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Making Carbon-Phosphorus Bonds

Lewis Acid Catalyzed Room-Temperature
Michaelis—Arbuzov Rearrangement™*
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The Michaelis—Arbuzov rearrangement is one of the most
extensively investigated reactions in organophosphorus
chemistry, and is widely used in many fields of chemistry,
from organic synthesis to catalyst design, to prepare phos-
phonates, phosphinates, and phosphane oxides.!! This rear-
rangement involves the reaction of an ester of a trivalent
phosphorus species R'R?’P—OR® with alkyl halides R*X.
Although pentacoordinate phosphorane intermediates
cannot be completely excluded,'¥ the generally accepted
mechanism for this Michaelis—Arbuzov rearrangement
(Scheme 1) involves formation of a phosphonium intermedi-
ate through nucleophilic addition of the phosphorus lone pair
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Scheme 1. Mechanism of the Michaelis—Arbuzov rearrangement.

to the alkyl halide. This first reversible step is followed by
thermally induced intramolecular reaction of the conjugate
nucleophile (halide X-) on the a carbon atom of the ester P—
OR?. The overall process gives the simultaneous formation of
a new alkyl halide R3X and a tetracoordinate phosphorus
species.

Two main flaws have precluded wider use of this reaction.
First, the drastic reactions conditions: apart from a with few
particularly reactive halides, high reaction temperatures are
required. Second, this reaction yields, together with the
tetracoordinate P(=0O) phosphorus target product, another
alkyl halide R3X. However, when this newly formed alkyl
halide R3*X is more reactive, or less volatile than the initial
alkyl halide R*X, a troublesome competition takes place, and
mixtures of phosphorylated products are obtained.’) When
desired, the higher reactivity of the second
halide R3X can be used to perform an
“autocatalytic” Michaelis—Arbuzov rear-
rangement, by using catalytic amounts of
the first alkyl halide R*X (usually methyl
iodide).P! This latter “catalytic” reaction is

acid catalyst, most of the Lewis acids described as epoxide
ring-opening activators (and thus efficient oxygen-binding
Lewis acids) did catalyze an efficient isomerization of 1 into
methyldiphenylphosphane oxide (2). The best catalysts were
found to be BF;-OEt, and trimethylsilyl trifluoromethane
sulfonate (TMSOT(; 87 and 91 % yield, respectively). Mod-
erate heating (60°C) resulted in complete transformation
within an hour (see Supporting Information).

The reaction velocity proved to be moderately sensitive to
substrate concentration and required a polar and aprotic
solvent (CHCI; > CH,Cl, ~ CH;CN > benzene, or toluene).
Moreover, while an increase from 5 to 20 molar % of catalyst
did somewhat speed up the reaction, use of over 50 molar %
of catalyst diminished the reaction rate, and use of excess
catalyst completely stopped the reaction. This observation,
together with the substrate-concentration sensitivity, is a first
indication of a bimolecular process involving both a catalyst-
activated species and a phosphinite that is not coordinated to
a Lewis acid (see below).

Optimized reaction conditions were then sought for a
wide array of substrates. As illustrated in Table 1, addition of
5 molar % TMSOTT to phosphinite bearing primary O-alkyl

Table 1: Lewis acid promoted Arbuzov rearrangement of phosphinites.?

still limited to a few reactive phosphites, Entry R

and consumption of the catalyst yields,
among other by-products, a corresponding ] Ph
amount of an undesired R!'RZR*P(O) 2 Ph
phosphorus (v) product. 3 Ph
While the Arbuzov rearrangement has 4 Ph
long been known, apart from the ther- Z i:
mally induced alkyl-halide catalysisP! 7 Ph

already mentioned and the related
8 Ph

iodinel or alkali-metal-iodidel! catalysts,
the only true thermal Arbuzov-rearrange-

ment catalyst described to date is nickel(r) 9 Ph
chloride.l'*?l A few intramolecular rear- 10 £t
rangements, limited to highly reactive 4, Ph
phosphinites or requiring very high tem- 1, Ph
perature or pressure, have been descri-

bed,”! and no efficient room-temperature 3 Ph
catalysts have been described so far. Our

idea was to test the use of oxophilic Lewis 14 Ph
acids which could bind to the oxygen

atom, and thus weaken the O—C bond, 15 Ph
enhancing the reaction rate of the second,
energy-requiring step of the Arbuzov ° Ph
rearrangement. v Ph

A first screening was conducted on 18 Ph

methyl diphenylphosphinite (1; see Sup- 19 ‘Bu
porting Information), described as one of 5, oyl
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OR? Reaction Reaction Yield
conditions®! time [h] [%]
OMe A 72 87
OMe B 72 91
OMe C 1 98
OMe D 1 95
OEt C 18 85
OBn A 72 87
OBn C 3 90
Q
)—<C:> C 18 86
MeO
OJ@ C 2 91
OBn A 72 92
OMe C 3 75
OEt C 18 63
Q
)—%<:> c 3 781
MeO.
O\;@ A 72 68
C 18 44
0 NO,
OBn C 72 52
OMe C 72 47
o]
C 72 20
OMe E 72 degradation
OMe E 72 traces

the most isomerization-sensitive phos-
phinites.”). When the reaction was per-
formed at room temperature, in CDCl,
using 3M phosphinite 1 and 5% Lewis
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[a] Unless stated, the reaction was performed at a phosphinite concentration of 1.0M in
chloroform with 5 mol % catalyst. [b] Reaction conditions: A: TMSOTT, 25°C, B: BF;.OFEt,,
20°C, C: TMSOTf, 60°C, D: BF;0Et,, 60°C, E: no solvent, TMSOTT, 80°C. [c] Yield of purified
phosphane oxide. [d] 2 isomers 1:1. [e] Cyclohexyl.
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groups initiated an Arbuzov rearrangement to phosphane
oxide with fairly high yields in a few days at room temper-
ature when the phosphorus(iil) ester was reactive (methyl or
benzyl, entries 1, 6, 10, and 14). Use of BF;.OFEt, also gave
satisfactory results (entries 2, 4).

Interestingly, O-ethyl phosphinites, which are far less
reactive in Arbuzov rearrangements, also isomerize when
moderately (60°C) heated (entries 5 and 12), as do activated
phosphinites bearing secondary O-alkyl groups (sec-phen-
ethyl esters, entries 8, 13, and 18).

Reaction is as yet limited to the migration of primary alkyl
groups or activated secondary alkyl groups, as is the Arbuzov
rearrangement involving alkyl halides. Sterically hindered
alkyl substituents at the phosphorus center also dramatically
hamper the rearrangement process (entries 18-20, and to a
lesser extent, entries 16 and 17).

The reaction was then extended to less reactive phos-
phonites and phosphites. As illustrated in Table 2, Arbuzov
rearrangement to the corresponding tetracoordinate phos-
phorus esters also readily occurred. As observed for the
bimolecular Michaelis—Arbuzov rearrangement using alkyl
halides, and as described for phosphinites (see Table 1),
deactivation of the o carbon atom of the rearranging ester

Table 2: TMSOTf-promoted Arbuzov rearrangement of phosphonites and phosphites.
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Scheme 2. Proposed mechanism for Lewis acid catalyzed Arbuzov rear-
rangement.

nylphosphite (1), corresponding to the oxonium inter-
mediate).

e No alkyl trifluoromethane sulfonate has been observed in
the crude reaction mixtures.

e No room-temperature TMSOTf-catalyzed rearrangement
was observed with S-methyl diphenylphosphinithioite.
This observation is in favor of an oxonium intermediate,
since sulfur atoms are less susceptible towards silylation.

e An equimolar mixture of phosphinite 3 and 4 gave an
approximately 1:1:1:1 mixture of all possible phosphane

oxides 5-8 (Scheme 3), as indi-

cated by both 3P NMR spectro-
scopy and GC/MS experiments.

Entry R! R? OR®
1 Ph OMe OMe
2 Ph OEt OEt

[0} Q
; o - O
4 Ph OiPr OiPr
5 OEt OEt OMe
6 OEt OEt OMe
7 OEt OEt OBn
8 OMe OMe OMe

BnO. NO,

9 OEt OEt 0\/\©/

Reaction Vield® Obtaining. an approximately
conditionsi® %] 1:1:1:1 mixture, although the

kinetic rates for the migration
20°C, 96 h 82 of individual OMe and OEt
60°C, 72 h 68 .

groups are different (compare
60°C, 18 h 72 Table 1, entries3 and 5), not
60°C, 72 h traces only supports the bimolecular
20°C, 96 h 20 aspect of the mechanism, but
60°C, 18 h 9 also indicates that, if this mech-
60°C, 18 h 87 anism is correct, the rate-limit-
60°C, 18 h 98 ing step is the second one (sily-
60°C, 3 h 93 loxyphosphinite addition to the

phosphonium intermediate).

[a] The reaction was performed at a concentration of 1.0m in chloroform with 5 mol % catalyst. [b] Yield @

of phosphi(o)nates.

drastically lowers the rates of the reaction. A particularly high

selectivity with respect to the migrating ester group was

observed (benzyl > methyl > ethyl, in the reactions given in
entries 6 and 7, only traces of ethyl-migration products were
detected).

As previously observed, with inhibition of the reaction by
excess catalyst, and contrary to the intramolecular mechanism
we originally proposed, much of the experimental evidence is
strongly in favor of the bimolecular process outlined in
Scheme 2.

e Whatever the oxophilic Lewis acid used (TMSOTH,
TBSOTf (TBS =tert-butyldimethylsilyl, ClL,C=N(Me),"
TfO-, Sn(OTf),, and BF;0Ed,), the reaction occurred in
the same way, and the detected reaction intermediates
give similar 3P NMR spectroscopy data (major peak at
0=75.2 to 75.4 ppm for the reaction with methyl diphe-
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Addition of a catalytic (20%)
amount of methyl trifluorome-
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Scheme 3. Lewis acid catalyzed Arbuzov rearrangement of an equimo-
lar amount of phosphinites 3 and 4.
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thane sulfonate to 1 gave no rearrangement product 2 at

room temperature. Only formation of the corresponding

amounts of the quasi-phosphonium salt

[MeO(Ph),PMe[*[OTf]- was detected (*'PNMR: 6=

77.8 ppm in CDCl;). Only heating the reaction mixture

to 100°C, without solvent, gave the formation of 2, about

15 %, together with a mixture of starting phosphinite, and

the oxidation product O-methyl diphenylphosphinate.

e Equimolar mixtures of phosphane oxide diastereoisomers
(Table 1, entries 13 and 18) and racemic mixtures
(Table 1, entry 8) were obtained, even when enantiomeri-
cally pure sec-phenethyl alcohols were used.

e For the Arbuzov rearrangement, a bimolecular process
involving nucleophilic addition of phosphite to phospho-
nium has already been described,® and confirmed by
kinetic experiments.’* This is actually the only possible
mechanism when methyl triflate is used as a halide
equivalent, since the nucleophilicity of the corresponding
trifluoromethane sulfonate anion TfO~ is particularly
low.]

In conclusion, we have demonstrated that use of an oxophilic
Lewis acid, such as BF;.OEt, or TMSOTT, could induce an
Arbuzov-like rearrangement. The reaction conditions are
particularly mild, since in most cases, room temperature or
moderate heating are sufficient, which has not been described
before for Arbuzov rearrangements. The scope of the reaction
has been extended to phosphites, phosphinites, and phos-
phonites. As in the corresponding Arbuzov rearrangement
using alkyl halides, the migrating groups are limited to both
primary and activated secondary alkyl groups. The reaction
mechanism has also been clarified, and a bimolecular process
is proposed.

This room-temperature, catalyzed Arbuzov rearrange-
ment, offers new reaction pathways for the synthesis of
compounds containing carbon—-phosphorus bonds, for exam-
ple, key intermediates for the synthesis of both physiologi-
cally active drugs and basic chemical building blocks (via
further Wittig or Horner—Wadsworth—-Emmons reactions, for
instance).
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