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Tris(tetrathioaryl)methanols and tris(tetrathioaryl)methanes
are direct precursors and metabolites, respectively, of tris-
(tetrathioaryl)methyl radicals, which are very attractive para-
magnetic spin probes for many magnetic resonance applica-
tions. Due to steric hindrance, these propeller-shaped mole-
cules display slow interconversion between their two enan-
tiomeric conformations (right-handed and left-handed pro-
peller conformations). Syntheses and HPLC resolutions car-
ried out on a chiral stationary phase have been achieved.
The influence of the hybridization of the central carbon atom

Introduction

Stable tris(tetrathioaryl)methyl radicals are members of
a family of trityl radicals that have found many magnetic
resonance (MR) applications during the last decade. Their
structures were inspired by Gomberg’s trityl radical, in
which each phenyl group has been ortho- and meta-substi-
tuted by sulfur groups and para-substituted by a carboxylic
acid group (Figure 1). These modifications were made in
order to avoid hydrogen hyperfine splittings, to enhance sta-
bility by electronic and steric effects and finally to make
these molecules water-soluble. These radicals, initially de-
veloped by Nycomed Innovation to be used as hyperpolar-
izing agents for Overhauser magnetic resonance imaging
(OMRI),[1] possess exceptional properties. They exhibit a
single sharp electron paramagnetic resonance (EPR) line of
less than 10 μT in deoxygenated water, which is typically
one order of magnitude less than that of nitroxide radicals,
which represent the second class of soluble spin probes used
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as well as the para substitutient on the conformational sta-
bility were experimentally and theoretically studied. De-
pending on their particular structure, the free activation en-
ergy for the isomerization process determined by kinetics of
racemization varies from 24.4 to 26.4 kcalmol–1 and corre-
sponds to racemization half-lives of 12 and 343 h, respec-
tively. Computational and NOESY/exchange spectroscopy
(EXSY) studies are consistent with a two-ring flip mechanism
for the isomerization process of tris(tetrathioaryl)methanols,
radicals and tris(tetrathioaryl)methanes.

for biomedical EPR. As a result, the sensitivity of detection
is very high, because the signal intensity is inversely pro-
portional to the square of the linewidth. In addition, de-
pending on their particular structure, the half-lives in hu-
man blood of tris(tetrathioaryl)methyl radicals at 37 °C
vary from a few hours to more than 24 h. Finally, they dis-
play a low concentration-dependent broadening of their
EPR line.[2,3] Due to these unprecedented properties, origi-
nal Nycomed’s and newly synthesized tris(tetrathioaryl)-
methyl radicals have been used as spin probes for electron
paramagnetic resonance imaging (EPRI),[4] for the mea-
surement of oxygen,[5] pH[6,7] thiol,[8] superoxide anion,[9]

redox status[10] and for dynamic nuclear polarization
(DNP).[11]

Figure 1. Gromberg’s trityl and representative Nycomed’s tris-
(tetrathioaryl)methyl radicals of biomedical uses.
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Figure 2. Two enantiomeric conformations of tris(tetrathioaryl)methyl radicals.

A planar conformation would allow the maximum reso-
nance. However, due to steric hindrance, trityl radicals
adopt a propeller-like conformation in which all rings have
the same direction of twist. This conformation was sug-
gested by Lewis et al. in 1944 based on UV spectra[12] and
confirmed later by other techniques (X-ray diffraction,[13]

EPR spectrsoscopy,[14] etc.). Tris(tetrathioaryl)methyl radi-
cals are sterically crowded with two five-membered rings on
each phenyl ring. This results in a high twist angle, lowering
the conjugation of the central carbon atom that conse-
quently bears most of the spin density of the unpaired elec-
tron.[3] The X-ray structure of 1b[15], which is the methyl
ester derivative of CT-03 (Figure 2), shows that the rings
are twisted by 45.6° relative to the plane of the central car-
bon atom and its three bonds. This arrangement allows two
conformations to occur, namely the right-handed (P) and
left-handed (M) propeller conformations (Figure 2).

These two conformations have an enantiomeric relation-
ship. The study of static and dynamic stereochemistry of
three-bladed propellers was launched by Mislow and co-
workers more than 30 years ago.[16] In most cases, three-
bladed propellers have a low isomerization barrier, which
prevents the separation of stereoisomers. However, a few

Figure 3. Structures of a few tris(tetrathioaryl)methanols, radicals and a tris(tetrathioaryl)methane.
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examples of configurationally stable three-bladed propellers
bearing bulky aromatic moieties have been reported in the
literature, and the stereoisomers could be isolated in op-
tically pure form in some cases.[17,18] Recently, we reported
that tris(tetrathioaryl)methyl radicals and their direct dia-
magnetic precursor tris(tetrathioaryl)methanols[19] (Fig-
ure 3) are chiral molecules at room temperature. The pro-
peller-shape conformation associated with a slow intercon-
version is responsible for this chirality. Semipreparative
HPLC carried out on a chiral stationary phase (CSP) al-
lowed the isolation of the two enantiomers of radical 1c
and alcohol 2c. The half-life of racemization determined for
radical 1c in EtOAc at room temperature is ca. 15 d. This
result could have important consequences, because enantio-
mers can exhibit different biological properties; further-
more, diastereoisomers are formed if a chiral group is con-
nected to the trityl core[10,20] with possibly different physi-
cal, biological and chemical properties.

Very recently Tormyshev et al. used exchange spec-
troscopy (NOESY/EXSY) to study the enantiomerization
of tris(tetrathioaryl)methanols 2d and 2e (Figure 3); the
half-life of racemization at room temperature for 2d in [D6]-
dimethyl sulfoxide (DMSO) is 8.4 h. For 2e, a high influ-
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ence of the steric hindrance of the side-ring was ob-
served.[21] This compound shows a higher conformational
stability, and the racemization half-life under the same con-
ditions is 1.36 years. However, no information has been re-
ported concerning the influence of para substitution or the
enantiomerization of tris(tetrathioaryl)methanes, which are
metabolites of radicals produced under reducing condi-
tions.[22]

Herein, we report studies on the dynamic stereochemis-
try of propeller-shaped tris(tetrathioaryl)methyl radicals,
tris(tetrathioaryl)methanols and -methanes. DFT and ex-
perimental approaches are used in order to gain insight into
the nature of the mechanism of stereoisomerization. The
influence of para substitution and the hybridization of the
central carbon atom are also discussed.

Results and Discussion

Synthesis

The synthesis of 1 and 2 has already been re-
ported.[15,21,23,24] Compound 3c was synthesized by the re-
duction of the corresponding alcohol 2c using trifluoro-
acetic acid (TFA) and metallic zinc (Figure 4) and was iso-
lated in 50% yield after purification by HPLC. It is known
that tris(tetrathioaryl)methanols are quantitatively con-
verted into radicals by TFA,[24] the radical being sub-
sequently reduced by Zn; the resulting anion is protonated
by TFA leading to the tris(tetrathioaryl)methane 3c.

Figure 4. Synthesis of 3c.

Propeller-Shape Conformation

The 1H NMR spectra of diamagnetic tris(tetrathioaryl)-
methanols 2 and -methanes 3 show, except for accidental
isochrony, four resonances associated with the methyl
groups of the thioacetonide moieties. The nonequivalence
of the four methyl groups is consistent with a propeller-
shape conformation with C3 symmetry. In this conforma-
tion, the three aryl groups are equivalent, but the four
methyl groups of each aryl group are magnetically different
as they are localized in different spatial environments. The
same observation can be made on the 13C NMR spectra
where four resonances are observed for the methyl groups,
six for the phenyl rings and two for the quaternary carbon
atom of the thioacetonide.

Crystallization from tetrahydrofuran (THF) afforded
crystals of alcohol 2d suitable for X-ray diffraction. The
structure reveals a propeller-like conformation and two mo-
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lecules of cocrystallized THF (Figure 5). As expected the
right- and the left-handed propellers are present in the crys-
tal. The three aromatic moieties are twisted in the same
direction; however, the structure lacks an exact threefold
symmetry. The three dihedral angles θ1–θ3, defined as the
angle between the two nearest Cipso–Cortho bonds of two ad-
jacent rings, are different (Table 1). A difference in the bond
length between the central carbon atom and the three aro-
matic rings is also observed. In addition, the two five-mem-
bered rings connected to the phenyl ring are twisted in the
opposite direction for two of the three phenyl rings, whereas
they are twisted in the same direction for the last one.

Figure 5. PYMOL view of the structure of 2d in the crystal.

Table 1. Crystallographic data.

Compd. R θ1 (CA3–CA2–CB2–CB4) d(C1–C2A) Ref.
X θ2 (CB3–CB2–CC2–CC4) d(C1–C2B)

θ3 (CC3–CC2–CA2–CA4) d(C1–C2C)

2d R = H –70.7(4)° 1.550(6) Å
X = OH –69.9(4)° 1.546(6) Å

–75.3(4)° 1.561(5) Å
1b R = COOMe –74.0(3)° 1.449(3) Å [15]

X = single electron –74.0(3)° 1.449(3) Å
–74.0(3)° 1.449(3) Å

1e R = NO2 –72.3(4)° 1.450(7) Å [25]

X = single electron –86.6(4)° 1.468(6) Å
–71.9(4)° 1.461(6) Å

The X-ray data are available in the literature for the para-
magnetic derivatives 1b[15] and 1e.[25] Although the methyl
ester derivative 1b exhibits a strict C3 rotation axis, the nitro
derivatives 1e partly diverge from C3 symmetry as the
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phenyl rings are twisted with three different angles
(Table 1). The three bonds connecting the phenyl rings to
the central carbon atom also have a slightly different length.
However, all the dihedral angles θ1–θ3 have the same sign,
which reveals a propeller conformation.

Resolution by CSP-HPLC

The resolution of two peaks for tris(tetrathioaryl)methyl
radical 1c and tris(tetrathioaryl)methanol 2c on HPLC car-
ried out with a cellulose carbamate CSP (CHIRALPAK IB)
was the first experimental proof of the chirality of the
tris(tetrathioaryl)methyl compounds (Figure 6).[26] The res-
olution for tris(tetrathioaryl)methane 3c is also possible at
room temperature (Figure 6), indicating that there is no ra-
pid isomerization on the HPLC timescale for the reduced
derivative either. The resolutions of ethyl ester derivatives
(R = COOEt) 1c, 2c and 3c were achieved by using a cellu-
lose carbamate chiral stationary phase (CHIRALPAK IB),
but this column failed to separate the enantiomers of the
unsubstituted derivatives 2d (R = H). The resolution of 2d
was in fact achieved by using an amylose carbamate CSP
(CHIRALPAK IA) (Figure 6).

Figure 6. CSP-HPLC chromatograms with UV detection. Resolu-
tion was carried out with a CHIRALPAK IB column for 1c, 2c,
3c and on a CHIRALPAK IA column for 2d.

In order to further evaluate the influence of the hybrid-
ization of the central carbon atom and substitutions on the
conformational stability, semipreparative resolution of
tris(tetrathioaryl)methanols 2c and 2d and tris(tetra-
thioaryl)methane 3c was undertaken. A few milligrams of
each enantiomer of alcohol 2c was obtained with an enan-
tiomeric ratio (e.r.) of 100:0 using semipreparative HPLC
(CHIRALPAK IB 10�250 mm, 5 μm) according to a pro-
cedure previously reported.[26] The semipreparative HPLC
resolution of 3c affords the two optically enriched enantio-
mers in milligram scale. The first eluted enantiomer was
isolated with an e.r. of 88.4:11.6, whereas the second eluted
enantiomer was isolated with an e.r. of 94.0:6.0 using a sem-
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ipreparative column (CHIRALPAK IB 10 �250 mm,
5 μm). The amount of each enantiomer that can be isolated
is limited by the low solubility of 2c and 3c in the eluent.
The resolution of unsubstituted alcohol 2d was carried out
on an analytical column (CHIRALPAK IA 4.6� 250 mm,
5 μm). Half a milligram of each of the two enantiomers was
isolated with an e.r. of 85.6:14.4 for both enantiomers.

Determination of Configurational Stability

A free activation energy of ΔG‡
(25 °C) = 26.4 kcalmol–1

for the enantiomerization process of radical 1c was deter-
mined by monitoring the kinetics of racemization after iso-
lation of the enantiomers.[26] This value is sufficiently high
to enable the two enantiomers to be stored independently
for months in the freezer. The kinetics of resolution have
been extended to methanols 2c and 2d and to methane 3c
in order to determine the influence of the nature of the
central carbon atom and the influence of aromatic substitu-
tion (Table 2). The racemization was monitored by HPLC
at 25 °C in EtOAc for each compound (Figure 7). The race-
mization rates were determined by fitting the experimental

Table 2. Kinetic parameters and enantiomerization free activation
energy for 1c, 2c, 2d and 3c at 25 °C.

Compd. krac. t(1/2)rac. kenant. ΔG‡
enant. Method

[h–1] [h] [h–1] [kcalmol–1]

1c[a] 0.0020 343.3 0.0010 26.4 HPLC
(in EtOAc)
2c 0.0410 16.9 0.0205 24.6 HPLC
(in EtOAc)
2d[b] 0.0823 8.4 0.0411 24.2 NOESY/EXSY
(in [D6]
DMSO)
2d 0.0572 12.1 0.0286 24.4 HPLC
(in EtOAc)
3c 0.0513 13.5 0.0257 24.5 HPLC
(in EtOAc)

[a] Ref.[26] [b] Ref.[21]

Figure 7. CSP-HPLC kinetics of racemization for 2c, 2d and 3c.
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decay of enantiomeric excess (% ee) according to Equa-
tion (1).

% ee = % ee0·e–kract (1)

The racemization and enantiomerization processes are
closely linked. The racemization corresponds to a macro-
scopic and nonreversible process leading to an enantiomeric
excess of 0%, which is the thermodynamic equilibrium. The
enantiomerization is related to a microscopic and reversible
process, which is completed when all of the molecules have
been converted into the other enantiomer. The relationship
between the rate constants is krac. = 2 kenant. The experimen-
tal rates of racemization are very close for all diamagnetic
compounds 2c, 2d, and 3c, which indicates that there is no
strong influence of the para substituent (H or COOEt) or
of the nature of the group connected to the central carbon
atom (H or OH) on the isomerization process. The half-
lives of racemization in EtOAc vary from 12.1 h for 2d to

Figure 8. n-Ring-flip mechanisms and exchanged positions.
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16.9 h for 2c; the isomerization rate of 2d in EtOAc found
by CSP-HPLC is in good agreement with the rate found by
Tormyshev et al. in DMSO using exchange spectroscopy.[21]

However, the rate of isomerization is one order of magni-
tude lower for the paramagnetic derivative 1c.

Determination of the Isomerization Mechanism by
Exchange Spectroscopy

The isomerization for three-bladed propellers can be de-
scribed by the so-called Kurland’s flip mechanism.[16] There
are four pathways leading to helicity reversal, namely, the
zero-, one-, two- and three-ring flips. These mechanisms in-
volve a conrotatory rotation of zero, one, two or three aro-
matic rings across a plane perpendicular to the one formed
by the three Cipso atoms (the reference plane) while the
other rings rotate in the opposite direction, through the ref-
erence plane (Figure 8). The two-ring flip is considered as
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the lower-energy mechanism for the helicity reversal; how-
ever, exceptions exist.[27]

In the case of a tetrahedral configuration of the central
carbon atom for diamagnetic 2 (X = OH) and 3 (X = H),
the four methyl groups (A, B, C, D, Figure 8) are localized
in different spatial environments, resulting in four distinct
peaks in the 1H and 13C NMR spectra. Degeneracy arises
for the radical derivatives 1, the planar geometry of the cen-
tral carbon atom makes the methyl groups A equivalent to
C and the methyl groups B equivalent to D. Analysis of
isomerization mechanisms for tris(tetrathioaryl)methyl de-
rivatives 2 and 3 shows an exchange of the position of
methyl groups A and B and an exchange of position of
methyl groups D and C when the rings rotate through the
plane perpendicular to the reference plane, whereas the ro-
tation in the opposite direction involves an exchange of the
position of methyl groups A and D and methyl groups B
and C. Tormyshev et al. used exchange spectroscopy to de-
termine the ratio of flipping rings passing through the plane
perpendicular to the reference plane to rings flipping
through the reference plane.[21] A ratio of 2:1 was deter-
mined for tris(tetrathioaryl)methanol 2d, which corre-
sponds to a two-ring flip mechanism.

A similar strategy to determine the mechanism of isom-
erization of tris(tetrathioaryl)methane 3c was used. The 1H
NMR spectrum of 3c at 500 MHz shows four resonances
for the methyl groups in deuterated chloroform but only
three in [D6]DMSO because of accidental isochrony of two
methyl groups. However, by increasing the temperature, a
small change in peak frequency is observed leading to com-
plete resolution of the methyl groups. Correlations in the
2D 1H-13C HMBC spectrum reveal that methyl groups 1
and 2 (Figure 9) are attached to the same carbon atom; in
the same fashion methyl groups 3 and 4 are attached to the
same carbon atom.

Figure 9. Expansion of the methyl group region of 3c in [D6]
DMSO at 25 and 145 °C (500 MHz).

A high-resolution 2D 1H-1H NOESY/EXSY spectrum
was recorded at 145 °C in [D6]DMSO with a spectrometer
operating at 500 MHz for 1H, with mixing time of 600 ms.
The acquisition region was centred on the methyl groups
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with a spectral width of 0.5 ppm in both F1 and F2 dimen-
sions. In such spectra, cross-peaks that have the same sign
as the diagonal are chemical exchange peaks (EXSY),
whereas cross-peaks that have a sign opposite to the diago-
nal are nuclear Overhauser effect (nOe) peaks (NOESY).
At 145 °C, eight correlations with the same sign as the diag-
onal are observed corresponding to chemical exchange
(Figure 10). As the 2D NOESY/EXSY spectrum is symmet-
rical across the diagonal, the same information is found
twice on such a spectrum, so it is only essential to describe
four of the eight correlations. First of all, an EXSY cross-
peak is observed between geminal methyl groups 4 and 3
with an intensity of two, whereas an EXSY cross-peak is
observed between methyl groups 4 and 1 with an intensity
of one. Furthermore, two EXSY cross-peaks are obtained
for methyl group 3, one with methyl group 4 (intensity two)
and one with methyl group 2 (intensity one). For each
methyl group, there is exchange between its geminal posi-
tion with an intensity of two, which corresponds to a rota-
tion across the plane perpendicular to the reference plane
and exchange with a position on the opposite side of the
aryl moiety with an intensity of one, which corresponds to
the rotation through the reference plane. The only mecha-
nism that fits these observations is the two-ring flip mecha-
nism (Figure 8).

Figure 10. 2D 1H-1H NOESY/EXSY spectrum of 3c at 145 °C
(500 MHz).

Computational Chemistry

We first investigated the mechanism of isomerization by
exploring the four potential pathways for interconversion
for radical (1d) and alcohol (2d) derivatives using DFT
methods. Transition-state (TS) structures could be found
for the two- and three-ring flip mechanisms. For the other
mechanisms (zero- and one-ring flip), our calculations re-
vealed that bringing two of the aromatic rings in the same
plane would lead to such a spatial proximity between the
thio substituents of these aryl groups (� 0.5 Å between two
S atoms) that these structures are simply not realistic. The
calculated energies of the transition states confirm that the
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lower-lying pathway for helicity reversal is, in both cases,
the one involving a two-ring flip mechanism (Table 3). This
can be accounted for by the difference in steric strain be-
tween the two transition-state structures. Indeed, the three-
ring flip TS involves a close proximity of ortho-thio substit-
uents of the three aromatic rings, which highly destabilizes
this structure. In the case of radical 1d, there is also a differ-
ence in spin delocalization between the two- and three-ring
flip TS structures; the two-ring flip TS allows delocalization
of spin density into one aromatic ring, whereas in the three-
ring flip TS the three aromatic rings are perpendicular to
the reference plane preventing any conjugation (Figure 11).
Stabilization by delocalization into one aromatic ring can
be estimated by computing the energy barrier of rotation
around the CH2–Ar single bond of the model paramagnetic
2,2,6,6-tetramethylbenzo[1,2-d:4,5-d�]bis([1,3]dithiol-4-yl)-
methyl radical. The obtained energy barrier is
13.3 kcal mol–1 at the B3LYP/6-31G* level.

Table 3. Computed energy barrier (ΔE‡) to isomerization for 1d
and 2d (energies are in kcalmol–1 relative to reactants).

Mechanism 1d 2d

Two-ring flip 28.9 30.3
Three-ring flip 73.6 82.4

The computed energy barrier to isomerization is lower
for radical 1d than for its alcohol analogue 2d (the com-
puted energy barriers in solution are 27.6 and
30.2 kcal mol–1, respectively; Table 4).[28] Calculations of the
activation free energy show, however, that the isomerization
of radical 1d is entropically disfavoured: inclusion of zero-
point energy, thermal and entropic contributions increases
the barrier by 2.7 kcalmol–1. For alcohol 2d these contri-
butions are much lower (0.3 kcalmol–1). The result of this
is that, although the energy barrier is slightly lower for radi-
cal 1d, the barrier to isomerization is similar, in terms of
free energy, for both nonsubstituted derivatives (1d and 2d).

In order to investigate the influence of para substitution
on the aromatic moieties, we computed the energy barrier
to isomerization for 1b and 2b. Substitution was found to
have no significant effect on the rate of interconversion of
alcohol derivatives. This is in good agreement with our ex-
perimental results, which showed that the free activation en-
ergies for 2d and 2c are 24.4 and 24.6 kcal mol–1, respec-
tively. The energy barrier to helicity reversal for paramag-
netic derivatives is, on the contrary, sensitive to para substi-
tution: ester-substituted radical derivative 1b is computed
to be less reactive (energy barrier increased by
1.8 kcal mol–1) than its non-para-substituted analogue 1d.
Whereas no difference in reactivity between radical and
alcohol is predicted for nonsubstituted derivatives, the rate
of isomerization for ester-substituted radical 1b should thus
be lower than for its alcohol analogue 2b. Indeed, experi-
ments showed that the rate of isomerization is one order
of magnitude lower for the ester-substituted paramagnetic
derivative 1c, as compared to that of alcohol derivative 2c.
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Figure 11. Spin-density surface of ground state (top) and TS for
two-ring (center) and three-ring (bottom) flip mechanisms for 1d.

Table 4. Computed energy barrier (ΔE‡) and activation free energy
(ΔG‡) to isomerization (energies are in kcalmol–1 relative to reac-
tants).

Compd. R ΔE‡ ΔE‡
(AcOEt) ΔG‡

(EtOAc)

X

1d R = H 28.9 27.6 30.3
X = single electron

1b R = CO2Me 30.1 29.4
X = single electron

2d R = H 30.3 30.2 30.5
X = OH

2b R = CO2Me 30.6 30.5
X = OH

Conclusions

Tris(tetrathioaryl)methanols, radicals and tris(tetra-
thioaryl)methanes adopt a propeller-like conformation.
Slow interconversion of right-handed (P) and left-handed
(M) propellers is responsible for the chirality of these mole-
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cules at room temperature. Analytical and semipreparative
CSP-HPLC allows resolution of enantiomers for methanol,
radical and methane derivatives. The enantiomerization free
activation energies determined by kinetics of racemization
using CSP-HPLC vary from 24.4 kcal mol–1 for alcohol 2d
to 26.4 kcalmol–1 for radical 1c. Computational chemistry
results are in good agreement with the experimental results
and show an influence of the para substitution for the para-
magnetic derivatives; no significant effect was found for the
methanol derivatives. Computational and NOESY/EXSY
spectroscopy studies are consistent with a two-ring flip
mechanism for the isomerization process of tris(tetra-
thioaryl)methanols, radicals and tris(tetrathioaryl)meth-
anes.

Experimental Section
General: All commercially available reagents were used as received
without further purification. NMR spectra were recorded with a
Bruker Avance DPX (1H: 500 MHz; 13C: 125 MHz). Chemical
shifts (δ) are reported in parts per million (ppm), referenced to
NMR solvents, [D]chloroform [δ(1H) = 7.27 ppm, δ(13C) =
77.2 ppm], [D6]dimethyl sulfoxide [δ(1H) = 2.50 ppm, δ(13C) =
39.52 ppm]. The following abbreviations are used: s = singlet, d =
doublet, t = triplet, m = multiplet. Coupling constants (J) are re-
ported in Hertz (Hz). HRMS analyses were performed at the Uni-
versity College London. Analytical HPLC was carried out with a
Waters Alliance 2690 separations module equipped with a Waters
2998 photodiode array (PDA) detector. Semipreparative reverse-
phase HPLC of 3c was carried out with a Waters 600 Pump
equipped with a Waters 486 UV detector, a Waters fraction collec-
tor III and a Hitachi L-7200 HPLC autosampler. Semipreparative
CSP HPLC was carried out with a Waters 600 Pump equipped with
a Waters 996 PDA, a Waters 717 autosampler and a Waters frac-
tion collector III.

Computational Methods: Computations have been performed by
using the Jaguar 7.5 pseudospectral program package.[29] All spe-
cies have been fully optimized, and the Cartesian coordinates are
supplied in the Supporting Information. Geometry optimization
was performed using the well-established UB3LYP hybrid density
functional[30,31] as implemented in Jaguar with the standard split
valence polarized 6-31G* basis.[32] This methodology has already
been shown to describe properly these systems.[26] Vibrational fre-
quencies were computed for all stationary points for nonsubsti-
tuted derivatives (R = H) 1d and 2d at the UB3LYP/6-31G* level
of theory and are used to include zero-point energy, thermal and
entropic corrections to compute ideal-gas free energies. The correct
nature of stationary points was confirmed by checking the curva-
ture and its eigenvectors. Ground-state structures were found to
be minima with zero imaginary frequency, whereas transition-state
structures were found to be first-order saddle points with a single
imaginary frequency. Solvation effects were estimated by per-
forming additional single-point energy calculations (UB3LYP/6-
31G*) using the Poisson–Boltzmann polarizable continuum
method and the parameters appropriate for ethyl acetate (probe
radius = 2.69; dielectric constant = 6.02), the solvent used for race-
mization kinetics. For the large reaction systems there are usually
several local minima or saddle points corresponding to each inter-
mediate or transition state. This is due to the possibility of multiple
conformations. In particular, the nonplanarity of the two five-mem-
bered rings on each phenyl groups allows two different conforma-
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tions for each ring. Test calculations showed that the energy differ-
ences between the various accessible conformers[33] and the energy
barriers connecting them are much lower than the barriers to en-
antiomerization. We have made a systematic attempt to locate all
possible local saddle points, with the data presented referring to
the lowest energy form.

X-ray Structure Determination: Crystals suitable for X-ray analysis
were obtained by slow solvent evaporation from THF solutions.
A colourless plate-like crystal (0.24� 0.410�0.04 mm) was flash-
cooled in a 120 K nitrogen flow prior to the diffraction experiment.
A total of 91 images (Δφ = 2°) were collected with a Mar345 image
plate using Mo-Kα radiation (Rigaku UltraX 18 rotating anode).
The reflections of the images were indexed and integrated using the
CrysalisPro package (Agilent Technologies).[34] Data were scaled
and corrected for absorption using the integrated scale3 abspack
procedure. The structure was solved by direct methods (SHELXS)
and refined by full-matrix least-squares on |F2| (SHELXL).[35] Non-
hydrogen atoms were anisotropically refined, and the hydrogen
atoms were placed on calculated positions with temperature factors
fixed at 1.2 times Ueq of the parent atoms and 1.5 times Ueq for
methyl groups. The structure was twinned around the reciprocal c

axis and was integrated as such. The ratio of both twin domains
refined to 48.5%. Crystal Data for 2d: C37H40OS12·2(C4H8O), Mr

= 1029.62 gmol–1, monoclinic, space group P21/c, a = 14.0782(11),
b = 12.6254(8), c = 27.718(4) Å, β = 98.575(11)°, V = 4871.6(8) Å3,
Z = 4, ρ = 1.404 gcm–3, μ(Mo-Kα) = 0.578 mm–1, T = 120 K, reflec-
tions: 11216 collected, 11216 unique, Rint = unmerged, R1 [|F| �

2σ(F)] = 0.0736, wR2 [|F| � 2σ(F)] = 0.1683. CCDC-883661 con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Tris(8-ethoxycarbonyl-2,2,6,6-tetramethylbenzo[1,2-d;4,5-d�]bis[1,3]-
dithiol-4-yl)methane: To the tris(tetrathioaryl)methanol 2c (25 mg,
0.023 mmol) was added TFA (5 mL) and metallic zinc foil
(120 mg), and the solution was stirred for 48 h. The TFA was then
removed under reduced pressure, and the crude product was puri-
fied by semipreparative HPLC to give 12.5 mg (50%) of the title
compound as an orange solid. The purification conditions were as
follows: Column XBridge Prep C18 (10�100 mm 5 μm) equipped
with a guard column XBridge Prep C18 (10�20 mm 5 μm), helium
sparge 30 mL/min, UV detection at 267 nm, flow rate: 5 mL/min,
eluent: MeCN 86%/H2O 14%. 1H NMR (500 MHz, CDCl3): δ =
1.47 (t, J = 7.1 Hz, 9 H, OCH2CH3), 1.67 (s, 9 H, CH3), 1.73 (s, 9
H, CH3), 1.77 (s, 9 H, CH3), 1.79 (s, 9 H, CH3), 4.35–4.50 (m, 6
H, OCH2CH3), 5.39 (s, 1 H, CH) ppm. 13C NMR (125 MHz,
CDCl3): δ = 14.5 (OCH2CH3), 29.0 (CH3), 29.3 (CH3), 33.0 (CH3),
34.2 (CH3), 62.2 (CH), 62.3 (SCS), 62.5 (OCH2CH3), 62.9 (SCS),
120.4 (CAr), 130.0 (CAr), 139.3 (CAr), 140.1 (CAr), 140.6 (CAr),
141.8 (CAr), 166.5 (CO2CH2CH3) ppm. HRMS (TOF MS ES+):
calcd. for C46H53O6S12 [M + H]+ 1085.0491; found 1085.0607. RP
HPLC: tR = 6.14 min [254 nm, 1 mL/min, MeCN 100 %, Symmetry
C18 (4.6�250 mm), 25 °C].

Exchange Spectroscopy: The 2D 1H-1H NOESY/EXSY was re-
corded at 145 °C using the Bruker noesygpph pulse sequence, mix-
ing time d8 = 0.6 s, spectral width SW = 0.5 ppm, centre of spec-
trum O1P = 1.71 ppm, TD = 1024 points in the direct-detect 1H
dimension, TD = 256 increments in the indirect 1H dimension,
number of scans ns = 32, number of dummy scans ds = 16. A
sine bell window function shifted by 90° was used to process both
dimensions of the spectrum. Zero filling was used to obtain a final
resolution of 0.12 Hz/point in the direct 1H dimension and 0.24 Hz/
point in the indirect 1H dimension.
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Resolution of Enantiomers: The two enantiomers of 2c were sepa-
rated by using a procedure previously reported.[26] Enantiomers of
3c were separated by using a semipreparative CHIRALPAK IB
column 10 �250 mm 5 μm equipped with a guard column CHI-
RALPAK IB 10 �20 mm 5 μm. The conditions of resolution were
as follows: flow rate: 4.7 mL/min; eluent: isohexane 88%/EtOAc
10%/EtOH 2%. UV detection: 268 nm; column temperature: ambi-
ent. Enantiomers of 2d were separated with an analytical CHI-
RALPAK IA column 4.6 �250 mm 5 μm equipped with a guard
column CHIRALPAK IA 4.6 �20 mm 5 μm. The conditions of
resolution were as follows: flow rate: 1 mL/min; eluent: isohexane
88%/EtOAc 10%/EtOH 2%. UV detection: 275 nm; column tem-
perature: ambient. Enantiomers of 2c, 2d, 3c were collected using
a fraction collector in a flask cooled to –78 °C.

HPLC Kinetics: The racemizations of 2c, 2d and 3c were monitored
by CSP HPLC according to this general procedure: one enantiomer
was dissolved with EtOAc at 25 °C in an HPLC vial (1.5 mL). The
vial was then placed in the HPLC oven where the temperature was
controlled to 25 °C. This time was considered to be t = 0. Chroma-
tograms were recorded periodically over the time and the enantio-
meric excess was calculated by integration of the two enantiomers
at 274 nm for 2c, 274 nm for 2d and 267 nm for 3c. Kinetic mea-
surements were stopped when % ee = 0. The conditions of resolu-
tion were as follows: For 2c: Column: CHIRALPAK IB
(4.6�250 mm 5 μm) equipped with a guard column CHIRALPAK
IB (4.6�20 mm 5 μm), flow rate: 1 mL/min; eluent: isohexane
93%/EtOAc 4%/MeOH 3%. For 2d: Column: CHIRALPAK IA
(4.6� 250 mm 5 μm) equipped with a guard column CHIRALPAK
IA (4.6�20 mm 5 μm), flow rate: 0.5 mL/min; eluent: isohexane
90%/EtOAc 7%/EtOH 3%. For 3c: Column: CHIRALPAK IB
(4.6�250 mm 5 μm) equipped with a guard column CHIRALPAK
IB (4.6�20 mm 5 μm), flow rate: 1 mL/min; eluent: isohexane
88%/EtOAc 10%/EtOH 2 %.

Supporting Information (see footnote on the first page of this arti-
cle): 1H NMR, 13C NMR, HR mass spectra and HPLC chromato-
gram of 3c; optimized Cartesian coordinates and corresponding
energies for all species discussed in the text.
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