of fc), 69.24 (CH of fc), 71.50 (d, Jpc = 4 Hz, 75.35 (br s, C-PPh,
of fc), 71.53 (CH of fc), 73.34 (d, Joc = 14 Hz, CH of fc), 85.79 (C-
CH, of fc), 12829 (d, ¥Jpc = 7 Hz, CH™* of PPh,), 128.91 (CHP** of
PPh,), 133.40 (d, ¥Jpc = 19 Hz, CH*™® of PPh,), 137.82 (br s, CP*° of
PPh,), 169.73 (C=O0). 3'P{'H} NMR (CDCL): § —16.3 (s). IR
(Nujol, em™): 3279 br m, 1721 w, 1645 s, 1585 m, 1552 s, 1288 s,
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1265 m, 1230 w, 1202 m, 1161 m, 1122 w, 1077 m, 1053 w, 1033 s,
1024 s, 929 w, 887 w, 864 w, 831 s, 738 s, 694 5, 634 w, 592 m, 569 W,
513 s, 484 s, 474 s, 453 m, 434 m, 413 w. ESI+ MS: m/z 462 ([M +
H]*), 464 (M + Nal]*), 480 ([M + K]*). Anal. Calcd for
C,sH,,FeNOP (441.3): C 68.04, H 548, N 3.17. Found: C 67.76,
H 5.36, N 2.90.

Synthesis of Phosphine Oxide 1e0. Compound le (40 mg, 77
umol) was dissolved in acetone (6 mL), and the solution was cooled
on ice. Concentrated hydrogen peroxide (0.1 mL 30%) was added, and
the resulting mixture was stirred at 0 °C for 20 min. Then, the reaction
mixture was diluted with water (ca. 6 mL), and its volume was reduced
to half by evaporation under vacuum, whereupon the product
separated as a yellow solid. The latter was extracted into dichloro-
methane, and the extract was dried briefly over anhydrous magnesium
sulfate and passed through a short silica gel column using
dichloromethane—methanol (10:1) as the eluent. Subsequent
evaporation afforded phosphine oxide 1eO as a yellow-orange, glassy
solid. Yield: 40 mg, 97%.

'H NMR (CDCl,): 6 3.93 (vt, J' = 1.9 Hz, 2 H, fc), 4.08 (d, ¥y =
3.7Hz,2 H, CH,), 432 (vq,J' = 1.8 Hz, 2 H, fc), 4.38 (vt, ]’ = 1.9 Hz,
2 H, fc), 457 (vq, ]’ = 1.8 Hz, 2 H, fc), 6.93 (tt, ]’ =74, 1.2 Hz, 1 H,
NPh), 7.22—7.28 (m, 2 H, NPh), 7.45—7.72 (m, 13 H, Ph and NH),
8.73 (br's, 1 H, NH). ®C{'H} NMR (CDCl,): § 37.96 (CH,), 68.33
(CH of fc), 68.78 (CH of fc), 72.20 (d, Jpc = 10 Hz, CH of fc), 72.30
(d, Yoc = 117 Hz, CP*°-P of fc), 72.69 (d, Jc = 13 Hz, CH of fc),
89.21 (C-CH, of fc), 118.10 (CH™ of NHPh), 121.17 (CHP*® of
NHPh), 128.52 (d, ¥Jpc = 12 Hz, CH"™ of PPh,), 128.69 (CH™" of
NPh), 131.24 (d, ¥Jpc = 10 Hz, CH™"® of PPh,), 132.08 (d, *Jpc = 3
Hz, CHP™ of PPh,), 132.94 (d, 'Joc = 108 Hz, C**° of PPh,), 140.72
(C* of NHPh), 156.47 (C=0). *'P{'"H} NMR (CDCl,): 6 32.8 (s).
ESI+ MS: m/z 535 ([M + H]*), 557 ([M + Na]*), 573 ([M + K]*). IR
(Nujol, em™): v, 3329 br m, 3228 w, 3082 w, 1707 s, 1600 m, 1541
s, 1500 s, 1325 m, 1279 w, 1227 m, 1216 m, 1197 s, 1186 m, 1176 m,
1161 s, 1101 m, 1038 m, 997 w, 896 w, 871 w, 843 w, 754 5, 705 s, 696
s, 633 w, 571 s, 532 m, 507 m, 496 s, 483 m, 443 m. Anal. Calcd for
CyoH,,FeN,0,P-0.05CHCI, (540.5): C 66.80, H 5.05, N 5.18. Found:
C 66.59, H 5.03, N 4.99.

Preparation of [PdCl(1e-xP)(u-Cl)], (5). A solution of phosphine le
(50 mg, 96 pmol) in dichloromethane (S mL) was added to a solution
of [PdCl,(cod)] (27.5 mg, 96 gmol) in the same solvent (1 mL). The
dark reaction mixture was stirred for 1 h and then filtered through a
syringe filter (0.4S ym) into pentane (40 mL). The mixture was stored
at —18 °C overnight before the precipitated product was filtered off,
washed with pentane, and dried under vacuum. Yield of 5: 66 mg
(quant.), grayish solid.

"H NMR (CDCly): § 4.23, 4.53, 4.54, 4.64, and 4.93 (5X brs, 2 H,
fc and CH,); 6.26 (br s, 1 H, NHCH,), 6.95—7.00 (m, 1 H, Ph),
7.17—7.28 (m, 6 H, Ph), 7.35-7.41 (m, 3 H, Ph), 7.44—7.7.51 (m, $
H, Ph), 7.94 (br s, 1 H, NHPh). “C{*H} NMR (CDCl,): § 38.83
(CH,), 67.80 (d, 'Jpc = 68 Hz, C-P of fc), 70.00 (CH of fc), 70.99
(CH of fc), 73.32 (d, Joc = 9 Hz, CH of fc), 75.82 (d, Jpc = 11 Hz, CH
of fc), 89.30 (C-CH, of fc), 118.72 (CH of NHPh), 122.00 (CHP*™ of
NHPh), 128.58 (d, 'Jpc = 63 Hz, C-P of PPh,), 128.15 (d, Jpc = 13
Hz, CH of PPh,), 128.85 (CHP™ of PPh,), 131.78 (CH of NHPh),
133.45 (d, Joc = 11 Hz, CH of PPh,), 139.76 (C**® of NHPh), 155.99
(C=0). *P{'H} NMR (CDCL,): & 33.6 (s). ESI+ MS: m/z 623
([Pd(1e — H)]*), 659 ([Pd(1e)Cl]*). IR (Nujol, cm™): 1, 3350 br
m, 3055 w, 1655 s, 1597 s, 1548 s, 1498 s, 1311 m, 1236 m, 1166 m,
1099 m, 1059 w, 1030 m, 999 w, 921 w, 896 w, 835 m, 748 s, 712 m,
692 s, 620 w, 548 m, 542 s, 478 s, 447 m. Anal. Calcd for
CgoHs,Cl,Fe,N,O,P,Pd, (1391.4): C 51.79, H 3.91, N 4.03. Found: C
51.66, H 3.86, N 3.85.

Preparation of [PdCl,(1e-kP),] (6). A dichloromethane solution of
[PdCl,(cod)] (28.3 mg, 29 pmol in 2 mL) was added to a solution of
phosphine le (30 mg, 58 umol) in the same solvent (3 mL). The
resulting red solution was stirred for 15 min, concentrated to
approximately one-half its original volume by evaporation under
vacuum, and precipitated by addition of pentane (20 mL). The
separated solid was filtered off, washed with pentane, and dried under
vacuum. Yield of 6: 34 mg (96%), red solid. Note: The crude products
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contained traces of an unidentified impurity (different from 5, 1e, and
1e0), which could be removed by precipitation of the concentrated
reaction mixture with pentane.

"H NMR (CDCL,): 6 4.04 (d, *Ju; = 4.3 Hz, 2 H, CH,), 4.37 (br s,
2 H, fc), 440 (brs, 2 H, fc), 447 (brs, 2 H, fc), 4.54 (br s, 2 H, fc),
5.63 (br s, 1 H, CH,NH), 6.94—6.98 (m, 1 H, Ph), 7.15-7.23 (m, §
H, Ph), 7.30—7.38 (m, 5 H, Ph), 7.55—7.62 (m, 4 H, 3x CH of Ph +
NHPh). *C{'H} NMR (CDCL,): & 38.81 (CH,), 69.34 (CH of fc),
70.41 (CH of fc), 71.70 (apparent t, J' = 27 Hz, C-P of fc), 72.29
(apparent t, ]’ = 4 Hz, CH of fc), 75.86 (apparent t, ]’ = 5§ Hz, CH of
fc), 88.41 (C-CH, of fc), 119.94 (CH of NHPh), 122.86 (CHP*™ of
NHPh), 127.87 (apparent t, Jc = S Hz, CH of PPh,), 128.90 (CH of
NHPh), 130.56 (CHP™® of PPh,), 130.77 (apparent t, 'Jpc = 25 Hg,
C'P*°-P of PPh,), 134.04 (apparent t, J,c = 6 Hz, CH of PPh,), 139.02
(C* of NHPh) 155.62 (C=0). ¥P{"H} NMR (CDCL,): 5 16.4 (s).
ESI+ MS: m/z 519 ([1e + H]*), 623 ([Pd(1e — H)]*). ESI— MS: m/z
659 ([PdCI(1e — 2H)]™), 740 ([Pd(1e)Cl;]7), 1247 ([Pd(1e),Cl, +
Cl]7). IR (Nujol, em™): v, 3343 br m, 3053 w, 1652 s, 1598 s, 1552
s, 1498 s, 1311 m, 1236 m, 1164 m, 1099 m, 1058 w, 1029 m, 999 w,
920 w, 895 w, 833 m, 746 s, 692 s, 539 w, 509 m, 446 w. Anal. Calcd
for C4Hs,Cl,Fe,N,0,P,Pd (1214.0): C 59.36, H 4.48, N 4.62. Found:
C 59.09, H 4.65, N 4.44.

Preparation of [PdCI(CsH,CH,NMe,-1°C’,N)(1e-kP)] (7). A solution
of ligand e (50 mg, 96 pmol) dissolved in dichloromethane (6 mL)
was added to [PACI(LN®)], dissolved in the same solvent (2 mL). The
reaction mixture was stirred for 60 min and then evaporated under
vacuum to afford 7 as a yellow solid. Yield: 76 mg (quant.). Crystals
suitable for X-ray diffraction analysis were obtained upon layering a
chloroform solution of the complex with hexane and slow
crystallization by liquid-phase diffusion.

'H NMR (CDCL): 6 2.81 (d, “Jpy; = 2.8 Hz, 6 H, NMe,), 4.12 (d,
au = 22 Hz, 2 H, C;H,CH,), 4.18 (d, [,y = 4.8 Hz, 2 H,
Me,NCH,), 429 (vt,J' = 1.9 Hz, 2 H, fc), 441 (td, ] = 1.9, 1.0 Hz, 2
H, fc), 449 (vq,J' = 1.9 Hz, 2 H, fc), 4.58 (vt, ]’ = 1.8 Hz, 2 H, fc),
6.24 (ddd, J = 7.7 Hz, 6.5 Hz, 1.0 Hz, 1 H, C¢H,), 6.38 (m, 2 H, 1H of
C4H, and CH,NH), 6.83 (td, ] = 7.4, 1.1 Hz, 1 H, C4H,), 6.94 (tt, ] =
7.4, 1.1 Hz, 1 H, NHP#h), 7.01 (dd, ] = 7.4, 1.5 Hz, 1 H, C{H,), 7.21—
7.25 (m, 2 H, Ph), 7.29—7.35 (m, 4 H, Ph), 7.39—7.44 (m, 2 H, Ph),
7.49-7.55 (m, 6 H, Ph), 823 (s, 1 H, NHPh). “C{'H} NMR
(CDCly): 6 38.79 (CsH,CH,), 50.14 (d, *Jpc = 3 Hz, N(CH,),), 68.87
(CH of fc), 69.91 (CH of fc), 72.32 (d, Jpc = 7 Hz, CH of fc), 73.38
(d, Ypc = 3 Hz, C-PPh, of fc), 73.73 (d, *Jpc = 60 Hz, Me,NCH,),
75.89 (d, Joc = 9 Hz, CH of fc), 89.05 (C-CH, of fc), 118.49 (CH of
NHPh), 121.83 (CHP™ of NHPh), 122.58 (CH of C/H,), 123.94
(CH of C4H,), 125.04 (d, Joc = 6 Hz, CH of C¢H,), 128.01 (d, ¥Jpc =
11 Hz, CHP™ of PPh,), 128.77 (CH of NHPh), 130.68 (d, Joc = 2 Hz,
CH of C¢H,), 131.35 (d, ?Jpc = 50 Hz, CH of PPh,), 134.33 (d, *Jpc =
12 Hz, CH of PPh,), 138.71 (d, Joc = 11 Hz, C** of PPh,), 139.95
(CP* of NHPh), 147.85 (d, ¥Jpc = 2 Hz, C-Pd of CH,), 151.91 (C-
CH, of CgH,), 155.85 (C=0). *'P{'H} NMR (CDCl,): 5 33.9 (s).
IR (Nujol, cm™): v, 3379 w, 3344 w, 3314 w, 3280 m, 1698 s, 1601
m, 1579 w, 1548 s, 1499 s, 1318 m, 1233 m, 1210 m, 1162 w, 1097 w,
1032 w, 991 w, 839 w, 814 w, 738 m, 693 m, 654 w, 542 m, 522 w, 496
w, 462 w, 443 w. ESI+ MS: m/z 758 ([M — Cl]*). Anal. Calcd for
C3H;4CIFeN;OPPd (794.4): C 58.96, H 4.95, N 5.29. Found: C
58.81, H 4.90, N 5.05.

[PdC/(n3-C3H5)(1e-KP)] (8). A solution of ligand le (S0 mg, 96
umol) in dichloromethane (6 mL) was added to a solution of
[PACI(i*-C3H;)], (17.5 mg, 48 umol) in the same solvent (2 mL).
The resulting solution was stirred for 60 min and then evaporated
under vacuum to afford 8 as a glassy solid, which slowly crystallized.
Yield of 8:0.2CH,Cly: 69 mg (quant.). Crystals suitable for X-ray
diffraction measurements were grown from ethyl acetate—hexane.

"H NMR (CDCl,): 6 2.83 (d, J = 12.2 Hz, 1 H, CH,-allyl trans-Cl),
3.12 (d, ] = 6.4 Hz, 1 H, CH,-allyl trans-Cl), 3.74 (dd, ] = 13.8, 9.8 Hz,
1 H, CH,-allyl trans-P), 3.84 (m, 1 H, fc), 3.86 (m, 1 H, fc), 4.11 (dd,
Jau = 154, 5.1 Hz, 1 H, CH,NH), 4.21 (dd, Ju; = 154, 5.8 Hz, 1 H,
CH,NH), 4.27 (br s, 1 H, fc), 4.38 (brs, 1 H, fc), 4.46—4.52 (m, 3 H,
fc), 4.63 (brs, 1 H, fc), 4.71 (td, ] = 7.2, 1.7 Hz, 1 H, CH,-allyl trans-
P), 5.57 (ddd, J = 18.9, 13.9, and 7.6 Hz, 1H, CH-allyl), 6.34 (t, *Jyy =

1954

54 Hz, 1 H, CH,NH), 6.96 (m, 1 H, NPh), 7.24—-729 (m, 2 H,
NHPh), 7.35—7.55 (m, 10 H, PPh,), 7.57—7.61 (m, 2 H, NPh), 8.45
(s, 1 H, NHPh). BC{’H} NMR (CDCl,): § 38.33 (CH,NH), 61.12
(d, ¥Jpc = 2 Hz,CH,-allyl trans-Cl), 67.80 (CH of fc), 67.91 (CH of
fc), 69.08 (CH of fc), 69.22 (CH of fc), 71.92 (d, Jpc = 7 Hz, CH of
fc), 72.18 (d, Joc = 7 Hz, CH of fc), 73.45 (d, 'Jpc = 48 Hz, C-P of fc),
7438 (d, Joc = 11 Hz, CH of fc), 74.78 (d, Jpc = 13 Hz, CH of fc),
81.16 (d, Ype. = 31 Hz, CH,-allyl trans-P), 89.49 (C-CH, of fc), 118.34
(CH-allyl meso; partly overlapped), 118.38 (CH of NHPh), 121.68
(CHP*™ of NHPh), 128.36 (d, Jpc = 10 Hz, CH of PPh,), 128.80 (CH
of NHPh), 130.32 (d, *Jpc = 2 Hz, CHP*® of PPh,), 132.94 (d, Jpc =
11 Hz, CH of PPh,), 134.54 (dd, J = 45 Hz, 3 Hz, C™° of PPh,),
140.23 (C™° of NHPh), 155.95 (C=0). *'P{'H} NMR (CDCL,): §
16.4 (s). IR (Nyjol, em™): .. 3359 w, 3317 w, 3269 w, 3088 w, 3071
w, 1688 s, 1595 m, 1544 s, 1310 m, 1269 w, 1233 m, 1167 w, 1097 w,
1054 w, 1024 w, 846 w, 824 w, 758 m, 744 m, 696 m, 626 w, 614 w,
517 m, 503 w, 495 m, 462 w, 444 m. ESI+ MS: m/z 665 ([M — CI]*).
Anal. Calcd for C;3H;,CIFeN,OPPd-0.1CH,Cl, (709.8): C 56.01, H
4.57, N 3.95. Found: C 55.99, H 4.41, N 3.88.

Pd-Catalyzed Cyanation of Aryl Bromides. General Procedure. A
dry Schlenk tube was charged with the respective ligand (0.02 mmol)
and palladium complex (0.01 mmol). These solid educts were
dissolved in dichloromethane (2 mL), and the resulting solution was
stirred for S min before being evaporated under vacuum. Aryl bromide
(8, 1.0 mmol), K,[Fe(CN)s]-3H,0 (212 mg, 0.50 mmol), and
anhydrous sodium carbonate (106 mg, 1.0 mmol) were introduced
successively, and the reaction vessel was flushed with argon and sealed
with a rubber septum. Dioxane and degassed water (2 mL each) were
added, and the Schlenk tube was transferred to an oil bath preheated
to 100 °C, in which the reaction mixture was stirred for 3 or 24 h.

Next, the reaction mixture was cooled to room temperature and
diluted with ethyl acetate and water (S mL each). The organic layer
was separated, and the aqueous residue was extracted with ethyl
acetate (3X S mL). The organic layers were combined, washed with
brine, dried over anhydrous magnesium sulfate, and evaporated to
afford crude products, which were analyzed by NMR spectroscopy.
Pure products were isolated by column chromatography over silica gel
using ethyl acetate—hexane mixtures as the eluents (see the Supporting
Information). Details regarding the screening experiments are
presented in the text and tables above. Mesitylene (1.0 mmol) was
added to the reaction mixture as an internal standard for '"H NMR
analysis after the aqueous workup.

X-ray Crystallography. Diffraction data (+h +k +I, 0, = 26.0—
27.5°, completeness >99.5%) were collected at 150(2) K with a
Nonius Kappa CCD diffractometer equipped with an Apex II image
plate detector and Cryostream Cooler (Oxford Cryosystems) using
graphite-monochromatized Mo Ka radiation (4 = 0.71073 A). The
data were processed and corrected for absorption by methods included
in the diffractometer software. Parameters of the data collection,
structure solution, and refinement are available in the Supporting
Information (Table S1).

The structures were solved by direct methods (SHELXS97%°) and
refined by full-matrix least-squares routines based on F>
(SHELXL97%®). Unless specified otherwise, the non-hydrogen atoms
were refined with anisotropic displacement parameters. The urea and
amide hydrogen atoms (NH) were typically located on the difference
electron density maps and refined as riding atoms with Uy (H) =
1.2U,y(N). Hydrogens residing on the carbon atoms as well as the
NH; protons in the structure of 3-HCl were included in their
calculated positions and refined similarly with Uy, (H) set to
l.SUeq(C) for the methyl groups and to 1.2Ueq(C) for all other
CH,, moieties and the NH; hydrogens. Further details regarding the
structure refinement are as follows.

The terminal phenyl group in the structure of 7-2CHCI; is
disordered and was modeled over two positions. Carbon atoms in the
less abundant component (20%) were refined isotropically, and the
hydrogen residing at the nitrogen N2 was placed into its calculated
position. Furthermore, the solvent molecules in the structure of 7-
2CHCI; were heavily disordered in structure voids and were thus
modeled by PLATON/SQUEEZE.* Finally, the 77>-allyl moiety in the
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crystal structure of 8 was disordered over two positions related
approximately by rotation along the axis connecting the center of
gravity of the allyl moiety and the Pd center, similarly to other
[PACI(*-C;H;)(L)]) complexes with D-type ligands (see Scheme
1).'° The refined occupancies of the contributing orientations were ca.
60:40.

All geometric calculations were carried out, and the diagrams were
obtained with the recent version of the PLATON program.*! The
numerical values were rounded with respect to their estimated
deviations (ESDs) given to one decimal place. Parameters pertaining
to atoms in constrained positions (mostly hydrogens) are presented
without ESDs.
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ABSTRACT: 1’-(Diphenylphosphino)-1-cyanoferrocene (3),
a new donor-asymmetric ferrocene ligand obtained in two
steps from 1’-(diphenylphosphino)ferrocene-1-carboxalde-
hyde, reacts with CuCl at a Cu/3 molar ratio of 1:1 to give
the heterocubane complex [Cu(u;-Cl)(3-xP)], (4). When the
Cu/3 ratio is changed to 1:2 or 1:3, the reaction takes a
different course, producing the P,N-bridged dimer [CuCl(3-
kP)(u(P,N)-3)], (5) after crystallization. Notably, CuBr and
Cul behave differently, affording the corresponding 2D
coordination polymers [CuX(u(P,N)-3)], [X = I (7), and
Br (8)], regardless of the Cu/3 ratio. Reaction of 3 with
sources of naked Cu®, such as [Cu(MeCN),]" salts or their

P - PPh2
CuCl + 2PN Fe [Cu(MeCN),]X + 2PN
N ey ‘
N T 1 1 X,
P N P_A N
‘ Cl\é P AgX ’ N,,,_\ _R
Cu-., u > Cu C")
~ ‘Cl N,
P\ | P~ \"N |
N P N A"
I—I N I—I

synthetic equivalents, provides the 1D coordination polymer [Cu(MeCN-kN)(u(P,N)-3)][BF,] (9) or salts of a quadruply
bridged dicopper(I) cation, [Cu,(u(P,N)-3),]X, ([10]X,), depending on the Cu/3 molar ratio (1:1 vs 1:2 and 1:3). Except for
4, in which 3 binds as a simple P-monodentate ligand, the complexes reported here represent the first structurally characterized
compounds in which a phosphinonitrile ligand coordinates through both of its soft donor moieties, thereby extending the

coordination chemistry of these ligands.

B INTRODUCTION

In the vast majority of coordination compounds containing
simple (organic) phosphinonitrile donors, such as
Ph,PCH,CN," (Ph,P),CHCN,> Ph,PCH(CN),> Ph,_,P-
(CH,CH,CN), (n = 1-3),** 2- and 4-Ph,PCH,CN,*® and
similar compounds,” in their native (neutral) form,'® these
compounds coordinate as simple P-donors, with their cyano
groups acting as auxiliary substituents. Compounds in which
both functional groups are coordinated to a metal center remain
extremely rare and have not been definitively confirmed using
methods of direct structural analysis."™""

Given the numerous reports dealing with the multifaceted
coordination chemistry of 1’'-functionalized ferrocene phos-
phines,'>'* we decided to prepare and study the new ferrocene-
based mixed-donor ligand 3, which combines the soft cyano
and phosphine donor groups and formally represents a
congener of the ubiquitous 1,1’-bis(diphenylphosphino)-
ferrocene (dppf).'* Compounds of this type are not entirely
unprecedented, even among ferrocene derivatives, being
represented by 1-(diphenylphosphino)-2-(cyanomethyl)-
ferrocene'® and its Ca-substituted derivatives,'® 1-(diphenyl-
phosphino)-2-cyano-3-ethylferrocene,'” and 2-cyano-1-phos-
phaferrocene.'® However, only the last of these compounds
has been studied as a ligand in transition-metal complexes,
coordinating as a P-monodentate donor."®

In this contribution, we report the synthesis and structural
characterization of 1’-(diphenylphosphino)-1-cyanoferrocene
(3) as a new ferrocene-based donor-asymmetric ligand and

-4 ACS Publications  © 2013 American Chemical Society 568

the copper(I) complexes resulting from its reactions with Cu(I)
halides and [Cu(MeCN),]* salts or their synthetic equivalents.
Because the stoichiometries of copper(I) complexes usually
“give little clue to their structures, which can be very
complicated”,” we have focused mainly on the structural
characterization of the prepared complexes and have thus
identified both conventional and novel compound types.

B RESULTS AND DISCUSSION

Synthesis of the Phosphinonitrile Ligand. 1’-(Diphe-
nylphosphino)-1-cyanoferrocene (3) was prepared in a stand-
ard manner starting from phosphinoaldehyde 1°° (Scheme 1).
In the first step, the aldehyde was converted into the
corresponding oxime 2 by reaction with hydroxylamine in
methanol.>’ The oxime was subsequently dehydrated with

Scheme 1. Preparation of Phosphinonitrile 3*

= FPh i < FPh
v NH,OH T BOP g
Fe —— Fe DBU Fe
DS —cro & chi=n~oH Doy
1 2 3

“BOP = (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hex-
afluorophosphate, DBU = 1,8-diazabicyclo[5.4.0]Jundec-7-ene.
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BOP/DBU?? to afford nitrile 3 as an orange, air-stable solid in a
good overall yield (73% from 1).*®

The 'H and *C NMR spectra of 2 and 3 show four signals
typical for asymmetrically 1,1'-disubstituted ferrocene units and
a characteristic multiplet of the PPh, substituents. The spectra
of 2 also display additional signals of two nonequivalent CH=
NOH moieties attributable to the (E) and (Z) double-bond
isomers in a ca. 1:2 ratio. The *P NMR resonances of 2 and 3
are observed at apzproximately Op —17, close to that of the
starting aldehyde.”® In addition, compound 3 shows a
characteristic C=N stretching band at 2225 cm™ in its IR
spectrum, well within the range typical for conjugated nitriles.”*
A cydlic voltammetry study (Figure 1) showed that nitrile 3

0.8 1.0

E vs ferrocene/ferrocenium [V]

Figure 1. Cyclic voltammograms of 3, as recorded on a Pt disk
electrode in 1,2-dichloroethane (¢ = 0.5 mM). The scan direction
(arrow) and scan rates (in V s™') are indicated in the figure.

becomes oxidized in a single irreversible step at E,, ~ 0.48 %
versus the ferrocene/ferrocenium reference. This primary,
presumably iron-centered (Fe"/Fe™) oxidation shows signs
of electrochemical reversibility at higher scan rates and is
associated with another irreversible oxidation at more positive

potentials, which was tentatively attributed to a redox response
of a decomposition product (EC mechanism, Figure 1).*°

The solid-state structures of compounds 2 and 3 and the
corresponding phosphine oxide 30”” were determined by X-
ray diffraction analysis (Figure 2). The CH=NOH moiety in
the structure of 2 was found to be disordered over the two
positions corresponding to the (E) and (Z) isomers [the
refined (E)/(Z) ratio was ca. 34:66], which corresponds with
the solution observations. The individual conformers assemble
through O—H---N hydrogen bonds, forming dimers around the
crystallographic inversion centers (see the Supporting In-
formation, Figure S1). A similar mode of assembly was
observed with FcCH=NOH”® (Fc = ferrocenyl). Notably,
compounds 3 and 30 are practically isostructural. From a
formal viewpoint, they differ only in the occupancy of one of
the four compartments within the tetrahedron around the
phosphorus atom (oxygen vs lone electron pair””), which has a
rather minor impact on the overall molecular structure.
Oxidation of the phosphorus atom results in shortening of
the P—C bonds by ca. 0.03 A, presumably due to an electron
density transfer from the aromatic rings toward the electron-
withdrawing phosphoryl moiety.*® The C—P—C angles in 30
are increased (by ca. 4°) by the higher steric demands of the
fourth substituent (oxygen) at the phosphorus atom.

The molecular parameters of 2, 3, and 30 presented in Table
1 are generally comparable with the corresponding data
reported for simple ferrocene derivatives such as fc(CH=
NOH),*" (fc = ferrocene-1,1'-diyl; note that oxime FcCH=
NOH is heavily disordered®®), FcCN,** and EcPPh,.>* The
ferrocene moieties exhibit balanced Fe—C distances and,
consequently, practically negligible tilting. The cyclopentadien-
yl rings in 3 and 30 are eclipsed, and their substituents assume
a synclinal orientation (see 7 angle in Table 1). In contrast, the
substituents in 2 adopt an anti configuration, halfway between
the eclipsed anticlinal (z = 144°) and the staggered
antiperiplanar (7 = 180°) conformations.

Preparation of Complexes from Copper(l) Halides.
The copper(I) ion is a typical soft acid according to Pearson’s
hard and soft acids and bases concept.>* Nevertheless, its
character can be partly influenced by the attached donors (e.g,
halides),>> and a previous study on Cu(I)/dppf/dppfO,
complexes (dppfO, = 1,1’-bis(diphenylphosphinoyl)ferrocene)

Figure 2. PLATON plots of the molecular structures of 2, 3, and 30 showing the atom labeling scheme and the displacement ellipsoids at the 30%
probability level. For oxime 2, both orientations of the disordered OH group are shown.
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Table 1. Selected Distances (A) and Angles (deg) for Compounds 2, 3, and 30

parameter” 2
Fe—C (range) 2.034(1)—2.057(1)
Fe—Cgl 1.6507(6)
Fe—Cg2 1.6531(6)
~£Cpl, Cp2 1.08(8)

T 162.13(9)
Cl-Cl1 1452(2)
Cl1-N 1.273(2)
C1-C11-N 125.4(1)
P—C6 1.817(1)
P-C12 1.835(1)
P—CI18 1.836(1)

3 30°
2.024(2)-2.057(2) 2.025(1)—2.062(1)
1.6456(8) 1.6469(6)
1.6457(8) 1.6422(6)
0.9(1) 0.38(8)
69.8(1) 69.0(1)
1.430(2) 1.430(2)
1.144(2) 1.143(2)
177.3(2) 177.5(2)
1.813(2) 1.786(1)
1.842(2) 1.809(1)
1.836(2) 1.806(1)

“Ring planes are defined as follows: Cpl = C(1-5), C2 = C(6—10). Cgl and Cg2 are the respective ring centroids. Parameter 7 stands for the
torsion angle C1-Cgl—Cg2—Cé. “Further data: N—O1 = 1.424(2) A, N—02 = 1.436(3) A. “Further data: P—O = 1.487(1) A.

have suggested some borderline character for this metal ion.>

Considering the nature of the donor groups available in 3 and
the coordination variability of Cu(I)-complexes,®” we decided
to study the interactions of the newly prepared ligand 3 with
Cu(I) by probing its reactivity toward copper(I) halides and
precursors of the free Cu” ion.

Addition of ligand 3 (1, 2, or 3 molar equiv) to a suspension
of CuCl in CDCl; led to complete dissolution of the solid
copper(l) salt within hours. NMR analysis of the resulting
solutions revealed that these reactions proceeded cleanly and
afforded three different products at the three mentioned metal-
to-ligand ratios (see the Supporting Information, Figure S2).
An ESI mass spectrometric analysis performed in parallel was
rather inconclusive. Regardless of the CuCl:3 molar ratio, the
mass spectra showed only fragments attributable to [Cu,Cl-
(3),]* (m/z 951; the heaviest ionic species observed),
[Cu(3),]" (m/z 853), [Cu,CI(3)]* (m/z 556), and [Cu(3)]*
(m/z 458). However, the absence of higher molecular weight
fragments is likely due to fragmentation during the ionization
process and/or disintegration in the highly polar solvent used
(methanol).

Subsequent evaporation and crystallization from an ethyl
acetate/hexane mixture produced air-stable crystalline solids.
The NMR spectra of the crystalline products isolated from the
reactions performed at Cu/3 ratios of 1:1 and 1:2 were
identical with those recorded in situ. The compounds were
characterized by X-ray diffraction analysis as a heterocubane
comprising the ferrocene ligand as a P-monodentate donor,
[(43-Cl){Cu(3-xP)},] (4), and the ligand-bridged dimer
[(u(P,N)-3){CuCl(3-xP)}], (5), respectively (Scheme 2). In
contrast, the crystallization of the product obtained upon
addition of 3 molar equiv of 3 to CuCl afforded exclusively the
already mentioned dicopper(I) complex S. Because complexes
of the type [CuCl(PR;);] are relatively common among Cu(I)-
phosphine complexes,” we assume that the reaction of CuCl
with 3 equiv of 3 indeed produced the tris-phosphine complex
[CuCl(3-kP)] (6) in the solution (perhaps in equilibrium with
other species). However, upon crystallization, this species likely
dissociated to give the less soluble dimer S, which then
separated from the reaction mixture in pure crystalline form.
The dissociative formation of § may be aided by steric
destabilization of intermediate 6, resulting from the presence of
the bulky phosphinoferrocene ligand,* and the availability of
another, much less sterically demanding soft donor group
(nitrile).
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Scheme 2. Reactions of 3 with CuCl”
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“As formulated, compound 6 represents a plausible intermediate that
was characterized in solution but could not be isolated as a defined
solid substance.

The *'P NMR spectra of 4-6 showed broad singlets near & =
—13 ppm, suggesting coordination of the phosphine groups in
all cases. The compounds were clearly distinguished by their "H
NMR spectra, which showed the signals of the phosphino-
ferrocene ligand at different positions (Figure S2, Supporting
Information). The observation of a single set of resonances in
the 'H NMR spectrum of § corroborates the fluxional nature of
the Cu—3 complexes. The IR spectra of crystalline complexes 4
and § differed mainly in the fingerprint region and provided
limited diagnostic information. The spectrum of 5 showed a
strong vc—y band (2224 cm™) at a position identical to that
observed for uncoordinated 3 (2225 cm™), whereas the vc—y
band in the spectrum of complex 4 (2241 cm™), which
contains only uncoordinated C=N moieties, was shifted to
higher energies compared to free 3.*
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The crystal structures of 4 and $ are presented in Figures 3
and 4 (for complete views, see the Supporting Information,

Figure 3. PLATON plot of the molecular structure of heterocubane 4
with 50% probability displacement ellipsoids. The phenyl ring carbons,
except for those in ipso positions, and all hydrogens were omitted to
simplify the figure. Atoms labeled with a prime are generated by the
(=%, 9,3/, — z) symmetry operation. Selected distances (A) and angles
(deg): Cul—P1 2.1760(8), Cul—Cl1 2.4431(7), Cul—CI2 2.3595(5),
Cul—CI2’ 2.4558(9), Cu2—P2 2.1856(8), Cu2—Cl1 2.5229(7), Cu2—
ClI2 2.4820(7), Cu2—Cl1’ 2.3412(9), Cl1—Cul—CI2 99.41(2), Cl1—
Cul—CI2’ 93.57(3), Cl2—Cul—-CI2’ 96.36(2), Cl1-Cu2—CI2
94.10(2), Cl1—Cu2—ClI1’ 93.31(3), Cl2—Cu2—CI1’ 95.46(3), Cl—
Cu—P 115.30(3)—132.26(3).

Figures S3 and S4). As indicated above, complex 4 adopts a
typical>”*' heterocubane structure in which each copper(I)

Figure 4. PLATON plot of the molecular structure of dimer § with
50% probability displacement ellipsoids. For clarity, the phenyl ring
carbons, except for the ipso ones, and all hydrogens were omitted. The
primed atoms are generated by crystallographic inversion. Selected
distances (A) and angles (deg): Cu—Cl 2.2877(4), Cu—P1 2.2558(5),
Cu—P2 2.2673(4), Cu—N2’ 2.111(1), C111-N1 1.145(2), C211-N2
1.148(2), CI-Cu—P1 113.38(1), CI-Cu—P2 116.10(1), CI-Cu—N2’
98.16(4), P1—Cu—P2 117.62(2), P1-Cu—N2’ 108.16(4), P2—Cu—
N2’ 99.97(4).
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atom has a distorted CLP tetrahedral coordination environ-
ment. The heterocubane unit in 4 has an exact C, symmetry,
residing on the crystallographic symmetry element. The
interatomic distances within the Cu,Cl, cube in 4 are within
the range observed for other [CuCl(PR;)], complexes,* while
the P—Cu bond lengths compare well with those reported for
the [Cul(L)], complexes obtained from phosphinoferrocene
donors.”® The faces of the heterocubane moiety (see the
Supporting Information, Figure S5) are distorted from the ideal
square shape. The intraface Cu--Cu contacts (3.1950(5)-
3.3332(5) A) are shorter than the Cl--Cl distances (3.540(1)-
3.6634(8) A), and the associated Cl—Cu—Cl angles (93.31(3)-
99.41(2)°) are less acute that the Cu—Cl—Cu angles (81.89(2)-
86.70(3)°). The ferrocene moieties that decorate the cubane
unit at its exterior maintain their regular geometry [tilt angles
ca. 2°% Fe—Cg 1.648(1)—1.653(2) A] but assume different
conformations (7 = —162.5(2)° (Fel) and —66.4(2)° (Fe2)),
which direct their arm-like cyano pendants into structural voids
and away from the Cu,Cl, core.

Complex 5, obtained at CuCl:3 ratios of 1:2 and 1:3 (after
crystallization), is a dicopper(I) complex in which two
phosphinoferrocene ligands coordinate as P-monodentate
donors while the other two bridge the Cu(I) centers as P,N
donors, thus resulting in identical CuCIP,N centers (Figure 4).
The symmetrical nature of the complex species is manifested in
the crystal structure, in which the complex molecules reside on
the crystallographic inversion centers.

The tetrahedral coordination environment of the Cu(I) ions
in § is distorted, reflecting the dissimilar steric demands of the
donor moieties attached to Cu(I) [cf. the interligand angles
ranging from 98.16(4)° (Cl1—Cu—N2’) to 117.62(2)° (P1—
Cu—P2)]. With respect to the Cu—donor distances, the
coordination can be described as 3 + 1 because the rather
similar Cu—Cl and Cu—P bonds are significantly longer that
the remaining Cu—N bond (by ca. 0.15-0.18 A). The
ferrocene units are rotated into open intermediate conforma-
tions [z = 159.0(1)° for Fel, 7 = —137.7(1)° for Fe2]. The
bridging ligand shows a larger tilt and slightly shorter Fe—Cg
distances [tilt 3.88(9)°, Fe—Cg 1.6475(7) and 1.6456(7) A]
than the P-coordinated one [tilt 1.8(1)°, Fe—Cg 1.6515(8) and
1.6559(8) Al].

As for the CuCl/3 system, the NMR spectra of CuX—3 (X =
Br and I) mixtures obtained by mixing the appropriate
copper(I) halide with 3 in CDCl; at metal-to-ligand ratios of
1:1, 1:2, or 1:3 suggested the formation of distinct species in
each case. However, the subsequent crystallizations afforded
only the insoluble polymeric complexes [CuX(u(P,N)-3)], (7
X = Br, 8 X =) instead of the heterocubanes analogous to 4.
This confirms the dynamic nature of the CuX(3), species in
solution, which in turn enables the selective formation (upon
crystallization) of the most stable and/or the least soluble
product.

The crystal structures of 7 and 8 were determined by X-ray
crystallography. In contrast to the other crystal structures
reported in this paper, which were determined at 150 K, the
diffraction data for 7 were recorded at 250 K because this
compound undergoes a phase transition associated with a
roughly 3-fold increase in the length of the monoclinic (b) axis.
Differential scanning calorimetry (DSC) analysis demonstrated
that the compound undergoes a reversible second-order phase
transition at approximately —12 °C (see the Supporting
Information). In addition, while compounds 7 and 8 have
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very similar structures, they are not isostructural (Figure S6,
Supporting Information).**

The crystal structure of 8 is depicted in Figure S, and the data
for both polymeric complexes are given in the figure caption.

Figure S. Section of the 2D polymeric structure of 8, showing
displacement ellipsoids at the 30% probability level. The circles
indicate the atoms through which the propagation of the infinite
assembly occurs. Selected distances (A) and angles (deg) for 7 (X =
Br) and [8 (X =1)]: Cu—X 2.4494(5) [2.6027(3)], Cu—X' 2.5224(5)
[2.6857(3)], Cu—P 2.2169(9) [2.2394(6)], Cu—N" 2.022(3)
[2.016(2)], C11-N 1.137(4) [1.144(3)], X—Cu—X' 109.96(2)
[115.93(1)], X—Cu—P 118.25(2) [115.19(2)], X'—Cu—P 108.50(3)
[105.21(2)], X—Cu—N" 109.06(8) [112.34(6)], X’—Cu—N" 99.96(8)
[97.57(5)], Cu—X—Cu’ 70.04(1) [64.07(1)].

Each copper(I) ion in the structures of 7 and 8 is coordinated
by two ligands (one through the phosphorus and one through
its CN group), and the resulting Cu(3), units are connected
into a dimeric unit through asymmetric halide bridges* that
complete the distorted tetrahedral coordination spheres around
the Cu(I) ions. Because each ligand acts as a PN bridge
between two adjacent dicopper(I) units, the dimer units are
interlinked into infinite corrugated layers (see the Supporting
Information, Figure S7). The donor substituents in bridging 3
are rotated away from each other (z = —158.9(2)° for 7 and
—157.9(1)° for 8). Otherwise, the ferrocene units remain
regular [7: Fe—Cg 1.644(2)/1.647(1) A; 8: 1.647(1)/
1.6480(9) A] and display negligible tilting (below 1°).

Reactions of 3 with Precursors of Bare Cu®. Similar to
the above experiments, reactions were performed at metal-to-
ligand ratios of 1:1, 1:2, and 1:3 using [Cu(MeCN),]" salts as
the common precursors of Cu(I) ions devoid of any firmly
bound supporting ligands. The reaction of [Cu(MeCN),][BE,]
with 1 molar equiv of 3 in dichloromethane produced an
orange precipitate, which redissolved upon addition of little
acetonitrile. Layering with hexane and crystallization by liquid-
phase diffusion afforded the catena-polymer [Cu(u-3)-
(MeCN)],[BF,], (9).

This compound was insoluble in common deuterated,
nondonor solvents and could therefore not be analyzed by
NMR spectroscopy. Its IR spectrum featured several vc—y
bands: a strong band at 2249 cm™" and two bands of medium
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intensity at 2314 and 2283 cm™". The crystal structure of 9
(Figure 6) confirmed the presence of different nitrile groups,

/

N” (7?\

o o
2

Figure 6. Section of the polymeric chain in the structure of 9, in which
the “monomer units” are related by elemental translation along the a
axis. The counteranions (BF,”), phenyl ring carbons (except for those
in ipso positions), and all hydrogens are omitted for clarity.
Displacement ellipsoids are scaled to the 50% probability level.
Selected distances (A) and angles (deg): Cu—P 2.1985(5), Cu—N’
1.954(2), Cu—N90 1.956(2), C11-N 1.141(3), C90—N90 1.136(3),
P—Cu—N’ 120.19(5), P—Cu—N90 128.37(5), N'—Cu—N90
111.22(7).

indicating that 9 is a coordination polymer in which ligand 3
bridges the adjacent Cu(MeCN) units. The copper(I) centers
are thus coordinated by two phosphinonitrile ligands and one
acetonitrile, constituting an irregular trigonal N,P donor set.
Because the disubstituted ferrocene unit [tilt 4.4(1)°, Fe—Cg
1.6474(9)/1.6398(9) A] assumes a conformation similar to
synclinal eclipsed [z = —63.8(1)°, ideal value = 72°], the
infinite chains are angular and, therefore, rather contracted
(note that, owing to the overall symmetry, the Cu--Cu
separation is exactly equal to the length of the crystallographic a
axis). The BF,” ions are located in between the chains and are
fixed by the soft F---H—C interactions.*®

Rather unexpectedly, increasing the Cu/3 ratio to 1:2 and
1:3* in reactions of the phosphinonitrile with [Cu(MeCN),]X
[X = BE,, PE, CF;SO;, or B(C4F;),**] resulted in the selective
formation of the respective quadruply ligand-bridged dicopper-
(I) complex salts 10X, (Scheme 3, route a). These complexes,
which were accessible equally well by the treatment of CuCl
with 2 equiv of 3 and then by a silver(I) salt (i.e., from AgX and
5 formed in situ, Scheme 3, route b) or, similarly, by halogen
removal from in situ generated 6 (Scheme 3, route c), represent
an unprecedented structural type among Cu(I) complexes
prepared from P,N donors. Previously structurally characterized
compounds49 in which a PN donor bridges two discrete Cu(I)
centers devoid of any supporting halide ligands include only
asymmetric, triply bridged complexes of the type [(MeCN)-
Cu(u-P—N),(y-N=P)Cu]®**, where N—-P is 2-
(diphenylphosphino)pyridine®® or 2-(diphenylphosphino)-1-
methylimidazole.’>* The former ligand also forms a doubly
bridged dicopper(I) cation having two or four additional
acetonitrile ligands, viz. [(MeCN),Cu(u-P—N)(u-N—P)Cu-
(MeCN),]** (n = 1 or 2).>% The different coordination
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Scheme 3. Alternative Routes Leading to the Dicopper(I)
Salts 10X,

2 [Cu(MeCN)4IX + 4 3 &

N P Xe
b |/\P\ N

[CuCI(3)2]2 (8) + 2 AgX ——= ~_Cu., Cu

NT O\ P |

P N

=
2 [CuCI(3)3] (6) + 2 AgX 10X,

3= T 1
N P

“Route a for X = BF,~, PF,~, CF;SO;", and B(C(Fs),”; route b for X
= SbF¢~ and (CF;S0,),N7; and route ¢ for X = SbF,".

behavior of 3 is very likely due to the presence of the rather
small, rod-like CN donor unit, which cannot easily participate
in the chelation of the P-bonded metal ion but can be directed
to another metal center (through practically unrestricted
rotation of the ferrocene cyclopentadienyls) and thus supple-
ment the preferred tetrahedral coordination environment
around the “other” Cu(I) ion.

Although the salts of the cation 10*" crystallize readily, their
structural characterization proved difficult owing to the
presence of extensively disordered counteranions and/or
solvent molecules. Good-quality, disorder-free crystals were
ultimately obtained for 10[SbFy],. The structure of the
complex cation in this salt is presented in Figure 7. A complete
view and a projection of the cation along the (Cu2, Cul) vector
are available in the Supporting Information (Figures S8 and

Figure 7. View of the complex cation in the structure of 10[SbFq],,
showing the displacement ellipsoids at the 30% probability level. The
primed atoms are generated by the crystallographic 2-fold axis (—x, 2
— 9, z). Selected distances (A) and angles (deg): Cul—P1 2.3069(5),
Cul—-N2 2.051(2), Cu2—P2 2.2807(S5), Cu2—N1 2.016(2), C111—
N1 1.143(3), C211-N2 1.144(3), P1—Cul—P1’ 124.05(3), P1—
Cul—N2 104.52(5), P1-Cul—-N2’' 109.84(6), N2—Cul—-N2’
102.05(8), P2—Cu2—P2’ 119.18(2), P2—Cu2—N1 107.10(5), P2—
Cu2—N1’ 108.59(5), N1-Cu2—N1’ 105.49(7).
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S9), which also presents the structure of the less symmetric
solvate 10[SbF¢],-2Me,CO for comparison.

The structure of cation 10** can be likened to a fragment of a
quadruple helix consisting of pairs of chains with opposite
polarity arranged around the central Cul---Cu2 axis or, more
figuratively, to a propeller with four blades (see Figure S9,
Supporting Information). The compound crystallizes with the
symmetry of the chiral orthorhombic space group Aba2 such
that the copper atoms reside on the 2-fold axis. This “external”
symmetry renders only one-half of the complex cation and one
counterion (SbF,") structurally independent.

The Cul:-Cu2 separation in 10[SbF¢], is 5.4820(5) A,
which is considerably longer than the sum of covalent radii
(2.64 A>*) or the Cu-Cu distances in heterocubane 4
[3.1950(5)—3.3332(4) A] and much less than the Cu--Cu’
distances in 5 [8.2816(8) A] and 9 [7.9595(5) A]. Each
copper(I) atom in 10** forms two relatively shorter bonds to
the nitrile groups and two longer bonds to the phosphine
groups within a distorted tetrahedral coordination environ-
ment. The P—Cu—P angles are the largest, while the N—Cu—N
angles are the most acute, reflecting the different steric
properties of the donor moieties. The departure from the
ideal tetrahedral angles is larger for Cul than for Cu2. The
ferrocene units assume a synclinal eclipsed conformation [z =
75.6(2)° for Fel and 7 = 74.1(2)° for Fe2], which brings the
donor moieties into positions suitable for bridging the two
Cu(I) centers. However, this conformation of the donor units
results in a mutual rotation of the CuN,P, units (P1—Cul--
Cu2—N1 = 26.94(7)°, P2—Cu2--Cul—-N2 = 24.28(7)°) and,
consequently, the helical character of the dicopper(I) cation.

The vc—y bands in the IR spectrum of the 10** salts appear
shifted toward higher frequencies (2230 and 2237 cm™ for
10[BF,], and 10[SbF],, respectively) compared with the free
ligand (2225 cm™"). Together with a marginal variation of the
lengths of the C=N bonds,*® this shift is in line with the usual
trend, reflecting changes in the electronic structure of the nitrile
moiety upon coordination.*’

B CONCLUSIONS

The readily accessible phosphinonitrile 3 exhibits some unique
properties, primarily due to the presence of the ferrocene
moiety.>® As a ligand, it can rotate along the axis of the
ferrocene unit and thus undergo the rotational reorganization
of the donor moieties, but it remains inflexible with respect to
the tilting of the cyclopentadienyl rings. Furthermore, the entire
molecule of 3 is conjugated and, because of strong electron-
donating nature of the ferrocene unit, electron-rich. This results
in unprecedented coordination behavior, which is exemplified
herein for the soft Cu(I) ion.

In addition to conventional complexes in which the cyano
groups remain uncoordinated and thus serve as spectators,
albeit rather specific substituents, the structures determined for
the Cu(I) complexes with ligand 3 reported in this Article
demonstrate the ability of the phosphinonitrile donor to
coordinate as a P,N bridge through both soft donor sites. The
molecular structures of such complexes have been determined
for the first time. Although limited to Cu(I) and a few
coordination geometries (halide complexes PX; or NPX,
tetrahedral donor sets, complexes without halide ligands PN,
trigonal or P,N, tetrahedral coordination environments), the
results presented here demonstrate as yet undocumented
coordination behavior of phosphinonitrile donors and stress the
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necessity of selecting the appropriate metal ions for evaluating
the coordination potential of these donors.

B EXPERIMENTAL SECTION

Materials and Methods. The syntheses of 2 and 3 were
performed in an argon atmosphere using standard Schlenk
techniques.”” Complexes with ligand 3 were prepared in argon-flushed
vessels and in the dark. Aldehyde 1 was prepared according to the
literature.”® Dichloromethane and tetrahydrofuran (THF) were dried
with a Pure Solv. MD-S Solvent Purification System (Innovative
Technology, Amesbury, MA). Other chemicals and solvents utilized
for crystallizations and chromatography were used as received (Sigma-
Aldrich; solvents from Lachner, Brno, Czech Republic).

NMR spectra were measured with a Varian UNITY Inova 400
spectrometer ('H 399.95, *C 100.58, *'P 161.90 MHz) at 25 °C
unless noted otherwise. Chemical shifts (5, ppm) are given relative to
internal tetramethylsilane ("H and "*C) or external 85% aqueous
H,PO, (*'P). In addition to the usual notation for signal multiplicity,
vt and vq are used to denote virtual triplets and quartets arising from
the AA'BB’ and AA’BB’X spin systems of the cyano- and PPh,-
substituted cyclopentadienyl rings, respectively (fc = ferrocene-1,1'-
diyl). IR spectra were recorded with an FTIR Nicolet 760 instrument
in the range 400—4000 cm™". Conventional (low-resolution) electro-
spray ionization mass spectra (ESI MS) were recorded on a Bruker
Esquire 3000 spectrometer. The samples were dissolved in HPLC-
grade methanol. High-resolution (HR) ESI MS measurements were
obtained with an LTQ_ Orbitrap XL mass spectrometer. Elemental
analyses were determined by a conventional combustion method with
a PE 2400 Series II CHNS/O Elemental Analyzer (Perkin-Elmer).
Melting points were determined with a melting point B-540 apparatus
(Biichi, Flawil, Switzerland).

1’-(Diphenylphosphino)ferrocene-1-carboxaldehyde Oxime
(2). A solution of sodium ethoxide prepared separately by dissolving
sodium metal (0.063 g, 2.7 mmol) in anhydrous ethanol (S mL) was
added to a solution of hydroxylamine hydrochloride (0.190 g, 2.7
mmol) in absolute ethanol (15 mL), whereupon a fine white
precipitate (NaCl) separated. The mixture was stirred for 10 min
and then filtered through a polytetrafluoroethylene (PTFE) syringe
filter into a suspension of 1’-(diphenylphosphino)ferrocene-1-
carboxaldehyde (1; 0.360 g, 0.90 mmol) in anhydrous ethanol (20
mL). The resulting mixture was stirred at 60 °C for 3 h, cooled to
room temperature, and diluted with brine (20 mL) and dichloro-
methane (20 mL). The organic layer was separated, washed with brine,
dried over MgSO,, and evaporated with chromatographic silica gel.
The preadsorbed crude product was transferred onto a silica gel
column packed in a hexane/diethyl ether (3:1) mixture. The same
mobile phase was used to remove nonpolar impurities. The red band
that eluted when the eluent was changed to hexane/diethyl ether (1:1)
was collected and evaporated to afford aldoxime 2 as an orange solid
(yield: 0.306 g, 82%). The compound was a mixture of (E) and (2)
isomers in ca. 2:1 ratio. Crystals suitable for X-ray diffraction analysis
were grown by liquid-phase diffusion from an ethyl acetate/hexane
mixture.

"H NMR (CDCl,): major isomer & 4.13 (m, 2H, fc), 423 (vt, ] =
1.9 Hz, 2H, fc), 443 (m, J' = 1.8 Hz, 4H, fc), 7.30—7.39 (m, 10H, Ph),
7.71 (s, 1H, CHNOH), 7.96 (br s, 1H, CHNOH); minor isomer &
4.11 (m, 2H, fc), 425 (vt, J' = 1.9 Hz, 2H, fc), 441 (vt, J' = 1.8 Hz,
2H, fc), 4.70 (vt, J' = 1.9 Hz, 2H, fc), 6.96 (s, 1H, CHNOH), 7.30—
7.39 (m, 10H, Ph), 7.96 (br s, 1H, CHNOH). “C{'H} NMR
(CDCly): major isomer & 68.44 (CH of fc), 71.28 (CH of fc), 72.16
(d, Joc = 4 Hz, CH of fc), 72.46 (d, Joc = 4 Hz, CH of fc), 73.88 (d,
Ubc = 14 Hz, C—P of fc), 76.86 (C—CHN of fc), 128.20 (d, *Jpc = 7
Hz, CH™® of Ph), 128.62 (CHP*® of Ph), 133.47 (d, *Jpc = 20 Hz,
CH™" of Ph), 138.71 (d, YJpc = 9 Hz, CP* of Ph). ¥P{'H} NMR
(CDCL): —16.7 (major), —16.6 (minor). IR (Nuyjol): v, (cm™)
3280 br m, 3240 br m, 3160 br m, 3017 m, 1642 w, 1304 m, 1245 w,
1195 w, 1188 w, 1161 w, 1090 w, 1070 m, 1040 m, 997 w, 948 s, 897
m, 827 m, 783 m, 751 s, 703 m, 695 s, 636 W, 582 w, 569 w, 499 s, 453
w, 413 w. ESI+ MS: m/z 414 ([M + H]*), 436 ([M + Na]*). Anal.
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Caled for C,,H,,FeNOP-0.2CH,CO,Et (430.8): C 66.34, H 5.05, N
3.25%. Found: C 66.24, H 4.73, N 3.28%. The amount of clathrated
solvent was verified by NMR spectroscopy.

1’-(Diphenylphosphino)-1-cyanoferrocene (3). Oxime 2
(0.293 g, 0.71 mmol) and (benzotriazol-1-yloxy)tris(dimethylamino)-
phosphonium hexafluorophosphate (BOP; 0.628 g, 1.42 mmol) were
mixed in dry THF (15 mL). After the mixture had been stirred at
room temperature for S min, 1,8-diazabicyclo[S.4.0]undec-7-ene
(DBU; 0.25 mL, 1.7 mmol) dissolved in S mL of THF was added,
and the stirring was continued for another 2 h. The mixture was
washed with water (2X S mL) and brine (S mL), and the organic
phase was dried over MgSO, and evaporated with silica gel. The
preadsorbed product was transferred to the top of a chromatographic
column (silica gel; hexane/diethyl ether 1:1). Elution with the same
solvent mixture afforded a single red band, which was collected and
evaporated to give nitrile 3 as an orange microcrystalline solid (yield:
0.250 g, 89%). Crystals suitable for X-ray diffraction analysis were
grown from ethyl acetate/hexane.

Mp 163—164 °C (ethyl acetate/hexane). "H NMR (CDCL,): § 4.26
(vq,J' = 1.9 Hz, 2H, fc), 4.28 (vt,J' = 1.9 Hz, 2H, fc), 4.53 (v, ] = 1.9
Hz, 2H, fc), 4.56 (vt, J' = 1.9 Hz, 2H, fc), 7.32—7.37 (m, 10H, Ph).
BC{*H} NMR (CDCl,): § 52.62 (C—CN of fc), 72.17 (d, Joc = 1 Hg,
CH of fc), 72.56 (CH of fc), 73.72 (d, Joc = 4 Hz, CH of fc), 74.87 (d,
Joc = 14 Hz, CH of fc), 79.29 (d, Joc = 10 Hz, C—P of fc), 119.60
(C=N), 12835 (d, Ypc = 7 Hz, CH*™ of Ph), 128.86 (CH™ of
Ph), 133.40 (d, 3] = 20 Hz, CH™* of Ph), 138.03 (d, 'Joc = 10 Hg,
CP® of Ph). ¥'P{'H} NMR (CDCL): & —17.7. IR (Nujol): v
(em™) 3114 w, 3100 w, 3082 w, 3055 w, 2225 m, 1232 w, 1194 w,
1160 m, 1090 w, 1232 w, 1032 m, 1027 m, 913 w, 848 w, 840 w, 823
m, 749 s, 699 s, 562 w, 555 w, 519 w, 510 m, 478 m, 495 m, 448 m,
450 m, 425 w. ESI+ MS: m/z 396 ([M + H]"), 418 ([M + Na]*), 434
(IM + KJ*). HR MS (ESI+): caled for C,;HoFeNP ([M + HJY)
396.0599, found 396.0599. Anal. Calcd for C,3H;FeNP (395.2): C
69.90, H 4.59, N 3.55%. Found: C 69.60, H 4.44, N 3.45%.

Reactions of Ligand 3 with CuCl. A solution of phosphine 3 in
dichloromethane (1.5 mL) was added to a suspension of CuCl in the
same solvent (0.5 mL). The resulting mixture was stirred at room
temperature for 90 min, during which time all of the CuCl dissolved.
Following evaporation under a vacuum, the solid products were
analyzed by NMR spectroscopy and subsequently recrystallized by
liquid-phase diffusion from ethyl acetate/hexane or chloroform/
hexane.

Complex 4. Reaction between 3 (20 mg, 51 gmol) and CuCl (5.0
mg, 51 umol) as described above gave 4 as a yellow microcrystalline
solid (yield: 16 mg, 64%). 'H NMR (CDCl): 6 4.36 (br vt, J' = 1.8
Hz, 2H, fc), 446 (vt, J' =1.9 Hz, 2H, fc), 4.50—4.53 (br m, 4H, fc),
7.25—7.31 (m, 4H, Ph), 7.33—7.39 (m, 2H, Ph), 7.56—7.65 (m, 2H,
Ph). ¥P{'H} NMR (CDCL): § —13.3 (br s). IR (Nujol): 2/, (cm™)
3109 w, 3065 w, 3039 w, 2241 m, 1232 w, 1194 w, 1160 w, 1090 w,
1032 m, 1027 m, 913 w, 848w, 839 w, 823 m, 749 s, 699 s, 562 w, 558
w, 519 w, S11 m, 495 m, 478 m, 450 m, 425 w. ESI+ MS: m/z 458
([Cu(3)]), 516 ([CuCl(3) + NaJ*), 558 ([Cu,Cl(3)]*), 853
([Cu(3),]"), 911 ([CuCl(3), + Na]*), 953 ([Cu,CI(3),]"). Anal.
Calcd for (C,3H,3CICuFeNP), (1976.8): C 55.89, H 3.67, N 2.83%.
Found: C 5591, H 3.60, N 2.59%.

Complex 5. Reaction of 3 (15 mg, 38 umol) and CuCl (1.9 mg, 19
umol) as described above produced $ as a red crystalline solid (yield:
11 mg, 66%). "H NMR (CDCL): & 4.34 (br vt, 2H, fc), 4.46 (vt, ] =
2.0 Hz, 2H, fc), 4.51 (vt, J' = 2.0 Hz, 2H, fc), 4.54 (vt, ] = 1.9 Hz, 2H,
fc), 7.27—7.33 (m, 4H, Ph), 7.36—7.41 (m, 2H, Ph), 7.43—7.51 (br m,
4H, Ph). *P{'"H} NMR (CDCl;): 5 —13.1 (br s). IR (Nujol): /.
(em™) 3101 w, 3047 m, 2224 s, 1586 w, 1236 w, 1192 w, 1167 w,
1035 w, 1026 w, 846 w, 833 w, 755 m, 740 m, 696 s, 630 w, 595 w, 553
w, 530 m, 510 m, 476 m, 458 m, 425 w. ESI+ MS: m/z 458
([Cu(3)]"), s16 ([CuCl(3) + Nal*), 558 ([Cu,CI(3)]"), 853
([Cu(3),]*), 911 ([CuCI(3), + Nal*), 953 ([Cu,CI(3),]*). Anal
Calcd for C,4H,CICuFe,N,P, (889.4): C 62.12, H 4.08, N 3.15%.
Found: C 61.87, H 3.94, N 3.10%.

According to monitoring by NMR spectroscopy, when the reaction
was performed similarly with 3 equiv of 3 (3: 15 mg, 38 ymol; CuCl
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1.3 mg, 13 pmol), it produced a different product (formulated as
[CuCl(3);] (6)), which was converted completely to complex §
during the subsequent crystallization from ethyl acetate/hexane (yield
of 5: 11 mg, 95%). Data recorded for 6 in situ. "H NMR (CDCL,): §
431 (brvt, J' = 1.8 Hz, 2H, fc), 442 (br vt, J' = 1.8 Hz, 2H, fc), 4.50
(v, J' = 1.9 Hz, 2H, fc), 4.56 (vt, J' = 1.9 Hz, 2H, fc), 7.28—7.43 (m,
10H, Ph). 3'P{'H} NMR (CDCl,): 6 —15.0 (br s). ESI+ MS: m/z 458
([cu(3)]"), s16 ([CuCI(3) + Nal*), 558 ([Cu,CI(3)]*), 853
([Cu(3),]%), 911 ([CuCl(3), + Na]*), 953 ([Cu,CI(3),]*). The
NMR and IR spectra of the crystallized samples were identical to those
of §.

[CuBr(3)], (7). CuBr (7.3 mg, S1 umol) and 3 (20 mg, S1 pmol)
were reacted in dry chloroform (2 mL) for 1 h to afford a clear
solution, which was partly evaporated under a vacuum (to ca. 1 mL)
and filtered through a PTFE syringe filter. The filtrate was layered with
chloroform (1 mL) and hexane (10 mL), and the mixture was allowed
to crystallize by diffusion to produce 8 as an orange-red crystalline
solid (yield: 19 mg, 70%). Note: Complete solvent removal produces a
glassy solid, which can be dissolved in ethyl acetate. The solution,
however, rapidly deposits 8 as an orange precipitate.

'H NMR (in situ, CDCL,): 5 4.38 (vt, J' = 1.9 Hz, 2H, fc), 4.40 (v,
J =1.9 Hz, 2H, fc), 4.57 (vt, J' = 1.7 Hz, 2H, fc), 4.59 (br s, 2H, fc),
7.28—7.34 (m, 4H, Ph), 7.36—7.42 (m, 2H, Ph), 7.56—7.63 (m, 4H,
Ph). *'P{'"H} NMR (in situ, CDCL): § —16.1 (br s). IR (Nujol): 1/,
(ecm™) 3112w, 3103 w, 3061 w, 3040w, 2243 s, 1238 m, 1193 w, 1167
5, 1033’5, 914 s, 890 w, 753 5, 745 5, 697 5, 636 W, 535 s, 517 5, 509 m,
481 s, 457 m, 432 m. Anal. Calcd for C,;H,;BrCuFeNP (538.7): C
5128, H 3.37, N 2.60%. Found: C 50.90, H 3.29, N 2.34%.

The NMR spectra recorded for the reaction mixtures obtained
similarly at Cu/3 molar ratios of 1:2 and 1:3 were different, but the
subsequent crystallization always produced only complex 8. Cu/3 =
1:2. '"H NMR (in situ, CDCL,): 6 4.39 (br vt, J' = 1.7 Hz, 2H, fc), 445
(vt,J' = 1.9 Hz, 2H, fc), 4.48 (vt, ] = 1.9 Hz, 2H, fc), 4.54 (vt,]' = 1.9
Hz, 2H, fc), 7.27-7.32 (m, 4H, Ph), 7.36—7.41 (m, 2H, Ph), 7.43—
7.48 (m, 4H, Ph). 3'P{*H} NMR (in situ, CDCL): 6 —13.6 (br s).
Cu/3 = 1:3. '"H NMR (in situ, CDCL;): & 4.35 (br vt, J' = 1.8 Hz, 2H,
fc), 442 (br vt, J' = 1.9 Hz, 2H, fc), 449 (vt, ] = 1.9 Hz, 2H, fc), 4.56
(v, J' = 1.9 Hz, 2H, fc), 7.28—7.33 (m, 4H, Ph), 7.35=7.41 (m, 6H,
Ph). *P{'"H} NMR (in situ, CDCl,): § —14.7 (br s).

[Cul(3)], (8). Ligand 3 (50 mg, 0.13 mmol) and Cul (24 mg, 0.13
mmol) were reacted in dry CHCl, as described above. After filtration,
the clear, orange solution was layered with chloroform (2 mL) and
hexane (20 mL) and set aside for crystallization to produce 8 in the
form of orange-red crystals (yield: 65 mg, 87%).

'H NMR (in situ, CDCL,): 6 4.07 (br s, 2H, fc), 4.26 (br s, 2H, fc),
4.52—4.56 (m, 4H, fc), 7.39—-7.45 (m, 4H, Ph), 7.47—-7.60 (m, 6H,
Ph). ¥P{'H} NMR (in situ, CDC,): 6 —27.9 (br s). IR (Nujol): 2y,
(em™) 3112 w, 3103 m, 3089 w, 3065 m, 3041 m, 2242 s, 1586 w,
1237 m, 1193 m, 1165 s, 1098 m, 1070 w, 1050 w, 1033 s, 999 w, 987
w, 914 m, 889 w, 865 w, 839 s, 8325, 809 m, 952 s, 744 s, 697 s, 635 W,
577 w, 534 s, 516 s, 509 m, 478 s, 459 s, 432 m. Anal. Calcd for
C,3H,,CuFeINP (585.7): C 47.17, H 3.10, N 2.39%. Found: C 46.90,
H 3.03, N 2.20%.

Similar to the CuBr/3 system, the reaction mixtures obtained at
Cul/3 ratios of 1:2 and 1:3 gave different NMR spectra but provided
only complex 9 upon crystallization. Cul/3 = 1:2. '"H NMR (in situ,
CDCly): § 4.41—4.46 (m, 6H, fc), 4.54 (vt, J' =1.9 Hz, 2H, fc), 7.26—
7.31 (m, 4H, Ph), 7.35—7.43 (m, 6H, Ph). 3'P{’'H} NMR (in situ,
CDCly): 6 —14.8 (br s). Cul/3 = 1:3. 'TH NMR (in situ, CDCL;): §
4.39—4.42 (m, 4H, fc), 448 (vt, J' =1.9 Hz, 2H, fc), 448 (vt, ] =1.9
Hz, 2H, fc), 4.55 (vt, J' =1.9 Hz, 2H, fc), 7.27-7.32 (m, 4H, Ph),
7.34—7.40 (m, 6H, Ph). 3'P{'"H} NMR (in situ, CDCl,): § —14.9 (br

s).

Preparation of [Cu(3)(MeCN)],IBF,], (9). A solution of 3 (20 mg,
51 umol) in dichloromethane (2 mL) was added to a suspension of
solid [Cu(MeCN),][BF,] (16 mg, S1 gmol) in the same solvent (1
mL), and the resulting mixture was stirred for 1 h. The separated solid
was dissolved by addition of acetonitrile (2 drops), and the solution
was filtered through a syringe filter. The filtrate was layered with
hexane (ca. 6 mL) and set aside for crystallization. The dark orange-
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red crystals, which separated over several days, were filtered off,
washed with pentane, and dried under a vacuum to afford analytically
pure 9 (yield: 25 mg, 84%).

IR (Nujol): 1y, (em™) 3099 w, 3071 w, 3048 w, 2314 w, 2283 m,
2249’5, 1306 w, 1285 w, 1242 m, 1195 w, 1169 m, 1102 s, 1075 s, 1052
5, 1027's,997 m, 916 m, 845 m, 831w, 749's, 699 s, 538 s, 519 s, 488 s,
481 s, 464 m, 429 w. Anal. Calcd for C,sH,;N,BF,PFeCu (586.6) C
51.18, H 3.61, N 4.78%. Found: C 51.48, H 3.59, N 4.59%.

Complex 10[BF,], (Route a in Scheme 3). A solution of 3 (15 mg,
38 pmol) in dry dichloromethane was added to a suspension of
[Cu(MeCN),][BF,] in the same solvent (6.0 mg, 19 gmol in 0.5 mL).
The resulting mixture was stirred for 1 h and evaporated under a
vacuum. The residue was taken up with acetone (S mL) and filtered
through a syringe filter. Evaporation of the filtrate under vacuum gave
10[BF,], as a yellow solid (yield: 14 mg, 78%). IR (Nujol): vy
(em™) 2230’5, 1712 w, 1618 w, 1237 m, 1166 m, 1071 s, 1044 s, 999
m, 913 w, 741 m, 722 m, 696 w, 635 w, 532 w, 511 s, 490 s, 476 s, 463
s, 433 m. ESI+ MS: m/z 458 [Cu(3)*]. Anal. Calcd for
Co,H,,B,Cu,FgFe,N,P,-H,0 (1899.6): C 58.17, H 3.93, N 2.95%.
Found: C 57.85, H 4.00, N 2.95%. (Note: Salts with other anions were
obtained similarly.)

Complex 10[SbF4], (Route c in Scheme 3). A solution of ligand 3
(30 mg, 76 umol) in dichloromethane (3 mL) was added to a
suspension of CuCl (3.8 mg, 38 yumol) in the same solvent (1 mL).
After being stirred for 60 min, the resulting solution was treated with a
suspension of Ag[SbF] (13 mg, 38 ymmol) in dichloromethane (3
mL), and the reaction mixture was stirred for another 30 min and
filtered through a PTFE syringe filter. The filtrate was evaporated
under a vacuum, and the residue was taken up with acetone (1.5 mL)
and filtered into a S mm NMR tube. The solution was carefully layered
with acetone (0.5 mL) and hexane (ca. 2 mL), and the mixture was
allowed to crystallize at room temperature. The separated crystalline
solid was filtered off, washed with pentane, and dried under a vacuum.
Yield of 10[SbF],: 34 mg (82%), red crystalline solid. IR (Nujol):
Upae (cm™) 3122w, 3055 w, 2237 s, 1587 w, 1481 m, 1435 s, 1238 m,
1196 w, 1099 m, 1041 m, 999 w, 912 w, 830 m, 741 m, 695 s, 659 s,
577 w, 531 w, 511 s, 487 s, 478 s, 466 m, 433 w. ESI+ MS: m/z 458
[Cu(3)*]. Anal. Calcd for Cg,H;,Cu,F;,Fe,P,N,Sb, (2179.4) C 50.70,
H 3.33, N 2.57%. Found: C 50.43, H 3.33, N 2.36%.
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1-cyanoferrocene: the art of improvisation in
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1'-(Diphenylphosphino)-1-cyanoferrocene (1) reacts with silver(l) halides at a 1: 1 metal-to-ligand ratio to
afford the heterocubane complexes [Ag(us-X)(1-kP)l4, where X = Cl (2), Br (4), and | (5). In addition, the
reaction with AgCl with 2 equiv. of 1 leads to chloride-bridged dimer [(u-Cl)>{Ag(1-xP),},] (3) and,
presumably, also to [(1(P,N)-1){AgCl(1-kP)}], (3'). While similar reactions with AGCN furnished only the in-
soluble coordination polymer [(1-kP),Ag(NC)Ag(CN)],, (6), those with AgSCN afforded the heterocubane
[Ag(1-xP)(u-SCN-S,S,N)]4 (7) and the thiocyanato-bridged disilver() complex [Ag(1-kP),(u-SCN-S,N)I, (8),
thereby resembling reactions in the AgCl-1 system. Attempted reactions with AgF led to ill-defined pro-
ducts, among which [Ag(1-kP),(u-HF,)]> (9) and [(u-SiFg){Ag(1-kP),},] (10) could be identified. The latter
compound was prepared also from Ag,[SiFe] and 1. Reactions between 1 and AgClO4 or Ag[BF,] afforded
disilver complexes [(u(P,N)-1)Ag(ClO4-kO)l, (11) and [(u(P,N)-1)Ag(BF4-kF)], (12) featuring pseudolinear Ag(i)
centers that are weakly coordinated by the counter anions. A similar reaction with Ag[SbFg] followed by
crystallization from ethyl acetate produced an analogous complex, albeit with coordinated solvent,
[(n(P,N)-1)Ag(AcOEt-xO)],[SbFel, (13). Ultimately, a compound devoid of any additional ligands at the Ag(i)
centers, [(1(P,N)-1)Agl,[B(CgH3(CF3)>-3,5)4], (14), was obtained from the reaction of 1 with silver()) tetrakis-
[3,5-bis(trifluoromethyl)phenyl]borate. The reaction of Ag[BF4] with two equivalents of 1 produced unique
coordination polymer [Ag(1-«P)(u(P,N)-1)],,[BF4], (15), the structure of which contained one of the phos-
phinoferrocene ligands coordinated as a P,N-chelate and the other forming a bridge to an adjacent Ag()
center. All of these compounds were structurally characterized by single-crystal X-ray crystallography,
revealing that the lengths of the bonds between silver and its anionic ligand(s) typically exceed the sum of
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the respective covalent radii, which is in line with the results of theoretical calculations at the density-
functional theory (DFT) level, suggesting that standard covalent dative bonds are formed between silver
and phosphorus (soft acid/soft base interactions) while the interactions between silver and the ligand's

www.rsc.org/dalton nitrile group (if coordinated) or the supporting anion are of predominantly electrostatic nature.

field stabilization. As a result, the coordination geometry of
Ag(1) complexes is determined by an interplay of electrostatic
and steric factors and is, therefore, difficult to predict.> Thus,
although the Ag(i)-phosphine complexes are accessible
through simple reactions of silver(1) salts with phosphines,
they form a wide variety of structures ranging from mono-
nuclear species to complicated multinuclear, often polymeric,

Introduction

Because of a d*° valence shell configuration, soft" silver(i) ions
have no stereochemical preference due to the lack of ligand
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assemblies and clusters.’ This also holds true for silver(i) com-
plexes with 1,1"-bis(diphenylphosphino)ferrocene (dppf), an
archetypal and widely studied bidentate metalloligand,* which
has been demonstrated in numerous systematic and focused
studies devoted to Ag(1)-dppf complexes with various support-
ing (mostly simple anionic) ligands™® as well as on multimetal-
lic complexes and transition metal clusters featuring Ag(r)
(dppf) fragments.” In contrast, the structural chemistry of Ag(i)
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complexes with other phosphinoferrocene donors remains
largely unexplored, being limited to compounds prepared
from (ferrocenylmethyl)diphenylphosphine,® diferrocenyl-
(phenyl)phosphine,’ a cyclic ferrocene triphosphine'® or
(2-ferrocenylethyl)phosphines (FcCH,CH,),PH;_,, (Fc = ferro-
cenyl, n = 1-3)"* for the non-functional ferrocene phosphines,
and a handful of dppf congeners with one of their phosphine
groups replaced by another functional moiety.'* To date, the
latter compounds include only Ag(1) complexes with phos-
phino-chalcogen donors (A and B in Scheme 1) or phos-
phinoferrocene pyridines (C-E in Scheme 1) and Agf(i)
carboxylates prepared from 1'-(diphenylphosphino)-1-ferrocene-
carboxylic acid (Hdpf)."

In view of our recent investigations into the coordination
chemistry of 1'-(diphenylphosphino)-1-cyanoferrocene (1 in
Scheme 1) that led to structurally unique Cu(i) complexes'®
and hemilabile Au(1) complexes with favorable catalytic pro-
perties,'”” we aimed to complete our study with this new,
donor-unsymmetric dppf analogue by focusing on complexes
with Ag(i). Attention was directed mainly to the structural
chemistry of the 1-Ag(y) complexes because a search in
the Cambridge Structural Database'® revealed that silver(i)
complexes with phosphinonitrile donors whose crystal
structure has been determined are very rare, consisting of
[Ag{P(CH,CH,CN);-kP},|NO; featuring linearly coordinated
Ag(1) centers'® and complex [Ag,(p-L),(MeCN),][SbFc],, where
L is 2,6-bis(diphenylphosphino)benzonitrile coordinated as
a P,P-bridge between the trigonal and tetrahedral Ag(i)
centers.”®

This contribution describes the structural characterization
of products arising from the interactions of various AgX salts
with phosphinonitrile 1 at varying metal-to-ligand ratios.
Because of the specific features detected in the structures of
some of these complexes, attention is also paid to the bonding
situation in the representative complexes, which is discussed
in view of the results of density-functional theory (DFT)
computations.

- _PPh,
Fe Fe
D sr

A (R = Me, Ph) B

C (X/Y = N/CH)
D (X/Y = CHIN)

= PP

Fe or P==N
Oon

1

Scheme 1
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Results and discussion
General comments

Considering the structural complexity of Ag(i)-phosphine com-
plexes, the reaction studies were performed using silver(1) salts
with a wide selection of counter anions and at varying metal-
to-ligand ratios. The screening experiments were performed in
deuterated solvents to allow for in situ NMR monitoring. Typi-
cally, ligand 1 was added to a suspension of the respective AgX
salt (mostly at Ag: 1 ratios of 1:1 and 1:2) in CDCl;, and the
resulting mixture was stirred for 90 min, during which time
the silver salt dissolved. After filtration, the reaction mixture
was monitored by "H and *'P{'"H} NMR spectroscopy and,
finally, crystallized by the addition of a poor solvent (some-
times after evaporation and re-dissolution). The conditions
were kept as similar as possible to minimize possible influence
of complexation and solvolytic equilibria®® on the reaction
outcome.

Notably, the NMR spectra of the reaction mixtures provided
little diagnostic information because the dynamic nature of
the Ag-1 complexes resulted in a broadening and averaging of
the NMR resonances.”” Little structural information was
inferred also from the IR spectra of solid samples except for
the characteristic bands due to C=N stretching vibrations that
are observed in the narrow range of 2223-2228 cm™ " for com-
pounds featuring uncoordinated nitrile groups (cf. 2225 cm™*
for ligand 1)'® and that shifted upon coordination of the
nitrile group.

Complexes with halide-supporting ligands

Aiming at a systematic survey of the coordination properties of
1 toward silver(1), attention was first paid to compounds result-
ing from the action of the phosphinonitrile on Ag(i) halides
(Scheme 2).

N—P. P=—N
X=Cl: n=1 Ag—/X
X=Brll:n=1,2 XA
— ||
Ag/—_x_’Ag'
P=N
N—P/
2(X=Cl)
4 (X=Br)
5(X=1)
AgX +n1
—PR P=N
\ Cl. [/
Ag “Ag
/TN
N=—P —N
3
— +
X=Cl,n=2 —
N R
| o PN
A e
NP i cl |
P N
1

3

Scheme 2 Synthesis of Ag()—1 complexes from silver()) halides.
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The *'"P{'"H} NMR spectrum of the solution obtained after
addition of one molar equivalent of 1 into a suspension AgCl
in CDCl; showed a broad doublet at §p —1.4, confirming that
the phosphinonitrile was indeed coordinated (¢f. p —17.7 for 1
in CDCl;).'® Moreover, the relatively large /agp coupling con-
stant of 604 Hz suggested that the reaction stoichiometry was
very likely maintained in the reaction product (ie., that
“AgCl-1” was formed in situ).*"*> A subsequent crystallization
from wet acetone-hexane afforded orange crystals of hydrated
heterocubane 2-H,0, which was structurally characterized (see
below). Unsolvated 2 could be similarly isolated from acetone-
hexane (i.e., in the absence of added water). However, the crys-
tals suffered from extensive disorder.

Upon increasing the amount of the ligand to two equi-
valents, the reaction in CDCI; and crystallization by the addition
of methyl tert-butyl ether and hexane furnished a mixture of
two products. The dominating, larger orange prismatic crystals
were identified by X-ray crystallography as dinuclear complex
3, in which two chloride ligands bridge two Ag(1-kP), units
(Scheme 2). The minor product separated in the form of fine
yellow needles was tentatively formulated as [(p(P,N)-1){AgCl(1-
kP)}], (3') based on the similarity of its IR spectrum with the
spectrum obtained for an analogous Cu(r) complex studied
previously (see the ESI, Fig. S11)."® Upon increasing the
amount of 1 to 3 equiv., however, dimer 3 became the only
crystalline product isolated from the reaction mixture under
otherwise identical conditions, although *'P{'H} NMR indi-
cates that some other species (or perhaps equilibria) might be
involved (cf. 8p of —5.0 and —6.9 for the AgCl: 1 mixtures with
Ag:1=1:2and 1: 3, respectively).

In contrast, the similar reactions of 1 with the heavier silver(i)
halides gave rise to heterocubanes [Ag(us-X)(1-kP)]; (4: X =
Br, 5: X = I) irrespective of the Ag:1 molar ratio (Ag:1=1:1
and 1:2). The bromide-bridged heterocubane was isolated in
the form of a solvate 4-0.25H,0 after crystallization from ethyl
acetate-hexane. Under similar conditions, the iodide analogue
was separated as 5-3AcOEt, while crystallization from chloro-
form-hexane provided 5-4CHCl;.

A representative crystal structure of 2-H,O is shown in
Fig. 1, and all heterocubane cores are depicted in Fig. 2 (N.B.
complete structural drawings for all compounds are presented
in the ESIf). Selected geometric parameters for the hetero-
cubanes are presented in Table 1 and 2, and in the ESL}

The pairs of compounds 2-H,0/4-0.25H,0 and 5-3AcOEt/
5-4CHCl; are essentially isostructural. The former structures
actually differ only in the abundance of the water molecules in
the crystal lattice. Apparently, the water molecules can pene-
trate into the structures built up from these bulky complexes
without changing the overall crystal assembly. In fact, they fill
the structural voids left between the complex molecules and
form hydrogen bridges toward the in-cage halide ions and
uncoordinated cyano groups (for a structural diagram, see the
ESI, Fig. S3t). The latter interactions appear to be essential for
the construction of a regular structural assembly because the
structure determined for crystals of unsolvated 2 was dis-
ordered at the exterior of the heterocubane molecule mainly at

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 PLATON plot of the cubane complex in the structure of 2:H,O
showing 50% probability ellipsoids. For clarity, only the pivotal atoms
from the phenyl rings are shown, and the hydrogens are omitted.

4:0.25H,0

Fig. 2 View of the Ag4X4P4 cores in the four structurally characterized
heterocubanes. The prime-labeled atoms in the structures of the
iodide-bridged compounds are generated by the crystallographic two-
fold axes.

the terminal CsH,CN moieties.>® The isostructural relationship
between 5-3AcOEt and 5-4CHCI; also indicates that the crystal
structures of these compounds are determined mainly by the
packing of the bulky building blocks, leaving vacancies that
can be filled by solvent molecules whose size and shape deter-
mine the stoichiometry (i.e., relative amount) without affecting
the crystal structure.

According to recent DFT calculations,” closed hetero-
cubanes are energetically favored over opened, chair-like
assemblies for {MX(PHj;)}, tetramers with M = Cu and Ag. These
cubanes can be described as distorted tetrahedral arrays of

Dalton Trans., 2016, 45, 10655-10671 | 10657
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Table 1 The ranges of selected interatomic distances and angles for the heterocubane cores in 2-H,0O, 4-0.25H,0, 5-3AcOEt, and 5-4CHCl; (in A

and °)

Parameter [n]* 2-H,0 4-0.25H,0

5-3AcOEt 5-4CHCl;

Ag-X [12/6]
Ag-P [4/2]
Ag-X-Ag [12/6]
X-Ag-X [12/6]
P-Ag-X [12/6]

2.5550(7)-2.7481(7)
2.3709(7)-2.3841(8)
78.98(2)-89.85(2)
89.24(2)-102.02(2)
104.62(3)-146.73(3)

2.6801(3)-2.8375(3)
2.3947(5)-2.4083(5)
76.34(1)-86.72(1)
91.11(1)-104.42(1)
103.15(2)-143.41(2)

2.8215(3)-3.0094(3)
2.4508(8) and 2.458(1)
65.99(1)-77.86(1)
96.65(1)-113.77(1)
104.26(2)-125.87(2)

2.8141(4)-3.0185(4)
2.4535(8) and 2.4592(8)
65.23(1)-75.57(1)
99.35(1)-114.07(1)
100.62(2)-125.02(2)

“n gives the number of observed independent values for 2-H,0, 4-0.25H,0/5-3AcOEt and 5-4CHCl;.

metal ions embedded within an X, tetrahedron of the face-
capping halide ions. However, their geometry can change
rather broadly depending on the relative sizes of the M/X ions
and the steric properties of the metal-bound ligands (possible
crowding around the compact M,X; unit), as well as on the
symmetry of the crystal assembly.”® In the present case, the
heterocubane units in the structures of 2-H,O and 4-0.25H,0
lack any imposed symmetry, while those in 5-3AcOEt and
5-4CHCl; reside on the crystallographic two-fold axes, which
makes only their halves structurally independent.

The geometric data reported in Tables 1 and 2 indicate that
the intra-cluster parameters vary considerably across the series
of structurally characterized compounds as well as for the indi-
vidual representatives. Both the particular data and asymmetry
parameters Q, defined as a ratio of the Ag---Ag and X---X separ-
ations (diagonals) for the six faces of the cube-like Ag,X, array
given in Table S2,} suggest an increasing distortion of the hetero-
cubane cores with an increasing size of the halide anion.
The Ag-X bond distances are similar or longer than the sum of
the respective covalent radii (}.reov; Ag-Cl 2.47, Ag-Br 2.65,
and Ag-T 2.84 A)*” and expectedly lengthen upon replacing Cl
with Br and then I, which is associated with a less pronounced
elongation of the Ag-P bonds and, mainly, with a closing of
the Ag-X-Ag angles and an opening of the X-Ag-X angles.
Changes in the angles at the vertices of the heterocubane
moiety manifest an increasing departure from a nearly planar
rhomboidal shape of the Ag,X, faces toward a butterfly-like
arrangement resulting from a disparity between the sizes of
atoms forming the cage. Typically, a short in-face Ag---Ag dis-
tance is associated with a long X:--X contact and vice versa. All

observed intermolecular Ag---Ag contacts were longer than
double the covalent radius for silver (27, ~ 2.90 A).>” Moreover,
because the large iodine anions are displaced from the hetero-
cubane core, the Ag---Ag distances within the faces of the Ag,I,
core are slightly shorter than those observed for 2-H,O and
4-0.25H,0 that are in turn quite similar. These trends are gener-
ally consistent with those observed for [AgX(PR;)]; complexes
resulting from simple phosphines (see ref. 26).

The ferrocene moieties in the structure of the heterocu-
banes adopt their regular geometry. Their cyclopentadienyl
rings are tilted by less than ca. 6° and assume conformations™
that direct the cyanide groups away from the central Ag,X,
moiety (see Fig. 1). This can be demonstrated by the dihedral
angles 7, = Cn01-Cgn1-Cgn2-Cn06, where Cgnl and Cgn2
denote the centroids of the cyclopentadienyl rings C(n01-1n05)
and C(n06-n10), respectively. In the case of 2-H,0/4-0.25H,0,
these angles are 7; = —134.0(2)/—136.3(2)°, 7, = 144.0(2)/143.1(2)°,
73 = —155.8(2)/—153.6(2)°, and 7, = —63.6(2)/—67.6(2)°, while
for 5-:3AcOEt/5-4CHCly: 7; = 135.1(3)/131.6(3)°, and 7, =
75.4(3)/77.3(2)°.

The crystal structure of 3-CH,Cl, (Fig. 3) reveals a sym-
metric dimeric structure in which two chloride anions bridge
two equivalent Ag(1-kP), units, thereby completing the tetra-
hedral donor array around the Ag(1) ions. The atoms constitut-
ing the central Ag,Cl, ring in the molecule of 3 are coplanar
within 0.008(1) A. The variation of the Ag-Cl bond lengths
within this ring is marginal (ca. 0.02 A), but the Ag,Cl, core is
rhomboidal in shape (Cl-Ag-Cl > Ag-Cl-Ag). In addition, the
adjacent P,Ag planes are not perpendicular to the Ag,Cl, ring
as expected for two regular, edge-sharing tetrahedra but

Table 2 The Ag---Ag and X:--X in-face diagonal distances for the heterocubane units in the structure of 2:H,0, 4:0.25H,0, 5-3AcOEt and 5-4CHCl3

(in A)
Compound Parameter ifj=1/2 1/3 1/4 2/3 2/4 3/4
2-H,0 Agi---Agj 3.7212(3) 3.5511(4) 3.6119(3) 3.4364(3) 3.7043(3) 3.7262(3)
Cli---Clj 3.739(1) 3.780(1) 3.904(1) 4.113(1) 3.912(1) 3.7503(9)
4-0.25H,0 Agi---Agj 3.7784(2) 3.5604(2) 3.6163(2) 3.4494(2) 3.7107(2) 3.7544(2)
Bri---Brj 3.9458(3) 4.0575(3) 4.1661(3) 4.3624(3) 4.1831(3) 3.9836(3)
Compound Parameter ifj=1/2 1/1' 1/2' 2/2' 2/1' 1'/2'
5-3AcOEt Agi---Agf 3.1841(4) 3.6670(3) 3.4557(4) 3.3812(4) =1/2' =1/2
Li--j 4.8029(3) 4.5341(3) 4.5938(3) 4.3570(3) =1/2' =1/2
5-4CHCl, Agi---Agf 3.1576(4) 3.5773(4) 3.3775(4) 3.2264(4) =1/2' =1/2
Li--j 4.8117(3) 4.6302(3) 4.6286(3) 4.4485(3) =1/2' =1/2
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Fig. 3 PLATON plot of the complex molecule in the structure of
3-CH,Cl,. Displacement ellipsoids are scaled to the 50% probability
level. The hydrogen atoms and phenyl ring carbons (except for pivotal
ones) are omitted for clarity. Selected distances and angles (in A and °):
Agl-Cll 2.6671(7), Agl-Cl2 2.6499(7), Ag2-Cll 2.6675(7), Ag2-Cl2
2.6563(7), Agl-P1 2.4791(7), Ag1-P2 2.4800(7), Ag2—P3 2.4817(7), Ag4—
P3 2.4804(7), Cl1-Ag1-CI2 91.24(2), Cl1-Ag1-P1 100.58(2), Cl1-Agl-
P2 117.11(2), Cl2-Agl-P1 119.34(2), Cl2-Agl-P2 103.91(2), P1-Agl-P2
121.24(2), Cl1-Ag2-Cl2 91.09(2), Cl1-Ag2-P3 114.64(2), Cl1-Ag2-P4
104.73(2), Cl2-Ag2-P3 104.81(2), Cl2-Ag2-P4 116.68(2), P3—-Ag2-P4
121.14(2), Ag1-Cl1-Ag2 88.53(2), Agl-Cl2—-Ag2 89.13(2).

appear tilted by 77.93(3)° (Ag1) and 81.78(3)° (Ag2) in mutually
opposite directions. These distortions can be attributed to the
steric strain imparted by the bulky, Ag-bound phosphine
ligands (correspondingly, the P-Ag-P angles are the most
opened among the interligand angles). Similar features and
Ag-donor distances were described for an analogous triphenyl-
phosphine complex, [Ag(u-Cl)(PPh;),],-2CHCl;.>®  As  in
3-CH,Cl,, the Ag—Clbridge in the mentioned PPh; complex
(2.625(3) and 2.630(3) A) is longer than the sum of the respec-
tive covalent radii (X reoy = 2.47 A).

The four structurally independent ferrocene units in the
structure of 3-CH,Cl, have similar opened conformations (z =
154.9(2)° (Fe1), 156.5(2)° (Fe2), 153.7(2)° (Fe3), and 155.3(2)°
(Fe4)) that divert their nitrile substituents from the sterically
congested Ag(i) centers. These units also exert similar Fe-C
distances and, consequently, the observed tilt angles do no
exceed ca. 3°. The conformation of the substituents on the
phosphorus atoms seems to be controlled through their
spatial contacts and further stabilized via intramolecular, x---1
stacking interactions of phenyl rings above and below the
Ag,Cl, ring.*®

The experiments with simple Ag(i) halides were further
extended to reactions of silver(i) pseudohalides, whose anions
are potentially polydentate. The reactions of silver(i) cyanide

This journal is © The Royal Society of Chemistry 2016
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with 1 at metal-to-ligand ratios of 1:1 and 1:2 produced iden-
tical, insoluble orange crystalline products, which were found
to be coordination polymer 6 (Scheme 3), wherein the linear
Ag(C=N-C),” moieties interconnect the Ag(1-xP)," fragments
into an infinite zig-zag chain.*® Although formal, this descrip-
tion is supported by the structural parameters determined for
solvated 6 (Fig. 4), showing that the Ag2-C bonds (Ag2-C50 =
2.055(2) A; Ag2-C60 = 2.053(2) A) are significantly shorter than
the Ag1-N bonds (Ag1-N50 = 2.341(2) A, Ag1-N60' = 2.344(2) A;
i=1/2 +x,1/2 —y, 1/2 + 2). Such a formulation further corres-
ponds to the high stability of the [Ag(CN),]” ions®! that may
be, together with solubility issues, responsible for the prefer-
ential formation of polymeric 6. Analogous complexes have
been isolated from reactions of AgCN with triphenyl- and
tricyclohexylphosphine.?**?

P\—N
n=1,2 CN— e A ~—
n=12_ —|—::Ag N=C—Ag C_N—];

P=N

AgCN +n1

6

3 /P—N
Ag—N=C=[S
S=C=N—Ag

n=1 |
s

S:g:l— —/Agvc

AgSCN +n1

Fig. 4 Section of the infinite chain in the structure of 6. The displace-
ment ellipsoids are scaled to the 50% probability level. For clarity, only
the pivotal atoms from the phenyl rings are shown, and the hydrogen
atoms are omitted (for a complete drawing, see the ESI¥).
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The Ag(CN),” connecting moiety in the structure of 6 is
essentially linear with a C50-Ag2-C60 angle of 175.86(9)° and
possesses Ag-C distances similar to those determined for iso-
lated dicyanoargentate(1—) anions.*® In contrast, the tetra-
hedral coordination environment of the second Ag(i) ion in the
structure of 6 is severely distorted, apparently due to the steric
demands of the phosphine ligands. This distortion can be
demonstrated by the interligand angles at Agl ranging from
96.27(6)-130.30(2)°, with the limits set by the N50-Ag1-N60
(most acute) and P1-Ag1-P2 (most opened) angles. The Ag1-P
distances are 2.4489(5) and 2.4527(5) A for P1 and P2, respec-
tively. Finally, the ferrocene units in the two structurally inde-
pendent phosphinonitrile donors exert negligible tilting (1.7(1)°
for Fel, 2.7(1)° for Fe2), and their cyanide pendants are
rotated away from the ligated Ag(1) ion so that the ferrocene
units adopt conformations around anticlinal eclipsed (¢ =
137.8(2)/—145.6(1)° for Fel/Fe2; ¢f. ideal value: 7 = 144°).

Unlike the previous case, the reactions of silver(i) thio-
cyanate with 1 (Scheme 3) led to different products when the
amount of 1 was varied, virtually paralleling the reactivity pat-
terns observed in the AgCl-1 system. Thus, the reaction of
AgSCN with one molar equivalent of 1 led to a cuboidal tetra-
meric complex 7, whereas the reaction at a Ag: P ratio of 1:2
produced a symmetrical, thiocyanato-bridged dimer [Ag(1-
KP),(1-SCN-S,N)], (8). Complexes 7 and 8 have different 'H
NMR signatures (in solution), and their *'P NMR resonances
were observed at dp ca. —1.0 and —2.6 ppm, respectively. The
bands of the uncoordinated nitrile groups (vc—y) in their IR
spectra were observed at positions similar to 1-5. On the other
hand, the absorptions attributable to stretching vibrations of
the thiocyanate groups differ (umax/cm_1; 7: 2122 m + 2094 vs
8: 2098 vs), reflecting different roles of these anionic ligands.

Repeated crystallization experiments with 7 only yielded
poor-quality crystals. For instance, those utilized for X-ray diffr-
action analysis contained heavily disordered chloroform (the
pendant CsH,CN moieties were also partly disordered) and
suffered from twinning. Although these complications lowered
the overall the structural determination is
unambiguous.

Compound 7 (Fig. 5) crystallized with four complete tetra-
mers per monoclinic unit cell (space group P2/n) and with two
halves of the [Ag(1-xP)(-SCN)], array in the asymmetric unit,
each located around the crystallographic two-fold axis. The
thiocyanate groups act as S,N-bridges between two silver atoms
at the elongated Ag,(SCN), faces. Their sulfur atoms further
coordinate silver atoms in adjacent Ag,(SCN), moieties and
thus interlink the final cuboidal assembly. Such an arrange-
ment formally corresponds with the bonding ability of the
SC=N moiety, namely with the number of lone electron pairs
available at the N and S atoms, and can be alternatively
described as a dimer of dimers (i.e., as [{(1-kP)Ag(SCN)},],), as
was suggested for the only analogous compound whose crystal
structure was determined: [(Ph,PPy-kP)Ag(p-SCN-S,S,N)], (Py =
2-pyridyl).>

The two independent heterocubanes found in the structure
of 7 differ only marginally, and their geometry is generally

precision,
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Fig. 5 PLATON plot of one of the structurally independent hetero-
cubane molecules in the structure of solvated 7 at the 30% probability
level. The prime-labeled atoms are generated by the crystallographic
two-fold axis. For clarity, hydrogen atoms and phenyl ring carbons
(except for pivotal ones) are omitted.

similar to that of the mentioned Ph,PPy analogue. Each silver
atom in 7 is surrounded by two sulfur atoms, a thiocyanate
nitrogen and a phosphine phosphorus, forming a distorted
tetrahedral donor set (see parameters in Table 3). The dis-
tances between Ag1 and the two bonded sulfur atoms (S20 and
S10) differ by ca. 0.13 A. A similar feature is also observed
for Ag4, while the Ag2 and Ag3 atoms bind to their two
S-thiocyanate ligands more symmetrically. The SCN-bridged
edges of the cuboidal assembly are bent at the nitrogen atoms

Table 3 Selected geometric parameters for the two independent tetra-
meric cages in the structure of solvated complex 7 (in A and °)°

Molecule 1 Molecule 2

Ag1-520 2.652(1) Ag3-540 2.660(1)
Ag1-N10 2.214(5) Ag3-N30 2.227(5)
Ag1-S10’ 2.782(1) Ag3-S30 2.770(2)
Agl-P1 2.389(1) Ag3-P3 2.391(1)
S20-Ag1-N10 96.7(1) S40-Ag3-N30 97.0(1)
$20-Ag1-S10’ 95.80(4) S40-Ag3-S30’ 96.62(4)
N10-Ag1-S10’ 97.3(1) N30-Ag3-S30’ 96.3(1)
P1-Ag1-S20 122.19(5) P3-Ag3-540 121.23(5)
P1-Ag1-N10 132.8(1) P3-Ag3-N30 131.8(1)
P1-Ag1-510 103.55(4) P3-Ag3-S30’ 106.18(5)
Ag2-510 2.648(1) Ag4-S30 2.638(1)
Ag2-N20 2.262(4) Ag4-N40 2.241(5)
Ag2-S20’ 2.660(1) Ag4-540’ 2.672(2)
Ag2-P2 2.397(1) Ag4-P4 2.387(1)
$10-Ag2-N20 100.2(1) S30-Ag4-N40 100.5(1)
$10-Ag2-S20’ 98.90(4) S30-Ag4-S40’ 99.56(4)
N20-Ag2-520' 98.3(1) N40-Ag4-5S40’ 100.8(1)
P2-Ag2-S10 110.44(4) P4-Ag4-S30 110.88(5)
P2-Ag2-N20 126.3(1) P4-Ag4-N40 127.5(1)
P2-Ag2-520’ 118.16(4) P4-Ag4-S40’ 113.69(5)

“The prime-labeled atoms are generated by crystallographic two-fold
axes (N.B. the symmetry operations are different for molecules 1 and 2).
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(Ag-N-C angles: 151.2(4)-157.8(4)°), which in turn results in
an expansion of the central part of the heterocubane core,
albeit without any notable twisting at the Ag,(SCN), faces.>®

As indicated above, compound 8 is a dimer in which the
thiocyanate anions interconnect two Ag(1-kP), units (Fig. 6). In
the crystal, its molecules are arranged around the inversion
centers and, hence, only their half is structurally independent.
Analogous structures have been reported for [L,Ag(p-SCN-S,
N)], with various monophosphine (L = PPh;,*” P(CsH,Me-4);,>®
P(C¢H4F-4);*° and Ph,PPy)*® and chelating diphosphine
donors.*® Similar to these compounds, the Ag-S3 and Ag-N3
distances in 8 are longer than the sum of the respective
covalent radii (Xreov = 2.50 (Ag/S) and 2.16 (Ag/N) A).

The eight-membered ring in the structure of 8 is rectangu-
lar in shape due to the presence of the rigid, rod-like SCN
bridges and the fact that the S-Ag-N angle of 93.79(4)° departs
considerably from the tetrahedral value, being diminished due
to the steric demands of the Ag-bound phosphines. The
central (AgSCN), ring has a chair-like conformation (Fig. S117)
with the silver atoms displaced by 0.541(1) A above and below
the “central” (SCN), plane."’ The latter plane thus appears
tilted by 14.2(7)° with respect to the {Ag, S3, N3'} plane but is
perpendicular to the plane defined by atoms Ag, P1, and P2.
Even in this case, the nitrile substituents at the ferrocene units
remain uncoordinated and are directed away from the phos-
phine groups (z = 152.0(1)° (Fe1) and 141.0(1)° (Fe2)).

To complete our investigation of the reactions of 1 with
silver() halides and pseudohalides, reaction tests were also
performed with silver(i) fluoride. Unfortunately, experiments
with AgF were complicated by the highly hygroscopic nature of
this salt and typically led to non-crystallizing, extensively

Fig. 6 PLATON plot of 8 showing the 30% probability displacement
ellipsoids. The prime-labeled atoms were generated by crystallographic
inversion. Hydrogen atoms and phenyl carbons (except for pivotal ones)
are omitted for clarity. Selected distances and angles (in A and °): Ag—P1
2.4589(5), Ag—P2 2.4763(5), Ag—S3 2.6365(5), Ag—N3’ 2.338(2), S3-C3
1.658(2), C3-N3 1.157(3), N1-C111 1.140(3), N2-C211 1.145(3), P1-Ag—
P2 120.27(2), P1-Ag-S3 116.06(2), P2-Ag-S3 107.71(2), P1-Ag-N3’
108.15(4), P2—Ag—N3' 107.28(4), S3-Ag—N3' 93.79(4), Ag—S3-C3 99.29(7),
S3-C3-N3178.7(2), C3—-N3—-Ag’ 158.0(2).
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decomposed reaction mixtures. Nonetheless, several of the
repeated experiments performed with AgF and 1 at Ag: 1 ratios
of both 1:1 and 1: 2 provided few crystals (always along with a
black tarry material) that were structurally characterized as a
dimer similar to 3 but with linear HF,™ bridges between the
Ag(1) centers, [Ag(1-kP),(n-HF,)], (9). Unfortunately, all crystals
obtained were affected by a substitutional disorder, resulting
from the alternation of HF,” and chloride anions as the
bridges in between the sterically encumbered Ag(1-kP),
units.*” The chloride ions necessary for the formation of 3
most likely came from the starting silver(i) salt*® or arose via
decomposition of the halogenated solvent. Yet another experi-
ment at a Ag: 1 molar ratio of 1:2 resulted in few crystals that
—despite their low quality and extensive disorders—allowed
the product to be unequivocally formulated as a hexafluorosili-
cate-bridged disilver() complex, [(p-SiFe){Ag(1-kP),},] (10).
Obviously, some hydrogen fluoride was formed by decompo-
sition of the hygroscopic AgF during the crystallization, which
in turn reacted with the starting AgF and 1 (or any 1-AgF inter-
mediate) to afford compound 9 or attacked the glass tube used
for crystallization, producing some H,[SiF¢] (or any hexafluoro-
silicate salt) and then complex 10. These rather unexpected
results prompted us to attempt at a reproducible synthesis of
10 and, mainly, to study the Ag(i)-1 complexes with “non-coor-
dinating” supporting anions in more detail.

To prepare 10 in a rational manner, defined Ag,[SiFs] was
synthesized from Ag,O and H,[SiFs] and reacted with four
equivalents of the phosphinonitrile ligand in chloroform. The
resulting mixture displayed a very broad *'P NMR resonance at
around 8p —2. The '’F NMR spectrum revealed one singlet at
8r —131 with *°Si satellites (‘Jsir = 115 Hz),"* suggesting a rapid
interchange or no interaction between Ag(i) and the anion in
solution. The IR spectrum of crystalline 10 contained band
attributable to the ligand’s C=N group and solvating acetone
at 2223 cm™' and 1705 cm™, respectively, and a strong band
due to the hexafluorosilicate anion (v; vibration at 749 cm™).

Crystallization from chloroform-acetone/hexane afforded
orange crystals of 10-JCHCl;-JMe,CO, which were structurally
characterized. The compound crystallizes with the symmetry
of the monoclinic space group C2/c, with both the solvent
molecules and the nitrile groups disordered (Fig. 7 and
Table 4). Otherwise, however, the molecular symmetry is
rather high because the silicon atom resides on the inversion
center, which in turn renders only the half of the complex
molecule structurally independent. The hexafluorosilicate
anion, symmetrically placed between two Ag(1-kP),, forms two
Si-F—Ag bridges toward each silver(1) ion. Coordination of the
[SiF¢]>~ anion results in a slight yet statistically significant
elongation of the bridging Si-F bonds (¢f. Si-F1/2 = 1.691(2)/
1.704(2) A vs. Si-F3 = 1.669(2) A (ref. 45)), though without
angular distortion of the octahedral anion (see the cis-F-Si-F
angles in Table 4). Because the bridging fluorine atoms are a
part of the [SiFg]*~ anion and thus occur in constrained proxi-
mal positions, the donor array around Ag(i) departs from a
regular tetrahedron even more than in the other structurally
characterized compounds that comprise two Ag(1)(1-xP),
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Fig. 7 PLATON plot of the complex molecules in the structure of sol-
vated 10, showing displacement ellipsoids at the 30% probability level.
For clarity, the hydrogen atoms and the less populated orientation of the
disordered C=N group at ligand 2 (Fe2) are omitted. Note: the prime-
labeled atoms are generated by crystallographic inversion.

Table 4 Selected interatomic distances and angles for solvated 10
(in Aand °)

Ag-P1 2.421(1) P1-Ag-P2 132.44(3)
Ag-P2 2.4160(9) P1-Ag-F1 89.93(6)

Ag-F1 2.542(2) P1-Ag-F2 122.30(6)
Ag-F2 2.482(2) P2-Ag-F1 130.00(6)
Si-F1 1.691(2) P2-Ag-F2 103.08(6)
Si-F2 1.704(2) F1-Ag-F2 56.68(7)

Si-F3 1.669(2) cis-F-Si-F 89.3(1)-90.7(1)

moieties connected by anionic bridging ligands. This distortion
is clearly manifested in the interligand angles ranging from
56.68(7)° for F1-Ag-F2 to 132.44(3)° for P1-Ag-P2. Because of
the twisting, the {Ag, F1, F2} and {Ag, P1, P2} planes are
rotated by 56.1(1)°, and the central Ag(p-F),Si(p-F),Ag moiety is
undulated (the dihedral angle of the {Ag, F1, F2} and {Si, F1,
F2} planes is 18.77(9)°; see Fig. S137).

While the Ag-P bond lengths in 10 fall within the common
ranges and below the sum of the covalent radii (2.421(1) and
2.4160(9) for P1 and P2, respectively; .o, = 2.52 A), the Ag-F
distances of 2.542(2) and 2.482(2) A for F1 and F2, respectively,
are considerably longer than the sum of the covalent radii
(Xreov = 2.02 A) as well as the Ag-F separations in the “true”
fluoride-bridged complex [(pu-FXAgL},|[BF,] (L = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene; 2.0671(7) and 2.0672(7)
A).*® This suggests a predominantly electrostatic nature of the
interaction between the Ag(1)(1-xP), units and the hexafluoro-
silicate anion whose closer contact is sterically hindered (N.B.
the anion is surrounded by four sterically demanding phosphino-
ferrocene moieties). In fact, the structure of 10 can be ade-
quately compared with only [Ag(MeCN),],[SiF¢] in which the
hexafluorosilicate anion interacts with four adjacent Ag(i) ions
(twice via two and twice through one fluorine atom).*”
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Dalton Transactions
DFT study of the bridged disilver(i) complexes

Peculiar structural features detected in the solid-state struc-
tures of 3-CH,Cl,, 8 and 10 led us to investigate the bonding
situation in these compounds theoretically using DFT calcu-
lations (details are given in the ESIT). As mentioned earlier, in
many cases, the observed bonding distances, particularly the
Ag-X (X = S, N, Cl and F) “dative bonds” in these compounds,
were found to be significantly longer than sum of the corres-
ponding covalent radii, raising the question of whether the
bonding has more ionic than covalent character. A useful clue
about ionicity can be derived from the partial charges assigned
by a population analysis. Although this assignment is some-
what arbitrary, as can be demonstrated by the sole existence of
several dozens of such partitioning schemes, the concept of
partial charges proved to be quite useful. We used a natural
population analysis (NPA)*® that has a rather small basis-set
dependence, but even the results of the basic Mulliken popu-
lation analysis were similar. In general, there is no correlation
between the charge transfer and strength of a donor-acceptor
bond.*”® For this reason, we also followed an unambiguous
description of bonding using the properties of the experi-
mentally observable electron density, applying the concepts
from the Atoms in Molecules (AIM) theory.>® Herein, we give
contour plots of the electron density in planes defined by the
Ag center and two coordinated atoms as well as their Lapla-
cian, the sum of the second partial derivatives with respect to
coordinates. The latter quantity indicates the local concen-
tration of electrons if negative and depletion if positive. Nega-
tive values of the density Laplacian around a critical bond
point (the saddle point of the electron density) indicate the
formation of a covalent bond with electrons concentrated in
this region.”® For ionic bonds, no such negative region exists,
and the density Laplacian remains positive. This property
allows for distinguishing between different types of bonding.

The bonding situation for compound 3 is depicted in Fig. 8
(for additional plots, see the ESI}). Already on the electron
density map, one can see an increased bonding density
between the Ag and P centers, but no such charge concen-
tration between Ag and Cl. The same projection mapping the
Laplacian of the electron density reveals a negative basin
between Ag and P and a positive region between Ag and Cl.
The NPA charges (in units of the elementary charge) for Ag, P
and Cl in 3 are 0.52, 0.88 and —0.74, respectively, corroborating
an ionic nature of the Ag-Cl bonding interaction.

In complex 8, the other coordination partners of Ag(i)
(besides the phosphine) are the N and S atoms of the thio-
cyanate ligand. The NPA charges for Ag, P, N and S are 0.48,
0.90, —0.59 and —0.30, respectively (the nitrogen in the SCN
ligand is significantly more negative than sulfur, which corres-
ponds to its higher electronegativity). The character of the
nitrogen coordination can be thus described as more ionic,
whereas that of sulfur is more covalent, as further indicated by
a basin in the negative Laplacian of the electron density shown
in Fig. 9. The situation observed for complex 10 (Fig. 9) is
quite similar to 3. The sum of the covalent radii for Ag and F
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Fig. 8 Contour plots of the electron density p(r) (top) and its Laplacian
Ap(r) (bottom) in the plane defined by Ag, P and Cl atoms for compound
3. All values are in atomic units.

is again significantly shorter than the observed Ag-F
separation, suggesting a prevalently electrostatic interaction
between the Ag(i) center and bridging anion. This observation
is in agreement with the calculated NPA partial charges for Ag,
P, F and Si of 0.56, 0.88, —0.67 and 2.46, respectively, and also
with the area of negative density Laplacian found between Ag
and F (Fig. 9). In contrast, the P—Ag dative bonds retained
their covalent nature in all studied cases (see additional plots
in the ESI}).

Complexes resulting from Ag(1) salts with weakly coordinating
anions

The phosphinonitrile ligand 1 in all its Ag(1) complexes with
anionic supporting ligands mentioned above behaves as a
simple phosphine. In order to enforce the coordination of the
nitrile moiety, we next investigated reactions between 1 and
silver(1) salts with common “non-coordinating” anions,” viz.
AgClO,, Ag[BF,] and Ag[SbF,]. Indeed, the reactions performed

This journal is © The Royal Society of Chemistry 2016
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with these salts at a 1:1 Ag: 1 molar ratio afforded symmetric,
dimer-like disilver(1) complexes 11-13 in which the two equi-
valent Ag(1) centers are connected by two P,N-bridging phos-
phinonitrile ligands (Scheme 4). However, the coordination
environments of the Ag(i) ions (in the solid state) are com-
pleted by compensating anions (ClO,” and [BF,]”) or the
solvent used during crystallization (ethyl acetate in the case of
the [SbF¢] salt).

The IR spectra of solid perchlorate 11 and tetrafluoroborate
12 contain bands related to vc—y at 2272/2283 cm™' and at
2275/2285 ecm'. The shift of these bands to higher energies
relative to free 1 suggests a low contribution of n-back bonding
to the C=N—Ag interaction.>® Also observed are strong bands
characteristic of the anions, namely composite v; bands of
ClO,™ and BF,~ at 1025-1125 and 995-1100 cm™ ", respectively.

Because the product isolated from the reaction of 1 with
Ag[SbF,] proved to be poorly soluble, it was recrystallized from
ethyl acetate/hexane.>® Under such conditions, however, the
plausible “primary” product was converted to [Ag{u(P,N)-1}
(AcOEt-kO)],[SbFe], (13). The coordination of the solvent is
indicated by a strong vc—o band in the IR spectrum of the crys-
tallized sample at 1703 cm™", shifted toward lower energies
with respect to ethyl acetate itself (1742 cm™" in a CCl, solu-
tion).>* The vc—y bands are observed at 2255 (m), 2267 (s) and
2280 (m) em™", while the [SbFe]” anion gives rise to a strong
band at 661 cm™.

Compounds 11 and 12 are isostructural and crystallize as
compact dimers around the crystallographic inversions centers
(Fig. 10, parameters in Table 5). The O- and F-monodentate
anions are located within the pocket defined by the bulky
phosphinoferrocene moieties. While the Ag-P and Ag-N bond
lengths are less than the sum of the covalent radii, suggesting
a real bonding interaction, the distances between the silver(i)
centers and O or F donor atoms from the anions markedly
exceed the respective “threshold” values (Yreo, = 2.11 (Ag/O)
and 2.02 (Ag/F) A). The P-Ag-N angles in 11 and 12 are
ca. 156° and 162°, respectively, with the more acute angle for 11
reflecting a closer approach of the “additional” donor to silver.
Otherwise, however, these angles suggest the cationic Ag(i)
centers to be essentially linearly dicoordinate, weakly interact-
ing with the counter anions. Such a description is in line with
the results of the DFT computations (vide infra).

]

X &
P—Ag—N P—Ag—N— X, P—Ag—N—] X,
N—Ag—P N—Ag—P N—Ag—P
X L
11 (X = ClO,) 13 14
12 (X = BF,) L = AcOEt, X = SbFg X = B(CgH3(CF3)2-3,5)4

Scheme 4 Synthesis of disilver() complexes 11-14.
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Fig. 9 Contour plots of the electron density p(r) (top panel) and its Laplacian Ap(r) (bottom panel) for compounds 8 (left part) and 10 (right part) in
planes defined by three atoms whose symbols are shown. All values are in atomic units.

The ferrocene units in 11 and 12 exert negligible tilting
(1.2(2)° and 1.6(1)°) and their substituents, now both involved in
coordination, adopt positions approximately halfway between
synclinal eclipsed (z = 72°) and anticlinal staggered (r = 108°).
In such a conformation, the C6-P and C1-CN bonds are nearly
perpendicular,”® giving rise to a side-by-side arrangement of
the two Ag(1) subunits. The PPh, moiety is oriented such that
the Ag-P bond is directed inward the Ag,(1), core.’® The CN
bond lengths in 11 and 12 are the same (within the 3o-level)
as in uncoordinated 1 (1.144(2) A).*®

As opposed to the structures of 11 and 12, the ethyl acetate
in 13 is directed to the sides of the Ag,(1), core and displaced
away from its center (Fig. 11). The coordinated oxygen atom
is closer to the Ag-bound phosphorus, diminishing the
P-Ag-01S and opening the N-Ag-O1S angle. As judged from
the displacement of the Ag atom from the plane of the directly
bonded atoms, P, N’ and X [0.076(1) A for 11 (X = O1), 0.116(1)
A for 12 (X = F1), and 0.227(1) A for 13 (X = 018)], twisting
of the coordination environment of the Ag(i) ion increases from
11 through 12 to 13. On the other hand, the conformation of
the ferrocene ligand in 13 is nearly the same as in 11 and 12.
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Eventually, the elusive [Ag,(1),]>" complex devoid of any
additional ligands at the Ag() ions was obtained from
the reaction between 1 and the silver(i) salt with tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (BARF) anion (Scheme 4).
The *'P NMR spectrum of 14 displays a doublet at &p
5.5 ppm with !, = 765 Hz, the relatively large 'Jagp
coupling constant being in accordance with the presence of
linear, sp-hybridized silver.*>®” The vc—y bands in the IR
spectrum of a crystalline sample are observed at 2282 (w)
and 2258 (s) em ™.

The structure of [Agx{u(P,N)-1},][BARF], (14; see Fig. 11)
resembles that of the analogous Au(1) complexes [Au,{u(P,N)-
1},]X,, where X = N(SO,CF3), and [SbF,],"” consisting of dis-
crete dimeric units [Au,(1),]*" and isolated anions. Because of
the absence of an additional donor protruding into the coordi-
nation sphere of Ag(i), the Ag-P/N distances in 14 are slightly
shorter, the P-Ag-N angle is less acute,’® and the ferrocene
substituents are rotated closer to each other (z = 80.1(2)°, tilt
angle: 2.7(2)°) than in the structures of 11-13. Additionally,
the Ag---Ag distances in 14 are the shortest among complexes
11-14, with the observed trend (14 < 12 < 11 < 13) reflecting

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 PLATON plots of the molecular structures of 11 (top) and 12
(bottom) showing displacement ellipsoids at the 30% probability level.
The hydrogen atoms are omitted for clarity. Note: the prime-labeled
atoms are generated by crystallographic inversion.

Table 5 Selected geometric parameters for disilver() complexes 11-14
(in Aand °)?

Parameter 11° 12° 134 14

X o1 F1 018 None
Ag-P 2.3564(7) 2.3513(5) 2.3583(9) 2.3508(6)
Ag-N 2.141(2) 2.124(2) 2.133(3) 2.120(2)
Ag-X 2.550(2) 2.624(2) 2.648(3) n.a.
P-Ag-N 156.50(6) 161.87(5) 161.67(8) 169.36(7)
P-Ag-X 112.59(4) 109.79(4) 92.90(7) n.a.
N-Ag-X 90.45(7) 87.03(6) 100.2(1) n.a.
Ag---Ag 5.6145(3) 5.5859(3) 5.9009(5) 5.4674(3)
C=N 1.140(3) 1.139(3) 1.135(5) 1.135(3)
C=N-Ag 171.7(2) 171.2(2) 170.8(3) 168.8(2)
T 87.2(2) 85.9(1) -87.1(3) 80.1(2)

“n.a. = not applicable. ” Further data: CI-O1 1.447(2), Cl-O2 1.419(2),
Cl-03 1.431(2), Cl-04 1.440(2). ‘Further data: B-F1 1.398(3), B-F2
1.364(3), B-F3 1.365(3), B-F4 1.397(3). ¢ Further data: C1S-01S 1.211(5).

the presence and size of the additional ligands coordinated to
the [Ag,(1),]*" moiety.

Upon increasing the amount of ligand 1 to 2 or even 3
equiv., the reaction with Ag[BF,] proceeded differently, leading
to an unusual coordination polymer [Ag{u(P,N)-1}(1-*P,
N)].[BF4], (15 in Scheme 5).°° The IR spectrum of crystalline 15
contains three bands attributable to C=N stretching vibrations

at 2242, 2228 and 2214 cm ™}, all shifted to lower wavenumbers
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Fig. 11 PLATON plots of the complex cations in the structures of 13
(top) and 14 (bottom). Displacement ellipsoids enclose the 30% prob-
ability level. All hydrogen atoms are omitted, and only one position of
the disordered ethyl acetate is shown (for 13) for clarity. Complete
structural diagrams are available in the ESI.T

Ag[BF4] +21 —— punAg

Scheme 5 Reaction of Ag[BF,] with 1 at a 1:2 metal-to-ligand ratio,
leading to 15.

compared to those of the dimeric complex 12. The anion gives
rise to a strong composite band between ca. 1085-1025 cm™".
Presumably because of its polymeric nature, compound 15
proved to be very difficult to crystallize. Eventually, one of the
numerous repeated experiments, during which the solvents,
sample concentration, temperature and mode of crystallization
were varied, produced crystals of solvate 15-AcOEt that were
suitable for X-ray diffraction analysis. The crystal structure of
15-AcOEt (Fig. 12 and Table 6) revealed tetracoordinate Ag()
centers, ligated from two bridging phosphinonitrile ligands
responsible for linear propagation of the polymeric chain and
further by another molecule of 1 bonded in a P,N-chelating
manner. Such a particular combination of P,N-bridging®® and
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Fig. 12 Section of the infinite polymeric chain in the structure of
15-AcOEt (30% probability ellipsoids). Hydrogen atoms are omitted for
clarity. The arrows indicate the propagation of the linear assembly.

Table 6 Selected distances and angles for 15-AcOEt (in A and °)*

Ag-P1 2.4345(7) Ag-P2 2.4402(7)
Ag-N1 2.485(2) Ag-N2' 2.330(2)
P1-Ag-N1 100.35(5) P2-Ag-N2' 99.65(6)
P1-Ag-N2! 120.83(6) P2-Ag-N1 108.90(6)
P1-Ag-P2 129.20(2) N1-Ag-N2! 90.94(8)
C111-N1 1.150(3) C211-N2 1.136(3)
C101-C111-N1 178.7(3) C201-C211-N2 177.9(3)
C111-N1-Ag 109.4(2) C211-N2-Ag" 159.9(2)
7 5.6(2) 7 144.6(2)
»1 5.3(2) ®2 2.1(1)

¢ Symmetry operations: i = x + 1, y, z; ii = x — 1, y, 2. 7,, is the torsion
angle Cn1-Cgn1-Cgn2-Cn6, ¢, is the dihedral angle of the cyclopenta-
dienyl planes.

chelating coordination of a phosphinonitrile donor is unpre-
cedented and leads to an abnormal geometry at the C=N-Ag
fragment.

As stated above, compound 15 is a coordination polymer in
which one of the phosphinonitrile donors bridges two adja-
cent Ag(1) centers related by elemental translation along the
crystallographic axis a in the space group P2,2,2,. The silver(i)
ion in 15 possesses a distorted tetrahedral P,N, donor set.
While the Ag-P distances to the two phosphine groups are
similar in length, the Ag-N1 separation pertaining to the che-
lating ligand is significantly longer (by ca. 0.16 A) than the Ag-
N2 bond involving the bridging phosphinonitrile, but both
Ag-N distances are well below the sum of the covalent radii
(Xreoy = 2.16 A). The CN group of the bridging ligand is co-
ordinated with a departure from linearity (Ag-N=C =~ 160°)
but is still within the ranges common for Ag(i) complexes with
nitrile donors (see the distribution in Fig. 13)."® In contrast,
the Ag-N=C angle of ca. 109° found for the chelating ligand is
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Fig. 13 Histogram showing the distribution of the C=N-Ag angles in
the structurally characterized Ag—nitrile complexes (the angle encoun-
tered for chelating 1 in complex 15 is indicated).

unusually acute. Indeed, compounds with C=N-Ag angles
below 110° are not entirely unprecedented but remain quite
scarce, being found in only 5 out of 1016 C=N-Ag fragments
(<0.5%)°" encountered in 853 structurally characterized Ag(1)-
nitrile complexes featuring the C-C=N-Ag moieties (repeated
structure determinations are not excluded). In neither case,
however, the coordinated bent nitrile group is a part of a
simple chelating ligand. Furthermore, the geometry encoun-
tered in the crystal structure of 15 also differentiates this com-
pound from transition metal complexes with n*-coordinated
nitriles, in which the C=N bonds are oriented laterally with
respect to the metal center and bonded in an approximately
symmetrical fashion (i.e., with d(M-CN) ~ d(M-NC); cf. Ag-N1/
C111 of 2.485(2)/3.065(3) A in 15-AcOEt).®

Notably, the conformation of the flexible phosphinoferro-
cene ligands in 15 changes with their coordination mode. The
ferrocene substituents in chelating 1 (Fel) are nearly synclinal
eclipsed, and the cyclopentadienyl rings are slightly tilted (by
ca. 5°). In contrast, the ferrocene moiety in the bridging ligand
has an opened conformation near ideal anticlinal eclipsed
that allows for efficient bridging while maintaining a relatively
compact arrangement without much steric crowding.

DFT study of the bonding situation in 11, 12 and 15

DFT calculations suggest that the bonding situation in dimeric
complexes 11 and 12 is similar to that in compounds 3 and 10.
The calculated NPA atomic charges on Ag, P and N are, in both
cases, approximately 0.61, 0.88 and —0.42, respectively. The
charges on the O atoms in the perchlorate anion in 11 range
from —0.80 to —0.90 (the most negative being the O atom co-
ordinated to silver), while those on the F atoms in the BF,”
anion of 12 are all ca. —0.56. The ionic character of the coordi-
nation of ClO,” and BF,” was confirmed by the positive elec-
tron density Laplacians (see the ESIT).

The coordination of the nitrile groups deserves more
comments. In general, nitrile ligands are weak m-acceptors

This journal is © The Royal Society of Chemistry 2016
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with usually insignificant z-back donation,’>** which can be
deduced from the negligible contribution of nitrile antibond-
ing 7m* molecular orbitals (MOs) to the occupied MOs of the
complex. The main components of the Ag-N coordination
bond are thus the o-donation of the nitrile lone pair to the
silver(i) ion and the electrostatic interaction.>” These general
conclusions from MO theory are supported by AIM concept.
The relevant cross-sections containing the Ag and N atoms
of the electron density map and its Laplacian are shown in
Fig. 14 (see also the ESIt). The region of the N atom is
essentially unperturbed upon coordination and shows a
charge concentration corresponding to a slight distortion of
the lone electron pair on N toward the Ag(i) center. The
nitrile group becomes more polarized upon coordination,
with partial charges changing from —0.32 (N) and 0.30 (C)
for the free ligand to —0.44 (N) and 0.42 (C) for the co-
ordinated one in both 11 and 12. Otherwise, the bonding
region resembles the situation for the closed-shell inter-
action and corresponds to the Coulomb interaction between
Ag and the nitrile group due to a significant partial charge
on N.49'52

Paper

Neither o-donation nor Coulomb interaction is sensitive to
the Ag-N-C coordination angle, which explains the unusually
small value of this angle observed for 15 and also applies to
model compounds F and G (Scheme 6) that were studied
instead of polymeric 15. The dependence of the (relative)
energy on the coordination angle is shown in Fig. 15, where
the all other coordinates were relaxed and the energy was mini-
mized with respect to them. The minima are quite shallow
corresponding to approximately 1-2kgT at room temperature,
thus allowing for adjustment of the coordination angle due to
other interactions without significant penalty.

GHo

c PPr12 N:C/Me
N
Fe g\

® PPh;

e, <o
3 PPhg
F G

Scheme 6 Model species for the DFT study.
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Fig. 14 Contour plots of the electron density p(r) (top panel) and its Laplacian Ap(r) (bottom panel) for compound 11 in planes defined by three
atoms whose symbols are shown (left part: P, Ag, O plane; right part: P, Ag, N plane). All values are in atomic units.
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Fig. 15 Dependence of the DFT-computed energy on the coordination
angle Ag—N=C (in the Ag—N=CCH5 fragment) with all other molecular
parts relaxed for the model compounds F (red curve) and G (blue curve).

Conclusions

Compound 1 combines two soft donor moieties of different
nature and coordination properties. Its reactions with silver(r)
salts containing common coordinating counter anions affords
crystalline mixed-donor silver(i) complexes in which the phos-
phinonitrile ligand coordinates as a simple phosphine donor.
The role of the supporting anions in the coordination of Ag(i)
depends on their ligating ability, reaction stoichiometry and the
solubility of the species present in the system. Thus, reactions
with silver(1) halides and pseudohalides with a limited amount
of 1 (ie., at a Ag:1 ratio of 1:1) produce complexes featuring
multiply bridging anions such as the heterocubanes 2, 4, 5 and
7 or the polymeric complex 6 built up from alternating
Ag(CN),” and Ag(1-«P)," units. Increasing the amount of the phos-
phinonitrile ligand results in a preferential formation of com-
pounds wherein the {Ag(1-xP),}" moieties are bridged by the
same anions, but in a simple p,-fashion (such in 3, 8 and 10).
DFT computations indicate covalent interactions between the
Ag(1) ion and phosphine phosphorus for these complexes (i.e.,
the formation of P—Ag dative bonds), while the interactions
between silver and the anionic ligands are largely electrostatic,
which in turn corresponds with an easy disintegration (or at
least fluxional behavior) of these compounds in a solution.

In contrast, reactions with Ag(i) salts possessing relatively
weaker coordinating anions at a 1:1 metal-to-1 ratio give rise
to [Ag,(n(P,N)-1),]*" cations in which the ligand’s nitrile group
completes the linear coordination environment of the Ag(i)
ion. Counter anions with a higher propensity to coordinate
form supportive weak interactions with the silver(i) ion (in the
solid state), being replaceable by other donors including sol-
vents. The “coordination” of both the nitrile moiety and the
anionic ligands in these species has a prevalently electrostatic
nature. Although rather counterintuitive, this bonding feature
reflects the hard-soft nature of the Ag-N, Ag-O and Ag-F inter-
actions and is also in agreement with the results of the pre-
vious theoretical studies.
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The results collected in this study indicate that the soft
phosphine moiety can be regarded as the primary coordi-
nation site in Ag(i) complexes with ligand 1, forming strong
covalent bonds toward the Ag(i) centers. On the other hand,
the coordination of the nitrile group (as well as the counter-
anions) probably has a supportive character, being predomi-
nantly electrostatic and thus less directional. Consequently,
the particular combination of donor moieties and structural
flexibility of 1 renders this metalloligand capable of “improvis-
ing” in the silver(r) complexes depending on the roles played
by other partners (ligands), mainly recruiting from the counter
anions, that further increase the overall structural diversity of
the resulting compounds.
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Synthesis and Catalytic Use of Gold(l) Complexes Containing
a Hemilabile Phosphanylferrocene Nitrile Donor

Karel Skoch, Ivana Cisafova, and Petr Stépnicka*™

/Abstract: Removal of the chloride ligand from [AuCI(1-kP)]
(2) containing a P-monodentate 1'-(diphenylphosphanyl)-1-
cyanoferrocene ligand (1), by using silver(l) salts affords cat-
ionic complexes of the type [Au(1)IX, which exist either as
cyclic dimers [Au(1)],X, (3a, X=SbF¢; 3¢, X=NTf,) or linear
coordination polymers [Au(1)],X, (3a’, X=SbFs; 3b’, X=
ClO,), depending on anion X and the isolation procedure. As
demonstrated for 3a’, the polymers can be readily cleaved
by the addition of donors, such as Cl~, tetrahydrothiophene
(tht) or 1, giving rise to the parent compound 2, [Au(tht)(1-
kP)]I[SbFs] (5a) or [Au(1-xP).][SbF.] (4a), respectively, of
which the last two compounds can also be prepared by
stepwise replacement of tht in [Au(1-«xP),][SbF¢]. The particu-
lar combination of a firmly coordinated (phosphane) and
a dissociable (nitrile) donor moieties renders complexes 3/3’

\

attractive for catalysis because they can serve as shelf-stable
precursors of coordinatively unsaturated Au' fragments,
analogous to those that result from the widely used
[Au(PR;)(RCN)IX catalysts. The catalytic properties of the Au-
1 complexes were evaluated in model annulation reactions,
such as the synthesis of 2,3-dimethylfuran from (2)-3-methyl-
pent-2-en-4-yn-1-ol and oxidative cyclisation of alkynes with
nitriles to produce 2,5-disubstituted 1,3-oxazoles. Of the
compounds tested (2, 3a’, 3b’, 3a, 4a and 5a), the best re-
sults were consistently achieved with dimer 3¢, which has
good solubility in organic solvents and only one firmly
bound donor at the gold atom. This compound was advan-
tageously used in the key steps of annuloline and rosefuran
syntheses.

/

Introduction

Interest in the coordination chemistry! of gold has been re-
cently revived, primarily because of rapid developments in the
field of homogeneous gold-catalysed reactions.” Compounds
that are typically employed as catalysts (or catalyst precursors)
in gold catalysis are simple Au” salts,>® gold-carbene com-
plexes®* and, mainly, stable Au' phosphane complexes of the
type [AuCI(PR;)], which are typically activated in situ by the re-
moval of the metal-bound halide with Ag' salts.”) However, the
latter approach can result in the formation of Au-Ag bimetallic
systems, the reactivity of which may differ from that of the cor-
responding Au-only catalyst. This so-called silver effect in gold
catalysis has stirred up a vigorous debate®™ and has also
prompted a search for defined, silver-free Au' catalysts.” In ad-
dition to the very popular use of the solubilizing NTf,” coun-
terion,”’ the most successful of these newly introduced com-
pounds appear to be cationic complexes of the type
[Au(PR,)(RCN)I* with easily dissociated nitrile ligands (e.g.,
compounds A and B in Scheme 1), which presumably serve
as precursors for the catalytically active (R;P)Au™ species.
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Recently, we synthesised 1'-(diphenylphosphanyl)-1-cyano-
ferrocene (1 in Scheme 1)"” which can be regarded as
a donor-asymmetric'” analogue of the ubiquitous 1,1'-bis(di-
phenylphosphanyl)ferrocene (dppf).'? In view of the unexpect-
edly versatile coordination behaviour of 1 towards Cu',"” we
decided to study the interactions of this ligand with Au', the
softest Group 11 metal ion."® Herein, we describe the synthesis
of structurally unique Au'-1 complexes (Scheme 1, bottom) and
report on their catalytic applications in selected Au'-mediated
organic reactions.
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Results and Discussion

Synthesis of the Au' complexes with ligand 1

The syntheses and mutual interconversions of Au' complexes
with phosphanylnitrile 1 as a ligand are illustrated in
Scheme 2. Ligand 1 reacts cleanly and rapidly with [AuCl(tht)]

PPh
@ : [AuCiI(tht)]
Fe [AuCI(1)]
@\CN 2

! w(tht)ﬂ[SbFel Buwy

BuyNCI
[Au(1)(tht)][SbFg]
5a

[Au(tht),][SbFg]

/ m AgX
[Au(1),JISbF4] L (AU,
4a X/n = SbFg/2 (3a)

SbFg/polymer (3a")
ClO4/polymer (3b')
NTf, 72 (3¢c)

Scheme 2. Synthesis and mutual conversions of Au' complexes with phos-
phanylnitrile 1 (tht=tetrahydrothiophene).

(tht=tetrahydrothiophene) to afford the expected phosphane
complex [AuCl(1-xP)] (2).'* In the 'H and *C NMR spectra of 2,
there are characteristic signals assigned to the phosphanylfer-
rocene ligand, whereas the *'P NMR spectrum displays a res-
onance at d,= +28.1 ppm. The crystal structure of 2 (Figure 1)
reveals the typical linear coordination around the Au' centre."
The ferrocene cyclopentadienyls in P-coordinated 1 are negli-
gibly tilted (the dihedral angle of the cyclopentadienyl planes

Figure 1. View of the molecular structure of chlorogold(l) complex 2. Select-
ed bond lengths [A] and angles []: Au—P 2.2287(6), Au—Cl 2.2891(7), C11-N
1.144(4), Fe—Cg1 1.639(1), Fe—Cg2 1.637(1), P-Au-Cl 176.25(2), C1-C11-N
178.8(3).
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is only 1.0(2)°) and assume a synclinal eclipsed conformation
with a torsion angle of 71.3(2)° for C1-Cg1-Cg2-C6 (r; see
Ref. [12a]; note that Cgl and Cg2 are the centroids of the
cyclopentadienyl rings C(1-5) and C(6-10), respectively). No in-
teractions between the gold atom and the nitrile groups"® or
aurophilic contacts'” were detected in the solid-state structure
of 2.

Complex 2 reacts smoothly with silver(l) salts to give the
corresponding cationic complexes with the general formula
[Au(1)],X, (Scheme 2)."® Depending on anion X and the isola-
tion procedure (additives) used, these compounds are isolated
either as symmetric dimers, in which the phosphanylnitrile
connects two gold centres as a PN-bridge (3), or as coordin-
ation polymers, in which the ligands play a similar role albeit
in an linearly propagating chain (3'). For example, the reaction
of 2 with Ag[SbF4] gives polymeric [Au(1)],[SbF4], (3a’). Analo-
gous perchlorate salt 3b’, obtained in a similar manner, is
rather unstable and cannot be crystallised because it readily
decomposes. However, the insolubility of 3b’ in common solv-
ents attests to a similar polymeric structure. In contrast, the re-
action between 2 and AgNTf, reproducibly affords the reason-
ably soluble dimer [Au(1)],(NTf,), (3¢).

The preferred formation of only one type of product under
analogous conditions appears to be controlled by an interplay
of the relative solubility of the hypothetical Au(1)X fragments
(as such or solvated) and their overall crystallisation properties.
The distinct influence of the synthesis conditions on the aggre-
gation state of the [Au(1)],"" species can be further highlight-
ed by the serendipitous isolation of complex 3a,"® an isomer
to 3a’, in which the structure of the dimeric [Au,(1),]*" motif is
associated with two [SbF¢]~ anions.*”

Importantly, the reaction that leads to compounds 3 can be
easily reversed by the addition of [Bu,N]Cl as a chloride source
(as demonstrated for 3a’, see Scheme 2). The cleavage of the
multi-gold assemblies can be also achieved by the addition of
other donors, such as 1, tht or even a donor solvent (e.g.,
MeCN). Thus, polymer 3a’ readily dissolves upon the addition
of 1 to afford the monogold(l) species [Au(1-«kP),][SbF¢] (4a), in
which the two phosphanylnitrile ligands coordinate as equiva-
lent P-monodentate donors.”" The same product can be pre-
pared directly by the treatment of [Au(tht),][SbF,] with two
equivalents of 1. A similar reaction at the Au/1 molar ratio of
1:1 provides a product with an intermediate level of substitu-
tion, [Au(1-kP)(tht)ISbF, (5a), which can be converted to 4a by
the addition of another equivalent of 1. Complex 5a also re-
sults from cleavage of polymer 3a’ with tht and can be trans-
formed back to the parent complex 2 upon treatment with
[Bu,NICI (Scheme 2).

The crystal structures of 3a, 3a-Me,CO,*” 3¢ and 4a were
determined by using X-ray diffraction analysis and are present-
ed in Figure 2 and in the Supporting Information.”** Selected
geometric parameters are given in Table 1. The Au—P bond
lengths in these compounds do not differ greatly from those
of parent complex 2. A slight yet statistically significant elonga-
tion of the Au—P bonds in 4a (compared with complexes 3/3’)
can be attributed to steric repulsion of the proximal phos-
phane moieties. The variation in the lengths of the C=N bonds

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. View of the cations in the crystal structures of 3a, 3a"-Me,CO and
4a. For the conventional displacement ellipsoid plots and structural drawing
of 3¢, see the Supporting Information.

Table 1. Comparison of the pertinent geometric parameters of 3a,
3a"Me,CO, 3c and 4a.”!

3a 3a“Me,CO 3¢ 43"
bond lengths [A]
Au—P 2.225(2) 2.2246(9) 2.232(1) 2.3104(8)/2.3140(8)
Au—N 2.035(4) 2.028(3) 2.035(3) -
N=C 1.139(8) 1.143(5) 1.142(5) 1.148(4)/1.136(6)
Fe—Cg1 1.645(3) 1.651(2) 1.645(2) 1.649(1)/1.645(2)
Fe—Cg2 1.642(3) 1.644(2) 1.650(2) 1.648(2)/1.643(1)
angles [°]
P—Au—N 175.1(1) 179.4(1) 173.4(1) 175.43(2)9
Au—N=C 168.2(5) 173.9(3) 168.0(4) -
tilt 2.9(4) 3.3(2) 3.4(3) 3.6(2)/4.3(2)
T —60.6(5) —66.8(3) —782(3)  —142.0(2)/75.5(2)

[a] Cg1 and Cg2 are the centroids of cyclopentadienyl rings C1-5 and
C6-10, respectively; tilt is the dihedral angle of the cyclopentadienyl
planes; 7 is the torsion angle of C1-Cg1-Cg2-C6. [b] Data for ligand

1 (Fel)/ligand 2 (Fe2). [c] P1-Au-P2 angle.

is only marginal (both in the series and with respect to uncoor-
dinated 1), which indicates that the bonding and back-
bonding components of the Au—NC dative bond counteract
each other, and thus result in marginal changes in the bond
order. This corresponds to a decrease in the ratio between the
m-acceptor and o-donor abilities of the nitrile donors with re-
spect to, for example, the isonitrile and CO ligands.?® Overall,
the Au-donor separations and the interligand angles in com-
pounds 3 and 3’ are similar to those reported previously for
[Ph;PAU(NCMe)][SbF,™® and similar complexes with 2-phos-
phanylbiphenyl ligands (type B in Scheme 1),?? while the
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Au—P bonds in 4a compare well with the data determined for
complexes [Au(PR,),]X, in which R/X=Me/PF,?” Ph/NTf,,*® Ph/
NO,** and FcCH,PPh,/CIO, (Fc =ferrocenyl).2”

The conformations of the ferrocene units in complexes 3/3’
are all nearly synclinal eclipsed (ideal value: 72°). One of the
two structurally independent molecules of ligand 1 in the
structure of 4a has a similarly compact conformation (Fe2),
whereas the other ligand molecule adopts an anticlinal
eclipsed conformation, which renders the donor substituents
at the ferrocene unit more distant (Fe1).

Catalytic evaluation of the Au-1 complexes

The mutual interconversions of the Au' complexes with ligand
2 described above clearly demonstrate the hemilabile nature™”
of the cationic Au-1 species, which results from different
strengths of the Au-donor bonds. Apparently, the phosphane
donor moiety acts as a firmly bound pivot in these com-
pounds, whereas the CN—Au bond can be readily cleaved by
neutral and anionic donors. Such a facile splitting of the
parent structure to provide coordinatively unsaturated frag-
ments, and their possible reassembly to allow for self-stabilisa-
tion of these intermediates, renders these compounds attrac-
tive for use in catalysis.

Catalytic properties of the Au-1 complexes were evaluated
with some known ring-forming reactions;®" first, in the cyclisa-
tion of (2)-3-methylpent-2-en-4-yn-1-ol ((2)-6) to 2,3-dimethyl-
furan (7 in Scheme 3). In general, this reaction and similar

Me Me
H—= \ [Au] ﬂ\
HO '> o~ Me
(Z2)-6 7

Scheme 3. Gold-catalysed cycloisomerisation of (2)-6 to 2,3-dimethyl-furan

(7).

transformations represent an attractive route to furan deriva-
tives, and although a vast number of transition-metal com-
pounds have been tested in this area,®” applications of Au'
catalysts to this particular cyclisation of 2-en-4-yn-1-ols still
remain quite rare 34

The results obtained with the Au-1 complexes (Table 2) indi-
cate a superior performance of the 3-type compounds, which
achieve full conversions of (2)-6 to 7 at catalyst loadings as
low as 0.01%. Even at this scale, the reactions quickly reach
completion (being typically complete within less than 5 min)
and are strongly exothermic, which becomes evident when the
experiments are performed without any solvent and on
a larger scale. The best results were obtained with complex 3¢,
the solubility of which ensures rapid and complete dissolution
of the catalyst in the reaction mixture. However, compounds
with two strongly coordinated ligands (phosphane and chlor-
ide in 2 and 4a), and 5a, proved to be less efficient, which
became particularly evident at low metal loadings.?*

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Summary of the catalysis results achieved with Au'-1 complexes
in the cyclisation of (2)-3-methylpent-2-en-4-yn-1-ol.”’
Catalyst Au loading [%] Yield [9%]®
[AuCl(tht)] 0.1 82
2 0.1 65
3a’ 0.1 quant.
3a’ 0.01 45
3b’ 0.1 quant.
3b’ 0.01 22
3c 0.1 98
3c 0.01 quant.
4a 0.1 0
5a 0.1 quant.
5a 0.01 17
none 0 0
[a] Conditions: reaction in CHCl; at RT for 30 min. The yields are the aver-
age of two independent runs and are given relative to the major (2)-
isomer of the starting enynol ((2)/(E) ~90:10). [b] Yield determined by
using NMR spectroscopy.

These promising results led us to demonstrate the useful-
ness of the Au-1 catalysts under practically relevant conditions.
When the cyclisation reaction was carried out with 3c
(0.01 mol %) in the absence of any solvent at a 50 mmol scale
(under ambient conditions for 30 min®), it afforded furan 7 in
an isolated yield of 92% after simple distillation.®” The turn-
over frequency (TOF) for catalyst 3¢ used in this reaction was
as high as 2x10° h™'.®¥ Unfortunately, a further reduction of
the catalyst loading to 0.001 mol% markedly decreased the
conversion (only ~35% 7 was formed at 80°C over 72 h).

A similar annulation of (2)-3,7-dimethyl-2,6-octadien-4-yn-1-
ol (8) to give 3-methyl-2-(3-methylbut-2-en-1-yl)furan or rose-
furan (9 in Scheme 4),*" which is a constituent of natural es-

(2)-8

Scheme 4. Gold-catalysed cycloisomerisation of 8 to rosefuran (9).

sential oils,"” required more forcing conditions, most likely be-
cause of the lower reactivity of the internal triple bond present
in the substrate. For example, no cyclisation product was de-
tected when neat enynol 8 was treated with 3¢ (0.1 mol %) at
room temperature for 20 h, whereas heating the reaction mix-
ture to 80°C for 40 h resulted in only a 4% conversion. On in-
creasing the catalyst amount to 0.5 mol%, however, the reac-
tion proceeded with complete conversion within 2 h at 60°C
and gave pure rosefuran in 91% vyield after column chroma-
tography.

In a continuation of our catalytic tests, we turned to the syn-
thesis of 1,3-oxazoles™” by an Au-mediated oxidative cyclisa-
tion of alkynes with nitriles in the presence of N-heterocyclic
N-oxides,*? which offers an attractive alternative to conven-
tional synthetic approaches.”® The initial screening experi-
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ments were carried out with the reaction between acetonitrile
and phenylethyne to provide 2-methyl-5-phenyl-1,3-oxazole
(12a in Scheme 5; the crystal structure of 12a is presented in
the Supporting Information).

| DIo®

u

"Py—O" Ph[)\Me N* lTj*
(on Me O-
13 14

MeCN + PhAC=CH ————>
(10a)  (11a)
12a

Scheme 5. The model Au-catalysed oxidative cyclisation of terminal alkynes
with nitriles to give 1,3-oxazoles and structures of the N-oxides employed in
this reaction.

The results (Table 3) clearly differentiated the catalysts.
Whereas the coordinatively saturated complexes 2, 4a and 5a,
as well the precursor [AuCl(tht)], provided 12a with only poor

Table 3. Summary of catalysis results obtained with various Au' catalysts
in the model reaction to give oxazole 12a.?

Catalyst Yield with Yield with
N-oxide 13 [%] N-oxide 14 [%]

[AuCl(tht)] 7 n.a.

2 ~15 n.a.

3a’ 50 83

3b’ 33 33

3c 78 88

4a 12 n.a.

5a 44 n.a.

[a] Conditions: phenyl acetylene (0.250 mmol) and N-oxide (0.325 mmol,
1.3 equiv) were reacted in the presence of the Au catalyst (5 mol%) in
acetonitrile (2.5 mL) at 60°C for 24 h. The isolated yields are given as the
average of two independent runs; n.a.=not available.

yields, compounds 3 performed much better. Similar to the
previous tests, the best results were obtained with dimer 3¢,
which afforded 12a in an isolated yield of 78%. A further in-
crease in the yield, though not for all of the complexes (see
also the results for practically insoluble 3b’ in Table 3), could
be achieved by replacing N-oxide 13 with its more bulky coun-
terpart 14.12

The reactions performed next with different substrates
(Scheme 6, data in Table 4) demonstrated that the cyclisation
of ring-substituted phenylacetylenes with 3c and 14 in aceto-
nitrile gives the respective 2-methyloxazoles in very good iso-
lated yields. A similar result was attained with propionitrile, but

RION + REGZCH —— 0 /()\
2 1
(10 (1) N R R
N"’
|

Me O
14

Scheme 6. Au-catalysed synthesis of 2,5-disubstituted 1,3-oxazoles.
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Table 4. The substrate scope tests for the reaction to give oxazoles 12.”

Nitrile Alkyne Product Yield [%]
MeCN (10a) C4HsC=CH (11a) 12a 88
10a 4-MeC¢H,C=CH (11 b) 12b 92
10a 4-MeOC¢H,C=CH (11 ¢) 12¢ 92
10a 4-CF,C4H,C=CH (11d) 12d 72
10a 4-BrC,H,C=CH (11e) 12e 82
EtCN (10f) 11a 12f 85
CH,=CHCN (10g) 1a 129 46
PhCN (10h)*™ 1a 12h 73

[a] Conditions: alkyne, catalyst 3¢ (5 mol%) and 14 (1.3 equiv) were react-
ed in neat nitrile at 60 °C for 24 h unless specified otherwise. The isolated
yields are given as the average of two independents experiments. Note:
The first entry is repeated from Table 3 for a comparison. [b] Reaction
with the nitrile (6 equiv) in chlorobenzene (2 mL).

the reaction with the generally more reactive acrylonitrile fur-
nished 12g in only 46 % yield.

Encouraged by the successful screening experiments, we set
out to employ this [2+2+ 1] annulation in the preparation of
a naturally occurring oxazole alkaloid annuloline (15;
Scheme 7). The nitrile required for this cyclisation, (2F)-3-
(3,4-dimethoxyphenyl)-2-propenenitrile (18), was obtained in

Meo:©/ Br Z>CONH, MeOD/\/CONHZ
- Tz .
MeO Pd(OAc), (1 %) MeO

P(2-CgH Me); (4%)

16 AcONa/DMF 17
OMe POCly
pyridine
o A e MeO XxCN
MeO P -~
N 3¢ (5%) 14 (1.3 equiv) pmeo
excess nitrile in PhCI 18
MeO

Scheme 7. Synthesis of annuloline 15 by Pd-catalysed cross-coupling and
Au-mediated cyclisation.

two steps through a Pd-catalysed Heck coupling of 4-bromo-
veratrole (16) with acrylonitrile and subsequent dehydration of
formed amide (E)-17. The dehydration was associated with
a partial isomerisation at the double bond, which led to an ap-
proximately 90:10 mixture of the (E) and (2) isomers; however,
the latter isomer could be easily removed by a single recrystal-
lisation from ethyl acetate/heptane. It is notable that the Heck
coupling of 16 with acrylonitrile, which could be suggested as
a direct route to nitrile 18, proved to be less practical due to
its lower selectivity (a =2:1 mixture of (E)- and (2)-18 was ob-
tained under otherwise similar conditions).

The subsequent cyclisation of 18 with 11c and N-oxide 14
was performed in chlorobenzene with three molar equivalents
of the nitrile with respect to 11¢ and 5mol% of 3¢ as the
catalyst. Gratifyingly, the reaction proceeded smoothly (at
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60°C for 24 h) and provided analytically pure 15 in 63 % yield
after column chromatography, during which the majority of
the unreacted nitrile could also be recovered (2.1 equiv of 18
was isolated). On the whole, this four-step synthesis represents
a high-yield and convergent approach towards annuloline
(=34 % with respect to 16) that obviates the use of advanced
and/or expensive starting materials and reagents and tedious
experimentation, and even avoids unwanted isomerisation at
the double bond in the styryl moiety. As such, it represents
a practical alternative to the methods reported earlier.**><4¢

In addition to the cyclisation route presented above, another
approach to 15 has been investigated based on the Heck
coupling of the respective 2-vinyl-1,3-oxazole and 16.4% In
a pilot experiment, oxazole 12 f was employed as a model sub-
strate and was treated with 16 in the presence of a Pd catalyst
under conventional Heck conditions. However, the reaction did
not proceed to any appreciable extent, leading instead to
a complete decomposition of the oxazole, whereas 16 re-
mained unchanged.””

Conclusion

Abstraction of the chloride ligand from [AuCl(1-kP)] (2) gives
rise to structurally remarkable cationic complexes [Au(1)],X,,
the degree of association (n) of which in the solid state (dimer
vs. polymer) can be controlled by the counterion X, presume-
ably through modulation of the solubility and crystallisation
properties of plausible “Au(1)X” intermediates. In these com-
pounds, the structurally flexible 1-(diphenylphosphanyl)-1-
cyanoferrocene (1) behaves as a bridging hemilabile donor,
which makes use of both of its donor moieties.*® However,
the relatively weaker coordination of the nitrile groups allows
for an easy disaggregation of these multinuclear compounds
upon the addition of donors and thus makes them an attract-
ive and practical source of coordinatively unsaturated Au' spe-
cies that are potentially capable of self-stabilisation through
equilibria between the mononuclear (solvated) fragments and
their aggregated form. The fact that the [Au(1)],X, complexes
can indeed serve as a reservoir of catalytically active, low-nu-
clear gold species was established for selected organic
transformations. The catalytic experiments revealed a consist-
ently superior performance of the most soluble derivative, 3¢,
in which the dimeric motif {Au,(1),}*" pairs with the NTf,”
anions. This compound, in particular, emerges as an attractive
(shelf-stable and well-defined) catalyst for gold-mediated or-
ganic reactions, which still rely predominantly on ill-defined
species generated in situ from chlorogold(l) complexes with
various supporting ligands and silver(l) salts or on the relatively
unstable cationic B-type complexes.
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