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Resolution of the First Nonracemic Diquats
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Abstract: Three tricyclic diquats with
an eight-membered ring were prepared
and shown to be the first configuration-
ally stable derivatives of their kind.
Resolution was achieved by using
chiral hexacoordinated phosphorus
BINPHAT and TRISPHAT anions.
The diquat cations were obtained in

tion analysis coupled with circular di-
chroism (CD) measurements allowed a
precise determination of the relative
and absolute configuration of the salts.
The barriers to racemization of these
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compounds were calculated by using
CD time-course measurements at dif-
ferent temperatures, affording AG”*
values above 25 kcalmol™'. Derivatives
4a, 4b, and 4c are the first eight-mem-
bered-ring derivatives with only three
ring constraints to be resolved. This
manuscript also reports the first proce-

high diastereo- and enantiomeric purity
(ee>96% in most cases). X-ray diffrac-

Introduction

Tricyclic diquats, which are bridged bipyridinium rings
linked by a carbocyclic chain, form an important class of
positively charged derivatives that have been used for a va-
riety of applications. Diquats are able to accept one electron
and form relatively stable radical cations (with a reversible
first reduction wave of low potential).l'?! The resulting un-
paired-electron species are known to interfere with photo-
synthesis and, as such, diquats may display herbicidal activi-
ty.”] Diquats may also be used as structural templates for ef-
ficient supramolecular synthesisl as electron acceptors in
light-harvesting chromophore-quencher systems,” for the
construction of ion-pair charge-transfer complexes,® and in
nonlinear optics.”!

Diquat derivatives are also noteworthy for their (axial)
chirality: the compounds exhibit P (or §,) and M (or R,)
atropisomeric conformations owing to the noncoplanarity of
the two linked pyridinium rings (Figure 1). The enantiomers
are exchangeable owing to rotation about the biaryl axis.
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dure to remove TRISPHAT anions
after diastereomeric separation.
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Figure 1. Interconverting conformations P (or S,) and M (or R,) of the
tropos seven-membered ring diquats of type 1 (R=H, alkyl).

The dihedral angle adopted between the aromatic moieties
depends upon the size of the third nonaromatic cycle (e.g.,
51° for the seven-membered ring of 1), and it was estimat-
ed in solution by several spectroscopic methods.**!

To the best of our knowledge, stable nonracemic diquats
had never been isolated. Diquats had only been reported as
configurationally labile molecules or, for the structures that
could have been stable (see below), as racemic mixtures of
enantiomers. For instance, seven-membered-ring diquats of
type 1 are known to interconvert rather rapidly in solution
and possess relatively low enantiomerization barriers (AG*
~17-18 kcalmol').*"? To achieve an imbalance between
the interconverting P and M conformations of 1, an asym-
metric ion pairing with enantiopure anions was consid-
ered.!® Hexacoordinated phosphates BINPHAT 204 and
TRISPHAT 3 (Figure 2) were considered to be the best
choice in that respect."®' Supramolecular stereocontrol
over the configuration of the bipyridinium cations was ach-
ieved by the chiral anions acting as noncovalent chiral auxil-
iaries. A moderate but definite diastereoselectivity was ob-

- WWILEY

InterScience®

— 2797



CHEMISTRY

A EUROPEAN JOURNAL

Cl Cl

OO o cl cl o cl
O., | e cl 0., .0
) 5
/
OO0y YLy
0 cl cl Oj@:m

BINPHAT TRISPHAT

Cl Cl Cl
A-2 A-3
Cl Cl

Figure 2. Hexacoordinated phosphorus BINPHAT 2 and TRISPHAT 3
anions (A enantiomers).

served (de<36%, 'HNMR, [DgJacetone (8%) in CDCl,,
298 K).04

Nevertheless, as mentioned, nonracemic diquats had
never been reported and it was thus debatable whether
simple analogues with large enough enantiomerization barri-
ers could be synthesized and subsequently resolved into
single enantiomers; the resulting nonracemic dicationic moi-
eties being possible precursors to novel chiral ionic liquids
or phase-transfer catalysts.'¥! Herein, we report that this is
indeed the case because the P (S,) and M (R,) enantiomers
of C,-symmetric diquats 4a to 4¢ were successfully separat-
ed. Their configurational stability was ascertained through
variable-temperature chiroptical analyses. These molecules
are notably the first eight-membered-ring derivatives to be
configurationally stable with only three ring constraints.

Results and Discussion

As described above, we looked for alternatives to com-
pounds of type 1 that had a more rigid structure. The search
for such atropisomeric (atropos),'” rather than configura-
tionally flexible (tropos), derivatives was initially pursued
on two fronts. The first approach was to compile a complete
list of previously reported diquats and then to choose a lead
candidate for the target application. In other words, the lit-
erature was carefully searched to determine which structures
had data indicating a potentially high configurational stabili-
ty at room temperature. Not counting the recent and elegant
examples of helquats,?” the search rapidly focused on the
class of eight-membered-ring bridged diquats of type 4
(Figure 3), which have been previously reported and ana-
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Figure 3. P and M enantiomers of diquats 4a, 4b, and 4c¢ (R=H, Me,
Bu).
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lyzed." The stereodynamics of salt [4a][I], (R=H) were
studied by variable-temperature 'H NMR spectroscopy in
D,O on a 60 MHz spectrometer. An effective magnetic non-
equivalency was observed for the diastereotopic hydrogen
atoms (Av=0.36 ppm, J,5=21.4 Hz), which did not change
upon temperature increase (up to 473 K). This indicated a
rather high enantiomerization barrier for 4a (AG*>
23 kcalmol™) by using the formula AG*=R-T.(22.96+In
(TJ(AVIH)?)) and T,=473 K. However, an exact value
could not be obtained.

The second approach was to analyze a different, yet struc-
turally related family of axially chiral derivatives: the family
of ortho-ortho'-bridged biphenyl derivatives of types § and
6a (Figure 4). These compounds are the carbocyclic ana-

Figure 4. Axially chiral biphenyls 5 and 6.

logues of diquats 1 and 4a, respectively. They also display
atropisomeric conformations, and enantiomerization barriers
have been previously reported with values of 11.9 and
20.9 kcalmol™! for 5 and 6a, respectively.”!! Clearly, the
presence of a phenyl-containing eight-membered ring in 6a
has a positive effect on the configurational stability of the
biphenyl; the racemization barrier being higher than that of
5 by 9.0 kcalmol™".

Owing to the structural analogies of 6a/5 and 4a/l, we
presumed that 4 should be rather more configurationally
stable that its homologue 1, with its racemization barrier
possibly reaching a value of 25 kcalmol™ or even higher.
With this assumption of an atropos nature for compounds 4,
the synthesis and the resolution of derivatives 4a, 4b, and
4c¢ were carried out.

Synthesis of eight-membered-ring diquats: As mentioned,
diquat 4a (R=H) has already been described in the litera-
ture.’” It was synthesized by reacting 2,2'-bipyridine and
a,o’-dibrom-ortho-xylene (1:1) in acetonitrile at reflux
[Eq. (1)]. This exact protocol was used to prepare 4a and
4b (R=Me) as their bromide salts (85% and 88 % ). How-
ever, harsher conditions were necessary to synthesize 4c¢
(R=rBu) from 44'-di-tert-butyl-2,2"-bipyridine. This re-
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quired 2 equivalents of the more electrophilic a,a’-diiodo-
ortho-xylene and a higher boiling-point solvent (1,2-dichlor-
obenzene, 120-160°C). Salt [4¢][I], was nevertheless isolat-
ed by filtration in a reasonable yield (66 % ). Once the com-
pounds had been obtained, we quickly verified the previous-
ly reported result.'”! A variable-temperature 'H NMR ex-
periment was performed with the more soluble [4¢][1], salt
by using a '"H NMR spectrometer with the lowest frequency
possible (300 MHz in our case). The results are shown in
Figure 5. There are indeed no fluctuations in the NMR sig-
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Figure 5. 'H variable-temperature NMR spectra of [4¢][I], (300 MHz,
[Dg]DMSO, 298413 K).

nals of the diastereotopic benzylic protons at elevated tem-
perature. After receiving this confirmation of the high con-
formational stability of 4¢, we studied the resolution of di-
quats 4a—c.

Resolution of diquats 4: For the resolution of chiral cations,
the most direct and commonly used approach is to form dia-
stereomeric salts by pairing the racemic cations with enan-
tiopure anions and then attempting to separate the diaste-
reomers by using solubility differences.””’ Most protocols
utilize enantiopure anions derived from a chiral pool. How-
ever, in recent years quite a few examples of successful reso-
lution procedures have been reported by using chiral hexa-
coordinated phosphorus BINPHAT 2 and TRISPHAT 3
anions as resolving agents.”>?! These compounds exist as A
or A enantiomers with left- and right-handed propeller ge-
ometry (M and P helicity), respectively. They are, in addi-
tion, effective NMR chiral-solvating and asymmetry-induc-
ing reagents.!'"”! Anion pairing of cations 4a, 4b, and 4¢ with
anions 2 and 3 was, therefore, studied.

Previous studies have shown that these anions often
confer to their salts a poor affinity for polar chromatograph-
ic phases because they rapidly elute over silica gel/basic alu-
mina.” This property was exploited for the preparation of
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the TRISPHAT salts of cations 4a to 4¢. Solutions of [rac-4]
[X], salts (1.0 equiv) in CH,Cl/MeOH (4:1) and of
[cinchonidinium][A-3] (2.1 equiv) in acetone were prepared
and mixed together. Preparative column-chromatography
experiments (SiO,, CH;CN) afforded salts [4][A-3], as the
only eluted compounds in good chemical yields. However,
this protocol was not used to prepare the BINPHAT salts
because the products were sensitive to the chromatographic
conditions. Methanol solutions of [rac-4][X], (1.0 equiv) and
[Me,NH,][A-2] (2.0 equiv) salts were prepared and mixed.
Upon ion-exchange metathesis, salts [4][A-2], precipitated in
decent yields (84-91%).

NMR spectroscopic analysis of the isolated salts revealed
an efficient enantiodifferentiation of chiral cations 4 by the
enantiopure counterions. Two sets of signals were observed
in both the 'H and the >C NMR spectra; one set for each of
the P and M enantiomers of compounds 4. Integration of
the respective signals indicated 1:1 to 1.5:1 ratios between
the diastereomers in the various salts (see the Experimental
Section).

For the separation of the diastereomers, ion-pair chroma-
tographic conditions that have proven effective for the sepa-
ration of dicationic metal complexes were initially tried.”*?!
However, only one spot was observed in analytical thin-
layer chromatography for all the salts by using a variety of
solvent or solvent mixtures as the eluent. This indicated con-
comitant elution of the diastereoisomeric salts and thus a
lack of discrimination between the ions during chromatogra-
phy. Nevertheless, these experiments revealed a global (and
surprising) lack of solubility of salts [4a][A-2],, [4b][A-2],,
[4c][A-2],, and [4¢][A-3], in acetonitrile. For example, tritu-
ration of salts [4a][A-2], and [4b][A-2], in CH;CN led only
to an incomplete dissolution of the salts. After filtration, the
remaining solids were collected and, upon dissolution in
[D¢]DMSO and NMR analysis, high levels of diastereomeric
purity were observed (diastereomeric ratio, d.r.>98:2 in
both cases, Table 1).

Table 1. Diastereomeric purity of some BINPHAT and TRISPHAT salts
upon trituration/precipitation in acetonitrile.

Entry  Salt Solid/Precipitate (d.r.)!  Mother liquor (d.r.)!
1 [4a][A-2], 98:2 35:65

2 [4b][A-2], 98:2 4:96

3 [4c][A-2], 94:6 30:70

4 [4c][A-3], >98:2l° 2.5:97.5M!

[a] The d.r. measured by "H NMR spectroscopy (400 MHz, [Dg]DMSO
(14%) in CDCl;) unless otherwise stated. [b] The d.r. measured by
"H NMR spectroscopy (400 MHz, CD;CN (3%) in CDCl;).

For salts [4¢][A-2],, and [4¢][A-3],, which dissolved com-
pletely in CH;CN at room temperature, it was necessary to
cool the resulting (concentrated) solutions to induce precipi-
tation. In the case of [4¢][A-2],, a solid appeared after a few
hours at approximately 4°C, which was filtered. 'H NMR
spectroscopic analysis indicated a decent selectivity in the
solid fraction (d.r.=94:6, Table 1, entry 3). For [4¢][A-3],, it
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was necessary to lower the temperature to —20°C. This re-
sulted in the isolation of a solid fraction containing a diaste-
reomerically (and enantiomerically) pure salt (Table 1,
entry 4 and Figure 6, spectrum c). The mother liquor con-
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Figure 6. '"H NMR spectra (400 MHz, CD,CN (3%) in CDCl;) of a) [4¢]
[I],, b) an approximately 1.2:1 mixture of the diastereomers of [4¢][A-3],,
c) the solid fraction (d.r.>98:2), and d) the mother liquor (d.r.=2.5:97.5)
after precipitation at —20°C in acetonitrile.

tained only traces of this diastereomer; the 'H NMR spec-
trum displayed almost exclusively the signals of the other
diastereomer (Figure 6, spectrum d). All attempts to apply
this lower-temperature protocol to salts [4a][A-3], and [4b]-
[A-3], failed. Regardless, this physical separation of the dia-
stereomeric salts demonstrated that cations 4 are configura-
tionally stable at room temperature.

The resolution procedure was then continued by replacing
the resolving agents by PFy anions. Treatment of the diaste-
reomerically enriched BINPHAT salts with excess HPFy in
CH,Cl, and addition of Et,O resulted in the precipitation of
the hexafluorophosphate salts with no loss of enantiomeric
purity® and in excellent yields (94-96%). The three salts
[4a][PF4],, [4b][PF],, and [4¢][PF4],, derived from the solid
fractions, were all levorotatory. Those from the mother
liquor were, of course, dextrorotatory.

To exchange the TRISPHAT anions, which do not decom-
pose in the presence of a Bronsted acid as anion 2 does, the
use of a stronger Lewis acid was required. Excess anhydrous
FeCl; was added to a solution of [P-4¢][A-3], in cold di-
chloromethane (0°C) and was stirred for two minutes. The
mixture was washed with a saturated aqueous solution of
KPF¢ and, after decantation and separation, the organic
phase was further filtrated over Celite. Finally, the desired
(—)-[P-4c¢][PF], salt was precipitated upon addition of Et,0
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to the filtrate. Unfortunately, a moderate but definite race-
mization of the cation (ee=90%) was observed during this
procedure.

Absolute configuration assignment: After obtaining enan-
tioenriched salts (—)-[4a][PF¢],, (—)-[4b][PF],, and (—)-
[4¢][PF4],, we turned our attention to determining their ab-
solute configuration. Circular dichroism (CD) experiments
were performed in water (c=1x10"" or 3x107°m), and es-
sentially congruent spectra were obtained (Figure 7). This
result demonstrated without ambiguity that the configura-
tion of the predominant enantiomer is the same in all three
levorotary salts.

30

| L I L

200 250 300 350 400
Wavelength / nm —>
Figure 7. CD spectra in water of a) (—)-[4a][PF¢], (c=110"m, ),

b) (—)-[4b][PF], (c=1-10"M, ----- ) and c) (—)-[4¢][PFy], (c=110"m,

The three spectra exhibited negative Cotton -effects
around 250 and 275 nm. Although it was tempting to assign
a P (or S,) configuration to these axially chiral dications
based on the CD guidelines established by Mislow and
Sandstrom for the absolute configuration assignment of bi-
phenyls,” the structural analogy between diquats 4a, 4b,
4c, and simple biphenyls was not deemed to be sufficient,
and care was taken to assign the absolute configuration by
another method.

From the precipitate fraction of [4¢][A-3],, precursor to
salt (—)-[4¢][PF],, monocrystals were obtained by slow dif-
fusion of hexane in acetone, and an X-ray structural analysis
was performed. The results established the presence of a
single diastereomeric species within the solid (Figure 8). The
value obtained for the Flack parameter (x=—0.02(6)) con-
firmed the A configuration for the TRISPHAT anions and
established an unambiguous P (S,) configuration for 4¢ by
using this internal reference. Considering that the P configu-
ration of 4¢ remains unchanged upon the removal of the
hexacoordinated phosphate anions 3, then (—)-[4¢][PF4],
and all the other levorotatory salts present diquat cations of
P configuration.

Compound 4¢ exhibits a rather large dihedral angle 6 of
62° around the central bond joining the pyridinium rings

Chem. Eur. J. 2010, 16, 2797 -2805
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Figure 8. X-ray diffraction analysis of [P-4¢]|[A-3], (precipitate fraction).
Five acetone molecules and all hydrogen atoms are omitted.

(Figure 8). This is in agreement with that measured for
three aliphatic eight-membered-ring diquats (61° <60 <70°),
the structures of which can be found in the Cambridge
Structural Database. These moieties are shown in Figure 9;
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Figure 9. Eight- and seven-membered diquats and dihedral angles at the
biaryl junction.

the CSD reference codes (HIJGALP YOBWAN,?
YUFCORPY) corresponding to the structures and the dihe-
dral angles are given on the drawing. The only seven-mem-
bered ring found (YUFHUC)® exhibits a much reduced
value of 51.3°.

Configurational stability: Before carrying out the above ex-
periments, we could only infer that compounds of type 4
would be configurationally stable. Precise values for the rac-
emization barriers were unknown. To correct this situation,
enantioenriched samples of [4a][PF,],, [4b][PF],, and [4c]-
[PF¢], were heated in water at four different temperatures
and the racemization of the samples was monitored by using
CD spectroscopy. The results of a typical experiment are
shown in Figure 10. A decrease of all absorptions was ob-
served on heating an enantioenriched sample of (+)-[M-4c]-
[PF¢], at 60°C. After a certain period (~50min in this
case), the value reaches zero, which indicates complete race-
mization. For 4¢, samples were heated at 50, 60, 70, and
80°C. For compounds 4a and 4b, a slightly higher range of
temperature (70-95°C) was necessary in order to obtain
decent racemization kinetics.

Chem. Eur. J. 2010, 16, 2797 -2805
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Figure 10. CD time-course measurements (4=235-305nm) of salt (+)-
[(M)-4¢][PF,], in water (60°C, ¢ 107 m).

In these experiments, it was actually easier to monitor a
single wavelength (276 nm, Figure 11) and to use dextrorota-
tory samples presenting positive Cotton effects at lower
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Figure 11. CD time-course measurements (4=276 nm) at a) 50, b) 60,
¢) 70, and d) 80°C of salt (4)-[(M)-4¢][PF4], in water (c=10"m).

energy. Kinetic constants were calculated at the four ana-
lyzed temperatures, and the determination of all activation
parameters were realized for each cation (E,, A, AH", AS™,
and AG”, see the Supporting Information). The results
are reported in Table 2. The values for the free energy of
activation are in accordance with our expectations
(=25 kcalmol™" and higher); [4¢][PF], (Table 2, entry 3) ex-
hibited the smallest value. These values correspond to half-
lives of 13, 127, and 9.5 days at 20°C for salts [4a][PF],,
[4b][PF],, and [4¢][PF4],, respectively. The entropy values
are rather low, which is expected for an intramolecular race-
mization process.

Interestingly, the substituents on the core structure have
only a moderate influence on the racemization barrier. Just

Table 2. Racemization of diquats 4a, 4b, and 4c: activation parameters.

Entry  Salt ElM  A[sT AHE ASHRL AGHR

1 [4a][PF, 254 58x102 248 21 255

2 [4b][PFs, 29.0 2.6x10" 284 5.4 26.8

3 [4c][PF,l, 248 27x102 242 36 253

[a] In kcalmol™!; precision 40.2. [b] In calJ 'mol™! [c] At 20°C.
www.chemeurj.org — 2801
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a 1.4 kcalmol™ difference is observed between the lowest
(R=Bu) and highest (R=Me) AG" value. Previously, a
larger difference was observed in the study of compounds
6a, 6b, and 6¢ by Rabinovitz and co-workers (AG™=20.1,
17.3, and 17.6 kcalmol ™!, respectively).?! In both series, the
derivatives that present the lowest barriers are those carry-
ing the largest residues. Probably, the bulky substituents on
these derivatives 4¢ and 6c¢ raise the energy of the ground
states more effectively than that of the transition states. This
observation can probably be correlated with the (difficult)
synthesis of 4¢ that requires a better electrophile and more
elevated temperatures.

Conclusion

In conclusion, as in numerous bridged biphenyls, the free
energy of activation for racemization was found to depend
on the degree by which the bridge restricts freedom of rota-
tion about the biaryl axis because compounds 4a, 4b, and
4c¢ were shown to be the first configurationally stable di-
quats. The degree of restriction is determined by the struc-
ture of the bridge and moderately by the functional groups
present on the biaryl component. Notably, derivatives 4a,
4b, and 4c¢ are the first compounds with an eight-membered
ring and with only three ring constraints to be resolved. This
manuscript also reports the first procedure to remove TRIS-
PHAT anions after diastereomeric separation.

Experimental Section

All reactions were carried out under dry N, or Ar by means of an inert
gas/vacuum double-manifold line with magnetic stirring unless otherwise
stated. Solvents were dried and distilled prior to use: toluene was freshly
distilled from sodium, dichloromethane and hexane were freshly distilled
from calcium hydride, and diethyl ether and tetrahydrofuran were freshly
distilled from sodium benzophenone. CHCl;, CH,Cl,, CDCl;, and CD,Cl,
(SDS) were filtered on basic alumina. Analytical thin-layer chromatogra-
phy (TLC) was performed with Merck SIL G/UV,s, plates or Flucka
0.25 mm basic alumina (pH 9.9) plates. Visualization of the developed
chromatogram was performed by UV/Vis detection. Organic solutions
were concentrated under reduced pressure on a Biichi rotary evaporator.
Unless otherwise stated, column chromatography (silica gel 60, 40 um, or
Fluka basic alumina type 5016 A) was performed in air and under pres-
sure (0.1-0.3 bar).

NMR spectra were recorded on a Bruker AMX-400 at room temperature
unless otherwise stated. '"H NMR spectra: chemical shifts are given in
ppm relative to Me,Si with the solvent resonance used as the internal
standard. *'P NMR (162 MHz) spectra: chemical shifts are reported in
ppm relative to H;PO,. >*C NMR (100 MHz) spectra: chemical shifts are
given in ppm relative to Me,Si, with the solvent resonance used as the in-
ternal standard (0=77.0 (CDCl;), 39.5 ([D¢]JDMSO), 53.8 ppm
(CD,Cl,)). Assignments were achieved by using COSY, HETCOR, and/
or NOESY experiments. IR spectra were recorded with a Perkin—Elmer
1650 FTIR spectrometer using diamond ATR Golden Gate sampling.
Melting points (m.p.) were measured in open capillary tubes on a Stuart
Scientific SMP3 melting-point apparatus and are uncorrected. Electro-
spray mass spectra (ESMS) were obtained on a Finnigan SSQ 7000 spec-
trometer, and EIMS spectra were obtained on a Varian CH4 or SM1
spectrometer by using an ionizing voltage 70 eV by the Department of
Mass Spectroscopy at the University of Geneva. UV/Vis spectra were re-
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corded on a CARY-1E spectrometer in a 1.0 cm quartz cell; A, are
given in nm and the molar adsorption coefficient ¢ in cm~'dm*mol . Cir-
cular dichroism spectra were recorded on a JASCO J-715 polarimeter in
a 1.0 cm quartz cell; A are given in nm and molar circular dichroic ab-
sorptions (Ag) in cm’mmol'). Optical rotations were measured on a
Perkin—Elmer 241 polarimeter in a thermostated (20°C) 10.0 cm long mi-
crocell with high-pressure lamps of sodium or mercury and are reported
as follows: [a] (¢ (g per 100 mL), solvent). X-ray diffraction structures
were solved at the “Laboratoire de Cristallographie aux rayons X, Serv-
ice de Resolution Structurale par Diffraction des Rayons X” by Dr. G.
Bernardinelli.

Diquat 4a

[4a][Br],: A sealed tube containing 2,2'-dipyridyl (107 mg, 0.685 mmol)
and a,ao’-dibromo-ortho-xylene (181 mg, 0.685 eq) in acetonitrile (2.5 mL)
was heated at 90°C for 15 h. After cooling, Et,0 (5 mL) was added, and
the resulting precipitate was filtered and washed with Et,O to obtain the
desired compound as a white solid (yield=200 mg, 70%). M.p. 298°C;
'HNMR (400 MHz, [Ds]DMSO): 6=9.53 (d, 2H, J=5.6 Hz), 8.97 (td,
2H, J=1.0 Hz and 7.8 Hz), 8.55 (td, 2H, /=13 Hz and 7.3 Hz), 8.51 (dd,
2H, J=1.0 Hz and 7.8 Hz), 7.69 (m, 2H), 7.58 (m, 2H), 6.00 (d, 2H, J=
158Hz), 548ppm (d, 2H, J=158Hz); “CNMR (100 MHz,
[D]DMSO): 6=148.3 (CH), 147.6 (CH), 144.7 (C"), 131.6 (CH and
C™), 131.0 (CH), 130.5 (CH), 130.0 (CH), 60.2 ppm (CH,); IR (neat): #=
3007, 2985, 1622, 1585, 1505, 1470, 1193, 1164 cm™'; UV/Vis (CH;CN,
107°M): Apay (€)=201 (3.53x10%), 278 nm (1.15x10%); MS (ES*): m/z
(%): 180.1 (100) [M—CgHg+1], 259.3 (50) [M—1].

Ion metathesis with A-BINPHAT: A solution of [4a][Br], (55.0 mg,
0.131 mmol) in methanol (3 mL) was added to a solution of [Me,NH,][A-
2] (223.6 mg, 0.262 mmol) in methanol (10 mL). The mixture was stirred
for about 5 min. The resulting precipitate was filtered and washed with
Et,0. The diastereomeric salt was obtained as a yellow solid (yield=
210 mg, 86 %), containing 60 % of [P-4a][A-2], and 40% of [M-4a][A-2],
("H NMR analysis in a mixture of [Ds]DMSO (14 %) in CDCl,).
Separation of the diastereomers: Acetonitrile (10 mL) was added to a
round-bottom flask containing the mixture of diastereomers [4a][A-2],
(180 mg). The solid was triturated until a thin powder was obtained. The
yellow precipitate was filtered to afford [P-4a][A-2], (yield=91 mg,
~50%, d.r.=98:2) as a yellow solid. After evaporation to dryness of the
mother liquor, [M-4a][A-2], was obtained as a yellow solid (yield=
77 mg, ~43 %, d.r.=65:35).

Analysis for [P-da][A-2],: Yellow solid; d.r.=98:2; m.p. 235°C; [a]¥=
—43.4 (¢=0.1, CH;CN); 'HNMR (400 MHz, [D;]DMSO): 6=9.44 (s,
2H), 8.94 (s, 2H), 8.52 (b, 4H), 7.96 (d, 4H, J=8.1 Hz, 2), 7.84 (d, 4H,
J=8.6 Hz, 2), 7.62 (s, 2H), 7.57 (s, 2H), 7.40 (m, 4H, 2), 7.27 (d, 4H, /=
3.3 Hz, 2), 6.57 (d, 8H, J=8.8 Hz, 2), 5.90 (d, 2H, J=13.4 Hz), 5.48 ppm
(d, 2H, J=14.7 Hz); *C NMR (100 MHz, [D;]DMSO): 6=151.8 (C", d,
J=12.4Hz, 2), 1484 (CH), 147.6 (CH), 144.7 (CV), 142.6 (CY, d, J=
5.8 Hz, 2), 142.1 (CV, d, J=9.1 Hz, 2), 131.8 (C"), 131.6 (CH), 131.5(C",
2), 131.0 (CH), 130.5 (CH), 130.0 (CH cation and C", 2), 129.1 (CH, 2),
1283 (CH, 2), 126.3 (CH, 2), 125.7 (CH, 2), 124.1 (CH, 2), 122.6 (CH, d,
J=3.3Hz, 2), 122.3 (CV, d, J=3.3 Hz, 2), 121.4 (CY, 2), 119.9 (C"Y, 2),
112.9 (CY, d, J=15.7Hz, 2), 112.7 (CY, d, J=14.1 Hz, 2), 60.2 ppm
(CH,); *'P NMR (162 MHz, [D;]DMSO): 6 =-83.99 ppm; IR (neat): 7=
3077, 1614, 1592, 1450, 1235, 947, 819 cm™"; UV/Vis (CH;CN, 107°M): Ay
(6)=220 (2.81x10%), 302 (2.9x10%, 329 nm (1.5x10%); CD (CH,CN,
107°m): 1 (Ae)=207 (—151.4), 231 (333.8), 244 (—120.7), 264 (38.7), 298
(—6.9), 328 cm’mmol™" (—2.5); MS (ES™): m/z (%): 807.0 (100) [2]; MS
(ES*): mlz (%): 184.4 (50), 259.4 (50), [M—1], 371.5 (100).

General procedure for the ion exchange of BINPHAT anions to PFj:
Aqueous HPF, (~7.9M, 10 equiv) was added to a suspension of [4a][A-
2],, [4b][A-2],, or [4a][A-2], in CH,Cl, (=1 mL per 0.01 mmol of sub-
strate). After stirring for 2 min, Et,0 was added to precipitate the de-
sired [4a][PFg], [4b][PF],, or [4c][PF], salt, which was thoroughly
washed with Et,O and pentane.

[P-4a][PF],: White solid; ee=96%; yield 96 %; m.p. 267°C; [a]%’:
—207 (c¢=0.1, H,0); IR (neat): 7=3090, 1622, 1585, 1501, 1469, 1311,
1197, 1164, 832 cm™'; 'H NMR (400 MHz, [D,]DMSO): 6=9.47 (d, 2H,
J=5.6Hz), 8.96 (t, 2H, /=78 Hz), 8.54 (t, 2H, /J=6.7 Hz), 8.48 (d, 2H,
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J=78Hz), 7.65 (m, 2H), 7.59 (m, 2H), 592 (d, 2H, J=15.8 Hz),
549 ppm (d, 2H, J=15.8 Hz); "CNMR (100 MHz, [D{]DMSO): 6=
148.4 (CH), 147.6 (CH), 144.7 (C"), 131.6 (CH), 131.5 (C"), 131.0 (CH),
130.4 (CH), 130.0 (CH), 61.4 ppm (CH,); UV/Vis (H,0, 107°M): Ay
(£)=200 (3.1x10%, 239 (3x10°), 278 nm (8x10%); CD (H,O, 10~ m): 1
(Ae)=203 (24.7), 229 (-9.9), 242 (—-4.1), 253 (-7.1), 266 (-5.11),
279 cm’mmol " (—10.97); MS (ES*): m/z (%): 182.1 (100), 259.4 (50),
[M-1].

(+)-[M-4 a][PF],: The compound was instead obtained by resolution
with a A-BINPHAT salt. ee=96%; [a]3+201 (c=0.1, H,0).

Diquat 4b

[4b][Br],: A sealed tube containing 4,4-dimethyl-2,2'-dipyridyl (117 mg,
0.636 mmol) and a,a’-dibromo-ortho-xylene (168 mg, 0.636 mmol) in ace-
tonitrile (2.5mL) was heated at 90°C for 15h. After cooling, Et,0
(5 mL) was added. The resulting precipitate was filtered and washed with
Et,0 to obtain the desired compound as a pale-yellow solid (yield=
250 mg, 88%). M.p. 293°C; 'H NMR (400 MHz, [Ds]DMSO): 6 =9.36 (d,
2H, J=6.8 Hz), 8.37 (m, 4H), 7.66 (m, 2H), 7.56 (m, 2H), 5.92 (d, 2H,
J=159Hz), 546 (d, 2H, J=159Hz), 2.74ppm (s, 6H); “CNMR
(100 MHz, [Dg]DMSO): §=161.1 (CV), 147.1 (CH), 143.4 (C"V), 131.6
(C™), 131.4 (CH), 130.9 (CH), 130.7 (CH), 129.9 (CH), 60.4 (CH,),
21.8 ppm (CH,); IR (neat): 7=3439, 2984, 2928, 1623, 1447, 1164,
845 cm™'; UV/Vis (CH;CN, 107 M): A, (loge): 215 (1.51), 230 (1.16), 274
(0.82); MS (ES*): m/z (%): 184.6 (95) [M—CgHg+1], 287.6 (100) [M—1].
Ion metathesis with A-BINPHAT: A solution of [4b][Br], (55.0 mg,
0.135 mmol) in methanol (2 mL) was added to a solution of [Me,NH,][A-
2] (230.5 mg, 0.270 mmol) in methanol (10 mL). The mixture was stirred
for about 5 min. The resulting precipitate was filtered and washed with
Et,0. The diastereomeric salt was obtained as a yellow solid (yield=
216 mg, 84 %) containing 56 % of [P-4b][A-2], and 44 % of [M-4b][A-2]..
'"H NMR analysis was carried out in a mixture of [D¢]DMSO (14%) in
CDClL.

Separation of the diastereomers: Acetonitrile (10 mL) was added to a
round-bottom flask containing [4b][A-2], (194 mg). The solid was tritu-
rated until a thin powder was obtained. The yellow precipitate was fil-
tered to afford [P-4b][A-2], (yield=107 mg, ~55%, d.r.=98:2) as a
yellow solid. After evaporation to dryness of the mother liquor, [M-4b]-
[A-2], was obtained as a yellow solid (yield=78 mg, ~40%, d.r.=96:4).
[P-4b][A-2],: Yellow solid; d.r.=98:2; m.p. 255°C; [a]¥=-24.5 (c=
0.04, CH;CN); 'HNMR (400 MHz, [D(]DMSO): 6=9.26 (d, 2H, J=
5.3 Hz), 8.32 (b, 4H), 7.96 (d, 4H, J=8.1 Hz, 2), 7.84 (d, 4H, /=8.8 Hz,
2),7.57 (m, 4H), 7.40 (m, 4H, 2), 7.28 (m, 8H, 2), 6.59 (d, 4H, /=8.8 Hz,
2), 5.80 (d, 2H, J=16.1 Hz), 5.44 (d, 2H, J=15.6 Hz), 2.71 ppm (s, 6H);
BCNMR (100 MHz, [D,]DMSO): 6=161.1 (C"Y), 151.8 (CV, d, J=
12.4 Hz, 2), 147.1 (CH), 143.8 (C'), 142.6 (CV, d, J=5.0 Hz, 2), 142.1
(CY, d, J=9.1 Hz, 2), 131.8 (C"), 131.5 (C", 2), 131.4 (CH), 130.9 (CH),
130.6 (CH), 130.0 (C", 2), 129.9 (CH), 129.1 (CH, 2), 128.3 (CH, 2),
126.3 (CH, 2), 125.7 (CH, 2), 124.1 (CH, 2), 122.6 (CH, d, J=4.1 Hz, 2),
122.3 (CY, d, J=3.3 Hz, 2), 121.4 (CY, 2), 119.9 (C"Y, 2), 112.9 (CV, d, J=
15.7 Hz, 2), 112.7 (CY, d, J=15.0 Hz, 2), 60.5 (CH,), 21.8 ppm (CHs);
P NMR (162 MHz, [D(]DMSO): 6=-83.83 ppm; IR (neat): #=2971,
1623, 1445, 1389, 1236, 989, 817 cm™"; UV/Vis (CH;CN, 107 M): Ay (€)=
220 (3.42x10%), 274 (2.17x10%), 323 nm (1.9x10*); CD (CH;CN, 10 m):
A (Ae)=207 (—178.3), 231 (396.8), 244 (—150.3), 264 (50.7), 298 (—10.7),
328 cm*mmol ™" (-3.4); MS (ES™): m/z (%): 807.0 (100), BINPHAT; MS
(ESY): miz (%): 184.1 (80), [M—CgHg+1], 371.5 (100).

[M-4b][A-2],: Yellow solid; d.r.=96:4; m.p. 250°C; [a]y=28.4 (c=0.1,
CH,CN); 'HNMR (400 MHz, [Dg]DMSO): 6=9.27 (b, 2H), 8.32 (b,
4H), 7.95 (d, 4H, J=6.8 Hz, 2), 7.83 (d, 4H, J=7.3 Hz, 2), 7.57 (d, 4H,
J=12.3 Hz), 7.40 (b, 4H, 2), 7.27 (b, 8H, 2), 6.57 (d, 4H, J=8.1 Hz, 2),
5.83 (d, 2H, J=159 Hz), 543 (d, 2H, J=15.6 Hz), 2.71 ppm (s, 6H);
BCNMR (100 MHz, [D¢]DMSO): 6=161.6 (CV), 1523 (CY, d, J=
12.2 Hz, 2), 147.6 (CH), 144.3 (C"), 143.0 (CV, d, J=5.8 Hz, 2), 142.6
(CY, d, J=9.0 Hz, 2), 132.3 (C"), 132.0 (CY, 2), 131.9 (CH), 131.4 (CH),
131.1 (CH), 130.5 (C", 2), 130.4 (CH), 129.6 (CH, 2), 128.8 (CH, 2),
126.8 (C'Y), 126.3 (CH, 2), 126.1 (CH, 2), 124.9 (CH, 2), 123.0 (CH, d, J=
3.2 Hz, 2), 122.8 (CY, d, J=3.2 Hz, 2), 121.8 (C", 2), 120.4 (CY, 2), 113.4
(CY, d, J=11.6 Hz, 2), 113.1 (CY, d, J=10.3 Hz, 2), 60.9 (CH,), 22.3 ppm
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(CH,); *'P NMR (162 MHz, [D¢]DMSO): 6 =—84.01 ppm; IR (neat): 7=
3049, 2971, 1624, 1591, 1449, 1388, 1235, 991, 817 cm™"; UV/Vis (CH;CN,
1075 M): Apge (8) =222 (3.78x10%), 301 (7.0x10%), 329 nm (3.3x10%); CD
(CH;,CN, 107°m): 1 (Ae)=245 (-88.5), 264 (29.2), 302 (-14.1),
330 cm*mmol ™" (—8.5); MS (ES™): m/z (%): 807.0 (100) BINPHAT; MS
(ES™): m/z (%): 184.1 (80) [M—CgHg+1], 371.5 (100).

[P-4b][PF,],: The compound was obtained as a white solid (96 %, ee=
96%) by using the general procedure of exchange of anions 2 to PF,.
M.p. 270°C; [a]¥=-183 (c¢=0.1, H,0); IR (neat): #=3119, 1633, 1588,
1515, 1455, 1172, 824 cm™'; '"H NMR (400 MHz, [Dg]DMSO): 6=9.28 (d,
2H, J=63 Hz), 8.35 (m, 4H), 7.62 (m, 2H), 7.57 (m, 2H), 5.82 (d, 2H,
J=159Hz), 545 (d, 2H, J=159Hz), 274 ppm (s, 6H); “CNMR
(100 MHz, [D¢]DMSO): §=161.2 (C"), 147.1 (CH), 143.8 (C"), 131.6
(CV), 131.5 (CH), 1309 (CH), 130.6 (CH), 129.9 (CH), 60.5 (CH,),
21.8 ppm (CH;); UV/Vis (CH;CN, 107 M): A, (£) =206 (2.0x10%), 231
(9%x10%, 274 nm (7x10%); MS (ES*): m/z (%): 184.6 (90), [M—CsHg+1],
287.6 (100) [M—1].

(+)-[M-4b][PF,],: The compound was obtained from mother liquors of
the resolution with A-2. ee=92%; [a]X=+145 (¢=0.1 in H,0).

Diquat 4¢

[4c][l];: A sealed tube containing 4,4'-di-tert-butyl-2,2'-dipyridyl
(305.5 mg, 0.220 mmol), a,o’-diiodo-ortho-xylene (815 mg, 0.439 mmol),
and 1,2 dichlorobenzene (freshly distilled on CaH,) was heated from
120°C to 160°C over a period of 4 h. After cooling, the yellow precipitate
was filtered then thoroughly washed with pentane to afford [4¢][I], as a
yellow powder (yield=460 mg, 65%). M.p. 258°C; 'H NMR (400 MHz,
CD;CN): 6=9.39 (d, 2H, J=6.5 Hz), 8.63 (d, 2H, J=2.0 Hz), 8.41 (dd,
2H, J=23Hz and 6.6 Hz), 7.81 (dd, 2H, J=3.5Hz and 5.3 Hz), 7.59
(dd, 2H, J=3.4 Hz and 5.7 Hz), 6.10 (d, 2H, /=162 Hz), 5.34 (d, 2H,
J=16.2 Hz), 1.52 ppm (s, 18H); *C NMR (100 MHz, CD;CN): 6=173.6
(C™), 147.1 (CH), 144.4 (C"), 131.1 (CH), 130.4 (CH), 128.7 (CH), 128.6
(CH), 60.95 (CH,), 37.3 (C"), 29.1 ppm (CH;); IR (neat): #=23420, 3038,
2959, 1621, 1452, 1116, 847 cm™'; UV/Vis (CH;CN, 107 M): Ay (£) =207
(7.3x10%, 248 (6.3x10%, 290 nm (4.2x10%); MS (ES*): m/z (%): 186.6
(1) [M/2], 403.5 (100).

Ion metathesis with A-BINPHAT: A solution of [Me,NH,][A-2]
(340.5 mg, 0.399 mmol) in acetone (10 mL) was added to a solution of
[4¢][1], (100 mg, 0.159 mmol) in a 5:1 mixture of CH,Cl,/MeOH (3 mL).
After 5 min of stirring, the solution was evaporated to dryness. After fil-
tration on basic alumina (eluent acetonitrile), an orange solid was ob-
tained containing an almost 1:1 mixture (found from 'H NMR spectro-
scopic analysis in a mixture of [Dg]DMSO (14 %) in CDCl;) of the two
diastereomers (yield =290 mg, 91 %).

Separation of the diastereomers: Acetonitrile (7 mL) was added to a
round-bottom flask containing [4¢][A-2], (280 mg). The flask was cooled
to 4°C for 1 h, and the resulting precipitate was filtered and washed with
Et,0 to afford [P-4c¢][A-2], as a yellow solid (yield=105 mg, ~38%,
d.r.=94:6). After evaporation to dryness of the mother liquor, [M-4¢][A-
2],was obtained as a yellow solid (yield =155 mg, ~55 %, d.r.=70:30).

[P-4¢c][A-2],: Yellow solid; de=88%; m.p. 245-250°C; [a]¥=—65 (c=
0.1, CH,CN); 'HNMR (400 MHz, [D{]DMSO): 6=9.30 (d, 2H, J=
6.3 Hz), 8.53 (d, 2H, J=6.3 Hz), 845 (d, 2H, J=1.8), 7.96 (d, 4H, J=
8.0 Hz, 2), 7.84 (d, 4H, J=8.8 Hz, 2), 7.54 (m, 4H), 7.40 (m. 4H, 2), 7.28
(d, 8H, J=3.5Hz, 2), 6.56 (d, 4H, J=88Hz, 2), 581 (d, 2H, J=
159 Hz), 544 (d, 2H, J=15.6Hz), 1.43ppm (s, 18H); “CNMR
(100 MHz, [D¢]DMSO): 6=172.1 (CV), 151.8 (CV, d, J=12.9 Hz, 2),
147.1 (CH), 144.4 (C"V), 142.6 (CY, d, J=5.5Hz, 2), 142.1 (CY, d, J=
9.2 Hz, 2), 131.8 (CY), 131.5 (CY, 2), 130.0 (C", 2), 129.9 (CH), 129.2
(CH, 2), 128.5 (CH), 128.3 (CH, 2), 127.3 (CH), 126.3 (CH, 2), 125.7
(CH, 2), 124.1 (CH, 2), 122.5 (CV), 122.3 (CH, d, /=28 Hz, 2), 121.4
(CV, 2), 119.9 (CV, 2), 112.8 (CV, d, J=14.7 Hz, 2), 112.7 (CV, d, J=
13.8 Hz, 2), 60.4 (CH,), 37.0 (C"), 29.5 ppm (CH;); *'P NMR (162 MHz,
[D¢]DMSO): 6 =—83.41 ppm; IR (neat): 7=3054, 2970, 1622, 1450, 1234,
991, 816 cm™'; UV/Vis (CH;CN, 107°M): Agy (£) =230 (2.14x10%), 275
(1.79x10%), 329 nm (1.7 x 10*); CD (CH;CN, 10m): 1 (Ag) =233 (309.7),
245 (—174.4), 264 (54.4), 301 (—24.5), 322 (—8.4), 330 cm’mmol’
(—14.8); MS (ES"): m/z (%): 807.0 (100) BINPHAT; MS (ES*): m/z
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(%): 2359 (100), 239.1 (67) [M—-CgHg—2CH;], 2529 (73)
[M—CHg—CH;], 269 (53) [M—CgHg+1], 186.1 (23) [M/2].

[P-4c][PF,],: The compound was obtained as a white solid (yield=96%,
ee=88%) by using the general procedure of exchange of anions 2 to PFg.
M.p. 220°C; [a]¥=-159 (c=0.1, H,0); '"HNMR (400 MHz, CDCly/
[Dg]DMSO 14%): 6=9.14 (s, 2H), 824 (s, 2H), 8.01 (s, 2H), 7.36 (s,
2H), 7.22 (s, 2H), 5.77 (d, 2H, J=15.1 Hz), 5.00 (d, 2H, /=149 Hz),
1.26 ppm (s, 18H); "CNMR (100 MHz, [Dg]DMSO): 6=172.1 (C"V),
147.1 (CH), 144.4 (C"V), 131.6 (C"), 130.9 (CH), 129.9 (CH), 128.5 (CH),
127.3 (CH), 60.4 (CH,), 37.0 (C), 29.5 ppm (CH,); IR (neat): #=2975,
1628, 1454, 1424, 1373, 827 cm™"; UV/Vis (CH,Cl,, 107°M): Ay (€) =227
(3.8x10%, 237 (29x10%), 274nm (2.1x10%); CD (CH,Cl, 107°m): 1
(Ae)=219 (—19.0), 249 (8.3), 263 (3.6), 276 cm*mmol "' (9.8); MS (ES*):
mlz (%): 239.1 (90) [M—CgHz—2CH,;], 252.9 (100) [M—CgHg—CHs],
268.7 (86) [M—CHg+1], 186.6 (100) [M/2].

(+)-[M-4 ¢c][PF],: The compound was obtained by resolution with A-
BINPHAT. ee=88%; [a]d=+161 (¢=0.1, H,0).

Ion metathesis with A-TRISPHAT: A solution of [4¢][I], (85.0mg,
0.136 mmol) in CH,Cl/MeOH 4:1 (2 mL) was added to a solution of
[cinchonidinium][A-3] (303.2 mg, 0.285 mmol) in acetone (4 mL). The
mixture was stirred for about 5 min and then was evaporated to dryness.
The diastereomeric salts were obtained after chromatography over basic
alumina with CH;CN as the eluent with a 1.2:1 ratio (yield=55% of [P-
4c¢][A-3], and 45% of [M-4¢c][A-3],) as yellow solids (determined by
"H NMR spectroscopic analysis in a mixture of CD;CN (3%) in CDCl,).

Separation of the diastereomers: CH;CN (~5 mL) was added to a round-
bottom flask containing [4¢][A-3], (210 mg) until complete solubilization
occurred. The flask was cooled to —20°C for a 30 min period. The yellow
precipitate was filtered to afford [P-4¢][A-3], as a yellow solid (yield=
110 mg, ~52%, d.r.>98:2). After evaporation to dryness, [M-4¢c][A-3],
was obtained as a yellow solid (yield =90 mg, ~43 %, d.r.=97.5:2.5).
[P-4¢c][A-3],: Yellow solid; d.r.>98:2; m.p. 300°C; [a]¥=-357.7 (c=
0.1, CH,CN); 'H NMR (400 MHz, CDCL/CD;CN 3%): 6=9.95 (d, 2H,
J=6.6 Hz), 822 (d, 2H, J=2.3 Hz), 8.08 (dd, 2H, /=2.0 Hz and 6.6 Hz),
7.67 (dd, 2H, J=3.7Hz and 53 Hz), 7.11 (dd, 2H, J=3.7Hz and
5.3 Hz), 6.46 (d, 2H, J=16.0 Hz), 5.27 (d, 2H, J=16.0 Hz), 1.51 ppm (s,
18H); "CNMR (75 MHz, [D,]DMSO): 6=172.6 (CV), 147.5 (CH),
144.9 (CV), 141.6 (d, CV, J=6.5Hz), 132.0 (CH), 131.4 (CV), 130.4
(CH), 1289 (CH), 127.8 (CH), 122.6 (C"), 113.6 (d, C", J=20.0 Hz),
60.9 (CH,), 374 (CV), 299ppm (CH;); *PNMR (162 MHz,
[Dg]DMSO): 6 =—81.25 ppm; IR (neat): #=2972, 1622, 1444, 1389, 1235,
989, 818 cm™'; UV/Vis (CH;CN, 107°M): Ay (6)=216 (2.45x10%), 300
(1.9x10%, 399 nm (1x10%); CD (CH;CN, 107 m): 1 (Ae)=212 (307.2),
223 (—298.7), 236 (—84.7), 243 (-95.7), 285 (—4.4), 300 cm*mmol™'
(=6.1); MS (ES™): m/z (%): 768.5 (100) TRISPHAT; MS (ES*): m/z
(%): 239.1 (90) [M—CgHg—2CH;], 252.9 (100) [M—CgHz—CHj;], 268.7
(86) [M—CgHg+1], 186.6 (100) [M/2].

[M-4¢][A-3],: Yellow solid; d.r.=97.5:2.5; m.p. 285°C; [a]¥=-335.6
(c=0.1in CH,CN); '"H NMR (400 MHz, CDCl/CD;CN 3%): 6=9.15 (d,
2H, J=6.5Hz), 829 (d, 2H, J=2.0Hz), 826 (dd, 2H, J=2.0 Hz and
6.3 Hz), 7.42 (s, 4H), 6.07 (d, 2H, J=16.2 Hz), 532 (d, 2H, /=16.2 Hz),
1.45ppm (s, 18H); "CNMR (75 MHz, [D¢]DMSO): 6=173.2 (C%Y),
147.5 (CH), 145.1 (CY), 143.9 (CH), 141.7 (d, CV, J=6.5Hz), 132.0
(CH), 131.5 (C"), 130.3 (CH), 128.8 (CH), 127.7 (CH), 122.3 (C"), 113.2
(d, Cv, J=20.0 Hz), 59.5 (CH,), 35.5 (C"), 27.9 ppm (CH,); *'P NMR
(162 MHz, [D4]DMSO): 6 =—81.05 ppm; IR (neat): 7=2974, 1624, 1445,
1389, 1235, 989, 818 cm™'; UV/Vis (CH;CN, 107 M): Ay (£) =213 (3.05x
10°), 300 (3.0x10%), 398 nm (1x10%); CD (CH;CN, 10°m): 1 (¢)=208
(236.1), 225 (—251.4), 236 (—114.8), 243 (—128.8), 278 (—6.4),
300 cm’mmol " (—8.4); MS (ES™): m/z (%): 768.5 (100) TRISPHAT; MS
(ESY): mlz (%) 2391 (97) [M—-CgHg—2CH;], 2529 (100)
[M—CHg—CH;], 268.8 (87) [M—CgHg+1], 186.3 (23) [M/2].

General procedure for the ion exchange of TRISPHAT anions to PFg:
Excess anhydrous FeCl; (46.7 mg, 0.288 mmol) was added to a solution
of [P-4¢][A-3], (55 mg, 0.029) in dichloromethane (4 mL) at 0°C and
stirred for 2 min. The mixture was washed with a saturated aqueous solu-
tion of KPF¢ (4 mL) and, after decantation and separation, the organic
phase was further filtered over Celite. Finally, the desired (—)-[P-4c]-
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[PF;), salt was precipitated upon addition of Et,O to the filtrate, before it
was filtered and thoroughly washed with Et,O and pentane. The desired
compound was obtained as a white powder (14 mg, 73 % ). Enantiomeric
excess was determined by "H NMR spectroscopy (the analysis was car-
ried out in a mixture of [D¢]DMSO (14%) in CDCl;) by using salt
[nBu,N][A-2] as the NMR chiral solvating agent.

(—)-[P-4 ¢][PF,],: White powder; ee=90%; [a]¥=-162 (c=0.1, water).
Crystal structure determination of [P-4c][A-3],: CCDC-747488 ([P-4c]-
[A-3],) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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