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A phosphine oxide-catalysed chlorination reaction of primary
and secondary alcohols has been developed. This process
represents the first triphenylphosphine oxide-catalysed alcohol
chlorination under Appel conditions.

During the last five decades halophosphonium salts have
emerged as versatile reagents for the conversion of aliphatic
alcohols to alkyl halides." Whilst chlorophosphonium salts
and other phosphorus(v) halide reagents afford high yields
of halides from alcohols under mild reaction conditions
(e.g. eqn (1)) the concomitant generation of stoichiometric
phosphine oxide by-products impacts severely on the atom
efficiency and large-scale applicability of these reactions.
Furthermore, purification of the product is not always
straightforward.
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Whilst many creative strategies have been developed to
remove phosphine oxides from reaction mixtures’ aiding
purification the fundamental problem of phosphine oxide
generation in these and other reactions has remained
unsolved.® To address this problem we are developing new
catalytic versions of the most important phosphorus-mediated
transformations.* Herein we report the first triphenyl-
phosphine oxide-catalysed chlorination of alcohols under
Appel conditions (eqn (2) and Scheme 1).

The driving force for chlorination reactions under Appel
conditions, in which chlorophosphonium salts such as 3
react with alcohols to afford chlorides, is the formation of
the strong P—=0 bond in the phosphine oxide by-product 1.
However, it is the strength of this bond which makes catalysis
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1 Electronic supplementary information (ESI) available: General
experimental information, spectroscopic data for new compounds
and copies of relevant NMR spectra. See DOI: 10.1039/c002825h
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Scheme 1 Proposed phosphine oxide-catalysed chlorination reaction.

very difficult. Harsh conditions are required for the reduction
of phosphine oxides to phosphines from which the chloro-
phosphonium reagents are conventionally derived. To over-
come these difficulties we sought a method to convert
phosphine oxides into chlorophosphonium salts under mild
conditions e.g. (1 — 3, Scheme 1),° thereby bypassing the
difficult phosphine oxide reduction with a stoichiometric
reductant.

We set out to establish whether oxalyl chloride could be
used as indicated (1 — 3, Scheme 1)° to transform triphenyl-
phosphine oxide into the required chlorophosphonium reagent
and close the catalytic cycle. We first confirmed that stoichio-
metric chlorotriphenylphosphonium chloride 3 could be
rapidly generated in situ from triphenylphosphine oxide
and oxalyl chloride® and that this reagent was effective at
chlorinating decanol (eqn (3), entry 1, Table 1).

Next we established the extent of the unwanted background
reaction between oxalyl chloride and decanol (entry 2). The
rapid (<10 min) consumption of starting material and
formation of chloroglyoxalate 7 and bisester 8 indicated a
significant side reaction which could compete with chlorina-
tion. However, an initial trial of the catalytic reaction using
30 mol% of triphenylphosphine oxide afforded a promising
46% of the desired chloride (entry 3) along with 7 and 8.

Optimisation experiments were then carried out to suppress
the formation of the esters. Addition of the alcohol to a
solution of oxalylchloride and the catalyst over 2 hours
afforded a 65% isolated yield of 6 (entry 4). A further
modification involving simultaneous addition of both oxalyl
chloride and decanol to a solution of 15 mol% catalyst and
oxalyl chloride over 7 hours afforded an excellent yield of 6
(entry 5). Repetition of this reaction without catalyst (entry 6)
resulted in exclusive formation of chloroglyoxalate 7.
Reducing catalyst loading to 10 mol% had a detrimental effect
on vyield (entry 7). Finally, the addition time could be
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Table 1 Development of a catalytic chlorination reaction
(o]
(COCl),, PhsPO Cotrg”™ “CI + CeHm/\O)S(CI
o~ 2, PN 6 7 0 3
Cottro 5 OH Chci, or cOC, o )
CQH'IQ/\O)S(O\/CQHQ
(¢]
8

Entry Ph;PO mol% Addition protocol”/addition time Product (yield%)
1 100 5 added to (COCl), + Ph3PO 6 (80)°
2 0 5 added to (COCI), 7 (78) + 8 (22)°
3 30 5 added to (COCl), + Ph3PO 6 (46) + 7 (44) + 8 (10)
4 25 5 added to (COCl), + Ph3PO over 2 h 6 (65)°
5 15 5 and (COCI), added to (COCI), + PhsPO over 7 h? 6 (83)
6 0 5 and (COCI), added to (COCI), over 7 h? 7 (89)°
7 10 5 and (COCI), added to (COCIl), + Ph;PO over 7 h 6 (75
8 18 5 and (COCI), added to (COCl), + Ph3PO over 5 h 6 (73)°

@ Unless otherwise indicated the reactants were added in one portion. ? Yield determined by 'H NMR spectroscopy using Cl,C,H, as an internal
standard. ¢ Isolated yield. ¢ Chloroform solutions of (COCI), and 5 were added simultaneously to a solution of (COCI), and Ph;PO in chloroform
over the time indicated; the initial amount of (COCI), used was equimolar with the catalyst; 1 eq. of (COCI), was used in total.

decreased to 5 hours and a good yield of product obtained
with 18 mol% catalyst (entry 8).

With a protocol for catalytic chlorination in hand we
examined a range of alcohol substrates under the optimal
conditions (eqn (4), Table 2). The new method is effective for
primary and secondary alcohols with yields ranging from
7-87%. The reaction is tolerant of aryl, alkene and alkyne
substituents. The data in Table 2 also indicate the scope of the
reaction at present; sterically more demanding substrates such

Table 2 Catalytic chlorination of alcohols

OH  (c0oCl),, PhsPO cl @

R R? CcHelorcbcl; R OR?
Entry Alcohol substrate Product Yield? (%)
1 N N - 5 83 (68)
2 Ph” “OH 9 80 (42)
3 Ph” ™ OH 9 0°
4 Ph” " 0H 10 73
5 X" 0H 11 70
6 Ph._~_ OH 12 88 (70)
7 PO A 13 67 (52)

OH
8 PP 14 69 (54)
9 PPN 15 64
11 cyclohexanol 16 7
12 P e S 17° 48 (30)

“Yield determined by 'H NMR spectroscopy using Cl4C,H, as an
internal standard; isolated yields in brackets. ” Oxalyl bromide was
used in place of oxalyl chloride in this reaction which afforded
bromodecane. Chloroform solutions of the substrate (1.00 eq.) and
(COCl); (0.85 eq.) were added simultaneously to a solution of Ph;PO
(0.15 eq.) and (COCI), (0.15 eq.) in chloroform over 7 h at room
temperature. © The above procedure was used without Ph;PO catalyst.

as cyclohexanol were relatively unreactive with respect to
chlorination (entry 9).1

The corresponding bromination reaction using oxalyl
bromide is feasible; however, this, and further catalytic
halogenation reactions, awaits optimisation (entry 10).

A further two control experiments with no catalyst were
conducted with more activated substrates (entries 3 and 10).
No chloride products were formed in these reactions.

In a final study we examined the role of the phosphine oxide
in more detail. In particular, we sought to establish whether
glyoxalate esters such as 17 could decompose to chlorides via an
uncatalysed or catalysed process (e.g. 17 or 18 — 19, Scheme 2)
as part of a potential second catalytic cycle (cycle 2, Scheme 2).

To this end we prepared chloroglyoxalate 7 from decanol,
the key intermediate in cycle 2 (R = CgH;9), by slow addition
of the latter to oxalyl chloride (Scheme 3).

The stability of 7 was then investigated in the presence of
triphenylphosphine oxide. Thus, exposure of 7 to one equi-
valent of triphenylphosphine oxide for 16 hours afforded no
chlorinated product. The reaction mixture was then heated at
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Scheme 2 Possible catalytic cycles for chlorination reaction.
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Scheme 3 Investigation of the reactivity of chloroglyoxalate 7.
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reflux for a further two hours. Again no conversion of 7 to 6
took place.® That compound 7 is stable under these conditions
suggests that the catalytic chlorination reactions are
proceeding via the Appel-type pathway (cycle 1).

In conclusion the first triphenylphosphine oxide-catalysed
Appel-type chlorination reaction has been developed. The
reaction is effective for acyclic primary and secondary alcohols
and generates only two gasses as byproducts. Given the
diverse chemistry associated with halophosphonium salts'
this study provides a proof-of-concept for a range of redox
neutral phosphine oxide-catalysed transformations driven by
oxalyl halides and active oxalyl esters. The full details of these
ongoing studies will be reported in due course.

This work was financially supported by The University of
Nottingham (New Researcher’s Fund NF5012) and the Royal
Society (Research Grant RG090319).
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