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Metal Complexes of a Redox-Active [1]Phosphaferrocenophane:
Structures, Electrochemistry and Redox-Induced Catalysis

Alexander Feyrer,@ Markus K. Armbruster,! Karin Fink,! and Frank Breher*l

Dedicated to Prof. Dieter Fenske on occasion of his 75! birthday.

Abstract: The synthesis and characterisation of several metal
complexes of a redox-active, mesityl(Mes)-substituted [1]phos-
phaferrocenophane, FcPMes (1), are reported. Cyclic voltammetry
studies on the bimetallic complexes [M(x'P-1)(cod)CI] (M = Rh: 2; M
= 1Ir: 4), [Rh(x'P-1),(CO)CI] (3) and [AuCI(x'P-1)] (5), in conjunction
with DFT calculations, provided indications for a good electronic
communication between the metal atoms. In order to confirm that the
ferrocenophane unit might be able to electrochemically influence the
reactivity of the coordinated transition metal, the rhodium complex 2
was employed as stimuli-responsive catalyst in the hydrosilylation of
terminal alkynes. All reactions were greatly accelerated with in situ
generated 2* as a catalyst as compared to 2. Even more importantly,
a markedly different selectivity was observed. Both factors were
attributed to different mechanisms operating for 2 and 2* (alternative
Chalk-Harrod and Chalk-Harrod mechanism, respectively). DFT cal-
culations revealed relatively large differences for the activation
barriers for 2 and 2* in the reductive elimination step of the classical
Chalk-Harrod mechanism. Thus, the key to the understanding is a
cooperative “oxidatively induced reductive elimination” step, which
facilitates both a higher activity and a markedly different selectivity.

Stimuli-responsive homogeneous catalysts whose activity and/or
selectivity can be modulated by an external, non-invasive
stimulus have been the subject of many current research
activities.Il Most efforts so far have been devoted to on-—off
switching of catalytic activity. Selected examples containing a
redox-active metalloligand, which were employed in redox-
switchable/redox-induced catalysis, are depicted in Scheme 1.
Pioneering work in this area have been performed by Wrigthon
and co-workers by employing the oxidised and reduced form of |
in  rhodium-catalysed hydrogenation and hydrosilylation
reactions.”! In following years, the redox-controlled polymeri-
sation has received much attention by various groups (e.g., Il —
IV, VIII.B* More recently, some gold complexes featuring
redox-responsive carbene ligands (V, VI) have been success-
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fully applied in redox-induced gold catalysis.®! Our group has
reported on bimetallic complexes of the closely related, redox-
active C-% and Ge-based”! metalloligands (VII, IX). The
electronic metal-to-metal communication, e.g. for IX, was found
to be efficient due to the close proximity of the metal atoms.
Applications in stimuli-responsive catalysis have, however, been
hampered so far due to the high moisture sensitivity of the
complexes. We have therefore turned our focus to phosphine-
based metalloligands while retaining the arrangement of the
metal atoms in the same region of space. Even though
[1]phosphaferrocenophanes!® were studied in great detail in the
past, mainly for the synthesis of metallopolymers, investigations
of their transition metal complexes — especially the role of the
ferrocenophane unit®! as a redox-active ligand — are rare. In
view of our interest to explore cooperative effects in multimetallic
complexes!'” we present herein our studies on their applicability
in redox-switchable/redox-induced catalysis.
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Scheme 1. Selected redox-switchable bimetallic complexes from the literature.
Most of them have been applied in redox-switchable/redox-induced catalysis.

The metalloligand 19! (Scheme 2) was prepared according to
published procedures from dilithiated ferrocene TMEDA adduct
and MesPCl, and obtained as dark-red needles after work-up.
The complexes 2, 4 and 5 were prepared by adding 1 to a
solution of the respective metal precursor at low temperatures
and obtained in good yields as orange to red needles (2 and 4)
or as dark-red crystals (5) after crystallisation (Scheme 2).
Reaction of 2 with CO in dichloromethane or toluene led to
complex 3 instead of the expected bis(carbonyl) complex (3’)
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and was obtained as an orange solid after work-up (see also
footnote [11]). All complexes are slightly air-sensitive with 5
being additionally sensitive to light. Upon coordination to a
transition metal fragment, the 3'P NMR chemical shifts are
detected at higher frequencies (831p = 25.4 — 37.5 ppm) as
compared to the free ligand (831 = 2.8 ppm; see Table S1-1,
Supporting Information) showing for the rhodium complexes
additional couplings of 'Ugnp = 156.4 Hz (2) and "Jrnp = 122.7 Hz
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Scheme 2. Synthesis of 1-5.

Single crystals of all multimetallic complexes suitable for
structure determination by X-ray diffraction were obtained and
confirmed the identities of the products (Figure 1). The rhodium
and iridium atoms in 2, 3, and 4 are coordinated in the expected
square-planar geometry. The M—P distances are in accordance
with those of similar structures. The gold atom in 5 exhibits the
expected linear geometry with d(Au-P) = 222.3(4) pm in the
normal range. In all structures, the bonding motifs of the
ferrocenophane unit are not much influenced upon coordination
to a transition metal (see section S2 of the Supporting
Information). The distances between the iron atom(s) and the
respective transition metal are very similar for 2 (460.0 pm) and
4 (458.7 pm), and are shorter in 3 (450.5 pm) and 5 (433.5 pm).

Figure 1. Molecular structures of the complexes 2-5. Selected distances (pm):
2: Fe'Rh 460.0(2), Rh—P 229.8(1); 3: FeRh (av.) 450.5(1), Rh—P (av.)
231.2(1); 4: Ir-Fe 458.7(2), Ir=P 229.6(1); 5: Fe"Au 433.6(2), Au—P 222.3(4).
See also section S2 of the Supporting Information.

The electrochemical properties of all titte compounds (1-5) were
probed with the aid of cyclic voltammetry. The E%, values for the
iron-centred oxidation (strongly) depend on the coordinated
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transition metal fragment. The largest effect is observable when
pure ligand 1 (E%;, = -0.01 V) is compared with the gold
complex 5 (E%;; = 0.44 V, Figure 2a). For the dinuclear
complexes, anodic shifts of the first, iron-centred redox events
are observed in the series 1 <2 ~ 4 < 5 (Table 1). This trend
nicely confirms the electronic communication between the metal
atoms in these scaffolds.

Table 1. Half-wave potentials, peak potential differences and corresponding
ipc/ipa Values of 1-5 in CH2Cl2 vs. Fc/Fc® (internal standard); v = 100 mV/s.

Compound  E%p/V AE, | mV inclipa

1 -0.01 104 ~1

2 0.07/0.39 68 /106 ~0.7/~1
3 0.13/0.30 101 /106 ~1/~1
4 0.122b 96° ~12

5 0.44 99 ~1

a v =50 mV/s; ® A second redox event was observed at E%,, = 0.48 V, which
presumably belongs to the Ir(l)/Ir(Il) couple. However, the intensity was found
to be much lower (see Section S3).

For some complexes, e.g. 2 (Figure 2), a second redox event
was observed at E%(2) = 0.39 V, which was attributed to the
Rh(1)Rh(Il) couple, as previously discussed.'? It has to be
noted, however, that we consequently had to use the electrolyte
[NBu4][A{OC(CF3)3}4] 1'®! containing a weakly coordinating anion
for our studies. Even under these consitions, the first oxidation
of 2 at E%;x(1) = 0.07 V shows only quasi-reversible behaviour
with ipd/ipa = 0.7 and AE, = 68 mV (see also section S3).

a)

02 pA 1 ] o2
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Figure 2. (a) Cyclic voltammograms of 1 (green), 5 (red) and 2 (blue) in
CH2Cl2 vs Fc/Fc*; v = 100 mV/s, PY/[NBus][A{OC(CF3)s}aJ/Ag. (b) Overlaid
calculated structures of q3’ (fogged background) and q3’* (foreground) and q2
and q2*, both including calculated spin density of q3’* and g2* obtained at the
B3LYP/def2-TZVP level.

DFT computations were performed on the neutral and cationic
rhodium carbonyl complexes [Rh(kx'P-1)(CO).Cll°* (g3’ and q3"*
Scheme 2). The structural changes upon going from g3 to g3’
are relatively small. As expected, the spin density in g3’ is
predominantly located on the Fe atom (Figure 2b). The
difference in the Tolman electronic parameters (TEP)' values
upon switching the redox-state of 1 in the complex [Rh(k'P-
1)(CO),CI%* was calculated to ATEP®¥® = 22 cm™. Previous
calculations on the related metalloligand IX (Scheme 1) gave
similar values. As noted before, these calculated TEP changes
for the gas-phase species overestimate the effect of changing
the redox-state of the ligand by a factor of ca. 2.1 The
qualitative trend to decreasing the donor and/or increasing the
acceptor properties of 1 upon oxidation was further confirmed by
inspecting the neutral and oxidized form of the 1:2 complex
[Rh(x'P-1),(CO)CI** (g3 and q3*, Scheme 2, Figure S5-2). Also
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in this case, as for q2* (Figure 2), the spin density in q3* is
predominantly located on the Fe atoms. As expected, the
calculated CO stretching frequency considerably change from
veale = 1970 ecm for g3 to ve@°= 1981 cm-! for q3*.[' The results
prompted us to apply the stimuli-responsive metal complexes in
redox-switchable/redox-induced catalysis.

Table 2. Hydrosilylation of terminal alkynes (cf. Scheme 3). Product
distributions are given for the time at which the substrates are consumed.
Subsequent isomerisation are not considered.

alkyne
(R'=)

silane cat. mol t conv. fB- B- a poly
HSIiR3 % [min] [%] (2) (E)
(R=)

H Me2Ph 2 1.0 80 >99 52 40° <1 7
H Me2Ph 2* 1.0 5 >99 0 40 14 45
H Me2Ph 2* 025 130 >99 0 65 6 28

4-MeO  MezPh 2 1.0 90 95 48 46 O 6
4-MeO  Me2Ph 2* 025 15 >99 32 35 O 32
4-CFs Me2Ph 2 1.0 65 >99° 48 44> 5 0
4-CF4 Me2Ph 2* 1.0 10 >99° 0 59 M 0
4-CFs Me2Ph 2* 025 105 86° 12 74 14 0

H Ets 2 1.0 310 98 42 32 <1 25

H Ets 2* 0.5 165 92 0 95 5 0

H Me©Et 2 10 130 >99 29 43 <1 27
H Me(OEt) 2* 025 105 96 0 95 5 0

N2o©XON® A WN =

a Determined by 'H NMR spectroscopy (no activity with pure ligand or pure
oxidising reagent; no metallopolymer formation during catalysis (*'P NMR

spectroscopy); activity remains after adding a second batch of alkyne + silane).

c(alkynes) = 0.02 — 0.05 mmol/ml. * Isomerisation B-(Z) = B-(E) is observed
with time (Table S4-1). ¢ The products precipitate during the reaction.

The application of complexes featuring [njmetallocenophanes as
ligands in redox-switchable catalysis is — to the best of our
knowledge - limited to one report on olefin metathesis
polymerisation catalysts based on the diaminocarbene-
[3]ferrocenophane VIl by the group of Bielawski.l'® In order to
investigate the applicability of the bimetallic complexes reported
herein in this area, we have studied the hydrosilylation'” of
terminal alkynes and silanes using 2 and in situ generated 2*'8
as catalysts. All reactions were performed in CD,Cl; at room
temperature and were monitored by 'H NMR spectroscopy.
Control reactions on gram scale were also performed (section
S4).

HSiMe,Ph

HSiEt, R SiR, R' R
HSiMe(OEt), _ \_/ >
CD,Cl, " .
SiR; . SiR.
rt B-(E) B-(2) o«
i P @ @ %O
cat: XX mol% .

R

R
@ : . ;ix \—= R—=—SiR";

— »—CF3

Scheme 3. Overview of the hydrosilylation reactions performed in this study
including a possible product distribution (those which have not been observed
are shown in grey).

In general, hydrosilylation reactions!'® of alkynes can lead to a
mixture of three isomers: the geminal product a and the B-(2)
and B-(E) alkenes alongside other by-products (Scheme 3).
Neutral and cationic Rh(l) complexes are known to favour the -
(Z) product, while the geminal product (a) is formed only in little
amounts or not at all (for a more detailed discussion of
mechanistic aspects, see below).?” 2 was found to be an
efficient catalyst for the hydrosilylation of terminal alkynes with
periods after which 50% of the alkyne was consumed (tso)
between 17 and 58 minutes. The main products were the
respective 5-(Z) and B-(E) alkenes. The competing reaction was
found to be the polymerisation of the alkyne, which was obtained
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in varying amounts (between 6 and 27%). Table 2 shows an
overview of the tested reactions alongside the collected activity
and selectivity data (cf. Scheme 3).

It has to be noted that in some cases the B-products underwent
isomerisation,?"! which led to a high yield of the respective 8-(E)
alkene over time (Section S4, Supporting Information). However,
we will discuss selectivity issues on the basis of the preferred
kinetic products only. 4-methoxyphenyl acetylene was the only
alkyne from the tested ones, which was not consumed
completely (about 5% remained left) and needed an initiating
phase (see Figure S4-1). The obtained B-vinyl silanes seemingly
has a positive effect on the reaction rate. Generally, the rates
were found to be predominantly affected by the substituents on
the alkyne. A detailed analysis of the kinetics will be performed
in a separate study.

In order to elucidate if the oxidation of the iron atom in 2 has an
effect on the reaction rates and/or the product distribution, one
equivalent (based on 2) of the acetyl ferrocenium salt
[FeCp(CsH4sCOMe)][A{OC(CF3)3}s] was added to the catalyst
(mixture of 2 and the oxidation reagent are referred to as 2*).
This oxidation reagent was specifically chosen due to its redox
potential in CH,Cly (E% = 0.27 V). This value lies between the
determined half-wave potentials of 2 with E%;»(1) = 0.07 V and
E%»(2) = 0.39V (Figure 2) and should therefore only oxidise the
iron atom.

All reactions were greatly accelerated with 2* as a catalyst as
compared to 2. The rate accelerating effect is illustrated in some
reaction profiles (Figure S4-1). For instance, the reaction of
phenyl acetylene with HSiMe,Ph was finished after only 5
minutes using 1 mol% of 2* (80 minutes for 2, entries 1 and 2 in
Table 2). Similar conversion rates have been obtained for phenyl
acetylene and HSiMe,Ph using only 0.25 mol% of 2* instead of 1
mol% of 2 (entries 3 and 1, Table 2; Figure S4-1). The rate
accelerating effect is slightly less pronounced for the substrate
containing the electron withdrawing CFs-substituent (entries 6-8)
The electron rich 4-MeO-CgHsC=CH alkynes, however, is
converted even faster using 0.25mol% 2* (15 min.) instead of 1
mol% 2 (90 min., entries 5 and 4). A similar trend is observed for
other silanes (entries 9-12).

Even more importantly, the selectivity of the catalysis
considerably changed and a very different product distribution
was obtained for 2 and 2* (Table 2). While the reaction of
PhC=CH and HSiMe,Ph catalysed by 2 led to mixture of the -
(E)- and B-(2)-alkene (40% and 52%), no B-(Z)-isomer is formed
with 2* while increased polyphenyl acetylene formation is
observed. The selectivity is further increased at lower catalyst
loadings (0.25 mol%, 65% pB-(E), entry 3). Although the
selectivity effect is much less pronounced for the substrate 4-
MeO-CgHsC=CH (entries 4 and 5), the electron poor alkyne 4-
CF4-CsH4C=CH again gave no B-(Z)-alkene with HSiMe,Ph and
1 mol% 2* (only 12 % with 0.25 mol% 2*, entries 7 and 8). Only
for this substrate also the a product is formed in considerable
amounts (41% for 1 mol%; 14% for 0.25 mol%). The most
impressive results, however, were obtained with PhC=CH and
the two silanes HSiEt; and HSiMe(OEt), (entries 9-12). While 2
gave in each case a typical product distribution for Rh-catalysed
hydrosilylations, 2* almost exclusively produced the 8-(E)-alkene
(95% in each case, entries 10 and 12).

The widely accepted mechanism used to describe platinum-
catalysed hydrosilylation reactions is the Chalk-Harrod
mechanism (C.H., Scheme 4),'%20 which involves key steps
such as the oxidative addition of silanes HSiR3, alkyne binding,
insertion of the latter into the Pt-H bond, and reductive
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elimination by Si—C bond formation and elimination of the B-(E)
vinylsilane. Since some occurrences, such as the formation of
alkynyl silanes (Scheme 4), cannot be explained by this
mechanism, the so-called modified Chalk-Harrod (m.C.H.)
mechanism was proposed later. In the m.C.H. mechanism, the
alkyne inserts into the M-Si bond to furnish a metal alkenyl
intermediate. The geminal a product or B-(Z) vinylsilane are
considered to form after isomerisation of the metal alkenyl
intermediate.

R H SRy SiR
3
R [RA] —
o SR Na R'/ﬁ)/ [Rh] +RySH
’ £
v "
H /R SiR
) _SiRs SR
Rh e RO Rh Rh
7/\is3 7 f ]\/\R- ® ! ]\H
SR R
y p-elimination \ SRy /
. v Rl .
—\ M \ ‘\H R———
R gy SR R—==sR, = =

Scheme 4. Chalk-Harrod (A) and modified Chalk-Harrod (B) mechanism for
the hydrosilylation of alkynes.

In contrast to platinum, rhodium-catalysed hydrosilylation
reactions occur preferentially along the m.C.H. mechanism and
therefore exhibits different selectivities. In a seminal paper,
Sakaki and co-workers investigated the elementary steps of both
mechanistic variants in the rhodium-catalysed hydrosilylation of
ethylene by quantum chemical calculations.?? It was concluded
that the rate-determining step in the C.H. mechanism is the Si—-C
reductive elimination (114.6 kJ mol' at DFT level). The ethylene
insertion into the Rh—H bond in the classical C.H. mechanism is
basically barrier-free (<1 kJ mol'). Contrary to this, the rate-
determining step of the m.C.H. mechanism is either ethylene
insertion into the Rh—Si bond (56.5 kJ mol™') or the oxidative
addition of the silane (65.7 kJ mol'), depending on the level of
theory. Overall, the m.C.H. mechanism is therefore more
favourable in Rh-catalysed hydrosilylations.

transition states
AG kJ/mol

neutral 105.6

Mes ‘21 oo,
& P HC=CH: Poigeeny
m.c cation H
Rh™" - =
Cﬂ/\;\SiMes 2/2% +

=
H,C=CH(SiMes)

Scheme 5. DFT-calculated (BP86/def-SV(P) and {B3LYP/def2-TZVPP})
reductive elimination using 2 or 2* as catalyst (Section S5 of the Supporting
Information).

We speculated that in our case the introduction of an additional
positive charge on the metalloligand lowers the activation barrier
of the Si-C reductive elimination to such an extend that the
classical C.H. mechanism becomes favourable for the rhodium
catalyst 2*. Indeed, DFT calculations (BP86/def-SV(P) and
{B3LYP/def2-TZVPP}) provided clear evidence: the activation
barrier for the reductive elimination step was found to be
considerable smaller (64.4 kJ {66.7} mol') for 2* as compared to
2 (105.5 {82.1} kJ mol!, Scheme 5; see also Table S5-1). Our
calculations also predict that going form the starting to the
transition state both the positive charge and the spin density in
2* is significantly shifted to the rhodium atom (g(Rh)Stt = 0.13,
qg(Rh)™ = 0.46; sd(Rh)Sat = 0.00, sd(Rh)™ = 0.84; all for
B3LYP/def2-TZVPP).
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Overall, the observed effects in redox-induced catalysisi?® can
be explained as follows: the oxidation of the iron atom in the
metalloligand causes an additional positive charge on the
rhodium atom. Being in the formal oxidation state +3 before the
reductive elimination step, the additional charge lowers the
activation barrier to re-generate the +1 oxidation state of Rh.
This cooperative “oxidatively induced reductive elimination” step
obviously provides the key to a different catalytic cycle and thus
to both a higher catalytic activity and, in most cases, a markedly
different selectivity.

Experimental Section

Experimental Details: See the Supporting Information.
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are reported featuring a good electronic communication between the metal atoms.
A rhodium(l) complex (Figure) was employed as redox-active catalyst in the
hydrosilylation of terminal alkynes. Oxidatively induced reductive elimination
facilitates higher activity and markedly different selectivity for the oxidised complex
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