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Diferrocenophosphaborin: A Planar-Chiral, Redox-Active and Anion-

Responsive Ambiphilic Ligand**
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Abstract: A new class of Janus-like ambiphilic ligands is
introduced. The rigid diferrocene backbone in heterocycles 4-
SnP and 4-BP creates an unprecedented chiral environment as
demonstrated by multinuclear NMR and single-crystal X-ray
studies. In addition, the ligands are redox-responsive and the
Lewis acidic borane moiety in 4-BP can be exploited to further
tune the properties: a clear decrease in the CO stretching
frequency of a Vaska-type Rh' complex 5-BP is observed upon
addition of fluoride ions. Thus, the Lewis acid and Lewis base
sites influence each other and their strength can be modulated
by redox chemistry and anion binding.

The concept of combining Lewis acids (LAs) and Lewis
bases (LBs) without the formation of direct LA-LB inter-
actions has inspired several emerging research areas. Differ-
ent from classical Lewis pairs (CLPs), so-called “frustrated
Lewis pairs” (FLPs) retain the high reactivity of the
individual LA and LB moieties due to steric constraints.[" If
they are covalently linked to a rigid backbone, a bifunctional
system is obtained, in which the LA and LB can interact with
a substrate or a metal in a cooperative manner.” These types
of “molecular pincers” have been successfully utilized in the
activation of small molecules. Another application as ambi-
philic ligands takes advantage of their ability to coordinate to
transition metals in unique ways.”) For example, by tuning the
Lewis acidity of the boron center and nucleophilicity of the
metal, ligand A (Scheme 1) can be tailored to bind to metals
via P—Rh-Cl—B or P—Au—B interactions."!

Lewis acids and Lewis pairs with a ferrocene (Fc)
backbone have recently attracted attention, because they
provide a rigid framework and also offer an opportunity to
tune the reactivity by reversible oxidation of the Fe center.**
As an example, Aldridge reported the use of FcB(C¢Fs), as
a colorimetric and electrochemical indicator for N,O bind-
ing.’! Chiral B/P Lewis pairs (B) were developed by
Aldridge®® and Thilagar,” while Erker™ demonstrated the
use of ferrocenylalkylborane (C) in the activation of H,. An
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alternative approach is to incorporate both the LA and LB
moieties into a heterocyclic system. For example, Kawashima
and Gabbai reported that phosphaborins (D) display desir-
able charge-transfer characteristics and, upon alkylation at P,
exhibit high affinity for fluoride anions.”! Symmetric ferro-
cene-fused diboracycles (E)*!% have been introduced as
well, but despite the importance of ferrocenylphosphines in
catalysis,'! the corresponding phosphacycles remain elu-
sive.'””) We envisioned that formal replacement of a single
boron atom in E with phosphorus might offer access to
a unique new ligand architecture. The rigid and highly
unusual stereochemical environment at B and P would give
rise to a Janus-like chiral ambiphilic ligand that is at the same
time redox-active. We describe here the synthesis of the first
example of such an ambiphilic diferrocenophosphaborin. We
further demonstrate that the ligand properties can be tuned
not only by switching the redox state of Fe, but also via anion
binding to the Lewis acidic borane moiety.

We chose Kagan’s ferrocenylsulfinate, (S;)-FcS(O)Tol (1),
as a building block to access the desired enantiopure
diferrocenes.™™ Treatment of 1 with LDA followed by
addition of 0.5 equiv Me,SnCl, gave diferrocenylstannane 2
in 80% yield after purification by column chromatography
and recrystallization (Scheme 2).''l The sulfinate groups in 2
were then replaced by addition of 2 equivalents of rBuLi at
—78°C. Metathesis of the dilithiated species with PhPCl,,
followed by addition of BH;*THF gave the heterocycle 3-SnP
in an overall yield of 40%. Initial attempts at replacing the
stannyl group in 3-SnP by reaction with PhBCl, proved
unsuccessful. Therefore, 3-SnP was first treated with HgCl, in
acetone to give a ring-opened species bearing Me,CISn and
ClHg substituents. The latter reacted smoothly with PhBCl, to
give phosphaborin 3-BP in 49 % yield after purification by
column chromatography.
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Scheme 2. Synthesis of chiral ambidentate ligands 4. a) 1. 2LDA, 2.
Me,SnCl,; b) 1. 2tBuli, 2. PhPCl,, 3. BH;-THF; ) 1. HgCl,, 2. PhBCl,;
d) DABCO. LDA=lithium diisopropylamide; DABCO =1,4-diaza-
bicyclo[2.2.2]octane.

Successful formation of the desired stanna- and boracycles
was confirmed by multinuclear NMR, mass spectrometry, and
single-crystal X-ray diffraction (Supporting Information).
The tin atom in 3-SnP gives rise to a doublet at §('"’Sn) =
—26.9 ppm (J('P,"Sn) =10 Hz) and the bridging boron
atom in 3-BP shows a broad signal at 6(''B)=52.1 ppm.
Sharp "B NMR signals (3-SnP: —38.6; 3-BP: —35.2 ppm) and
a quartet signal in the '"H NMR (3-SnP: 1.20; 3-BP: 1.16 ppm)
are assigned to the BH; group. In each case high-resolution
MALDI-MS data showed a major signal corresponding to the
loss of BH; from the molecular ion M, indicating the lability
of the protecting group. To preparatively remove the BH;, 3-
SnP and 3-BP were reacted with a slight excess of DABCO at
elevated temperature. The products were purified by crystal-
lization or alumina gel column chromatography under N,
atmosphere. BH; removal was confirmed by a shift of the
3P NMR resonance from + 10.3 ppm to —28.6 ppm for 4-SnP
and from + 11.2 ppm to —24.9 ppm for 4-BP. The pyramidal
geometry at P manifests itself in two distinct sets of Fc
resonances in the 'HNMR, which showed no signs of
coalescence at temperatures up to 80°C.

All these compounds are chiral and the stereoselectivity
for each reaction step was examined. Compounds 3-SnP and
3-BP were subjected to optical rotation and chiral HPLC
measurements,’” which showed only one major band. In
addition, the Flack parameters from single-crystal X-ray
analyses confirmed the formation of the expected enantio-
mer. The X-ray structures of 4-SnP and 4-BP (Figure 1,
Table 1) offer important additional insights into the chiral
environment. When looking down the P-E (E = Sn, B) vector,
an unusual paddlewheel-like!'! axial-chiral structure is evi-
dent. The central phosphastannin cycle adopts a boat con-
formation whereas the phosphaborin cycle is more planar but
strongly puckered. These structural differences arise from the
fact that the Sn atom in 4-SnP is in a tetrahedral environment,
but the boron atom in 4-BP adopts a perfectly trigonal planar
geometry (Z,cp.c=2360.0°). In addition, interaction of the
electron-deficient boron atom with the ferrocene moiety in 4-
BP results in pronounced bending of the boryl group!”
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Figure 1. X-ray structure plots of 4-SnP and 4-BP; H atoms and
a CH,CN solvent molecule are omitted.

Table 1: Comparison of selected geometric parameters for 4-SnP, 4-BP
and 5-SnP (angles,®).

Compound 4-SnP 4-BP 5-BP
Bridge angle at Sn/BF 96.0(1) 117.2(2) 114.8(14)
Bridge angle at P 104.5(2) 99.5(1) 101.1(7)
S cae - 360.0 359.9
Sicac 311.7 305.7 3103
Dip angle for B! - 14.6, 15.6 15.8, 18.1
Tilt angle? 41,03 25,22 2.1,0.5
Cp//Cp* 44.1 15.1 19.2

[a] Endocyclic C-E-C angles (E=Sn, B, P). [b] 180°— X (CpPentroia-C-B)-

[c] Dihedral angles between Cp ring planes in the same Fc unit.

[d] Dihedral angles between the substituted Cp ring planes of different Fc
units.

toward the iron atoms (dip angles a=14.6, 15.6°). The
angle sums at P are similar for 4-SnP (3, p=311.7°) and 4-
BP (2, cp.c=305.7°) and consistent with a pyramidal geom-
etry. We emphasize that these ligands display no central
chirality at P, but the chiral environment is determined solely
by the orientation of the ferrocene “paddles”.

An intriguing aspect is the potential utility of 4-SnP and 4-
BP as responsive and tunable chiral phosphine ligands. To
investigate this possibility, we reacted the free ligands with
0.25 equiv of [{Rh(CO),Cl},] to give the corresponding Vaska-
type rhodium complexes [L,Rh(CO)CI], 5-SnP and 5-BP
(Figure 2).

The *'P NMR resonances at 15.8 and 7.6 ppm, respec-
tively, are downfield shifted when compared to those of the
free ligands 4-SnP (—28.6 ppm) and 4-BP (—24.9 ppm) and
the direct attachment to Rh is reflected in doublet splitting
with 2/(*®*Rh,*'P) coupling constants of 127 and 121 Hz. The
presence of only one set of "H NMR signals is consistent with
the expected trans-arrangement,'® which was further corro-
borated by a single-crystal X-ray diffraction analysis of 5-BP
(Figure 2¢, Table 1).

All the ligands and complexes are redox-active and the
electrochemical properties were studied by cyclic and square
wave voltammetry (SWV, Table 2). For the BH;-protected
species 3-SnP, a reversible 1st oxidation at E,,(1) =+ 138 mV
and quasi-reversible 2nd oxidation at E;,(2) =+ 557 mV were
recorded (AE =419 mV). Replacement of the Sn bridge with
the electron-deficient B bridge in 3-BP caused an anodic shift
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Figure 2. a,b) Selected NMR data (CD,Cl,) for 5-SnP and 5-BP. c) X-ray
structure plot of 5-BP; H atoms and disordered CH;CN solvent
molecules are omitted; selected bond distances [A]: Rh1-P1 2.336(3),
Rh1-C33 1.79(2), C33-01 1.16(2).

Table 2: Comparison of *'P NMR chemical shifts (ppm) and electro-
chemical (SWV) data (mV, vs. Fc/Fc" couple).

Compound o C'P) Ey (1) Eip (2) AE
3-SnP +103 4138 +557 419
3-BP +11.2 4255 +940 685
4-SnP ~28.6 -50 +318 (650)” 368
4-BP —24.9 -2 +591 (787)F 593
5-SnP +15.8  —2/-+146" +522/+ 706" 540
5-BP +7.6 4130/ +254" 4862/ +1000" 739

[a] Additional process attributed to P oxidation. [b] Values correspond to
ferrocene oxidation on different ligands. [c] Redox splitting calculated
using averaged values for 1st/2nd and 3rd/4th redox process.

and a greatly increased peak separation of AE =685 mV that
indicates more effective electronic communication of the
ferrocenes via the tricoordinate borane moiety."” Upon
removal of BH; an increase in electron density is expected,
which is reflected in much higher cathodic potentials for 4-
SnP and 4-BP. For the free ligands, additional redox processes
are observed at higher potentials and based on literature
precedents'”) they are likely due to electron transfer between
the ferrocene and “free” phosphine moieties, followed by
reaction with traces of water. This is supported by the fact that
they are neither observed for the BH; nor the Rh complexes.
The Vaska-type Rh complexes show four separate redox
waves (Figure 3), which is consistent with additional (weak)
interactions between the individual ligands. Thus, oxidation
occurs first at one ferrocene moiety of each ligand and then at
significantly higher potential on the second ferrocene moi-
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Figure 3. Cyclic voltammograms for 5-SnP and 5-BP (0.05m Bu,N-
[B(CeH3(CF3),)4] in CH,Cl,, 50 mVs™; Fc*/Fc*™ as internal reference,
Fc* =decamethylferrocene).

Table 3: Comparison of CO stretching frequencies (v¢o) for Vaska-type
complexes [(L),Rh(CO)Cl].

PPh,Fc PPhFc, PCys 4-SnP 4-BP [4-BP-F]”
[al [al [b] [c] [c] [c]
1970 1957 1943 1962 1967 1948

[a] Ref. [18]. [b] Ref. [22]. [c] This work (solid sample, ATR).

eties. Overall the potentials are quite similar to those
recorded for the BH; complexes.

The Vaska-type Rh' complexes offer an opportunity to
probe the steric and electronic properties of the phosphine
ligands by monitoring the CO stretching frequency, »(CO).!!
The stretching frequency of 5-SnP is 1962 cm ™' and that of 5-
BP 1967 cm™' (Table 3), indicating a slightly more electron-
rich character of the phosphastannin ligand 4-SnP. These
values are in-between those for PPh,Fc and PPhFc,. How-
ever, upon addition of an excess of tris(dimethylamino)sulfo-
nium difluorotrimethylsilicate (TASF) to the rhodium com-
plex 5-BP, v(CO) shifted dramatically to lower energy
(1948 cm ™), suggesting a stronger electron-donating effect
of the ligand after fluoride ion binding. Presumably, the
weakening of the C=0 bond is caused by both enhanced d—m*
backbonding due to the increased electron density at the
metal center and electrostatic polarization triggered by
complexation with the negatively charged fluoride
anion.”*?! In a control experiment, the addition of F~ to
[(PPh;),Rh(CO)CI] did not affect »(CO), which eliminates
other possible reasons such as halide ligand exchange.

In conclusion, the first examples of planar-chiral ferro-
cene-fused phosphacycles were synthesized and their unique
chiral structure was confirmed by multinuclear NMR spec-
troscopy, X-ray crystallography, chiral HPLC and optical
rotation measurements. As a novel type of ambidentate
ligand the phosphaborin 4-BP is not only redox-active but
also responsive to the presence of fluoride anions. Binding of
F~ to B in the corresponding Vaska-type Rh complex 5-BP
shifts »(CO) from 1967 to 1948cm™!, a value that is
approaching that for the highly electron-rich alkylphosphine
PCys. Given the importance of phosphines in a large array of
catalytic processes we envision broad utility of this new class
of rigid, chiral, and stimuli-responsive ligands in catalysis.
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