Inorg. Chem. 2007, 46, 10717-10723

Inorganic:Chemistry

* Article

Cs-Symmetric Trinuclear Molybdenum Cluster Sulfides:
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The chiral Cs-symmetric [Mo3S,Cls(dppe)s]* cluster [dppe = 1,2-bis(diphenylphosphinoethane), P or M enantiomers]
with incomplete cuboidal structure is shown to be configurationally stable at room temperature and configurationally
labile at elevated temperature using enantiopure A- or A-TRISPHAT [(tris(tetrachlorobenzenediolato)phosphate-
(V)] anions both as chiral NMR solvating and asymmetry-inducing reagents. It is evidenced that the enantiomers
of this trinuclear cluster cation can equilibrate at higher temperature (typically 72 °C), and in the presence of the
hexacoordinated phosphate anion, a moderate level of stereocontrol (1.2:1) can be achieved. It results in a
diastereomeric enrichment of the solution in favor of the heterochiral ion pairs, e.g., M* A~ or P* A~. At higher
temperature, a partial racemization of the TRISPHAT anion is also observed, and precipitation at room temperature
of [rac-Mo3S,Cls(dppe)s][rac-TRISPHAT] salts from the diastereomeric enriched solution improves the diastereomeric
purity of the mother liquor to a 4:1 ratio. A low-energy pathway for the inverconversion between the [P-M03S4Cls-
(dppe)s]* and [M-Mo3S,Cls(dppe)s]* enantiomers has been found using combined quantum mechanics and molecular
mechanics methodologies. This pathway involves two intermediates with three transition state regions, which result
from the partial decoordination of the diphosphane coordinated at each metal center. Such decoordination creates
a vacant position on the metal, producing a Lewis acidic site that presumably catalyzes the TRISPHAT epimerization.

Introduction connected to the diphosphane ligands is stereogenic and a
Chiral molecules with only 3-fold rotational axes have 9lobal absolute configuration can be assigned usirand
been considerably less investigated than their lower rotational™M descriptors, which refer to the rotation of the X ligands
symmetry congeners, despite often simple preparative pro-around theCs axis, with the capping sulfur atom pointing
cedures and effective asymmetric propertids. the past toward the viewer, as illustrated in Flgure_ 1. In addition,
years, efficient synthetic strategies were developed for the SUch MaSs complexes can act as metalloligands toward a
preparation of racemi€z-symmetric cluster complexes of second transition metal Mo afford heterobimetalic catalyti-
the formula [MiQ4Xs(diphosphane)* (M = Mo, W; Q = cally active MagM'S, clusters. In particular, [MgCuS,
S, Se; X= halide, H, or OHR* These cationic complexes (diphosphanefls] " cluster complexes are efficient catalysts
possess an incomplete cuboidal structure, with the metalfor the intramolecular cyclopropanation of 1-diazo-5-hexen-
atoms defining an equilateral triangle and one capping and2-one and for the intermolecular cyclopropanation of alkenes
three bridging sulfur atoms. Each of the three metal centerssuch as styrene and 2-phenylpropene, with ethyl diazoac-

etate?
* Authors to whom correspondence should be addressed. J.L.: fax, | h lecti hesi f |
(+41)223792115; e-mail, jerome.lacour@chiorg.unige.ch. R.L.: fa34f- _Recent y, the stgre_ose ective synthesis o i_M@ 3
964728066; e-mail, Rosa.Llusar@gfa.uji.es. (diphosphane)™ cationic clusters was tackled using chiral
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Figure 1.~ Chiral [MosS,Cly(diphosphane)” complexes ofP and M Figure 2. Hexacoordinated phosphate anion TRISPHAX énd A
configurations. enantiomers).

phase with either «)-1,2-bis[(R,5R)-2,5-(dimethylphos-
pholan-1-yl)Jethane { R)-Me-BPE] or its enantiomelSS)-

Me-BPE afforded enantiopur®)- and M)-[MosSCly(Me- e

a cluster complex made of achiral diphosphane ligands,

isolation of nonracemic fractions of the cationic complex

BPE)]* clusters, respectively, as single stereoisorfiers. at room and possibly at elevated temperature being, for

However, the origin of the full stereocontrol was not

instance, a decisive element for the distinction of the three

explained, and three hypotheses could be envisioned to®Ptions-

rationalize the result. First, a thermodynamic control in the
event of configurationally labile stereoisomers at room
temperature; second, kinetic control in the case of configu-

Previously,
TRISPHAT [tris(tetrachlorobenzenediolato)phosphate(V),
or A enantiomers; Figure 2] has been shown to be an

the hexacoordinated phosphorus anion

rationally stable entities at room and elevated temperatures:Nteresting chiral anionic counterion for chiral cationic

and finally, a combination of the two, i.e., configurational
stability at room temperature and lability at ca.’®L(boiling

specie$. When associated with configurationally stable
cations, it behaves as a NMR chiral solvating and resolving

_ € ! _ 10 . ; . - )
point of acetonitrilef. To determine the correct hypothesis 29ent:® When associated with configurationalkabile
among the three, it was decided to attempt the resolution ofcations, supramolecular diastereoselective interactions can

(1) Moberg, C.Angew. Chem., Int. EA.998 37, 248-268. Moberg, C.
Angew. Chem., Int. EQ00Q 45, 4721-4723. Okamatsu, T.; Irie, R.;
Katsuki, T.J. Organomet. Chen2007, 692 645-653. Mba, M.; Prins,

L. J.; Licini, G. Org. Lett.2007, 9, 21—24. Fabris, F.; Pellizzaro, L.;
Zonta, C.; De Lucchi, OEur. J. Org. Chem2007, 283—291. Bailey,

P. J.; McCormack, C.; Parsons, S.; Rudolphi, F.; Perucha, A. S.; Wood,
P.Dalton Trans.2007, 476-480. Axe, P.; Bull, S. D.; Davidson, M.

occur and one diastereomeric ion pair can become predomi-
nant in solution; the occurrence of such a behavior (Pfeiffer
effect}! is a good probe of the lack of configurational
stability of the catiort?'* The association ofA- or
A-TRISPHAT anion
(diphosphaneg)™ cluster cation was then particularly interest-

with a racemic [M&Cls-

G.; Gilfillan, C. J.; Jones, M. D.; Robinson, D.; Turner, L. E.; Mitchell,
W. L. Org. Lett.2007, 9, 223-226. Wroblewski, A. E.; Halajewska-
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Brule, E.; Moberg, COrg. Biomol. Chem2006 4, 544-550. Fang,
T.; Xu, J. X.; Du, D. M.Synlett2006 1559-1563. Du, D. M.; Fang,
T.; Xu, J. X.; Zhang, S. WOrg. Lett.2006 8, 1327-1330. Ye, M.
C.; Li, B.; Zhou, J.; Sun, X. L.; Tang, YJ. Org. Chem2005 70,
6108-6110. Ward, B. D.; Bellemin-Laponnaz, S.; Gade, L Adgew.
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Eur. J.2005 12, 138-148. Lam, T. C. H.; Mak, W. L.; Wong, W.
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I. Chem. Eur. J2004 10, 4308-4314. Feliz, M.; Llusar, R.; Uriel,
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(4) Feliz, M.; Guillamon, E.; Llusar, R.; Vicent, C.; Stiriba, S. E.; Perez-
Prieto, J.; Barberis, MChem. Eur. J2006 12, 1486-1492.

(5) This last possibility allows a thermodynamic “check-up” of the three
successive ring-closures at elevated temperatures, leading to a single
diastereoisomer, that diastereomer being then completely inert at room (10)
temperature.
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ing, as the observation of stereocontrol over the configuration
of the cationic complex by the anion would simply and
directly demonstrate the occurrence of a configurational
lability of the Mos:S, cluster at a given temperature. Herein,
using this method, we report that cluster [§8gCls(dppe}]
[dppe= bis(diphenylphosphinoethane)] is configurationally
stable at room temperature and labile at*@2 Theoretical
investigations aimed at determining a feasible mechanism
for the interconversion between tReandM configurations

in these cluster complexes are also presented.

Results and Discussion

Association of Racemic [MaS,Clz(dppe)]t with A-
TRISPHAT. The first step of this work was thus to associate
enantiopure TRISPHAT anions with a racemic cluster cation
made of achiral diphosphane ligands. Complex {SiCls-
(dppe}] ™ was selected for its ease of synthesis and structural
analogy with previously reported nonracemic structtieise
salt [rac-MosS,Cls(dppe}][A-TRISPHAT] was prepared
according to a literature procedufeThe occurrence of an
NMR enantiodifferentiation and of a possible chiral recogni-
tion between the ionic species was then studied'B§*H}
NMR spectroscopy. A solution of [M&Cls(dppe}][A-
TRISPHAT] was prepared in ¢dDs:CDsCN (97:3)16 This
solvent ratio ensures total solubilization of the cluster salt
with the lowest solvent polarity. As expected, the hexaco-
ordinated phosphate anion behaved as an NMR chiral
solvating agent. Distinguishable signals for the diastereomeric
homochiral P-Mo3S,Cls(dppe}][A-TRISPHAT] and het-

(11) Yeh, R. M.; Raymond, K. Nlnorg. Chem.2006 45, 1130-1139.

Vignon, S. A.; Wong, J.; Tseng, H.-R.; Stoddart, JOFg. Lett.2004

6, 1095-1098. Bonnot, C.; Chambron, J. C.; Espinosa, JEAm.

Chem. Soc2004 126, 11412-11413. Yeh, R. M.; Ziegler, M,

Johnson, D. W.; Terpin, A. J.; Raymond, K. Morg. Chem.2001,

40, 2216-2217. Owen, D. J.; VanDerveer, D.; Schuster, GJBAm.

Chem. Soc1998 120, 1705-1717. Green, M. M.; Khatri, C.; Peterson,

N. C.J. Am. Chem. So&993 115 4941-4942. Kirschner, S.; Ahmad,

N.; Munir, C.; Pollock, R. JPure Appl. Chem1979 51, 913-923.
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Jodry, J. J.; Ginglinger, C.; Torche-HaldimannABgew. Chem., Int.

Ed. 1998 37, 2379-2380.

(13) Jodry, J. J.; Frantz, R.; Lacour, ldiorg. Chem.2004 43, 3329-
3331.

(14) Laleu, B.; Bernardinelli, G.; Chauvin, R.; Lacour,JJ.Org. Chem.
2006 71, 7412-7416.

(15) Lacour, J.; Barch#hath, S.; Jodry, J. J.; Ginglinger, Tetrahedron
Lett. 1998 39, 567—570.

(16) A good balance between high polarity solvent conditions for solubility
and a low polarity medium for effective enantiodifferentiation was
provided by mixtures of CECN (3—10%) in GDe.
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Figure 3. 31P{1H} NMR spectra in GDsCDsCN (97:3) of (a) racemic
[Mo3sS«Cl3(dppe}][PFs] and of [rac-Mo3S,Cls(dppe}][A-TRISPHAT] after

(b) ion pairing exchange and (c) heating at°2for 4 h. Filtrate (d) and
precipitate (e) fractions obtained after leaving the 1.2:1 diastereomer ratio
at 20°C for 72 h.
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erochiral M-Mo3S,Cls(dppe}][A-TRISPHAT] salts were
observed, as shown in Figuré’E&ach of the two phosphorus
signals in the [M@S,Cls(dppe}]* cluster cation, correspond-
ing to the phosphorus atoms located above and below the
metal plane, are split into two signals. The ratio between
the two diastereomeric ion pairs is 1:1 (Figure 3, spectrum
b). Two hypotheses could then be considered to explain the
above-described result: (i) a configurational stability for the
[M0o3S,Cls(dppe)] ™ cluster cation at room temperature or
(i) a configurational lability and a lack of a supramolecular
stereocontrol from anioA-TRISPHAT over the geometry

of the cationic cluster.

Asymmetric Induction of [Mo 3S,Cl3(dppe)]™ by Enan-
tiopure TRISPHAT. To discriminate between these two
hypotheses, the solution ofralc-Mo3S,Cls(dppe}][A-
TRISPHAT] was heated at 72C for 4 h, and in sharp
contrast to the situation at 2C, integration of the separated
signals indicated an imbalance in the diastereomeric popula-
tion and the predominance of one enantiomeric form of the
cation over the other (diastereomeric ratio dr 1.2:1, Figure
3, spectrum c). Longer heating periods did not improve the
diastereomeric ratio, which was also preserved upon cooling
to room temperature. However, within minutes at 0,
crystals started forming which could be easily separated from
the solution by filtration. Thé'P{'H} NMR spectra of the
filtrate then showed an enrichment of the diastereomeric ratio
that reached a decent 4:1 value after 72 h. Heating this
resulting filtrate at 72C for 4 h led to the recovery of the

(17) TRISPHAT anion is particularly effective for the recognition of
cationic bisaryl or trisaryl phosphorus derivatives. See refs 10 and 13
and Hebbe, V.; Londez, A.; Goujon-Ginglinger, C.; Meyer, F.; Uziel,
J.; JudeS.; Lacour, JTetrahedron Lett2003 44, 2467-2471.
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Figure 4. Homochiral P-A interactions in racemic [Mg5Cls(dppe}] Figure 5. 31P{H} NMR spectra in @Ds:CDsCN (95:5) of fac-MosSs-
(TRISPHAT). Offset face-to-face (off) interactions are marked as dashed ¢ (dppe}][PFe] after the addition of (a) 0.0, (b) 0.1, (c) 0.2, (d) 0.3, and
lines. (e) 0.4 equiv of [BusN][A-TRISPHAT].

original 1.2:1 ratio'® With these results in hand, only the  at room temperature, (i) its lability at higher temperature
first hypothesis that considers a configurational stability of (e.g., 72C), (iii) the subsequent stereocontrofeTRISPHAT
the cluster cation at 20C (and a lability at elevated  anion on the equilibrating diastereomers at elevated temper-
temperature) is plausible. ature (dr 1.2:1), and (iv) a racemization of thNeTRISPHAT
The crystal structure of the precipitate was determined by anion at elevated temperature, leading, upon lowering of the
single-crystal X-ray diffraction. To our initial surprise, the temperaturé?to the precipitation offac-MosS:Cls(dppe)]-
solid crystallizes in the centrosymmetR¢ space group, and  [rac-TRISPHAT] and causing an increase in the diastereo-
therefore, racemization of the TRISPHAT anion must have meric ratio in solution (dr up to 4:1) by depleting more
occurred to some extent. Interatomic bond distances within strongly from solution the minor stereocisomer B10sS,-
the [MosS,Cls(dppe)]* cluster are similar to those observed Cly(dppe}] and [M-Mo3sS;Cls(dppe)] over the other.
for closely related complexésStructural motifs occurring However, one experiment seemed to contradict this
in the crystal presents homochifA andM-A interactions explanation. Thé'P{!H} NMR spectrum of the precipitate
in which each anion is surrounded by three homochiral in CsD:CDsCN (95:5) that still showed an enantiodifferen-
cluster cations, as represented in Figure 4. The maintiation of the signals of th® andM enantiomers of the chiral
interactions within these motifs, other than electrostatic cationic cluster with a separation of the signals essentially
interactions, are those derived from contacts between phenylas |large A6 0.68 ppm, 1:1 ratio) as that observed for the
groups. Three types of pairwise phenyhenyl configura-  initial [rac-M03S,Cls(dppe}][A-TRISPHAT] salt in es-
tions are recognized, namely, offset face-to-face (off) sentially the same solvent conditions (Figure 3, spectrum b);
(marked as dashed lines) and several edge-to-face (ef) andhis observation is in apparent contradiction with the previous
vertex-to-face (vf) (according to the nomenclature introduced explanation advocating for the presence of only racemic
by Dance)}® however, the importance of this homochiral TRISPHAT in the precipitate.
supramolecular motif in solution is debatable (vide infra, next  This apparently paradoxal NMR behavior could then be
section). A circular dichroism (CD) analysis of the precipitate explained by an NMR titration experiment. Various amounts
was also performed and showed a complete lack of Cottonof ["Bu,N][A-TRISPHAT] were added in small portions to
effects in the spectral region in which the cluster cation a solution of racemic [MgB4Cls(dppe}][PFg] in CeDe:CDs-
absorbs, confirming that the racemic crystal employed in the CN (95:5). The different spectra are reported in Figure 5.
diffraction experiments was representative of the bulk Very small amounts of thA-TRISPHAT salt are sufficient
precipitate sample. to induce the enantiodifferentiatieras low as 0.1 equiv and
Global Explanation and Sense of Induction.At this leading a decent separatioAd 0.23 ppm). More surpris-
stage, several points seemed to be clearly established: (iingly, 0.3 equiv of A-TRISPHAT is sufficient to achieve
the configurational stability of the [M&Cls(dppe}]* cation the maximal NMR split efficiency A0max 0.36 ppm), any
further addition of [BuyN]J[A-TRISPHAT] leading to no
(18) From the latter experiment, a maximum value for the energy barrier fyrther modifications of the NMR spectra. This clearly
of enantiomerization of the cluster cation can be estimated. Assuming . . . .. . .2
that it takes 10 half-lives to reach equilibrium, the maximum half-life  indicates that the enantiodifferentiation of the chiral cationic
for the enantiomerization can be gstjmated as 24 min é‘CZZh'is cluster by A-TRISPHAT reaches a plateau at very low
:2;;‘52 g?gg?okggﬁr;%ﬁ” upper limit for the energy of enantiomer-  oiqichiometry. As such, any small amount 6&d-MosSy-
(19) Scudder, M.; Dance, J. Chem. Soc., Dalton Tran$998 329-344.

Dance, |.; Scudder, MChem. Eur. J1996 2, 481-486. Dance, |.; (20) At room temperature, chiroptical characterization of the mother liquor
Scudder, MJ. Chem. Soc., Chem. Comi995 1039-1040. indicates a lack of further racemization of TRISPHAT anion.
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[P-Mo3S4Cls(diphosphane)t into [M-MosSsCls(diphosphane)*, with
relative energies (in kcal/mol) calculated by QM and QM/MM (in
parenthesis) methods. QM-optimized geometries for the model system are
plotted below.

Figure 6. CD spectra of the filtrate fractions resulting from association
of [Mo3S4Cls(dppe}] ™ with (a) A-TRISPHAT (—) and (b)A-TRISPHAT
).

Cly(dppe)}[A-TRISPHAT] salt “contaminating” the precipi-  temperature, creating a Lewis acidic site, this electron-poor

tate fraction will produce the observed split of H NMR  metal center being able to interact with one of the oxygen
signals; this contamination most probably occurs at the atoms of the TRISPHAT anion and induce the acid-catalyzed
filtration stage of the protocol. racemization pathwa¥In order to validate this hypothesis,

Finally, one important stereochemical isgue remained andtheoretical calculations on thB{Mo3S,Cls(diphosphane)*
con_ce_rned the nature of _p_referred _conflgurauon of the < [M-MosS,Cly(diphosphang)* interconversion mechanism
cationic cluster after equilibration in the presence of were carried out using quantum mechanical (QM) and hybrid

TRISPHAT. For this determination, solutions c¢-MosS,- quantum and molecular mechanical (QM/MM) methodolo-
Cl(dppe)][A-TRISPHAT] and fac-MosSiCly(dppe}][A- gies as described in the following section.
TRISPHAT] in GsDe:CDsCN (95:5) were heated at 72 Due to the size and complexity of the system, two

for 24 h and allowed to cool down to room temperature for approximations have been taken into account for pure QM
24 h. After filtration and NMR characterization, the CD  calculations: the counterion is not included in the model
spectra of the filtrates were recorded (see Figure 6). As and the diphosphane phenyl groups have been replaced by
expected, equal and opposite Cotton effects were observechydrogen atoms. Steric repulsions between phenyl groups
for the spectra issued from thfe- and A-TRISPHAT salts  for these congested structures have been evaluated through
in the characteristic region of the cluster's centereecdd ~ QM/MM calculations. The energy profile for the less
absorption bands, around 270 and 420%mhese spectra  energetically demanding mechanism for the interconversion
were assigned to cationic cluster complexeshvbfand P of [P-M03S,Cls(dppe}] " into [M-Mo3S,Cls(dppe)] " is de-
configurations, respectively. The assignment was done by picted in Figure 7, where each of the Mo centers rearranges
comparison with the CD spectra of the previously reported the C| and diphosphane ligands sequentiaBRR(P) —
[P-MosSCly((R,R-Me-BPE)] " and M-Mo3S,Cls((S,S-Me- RRS — RSS— SSS(M). The R and S refer to the
BPE)|" cluster enantiomerSinterestingly, and a bit surpris-  configuration around the octahedral environment of the metall
ingly, the association of enantiopure TRISPHAT anions with atoms. IntermediateRRSand RS$ have been optimized
racemic [MaSsCly(dppe)] * clusters leads at elevated tem- using BP86/VPTZ methodologies and characterized as
perature and in nonpolar conditions to a stereoselectiveminima in the potential energy surface, lying 8.8 kcal/mol
induction in favor of the heterochiraM" A~ or P* A7) higher in energy than the andM configurations. Intermedi-

rather than the “classical” homochiral association; the origin ates are connected through transition state regions, as we
of this reversal of the traditional trend is the subject of further will see later on in this section.

investigations? The first intermediate in this three-step reaction mechanism
Theoretical Investigation on the P-Mo3S,Cls(dppe)s]* corresponds to thRRSstructure with two hydrogen atoms
and [M-Mo3sS,Cls(dppe)] © Interconversion. The origin of in equatorial positions facing each other at an interatomic

the TRISPHAT racemization remained however somewhat distance of 2.245 A. Replacement of the phosphorus
mysterious. The most logical explanation was the partial hydrogen atoms by phenyl groups increases the difference
decomplexation of one diphosphane ligand at elevated between theRRSintermediate and th&kRR (P) starting
cluster cation only to 10.3 kcal/mol, due to the flexibility of
(21) TRISPHAT chromophores absorb under 270 nm, see: Bas, Byj,Bu i i .
T.; Lacour, J.; Vachon, J.; Weber,Qhirality 2005 17, S143-S148. .the diphosphane “gar.]d tq accommOdat.e the pheny| groups,
All Cotton’ effects observed above this threshold are those of the IN consequence, steric hindrance coming from the bulkier
@2 rllnon][acergiﬁ tiation#: Clomplexets- o ready b ) dinth —Ph groups does not hamper the proposed reaction pathway.
rererre eterocniral associations nave already been obpserved In tne, . H . .
presence of TRISPHAT anions either in solution or in the solid state. A detailed analy3|s of the topology of the PES in the region
See refs 13 and 14. betweerRRR(P) andRRSeveals that they are not connected
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218 244 213 22 on this process is been carried out in our laboratory, and the
e 186 o 193 o/ 192 T\ i i
S5t e T B T BT results will bg presented in dug course.
Intl Ine2 Int3 88 Once the diphosphane ligand is bonded to the molybdenum

atom just by the Mo(3)P(2) bond, the CI(1) atom can move
to a position intermediate between that ®RRand RRS
The coordination environment around Mo(1) is now a
reaction coordinate trigonal bipyramid. The rotation around~«C and C-P

Top view single bonds takes place via very low-energy barrier, leading
3o, to Int3, which corresponds to the mirror image of Intl.
Finally, the first step of the interconversion mechanism
concludes by the formation of a dative bond between the
P(1) lone pair and an empty&orbital on Mo(1), reaching

RRS The same mechanistic picture can be drawn for the
0] W other two transition regions associated with the remaining
% m }—% % % metal atoms of the triangular cluster. Therefore, the highest
” o energy barrier for the interconversion of tR&RRconfigu-
RRR Int1 Int2 Int3 RRs ration in [P-Mo3S,Cls(diphosphane)™ into the SSSconfig-
Figure 8 DFT relativ_e energies _(in kcal/mol) f(_)r the propos_ed reaction yration in N-Mog&CIg(diphosphan@F is 24.4 kcal/mol.
mechanism along the first TSs region. The optimized geometries are plotted.l.his value explains that asymmetric induction Bf¥10sSs-

below (top view for all atoms and side view for selected atoms). . ) )
Clx(diphosphang)t by the optically pure anioA-TRISPHAT
is only observed at elevated temperatures.
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1953
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Conclusion

Experimental data indicate thas-symmetric cationic
clusters of type [MeS,Clsy(dppe)]’ are configurationally
stable at 20C and somewhat labile at elevated temperature
a property unknown to this point. At 72, an equilibrium
between the® and M enantiomers of the cluster could be
evidenced and used to induce, in the presence of TRISPHAT
anion, an unbalance among the diastereomeric salts. The
moderate but definite diastereoselectivity (1.2:1) obtained at

Figure 9. BP86/VTZP HOMO (left) (-0.3095 au) and LUM@3 (right) elevated temperature can be increased by the in-situ pre-

(—0.2330 au) orbitals for Intl depicted at the 0.05 contour level. Cipitation at room temperature of the racemic MIT
(dppe}][TRISPHAT] salt that improves the diastereomeric

through a single transition state (TS) but by a so-called TSs purity of the mother liquor to 4:1 ratio. Interestingly, the

region (see Figure 8). Decoordination from the metal, Mo- preferred association of the chiral three-bladed propeller in

(1), of one phosphorus atom of the diphosphane ligand, solution at 72C is of heterochiraliI™ A~ or P* A~) rather

namely the one trans to the bridging sulfur, P(1), allows the than homochiral nature.

rotation of C(1)-C(2), C(1)}-P(1), and Mo(1)P(1) single _ _

bonds across low-energy barriers, leading to manifold stable Experimental Section

conformations. The TSs region is concluded by the formation  General.3'P{1H} NMR spectra were recorded on Bruker AMX-

of the Mo(1)-P(1) dative bond reaching intermedi®®&®S 400 MHz spectrometer, usingsBs:CDsCN (95:5) as a solvent,

A suitable guiding reaction coordinate for the first step of and are referenced to external 85%P;. Electrospray ionization
the interconversion mechanism is the rotation of the, PH (ESI) mass spectra were recorded on a Quattro LC mass spectrom-

. eter using CHCI; as solvent. Circular dichroism measurements were
group around the C(£)C(2) bond (see Figure 8), from 50.0 recorded on a JASCO J-810 spectrometer. The sample solutions

in RRRto 116.4 at the transition state (TS1) and T9&t were prepared in a quartz cuvette of 1 cm path length and measured
the first reaction intermediate (Int1). The TS1 presents a very at 25°C. All halogenated solvents were filtered over basic alumina
low imaginary frequency of-76.1 cnt! associated with the  before use.

twisting of the dihedral P(2)C(2)—C(1)—P(1) angle. The Preparation of Compounds. [Mo3Ss(dppe}Cls](PFe), [cin-
BP86/VTZP calculated activation and reaction energies are chonidinium]A-TRISPHAT], and [BusNH][A-TRISPHAT] were

21.8 and 18.6 kcal/mol, respectively. Figure 9 shows the Prepared following literature procedures.

HOMO and LUMO+3 orbitals of the Intl structure. The  Association of [Mo:Sy(dppe)Cls]™ with TRISPHAT. To a
HOMO orbital corresponds to the P(1) atom lone pair, while solution of 120 mg of [MeSy(dppe}Cle][PFd] in dichloromethane

h . ibut he LUM®3 orbital f was added a saturated solution of 68 mg of [cinchonidinidm][
the major contribution to the orbital comes from TRISPHAT] in acetone. The resulting mixture was stirred for 5

Mo(1) dz emp_ty orbital, which can act asa L_eWiS acid Sit? min, concentrated in vacuo, dissolved in the minimum amount of
for the catalysis of the TRISPHAT racemization, as experi- dichloromethane, and charged onto a silica gel column. The green
mentally observed. A detailed computational investigation band that eluted contained the desired product, which was dried
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under vacuum overnight to afford 110 mg o&¢-MosS,(dppe)-
CL][A-TRISPHAT] (yield 69%).3P{'H} NMR (121.47 MHz,
CeDg:CD3CN (95:5), 25°C): 6 = —79.9 (s), 25.0 (t), 25.2 (t) 35.3
(t), 35.9 ppm (t). UV/vis (CHG): Amax (€) = 408 (6827.60), 299
nm (14 165.52 moi* dm® cm™1). ESI-MS (30 V): m/z (%) 1723
(100) [M*]. The association wittA\-TRISPHAT was carried out
following the same procedure but using 80 mg of cluster and 41
mg of [BusNH][A-TRISPHAT], yielding 75 mg of fac-MosS,
(dppeXCl][A-TRISPHAT] (yield 70%).

Asymmetric Induction:  Salt [rac-Mo3Ss(dppe}Cls][ A-
TRISPHAT] or [rac-Mo3S4(dppe}Cls][ A-TRISPHAT] (25 mg) was
dissolved in 700uL of CgD:CD3sCN (95:5). The solution was
heated at 72°C for 4-36 h and allowed to cool to room

expanded using uncontracted doubland one polarization Slater
basis sets. Large frozen cores (Mo4p, ClI2p, S2p, P2p, C1s) were
employed for heavy atoms. An auxiliary set of s, p, d, f, and g
STOs was used to fit the molecular density and to represent the
Coulomb and exchange potentials accurately in each SCF cycle.

We used the local spin density approximation, characterized by
the electron gas exchange (Xa wxhk= 2/3) together with Voske
Wild—Nusair parametrizatich for correlation. Becke’s nonlocal
correctio” to the exchange energy and Perdew’s nonlocal cor-
rectiong® to the correlation energy was added. Geometries were
optimized using analytical gradient techniques until the maximum
gradient component was less than x010* au. Vibrational

temperature. Within the next hour, green crystals started forming, frequencies were obtained through numerical differentiation of the
and 72 h later they were separated from the solution by filtration, analytical gradients. Scalar relativistic corrections were included
washed with cold benzene, and dried with pentane (17 mg, 68%). se|f.consistently by means of the zeroth-order regular approximation

Characterization data for the precipitate and the filtrate fractions (ZORAY? using corrected core potentials. The quasirelativistic
are essentially identical to the ones described in the previous

paragraph, except for the CD spectra and the relative intensities of
the 31P{*H} NMR signals.
Microtitration. [BusN][A-TRISPHAT] (0.1 equiv, 5uL, 0.82

frozen core shells were generated with the auxiliary program
DIRAC.

Hybrid QM/MM calculations were carried out using the a

mg, 0.81umol) in 25.2uL of a mixture of GDs:CD3sCN (95:5)
was added stepwise to a solution of [pa(dppe}Cls]PFs
(3 mg, 1.62umol) in 700uL of C¢Ds:CD3CN (95:5) and a NMR

modified versiof® of the original IMOMM scheme developed by
Morokuma and Maser&3 The QM part is treated at the same level
as pure DFT calculations (BP86/VDZP), while the MM part is

spectrum was recorded after each addition. The spectra are showralculated using the Sybyl force fietd.
in Figure 7.
X-ray Data Collection and Structure Refinement. X-ray

diffraction experiments were carried out on a Bruker SMART CCD . . . . . .
diffractometer using Mo K radiation ¢ = 0.710 73 A) at room Ministerio de Educacio y Ciencia (MEC) and the EU

temperature. The data were collected with a frame width 6fia.3 ~ FEDER Program (Grants BQU2002-00313 and CTQ2005-
w at a crystal to detector distance of 4 cm. The diffraction frames 09270-C02-01), Fundaci8ancaixa-UJl (research project
were integrated using the SAINT package and corrected for P1.1B2004-19), and Generalitat Valenciana (research projects
absorption with SADABS? The structures were solved by direct  ACOMP/2007/286) is gratefully acknowledged. The authors
methods and refined by the full-matrix method based-dmising also thank the Servei Central D'InstrumentaGientifica

the SHELXTL software packagd.Difference Fourier maps were (SCIC) of the Universitat Jaume | for providing us with

done to locate the remaining atoms. Refinement was performed by . o
the full-matrix-least-square method basedFénAll atoms in the spectroscopic and X-ray facilities. V.P. thanks support from

anion and the cluster cation except one phenyl group [C(59) to the Juan de la Cierva fe”OWShlp from the MEC. We are also
C(64)] were refined anisotropically. This group had to be refined grateful for financial support of this work by the Swiss

isotropically with a fixed geometry. Hydrogen atoms were generated National Science Foundation, the Federal Office for Educa-
geometrically, assigned isotropic thermal parameters, and allowedijon and Science and the Sandoz Family Foundation

Acknowledgment. The financial support of the Spanish

to ride on their respective parent C atoms. Three independent
benzene crystallization molecules [C(900) to C(905), C(906) to
C(911), and C(912) to C(917)] were found and refined isotropically
with 1, 0.5, and 0.5 occupancies, respectively. A fourth independent
benzene molecule appeared defined only by three carbon [C(918)
to C(920)] atoms related through an inversion center. Crystal data
for [M03S4(dppe}C|3](TRISPHAT) C111H930|15MO306P7S4, M=
2687.45, triclinic, space growRll, a= 17.1206(14) Ab = 19.6851-
(15) A, ¢ = 20.7160(16) Ao = 97.010(23, B = 92.467(2), y =
108.341(2), V = 6552.9(9) A3 T = 293 K, Z = 2, u(Mo Ka) =
0.784 mntl, reflections collected/unique 36 895/22 938Rn =
0.0676), final refinement converged with R10.0806 for 11 349
reflections withF > 40(Fo) and wR2= 0.2615 for all reflections,
GOF= 1.178, max/min residual electron density 1.174 arid030
eA-s,

Computational Details. All theoretical calculations were carried
out with the ADF 2005 prograrf’. Molecular orbitals were
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