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Van�t Hoff pointed out more than a century ago[1] that the
heat of formation and the entropy of enantiomers of chiral
molecules must be exactly equal for symmetry reasons.
Traditional quantum chemistry which only includes the
electromagnetic interaction finds just this symmetry.[2] How-
ever, electroweak quantum chemistry which includes parity
violation predicts an energy and entropy difference. One of
the greatest challenges in the current understanding of
fundamental aspects of the structure and dynamics of chiral
molecules concerns the experimental proof of the role of
parity violation because of the weak nuclear interaction.[3]

Experimental spectroscopic approaches have been proposed
for some time. One of these approaches is to measure directly
the heat of reaction DrH0

0 for the transformation of S into
R enantiomers which is related to the parity violating energy
difference DpvE[3, 4] as shown in Equation (1).

DrH0
0 (S > R) � NA DpvE (1)

Another approach is measuring certain frequency shifts of
the enantiomers, for instance in NMR,[5] microwave,[6] IR,[6±10]

or Möûbauer[11] spectra of R and S enantiomers (see the
diagram in Figure 1).

The recent theoretical discovery[12, 13] that parity-violating
effects in chiral molecules are typically one to two orders of
magnitude larger than previously anticipated[14, 15] has stimu-
lated intensified theoretical[16±22] and experimental inter-
est[6, 10, 11] in this field. Of particular importance are experi-

0.17 mmol, 94%). No PPN� resonances were observed by 1H NMR
spectroscopy. UV/VIS (MeCN): l (e)� 210 (6.8� 104), 233 (2.1� 104),
260 nm (6� 103).

[PPN]-2 : To a solution of Na[PPN]-2 (100 mg, 0.050 mmol) in warm
ethanol (10 mL) was added a solution of FeCl3 ´ 6 H2O (14 mg, 0.050 mmol)
in ethanol (5 mL). The purple reaction solution was stirred for 30 min at
25 8C and then kept at ÿ18 8C for 3 h. Dark purple crystals precipitated
which were separated by filtration, recrystallized from ethanol, and dried
(m.p. 197 8C) to yield [PPN]-2 (90 mg, 0.046 mmol, 90%). Electrospray MS
(MeCN), negative-ion mode: m/z (%): 1416.0 (100) [2]ÿ ; VIS (MeCN): l

(e)� 537 nm (1.4� 104); EPR (solid, 273 K): g� 2.1997.

2 : A sample of K2-2 (100 mg, 0.067 mmol) was dissolved in ethanol (10 mL)
and a solution of FeCl3 ´ 6H2O (45 mg, 0.166 mmol) in ethanol (5 mL) was
added. The reaction mixture turned purple and then dark red. The
suspension was stirred for 1 h at room temperature and the precipitate was
removed by filtration. The orange-brown solid was recrystallized from
ethanol (m.p. 155 8C) to give 2 (80 mg, 0.057 mmol) in 84% yield. FAB-MS
(acetone), negative-ion mode: m/z (%): 1324.7 (25) [2ÿCH2Ph]ÿ , 1415.8
(100) [2]ÿ , 1506.7 (70) [2�CH2Ph]ÿ ; 11B NMR (160 MHz, acetone): d�
43.3 (s); VIS (MeCN): l (e)� 467 nm (1.7� 104).
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Figure 1. Scheme of energy levels and structures of fluorooxirane enan-
tiomers. The structure of (R)-fluorooxirane (right) as used in the
calculations was obtained by a full structure optimization using MP2 with
a TZ2P basis set and is consistent with experimental data from high-
resolution spectra.[24] The dashed line indicates that the direct optical
transition to this S state from the R ground state is forbidden.

ments on chiral molecules in the low frequency ªopticalº
(infrared[10]) domain, where the currently best relative
frequency uncertainty of about 10ÿ13 has been obtained in
the CO2-laser emission range around 1000 cmÿ1. This uncer-
tainty is still three to four orders of magnitude greater than
the effects calculated for one useful test molecule
CHBrClF.[20±22] A prerequisite for any such experiment, as
well as for the proposed direct measurement of DpvE[4] is a
rovibrationally line resolved and analyzed optical spectrum of
the chiral molecule under consideration. While until 1994
there was to our knowledge not a single example where such
an analysis had been achieved for a chiral molecule, since that
time three cases in parallel have been successfully studied in
our laboratory: CHBrClF,[6, 23] 2-fluorooxirane,[24] and (2,2-
2H2)thiirane-1-oxide.[25, 26]

Fluorooxirane (Figure 1) is a particularly interesting mol-
ecule because it contains only atoms of the first row of the
periodic table, rendering fundamental and accurate calcula-
tions possible. Because of its rather rigid, cyclic structure it has
a particularly simple infrared spectrum in the CO2-laser range.
Fluorooxirane as well as related compounds might prove to be
crucial for future experimental and theoretical efforts. We
present here the first calculations on the parity-violating
energy difference DpvE as well as vibrational and rotational
frequency shifts for this compound.

Our general theoretical approaches to parity violation have
been described elsewhere.[13, 19±21] Herein we follow closely our
approach used for CHBrClF.[20, 21] Briefly, we have used the
multiconfiguration linear response (MC-LR) approach[19] in
the random phase approximation (RPA), and complete active
space self consistent field (CASSCF) limit.

An estimate of rotational and vibrational frequency shifts
between R and S enantiomers is obtained by using a
coordinate dependent parity-violating potential, Vpv(~q)[20, 21]

which has been calculated using RPA (if not specified
otherwise).~q describes a suitable set of molecular coordinates
(here, reduced vibrational normal coordinates). Figure 2

Figure 2. Parity violating potential Vpv [10ÿ15 cmÿ1] as obtained for (R)-
fluorooxirane from RPA (*, full lines) and CASSCF calculations (*,
dashed line) with a triple zeta basis set augmented by two sets of
polarization functions (TZ2P). The dimensionless reduced normal coor-
dinate (qred) dependence of Vpv is shown for the present choice of
vibrational phases of the three modes displayed here (n7 (&), n8 (^), n9 (*
and *) correspond to d-CÿFÿH bending, d-CH2 bending, and the CÿF
stretching mode).[24]

shows as an example Vpv for three different modes including
the CÿF stretching vibration n9.

By analyzing the coordinate dependence of Vpv we are able
to calculate estimates for the vibrational wavenumber shifts
between (R)- and (S)-fluorooxirane from the polynomial
coefficients used to fit the coordinate-dependent parity-
violating potential for each mode j of the 3Nÿ 6 vibrational
modes, where N is the number of atoms (N� 7).

Table 1 summarizes the most relevant coefficients p0(j) to

p2(j) from a third-order polynomial fit V(qj)�
X3

i�0

pi(j) qi
j,

where p0(j) is related to DpvE by Equation (2).

E(R)ÿE(S)�DpvE� 2�Vpv(~q�~0 �� 2� p0(j)� 2�pÄ 0(j)�hc
�ÿ 155� 10ÿ15 cmÿ1� hc

(2)

This corresponds to a value for DrH0
0 of about ÿ2�

10ÿ12 J molÿ1 (obtained with CASSCF). Thus, (R)-fluorooxir-
ane is more stable than (S)-fluorooxirane. The vibrational
wavenumber shift for mode j in the separable harmonic
adiabatic approximation (SHAA) is given by Equation (3).[21]

DpvwÄ (j) � wÄ (R)(j)ÿwÄ (S)(j) � 2� pÄ 2(j) (3)

As shown in Table 1 the value of DpvwÄ /wÄ is very dependent
on the absolute magnitude as well as on the sign of the relative
shift. For the CÿF stretching mode n9 we find Equation (4).

DpvwÄ 9/wÄ 9 � 1.2� 10ÿ18. (4)

The last column of Table 1 shows anharmonic vibrational
wavenumber shifts obtained within the separable anharmonic
adiabatic approximation (SAAA)[21] for some selected modes
as expectation values of the parity-violating potential Vpv with
one-dimensional vibrational wavefunctions (j0'i for the
ground state and j1'i for the first vibrationally excited state)
according to Equation (5).

DpvnÄ/nÄ � 2� (h1' jVpv j 1'iÿ h0' jVpv j 0'i)/(hcnÄ). (5)
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Table 2 displays the vibrational wavenumber shifts for
selected modes of the dideuterated species 2-fluoro-(3,3-2H2)-
oxirane as obtained within the SHAA and SAAA. With DpvE,
DpvE* (Figure 1) can be estimated from Equation (5).

The parity-violating potential also gives rise to a change in
equilibrium geometry which can be used to estimate the
relative shift of the rotational constants caused by Vpv.[21] The
minimum position ~qmin in dimensionless reduced normal
coordinates is given by Equation (6). The corresponding
relative shift[21] DpvXe/Xe in rotational constants X with X�A,
B, C is summarized in Table 3 for (R)-fluoroxirane.

qmin(j) � ÿ pÄ1�j�
wÄ0

j

(6)

We can compare these observable rotational and vibra-
tional wavenumber shifts to those obtained for (R)- and
(S)-CHBrClF.[20±22] For the CÿF stretching mode of CHBrClF
(in the spectral region of the CO2 laser), Equation (7)
applies.

jDpvwÄ 4/wÄ 4 j � jDpvnÄ4/nÄ4 j � 8� 10ÿ17 (7)

As is expected from the presence of two relatively heavy
nuclei (Cl, Br), this shift is larger than for fluorooxirane.
While the frequency shifts of fluorooxirane are too small to be
detected by present day techniques, the energy difference
between R and S enantiomers indicated by Equation (8)
corresponds to a period of motion for parity change t� of
about 200 s with an initial time evolution in the ms to ms range
that should be measurable by the technique proposed in
reference [4].

t� � h/DpvE (8)

According to the estimates presented in reference [4] a
value of DpvE would be sufficient to generate a detectable
signal for parity change, if the parity-violating energy differ-
ence were on the order of the early theoretical estimate for
light molecules,[14, 15] NA DpvE� 2� 10ÿ14 J molÿ1. As the signal
at early times increases quadratically with DpvE the value for
fluorooxirane calculated here would thus improve the exper-
imental situation by a factor of 104. It should be noted that the
ªmotionº of parity change is no simple motion in space (or in
normal coordinate space). It rather corresponds to an
ªisomerizationº between delocalized ªstrange parity isomersº
of chiral molecules (see refs. [3, 4, 27] for details). This type of
experiment (while difficult to carry out) together with our
new theoretical result for DpvE, brings measurements of a
parity violating energy difference into the realm of the doable.
One may compare the present case with the early pioneering
experiment on IR frequency shifts also in a ªlight-atom

Table 1. The most relevant parameters pÄ 0 , pÄ1, pÄ2 [10ÿ15 cmÿ1] obtained by fitting the energy points Vpv(qj) calculated ab initio for (R)-fluorooxirane with RPA
for each vibrational reduced normal coordinate qj (j� 1 ± 15) to a third-order polynomial. The root-mean-square deviation of the fit to the analytic
polynomial is between 10ÿ4 and 3� 10ÿ3 ; standard deviation from the fitting procedure are given in parenthesis in units of the last significant digits. The last
columns give DpvwÄ /wÄ and DpvnÄ/nÄ [10ÿ19] obtained from pÄ2 in the SHAA and for some selected modes in the SAAA.[21] See text for details.

Mode nexp
[a] pÄ 0 pÄ1 pÄ2 DpvwÄ /wÄ DpvnÄ /nÄ

j [cmÿ1] [10ÿ15 cmÿ1] [10ÿ15 cmÿ1] [10ÿ15 cmÿ1] [10ÿ19] [10ÿ19]

1 3078 ÿ 86.5287(4) 2.7877(6) ÿ 0.089(2) ÿ 0.54
2 3050 ÿ 86.5253(11) 1.8263(16) 0.2223(6) 1.37
3 3011 ÿ 86.5280(1) ÿ 1.4644(2) ÿ 0.1129(1) ÿ 0.71
4 1479 ÿ 86.5308(13) ÿ 2.2998(20) 0.2136(7) 2.77
5 1383 ÿ 86.5309(14) 1.2452(21) ÿ 0.3045(7) ÿ 4.26
6 1284 ÿ 86.5278(1) 5.1859(1) 0.1871(1) 2.83
7 1156 ÿ 86.5278(3) 9.4739(4) 0.1848(1) 3.11 5.91
8 1135 ÿ 86.5272(8) ÿ 7.3957(12) 0.0927(4) 1.59 3.92
9 1126 ÿ 86.5289(5) ÿ 4.1706(8) 0.6904(3) 12.02 15.15
9 1126 ÿ 77.5797(7)[b] ÿ 4.3123(10)[b] 0.7149(4)[b] 12.45[b] 15.70[b]

10 1085 ÿ 86.5309(14) 2.0286(22) 0.1605(8) 2.92 3.33
11 968.21267(5) ÿ 86.5311(15) 10.1087(22) 0.3232(8) 6.56 2.35
12 866.637(3) ÿ 86.5281(3) 2.2411(4) 1.1911(2) 27.37 26.59
13 755 ÿ 86.5254(10) ÿ 6.3877(16) ÿ 0.7525(6) ÿ 20.05 ÿ 4.26
14 510 ÿ 86.5240(17) 2.5165(25) ÿ 0.1326(9) ÿ 5.18
15 432 ÿ 86.5269(4) 9.9593(6) 0.2311(2) 10.60

[a] Ref. [24].[b] CASSCF using an active space of six electrons in six orbitals.

Table 2. Vibrational wavenumber shifts calculated for selected modes of
(R)-2-fluoro-(3,3-2H2)-oxirane. Parity-violating potentials for the polyno-
mial fit have been calculated using the RPA and CASSCF with an active
space of six electrons in six orbitals. For the CÿF stretch CASSCF (mode 7)
gives, DpvE/hc� 2pÄ 0�ÿ 155.155� 10ÿ15 cmÿ1, as expected, very similar to
the value of ÿ155.159� 10ÿ15 cmÿ1 for the 1H isotopomer.

Mode nexp [cmÿ1][a] Method DpvwÄ /wÄ DpvnÄ /nÄ
j [10ÿ19] [10ÿ19]

7 1101.32909(3) RPA 4.6 11.4
CAS 4.9 12.3

9 982.0232(3) RPA 15.3 14.2
CAS 12.9 11.8

[a] From ref. [24].

Table 3. Rotational constants X (X�A, B, C) [cmÿ1] determined by
experiment and ab initio calculations for (R)-1H3C2OF and dimensionless
relative shifts DpvXe/Xe [10ÿ18] caused by Vpv.

X Exp.[a] Ab initio (this work) DpvXe/Xe

A 0.6703127(6) 0.67039 0.105
B 0.2449829(6) 0.24497 ÿ 0.369
C 0.2139151(5) 0.21345 ÿ 0.019

[a] Ref. [24].
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Synthesis of Conformationally Locked
Carbohydrates: A Skew-Boat Conformation of
l-Iduronic Acid Governs the Antithrombotic
Activity of Heparin
Sanjoy K. Das, Jean-Maurice Mallet, Jacques Esnault,
Pierre-Alexandre Driguez, Philippe Duchaussoy,
Philippe Sizun, Jean-Pascal HeÂrault, Jean-Marc
Herbert, Maurice Petitou,* and Pierre SinayÈ*

The conformational flexibility[1] of l-iduronic acid, a typical
monosaccharide component of heparin, most probably ex-
plains its remarkable protein adaptability and resulting
diverse biological activities.[2, 3] The analysis of this feature
has been the matter of a long controversy,[4] which not
surprisingly originates from the complexity of the heparin
primary structure. A major breakthrough in heparinology has
been the identification,[5, 6] followed by the total synthesis,[7, 8]

of a well-defined pentasaccharide sequence inserted into the
heparin chain, which specifically binds to antithrombin
(AT)Ða physiological inhibitor of activated blood coagula-
tion factorsÐand amplifies its action. This is the molecular
origin of the anticoagulant and antithrombotic activities of
heparin.

The 1H NMR spectroscopic data of this original synthetic
pentasaccharide in aqueous solution were easily extracted and

moleculeº, camphor, where Dn/n� 10ÿ8 was achieved.[9] Even
if more recent techniques could provide higher resolving
power,[10] a full rotational analysis for the IR spectrum of
camphor would be more difficult than for fluorooxirane, and
the experiment itself does not provide a value for DpvE. The
data calculated here are also sufficient for an estimate of the
equilibrium constant for racemization[28] from Equations (9)
and (10) where x and y explicitly show the deviation from
unity of the prefactor and the exponential factor.

KR;S
eq � qR

qS

exp (ÿDrH0
0/RT) � qvib;R

qvib;S

qrot;R

qrot;S

exp (ÿDrH0
0/RT) (9)

� (1� x)(1� y) (10)

Within the SHAA ,[20, 21] the equilibrium constant for
racemization at 300 K is KR;S

eq � 1� 8.20� 10ÿ16 with x�ÿ
1.01� 10ÿ17 and y� 8.30� 10ÿ16. These values have been
obtained with perturbation theory and high precision arith-
metic (MAPLE V).[29] To our knowledge, this is the first time
that these contributions have been explicitly estimated,
although it should be understood that the harmonic approx-
imation is not quite adequate.[28]

Received: October 31, 2000
Revised: February 12, 2001 [Z 16028]

[1] J. H. van�t Hoff in La Chimie dans l�Espace (Ed.: P. M. Bazendijk),
Rotterdam, 1887.

[2] W. J. Hehre, L. Radom, P. von R. Schleyer, J. A. Pople, Ab initio
Molecular Orbital Theory, Wiley, New York, 1986.

[3] M. Quack, Angew. Chem. 1989, 101, 588 ± 604; Angew. Chem. Int. Ed.
Engl. 1989, 28, 571 ± 586.

[4] M. Quack, Chem. Phys. Lett. 1986, 132, 147 ± 153.
[5] A. L. Barra, J. B. Robert, L. Wiesenfeld, Europhys. Lett. 1988, 5, 217 ±

222.
[6] A. Bauder, A. Beil, D. Luckhaus, F. Müller, M. Quack, J. Chem. Phys.

1997, 106, 7558 ± 7570.
[7] V. Letokhov, Phys. Lett. A 1975, 53, 275 ± 276.
[8] O. Kompanets, A. Kukudzhanov, V. Letokhov, L. Gervits, Opt.

Commun. 1976, 19, 414 ± 416.
[9] E. Arimondo, P. Glorieux, T. Oka, Opt. Commun. 1977, 23, 369 ± 372.

[10] C. Daussy, T. Marrel, A. Amy-Klein, C. Nguyen, C. BordeÂ, C.
Chardonnet, Phys. Rev. Lett. 1999, 83, 1554 ± 1557.

[11] R. Compton, unpublished work, cited in R. F. Service, Science 1999,
286, 1282 ± 1283.

[12] ªChemical Evolution: Physics of the Origin and Evolution of Lifeº:
A. Bakasov, T. K. Ha, M. Quack in Proc. 4th Trieste Conf. 1995
(Eds.: J. Chela-Flores, F. Raulin), Kluwer, Netherlands, 1996,
pp. 287 ± 296.

[13] A. Bakasov, T. K. Ha, M. Quack, J. Chem. Phys. 1998, 109, 7263 ±
7285.

[14] R. A. Hegstrom, D. W. Rein, P. G. H. Sandars, J. Chem. Phys. 1980, 73,
2329 ± 2341.

[15] S. F. Mason, G. E. Tranter, Mol. Phys. 1984, 53, 1091 ± 1111.
[16] P. Lazzeretti, R. Zanasi, Chem. Phys. Lett. 1997, 279, 349 ± 354.
[17] A. Bakasov, M. Quack, Chem. Phys. Lett. 1999, 303, 547 ± 557.
[18] J. K. Laerdahl, P. Schwerdtfeger, Phys. Rev. A 1999, 60, 4439 ±

4453.
[19] R. Berger, M. Quack, J. Chem. Phys. 2000, 112, 3148 ± 3158.
[20] M. Quack, J. Stohner, Phys. Rev. Lett. 2000, 84, 3807 ± 3810.
[21] M. Quack, J. Stohner, Z. Phys. Chem. 2000, 214, 675 ± 703.
[22] J. Laerdahl, P. Schwerdtfeger, H. Quiney, Phys. Rev. Lett. 2000, 84,

3811 ± 3814.
[23] A. Beil, D. Luckhaus, R. Marquardt, M. Quack, J. Chem. Soc. Faraday

Discuss. 1994, 99, 49 ± 76.

[24] H. Hollenstein, D. Luckhaus, J. Pochert, M. Quack, G. Seyfang,
Angew. Chem. 1997, 109, 136 ± 138; Angew. Chem. Int. Ed. Engl. 1997,
36, 140 ± 143.

[25] H. Gross, G. Grassi, M. Quack, Chem. Eur. J. 1998, 4, 441 ± 448.
[26] H. Sengstschmid, A. Bauder, D. Luckhaus, M. Quack, unpublished

results.
[27] M. Quack, Nova Acta Leopoldina 1999, 81, 137 ± 173.
[28] M. Quack, J. Stohner, Chirality, 2001, in press.
[29] B. Char, K. Geddes, G. Gonnet, B. Leong, M. Monagan, S. Watt,

MAPLE V, Waterloo Maple Software, Waterloo, Ontario, 1990.

[*] Prof. P. SinayÈ, Dr. S. K. Das, Dr. J.-M. Mallet, Dr. J. Esnault
DeÂpartement de Chimie, AssocieÂ au CNRS
Ecole Normale SupeÂrieure
24 Rue Lhomond, 75231 Paris cedex 05 (France)
Fax: (�33) 1-44-32-33-97
E-mail : pierre.sinay@ens.fr

Dr. M. Petitou, Dr. P.-A. Driguez, Dr. P. Duchaussoy, Dr. J.-P. HeÂrault,
Dr. J.-M. Herbert
DeÂpartement Cardiovasculaire/Thrombose
Sanofi-SyntheÂ labo
195 route d�Espagne, 31036 Toulouse cedex (France)
Fax: (�33) 5-61-16-22-86
E-mail : maurice.petitou@sanofi-synthelabo.com

Dr. P. Sizun
DARA, Sanofi-SyntheÂ labo
371 rue du professeur Joseph Blayac
34184 Montpellier cedex (France)


