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Stereocontrol over the propeller isomerism of trimesitylmethylphosphonium cation was achieved through
an ion pairing with chiral hexacoordinated phosphate anions; the asymmetric ion pairing allowed also a
most simple experimental proof of the nature of the enantiomerization pathway in solution (two-ring
flip).

Introduction

Triarylalkylphosphonium salts, and their triarylphosphane
precursors, are known to adopt chiral three-bladed propeller
geometries that differ, both in solution and in the solid-state, in
the sense of twist of the three aromatic rings.1 These moieties
thus exist in two enantiomeric forms withP (clockwise) orM
(counterclockwise) configurations (Figure 1).2 As such, they
belong to the class of compounds of type Ar3ZX (Z ) C, As,
P, Si, etc.; X) H, R, lone pair, etc.), which has been particularly
studied by Mislow and co-workers.2

Only few examples of configurationally stable three-bladed
propellers have been reported in the literature.3 Most systems,
including triarylphosphanes and triarylphosphonium salts, present
a rapid exchange between the enantiomers in solution prohibiting
their isolation at room temperature in non racemic form.4 In
phosphane chemistry, even if the coordination of the P atom to
organometallic moieties can modify the kinetics ofM / P
exchange, configurationally stable derivatives have never been
isolated.5 Partial or full control of the propeller configuration
is however feasible if the phosphorus atom is bound to a

stereogenic organometallic center.6 For simple triarylalkylphos-
phonium derivatives, such an asymmetric induction is obviously
not feasible. Herein, we report the first example of a supra-
molecular stereocontrol over the propeller geometry of a
phosphonium cation and, maybe more importantly, the first
experimental evidence of the solution enantiomerization mech-
anism using a simple kinetic analysis and two readily determined
rate constants.
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FIGURE 1. Interconverting helical configurations (P and M) of
trimesitylmethylphosphonium cation1.
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Results and Discussion

As just mentioned, theM / P exchange between the
enantiomers of triarylalkylphosphonium cations is rapid in
solution.4 Only phosphorus compounds bearing hindered aryl
groups exhibit slow rotation phenomena of the aromatic
substituents on the NMR time scale (milliseconds).7,8 For
instance, at 20°C, trimesitylmethylphosphonium cation1
displays distinct signals for the chemically nonequivalent ortho
and ortho′ methyl substituents, as well as meta and meta′
hydrogen atoms; these atoms (groups) being diastereotopic
owing to their different geometrical environment.2 Nevertheless,
enantiomerization kinetics remains fast for1 in solution (in the
order of seconds).7 Phosphonium cation1 was never reported
in nonracemic form.

Previously, hexacoordinated phosphorus anions TRISPHAT
2 9 and BINPHAT3 10 have been shown to be general NMR
chiral solvating,11 resolving, and asymmetry-inducing reagents
for chiral cationic species.12 When associated with configura-
tionally labile cations, supramolecular diastereoselective interac-
tions occur and one diastereomeric ion pair can become
predominant in solution (Pfeiffer effect).13 An association of

configurationally labile 1 with anions 2 and 3 was thus
considered for the stereocontrol of the phosphonium cation. Salts
[1][∆-2] and [1][∆-3] were prepared,14 and the chiral recognition
(induction) was studied by1H and 31P NMR spectroscopy
(toluene-d8, 5.0 × 10-3 M).

In accordance with our expectations, an enantio-differentiation
was observed (∆δmax ≈ 0.60 ppm, P+CH3, salt (-)-[1][∆-2])
and a decent diastereomeric excess was measured by the
integration of the separated signals (de 39 and 47% for salts of
anions2 and3, respectively, see Supporting Information). Upon
increasing solvent polarity, a decrease in diastereoselectivity can
be observed as a result of looser electrostatic interactions and
solvent competition (CDCl3: de 20 and 26%; CD2Cl2: de 0%).
X-ray quality crystals of salt (-)-[1][∆-2] were obtained, and
low-temperature structural analysis revealed a complete interi-
onic induction and a preferred “heterochiral” association.15 Two
ion pairs are present in the asymmetric unit with virtually
identical structures. Cations and anions adopt three-bladed
propeller geometries of opposite helical configurations,M and
∆ respectively (Figure 2).16 Their C3-axes are almost aligned
(P+-Me‚‚‚P- bond angles 162.2(8) and 172.4(7)°); the apical
methyl group of the phosphonium cations are in close contact
with the oxygen atoms of the neighboring phosphate anions.17

To our knowledge, it is the first example of a supramolecular
stereocontrol over the configuration of this important type of
three-bladed propeller moieties. In addition, and maybe more
interestingly, the NMR differentiation of theM andP enanti-
omers of1 allows the simple determination of the enantiomer-
ization mechanism of the cation.

Enantiomerization of compounds of type Ar3Z and Ar3ZX is
known to occur by “correlated” rotations of the aromatic rings.
This is commonly analyzed in terms of Kurland’s “flip”
mechanism.18 Four enantiomerization pathways are possible:
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zero-, one-, two-, or three-ring flip. A “n-ring flip” is defined
by the rotation ofn ring(s) in the same direction through a
conformation in which the plane of the ring(s) is (are)
perpendicular to a reference plane (defined by the three aryl
carbon atoms attached to the central atom) while the other ring-
(s) (3-n) rotate(s) in the opposite direction through the reference
plane (Scheme 1).

Force field calculations and structure-correlation studies
advocate for the two ring-flip as the general rotational mech-
anism for propeller stereoisomerization.19,20 This is also sub-
stantiated by most dynamic NMR experiments with elaborated
Ar3Z and Ar3ZX substrates.21 In a few cases, no clear-cut

mechanism could be established, and a one-ring flip pathway
has been determined for azulene analogues of triphenylmethyl
cations.22,23 Recently, in the case of tris(pentafluorophenyl)-
borane-benzotriazole adducts, a complex three-step process
involving all the perfluorinated rings was determined for the
enantiomerization process.24

As there is always the possibility that substituents introduced
on the Ar3Z and Ar3ZX substrates to create a “residual
isomerism” may modify the mechanism profile, an alternative
method for the discrimination of the four possible interconver-
sion pathways was sought; this method being possibly simpler
than the deconvolution of matrixes of 4 to 32 conformations.25

In fact, the simplest method for aC3-symmetrical molecule
would be a direct comparison of the global rate of enantiomer-
ization (kenantio, M / P interconversion) with the rate of NMR
exchange of diastereotopic groups on the aromatic residues
(kexchange, e.g., Meortho / Meortho′). Bellamy and co-workers have

(15) Crystal data for [M-1][∆-2]: [(C28H36P)+ (C18Cl12O6P) -]2 (C6H12)
(C4H8O2)1.5; Mr ) 2562.7; µ ) 0.63 mm-1, Fcalcd ) 1.362 g‚cm-3,
monoclinic,P21, Z ) 2 (Z′ ) 2), a ) 12.3799(5),b ) 24.2382(12),c )
21.2644(10) Å,V ) 6248.0(5) Å3. Cell dimensions and intensities were
measured at 200 K on a diffractometer with graphite-monochromated Mo
KR radiation (λ ) 0.71073 Å). Of 49644 measured reflections, 24214 were
unique and 9272 were observed (|Fo| > 4σ (Fo)). Data were corrected for
Lorentz and polarization effects and for absorption:R) 0.044,ωR) 0.042,
S) 1.28(2), Flack parameterx ) 0.06(10). Both ion pairs of the asymmetric
unit are similar. CCDC-297893 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K. Fax:
(+ 44) 1223-336-033 or deposit@ccdc.cam.ac.uk).

(16) No evidence has so far been found to demonstrate the predominance
of this relative configuration in solution. Configuration assignment of1 by
circular dichroism analysis of salts [1][∆-2] and [1][∆-3] could not be readily
achieved because of the presence of the CD-active anions and of the aromatic
solvent.

(17) In the predominant diastereomeric ion pair of (-)-[1][∆-2], the 1H
NMR signal of P+CH3 is shifted towards higher frequencies (comparison
with [1][Ι-]), this being possibly the result of charge-assisted C-H‚‚‚O
interactions. On the contrary, a high field shift is observed for the minor
diastereomer.

(18) Kurland, R. J.; Schuster, I. I.; Colter, A. K.J. Am. Chem. Soc.1965,
87, 2279-2281. Colter, A. K.; Schuster, I. I.; Kurland, R. J.J. Am. Chem.
Soc.1965, 87, 2278-2279.

(19) Hummel, J. P.; Zurbach, E. P.; DiCarlo, E. N.; Mislow, K.J. Am.
Chem. Soc.1976, 98, 7480-7483. Kates, M. R.; Andose, J. D.; Finocchiaro,
P.; Gust, D.; Mislow, K.J. Am. Chem. Soc.1975, 97, 1772-1778. Andose,
J. D.; Mislow, K. J. Am. Chem. Soc.1974, 96, 2168-2176.

(20) Bürgi, H. B.; Dunitz, J. D.Acc. Chem. Res.1983, 16, 153-161.
Bye, E.; Schweizer, W. B.; Dunitz, J. D.J. Am. Chem. Soc.1982, 104,
5893-5898. Brock, C. P.; Ibers, J. A.Acta Crystallogr., Sect. B: Struct.
Crystallogr. Cryst. Chem.1973, 29, 2426-2433.

(21) Khuong, T.-A. V.; Zepeda, G.; Sanrame, C. N.; Dang, H.;
Bartberger, M. D.; Houk, K. N.; Garcia-Garibay, M. A.J. Am. Chem. Soc.
2004, 126, 14778-14786. Sedo´, J.; Ventosa, N.; Molins, M. A.; Pons, M.;
Rovira, C.; Veciana, J.J. Org. Chem.2001, 66, 1579-1589. Toyota, S.;
Asakura, M.; Oki, M.; Toda, F.Bull. Chem. Soc. Jpn.2000, 73, 2357-
2362. Strekowski, L.; Lee, H.; Lin, S.-Y.; Czarny, A.; Van Derveer, D.J.
Organomet. Chem.2000, 65, 7703-7706. Lambert, J. B.; Stern, C. L.; Zhao,
Y.; Tse, W. C.; Shawl, C. E.; Lentz, K. T.; Kania, L.J. Organomet. Chem.
1998, 568, 21-31. Rappoport, Z.; Biali, S. E.Acc. Chem. Res.1997, 30,
307-314. Lockhart, J. C.; McDonnell, M. B.; Clegg, W.; Hill, M. N. S.J.
Chem. Soc., Perkin Trans. 21987, 639-649. Wille, E. E.; Stephenson, D.
S.; Capriel, P.; Binsch, G.J. Am. Chem. Soc.1982, 104, 405-415.
Finocchiaro, P.; Gust, D.; Mislow, K.J. Am. Chem. Soc.1974, 96, 2176-
2182. Finocchiaro, P.; Gust, D.; Mislow, K.J. Am. Chem. Soc.1974, 96,
3205-3213. Blount, J. F.; Finocchiaro, P.; Gust, D.; Mislow, K.J. Am.
Chem. Soc.1973, 95, 7019-7029. Rakshys, J. W., Jr.; McKinley, S. V.;
Freedman, H. H.J. Am. Chem. Soc.1971, 93, 6522-6529. Rakshys, J. W.,
Jr.; McKinley, S. V.; Freedman, H. H.J. Am. Chem. Soc.1970, 92, 3518-
3520.

(22) Clegg, W.; Lockhart, J. C.J. Chem. Soc., Perkin Trans. 21987,
1621-1627.

(23) Ito, S.; Morita, N.; Asao, T.Bull. Chem. Soc. Jpn.1995, 68, 1409-
1436. Ito, S.; Morita, N.; Asao, T.Tetrahedron Lett.1992, 33, 6669-6672.

(24) Focante, F.; Leardini, R.; Mazzanti, A.; Mercandelli, P.; Nanni, D.
Organometallics2006, 25, 2166-2172 and references therein.

(25) Finocchiaro, P.; Gust, D.; Mislow, K.J. Am. Chem. Soc.1974, 96,
3198-3205.

FIGURE 2. X-ray crystal structure of [M-1][∆-2]. Ellipsoids are
represented with 50% probability level.

SCHEME 1. The Four Possible Flip Processes for the
Enantiomerization of Cation 1a

a Structures in the middle represent the four transition states viewed along
the P+-CH3 bond.
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indicated that the four threshold “n-ring flip” pathways lead to
different mathematical relationships betweenkenantioandkexchange.
The ratiokenantio/kexchangeis equal to 3:3 for the zero-ring flip,
3:2 for the one-ring flip, 3:1 for the two-ring flip, and is
undefined for the three-ring flip.26,27Independent measurements
of kenantioandkexchangethus afford a simple method of determi-
nation of the mechanism pathway. While the determination of
kexchangehas never been an issue in this chemistry, the direct
measurement ofkenantio has been elusive. Studies have been
performed in achiral medium, and the lack of differentiation of
the M and P enantiomers of Ar3Z or Ar3ZX substrates have
forbidden the measurement of the global rate of enantiomer-
ization. In view of the NMR spectra obtained in the presence
of anions2 and3, we reasoned that salts [1][∆-2] and [1][∆-3]
were giving a unique opportunity to determine simply and
rapidly the rate of diastereomerization of1, which, under certain
conditions,28 can be virtually regarded as the rate of enanti-
omerization,kenantio.

1H NMR analysis of phosphonium iodide salt [1][I -] at 298
K confirmed, in various solvent conditions, the slow rotation
of the aromatic substituents on the NMR time scale. Rather large
differences were observed for the diastereotopic meta hydrogen
atoms and ortho methyl groups (e.g.,∆δ 0.32 and 0.54 ppm,
respectively, toluene-d8 (3% DMSO-d6)). Variable temperature
(VT) NMR experiments were performed in DMSO-d6 and in
toluene-d8 (3% DMSO-d6). A dynamic conformational isomer-
ism was detected at elevated temperatures (Supporting Informa-
tion). Experimental values forkexchangewere determined by line-

shape analysis (WinDNMR) of the broadened exchange signals.
Interestingly, no difference can be noted for the experiments
performed in polar and apolar media (Supporting Information)
and, more importantly for the kinetic mechanistic analysis, even
in the presence of a chiral counterion (vide infra, and Figure 3,
left column).

For the experimental determination ofkenantio (and the
confirmation of the value ofkexchange), salt [1][∆-2] was
selected.29 Care was taken to optimize solvent conditions (17%
DMSO-d6 in toluene-d8) that minimize the influence of the chiral
counterion and present a complete lack of diastereoselective
interactions (de 0%),26 the conditions allowing still a large
enough differentiation of the signals of theM andP enantiomers
for the determination ofkenantio (e.g., CH3P+, Figure 3, right
column and Supporting Information) and a lack of differentiation
of the diastereotopic atoms or groups to determine (again)
kexchange(e.g., Meortho/Meortho′).

A dynamic isomerism was detected at elevated temperatures
as the doublet signals of CH3P+ and the singlets of the Meortho/
Meortho′ broadened upon temperature increase. Line-shape
analysis afforded, for each spectrum, values for bothkenantioand
kexchange.30 Comparison of the experimental values ofkexchange

andkenantioat various temperatures (313-338 K) indicates clearly
the existence of a 1:3 ratio between the values; this direct
observation constitutes the proof of a two-ring flip mechanism
for the trimesitylmethylphosphonium cation1, which was so
far only an assumption in solution for this particular propeller.7

(26)kenantio, the rate of enantiomerization, takes into account the motion
of all three of the aromatic groups. However,kexchange, the rate of NMR
exchange of diastereotopic groups or atoms only includes the contribution
of rings rotating in the direction opposite to a “flip”. As a matter of fact,
when rings rotate in that direction, diastereotopic atoms or groups exchange
their relative positions and the dynamics of the process appear in VT-NMR.
However, when an individual aromatic ring “flip”, diastereotopic atoms or
groups assume enantiotopic positions after rotation. As such, “flip” motions
cannot be detected in NMR spectroscopy and do not contribute tokexchange.

(27) In the case of the three-ring flip mechanism, all three “flip” motions
cannot be detected in NMR spectroscopy. The rate ofkexchangecannot be
determined experimentally. The ratiokenantio/kexchangeis thus undefined.

(28) As shown previously, apolar solvent conditions favor a chiral
recognition among the three-bladed propellers leading to the predominance
of one diastereomeric salt over the other. In such conditions, the rate of
isomerization from the major diastereoisomer to the minor isomer is different
(slower) from the reverse isomerization rate. Care was thus taken to select
“polar” conditions under which the diastereomeric ratio is 1:1 and the rate
of diastereomerization of the salt can be virtually regarded as the rate of
enantiomerization,kenantio.

(29) TRISPHAT2 is the better NMR chiral solvating agent and, at the
same time, the less effective asymmetry-inducing moiety. As such, it is
more effective for the kinetic mechanistic analysis.

(30) Care was taken to perform the line-shape analysis affording values
for kenantioandkexchangeon the very same proton spectra as to minimize the
temperature error which would have been, otherwise, not negligible.

FIGURE 3. Salt [1][∆-2] (1H NMR, parts, 17% DMSO-d6 in toluene-d8, 500 MHz): left column, experimental and best-fit calculated spectra
(o-CH3 region,δ 2.45-2.00 ppm); right column, experimental and best-fit calculated spectra (CH3P+ region,δ 3.15-2.70 ppm).
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The activation parameters (∆Hq, ∆Sq, and ∆Gq) for the
dynamic barriers of diastereotopic groups (atoms) exchange and
of enantiomerization were calculated by using Arrhenius plots
(1st order-kinetics, lnk vs 1/T) and the Eyring equation. Values
are reported in Table 1.31 Virtually null activation entropy values
have been found which is consistent with an intramolecular
process.32 From the activation parameters, values forkexchange

andkenantiocan be calculated at 298 K which are also in perfect
agreement with the two-ring flip enantiomerization pathway
(∼0.7 and∼2.1 s-1, respectively).

Conclusion

This work provides the first example of a supramolecular
stereocontrol over the propeller geometry of a triarylalkylphos-
phonium cation, both in solution and in the solid state. The
enantiomerization mechanism has been determined from the
comparison of the rate of NMR exchange of diastereotopic
atoms (groups) and the rate of enantiomerization measured in
the presence of an NMR chiral solvating agent, this simple
kinetic analysis being possibly extendable to other molecules
racemizing by “correlated” rotations of aromatic rings.21 Further
studies involve the generalization of the supramolecular ste-
reocontrol and theoretical calculations to evaluate and compare
(in the absence of solvent and motion entropy) the activation
parameters through the four possible pathways.33

Experimental Section

Methyl-tris(2,4,6-trimethyl-phenyl)-phosphonium ∆-Tris(tet-
rachlorobenzenediolato)phosphate or [1][∆-2]. To a solution of
[1][iodide] salt (30.0 mg, 0.057 mmol) in chloroform (2.1 mL) was
added a solution of [cinchonidinium][∆-2] salt (72.1 mg, 0.068
mmol, 1.2 equiv) in acetone (2.0 mL). The mixture was concen-
trated under reduced pressure, and the resulting salt was purified
by pipet chromatography over basic alumina (CHCl3, single eluted
fraction) to give the titled compound as a white solid (64.2 mg,
97%).31P NMR (toluene-d8, 203 MHz, maj/min34 2.3:1)δ 7.6 (P+,
maj), 7.3 (P+, min), -79.9 (P-). 1H NMR (toluene-d8, 500 MHz,
maj/min 2.3:1): δ 6.69 (d,4J (H,H) ) 3.2 Hz, 3H min), 6.55 (d,
4J (H,H) ) 3.2 Hz, 3H maj), 6.47 (d,4J (H,H) ) 3.8 Hz, 3H min),
6.42 (d,4J (H,H) ) 3.9 Hz, 3H maj), 3.09 (d,2J (P,H) ) 10.9 Hz,
3H maj), 2.56 (d,2J (P,H) ) 11.3 Hz, 3H min), 2.06 (s, 9H maj),
2.02 (s, 9H min), 1.96 (s, 9H maj), 1.93 (s, 9H min), 1.59 (s, 9H
maj), 1.58 (s, 9H min).13C NMR (CDCl3, 126 MHz): δ 145.6 (C,

d, J (C,P)) 2.0 Hz), 145.4 (C, d,J (C,P)) 2.3 Hz), 143.8 (C, d,
J (C,P)) 11.5 Hz), 143.7 (C, d,J (C,P)) 10.3 Hz), 143.5 (C, d,
J (C,P)) 11.5 Hz), 143.1 (C, d,J (C,P)) 10.3 Hz), 142.1 (C, d,
J (C,P)) 6.9 Hz,∆-2), 133.4 (CH, d,J (C,P)) 11.5 Hz), 133.2
(CH, d, J (C,P) ) 11.5 Hz), 133.1 (CH, d,J (C,P) ) 11.5 Hz),
122.4 (C,∆-2), 120.0 (C, d,J (C,P) ) 79.2 Hz), 119.7 (C, d,J
(C,P)) 79.2 Hz), 113.9 (C, d,J (C,P)) 19.5 Hz,∆-2), 25.6 (P+-
CH3, d, J (C,P)) 63.1 Hz), 25.5 (P+-CH3, d, J (C,P)) 63.1 Hz),
24.0 (CH3, d, J (C,P)) 4.6 Hz), 23.9 (CH3, d, J (C,P)) 5.7 Hz),
23.9 (CH3, d, J (C,P)) 5.7 Hz), 23.8 (CH3, d, J (C,P)) 4.6 Hz),
21.3 (CH3). MS-ES: m/z (relative intensity) (+) 403.5 (100%); (-)
768.8 (100%), 113.5 (15%). ESI-HRMS: (+) calcd for C28H36P,
(m/z) 403.2554; found, 403.2536; (-) calcd for C18Cl12O6P, (m/z)
762.5695; found, 762.5705. IR: 3029, 2964, 2922, 2850, 1603,
1446, 1388, 1302, 1250, 1235, 990, 905, 817, 718, 670, 648, 641,
620 cm-1; mp 185-188 °C; [R]20

D -345 (c 0.1, toluene).
Methyl-tris(2,4,6-trimethyl-phenyl)-phosphonium ∆-Bis(tet-

rachlorobenzenediolato)mono((S)-1,1′-dinaphthyl-2,2′-diolato)-
phosphate or [1][∆-3]. To a solution of [1][iodide] salt (30.0 mg,
0.057 mmol) in chloroform (2.1 mL) was added a solution of [Me2-
NH2][∆-3] salt (57.8 mg, 0.068 mmol, 1.2 equiv) in acetone (2.0
mL). The mixture was concentrated under reduced pressure, and
the resulting salt was purified by pipet chromatography over basic
alumina (CHCl3, single eluted fraction) to give the titled compound
as a white solid (63.6 mg, 93%).31P NMR (toluene-d8, 203 MHz,
maj/min 2.8:1): δ 7.6 (P+, maj), 7.3 ((P+, min), -82.2 (P-). 1H
NMR (toluene-d8, 500 MHz, maj/min 2.8:1):δ 7.63 (d,3J (H,H)
) 8.2 Hz, 2H), 7.41 (t,3J (H,H) ) 8.3 Hz, 4H), 6.84 (t,3J (H,H)
) 7.7 Hz, 2H), 6.68 (d,3J (H,H) ) 8.7 Hz, 2H), 6.61 (d, 3H min),
6.35-6.33 (m, 6H maj+ 3H min), 2.56 (d,2J (P,H) ) 10.9 Hz,
3H maj), 2.28 (d,2J (P,H) ) 10.9 Hz, 3H min), 1.90 (s, 9H min),
1.82 (s, 9H maj), 1.69 (s, 9H maj), 1.66 (s, 9H min), 1.49 (s, 9H
maj), 1.44 (s, 9H min).13C NMR (CDCl3, 126 MHz): δ 152.7 (C,
d, J (C,P)) 12.6 Hz,∆-3), 144.9 (C, d,J (C,P)) 3.4 Hz), 144.7
(C, d, J (C,P) ) 2.3 Hz), 143.8 (C, d,J (C,P) ) 11.5 Hz), 143.5
(C, d,J (C,P)) 11.5 Hz), 143.3 (C, d,J (C,P)) 10.3 Hz), 143.2
(C, d, J (C,P) ) 10.3 Hz), 143.1 (C, d,J (C,P) ) 5.7 Hz, ∆-3),
142.6 (CH, d,J (C,P) ) 9.2 Hz, ∆-3), 133.2 (CH, d,J (C,P) )
11.5 Hz), 133.0 (CH, d,J (C,P)) 11.5 Hz), 132.7 (CH, d,J (C,P)
) 11.5 Hz), 132.6 (CH, d,J (C,P)) 11.5 Hz), 132.5 (C, d,J (C,P)
) 12.6 Hz,∆-3), 130.5 (C,∆-3), 128.9 (CH,∆-3), 128.2 (CH,
∆-3), 127.2 (CH,∆-3), 125.2 (CH,∆-3), 123.9 (CH,∆-3), 123.3
(CH, J (C,P)) 3.4 Hz,∆-3), 123.2 (CH,J (C,P)) 3.4 Hz,∆-3),
122.3 (C,∆-3), 120.7 (C,∆-3), 120.1 (C, d,J (C,P) ) 79.2 Hz),
119.9 (C, d,J (C,P) ) 79.2 Hz), 113.7 (C,J (C,P) ) 19.5 Hz,
∆-3), 113.6 (C,J (C,P)) 18.4 Hz,∆-3), 25.4 (P+-CH3, d,J (C,P)
) 63.1 Hz), 25.3 (P+-CH3, d, J (C,P)) 63.1 Hz), 23.8 (CH3, d,
J (C,P)) 5.7 Hz), 23.6 (CH3, d, J (C,P)) 4.6 Hz), 23.4 (CH3, d,
J (C,P) ) 4.6 Hz), 21.2 (CH3, s), 21.1 (CH3, s); MS-ES: m/z
(relative intensity) (+) 403.5 (100%); (-) 807.0 (100%), 113.4
(20%). ESI-HRMS: (+) calcd for C28H36P, (m/z) 403.2554; found,
403.2539; (-) calcd for C32H12Cl8O6P, (m/z) 802.7879; found,
802.7900. IR: 3028, 2970, 2915, 2855, 1603, 1594, 1456, 1451,
1387, 1334, 1304, 1230, 992, 953, 816, 670, 652, 610 cm-1; mp
228-232 °C; [R]20

D -115 (c 0.1, toluene).
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(31) Thekexchangevalue is in perfect agreement with previous experiments
(see ref 7).

(32) Unlike in the organometallic phosphane chemistry, an eventual
dissociation-association enantiomerization pathway can essentially be ruled
out.

(33) Lepetit, C.; Laleu, B.; Bernardinelli, G.; Lacour, J.; Chauvin, R.,
work in progress.

(34) maj and min identify signals from the major and minor conformers,
respectively.

TABLE 1. Activation Parameters (∆Hq, ∆Sq, and ∆Gq) for the
Diastereotopic Groups (Atoms) Exchange and Global
Enantiomerization Barriers (T ) 298 K)

salts of1 signals ∆Hqa ∆Sqb ∆Gqa

[1][Ι-]c m-H 17.6( 0.2 -0.2( 0.01 17.7( 0.2
[1][Ι-]c o-CH3 17.8( 0.2 0.2( 0.01 17.7( 0.2
[1][Ι-]d o-CH3 17.7( 0.2 -0.2( 0.01 17.7( 0.2
[1][∆-2]e o-CH3 18.0( 0.2 0.9( 0.01 17.7( 0.2
[1][∆-2]e CH3P+ 17.3( 0.2 1.1( 0.01 17.0( 0.2

a kcal mol-1. b cal mol-1 K-1. c In DMSO-d6, 300 MHz.d In toluene-d8

(3% DMSO-d6), 500 MHz.e In 17% DMSO-d6/toluene-d8, 500 MHz.
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