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TRISPHAT-N: A Chiral Hexacoordinated Phosphate Anion with
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Summary: A simple and efficient chiral anionic N-ligand: the of the phosphate anion was deemed necessary. Lewis-acid
introduction of a Lewis basic nitrogen onto the TRISPHAT Lewis base interactions would essentially ensure the formation
skeleton allows the direct and efficient stereocontrol of tropos of zwitterionic complexes and possibly induce stronger chiral
chiral ligands bound to metal complexes or of stereogenic metal recognition and asymmetric induction processes. In this context,

centers (dr up to 96:4).

we report herein the synthesis and resolution of the novel

Recently, the chemistry of chiral hexacoordinated phosphate Nifrogen-containing hexacoordinated phosphate adjdenoted
anions has been revitalized, as anions such as tris(tetrachlo-T RISPHAT-N, which can interact directly with metal centers

robenzenediolato)phosphate(M) TRISPHAT, A or A enan-
tiomer)' have been shown to be valuable chiral NMR solvating,
resolving, and asymmetry-inducing reagents for chiral cationic
specie<. However, effective chiral recognition was essentially
achieved in solution only in associations with complementary
Ds-symmetric metal complexes of the type [M(diimigi@)
(diastereomeric ratio (dry 90:10)34 Efficient stereocontrol
over the configuration of conformationally labile chiral ligands

and allow the stereocontrol of molecular events that previous
non-coordinating chiral anions could not achieve.

To modify as little as possible the structural features of
TRISPHAT, only one of the three tetrachlorocatecholate ligands
was exchanged by a nitrogen-containing diol. 5-Chloropyridine-
2,3-diol (3) was selected for its commercial availability and
proven efficiency in metal binding everft4® The derived
phosphate anior2, namely TRISPHAT-N, was prepared by

bound to metal centers was also never described using chiralfollowing reported guideline$ Anhydrous tetrachlorocatechol

anions as supramolecular chiral auxiliarfes.

We interpreted this lack of effective chiral recognition be-
tweenl and most cationic metallic complexes as the result of the
exclusive presence of ion pafrghe chiral anion being posi-

and P(NMe); were reacted in toluene at reflux. After concen-
tration in vacuo, successive additions in £H of o-chloranil
(3,4,5,6-tetrachloro-3,5-cyclohexadiene-1,2-dioBgand then
[BusNH][CI] yielded the desired trir-butylammonium salt of

tioned at a distance too far from the metal center or its ligands to racemic phosphat2 (Scheme 1). The analytically pure com-

interact efficiently’ Any modification of the anion structure that
would ensure a tighter aniertation association would then be
beneficial. As cationic metal complexes are usually Lewis acidic,
the introduction of a Lewis basic nitrogen atom on the skeleton

*To whom correspondence should be addressed. E-mail:
jerome.lacour@chiorg.unige.ch.

T Département de Chimie Organique, Universike Gerige.

* Laboratory of Crystallography, Universitle Gerge.

(1) Favarger, F.; Goujon-Ginglinger, C.; Monchaud, D.; LacourJ.J.
Org. Chem 2004 69, 8521-8524. Lacour, J.; Ginglinger, C.; Grivet, C.;
Bernardinelli, G.Angew. Chem., Int. EA.997, 36, 608—609.

(2) Lacour, J.; Frantz, ROrg. Biomol. Chem2005 3, 15-19. Lacour,

J.; Hebbe-Viton, V.Chem. Soc. Re 2003 32, 373-382. Constant, S.;
Lacour, J.Top. Curr. Chem2005 250, 1—41.

(3) (@) Bergman, S. D.; Frantz, R.; Gut, D.; Kol, M.; LacourChem.
Commun.2006 850-852. (b) Jodry, J. J.; Frantz, R.; Lacour,ldorg.
Chem.2004 43, 3329-3331. (c¢) Monchaud, D.; Jodry, J. J.; Pomeranc,
D.; Heitz, V.; Chambron, J.-C.; Sauvage, J.-P.; LacouAnhew. Chem.,
Int. Ed. 2002 41, 23172319 and references therein.

(4) For examples of weaker stereocontrol with other geometries, see:
(a) Hebbe-Viton, V.; Desvergnes, V.; Jodry, J. J.; Dietrich-Buchecker, C.;
Sauvage, J.-P.; Lacour,Dalton Trans.2006 2058-2065. (b) Desvergnes-
Breuil, V.; Hebbe, V.; Dietrich-Buchecker, C.; Sauvage, J.-P.; Lacour, J.
Inorg. Chem2003 42, 255-257. (c) Hiraoka, S.; Harano, K.; Tanaka, T.;
Shiro, M.; Shionoya, MAngew. Chem., Int. EQ2003 42, 5182-5185.

Full stereocontrol can be obtained, however, in selective precipitation or
crystallization processes: (d) Mimassi, L.; Cordier, C.; Guyard-Duhayon,
C.; Mann, B. E.; Amouri, H.Organometallics2007, 26, 860-864. (e)
Habermehl, N. C.; Angus, P. M.; Kilah, N. L.; Noren, L.; Rae, A. D.; Willis,
A. C.; Wild, S. B.Inorg. Chem.2006 45, 1445-1462. (f) Mimassi, L.;
Guyard-Duhayon, C.; Rager, M. N.; Amouri, thorg. Chem.2004 43,
6644-6649.

(5) Mikami, K.; Yamanaka, M.Chem. Re. 2003 103 3369-3400.
Mikami, K.; Aikawa, K.; Yusa, Y.; Jodry, J. J.; Yamanaka, Sinlett2002
1561-1578.

10.1021/0m070074k CCC: $37.00

pound [BuNH][rac-2] was obtained after chromatography (yield
79%, 22 g scale, four consecutive steps).

The resolution of the anion was achieved by the addition of
N-benzylcinchonidinium chloride salt4][Cl]; 1.0 equiv) to a
CHCI; solution of [ByNH][rac-2]. Selective precipitation of
the diastereomerically pure-§-[4][A-2] salt was afforded in
good yield (46%).° The A enantiomer was isolated from the
mother liquor as-)-[BusN][A-2] after ion exchange metathesis
with [BusN][CI] and chromatography (Si£)CH,Cl,). The non-
racemic anior? displayed in our hands good chemical and con-
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Scheme 1. Synthesis of Phosphate Anion 2 and Its
Resolution using theN-Benzylcinchonidinium Salt [4][Cl]

1. P(NMey)s cl
2. o-chloranil [4]+ Cl Cl
3. ¢l OH Cl
Cl \(I "ll \\\
HO cl 4. [Bu3NH][CI] cl
cl 5. [4][CI] 42
cl cl
Cl

figurational stability. No evidence of racemization could be found
during, for instance, the ion exchange metathesis of cation
by BuN™. Monocrystals of the cinchonidinium derivative were
obtained, and the absoluteconfiguration was determined by
a crystal structure analysisP—O bond lengths and ©P—0O

bond angles are not so different from those measured for

TRISPHAT (1),*2although one P-O bond linked to the oxypyrid-
onate unit-the one that involves the oxygen closest to the
nitrogen ator-is much shorter (1.690 A) than usual; the longest
bond (1.723 A) is the other-FO bond linked to the heterocycle.
The ability of anion2 to form zwitterionic species and thus
behave as ligand and chiral auxiliary together was first assesse
in association experiments with Lewis acidic metal complexes
bearing the chiral conformationally labilérgpog ligands5a
and5b (Figure 1)13 our purpose being the stereocontrol of the
absoluteP or M geometry of the ligands. Salts [G#)(CHs-
CN),J[PFg] and [CpRubb)(CHsCN)][PFs] were selected as

precedents and indicated clearly that the biaryldiimine ligands

5aand5b would adopt indeed atropoisomeRcandM confor-

mations &, andR,, respectively) at the vicinity of metal iort$1°
The complex [Cuga)(A-2)] was prepared by ion exchange

metathesis of [CUEHa)(CH3CN),J[PFs] and (—)-[4][A-2] and

readily isolated by chromatography due to remarkable air and
moisture stability for a 16-electron species and noticeable

(11) Crystal data for €)-[4][A-2] ((C17H2ClgNO6P)(CoeH29N20)-
(C3Hg0)): M, = 1109.9, orthorhombidP2:2;2;, a = 11.5179(5) Ab =
19 1156(11) Ac=23.1645(11) AV = 5100.2(4) B; Z =4, 1 = 0.580

L dexpu = 1.445 g cm13, Mo Ko radiation ¢ = 0.710 73 A), 64 539
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Figure 1. Ligands5 (tropos,represented witP (S;) conformation),

6 (pyridine oxazoline), and (pyridine benzoimidazole).

lipophilicity (SiO,, CH,Cl,, 72%)1617 NMR spectroscopic
analysis fH, 13C, and3'P, CDCE, 293 K) revealed two sets of

signals in a 66:34 ratio and a lack of coordinating {CN

ligand(s) upon ion exchange. These results indicated a coordina-

tion of the anion to the Cu center, resulting in two diastereomers,

[Cu(P-58)(A-2)] and [CuM-53a)(A-2)],'8 the exchange of anion

A-2 within the complexes being furthermore slow on the NMR
time scale (as evidenced B NMR). The existence of a zwit-
terionic complex was furthermore confirmed by X-ray diffrac-
tion analysis of [CU§a)(A-2)], which crystallized as a single

diastereomer in CpCl/hexane; the biphenyldiimino ligand

Oadopts aP (S) configuration in the solid state (Figure P).

Assuming that the relative lack of stereocontrol (dr 66:34)
around the trigonal-planar Cu(l) atom was the result of overly
distant interactions of ligand4-2 and diimine5a, care was

taken to study further systems based on more hindered pseudo-
tetrahedral metal centers that would position the stereogenic

elements closer together. For that purpose, the salt [Gidru(
(CH3CN)][PF¢] was synthesized and treated with)¢[4][ A-2]

and (+)-[BusN][ A-2]. The resulting complexes [CpRalf)(A-2)]

and [CpRubb)(A-2)] were isolated using the already described
chromatographic protocol (S§CH,Cl,, Ry = 0.82, 76-68%)16
Only one set of signals was observed in NMR spectroscopy
(*H, 13C, and?®P), irrespective of the solvent used for the
analyses (CBCl,, CDCl, CgDe, tolueneds).?® CD spectra
displayed intense Cotton effects in the visible MLCT region

(16) In a typical association experiment, a solution 4if A-2] (0.138
mmol) in acetone (4 mL) was added at 20 to a solution of [CU§a)-

reﬂectlons measured at 200 K, 9948 unique reflections, of which 4195 were (NCMe)][PFg] (0.126 mmol) in dry N-saturated CbCl, (5 mL). The

observed|F,| > 40(F,)). Data were corrected for Lorentz and polarization
effects and for absorptiogin, Tmax= 0.8971, 0.9427). The structure was
solved by direct methods (SIR97). All calculations were performed with the
XTAL system. Full-matrix least-squares refinement basedFonsing
weights of 1/6(F,) + 0.0002F.?)) gave the final valueR = 0.037,R, =
0.034, andS = 1.65(2) for 636 variables; Flack parameter —0.02(9).

resulting mixture was stirred for 5 min and then concentrated in vacuo.
Chromatography of the residue (SiA x 7 cm, CHCI,) afforded [Cu-
(58)(A-2)] as a yellow solid & = 0.91, 72%).
(17) The corresponding Rand TRISPHAT salts are unstable. They are
air- and moisture-sensitive and cannot be purified by chromatography)(SiO
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(or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cam-

bridge CB2 1EZ, U.K;
ccdc.cam.ac.uk).

(12) TRISPHAT () adopts an octahedral geometry anda sym-
metry: i.e., all P-O bond lengths (1.714 A) and-€P—0 bond angles
(90°) are |dent|ca|
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Balsells, J.Chem. Re. 2003 103 3297-3344.
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of most signals) was monitored at elevated temperature folSEpU-2)].
See the Supporting Information.

(19) Crystal data for [CIR-58)(A-2)] ((CazH18Cl13CuUNsOsP)(CHCE)2):
M, = 1466.7, orthorhombicP2,2;2;, a = 14.4833(10) Ab = 19.3609-
(18) A, ¢ = 20.7455(13) AV = 5817.2(8) &, Z = 4, u = 1.323 mnt?,
dexptt = 1.675 g cmi®, Mo Ka radiation ¢ = 0.710 73 A) 72 581 reflections
measured at 200 K, 11 264 unique reflections, of which 6024 were observed
(IFol > 4o(Fo)). Data were corrected for Lorentz and polarization effects
and for absorptionTmin, Tmax= 0.7810, 0.8366). The structure was solved
by direct methods (SIR97). All calculations were performed with the XTAL
system. Full-matrix least-squares refinement base# osing weights of
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= 1.46(1) for 677 variables; Flack paramese+ 0.00(3). CCDC-629067
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Table 1. Synthesis and Properties of [CpRu(ligand&-2)]
Zwitterionic Complexes

ligand yield (%) dr drb Admal (Pppm)
6a 70 72:27 80:20 0.33
6b 71 89:11 91:09 0.73
7a 54 89:11 92:08 0.71
7b 60 95:05 96:04 0.70

aConditions: *H NMR, 500 MHz, CDCl,. P Conditions: *H NMR, 500
MHz, tolueneds + 5% CDsNO..

The compounds [CpRE)(A-2)] and [CpRuf)(A-2)] were
prepared in a manner analogous to that for [CERYA-2)].16
Slightly better yields were obtained for the formation of the
oxazoline over the benzoimidazole derivatives{7Q% vs 54-
60% from 6ab and 7ab, respectively?* Significantly, both
IH and3C NMR spectra revealed the complete displacement
of the acetonitrile ligands from the starting metal fragment. As
expected, an efficient enantiodifferentiation was achieved in the
presence ofA-2, as dual sets of signals were obtained in both
IH and®'P NMR, the latter observation indicating slow exchange
kinetics of the chiral ions on the NMR time scale. Of all the
split signals, the higher frequency singlets of pyridine protons
) ) . o ) H2 (Figures 1 and 3) were particularly easy to monitor and very
Figure 2. troposligands: solution equilibrium among dlaster_eo- large differences in chemical Shift&§maxUp to 0.73 ppm) were
meric Cu(l) complexes and X-ray crystal structure of the Zwitter- observed, allowing a ready determination of the asymmetry
ionic complex [CuP-5a)(A-2)]. Ellipsoids are represented at the . . - . . .

induction by integration of the respective signals. Good to

50% probability level. - . .
°p y excellent selectivity was achieved for the two classes of ligands

Me (dr from 80:20 to 96:04) using nonpolar solvent conditions
2 I_\ﬁnne (tolueneds + 5% CD3NO,), the solvent having little influence
%+% Nm+% o over the diastereoselectivity. The ratios remained overall the

- ¢ : same with the more polar GDI,. These observations are
\ Cl summarized in Table 1, along with some spectroscopic informa-

N cl
N’.Ru le
o \ ,
Me ﬁo\l;wo N tion.
cl o T\ e al ol T\ We have just described the synthesis and resolution of a novel
| 1 chiral hexacoordinated phosphate that behaves as an enantiopure
(Sku, 4) o | (Rru, 4) o anionic N-ligand. This TRISPHAT-N anion, although binding
al el at a single point, acts as an effective chiral auxiliary able to
Figure 3. Chirality at metal: stereocontrol amongk()-[CpRu- control with high S(_alectivity the con_formatio_n tbposligands _
(63)(A-2)] and Rsy)-[CPRUGE)(A-2)]. The priority sequence of  and the configuration of stereogenic metal ions. Further studies

the ligands i75-CsHs > 2 > “imine” > pyridine. are being performed to exploit the asymmetric potential of anion
2 and the interesting chromatographic, air, and moisture stability
with perfect mirror image symmetry (GBI, 4 x 1075 M, that it confers to Lewis acidic metal complexes.

Aesg7+12 and—13 for [CpRubb)(A-2)] and [CpRubb)(A-2)],

respectively), all data indicating the occurrence of a single  aAcknowledgment. We are grateful for financial support of
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achiral ligandss and 7 (Figures 1 and 3). These compounds Supporting Information Available: CIF files giving crystal
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only one report detailing the stereocontrol of the metal center

by an enantiopure pyridine imine ligand; a moderate level of OMO070074K

selectivity was achieved under kinetic control (dr 56:24%

; ; ; ; (23) With the more sterically demanding Cp* as the arene, better
In view of this precedent, it was decided to study the selectivity (dr up to 91:9) can be achieved under kinetic or thermodynamic
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