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Abstract: Novel multistimuli-responsive phosphine ligands
comprising a redox-active [3]dioxaphosphaferrocenophane
backbone and a P-bound imidazolin-2-ylidenamino entity
that allows switching by protonation are reported. Inves-
tigation of the corresponding metal complexes and their
redox behaviour are reported and show the sensitivity of
the system towards protonation and metal coordination.
The experimental findings are supported by DFT calcula-
tions. Protonation and oxidation events are applied in Rh-
catalysed hydrosilylations and demonstrate a remarkable
influence on reactivity and/or selectivity. )

In recent years, the development of stimuli-responsive ligands
and their coordination chemistry has garnered significant
interest from the scientific research community. One of the
main goals of this scientific branch is the ability to control
multiple catalytic processes with a single active molecule, of
which the activity can be altered by applying stimuli in a
specific order. Efforts in this direction have led to the develop-
ment of systems, where an (ideally reversible) change of the
ligating properties of the ligand can be induced by external
stimuli such as irradiation with light, protonation or redox-
switching.l"! The donating capabilities of such ligands can thus
be significantly altered and are usually investigated by measure-
ment of the Tolman electronic parameter (TEP).”’ Redox-active
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systems are most often based on ferrocenyl (Fc)-containing
mono- or multidentate ligands. In this context, ferrocenyl-
decorated phosphines, N-heterocyclic carbenes (NHCs) and
mesoionic carbenes (MICs) usually show a TEP change of
approximately 7.4-12.7 cm™' upon oxidation of the ferrocene
unit.?® The ferrocene (Fc)-based oxidation/reduction not only
“switches” the o-donor and mt-acceptor properties of the ligand
itself, but can further influence the properties of a coordinated
metal. Investigations on catalytically active systems based on
such multimetallic complexes have shown that changes can
significantly influence the activity of the catalysts as well as its
selectivity. This has been demonstrated in a variety of reactions
such as ring-opening polymerization,”® hydroamination,”'® or
hydrosilylation,*'"" among others.""!

The ability to switch the ligating properties of a ligand by
protonation can be achieved by introduction of a Brensted-
basic pendent group. The groups of Glorius and Dielmann
synthesized such systems based on an anionic enolate-
imidazolinylidene ligand"? and imidazoline-2-ylidenaminophos-
phines (IAPs),!"® respectively (Figure 1). The enolate-imidazoliny-
lidene-based system exhibits a TEP change of 14 cm™', while
the IAPs show an increase of approximately 22cm™' per
protonation step, allowing an increase of up to 43 cm™' upon
twofold protonation. Further examples for stimuli-responsive
ligands include external triggers such as UV-light"¥ or coordina-
tion events.™™

With these recent developments on multifunctional
ligands"® in mind, our groups became interested in combining
the properties of redox-active and proton-sensitive systems, as
it has already been shown that phosphoramidites with a
ferrocenyl backbone are chemically accessible."” This would
potentially allow for orthogonal switching by different stimuli,
thus giving chemists a new tool to adapt towards reaction
conditions in redox-switchable catalysis.

The dioxaphosphaferrocenophane-based" title compounds
L1 and L2 (Scheme 1) were obtained by treating the known
1,7-ferrocenediol™ and the corresponding imidazoline-2-
ylidenamino dichlorophosphines (L1: R=iPr, L2: R=Mes) as
yellow air- and moisture-sensitive crystalline solids in 50 and
44% isolated yield, respectively (Scheme 1). The *'P NMR signals
are observed at 142 and 156 ppm for L1 and L2, respectively,
which is comparable to other [3]
dioxaphosphaferrocenophanes.”

The molecular structures were determined and are shown in
Figure 2. In comparison to other [3]dioxaphosphaferroceno-
phanes, the distances between the iron atom and the
phosphorus atom are increased. The known compounds in
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Figure 1. Examples of previously reported ligands and their switchability, as
well as the targeted system of this work (Ter =terphenyl ligand).

which the phosphorus atom bears a tert-butyl- or a terphenyl-
(2,6-Mes,C¢H;) moiety™ show distances of d=330.8 and
337.6 pm, respectively. For the proligands L1 and L2, values of
343.7 and 358.7 pm, respectively, were found.

For direct measurement of the TEP values, and to compare
the coordination behaviour of the ligands with previously
reported phosphaferrocenophanes, we decided to focus on the
synthesis of the corresponding Ni, Au and Rh compounds.

The metal complexes [L1Ni(CO);] (1), [LT1AuCI] (2), and [L1Rh
(cod)Cl] (3) for L1 and [L2Ni(CO),] (4) and [L2Rh(cod)Cl] (5) for
L2 were prepared by reacting the free ligands with a suitable
metal precursor in THF or toluene and were subsequently
isolated by crystallization from concentrated n-hexane (1 and 4)
or toluene (2, 3 and 5) solutions (Scheme 2). Yields varied
around 60% for the rhodium and gold compounds, while the
nickel compounds could be obtained in almost quantitative
yield.

R
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Scheme 1. Synthesis of L1 and L2.
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Figure 2. Molecular structures of a) L1® and b) L2. H atoms are omitted for
clarity. Selected distances [pm]: L1: Fe1--P1 343.7, P1-N1 159.7; L2: Fe1-P1
358.7, P1-N1 163.9. [a] L1 crystallizes with two molecules in the asymmetric
unit. Distances are given as the average of both.

2 [Rh(cod)Cl];, [Ni(CO)4] ;e Q / R
R= iPr, Mes \}"N
R N 7
[M] = {Ni{CO)3} (1, R= /Pr, 4, R= Mes),
{Rh(cod)Cl} (3, R=iPr; 5, R = Mes)
@O\ & —_— @_0 /AuCI
(F% F-N\).fN' HEnaucl Fe P NPT
-0 N R=iPr &4 N
lPr’N%\
7 N,IF’T /@F(]a
[Ag(OTA)] r/N'{;N—P— L
R= iPr TfO—Ag Ag—OTf
\
—P—N AP
@/ S—N
: “{/L
7"

Scheme 2. Synthesis of compounds 1-6.

Molecular structures of 1-5 were determined from single
crystals and are shown in Figure 3. Whereas the distances in the
ligand moiety of L2 do not change significantly upon coordina-
tion of a metal fragment, a medium increase can be observed
in the case of L1. Complexes 1 and 3 show a lengthening of the
Fe--P distance of 11.3 and 11.8 pm, respectively. This is less
pronounced in the gold(l) complex 2, which can be explained
by the steric demands of the coordinated metals, which is the
lowest for 2. However, compared to the other metal complexes
of L1, the gold(l) complex shows a shortening of the P—N
distance by 3.9 pm, and the N—C"® distance is lengthened by

Lol
\ &9
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o Fe PN R
'

R= iPr (L1), Mes (L2)
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Table 2. Selected distances [pm] and angles [°] of L1, 2, LIH+ and 2H+.

d(Fe-P) d(P-N) d(N-C"*) d(P-M) |w|(M—-P-N—CP°)
L1 3437 159.7 131.1 - -
L1TH4+ 3390 167.5 137.7 - —
2 347.8 155.8 1354 221.2 0
2H+ 340.0 162.1 1415 219.7 1.0

[a] Averages of two molecules in the asymmetric unit.

c) .9 are thus comparable with PPh; or PBz; and are better donors
J*f'.\c’:" than the phosphite ligand P(O-Pr),Ph (TEP values of 2068, 2066
Rh1/ and 2072 cm™, respectively).”
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Figure 3. Molecular structures of a) [L1Ni(CO);] (1), b) [L2Ni(CO);] (4), c)
[L1Rh(cod)Cl] (3), d) [L2Rh(cod)Cl] (5) and e) [L1AuCl] (2). H atoms are
omitted for clarity. Selected distances and angles are given in Table 1.

4.3 pm. We believe that due to the high electron-withdrawing
nature of the {AuCl} fragment more electron density is trans-
ferred from the phosphorus atom, thereby increasing the P—N
bond strength, which in turn decreases the double bond
character of the N—C"*° bond.

While the proligands L1 and L2 behave relatively similar
upon coordination, one significant difference can be observed.
For metal complexes of L1, the M—P—N—C"*° fragment is almost
perfectly planar (Table 1), with the dihedral angle between the
M—P—N and the P-N—C"* planes being between 0° and 7°. For
metal complexes of L2, the torsion angle between the M—P—N
and the P-N—C"™® planes is around ~ 120°, with the imidazolium
moiety sticking out of the M—P—N plane.

The TEP values of L1 (2068.5 cm™') and L2 (2064 cm™') were
determined from the nickel(0) complexes 1 and 4. The ligands

Attempts to oxidize L1 with AgOTf surprisingly yielded a
dimeric compound (6, Figure 4), in which two ligands and two
silver atoms form a six-membered ring. This structural motif
represents an unusual coordination pattern for IAP-type ligands.
The silver atoms are coordinated by one phosphorus atom, one
nitrogen atom and the triflate ion. The metal complex does not
appear to dissociate into monomeric units in solution, as can be
deduced from the *P NMR spectrum. The doublets resulting
from the "JC'P—'" Ag) and "JC'P—'* Ag) couplings are further
split as result of the %/ coupling to the second silver atom
(Figure S30 in the Supporting Information).

Protonation of L1 with [H(OEt,),][AI(OC(CF;);),] in THF
furnished the protonated compound L1H+4. In the crystal
structure (Figure 5), hydrogen bonding of the N-bound proton
towards one molecule of THF can be observed. The P-N and
N—CP® distances are both increased by 7.8 and 6.6 pm,
respectively, as compared to L1 (Table 2). This is not surprising,
as protonation decreases the electron density on the nitrogen
atom, which in turn leads to a weakening of the aforemen-
tioned bonds.

The "H NMR spectrum of L1H+ in [DgITHF shows signals for
two isomers clearly visible by two sets for the isopropyl C—H
group, the ratio of which are roughly 3:1. We believe that this
arises from coordination and de-coordination of the THF moiety
and does not indicate decomposition as the ratio does not
change even after several weeks. When protonation was carried
out in situ in an NMR test tube, at first only the major isomer
could be observed. The minor isomer formed over the course of
three days after which the ratio does not change anymore.
Furthermore, after addition of DBU, both signals for the
isopropyl C—H group disappear and only one set corresponding
to the deprotonated free proligand L1 can be observed.

Table 1. Selected distances [pm] and angles of L1, L2 and 1-5.
d(Fe--P) d(P—N) d(N-CP*) d(P-M) | | (M—P—N— CP*)
L1 343.7 159.7 131.1 - -
L2 358.7 163.9 129.9 - -
[L1Rh(cod)Cl] (3) 3555 159.6 132.7 224.8 7.0
[L2Rh(cod)Cl] (5) 354.8 160.3 130.1 225.8 1233
[LINi(CO),] (1) 355.0 160.3 133.4 219.1 5.0
[L2Ni(CO),] (4) 357.7 161.5 129.7 220.6 119.6
[L1AuCl] (2) 347.8 155.8 135.4 221.2 0
[a] Averages of two molecules in the asymmetric unit. [b] Averages of three molecules in the asymmetric unit.
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Figure 4. Molecular structure of 6. H atoms and a co-crystallized molecule of
CH,Cl, are omitted for clarity. Selected distances [pm]: L1: Fe1--P1 344.5,
P1-N1 161.0; P1—Ag1 236.2, N1—-Ag1’ 224.0, Ag1-01 240.2, Ag1--Ag1’ 325.7,
N1-C1 136.9.

for LIH+. Furthermore, the Fe--P distance decreases by 7.8 to
340 pm, which is comparable to the previously investigated
gold(l) complexes of [3]dioxaphosphaferrocenophanes.”

In THF solution, the 'TH NMR spectrum shows only one set of
signals even after several days, thus indicating that only one
isomer is present. In contrast to all other compounds inves-
tigated, the protons of the methyl moieties in the imidazolyl
residue are no longer equal and can be observed as two
singlets; this shows that free rotation around the P—N or N—CP®
bonds is hindered.

In situ protonation of nickel tricarbonyl complex 1 to furnish
1TH+ gives a TEP of 2092 cm™' with an increase of ATEP= +
23.5cm™' as compared to 1. These observations are similar to
the results of the protonation of IAPs, which led to an increase
of ATEP= +22.5 cm " However, further characterization of
protonated TH+ was not possible due to fast decomposition in
solution.

Protonation of L2 and, independently, its nickel complex 4
also lead to decomposition, which can be observed by the

a) ° 0 disappearance of the CO bands in the IR spectrum. We believe

;; " \‘ that this can be attributed to the greater steric hinderance on

,&,”' - H1" the nitrogen atom. As the proton is .bo.und to on.e or two

N1.LY molecules of the ethereal solvent, the imino group is far less

Fe1. oy \“ Hbm I o accessible than the phosphinate group, which might give rise
& o Aul Fe1 to protonation of the less robust O—P—O moiety.

Figure 5. Molecular structures of a) the protonated proligand L1H+ and b)
the protonated gold(l) complex 2H 4. H atoms, co-crystallized solvents and
counterions are omitted for clarity with the exception of the proton on the
nitrogen atom N1. Selected distances and angles are given in Table 2.

The protonated gold(l) complex 2H+ can be prepared by
treating L1H+ with [(tht)AuCl] or by protonating 2 with
[H(OEt,),I[AI(OC(CF;);),] (Scheme 3; isolated yields: 62% and
95% respectively). Similarly to L1H4, the proton is again
engaged in a hydrogen bond with the oxygen atom of THF
(Figure 5). The P-N and N-C™° distances increase by 6.3 pm
and 6.1 pm, respectively, which underlines the effects observed

THF
S e
Fi p-N_ T ' -N_ P
é- d \\le [H(OEt)z][AI(OC(CFSM &dp N\}“N
,pr/N\//\\ DBU pr-N~F Table 3. Half-wave potentials, peak potential differences and correspond-
ing iy /ip, values of the synthesized ligands and metal complexes in CH,Cl,
(THF) vs. Fc/Fc*(internal standard Fc*/Fc** or Fc/Fc, Fc*=decamethyl
(thhAUCI (th)yAuCl ferrocene; conditions: Pt/[NBu,J[A{OC(CF;);},]/Ag, v=100 mV/s).
Compound E, ImV] AE, [mV] /i, AE [mV] vs. L1
AuCl lal
AuCI HF L2 —160 120 ~1 —-10
@—Fe 0 r [H(OEL),][AI(OC(CF3)s),] @Fe Q P/ e L1 —150 (—60) 250 (170) ~059(~1) 0
- f N ey 4 SN [LINi(CO),] (1) —80 220 ~0.9 +70
&0 \F DBU La=R jﬂ/ [L1Rh(cod)Cl] (3) —40 100 ~1 +110
. i [L1AUCI (2) +200 150 ~1 +350
L1H+ +390 120 ~1 +540
[LINi(CO);HI ™ +480 220 ~1 +630
Scheme 3. Reaction pathways to the protonated proligand L1H+ and the
protonated gold(l) complex 2H+ (DBU = 1,8-Diazabicyclo[5.4.0lJundec-7- [a] [NBu,][PF¢] was used as the electrolyte. [b] Quasi-reversible in CH,Cl,,
ene). fully reversible in THF. [c] v=500 mV/s.
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The redox behaviour of the phosphaferrocenophanes and
their metal complexes were investigated with the aid of cyclic
voltammetry (Table 3, Figure 6). The E°,, values for the Fc-
centred oxidation (see below) strongly depend on the coordi-
nated transition metal fragment and/or the protonation of the
ligand. The redox potential of the free ligands (E°,=—160 mV
(L1) and —150 mV (L2) vs. Fc¢/Fc® in CH,Cl,) are cathodically
shifted by approximately 150-200 mV in comparison to other
[3]-dioxaphosphaferrocenophanes,"” confirming the electron
donating capabilities of the imidazolin-2-ylidenamino moiety.
Coordination of a {AuCl} fragment (2, entry 5) leads to an anodic
shift of +350 mV, which is slightly more pronounced as
compared to previous studies from our laboratory™” showing
coordination shifts for {AuCl} complexes of about +270-
300 mV. Protonation also has a dramatic influence on the redox
potential of the ferrocene moiety (Entries 2 and 6). For the
protonated free ligand L1H+, the redox potential is shifted by

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 6. Cyclic voltammograms of a) L1 (black), 2 (blue), and L1H+ (red) in
CH,Cl, vs. Fc/Fc* and of b) L1 in THF vs. Fc/Fc*. Electrolyte: 0.01 M [NBu,]
[AI{OC(CF;);},], v=100 mV/s (500 mV/s for L1 in CH,Cl,).

4540 mV as compared to L1. This observation is further
supported by density functional theory (DFT) calculations at the
B3LYP/def-2-TZVP level of theory. Compared to L1, the energies
of the iron-centred HOMO is lowered by —0.3559 eV for the
{Ni(CO);} complex 1. The experimental redox potential shift was
found to be AE,,=-+70mV (entries2 and 3). For the
protonated ligand L1H+, a lowering of the HOMO of
—2.8734 eV was calculated, which would translate into a
calculated redox potential shift of about AE..= +560 mV.
Experimentally, a redox potential shift of AE,,= + 540 mV was
observed (entries 2 and 6). Similar redox potential shifts have
been reported previously for ferrocene-based ligands upon
coordination of monocationic metal ions, for instance.?” In the

qL1H++

Figure 7. a) Calculated spin density of the oxidized proligands qL1+ and
qL1H+ +, iso value: 0.002. b) HOMOs of L1 and L1H+, iso-value 0.075.

case of L1, the calculations also show, that while the HOMO is
predominantely centred on the iron atom, a significant portion
is also located on the nitrogen and phosphorus atoms, whereas
in the case of L1H+, the HOMO is basically completely centred
on the iron atom (Figure 7). Based on these findings we
expected an additive effect upon coordination of a {Ni(CO);}
fragment (AE,,=+70mV) and concomitant protonation
(AE.,= +540 mV) to furnish a potential shift of about 610 mV.
Indeed, cyclic voltammetry studies on [L1Ni(CO);H]" gave £,
= 4480 mV and, thus, AE,,,= 4630 mV against L1.

The effect of protonation on the redox potential can be
observed by NMR spectroscopy (Scheme 4). Due to its lower
redox potential than ferrocene, oxidation of L1 with [Cp,Fe]
[B(C4Fs),] leads to disappearance of the signals for L1, and only
ferrocene can be observed in the '"H NMR spectrum. However,
since the protonated proligand L1H+ is harder to oxidize than
ferrocene, after addition of [H(OEt,),lI[AI(OC(CF;),),], the ferro-
cene signal at 6,,=4.0 ppm disappears again and signals
corresponding to L1H+ appear (Scheme 4).

Attempts to isolate the oxidized ligands and metal com-
plexes always gave reddish-brown, paramagnetic oils, no matter
the chosen oxidant or counterion. However, reacting 1 with a
substoichiometric amount of [CpFe(C;H,OMe)][PF¢] gave rise to
a new CO band in the IR spectrum. The latter is observed at
2089 cm™' (Figure S54), indicating a change of the TEP by

[B(CsFs5)al Xr
L2—0 S0 o
Fe PN Pr [CpaFelB(CeFs)i] Fe PN P [LutHJOTA Fe PN+ T
&4 TN foluene &9 TN CHCL x4 TN
:Pr/N{)\ iPr’N\%\ tPr/N\/)\

Scheme 4. NMR experiments on the sequential oxidation/protonation of L1.
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Figure 8. Conversion and product distribution plots for the hydrosilylation of hex-1-yne with Et;SiH and 1 mol% [L1Rh(cod)Cl] (3; cf. Scheme 5). a) Addition of
the oxidant [CpFe(CsH,COMe)][SbF,] after 90 min and b) the corresponding bar graph. c) In the presence of one equiv. of [H(OEt,),][AI(OC(CF,),),] and d) the
corresponding bar graph. For further experimental details, see the Supporting Information.

3 (1 mol%)

ATEP= 421 cm™". Upon addition of decamethyl ferrocene, the ERSH. + H L CD,Cl,

intensity of the band is drastically reduced, which underlines RT

the reversibility of the redox process. To further support this

finding, we reacted 1 with an oxidant in situ in an NMR tube H._.nBu nBu. __H H._H

and, subsequently, with Fc*, which refurnishes the original NMR I + I ¥ I

of 1 (Figure S56). Et3Si H Et3Si H Et;Si nBu
To demonstrate the influence on reactivity of the metal 4(E) 8(2) .

complexes by applying oxidation or protonation events, we
decided to investigate the rhodium-catalysed hydrosilylation of
alkynes (Scheme 5). Our research group has already demon-
strated that redox-switching of rhodium complexes with [1]-
phosphaferrocenophanes has a profound influence on the rate
of the reaction and the selectivity.”) We have particularly chosen
this rather “slow” catalytic system in order to obtain unaffected
results by polymerization reactions, which are known for similar
catalytic systems. When the rhodium complex [L1Rh(cod)Cl] (3)
was employed as precatalyst for the conversion of 1-hexyne
with triethyl silane (Table 4, entry 1), the B(E) and B(2) isomers
were found to be the main products, as expected (Figure S51).
Although the addition of a proton source (entry 2) does not
influence the total rate of conversion, it drastically influences

Chem. Eur. J. 2021, 27,1-9 www.chemeurj.org

Scheme 5. Catalytic hydrosilylation of hex-1-yne with triethyl silane using
[LT1Rh(cod)Cl] (3) as precatalyst.

the selectivity, that is, only the B(E) isomer, together with a
small amount of the a isomer, is formed.

From the more detailed conversion plots in Figure 8c,d it
can be seen that the a isomer represents a considerable part of
the initial product distribution in the beginning of the reaction.
However, after a short initialization period, the B(E) isomer is
formed (almost) exclusively, which might be attributed to, for
example, conformational changes, steric effects, or coordinative

6 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 4. Conversion and product distribution of the catalytic hydro-
silylation of hex-1-yne with triethyl silane at room temperature. Catalyst
loading (3): 1 mol%.
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influences of the allylic products. When the catalyst was used
without additives and a proton source was added after
90 minutes, the total amount of a and PB(2) isomers did not
change, which shows that the change in product distribution
upon protonation can indeed be attributed to a different
selectivity and not to isomerization processes. By contrast,
oxidation leads to a strong increase of the conversion rate
(Table 4, entry 3, and Figure 8a). Again, only small amounts of
the B(2) isomer are observed, while the main products are the
B(E) and a isomers. These results for the oxidized catalysts are
in line with previously reported studies from our group, where
addition of an oxidant leads to an increase in reactivity along
with increased formation of the B(E) and a isomers.” In contrast
to the protonated catalyst, this observation can definitely be
attributed to isomerization. When the catalyst was used without
additives and an oxidant was added after 90 minutes, the
(small) amount of (2) isomer remained constant and did not
change over the course of the reaction. However, the distribu-
tion of the a and B(E) isomers immediately changed to the ratio
observed at the end of the catalysis, which demonstrates that
the two isomers are in a thermal equilibrium (Figure 8a/b). As a
proof of concept, we were thus able to show that both triggers
act orthogonally, that is, they influence either the rate of
conversion and/or the product distribution.

Overall, we report the synthesis of a novel type of redox-
active and proton-sensitive phosphine ligand in which the
donating capabilities can be switched orthogonally and rever-
sibly by either protonation or oxidation. Structures of all ligands
and their complexes were investigated by X-ray diffractometry
and NMR spectroscopy. The influence of protonation and
coordination of a metal fragment on the redox behaviour was
investigated by cyclic voltammetry, showing the sensitivity of
the ferrocene moiety towards changes in the ligand system.
Generally speaking, switching ligand properties insitu can
greatly influence the reactivity and the selectivity of coordi-
nated metals in catalysis. As a proof of concept, the rhodium(l)
complex 3 reported in this study was applied as precatalyst in
hydrosilylation reactions of 1-hexyne. When the different
switches were applied, they influenced either the rate of
conversion and/or the product distribution. We believe that this
case study demonstrates that such orthogonally multirespon-
sive ligands allow for fine tuning of catalytic systems, and
improve control in multimetallic catalysis.”” Further investiga-
tions in this area are currently being performed in our group.
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