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We report herein on the nickel-catalyzed methylation of
arylphosphines using AlMe; via the cleavage of unactivated
C(aryl)-P bonds. This reaction allows for the direct, catalytic
substitution of an aryl group on a phosphorus center with a methyl
group. This catalytic methylation can proceed, when phosphine
oxides and sulfides are used as a substrate.

Triorganophosphines are widely used in organic synthesis, for
example, as organocatalysts,! deoxygenating agents,? and ligands for
transition metal complexes,® which makes the development of
methods for their synthesis a continuingly important research
subject. 4 The late-stage conversion of stable, readily available
arylphosphines to alkylphosphines represents a particularly a useful
technique, to diversify the library of existing organophosphine
compounds. In contrast to a number of examples of aryl group
exchange reactions of aryphosphines,®> the conversion of the aryl
group in an arylphosphine to an alkyl group has met with limited
success in terms of catalysis (Figure 1a). This transformation is
typically accomplished via the reductive cleavage of a C(aryl)-P bond
using a stoichiometric amount of a strong reducing agent (e.g., Na,
Li) to generate a phosphide anion, followed by alkylation by RX
(Figure 1a, top). The chromium-catalyzed alkylation of
triarylphosphines bearing a directing group using an excess of ArMgX
as a reducing agent was also reported recently (Figure 1a, middle).”
Another strategy for transforming arylphosphines into
alkylphosphines  involves the prior formation of an
alkylphosphonium salt by reaction with an alkyl halide, followed by
the selective cleavage of the C(aryl)-P bond (Figure 1a, bottom).>™8
Herein, we report on the nickel-catalyzed direct substitution of an
aryl group of an arylphosphine by a methyl group using
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Figure 1 Alkylation of phosphines via the cleavage of C(aryl)-P bond: precedents
and this work

trimethylaluminum (AlMe3) (Figure 1b). The use of AlMe; as a
methylating agent allows for the direct methylation of C(aryl)—
P bonds in arylphosphines without the need for a directing
group or the prior formation of phosphonium salts.

Our laboratory® and Rueping® recently reported on the
nickel-catalyzed alkylation of a C(aryl)-O bond in an aryl ether
using a trialkylaluminum reagent. In this reaction, the aluminum
reagent presumably acts, not only as an alkyl nucleophile, but
also as a Lewis acid, by which C(aryl)—O bond activation by Ni(0)
is facilitated by the pre-coordination of an ether oxygen to an
aluminum center.1® We envisioned that the combination of a
Ni(0) catalyst and a trialkylaluminum reagent could also be
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applied to the alkylation of arylphosphines via the prior
formation of a phosphine/aluminum adduct. Based on this
hypothesis, we initially examined the nickel-catalyzed reaction
of diphenyl(methyl)phosphine (1a) with AlMe; (Table 1). As a
result of extensive optimization,'! it was found that the reaction
of 1a with AlMe;s (2 equiv) in the presence of Ni(cod), (10 mol
%) and dcype [1,2-bis(dicyclohexylphosphino)ethane, 30 mol %]
in toluene at 180 °C for 18 h, followed by quenching with H,0,,
gave the methylated phosphine oxide 2a’ in 58% GC yield (Entry
1). The double methylated product (i.e., trimethylphosphine
oxide) was not observed. The yield was further improved to 76%
by slightly decreasing the amount of AlMe; to 1.8 equiv.'?2 The
methylation did not proceed in the absence of a nickel catalyst
(Entry 2), but the addition of dcype was found to not be
essential (Entry 3). This is presumably because the phosphine
substrate can also serve as a supporting ligand for Ni(0) in the
absence of dcype. The nature of the ligand did not have a
profound impact on the efficiency of the reaction of 1a. For
example, the use of monodentate NHC ligands also afforded 2a’
in comparable yields (Entries 4 and 5). Other organometallic
methylating reagents, including MelLi and MeMgBr, failed to
promote the reaction, while the use of AlMe,Cl gave 2a’ albeit
in a decreased yield of 24% (Entries 6 and 7). When AlEt; was
used instead of AIMej3, no ethylated product was formed and 1a
remained largely unreacted (Entry 8). The reaction can also
proceed at a lower temperature of 140 °C, although the yield
was slightly decreased (Entry 9). The use of Ni(OAc), as nickel(ll)
catalysts also promoted this reaction with moderate yield (Entry
10). Importantly, this methylation reaction was found to
proceed even when the phosphine oxide 1a’ was used as a
substrate with the desired product 2a’ being produced in 42%
GC yield under identical conditions (Entry 11). Given the
availability and air-stability of phosphine oxide derivatives,3
the direct methylation of these oxides greatly expands the
usefulness of this reaction.
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Table 1 Optimization of the nickel-catalyzed methylation of 1a®

Me Ni(cod), (10 mol%) Me
]

L deype (30 mol%) 10
oo .

toluene,180 °C, 18 h
then H,0,, ca.1.5 h

1a (2.0 equiv) 2a’
Entry Deviation from above conditions GC yield [%]
1 none 58 (76)°
2 without Ni(cod),/dcype 0
3 without dcype 46
4 IPr-HCI/NaO'Bu instead of dcype 48
5 ICy-HCI/NaO'Bu instead of dcype 42
6 MeLi or MeMgBr instead of AlMe; 0
7 AlMe,Cl instead of AlMe3 24
8 AlEt; instead of AlMe; 0°
9 140 °C instead of 180 °C 42
10 Ni(OAc), instead of Ni(cod), 50°
11 1a' insted of 1a 420
I\IID/Ie Me\P,,o I\IF/)Ie l\élfo
©/ \@ @ \© : @r “Me @r “Me
1a 1a' ' 2a 2a'

9Reaction conditions: phosphine 1 (0.15 mmol), Ni(cod), (0.015 mmol), dcype (0.045
mmol) and AlMes (0.15 mL) in toluene (0.3 mL) at 180 °C for 18 h. ®Using 1.8 equiv of
AlMes. <Yield of ethylated phosphine.

Having optimized the reaction conditions in hand, we explored the
scope of this nickel-catalyzed methylation of arylphosphines (Figure
2). Because of the difficulty in isolating phosphine oxide derivatives
by column chromatography due to their high-polarity, the products
were routinely isolated in the form of air-stable phosphine sulfides
2” after workup with Sg.1* Regarding the alkyl substituents of
diphenyl(alkyl)phosphine substrates, a range of primary and
secondary alkyl groups were found to be applicable. For example,
methylated (2a”) and ethylated (2b”) phosphine sulfides were
formed in 72% and 66% yields, respectively. This reaction also
proceeded in the case of substrates bearing bulky groups such as
isopropyl (1c”) and cyclohexyl (1d”), with the corresponding
methylated phosphine products being successfully generated. We
next examined the scope of the reaction using phosphine oxide and
sulfide derivatives as starting materials. In addition to phosphine
oxide 1a’, we found that diphenyl(methyl)phosphine sulfide (1a”)
can also serve as a viable substrate with the corresponding
methylated product 2a” being formed in 59% vyield. In addition, this
reaction could be applied to a series of cyclic phosphine sulfide
derivatives (i.e, 2e” and 2f”), allowing for the late-stage modification
of the P-substituent in dibenzophosphole derivatives. The use of
(EtO)PPh, as a substrate under these conditions resulted in the
formation of 1a” (21%) and 2a” (29%), likely through the generation
of PMePh, (see ESI for details). Triphenylphosphine 4a can also
participate in this catalytic methylation. After
optimizations,’> the methylation proceeded when the reaction was
carried out at 120 °C for 24 h using IPr as a ligand with the
monomethylated (5a) and the dimethylated (2a”) products being
obtained in 28% and 53% yields, respectively. Introducing methyl
groups at the para-positions (i.e., 4b) had no significant effect on the

numerous
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reaction efficiency and the corresponding methlylated phosphines
5b and 2g” were formed in a similar manner. In contrast, the use of
an electron-deficient CFs-substituted phosphine resulted in no
reaction, indicating that the Lewis-basicity of the phosphine is
important for the formation of an adduct with AlMe; (vide infra).
Bisposphines,
diphenylphosphinohexane, failed to afford the corresponding
methylated product (see ESI for details).

such as 1,2-diphenylphosphinoethane and 1,6-
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Figure 2 Scope of the nickel -catalyzed methylation of phosphine reagents

9Reaction conditions: phosphine 1 (0.15 mmol), Ni(cod), (0.015 mmol), dcype (0.045
mmol) and AlMe; (0.30 mL) in toluene (0.3 mL) at 180 °C for 18 h. bUsing 3.6 equiv of
AlMejs. Reaction conditions: phosphine 4 (0.15 mmol), Ni(cod), (0.015 mmol), IPr-HCI
(0.045 mmol), NaO'Bu (0.054 mmol) and AlMe; (0.17 mL) in toluene (0.3 mL) at 180 °C
for 18 h.

To gain insights into the nature of the interaction of the AIMe;
reagent with the phosphine substrate, a mixture of 1a and
AlMe; (1.8 equiv) was monitored by 3P NMR spectroscopy. This
monitoring revealed that the chemical shift of 1a shifted from -
33.4 to -30.6 ppm upon the addition of AlMe; at ambient
temperature, which is in agreement with the shift reported for
the phosphine-aluminum adduct 1a-AlMe;® (Figure 3a). This
result indicates that phosphine substrates immediately
coordinate to AlMe; to form an adduct, which facilitates the
activation of the C(aryl)-P bond. To examine the fate of the
eliminated aryl fragment of the arylphosphine substrate, a
substrate bearing a 4-biphenyl group (i.e., 6) was reacted under

This journal is © The Royal Society of Chemistry 20xx
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the Ni/IPr-catalyzed conditions and quenched with D,0 (Figure
3b). As a result, the mono-methylated (7) and di-methylated (8)
phosphines were formed in 18% and 41% yield, respectively. In
addition, 4-deuterated biphenyl 9 was produced in 70% yield
(based on the converted biphenyl group), which was likely
formed via the generation of the (4-biphenyl)Al species D’. We
also monitored the crude reaction mixture by 3!P-NMR (Figure
3c). When the arylphosphine 1a was used as a substrate, most
of the methylated product 2a was present as its aluminum
adduct 2a-AlMe;. Interestingly, when the corresponding oxide
1a’ was used as the substrate, a mixture of 1a/2a/2a-AlMe;
(1/0.7/4.1) was formed, and neither 1a’ nor 2a’ were observed.
These results suggest that 1a” is methylated

(a)

Me A\Mea
IS AlMes (18 equiv)
@ \© toluene-dg, rt @ \©
5 min
1a-AlMe;
5-33 ppm 5-31ppm ("P-NMR)
full conversion
(b)
Ph AlMe; (2.0 equiv) Arg
Ni(cod), (10 mol%) Ar/F’\’Me )
IPr-HCI (30 mol%) via
NaO'Bu (36 mol%) 7:18% D Al
—_— +
P toluene, 120 °C, 24 h /@ /@
/@ \©\ then Sg (10 equiv) '\,}/,IES P P |
Ph Ph 1,4-dioxane, 70 °C, 1h  Ar” “Me D
6 then quenched with DO g: 419, 9
0.10 mmol 0.07 mmol
Ar = 4-biphenyl

(©) )
AlMe; (1.8 equiv)
Ni(cod), (10 mol%)

Me, £ 4 deype (30 mol%)
— > 1a + 2a +2a-AlMe;
toluene-dg
180 °C, 18 h 1 @ 3 ¢ 17 from1a

1 107 ¢ 4.1 from 1a"

determined by 3'P-NMR

Figure 3 Mechanistic studies

after being reduced to trivalent phosphine 1a under these
catalytic conditions.

Based on the results shown in Figure 3, a possible mechanism is
depicted in Figure 4. Initial formation of phosphine-aluminum adduct
1-AlMe; would reduce the electron density of the C(aryl)-P bond in
1, thereby facilitating oxidative addition to a Ni(0) catalyst to form
intermediate A.Y7 A methyl group on the aluminum center in A is
subsequently transferred to nickel via transmetallation to generate
the Me—-Ni-Ar intermediate B and aluminum phosphide C.” The
formal nucleophilic attack by a phosphide fragment in C to the
methyl group in B via a cyclic transition state TS results in the
formation of methylated phosphine 2 and Ar—AlMe, D with the
regeneration of Ni(0). The formation of D is supported by the
detection of Ar—D upon quenching the reaction mixture with D,0
(Figure 2b). Intermediate B is supported by the observation of a trace
amount of Me—-Ar by GC-MS, which is likely formed by reductive
elimination from B.8 An alternative mechanism that involves a direct
exchange between the aryl group on the nickel center and the methyl
group on the aluminum center in A to generate Me—Ni—-PMeAr and
D cannot be excluded (see ESI for details).
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Figure 4 Proposed mechanism

In summary, we report on the direct, catalytic methylation of
arylphosphine derivatives via the cleavage of a C(aryl)—P bond
using AlMes. The use of AlIMes as a methylating reagent allows
to avoid prior formation of a phosphonium salt. In addition to
trivalent phosphines, phosphine oxides and sulfides can also be
used directly in this nickel-catalyzed methylation reaction.
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