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Phosphines have long been used in catalysis, and a wide variety of ligands with almost any substituent are
available. However, the vast majority of these phosphines have been relatively electron-rich. Monooxides of
bisphosphines have been shown to form complexes that catalyze alkene polymerizations and hydroformylations.
However, electron-poor versions of such ligands have not yet been explored. In this report, the hybrid ligand
thPCFZPOZ(OiPr) with both phosphine and phosphonate ester moieties, linked with an electron deficient CFy

group was synthesized. A Cp*Ir complex of the ligand was synthesized and characterized.

1. Introduction

Phosphines have long been used in catalysis, and a wide variety of
ligands with almost any substituent are available. However, the vast
majority of these phosphines are relatively electron-rich. A significant
amount of research has also been devoted to the organic transformation
of alkenes into other functional groups. Monooxides of bisphosphines
(BPMO, A in Chart 1) have been shown to form complexes that catalyze
alkene polymerizations [1-3] and hydroformylations [4]. However,
more electron-poor ligands of type A have been unexplored so far. The
goal of this project was to synthesize a hybrid P,O-ligand of type D in
Chart 1 which is electron-poor, and then modify the electronic and steric
properties of this class of ligand further and to include pendant base or
acid functionality as part of the ligand.

Electron-poor ligands have been underexplored in the literature.
Several studies have shown how they can affect the reductive elimina-
tion step of a catalytic cycle, even to the point of outcompeting p-hydride
elimination [5]. They have also been used to examine how effective they
are in previously studied chemistry such as cross-coupling, hydro-
formylation [6] and carbonylation [7]. Several studies describe the
properties and suitability of electron-poor ligands for catalysis [8,9],
and several more discuss their use in stoichiometric reactions [10-12].
Reviews that focus on electron-poor phosphines discuss synthesis of the
ligands and related metal complexes, but reactivity studies were limited
to polymerization and hydrogenation [13].

The Grotjahn group has focused on the usage of ligands containing a

pendant base, finding them to have a significant impact on the rate [14]
and selectivity [15] of a reaction. Combining electron-poor and
bifunctional ligands would give a new type of ligand with unexplored
properties. Another attractive feature of a bifunctional ligand is its
ability to coordinate in a chelating manner, which utilizes the chelate
effect to help the ligand stay coordinated [16], a concern when using
electron-poor ligands.

In this work, a bifunctional, electron-poor ligand of type D and an
associated Ir complex were synthesized and characterized. While no new
reactivity was discovered from the complex, the ligand and complex by
themselves and their syntheses are novel and hence are reported here.

2. Materials and methods

Nuclear magnetic spectra were recorded on a Varian VNMRS 400
MHz spectrometer with AutoX probe. Deuterated methanol and
deuterated chloroform were stored over 3 and 4 A molecular sieves,
respectively. Signals were referenced to SiMey4 through the residual
solvent resonance. Diethyl ether was distilled from sodium and benzo-
phenone. Dichloromethane was distilled from calcium hydride. Toluene
was degassed, and all organic solvents were stored in a glove box under
nitrogen over 4 A molecular sieves. Water was degassed and stored
under nitrogen in a glove box. Chlorodiphenylphosphine and t-butyl
lithium (1.9 M in pentane) were purchased from Sigma Aldrich and used
without further purification. Diisopropyl (difluromethyl)phosphonate
(1) was synthesized according to literature procedure. Elemental
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Chart 1. Comparison of similar bisphosphines ligands and this work.
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Scheme 1. Synthesis of 3.

analysis was performed by NuMega Resonance labs in San Diego, CA.
Coupling constants are reported in Hz.

Synthesis of 2: Diisopropyl (difluoromethyl)phosphonate (1) (2.699
g, 12.5 mmol) and THF (120 mL) were added to a Schlenk flask, which
was cooled to —78 °C. tert-butyl lithium (6.8 mL, 1.9 M/L in pentane)
was added dropwise over 5 min, and the reaction was stirred for 1 h.
Chlorodiphenylphosphine (2.756 g, 12.5 mmol) was added dropwise,
and the reaction was allowed to warm to ambient temperature over 4 h.
The volatiles were then removed under vacuum. The residue was dis-
solved in DCM (25 mL) and washed with water (3 x 50 mL). The organic

31p NMR Spectrum of 2
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layer was collected and the volatiles removed under vacuum to give
3.333 g (66 %) of the crude product. This was used without further
purification.

31p{1H} (CDCls): 5 26.1 (p, Jpr 26.3). 1°F (CDCl3) 6 —109.0 (dd, Jp.p
70, 95). 'H (CDCls): 7.70 (t, Jug 8, 4H), 7.40 (m, 6H), 4.75 (h, Ji.u 6,
2H), 1.25 (dd, Jp.g 22, Jy.u 6, 12H).

Synthesis of 3: 2 (1.00 g, 2.5 mmol), acetonitrile (0.50 mL), and LiBr
(0.217 g, 2.5 mmol) were added to a scintillation vial equipped with a
stir bar. The reaction was heated at 70 °C for 18 h, removed from the
heat and shaken, and then heated for another 18 h. The mixture was
then cooled to room temperature, filtered, and the precipitate was
washed with acetonitrile (1 x 5mL), DCM (1 x 5 mL), and diethyl ether
(1 x 5 mL). The white powder was then dried overnight under vacuum
giving 0.910 g (58 %) of product.

31p{IH} (MeOD): 6 3.2 (td, Jp.p 82), 1.1 (q, Jp.r = Jp.p 60). 'H
(MeOD): § 7.65 (td, Ju.u 7.5, 2, 4H), 7.45-7.35 (m, 6H), 4.52 (h, Ju.u 6,
1H), 1.12 (d, Ju.u 6, 6H). 3C (MeOD): 5 135.0 (d, Jp.c 20), 132.8 (dtd,
Lp.c13.2, 3Jp_p 4.5, 3Jp_c 2.2, assigned to ipso carbon of Ph), 128.9 (s),
127.6 (d, Jpc 7.6), 69.8 (dd, Jp.c 6.8, 6.4), 23.5 (d, Jp.c 4.1); signal for
CF5 carbon is expected to be a dtd, and some of the signal resonances are
seen but others are obscured by much more intense signals. Negative ion
mode QTOF-MS m/z for C1¢H17F203P5: Calculated 357.06211; Obtained
357.0675.

Synthesis of 4: ligand 3 (0.100 g, 0.274 mmol) was added to a
scintillation vial equipped with a stir bar. [IrCp*Clz]5 (0.1093 g, 0.137
mmol) was then added, and 1.3 mL of CH5Cl, was added. The reaction
was stirred overnight, and the solvent was removed to give 0.1989 g of
residue. To the mixture was added 5 mL of CH,Cly, which was filtered
and the filtrate concentrated to give 4 (0.098 g, 45 % yield). X-ray
quality crystals were grown by the slow evaporation of CHCl, from a
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Scheme 2. Synthesis of 4.

19F NMR Spectrum of 2

Fig. 1. Left and right, respectively, 3P and °F NMR spectra of 2 in CDCl; at 161 and 376 MHz.
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Fig. 2. Left and right, respectively, 3'P and '°F NMR spectra of 2 in CDCl3 at 161 and 376 MHz respectively.
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Fig. 3. Inset of >C NMR spectrum of 4 highlighting the 16-peak dddd for the CF, carbon. Frequencies for the peaks 1 to 5 are: 14531.0, 14552.0, 14715.0, 14828.4,

14847.6 Hz, respectively, giving J values of 21.0, 184.0, 297.3, and 316.6 Hz.

saturated solution of 4. 3'P{'H} (CDCls): 6 19.6 (td, Jp.p 92, Jp.r 44, 54),
11.5 (dt, Jp.p 92, Jp.p 74). 13C (CDCl3): 6 136.2 (d, Jp.c 11.0), 134.3 (d, Jp.
¢ 10.0), 132.3, 131.9, 128.6 (d, Jp.c 11.3), 128.5 (sl br d, Jp.c 11.0),
127.5 (d, Jp.c 58.4), 121.2 (d, Jp.c 53.3), 118.8 (dddd, Jr.¢ 316.6, 297.3,
Jp.c 184.0, 21.0), 93.1 (d, Jp.c 2.8), 73.23 (d, Jp.c 5.7), 73.18 (d, Jp.c
5.7), 24.4 (d, Jp.c 3.0), 24.0 (d, Jp.c 5.0), 8.6. 'H (CDCl3) 7.75 (t, 11.3,
2H), 7.58 (t, 9.2, 1H), 7.50 (t, 6.0, 1.5H), 7.45 (s, 2H), 4.76 (h, 4.9, 1H),
1.48 (s, 15H), 1.28 (d, Jyu 5.6, 6H). Elem. anal. caled for
Co6H3oClF2IrO3P; (720.14): C, 43.36; H, 4.48. Found: C, 39.84; H, 4.54.
Elem. anal. caled for CygH3oCIF5IrOsP; + 3.5 HoO (783.20): C, 39.87; H,
5.02.

3. Results and discussion

The present investigation began with the design of a model com-
pound that could be used to determine the most efficient method of
synthesizing hybrid ligands of type D (see Chart 1) using A as a starting
point. A diphenylphosphino substituent was chosen for the initial syn-
thesis, but the substituents on the phosphine portion of the ligand could
readily be changed to make it more electron-poor once the initial syn-
thesis was optimized. The anion of 1 (Scheme 1) has been used in a
variety of syntheses [17-20], and 1 was readily available in one step
[21].

The synthesis of 2 initially seemed quite straightforward (Scheme 1),
with the addition of t-butyl lithium to 1 at —78 °C, followed by addition
of chlorodiphenylphosphine. The initial purification with a water wash
to remove lithium followed by removal of volatile compounds in vacuo

gave a crude clear, viscous liquid. The crude yield was 80 %, and NMR
spectroscopy showed mostly (ca. 90 %) one compound. Due to the
number of NMR active nuclei in compound 2, the spectra were
complicated (Fig. 1), but this also allowed a more certain identification.
In the 3'P NMR spectrum shown below, two partly overlapping signals
were seen at 4.90 and 2.59 ppm, with 2Jpp = 62.1 Hz, as well as
coupling to the two fluorine atoms 2Jp.r = 93.1 and 69.0 Hz, respec-
tively. The '°F NMR spectrum showed a corresponding doublet of
doublets, 2Jp_p = 93.1 Hz, 2Jp_p = 69.0 Hz.

Although the identity of 2 is assured, purification was much less
straightforward. Compound 2 was found to be quite capable of coordi-
nating Li ions formed from the t-butyl lithium used in the initial syn-
thesis, verified by “Li NMR spectroscopy. While the lithium was easily
removed using a water wash, 2 decomposed upon attempted distillation
even under reduced pressure, and column chromatography led to very
poor mass recovery (less than5%). It was suspected that 2 decomposed
through a radical pathway, in part because both PhyP [22] and fluo-
roalkyl radicals are known species [23-25].

To move past these issues, impure 2 was used in subsequent re-
actions. Several methods of phosphonate diester hydrolysis were
attempted. Refluxing 1 with NaOH in water or MesSiBr in dichloro-
methane led to a mixture of several products. Gratifyingly, refluxing 1
with LiBr in dry acetonitrile [26] lead to crystalline product 3 in 58 %
yield, pure enough for metallations (Scheme 2).

The initial target was an IrCp* complex, which was synthesized by
stirring [IrCp*Clz]2 and 3 in dichloromethane overnight to give the
metal complex in 95 % yield (Scheme 2). The 3lp NMR spectrum (Fig. 2)
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Fig. 4. Ball and stick representation of the molecular structure of 4 as deter-
mined by X-ray diffraction. The Ir, P, and O atoms are highlighted by repre-
senting them as spheres, whereas all other nonhydrogen atoms are represented
using sticks. Key bond distances (A): Ir-P 2.295, Ir-O 2.149, Ir-Cl 2.385. Key
angles: O-Ir-P 87.06°, O-Ir-Cl 83.05°, and CI-Ir-P 91.36°.

showed two signals, each a ddd, with J values matching those for the two
signals in the '°F NMR spectrum, consistent with mutual coupling.
Combined, these data indicate the presence of only one diastereomer.

Interestingly, the '3C NMR spectrum of 4 indicated that all carbons of
the ligand were unique, consistent with the two phenyls being diaster-
eotopic, and also the two isopropyl methyls. Moreover, the CF, carbon
appeared as a remarkable 16-line dddd pattern, barely resolved even
after overnight acquisition (Fig. 3). The two largest splittings (316.6 and
297.3 Hz) were similar and were assigned to LJe.c, where the 21.0 Hz
splitting was ascribed to L Jppha.c and the 184.0 Hz one to lJpoz(oipr).C
[27]. While no water was seen in the proton NMR spectrum for 4, the
elemental analysis was consistent with the presence of 3.5 water mole-
cules per complex. As the complex is air stable, no precautions were
taken in the lab or the lab of the company that performed the analysis to
exclude water from the sample.

X-ray quality crystals of 4 were grown by slow evaporation of

Polyhedron 228 (2022) 116162

dichloromethane (Fig. 4). The Ir-O3 bond distance in 4 was 2.149 A,
compared to 2.150 A for the similar complex «-O,P- (PhaPCeH4PO3H)
Cp*ClIr)) [28]. The Ir-Cl bond length of 2.408 is also similar to the Ir-Cl
bond in 4 of 2.385 A [28].

In order to understand why only one isomer was seen in the NMR
spectra and crystal structure, DFT calculations were performed to
determine if there were structural differences preventing the formation
of more than one isomer. Gas phase calculations were carried out using
b3lyp/SDD as the functional and basis set, respectively. The observed
diastereomer with isopropyl cis to chloride was found to be more stable
than the trans diastereomer by 1.1 kcal/mol, and when dispersion was
included in the calculations this difference increased to 3.4 kcal/mol
between the two isomers, giving a Keq of 295 at room temperature,
corresponding to less than 0.1 % of the less stable trans isomer, which
explained why both the NMR spectra and the isolated crystal showed
evidence of only one species, that is also the complex calculated to be
more stable. Both diastereomers are shown for comparison (Fig. 5).

However, examination of the structural features of the two different
isomers did not give a clear reason why the observed isomer is preferred;
a combination of subtle electronic and structural factors might
contribute to this energy difference [29].

In order to test the metal complex for catalytic activity, 3 was ionized
using silver hexafluorophosphate, and the resulting mixture was filtered
through a silica plug into a J. Young NMR tube, and then hexene and
either acetic acid or water was added. Tetrakis(trimethylsilyl)methane
was used as an internal standard. The solution was monitored for
changes over several days and then heated to 70 °C for 12 h but no
changes were seen. No addition to the alkene was seen with either acetic
acid or with water. A small amount of isomerization was seen, but Cp*Ir
complexes are known to isomerize alkenes and there are already several
good methods to isomerize alkenes [30].

4. Conclusions

A new chelating electron-poor ligand was synthesized, and its ability
to coordinate to a metal was demonstrated. The resulting complex
formed as a single diastereomer, and DFT calculations support a sig-
nificant free energy difference between diastereomers. While the
resulting complex was inactive as an alkene isomerization catalyst, the
fact that no hybrid ligand containing both a phosphine moiety as well as
a phosphonate moiety is known and the fact that there appears to be
only one Cp*Ir-BPMO complex known all motivate this report.
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