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Cyclopropenylylidene-Stabilized Diaryl and Dialkyl Phosphenium
Cations: Applications in Homogeneous Gold Catalysis™*
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Phosphenium cations of the general formula [R,P:]" are
isolobal with singlet carbenes and can likewise be stabilized
by donation of electron density into their empty orbital.!"l This
goal is often reached either by embedding the phosphorous
atom into a heterocyclic scaffold®® as in A or by reaction
with bases of a different nature to form the corresponding
Lewis adducts B (Scheme 1).1* In both cases, the presence of
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Scheme 1. Representative structures of N-heterocyclic phosphenium
cations A and the conceivable resonance extremes of the phosphe-
nium-base adducts B1 and B2.

an unshared pair of electrons on the phosphorous atom makes
the use of these compounds as ligands plausible; however,
their intrinsic positive charge renders them poor o donors and
strong m acceptors.®! Specifically, in B-type adducts the
ground-state structure is dominated by resonance extreme B2
when L is a phosphine, and therefore, transition-metal
coordination complexes derived from these compounds are
extremely scarce.”) Even in the cases in which L is an N-
heterocyclic carbene (NHC), the coordination properties of
the resulting adducts are only comparable to those exhibited
by the strongly m-accepting phosphites.®!

However, we imagined we could generate phosphenium
adducts in which resonance form B1 might have a decisive
contribution to the ground state by selecting an internal
ligand L that is a stronger o donor and an even poorer
m acceptor than NHCs. This approach should provide systems
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with phosphine-like coordination behavior while keeping a
positive charge that confers them the physicochemical
properties of salts. Phosphines containing charged function-
alities have already demonstrated their suitability in several
chemical processes; the hydroformylation of olefins is one
remarkable example.’! Note, however, that in those phos-
phines, the charged groups are invariably appended to the
periphery of the compound and are not directly attached to
the phosphorous atom as in the present case.!'")

To put our design concept into practice, we considered
1,2-bis(diisopropylamino)cyclopropenyl-3-ylidene as an inter-
nal carbene ligand that fulfils the necessary electronic
requirements.'!! The preparation of cyclopropenylylidene-
stabilized phosphenium cations 2-7 was achieved in good to
excellent yields after direct condensation of the readily
available chlorocyclopropenium salt 11% with a range of
secondary phosphines and subsequent anion exchange. This
synthetic strategy allowed the preparation of the desired salts
on a multigram scale as white, air-stable solids (see Scheme 2
and the Supporting Information).
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Scheme 2. Reagents and conditions (product yields in parentheses):
a) phosphine (2 equiv), THF, reflux, 24 h; b) NaBF, (excess); 2 (90%);
3 (86%), 4 (79%); 5 (96%); 6 (76%); 7 (80%); c) [{RhCI(CO),},]
(0.25 equiv), THF; 8 (93%); 9 (91%); 10 (quant.); 11 (quant.);

d) [{RhCl(cod)},] (0.5 equiv), CH,Cl; 12 (96%); 13 (88%); 14 (98%);
15 (97 %). Cy =cyclohexyl, Ad =adamantyl, cod =1,5-cyclooctadiene.

The comparison of the C—P bonds in the X-ray structure
of 2 (Figure 1) is especially informative. The C1-P1 bond is
only slightly shorter than the two C—P single bonds connect-
ing the phosphorous atom with the phenyl rings but is
significantly longer than typical C—P double bonds."” These
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Figure 1. Crystal structure of 2. Hydrogen atoms and the BF, anion are
omitted for clarity; ellipsoids are set at 50% probability."!

data reveal that, in line with our expectations, back donation
from the phosphorous atom to the cyclopropenyl ring is
marginal.

The donor ability of the new phosphenium adducts was
then evaluated by analysis of the CO stretching frequencies
for complexes 8-11 (Table 1). These data suggest that adducts

Table 1: Carbonyl stretching frequencies in complexes [RhCI(CO)L,-
(BF,), (8-11) in the solid state and electrochemical redox potential of the
corresponding complexes [RhCl(cod)L](BF,) (12-15). The values for

commonly used phosphorus ligands are also included for comparison.

Ligand R Vol E, M
[RhCI(CO)L,](BF,), [RhCl(cod)L]BF,
1 PﬁN,fPr Ph 1971 0.955
2 M Qy 1968 0.911
3 PRz  p-MeOCH, 1969 n.d.
4 Pr—N Br; PFGH, 1976 0.964
5 iPr p-MeC¢H, 1969 0.915
Me
N
6 @)—PRz Ph 20039 -
Me
7 (MeO),P 20111 -
8 Ph,P 19791 0.955
9 Cy,P 1943H 0.917

[a] Values in cm™. [b] Calibrated versus ferrocene/ferrocenium (E;,=

0.46 V), Bu,;NPF, (0.1 M) in CH,Cl,. [c] Not determined. [d] See refer-
ence [8b]. [e] See reference [13].

2-7 have a donor capacity that even surpasses triarylphos-
phines (entries 1-5 and 8). In sharp contrast, analogous
compounds containing NHCs as internal ligands showed
phosphite-type behavior (entries 6 and 7). Electrochemical
results are also in agreement with this conclusion. The
oxidation potentials E;, of the rhodium complexes 12-15,
determined by cyclic voltammetry, are all in the same range as
those measured for the analogous triphenyl- and tricyclohex-
ylphosphine derivatives.™®! This finding supports the notion
that the electron density donated by phosphines and phos-
phenium adducts 2-7 to the metal center is quite similar, even
though the latter are cationic ligands.
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Encouraged by this analysis, we decided to test the
potential of these compounds in catalysis and prepared a set
of gold complexes in which salts 2-4 were used as ligands
(Scheme 3). Compounds 16-18 were obtained as air-stable
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Scheme 3. Reagents and conditions (product yields in parentheses):
a) [(Me;S)AuCl] (1 equiv), CH,Cl,, RT, 1 h; 16 (97%); 17 (94%); 18
(95%); b) AgNTF, (1 equiv), CH,Cl,, 1h; 19 (96%); 20 (88%).

white solids in excellent yields by addition of [(Me,S)AuCl] to
solutions of 2—4 in dichloromethane. Subsequent exchange of
the chloride anion for the less coordinating bis(trifluorome-
thanesulfonyl)imidate anion was performed, thus allowing for
a convenient way to obtain isolable yet active catalysts 19 and
20 without the use of highly hygroscopic silver salts as
cocatalysts (Scheme 3).'”! Moreover, crystals of 16 were
obtained, and its structure was determined, thus confirming
the expected connectivity (Figure 2).

Figure 2. Crystal structure of 16. Hydrogen atoms are omitted for
clarity; ellipsoids are set at 50% probability."®

To compare the catalytic performance of compounds 19
and 20 with standard gold(I) phosphine complexes, the new
catalysts were tested in a range of reported transforma-
tions." The reaction of allene diene 21 was first chosen,
because evolution of intermediate 22 is known to be
extremely dependent on the global electron density at the
gold atom, thus providing an additional measure for the donor
properties of our ligands, now based on reactivity parame-
ters."”!

When m-acidic ligands L are used, the carbocationic
nature of intermediate 22 is enhanced, thus promoting ring
contraction by a 1,2-alkyl shift. In contrast, strongly o-
donating ligands at the gold center increase the carbene
character of 22, thus favoring the 1,2-hydride migration
process. As illustrated by the examples compiled in Scheme 4,
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Scheme 4. Comparison of the selectivity of different ligands in the
gold-catalyzed cyclization of allene diene 21. Reaction conditions:

a) [LAuCI] (2 mol %), AgBF, (2 mol %),CH,Cl,, RT, 3 h (entries 1-3) or
[LAUNTS,] (2 mol %), CH,Cl,, RT, 3 h (entries 4-6). #: reaction time
9h.

the selectivity obtained using catalysts 19 and 20 is compa-
rable to that of phosphines, thus definitely confirming the
conclusions drawn from the spectroscopic and electrochem-
ical measurements as well as our initial working hypothesis.

The general utility of catalysts 19 and 20 was further
demonstrated in a number of other synthetically useful and
mechanistically distinct gold(I)-promoted processes, such as
the cycloisomerization of enyne 25, the generation of
pyrrolo[1,2-a]quinoline 28 from ortho-alkynylated phenyl-
pyrrole,?! the cyclopropanation of styrene,”” and the unpre-
cedented hydroxide abstraction from the dibenzylic alcohol
32.21 As shown in Scheme 5, the corresponding products
were all isolated with good to excellent yields that in some
cases surpassed those obtained with Ph;P-derived catalysts.
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Scheme 5. Versatility of catalysts 19 and 20. Reagents and conditions:
a) cat. (1 mol%), CH,Cl,, RT, 40 min.; b) cat (2 mol %), CH,Cl,, RT,

5 h; ¢) cat. (1 mol%), CH;NO,, RT, 3 h. §: ratio determined by gas
chromatography; d) cat. (1 mol %), CH,Cl,, RT, 30 min. #: reaction
time 4 h; Piv=pivaloyl.
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Finally, to illustrate that we can take advantage of the
cationic nature of these adducts, the potential recycling of
gold catalyst 19 has been studied using the cycloisomerization
of enyne 25 as a model reaction. Complex 19 is insoluble in
diethyl ether, whereas diene 26 can be easily dissolved in this
medium. Therefore, after full conversion, the reaction solvent
was removed in vacuum, and diethyl ether was added. The
catalyst precipitated, and it was separated from the product
by simple filtration and reused for the next cycle. As shown in
Scheme 6, the test reaction could be performed up to four
times with consistent excellent yields.

EtO,C CO,Et EtO,C. CO,Et

1| 98%
19 (2%), CH,CI
19(2%), CHCl, 2| 98%
RT, 45 min. 3 | 98%
| l 4 | 95%
25 26 5 ' 76%

Scheme 6. Catalyst recycling in the cycloisomerization of enyne 25.
Reaction conditions: enyne (0.13 mmol), 19 (2.0 mol %), CH,Cl,
(2 mL), 45 min, RT; #: runs 1-3 yield of isolated product, runs 4, 5
yield determined by gas chromatography.

In conclusion, the synthesis of cyclopropenylylidene-
stabilized phosphenium adducts has been achieved and their
coordination behavior studied. In contrast to other phosphe-
nium carbene adducts, these compounds exhibit the attributes
of classical triaryl and trialkyl phosphines, even though they
carry a global positive charge. Moreover, gold complexes with
these ligands have been synthesized and their practical utility
in catalysis was demonstrated in several mechanistically
diverse transformations. Finally, taking advantage of the
saline nature of our ligands, the recycling possibilities of the
catalysts derived thereof were also explored.
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