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Summary — The compound (Pr(tpip)s 1. tris(tetraphenylimidodiphosphinato)praseodymium, was obtained from PrCl; -
6H50 and tpipK in aqueous medium free from any external ligand, and characterized by X-ray crystallography. Recrystal-
lization of 1 from acetone solution gave Pr(tpip)3(CH3COCH;) 3. Under the same conditions DyCl; - 6H,O gave Dy(tpip)s
2. Pr(tpip)s induces important upfield shifts in the 'H NMR spectra of carboxylic acids, as a result of the formation of labile
Pr(tpip)s(RCOOH) adducts. It can thus be used for the straightforward simplification and analysis of the 'H NMR spectra
of carboxylic acids. Attempts to isolate Pr(tpip)a(AcOH) only gave small amounts of Pr(tpip)s(H20) 4. However, in the
case of chloropropionic acid, the adduct Pr(tpip)s(CHzCHCICOOH); 5 could be isolated and fully characterized by X-ray
crystallography. Pr(tpip)s reacts instantaneously with potassium or ammonium carboxylates to give, upon exchange of one
tpip ligand followed by dimerization, the dinuclear complexes Pra(tpip)4(RCOO)2 6 in which tpip acts both as chelating
and bridging ligands, whereas the carboxylate groups act as tridentate bridging-chelating ligands. These new complexes have
been fully characterized by X-ray analysis in the case of citronelic and 3-hydroxybutyric acids. The 'H NMR spectra of
such complexes disclose very important high-field shifts for the protons associated with the carboxylate groups. Moreover,
in the case of chiral acids, the achiral Pr(tpip)s reagent can be used, in association with carboxylates to determine their
optical purity by means of the formation of diastereoisomeric dinuclear complexes which can be differentiated by 'H NMR
spectroscopy. Applications of these new reagents will be provided.
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Introduction

Since Hinckley's first report on lanthanide shift reagents
[1], the field has experienced tremendous growth. The
B-diketonato lanthanide (III) reagents are extensively
used for the study of substrates containing basic groups
[2-4]. They were supplemented by the dinuclear silver
(I)/lanthanide (III) B-diketonato shift reagents in the
case of weakly nucleophilic substrates [5-7].

Unfortunately almost all of these reagents are de-
stroyed by acidic compounds [8]. Acidic substrates can
thus only be studied using less efficient lanthanide salts
provided they have an acceptable solubility in polar sol-
vents [9-11].

We have recently reported preliminary commu-
nications on the development of new lanthanide-
containing NMR shift reagents among which the
tris(tetraphenylimidodiphosphinato)praseodymium che-
late Pr(tpip)s has been shown to be very effec-
tive for the study of carboxylic acids, phenols and
carboxylates ([12-14]. X-ray analyses have allowed

* Correspondence and reprints

the solid-state characterization of a 1:1 adduct, for-
med by tris(tetraphenylimidodiphosphinato)lanthanum
La(tpip)s with ethyl acetate [12], and of a new dinuclear
dicarboxylate complex, the [tetrakis(tetraphenylimido-
diphosphinato)) [di (3-phenylpropionato)]dipraseody-
mium [14].

New compounds corresponding to these two types
of structures have now been obtained and char-
acterized the 1:1 adducts formed by water or
acetone with Pr(tpip)s; the 2:1 adduct formed by
2-chloropropionic acid with Pr(tpip)s; and two dinu-
clear adducts, the [tetrakis(tetraphenylimidodiphos-
phinato)] [di(citronellato)] dipraseodymium and the
[tetrakis(tetraphenylimidodiphosphinato)]  [di(3-hydr-
oxybutanoato)] dipraseodymium complexes. The crys-
tallographic data for these compounds will be presented
in this paper in addition to those of the free chelates
Pr(tpip); and Dy{tpip)s.

The somewhat surprising results obtained from solid-
state analysis led us to use 'H and 3P NMR to study
the species formed in apolar solvents from the new
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reagents and carboxylic acids or their carboxylates. A
series of reagents obtained with different lanthanide
cations was also evaluated. Various applications of the
new reagents will be presented.

Synthesis of the lanthanide complexes Ln(tpip)s

Although some of the lanthanide complexes Ln(tpip)s
(Ln = La, Pr, Nd, Er) [15] had already been synthesized
and described, no direct evidence for their anhydrous
nature had been obtained so far. We therefore synthe-
sized Pr(tpip)s, Dy(tpip)s and Eu(tpip)s for their eval-
uation as shift reagents, as well as Gd(tpip)s, as a re-
laxation reagent for '3C NMR spectroscopy. Crystals
of Pr(tpip)s and Dy(tpip)s were obtained from hex-
ane/dichloromethane or chloroform solutions. ORTEP
views of these two compounds appear in figures 1 and
2, whereas the bond distances and angles can be found
in the supplementary mate  ial.

Fig 1. ORTEP drawing of complex 1. Ellipsoids are
shown at the 50% probability level. Important bond lengths
(A) and bond angles (°) : Pr(1)-O(1) 2.353 (3), Pr(1)-
0(2) 2.377 (3), Pr(1)-0(3) 2.370 (3), Pr(1)-O(4) 2.364 (3),
Pr(1)-0(5) 2.354 (3), Pr(1)-0(6) 2.343 (4), O(2)-Pr(1)-O(1)
80.5 (1), O(3)-Pr(1)-0(4) 80.1 (1), O(5)-Pr(1)-O(6) 77.6 (1).

Unlike anhydrous Ln(thd)s (thd = tetramethyl hep-
tanedionato), which exists as dimers in the solid state
[16], Pr(tpip)s 1 and Dy(tpip)s 2 consist of discrete
entities. The coordination polyhedron around the met-
als is a distorted octahedron of six oxygens from three
chelated tpip groups, with average Pr-O and Dy-O dis-
tances of 2.360 and 2.263 A respectively.

LnCls, 6H20 + 3TPIPK

H,0
- Ln{TPI1P)3 + 3KCl (eq 1)
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Fig 2. ORTEP drawing of complex 2. Ellipsoids are shown
at the 50% probability level. Important bond lengths (A)
and bond angles (°) : Dy(1)-O(1) 2.251 (2), Dy(1)-O(2)
2.261 (3), Dy(1)-0(3) 2.279 (2), Dy(1)-O(4) 2.286 (3),
Dy(1)-O(5) 2.247 (2), Dy(1)-O(6) 2.253 (2), O(2)-Dy(1)-
O(1) 81.53.

When the recrystallization was carried out in
acetone/hexane, then the heptacoordinated complex
Pr(tpip)s(CH3COCH3) 3 was isolated.
Pr(TPIP)g + CH3COCH3

— Pr(TPIP)3(CH3COCHSj;)
3

(eq 2)

Its structure was determined by X-ray analysis
(fig 3). It is a capped trigonal prism, in which the
capping oxygen is the acetone carbonyl oxygen. The
acetone-oxygen O(7) lies at a longer distance from the
metal (Pr-O(7) = 2.613 A) than the chelated oxygens
from the tpip ligands (Pr-O mean value : 2.384 A).
Similar observations were made for the Pr(tpip)3(H20)
complex 4, which was obtained from the residue of the
reaction of Pr(tpip)s with AcOH. In this case (fig 4),
Pr-O(7) at 2.64 (2) A is again longer than the mean
value of the Pr-O distances of the tpip ligands.

'H and 3 P NMR

The chelates were studied in apolar solvents, usually
CDCl3. Whatever the nature of lanthanide cation used
to prepare the chelate, all the phenyl groups were
equivalent and the protons gave rise to two (or three)
broad signals in the range 7-8 ppm. A single resonance
is also obtained for all the phosphorus atoms. The signal
is shifted to low field with respect to the signal of the
free ligand upon formation of the chelate. Its position
varies strongly with the lanthanide cation (see table I).
The shift is by far greater for the dysprosium chelate.



Fig 3. ORTEP drawing of complex 3. Ellipsoids are shown
at the 50% probability level. Phenyl groups omitted for clar-
ity. Important bond lengths (A) and bond angles (°) : Pr(1)-
0(1) 2.399 (3), Pr(1)-0(2) 2.362 (3), Pr(1)-0(7) 2.613 (3),
C(8)-0(7) 1.205 (7), O(2)-Pr(1)-0(1) 77.83 (9), C(8)-O(7)-
Pr(1) 145.1 (4).

Fig 4. ORTEP drawing of complex 4. Ellipsoids are shown
at the 50% probability level. Phenyl groups omitted for clar-
ity. Important bond lengths (A) and bond angles (°) : Pr(1)-
0O(1) 2.36 (1), Pr(1)-0(2) 2.39 (1), Pr(1)-0(7) 2.64 (2), O(2)-
Pr(1)-O(1) 77.5 (3), O(7)-Pr(1)-0(2) 66.7 (4).

The carboxylic acids adducts

All attempts to isolate adducts between Pr(tpip)s and
simple carboxylic acids failed. However, reaction of a
mixture of Pr(tpip)s and a slight excess of 2-chloro-
propionic acid in chloroform, and slow evaporation of
the solvent led to crystals of a new complex in 55%
yield, the elemental analysis and 'H NMR spectrum of
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Table I. 3'P NMR data for some lanthanide chelates (ppm)
with respect to external H3PO4 (85%).

(tpip) TK*®
16.42

Species Eu(tpip)s

38.08

Dy(tpip)s
147.00

Pr(tpip)s
29.76

® Solvent : CDCl3 except for the free ligand (D20).

which were in agreement with structure 5, a 1:2 adduct
between Pr(tpip)s and the acid.

Pr(TPIP); + 2 CH;CHCICOOH
— Pr(TPIP)3 (CH;CHCICOOH),
5

(eq 3)

This could be confirmed by an X-ray diffrac-
tion study; the ORTEP projection of 5 appears in
figure 5. The coordination polyhedron around the
praseodymium ion consists of a square antiprismatic
arrangement of eight oxygens for the octacoordinated
units. Although in the related M(acac)3(H20)2 com-
plexes the two water molecules occupy the adjacent po-
sitions on the square face [17], the two oxygen atoms of
the coordinated carboxylates in 5 are located on differ-
ent square faces. It is also worthwhile mentioning the
lengthening of the Pr-O bonds of the tpip ligands trans
to the coordinated carboxylic oxygens (2.55 vs 2.35 A).

Fig 5. ORTEP drawing of complex 5. Ellipsoids are shown
at the 50% probability level. Phenyl groups omitted for clar-
ity. Important bond lengths (A) and bond angles (°) : Pr(1)-
O(1) 2.350 (5), Pr(1)-O(2) 2.520 (5), Pr(1)-O(3) 2.554 (4),
Pr(1)-O(4) 2.332 (5), Pr(1)-O(5) 2.390 (5), Pr(1)-O(6)
2.360 (5), Pr(1)-O(8) 2.662 (6), C(1)-O(8) 1.22 (1), C(1)-
0(9) 1.26 (1), O(2)-Pr(1)-0O(1) 75.1 (1), C(1)-O(8)-Pr(1)
136.2 (6).
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Fig 6. Spectrum recorded for an equimolar mixture of lauric acid and Pr(tpip)s in CDCl3.
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Fig 7. Job’s plots for the determination of the stoichiometric composition of the complexes formed between Pr(tpip)s and

caproic or 2-chloropropionic acids.

NMR studies of species in solution

¢ 'H NMR
Progressive addition of the chelate Pr(tpip)s to a so-
lution of a carboxylic acid, eg lauric acid, induced
shielding of the resonances and led to a completely re-
solved spectrum as shown in figure 6. For an equimo-
lar mixture of the substrate and the reagent, the most
shielded protons, in the o position with respect to the
carboxylic group, were shifted by ca 11 ppm. Simi-
lar shielding were attained for the « protons of vari-
ous carboxylic acids such as 2-(2-thienyl)propionic acid,
5-norbornene-2-carboxylic acid and 2-chloropropionic
acid. In the last case, it is noteworthy that the shifts
were significantly smaller when crystals of the 1:2
adduct were dissolved in CDCl3 due to the lower molar
ratio [reagent]/[substrate]. The binding ability of the
various acids was thus very similar.

Addition of small amounts of the reagent Pr(tpip)s
to caproic acid spread out all the 'H resonances. It was

then possible to use Job’s method [18] to determine the
stoichiometry of the adduct. The induced shifts (6 — o)
were measured using mixtures in which the sum of the
concentrations of the chelate [Lr] and the substrate [St]
was kept constant. As shown in figure 7, the curves
[St][6 — 80] = f([Lr}/[St] + [Lr]) drawn for the various
protons exhibited clear maxima for the value 0.5 of the
fractional amount of the added reagent demonstrating
that a 1:1 adduct was formed in solution. In the case of
2-chloropropionic acid, the maxima were shifted toward
a lower value of the fractional ratio of the reagent,
ca 0.43, showing that both 1:1 and 1:2 adducts were
present in solution.

In mixtures of linear fatty acids containing at least
seven carbons, the resonances originating from the
methylene protons situated at the same position with
respect to the carboxylic group collapse into single
signals, whatever the molar ratio [chelate]/[substrate].
Small differences were observed only for the first terms
in the series of linear carboxylic acids. The relevant data



are given in the supplementary material of this paper.
It might be deduced that the formation of a 1:1 adduct
occurs in all cases and that the binding constants of the
various linear carboxylic acids to the chelate Pr(tpip)s
might be considered as equal. The binding constant and
the shifts induced for the protons of the 1:1 complex
were determined in the case of caproic acid by use of
Armitage’s method [19, 20]. The binding constant was
K = 70 mol L~! and the induced shifts were 18.7, 12.4,
7.3, 5.0 and 2.7 ppm starting from the « protons.

In order to gain information on the origin of
the shifts, the effects of two reagents Pr(tpip)s and
Eu(tpip)s, which induce shifts in opposite directions
[21], were compared using lauric acid as the substrate.
Although the shifts induced by Eu(tpip)s were smaller
in magnitude, the ratio of the shifts induced by the
two reagents remained identical within experimental
error for all the protons but those of the methylene
at C-2 for which small discrepancies appeared. Fur-
thermore, for each reagent, it was observed that the
relative induced shifts were almost independent of the
[chelate]/[substrate] molar ratio as well as of the con-
centration of the substrate if the protons at C-2 were
disregarded.

Taken together, these observations prove that the
shifts are determined by a single mechanism, the
pseudo-contact one, for all the protons but those in o
position with respect to the carboxylic site. In this last
case, a contact mechanism might also contribute to the
shifts. In all studies it will thus be advisable to normal-
ize the induced shifts with respect to those observed. ey
at the § position of the carboxvlic site.

o3P NMR
Further insight into the behavior of the different species
in solution might be gained by observation of the 3!'P
nucleus. Upon complexation of a chelate with a car-
boxylic acid, a single resonance was observed for all the
phosphorus atoms. The moderate shift of the *'P reso-
nance to low field with respect to the resonance of the
free chelate in the Pr(tpip)s-carboxylic acid complexes
was equal to 6.8 ppm for equivalent molar concentra-
tions of lauric acid and chelate. The data are given in
the supplementary material. The shift was smaller when
bulky substituents were situated in close proximity to
the carboxylic acid.

Upon addition of lauric acid to Dy(tpip)s, the 3P
resonance was scarcely shifted (1 ppm for an equimolar
ratio [substrate]/[chelate]). The shift to upfield for the
Eu(tpip)s complex (~ 8.1 ppm for an equimolar ratio)
was similar in magnitude to that observed for the
Pr(tpip)s complex. It is noteworthy that the shifts for
the phosphorus atoms were opposite to the direction of
the shifts for the protons of the organic ligand.

The above observations show that a rapid exchange
occurs on the NMR time-scale between the free and
complexed species. The effective symmetry of the com-
plex needed for the interpretation of the induced shifts
by means of the McConnell Robertson equation is thus
attained [22] :

_ KL
KL +1

Ui 25

99

where 6 is the shift observed for nucleus i, Av; is the
induced shift in the 1:1 adduct, K the binding constant,
and [L] the concentration of the free chelate in the
solution.

It was further checked that complexation of the
carboxylic group is highly favored over that of any other
functional group, eg, amine, alcohol, ester or ketone.

Comparison of different lanthanide cations

The europium chelate induces about six times smaller
shifts than the praseodymium chelate. Furthermore the
resonances of the protons of the phenyl groups of the
ligands might overlap the substrate resonances. The
dysprosium chelate poorly complexes carboxylic acids
and the shifts in the upfield direction were not suffi-
cient for practical use. The lack of any shift when the
vtterbium chelate was used may indicate that it is in-
capable of forming the adducts. The smaller Yb(III) is
expected to be more sensitive than Pr(III) to steric con-
straints and the tpip ligand has two bulky phenyl groups
near each donor oxygen atom. Pr(tpip)s appeared as the
most powerful reagent for the study of carboxylic acids.

Studies of carboxylates

In a preliminary communication [14], we described the
synthesis and X-ray structure of a dinuclear complex 6
obtained from Pr(tpip)s and the potassium or ammo-
nium salt of phenylpropionic acid. This reaction that
occurred according to equation 4 is instantaneous and
can be carried out and followed in a NMR tube.

2 Pr(TPIP)3 + 2 RCOO™
— Pro(TPIP); (RCOO), + 2 TPIP-
6

(eq 4)

The same reaction has been carried out starting from
(R)-(+)-citronellic acid or (+)-3-hydroxybutyric acid
and gave the dinuclear complexes 7 or 8, respectively,
which were fully characterized by X-ray crystallography.
ORTEP views of 7 and 8 appear in figures 8 and 9.

The striking feature of these new complexes is their
dinuclear nature. The metal centers each bear a chelat-
ing (tpip) ligand, and are linked together by four bridg-
ing ligands : two tpip groups, and two carboxylate
groups. Thus only one of the tpip groups on each metal
center has been replaced by a carboxylate.

The discrete units consist of two pentagonal bipyra-
mids with a common edge of two oxygen atoms origi-
nating from the two different carboxylate groups. The
coordination sphere of each metal is completed in the
plane by two oxygens of the chelating tpip ligand and by
one oxygen from a carboxylate group. The axial groups
are the oxygen atoms of two bridging tpip ligands. In-
terestingly enough, the bridging carboxylate groups act
as tridentate ligands. One oxygen atom is bound to two
metal centers and the two Pr(O) bond distances are
only slightly different (Pr(1)-O(5) = 2.429 (4) &, Pr'(1)-
0(5) = 2.627 (4) A).

Dinuclear carboxylates of trivalent rare earth have
previously been synthesized from trivalent salts and am-
monium carboxylates [23-25] (eq 5), and their struc-
ture established by X-ray diffraction studies. This was,
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Fig 8. ORTEP drawing of complex 7. Ellipsoids are shown
at the 50% probability level. Important bond lengths (A)
and bond angles (°) : Pr(1)-O(1) 2.384 (4), Pr(1)-O(2)
2.357 (4), Pr(1)-0(3) 2.319 (4), Pr(1)-0(5) 2.429 (3), Pr(1)-
0(5') 2.627 (4), O(6)-C(1) 1.236 (7). O(5)-C(1) 1.264 (6).
Pr(1)-0(5)-Pr(1') 111.2 (1). O(5')-Pr(1)-O(5) 68.8 (1).

Fig 9. ORTEP drawing of complex 8. Ellipsoids are shown
at the 50% probability level. Important bond lengths (A)
and bond angles (°) : Pr(1)-O(1) 2.405 (8), Pr(1)-O(2)
2.321 (8), Pr(1)-O(5) 2.456 (8). Pr(1)-0(6') 2.538 (9). Pr(1)-
O(5)-Pr(1') 111.3 (3).

for example, the case for the trinicotinates of Pr(III),
La(III) and Sm(III) in which the nicotinate groups are
coordinated to the metal through the carboxylate oxy-
gens with four bridging and two chelating carboxylates.
However, significant variations in the mode of coordina-
tion of the carboxylate groups, mainly due to the nature
of the metal, appeared in these structures. Thus, in the
case of La(Ill) and Sm(III), the dinuclear complexes
contained only bidentate carboxylates (bridging and
chelating). For Pr(III), however, one bridging nicoti-
nate was best described as a tridentate ligand, since
one oxygen atom was bound to two metal centers. One
of these bonds was nevertheless much longer than the

other (Pr(2)-0 = 2.90 (2) A, Pr(1)-0 = 2.43 (2) A)
which raises questions about its existence.

Ln(SO4)3 + 6 RCOO—

— Lna(RCOO)s + 3807 (eq 5)

NMR studies of species in solution

o 'H NMR

The changes produced by the reagent Pr(tpip)s in the
NMR spectrum of a carboxylate were strikingly dif-
ferent from those observed for the carboxylic acids.
Upon successive additions of Pr(tpip)s to a solution of
the potassium salt of lauric acid, two distinct sets of
resonances were observed : one nearly unshifted and
one with shifts almost independent of the molar ra-
tio [chelate]/[substrate]. The signals in the last series
grew in intensity at the expense of the others until a
stoichiometric ratio was achieved. No significant fur-
ther shifts were observed upon new additions of the
reagent. The data are given in the Ezperimental sec-
tion. Similar sets of resonances appeared when an amine
(diisopropylamine) was progressively added to a solu-
tion containing a carboxylic acid and the reagent, due
to the #n situ formation of the carboxylate. The spectra
are well resolved. The upfield shifts are much greater
than those observed for the stoichiometric mixture of
lauric acid and Pr(tpip)s (fig 10).

Aromatics Amine Pritpip); + CHy(CHy)1oCOOH +

HN {CH (CHa) ]2
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Fig 10. 'H NMR spectrum obtained from Pra(tpip)s
(CH3(CHz)10C00); in CDCl;.

It might be deduced from the above observations that
rapid exchange on the NMR time-scale failed to occur
between complexed and uncomplexed species when the
substrate is a carboxylate. Nevertheless slow exchange
can be probed by saturation-transfer experiments. In



mixtures containing the carboxylate adduct and either
the free acid (lauric acid, diisopropylamine, Pr(tpip)s
in 1:0.5:0.5, molar ratio) or the free carboxylate (lauric
acid, diisopropylamine, Pr(tpip)s in 1:1:0.5 molar ratio)
the protons at the sites C4 to C11 of the uncomplexed
species gave a single broad signal. Saturation of this
signal led to the partial saturation of the well-separated
signals observed for the same sites in the adduct. As a
result of the competition between the relaxation effect
of the paramagnetic cation and the saturation transfer,
the effectiveness of the last process increases from the
protons at C4 to those at C11. The occurrence of slow
exchange was also evident when solutions containing
binuclear complexes formed with the isopropylammo-
nium salts of lauric and propionic acid were mixed. Be-
sides the signals originating from the two binuclear com-
plexes, signals originating from a third mixed species
involving one molecule of each substrate appeared. In
the mixed complex, the shifts are slightly increased for
the protons of the propionate and the opposite trend
was observed for the protons of the laurate up to the
seventh position. Complexation thus appeared slightly
less favored for the bigger ligand probably due to steric
effects. Data are given in the Ezperimental section.

3P NMR
The results obtained with carboxylates were strikingly
different from those obtained for the acids. The com-
plexes were either isolated (see Fzperimental section) or
prepared directly in the NMR tube by addition of diiso-
propylamine to the solution containing the carboxylic
acid and the chelate. The spectrum recorded upon dis-
solution of the crystals in CDCl3 showed two resonances
of equal intensity (table IT). When the complex was pre-
pared in situ in the NMR tube, a third narrower signal
appeared with the same intensity as the other two. Its
frequency did not significantly vary whatever the na-
ture of the cation involved in the chelate and whatever
the nature of the carboxylate. In the light of the pre-
vious results and the solid-state structure of the com-
plexes formed between the carboxylates and Pr(tpip)s,
the narrow resonance that appears only when the
complex is prepared in solution must arise from free
ligands released when the complexation of the carboxy-
lates occurs. The other two resonances clearly corres-
pond to two different types of tpip ligands. Their
positions depend primarily upon the nature of the lan-
thanide cation. In the cases of Pr and Eu it seems rea-
sonable to assign the resonance which is the less shifted
with respect to its position in complexes involving an
acid to the ligand linked with a single cation. The other
resonance, which is far more shifted to low field in the
case of the praseodymium cation and to high field in
the case of the europium cation, is then ascribed to the
phosphorus atoms of the ligands between two metallic
centers. As regards Dy, the resonance shifted to high
field is tentatively assigned to the ligand linked with a
single cation by comparison with Pr since in both cases
the same direction is expected for the shifts.

The results obtained by 'H and 3P NMR
studies provide overwhelming evidence for the exis-
tence of a new type of association in solution when
carboxylates react with tris (tetraphenylimidodiphos-
phinato)lanthanide chelates. The spectral features are
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Table II. *'P NMR. Chemical shifts for the 3'P signals
in the binuclear complexes (ppm) with respect to external
H3PO4 (85%).

Prao(tpip)a  Euz(tpip)s  Dy2(tpip)s Pra(tpip)s
(laurate)>®  (laurate)®  (laurate)2®  (citronellate)s®
11.35 11.32 11.45
6.93 25.99 —185.13 8.52
134.06 -99.28 382.52 131.75

% The complex was prepared in situ.
b Crystals were dissolved in CDCl3.

in accord with a binuclear structure similar to the
solid-state structure. The unusual stability of the as-
sociation in solution might result from the presence
of the two bridging tetraphenylimidodiphosphinato
ligands and from the involvment of the two carboxyl-
ate groups simultaneously bound to the two metallic
centers.

Comparison of different lanthanide cations

Two different types of tetraphenylimidodiphosphinato
ligands are present, and so the many resonances of the
phenyl protons are spread over a large range of chem-
ical shifts, essentially 6.4 to 9 ppm, with two extra
signals around 4.1 and 17.4 ppm. As a consequence,
the complexation with the europium chelate which re-
sults in downfield shifts is generally not suitable for the
study of carboxylates. The ytterbium chelate does not
appear to react with carboxylates since no shifts are ob-
served. Surprising results were obtained for the chelate
Dy(tpip)s, which induced only limited shifts in the spec-
tra of carboxylic acids. The binuclear species was easily
formed and the shifts of the resonances of the carboxy-
late protons were an order of magnitude higher than
for the praseodymium complexes. It must be noticed
that the detection of the more shifted protons is diffi-
cult with the available spectrometers. Table III lists a
comparison of the shifts for the protons of the laurate
substrate in the binuclear Pr and Dy complexes. It is
worth noting that when the relative shifts-are normal-
ized with respect to the shifts of the 3-CHz protons,

Table ITI. Comparison of the binuclear complexes [tetra-
kis ( tetraphenylimidodiphosphinato )] [di (laurato) ] dipraseo-
dymium and [tetra(tetraphenylimidodiphosphinato)] [di(lau-
rato)|didysprosium.

Pure acid Pr complex Dy complex
Sites  80° 8 A& Rif3¢  § A§ Ri/3
2 235 —2295 253 2.14 —-256.7 239.1 231
3 163 -102 118 1 —110.3 1119 1.0
4 ~-5.87 T7.13 060 -683 69.53 0.62
5 -2.7 396 0.33 -34.6 35.86 0.32
6 -1.5 2.76 0.23 —24.38 25.64 0.23
7 1.26 -0.51 1.77 0.15 —1542 16.68 0.15
] 0.07 1.18 0.10 -10.35 11.61 0.10
9 04 086 007 -723 849 0.07
10 0.64 0.62 005 -4.83 6.09 0.05
11 0.88 0.38 0.03 -—-3.25 451 0.04

12 0.88 045 043 0.036 -2.39 3.27 0.03

@ chemical shift for the carboxylate, ® chemical shift for the bi-
nuclear complex, ¢ induced shift, 2 induced shift normalized with
respect to the protons at C-3.
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Table IV. Characterization of linear saturated and unsaturated carboxylic acids : chemical shift for selected
protons of the pure acid in CDCl; solution (ppm) and relative shifts, R, normalized with respect to the shift

of the methyl group of decanoic acid in presence of Pr(tpip)s.

Compound Me group 8-CHa2 11-CHg 14-CH, 17-CH»
e ] é R 4 R é R 6 R ) R
C10 088 1
C12 0.88 0.52 1.28 2.15 1.29 0.78
C14 0.88 0.28 +0.03 +0.06 +0.04 =£0.10
C16 0.88 0.154
C18 0.88 0.085
7 A9-C16 : 1 0.884 0.39 2.01 2.09 2.01 1.039
E-A9-C16 : 1 0.88 0.29 1.96, 2.08 1964 0.69
7Z-A9-C18 : 1 0.88 0.244 201, 207 2.01 0.98
7. 7-A9-A12-C18 : 2 0.889 0.42 2.049 2.07 2.77 1.00 2.049 0.60
Z. 7. 7-A9. A12. A15-C18 : 3 0.975 0.50 2.06. 2.06 2.81 1.02 281 0.62 2.07; 0.54
MS
Mel8
Mel6
Mel4q
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A
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Fig 11. Spectrum of a mixture of C-18, C-16, C-14 and C-12 carboxylic acids in the presence of Pr(tpip)s.

they are very similar for the two complexes except for
the 2-CH, protons. It might be anticipated that the
shifts originate mainly from the pseudo-contact mecha-
nism in the binuclear complexes. For the nuclei that lie
in close proximity to the carboxylate groups neverthe-
less other mechanisms might be important. Finally, for
the study of carboxylates, the best reagent is generally

Pr(tpip)s.

Applications
Analysis of miztures of fatty acids

In the 'H NMR spectra of saturated fatty acids, only
a few resonances are resolved corresponding to the pro-
tons in o and 3 positions with respect to the carboxylic
group and to the methyl group. In unsaturated fatty
acids, the ethylenic protons, the methylene protons bet-
ween two double bonds and the methylene protons a to
a double bond coalesce into three broad signals pre-
venting the determination of the position of the dou-
ble bonds and that of the configuration. Spreading out
these spectra by the use of Pr(tpip)s allows the resolu-
tion of many signals.

Saturated carboxylic acids adopt the same extended
conformation of the chain in solution. As a result, in

mixtures of fatty acids the signals of methylene pro-
tons equally remote from the carboxylic group overlap.
Fortunately, the signals of the methyl groups which are
unequally remote from the carboxylic site gave well-
resolved signals. An easy way to determine the cons-
tituents in such mixtures is to add a small amount of
a known carboxylic acid and to measure the ratio bet-
ween the shifts observed for the different methyl groups
and that of the methyl group in this reference. Decanoic
acid CH3(CH3)sCOOH is well suited for this purpose
since the signal of its methyl protons does not overlap
any other signal. The relative shifts measured for the
C18, C16, C14 and C12 carboxylic acids are collected
in table IV and the expanded spectrum of a mixture of
these acids is shown in figure 11.

As regards unsaturated acids, we have previously
shown that all the resonances of arachidonic acid are
well resolved after complexation with Pr(tpip)s [13].
The same result is achieved for linoleic acid (A9, A12,
A15, C18) despite the fact that the first double bond
is more remote from the carboxylic group. Except for
a few methylene groups, the resonances of less unsatu-
rated acids, such as linoleic acid (A9, Al12, C18), the Z
and E isomers of hexadec-9-enoic acid (A9, C16) and
oleic acid (A9, C18) are also resolved.
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Fig 12. Typical patterns observed for a mixture of a) oleic (A9 C18), b} linoleic (A9 A12 C18) and ¢) linolenic (A9 Al2
A15 C18) acids in presence of Pr(tpip)s, d) decanoic acid was added as a reference.

The spreading of the ethylenic protons enables the
measurement of the coupling constants and thus pro-
vides information on the configuration. Furthermore,
due to the bending of the chain in the Z isomer, it
was observed that the signal of the protons situated af-
ter the double bond, in particular the easily identified
11-CH; and CHj, were more shifted in the Z isomer
than in the E isomer of A9, C16 acids.

Another interesting feature is that the shifts of the
resonances of the methylene groups « to a double bond
or situated between two double bonds are spread ac-
cording to their position within the chain. Due to the
bending of the chain according to the number of double
bonds of the unsaturated acids, protons otherwise situ-
ated in the same position are differentiated. The quan-
tification of the three acids might be obtained by mea-
suring the intensities of characteristic signals.

Finally, in mixtures of saturated and unsaturated
acids the signals of the methylene groups of the un-
saturated acids overlap those of the saturated acid up
to the <y position with respect to the first double bond.
The signals originating from methylene groups in the
o or 3 position to the first double bond appear to low
field with respect to those of the methylene equally re-
mote form the carboxylic group in the saturated acid.
The observation of the position for which the splitting
occurs thus allows us to specify the position of the first
double bond.

Figure 12 shows the typical patterns observed for a
mixture of the three (A9, Al2, A15, C18), (A9, Al2,
C18) and (A9, C18) acids. As in the case of saturated
acids, the induced shifts of the characteristic signals
were referenced to the shift of the methyl group in

decanoic acid CH3(CHjy)gCOOH. The pertinent data
are collected in table IV.

Study of diastereomers

Transesterification and spaltrohr distillation of the
preen-gland wax of domestic goose followed by hy-
drolysis led to (2R,4R,6R,8R)-2,4,6,8-tetramethyl un-
decanoic and decanoic acids [26]. Complexation with
Pr(tpip)s provides an easy way to probe the occur-
rence of racemization at the o carbon. Figure 13
shows the well-resolved spectrum of (2R,4R,6R,8R)-
2.,4,6,8-tetramethyl undecanoic acid in the presence of
1.3 equivalents of the reagent. For this chiral molecule
strong diastereotopic effects are observed for the pro-
tons of all the methylene groups. Figure 14 shows the
spectrum obtained for a sample of (2R,4R,6R.8R)-
2,46, 8-tetramethyl decanoic acid partially racemized at
(2. Most signals originating from the two diastereomers
are fairly well separated in particular those of all the
methyl groups. The extent of racemization is easily mea-~
sured. It is noteworthy that strong variations of the rel-
ative shifts are observed for the various sites. In partic-
ular the methyl groups at C-2 and C-4 are more shifted
when the configuration at C-2 is S and the reverse is
true for the methyl groups at C-6, C-8 and C-10. These
observations most likely reflect highly preferred confor-
mations of the two species in solution. A preliminary
study has shown that the bonds C-1, C-2 and C-3, C-4
are antiparallel in the 25,4R.6R,8R isomer and gauche
in the 2R,4R,6 R,8R isomer. Thus in the first case steric
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Fig 13. Spectrum recorded for (2R, 4R,6R,8R)-2,4,6 8-tetramethyl undecanoic acid in the presence of 1.3 equivalents of
Pr(tpip)s.
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Fig 14. Spectrum obtained for a mixture of (2R,4R,6R,8R)-2,4,6,8-tetramethyldecanoic acid (major compound, signals
labelled R) and (2S,4R,6R,8R)-2,4,6,8-tetramethyldecanoic acid (minor compound, signals labelled S).

interactions are minimized for the carboxylic group and Studies of chiral carboxylates

bonding to the reagent is easier. In contrast, due to the

extended conformation of the first part of the chain, the

sites at the end of the chain are more remote from the Due to the duplication of the substrate in the binu-
praseodymium atom. clear species, diastereomeric complexes DL (RR/SS)
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Fig 15. Spectra recorded for the binuclear |[tetrakis(tetraphenylimidodiphosphinato)][di(2-phenylbutanoato)]dipra-

seodymium complexes :

a) diastereomeric species, DL and meso, obtained from the racemic mixture of the R,S

2-phenylbutanoic acid, b) DL species obtained from the R 2-phenylbutanoic acid.

and meso (RS/SR) are formed with racemic chiral
carboxylates. They are expected to produce different
resonance signals since the exchange is slow on the NMR
time-scale. If so, important potential applications of the
formation of the binuclear complexes would be : 1) the
control of the optical purity; and 2) the determination
of the enantiomeric excess (ee).

The ability of chiral compounds to form pairs of
diastereomers through proper duplication of the chiral
part of the molecule, eg, the formation of anhydrides
from carboxylic acids, or by reaction with a compound
of known chirality has been used for this purpose (27].
The main problem encountered in this field was, besides
the need to prepare the diastereomers, the difficulty of
obtaining well-separated pairs of resolved signals in the
NMR spectra.

The formation of dinuclear dicarboxylato complexes
occurs directly by adding the reagent to a carboxylate
dissolved in CDClz. When the substrate is a carboxylic
acid, the addition of the reagent only needs to be
followed by the addition of an equivalent of diisopropyl-
amine.

A preliminary study ([14] has shown that the
diastereomeric complexes of 2-phenylbutanoate exhibit
a shift difference of about 2 ppm for the « proton.
All the other protons gave distinct resonances and the
smallest shift difference was only 0.2 ppm for the methyl
group. The spectrum is presented in figure 15.

Numerous examples have been studied in order to de-
termine the conditions required to observe large degrees
of enantiomeric resolution.

The separation between the resonances of the pro-
ton in the diastereomeric complexes of 2-(thiophen-
2-yl)propionate is slightly less than in the case of

2-phenylbutanoate, about 1.4 ppm, while the shift to
high field is intrinsically greater. Figure 16 allows the
comparison of the spectra recorded for the DL complex
and for the mixture of the DL and meso complexes.

From a practical point of view, this method can
be applied in the determination of the optical purity
of the commercially important antiinflammatory agent
Naproxen, which in 1990 was the only non-stereoidal
antiinflammatory drug on the market in an enantiomer-
ically pure form; the (S)-enantiomer is 28 times more
active than its (R)-enantiomer. The partial 'H NMR
spectrum of the dinuclear complex obtained from
the optically active compound (S5,5) is displayed on
figure 17a, with signals for the a-proton at §
—29.94 ppm, for the a-methyl at § —10.16 ppm, and
for two aromatic protons, at 6 —4.90 and 3.49 ppm.
The NMR spectrum of the complexes obtained from
the racemic form appears in figure 17b. The separation
of the signals for the (D,L) and (meso) pairs is large
for the a-protons (A6 = 1.62 ppm) and smaller for the
a-methyl (Aé = 0.10 ppm) and the two aromatic pro-
tons (A6 = 0.12 and 0.42 ppm).

In the complexes of 2-methylbutanoate, which is
chiral due to small differences (Et vs Me), a smaller
but significant separation occurs for each methyl group
(-10.29 (DL) and —10.16 ppm (meso) for the methyl
group at C-2; —5.02 (DL) and —5.15 ppm (meso) for
the more remote 4-methyl group). One of the geminal
protons at C-3 gives also distinct resonances (—9.4 (DL)
and —9.85 (meso) ppm). The resonances of the second
proton were not resolved (DL and meso —11.40 ppm).
All the signals are less shifted to high field than for the
two preceding examples.
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Fig 16. Spectra recorded for the binuclear [tetrakis(tetraphenylimidodiphosphinato)] di[2-(thiophen-2-yl)propionato]
dipraseodymium complexes : a) diastereomeric species, DL and meso, obtained from the racemic mixture of the R,S
2-(thiophen-2-yl)-propionic acid: b) DL species obtained from the R 2-(thiophen-2-y1)-propionic acid.
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Fig 17. Spectra recorded for the binuclear complexes obtained a) from (S)-Naproxen and b) from the racemic mixture of
Naproxen.
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a) diastereomeric species, DL and meso, obtained from the racemic mixture of

bicyclo{2.2.1]hept-5-ene-2-carboxylic acid, b) diastereomeric species, DL and meso, obtained from the racemic mixture of the
3-methylbicyclo[2.2.1]hept-5-ene-2-carboxylic acid, ¢) DL species obtained from the same acid.

Finally, the stereomers of complexes obtained from sub-
strates that are chiral due to the replacement of one
hydrogen by deuterium were not significantly distin-
guished.

From the above examples, it is clear that the sense of
the nonequivalence within a pair of diastereomers is not
necessarily the same for all the protons since reversals
might be observed in each case, eg, 6Hy DL > &6Ha
meso but §Hg meso > 6Hz DL in 2-phenylbutanoate
complexes, 6Hs DL > 6H; meso but 6CHs meso >
§CH3 DL in 2-(thiophen-2-yl)propionate complexes, or
62-CHsz meso > 62-CH3z DL but 64-CH3 DL > 64-CHj
meso in 2-methylbutanoate complexes. Furthermore the
spectral nonequivalence of the diastereotopic nuclei, eg,
the methylenic protons at C-3 in 2-phenylbutanoate or
2-methylbutanoate, is considerably enhanced in the bi-
nuclear complexes. These results suggest that the geo-
metry of the diastereomeric complexes is substantially
distinct and that the nuclei reside in very different
spatial environments.

When the carboxylic group is directly linked to
a rigid skeleton, steric effects are most likely ex-
pected to play an important role. The binuclear
species are nevertheless easily formed. Thus the com-
plexes of bicyclo[2.2.1]hept-5-ene-2-carboxylate and
3-methylbicyclo[2.2.1]hept-5-ene-2-carboxylate [28] with
the carboxylate group in the endo position in both cases

and the methyl group in the exo position were com-
pared (fig 18). In the first case the differentiation was
observed for all the protons of the diastereomers; in
the second the signals remain unresolved for H-4, the
bridgehead protons H-7, H-7' and the methyl group,
which are the more remote sites with respect to the
carboxylate group. The other protons gave resolved sig-
nals.

Even the chiral iron tricarbonyl complex of hexa-
2,4-dienoic acid leads to the formation of complexes
which show strong diastereomeric effects for the
ethylenic protons H-4, H-5 and for the terminal methyl
group. In contrast, the signals of the protons in close
proximity to the carboxylate are slightly separated
(H-3) or remain unresolved (H-2) (fig 19).

This method is also applicable in the cases where the
chiral centers are not in the o position with respect
to the carboxylic group. Thus in the complexes of
3-phenylbutanoate or citronellate, in which the chiral
center lies in the 8 position, well-separated pairs of
signals were still observed for most protons.

In 5-(1,2-dithiolan-3-yl)pentanoic acid (thioctic acid)
the tertiary chiral carbon is five bonds from the car-
boxylic group. The labile complex formed by addition
of the chelate Pr(tpip)s to the acid shows well-resolved
signals. Diastereotopic effects are significant for the pro-
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Fig 19. Spectra recorded for the binuclear complexes obtained from a) the racemic mixture of the chiral iron tricarbonyl
complex of hexa-2,4-dienoic acid and b) a pure enantiomer of the chiral iron tricarbonyl complex of hexa-2,4-dienoic acid.
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Fig 20. Spectra recorded for the binuclear complexes obtained

tons of the intracyclic methylene groups and within the
chain for the protons of the methylene groups in the
a and 3 positions with respect to the chiral center. In
contrast, diastereotopic effects do not appear for the
methylene groups more remote from the chiral centre,
ze the groups at C-3 and C-2. Upon formation of the
binuclear complexes, the protons at C-3 remained un-
differentiated but two distinct signals appeared for the
methylene group at C-2 in the ¢ position with respect to
the carboxylic group, one for each diastereomeric binu-
clear complex. The spectrum is shown in fig 20.

The following example will show a case where
two chiral centers are present. The 2-(5-{1-[(tert-
butoxycarbonyl)aminol-2-methylpropyl}thiophen-2-yl)
propionic acid bears one chiral center in the a posi-
tion and a second five bonds from the carboxylic group.
Six diastereomeric binuclear species might be expected
in ratio 1:2:1, 1:2:1 for the carboxylate complexes. As

B R S S B At St A e |

from the racemic mixture of R,S-thioctic acid.

shown in figure 21, the six signals were distinguished
for the « proton, and partially resolved for the proton
H-3' of the thienyl ring.

The above example has shown that the presence of a
second functional group remote from the carboxylic
group did not prevent the formation of the binu-
clear species. It has been checked that it remains
true when functional groups such as -O-CO-CHsz or
~OH are present in the [ position with respect to
the carboxylate. It is noteworthy that the 'H NMR
spectrum of the binuclear complex 7 formed from
(R)-3-hydroxybutanoate showed strong shielding for all
the protons, in particular for the hydroxyl proton. This
is in fair agreement with the position determined for
the hydroxylic oxygen atom in the solid-state structure
described above (OH —27.6, H2,2" —29.2 and 27.1, H-3
—10.7 and CH3 —8.0 ppm).
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Fig 21. Partial spectrum recorded for the binuclear stereo-
meric species obtained from 2-(5-{1-[(tert-butoxycarbonyl)
aminol-2-methylpropy! }thiophen-2-yl)propionic acid.

Mized binuclear complezes

It has been shown above that mixed species are formed
whenever two different carboxylates are simultaneously
opposed to Pr(tpip)s. It was interesting to use a very
dissymmetric compound such as 2-chloropropionate as
the first carboxylate. When the second is a linear satu-
rated carboxylate, diastereotopic effects appear for the
protons of each methylene group up to at least the fifth
position.

From this observation it might be inferred that enan-
tiomers in which the chirality results from the replace-
ment of one hydrogen by deuterium might give distinct
mixed species. Effectively, the signals of the protons of
the mixed species formed by (.5)-2-chloropropionate and
racemic 2-2H,12-phenyldodecancate are clearly sepa-
rated, as shown in figure 22. The signals have been iden-
tified by comparison with the signals obtained for the
mixed species involving either the (R) or (S) 2-2H,12-
phenyldodecanoate. The equilibrium might be displaced
towards the formation of the mixed species by the use of
a large excess of (S) 2-chloropropionate. The two sig-
nals originating from the pure (S)-2-chloropropionate
dinuclear complex are situated at —38 and —9.8 ppm.
The formation of mixed species involving (.9)-2-chloro-
propionate might also be useful when the second car-
boxylate bears a chiral carbon remote from the func-
tional group. Effectively, thioctic acid was used to check
that the separation of the protons was greater bet-
ween the diastereomeric mixed species than between the
dithioctic diastereomers. Other signals might be useful
to distinguish the mixed diastereomers, eg. the signals
of the proton H-2 or those of the methyl protons of the
(S)-2-chloropropionate unit (fig 23).

The above examples demonstrate that the optical pu-
rity might be probed safely for many asymmetric car-
boxylates (or carboxylic acids). If the chiral center is
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Fig 22. Partial spectrum recorded for the mixed binuclear
complexes formed by S-2-chloropropionate and 2-*H.12-
phenyldodecanoate : a) R,S 2-?H.12-phenyldodecanoate ; b)
and ¢) R and S 2-?H.12-phenyldodecanoate, respectively.

remote by more than five bonds from the functional
group, it would be advisable to control the separation
of the signals originating from the diastereomers by use
of a racemic sample. This method was used for the de-
termination of the optical purity of various compounds:
28, 29].

Enantiomeric excess

An important application of the formation of the binu-
clear complexes is the determination of the enantiomeric
excess in mixtures of enantiomers. We have shown that
the formation of binuclear dicarboxylate complexes or
mixed binuclear 2-chloropropionate-carboxylate com-
plexes results in unusually large degrees of enantiomeric
resolution. High accuracy is then expected for the de-
termination of the enantiomeric excess since it depends
on the precision of the integration of the peaks obtained
for the diastereomeric species.

QQuantitative studies were made for several chiral salts
(mixtures of known enantiomeric excess were prepared
by weight). Table V compares the ratio of the two
diastereomers calculated from the enantiomeric excess
and measured by integration of several pairs of signals
of citronellate complexes. Similar data for 2-methyl-
butyrate and 2-phenylbutyrate are given in the supple-
mentary material. The agreement in the two series of
values shows that there is no significant asymmetric in-
duction in the formation of the diastereomers.
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Fig 24. Spectra recorded for the binuclear complexes formed by use of mixtures of R and S citronellic acid with various

enantiomeric excess : a) 7.7% b) 40% c) 85% d) 95%.

Table V. Quantitative study of the formation of the binu-
clear complexes of citronellate. Comparison of the measured
DL/meso ratio to the theoretical value calculated from the
enantiomeric excess.

ee % DL/meso calculated DL/meso measured™
98 44.45 44.25
95 18.21 17.81
85 6.19 6.37
70 2.90 2.92
58 2.00 2.04
48 1.59 1.61
40 1.37 1.38
29.8 1.19 1.19
21.5 1.09 1.11
10 1.02 1.03
7.7 1.01 1.01

* The result is the mean of the integrations of several signals.

While it must be emphasized that the uncertainty in
the determination of the quantitative ratio of the two
diastereomeric species increases when the enantiomeric
excess is high, due to the difficulty in comparing signals

of very different intensities, it is noteworthy that the
qualitative detection of a very small amount of one
diastereomer in presence of the other remains very
easy. Figure 24 shows the spectra recorded for the
binuclear complexes obtained from mixtures of (R)
and (8) citronellic acid with various ee’s. Furthermore,
synthetic mixtures of citronellic acid have been used to
show that the presence of the minor antipode is still
detected when the ee reaches 99%.

Conclusion

New lanthanide chelates involving the tetraphenyl-
imidodiphosphinato ligand have been synthesized,
crystallized, and studied by X-ray analysis. They
were shown to react very selectively with carboxylic
acids to form labile complexes in apolar solvents.
Tris(tetraphenylimidodiphosphinato)praseodymium is
a powerful NMR reagent for the study of carboxylic
acids. Applications currently in progress are the anal-
ysis of complex mixtures of saturated and unsaturated



fatty acids of natural origin, the differentiation of dia-
stereomeric acids, and an approach to the conforma-
tional behavior of unsaturated acids. The new reagents
were also shown to be a valuable aid in the complete
assignment of the 'H spectra of polycyclic carboxylic
acids, eg, oleanolic acid.

A new type of binuclear complexes involving two
praseadymium cations, four tpip ligands and two car-
boxylate ligands were isolated and their structure de-
duced from X-ray analysis. A thorough understanding
of the nature of the binuclear complexes in solution was
obtained. The formation of the dinuclear dicarboxylato
adducts was used to probe the optical purity of chiral
carboxylic acids as well as to measure the enantiomeric
excess in mixtures of enantiomers. In cases where the
direct method failed, eg, when the chirality results from
the lone replacement of a hydrogen atom by a deu-
terium, the difficulty was overcome by promoting the
formation of mixed diastereomeric complexes involving
the deuteriated chiral acids and one pure enantiomer of
2-chloropropionic acid.

Experimental section

General

The NMR spectra were recorded on Bruker AM 500
and WM 250 spectrometers. The proton spectra are re-
ported relative to tetramethylsilane. They were obtained
at 500.13 MHz with 32 K data points over about 11 kHz
spectral width for the labile complexes formed by carboxylic
acids with the tris(tetraphenylimidodiphosphinato) chelates
of various lanthanide cations and over 30 kHz spectral width
for the binuclear [tetrakis(tetraphenylimidodiphosphinato)]
[di(carboxylato)|dipraseodymium complexes. For the dys-
prosium complexes the largest available 50 kHz spectral
width was used and the fractional region of the spectrum
were successively detected. The 3'P spectra are reported
with respect to external H3PO4 (85%). They were obtained
at 101.25 MHz with 32 K data points over spectral width
from 4 kHz for praseodymium or europium chelates to
40 kHz for dysprosium chelate. The solvent was CDCls. It
should be mentioned that CD2Cl; or C¢Ds may also be used.

Preparation of Ln(tpip)s complexes

The Ln(III) complexes (Ln = Pr, Dy, Gd) were prepared by
the addition of stoichiometric amounts (1:3) of the aqueous
solution of the lanthanide chloride to an aqueous solution of
the potassium salt of the ligand tpip. A precipitate formed
almost immediately. This was collected over a filter, washed
with water several times and dried under vacuum.

e Pr(tpip)s 1
Yield, 78%.

Ana.l calc fOT C72H6006N3P6Pr : C, 6220, H, 432. N, 302,
Pr, 10.15. Found : C, 61.67; H, 4.27; N, 3.00; Pr, 9.91.

e Dy(tpip); 2
Yield, 75%.

Anal cale for C72HgoOgNsPeDy : C, 61.25; H, 4.25; N, 2.98.
Found : C, 61.14; H, 4.24; N, 3.03.

o Gd(tpip)s
Yield, 77%.
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Anal calc for C7oHeoOeN3PsGd : C, 61.49; H, 4.27; N, 2.99.
Found : C, 61.37; H, 4.24; N, 2.97.

The main characteristics of the various lanthanide chelates
are given below :

Chelates Color 'H NMR § (ppm) F°C
o m D

Pr(tpip)s pale-green 8.0 7.1 7.2 250

Eu(tpip)s white 35 7.0 7.2 290

Dy(tpip)s white 74 65 >260

Nd(tpip)s purple 7.9 7.1 7.3 273

Yb(tpip)s pale-yellow 7.6 7.2 >300

The chemical shifts of the protons upon dissolution of the
crystals of the [tetrakis(tetraphenylimidodiphosphinato)]
|di(laurato)]dipraseodymium (counter ion K*) in CDCl,
are : H-2 —22.8; H-3 —10.2; H-4 —6.0; H-5 -2.8; H-6 —1.6;
H-7 —-0.6; H-8 0.05; H-9 0.39; H-10 0.63; H-11 0.86; H-12
0.56 ppm.

The chemical shifts (§ ppm) of the resonances of the mixed
binuclear species involving the carboxylates of lauric and
propionic acid are compared below with the resonances
of the binuclear species involving one type of carboxylate
only (data in parentheses) : Laurate protons : H-2 —23.06
(-23.18), H-3 —-10.05 (-10.27), H-4 -5.78 (-5.91), H-5
—2.64 (-2.72), H-6 —-1.45 (-1.51), H-T —-0.49 (-0.51),
H-8 0.05 (0.05), H-9 0.42 (0.42), H-10 0.66 (0.66), H-11 0.82
(0.82), H-12 0.55 (0.55); Propionate protons : H-2 —23.73
(—23.53), H-3 —11.12 (—10.87).

e Pr(tpip); (CH3 CHCICOOH),; 5
It was obtained from Pr{tpip)s (0.27 g, 0.0002 mol) in
chloroform, and chloropropionic acid (0.00023 mol). Slow
evaporation of the solvent gave long needles (55%, 0.15 g)
which were collected.
Anal calc for C78H700]0N3P6C12P1‘ : C, 5828, H, 435, N7
2.61. Found : C, 58.01; H, 4.24; N, 2.73.

o Pry(tpip)s(CroH1702)2 7

Potassium citronellate in THF, was added to a solution of
Pr(tpip)s in the same solvent. After stirring for 1 h, the
solvent was evaporated in vacuum, and the residue taken up
in a mixture of methylene chloride/hexane. After cooling at
—10°C, crystals suitable for an X-ray analysis were obtained.
Anal calc for C116H114012N4P3PI‘2 : C, 60.73; H, 4.97; N,
2.44. Found : C, 60.94; H, 4.98; N, 2.45.

o Pro(tpip)a(CoHg Oz )2 8
This complex was obtained under the same conditions from
2-phenylpropionic acid and Pr(tpip)a.
Anal calc for Cy14HgsO12N4PsPr2 : C, 60.10; H, 4.30; N,
2.46. Found : C, 58.55; H, 4.40; N, 2.52.

X-ray structure determinations

Crystallographic data and other pertinent information con-
cerning every compound are summarized in table V1. Cor-
rections were made for Lorentz, polarization and absorption
effects.

All structures were solved by standard Patterson-Fourier
techniques. Computations were performed by using Crystals
[30] adapted on a Microvax-II computer. Form factors and
corrections for anomalous dispersion were from ref [31].
For each compound, the number and the choice of the
refined parameters depended upon the number of available
reflections and the specific problems encountered. Except in
the case of compound 1, phenyl atoms were calculated and
introduced in the final refinement as fixed contributors.
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Table VI. Crystallographic data for complexes 1, 2, 3, 4, 5, 7 and 8.

Compound 1 2 3

Crystals Parameters

fw 1508.6 1432 1456.3

Crystal system monoclinic triclinic triclinic

Space group P 2/c P P1

a, A 13.966 13.349 (2)  10.901 (3)

b, A 24.482 (4) 14.160 (2) 13.754 (2)

c, A 21.238 (4) 21.492 (3) 24.148 (4)

a, deg 72.21 (1) 87.43 (1)

B, deg 104.68 (2) 83.12 (1) 89.14 (2)

v, deg 63.07 (1) 79.33 (2)

v, A3 7025 (31) 3448 (23) 3554 (14)

A 4 2 2

p,gem™? 1.43 1.37 1.36

u (Mo-Kg), em™? 9.92 15.4 8.68

Data collection

Diffractometer CAD4 CAD4 CAD4

Monochromator graphite graphite graphite

Radiation Mo-Kqo Mo-K, Mo-Kqa

Scan type w/20 w/26 w/20

Scan range 8, deg 08+034 12+034 1.2+ 0.34
tan 8 tan @ tan 6

26 range, deg 2—56 3-50 3—56

Reflctn collected 16 924 11986 17120

Reflctn used 11226 9741 12083

(I > 30(1))

Refinement

R 0.047 0.038 0.048

R, 0.049 0.049 0.057

Abs corr™* DIFABS DIFABS DIFABS

min/max abs 0.76/1.17  0.84/1.17  0.75/1.29

second extinct param 0.38 107*  0.46 10™* no

weighting scheme
coeff Ar
Is parameters 996 807 834

Compound 1: C72H6006N3P5Pr‘, CHClg

Compound 2 : C72Hg0OsN3PgDy, (CeH14)o.25

Compound 3 : C75HesO7N3PsPr, (H20)0.5

Compound 4 : C72He207N3PsPr, (CH2Cl2)o.7

Compound 5 : C7gH70010N3PCloPr

Compound 7 : C116H114012N4PgPr2

Compound 8 : C194Hg4014N4PsPr2, (C4HgO)2

*Ry = [T w (Fo— Fe)*/T w Fo*Y/?

** DIFABS : Walker N, Stuart D, Acta Cryst, 1983, A39, 159

ok ok

unit weight unit weight Chebyschev™™*
6.63; 0.13; 5.30 1.72; —0.17; 1.12

4 5 7 8
1417 1604 2284 2296
monoclinic triclinic triclinic triclinic
P2 /a P1 PI PT
26.598 (9) 13.555 (4) 14.481 (2) 13.944 (2)
10.885 (10) 13.716 (6) 14.594 (3) 14.519 (3)
24.892 (5) 24.232 (9) 15109 (2) 15.305 (4)
73.94 (4) 105.30 (1) 106.58 (2)
96.93 (3) 88.45 (3) 102.08 (1) 106.40 (2)
61.05(3) 109.57 (1) 103.98 (1)
7154 (32) 3757 (95) 2742 (30) 2668 (33)
4 2 1 1
1.36 1.42 1.38 1.43
9.14 9 10.5 10.8
PW1100 CAD4 CAD4 CAD4
graphite graphite graphite graphite
Mo-Ka Mo-Kq Mo-Kq Mo-K,
w/26 w/26 w/26 w/26
0.9 + 0.34 1.24+034 124034 12+ 034
tan tan 8 tan 6 tan 8
4—-40 2-50 2 - 56 3 - 50
5018 13201 10232 9388
3209 9876 8295 3399
0.071 0.056 0.046 0.056
0.072 0.063 0.051 0.063
DIFABS DIFABS DIFABS DIFABS
0.97/1.02 0.97/1.0  0.88/1.18 0.91/1.14
no no 1.18107% no
Chebyshev unit weight unit weight unit weight

309 902 38 368

E Prince, Mathematical Techniques in Crystallography, Springer Verlag, Berlin, 1982. Weighting scheme w = w'[1—(AF/6a(F)?]?,

with w’ = 1/E™ Ar Tr(X), where n is the number of coefficients, Ar, for a Chebyshev series, for which X is F/Fc (max).

o Compound 1

All non-hydrogen atoms were refined anisotropically, except
the C and Cl atoms of the solvent molecule {CHCl3), which
were left isotropic. H atoms were located on successive
difference Fourier maps and their coordinates were refined
with an overall refinable isotropic thermal parameter.

o Compound 2

All non-hydrogen atoms were refined anisotropically, except
the C atoms of the solvent molecule (hexane). Restraints on
bond lengths and bond angles were applied to refine this
solvent molecule, which appears around the inversion center
and only with half occupation factor.

e Compound 3

All non-hydrogen atoms were refined anisotropically, except
the O atoms of the solvent molecule (H20), which was
refined with half occupation factor.

e Compound 4

According to the few available reflections, only Pr, P, O and
N atoms were anisotropically refined, while phenyl groups
were isotropically refined as rigid groups. The isotropic
refinement of the C and Cl atoms of the solvent molecule
(CH2Cl;) led to an approximate value 0.7 of the occupation
factor.



o Compound 5
All non-hydrogen atoms were anisotropically refined. Res-
traints were applied to the CH3CHCICOO groups.

o Compound 7 and 8

Some difficulties in the refinements arised from the high
pseudo-symmetry of these molecules. For both compounds,
the non-centrosymmetry is only due to the presence of an
asymmetric carbon in the C;0H70O2 and C4H703 chains.
The [Pr2(Cz4H2002NP2)4] core was best refined in the P T
space group. The refinement of the whole molecule in the
genuine P 1 space group then led to strong correlations. This
problem was overcome by use of the “link” and “combine”
options of Crystals. The “link” option allows the “core” to
remain centrosymmetric, and the “combine” option allows
the two chains to keep their real configuration.

For both compounds, only the Pr, P, O and N atoms of the
“core” were anisotropically refined. All C atoms were left
isotropic as well as the C atoms of the asymmetric chains.
For compound 8, a solvent molecule (tetrahydrofuran) was
also isotropically refined.
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Supplementary material available

X-ray characterization data for complexes 1, 2, 3, 4, 5, 7
and 8 including tables of distances and angles, fractional
atomic coordinates, thermal parameters (tables S$1-S32);
calculated and observed structure factors (188 pages) ; NMR
data of various carboxylic acids (tables S33-S36 and fig-
ures S1 and S2). Supplementary material data have been
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plementary publication N° SUP 90368 and is available on
request from the Document Supply Center.
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