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Among the wide variety of synthetic methods allowing the
construction of complex molecular structures, one of the best
documented is the attack of a nucleophile at an allyl metal
fragment, yielding chiral allylic compounds in (virtually)
enantiopure form. One of the benefits of such substitution is
that the regioselectivity of the reaction with unsymmetrical
allyl substrates can be controlled by the metal catalyst.!'! In
this respect, several ruthenium-based compounds, in partic-
ular Cp*Ru derivatives (Cp* =CsMes), have proven to be
largely effective for the introduction of nucleophiles at the
more substituted position, leading to branched (b) rather than
linear (1) products [Eq. (1)].”! Typical substrates are allyl
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carbonates and allyl chlorides (primary or secondary), and
efficient allylic alkylation, arylation, amination, and ether-
ification reactions have been developed.**!

Although useful, these reactions are, however, usually
performed with large amounts of ruthenium catalysts
(ca. 10 mol %), and the active complexes are not recovered
at the end of the reaction owing to their sensitivity to
moisture, oxygen, and isolation conditions. To our knowledge,
only Bruneau, Renaud, and co-workers have been able to
perform multiple catalytic cycles by immobilizing a cationic
Cp*Ru catalyst in an ionic liquid phase.I" Cyclopentadienyl
Ru derivatives that would be 1) air-insensitive, 2) easily
synthesized and purified, 3) catalytically active, and 4) possi-
bly reusable would thus be important novelties in this field.
Herein, we report that such species can indeed be made
through the use of an anionic monodentate ligand. Several
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beneficial aspects are presented, including improved regio-
and enantioselectivity in the Carroll rearrangement of allyl-f3-
ketoesters in direct comparison studies with the classical
[PF,]~ analogues of the catalytic species.

Allyl-B-ketoesters of type 1 [Eq. (2)] are known to react
smoothly in the presence of cyclopentadienyl Ru moieties and
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2,2'-bipyridine (bpy) to form vy,0-unsaturated ketones (e.g. 2)
in high yields and excellent b/l ratios.[! Recently, an enantio-
selective version of this Carroll rearrangement was developed
that required the combined use of [CpRu(NCCHS,);][PF4] and
enantiopure pyridine imine ligands (Cp=CsHs).’! These
allylic substitution reactions, utilizing rather large amounts
of non-recoverable ruthenium catalysts (10 mol%), thus
constituted an ideal framework for the purposed study.
Recently, a novel hexacoordinated phosphorus anion,
TRISPHAT-N (3, Figure 1), was also described and demon-
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Figure 1. Hexacoordinated phosphorus anion TRISPHAT-N 3 and thin-
layer chromatographic behavior (SiO,, CH,Cl,) of salt 4 and of the
crude reaction mixture of 4 and [Bu;NH][3] leading to 5.

strated to be an efficient counterion and ligand altogether
able to enter the first coordination sphere of metal com-
plexes.”'Y' Furthermore, it was shown that the derived
zwitterionic metal complexes possess interesting chromato-
graphic, air, and moisture stability. The possibility that 3
would form a stable complex with the mixture of [CpRu-
(NCCHa,);][PF¢] and bpy was therefore particularly interest-
ing for the Carroll rearrangement.

The viability of this strategy was readily assessed by
dissolving [CpRu(NCCHS,);][PF4]!""! and bpy (1.0 equiv each)
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in N,-saturated CH,Cl, to yield air-sensitive [CpRu(bpy)-
(NCCH,)][PFs] (4, Scheme 1). Subsequent addition of
[Bu;NH][3] (1.0 equiv)®! to the solution of salt 4 led, as

Scheme 1. Synthesis of salt 4 and zwitterionic complex 5; P(Clcat),
represents the fragment constituted by the hexacoordinated phospho-
rus atom and the two tetrachlorocatecholate ligands.

desired, to the formation of zwitterionic adduct 5.2 This
resulting molecule was readily isolated by column chroma-
tography owing to the remarkable elution properties
bestowed by 3 (Figure 1, R;=0.85 (SiO,, CH,Cl,), 76 %). As
expected, 5 turned out to be completely air- and moisture-
stable.!¥] With zwitterion 5 in hand, we turned our attention to
its reactivity.

Initial experiments on the Carroll rearrangement were
conducted by the treatment of allylic ester 1 with catalytic
amounts of 4 or 5 (10 mol %) in THF at 60°C. The reactions
proceeded smoothly to generate, in both cases, the branched
adduct 2 exclusively. Not surprisingly, a longer reaction time
was necessary with complex 5 (4: 100% conv, 4 h; 5: 100 %
conv, 48 h). However, thin-layer chromatographic monitoring
of the reactions revealed that 5, unlike 4, was surviving the
reaction conditions. Moreover, zwitterion 5 was readily
recovered from the crude mixture by column chromatography
(SiO,, CH,Cl,, 85%). The possibility of reusing the isolated
complex as catalyst was tested, and subsequent reactions
occurred without any loss of efficiency or regioselectivity (five
consecutive runs, b/l >99:1, 84 to 90 % recovery per run).

The longer reaction time required with complex § was,
however, of concern. Conditions that would improve the
kinetics were looked for. Higher temperatures were consid-
ered, despite the fact that treatment of 1 at 140°C in a sealed
vessel under microwave irradiation yielded the rearrange-
ment product with a noticeably lower regioselectivity (b/l=
4.9:1, Table 1, entry 2), albeit with only 2 mol % 4 and 60 min

Table 1: Microwave-assisted rearrangement of allylic ester 1.7

Entry [Ru] Cat. loading [mol%] Conv[%] t[min] b/l

1 - - 0 120 -

2 4 2 100 60 4.9:1
3 5 10 100 30 >99:1
4 5 5 100 30 >99:1

5 5 2 90 30 >99:1
6 5 2 95 60 >99:1

[a] 4 or 5 (2-10 mol %), THF, 140°C, c=0.5 m, sealed vessel (microwave
irradiation); the results are the average of at least two runs.
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reaction time. Considering that the lower selectivity might be
the result of an in situ degradation of 4 into a less selective
entity, the reaction was tested with 5.' The results are
reported in Table 1. The reactions proceeded with perfect
regioselectivity in favor of the branched isomer, in sharp
contrast to the reaction with 4. Relatively short reaction times
(30 min) were needed with a catalyst loading of 10 mol %.
Ultimately, catalyst loading could be lowered to 2 mol %
without impacting the outcome (95% conv, b/l >99:1,
60 min).

The benefit of the increased stability given by anion 3
became further apparent in the following preliminary study.
As mentioned above, an enantioselective variant of this
reaction was recently developed using a 1:1 combination of
[CpRu(NCCH;);][PF¢] and enantiopure pyridine imine
ligands;® these ligands are readily synthesized by the
condensation of 2-pyridine-carboxaldehyde and o-branched
benzylic amines. In an effort to extend the pool of ligands and
to determine if a dinuclear catalyst would be beneficial,!
[CPRu(NCCH,;);][PF¢] (2.0 equiv) was treated with the
tetradentate  ligand  N,N’-bis(2-pyridylmethylidene)-1,2-
(R,R)-cyclohexanediamine (6, Scheme 2) derived from com-
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Scheme 2. Synthesis of dinuclear zwitterionic complexes 8.

mercially available 1,2-(R,R)-cyclohexanediamine and 2-pyr-
idine-carboxaldehyde.®! '"H NMR spectroscopic monitoring
of this experiment indicated the formation of a complex
mixture of several CpRu species, including three stereoiso-
meric dinuclear complexes 7 (Scheme 2), which could not be
isolated from the crude mixture. Addition of two equivalents
of [Bu;NH][3] led to the formation of zwitterions 8, which
were isolated by chromatography in modest yield (43 %, SiO,,
CH,CL,).'"""H and *'P NMR spectroscopy revealed the direct
coordination of the anions 3 to the Ru centers” and
confirmed, along with ESI-MS measurements, the formation
of the proposed structure 8 as a complex mixture of
stereoisomers. '

The asymmetric protocol was then tested with mixtures 7
and 8 (5 mol %) under the classical conditions (THF, 60°C,
0.5M, 48 h). Compound 1 reacted to form (+)-2 with, in both
cases, excellent regioselectivity (b/1>49:1) and good con-
version (100% and 85% for 7 and 8, respectively). The
enantioselectivity was, however, very different, as ee values of
57% and 85% were obtained for 7 and 8, respectively.
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Considering that the much lower selectivity in the case of 7
might be the result of in situ degradation of the dinuclear
catalysts or of the activity of other species initially present in
the mixture,'”! care was taken to follow the selectivity as a
function of time (Figure 2). A strong time dependence was
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Figure 2. Enantioselectivity of 2 as a function of time in the reactions
catalyzed by 7 (-----) and 8 (—).

observed in the case of 7; the enantioselectivity was much
lower at the start of the reaction (18 % ee after one hour) and
reached essentially the maximal value after 24 h (56 % ee). In
the case of the TRISPHAT-N adducts 8, monitoring revealed
an essentially constant selectivity throughout the reaction,
thus indicating, most probably, that the obtained results are
due to the dinuclear catalysts and not to other species.

In conclusion, we report herein the first synthetic
application of a hexacoordinated phosphorus anion able to
stabilize catalytically active metallic species. The added
stability towards oxygen and moisture allows the isolation
and characterization of complexes in ambient atmosphere.
The important lipophilicity given by the phosphate allows the
ready separation of zwitterionic adducts, which in some
instances can permit catalyst reuse after isolation. Further-
more, in the context of the Carroll rearrangement, it is shown
that this increased stability improves the regioselectivity of
reactions performed under harsh conditions; the enantiose-
lectivity in the case of 8 (85% ee) is the highest reported to
date in a Ru-catalyzed enantioselective Carroll rearrange-
ment."® This methodology of stabilization of unstable reac-
tive species is currently being extended to other organome-
tallic complexes.
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