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& BINOL

Static and Dynamic Properties of 1,1’-Bi-2-naphthol and Its
Conjugated Acids and Bases

Ibon Alkorta,*[a] C�line Cancedda,[b] Emilio Jos� Cocinero,*[c] Juan Z. D�valos,*[d]

Patrica �cija,[c] Jos� Elguero,[a] Javier Gonz�lez,[d] Alberto Lesarri,[e] Rocio Ramos,[d]

Felipe Reviriego,[a] Christian Roussel,[b] Iciar Uriarte,[c] and Nicolas Vanthuyne*[b]

Abstract: Several convergent techniques were used to char-
acterize 1,1’-bi-2-naphthol (BINOL) and some of its proper-
ties. Its acidity in the gas-phase, from neutral species to
monoanion, was measured by mass spectrometry. The con-
formation and structure of BINOL in the gas phase was de-
termined by microwave rotational spectroscopy. NMR experi-
ments in fluorosulfonic acid established that BINOL was mo-

noprotonated on one of the hydroxyl oxygen atoms. The
enantiomerization barriers reported in the literature for
BINOL under neutral, basic, and acid conditions were ana-
lyzed with regard to the species involved. Finally, DFT calcu-
lations allowed all of these results to be gathered in a coher-
ent picture of the BINOL structure.

1. Introduction

1,1’-Bi-2-naphthol (BINOL) and its derivatives are one of the
most widely used classes of ligands in asymmetric synthesis;
they are utilized in a broad array of reactions, including Diels–
Alder, carbonyl additions and reduction, Michael additions, ep-
oxidations, and Henry reactions. BINOL has axial chirality and
the two enantiomers can be separated because they are stable
toward racemization. Their specific rotations are �35.58. Be-
sides the great success obtained with the BINOL platform,
other C2-symmetric diol ligands have attracted considerable at-

tention, for instance, BINAP, VAPOL, VANOL, and related com-
pounds.[1]

The optical rotatory properties of (R or S) BINOL in various
solvents have been reported.[2] The changes in the specific ro-
tation and sign of optically active BINOL have been studied in
polar/nonpolar solvents at different pH values. It is considered
that these changes are determined by the equilibrium be-
tween cisoid and transoid conformations of BINOL with the
same configuration (R or S), which is related to the change in
dihedral angle between the two naphthalene ring planes of
BINOL (Figure 1). This involves the orthogonal transition state,
which is not relevant to the present work.

The racemic and both pure enantiomers of BINOL are com-
mercially available. The MS and microwave (MW) experiments
were carried out with (�)-BINOL, and the dynamic experiments
to determine the enantiomerization barriers with (R)-BINOL.

Figure 1. Cisoid and transoid conformations of BINOL.

[a] Prof. I. Alkorta, Prof. J. Elguero, Dr. F. Reviriego
Instituto de Qu�mica M�dica, CSIC
Juan de la Cierva, 3, 28006 Madrid (Spain)
Fax: (+34)91-5644853
E-mail : ibon@iqm.csic.es

[b] C. Cancedda, Prof. C. Roussel, Dr. N. Vanthuyne
Aix-Marseille Universit�, Centrale Marseille
CNRS, iSm2 UMR 7313, 13397 Marseille (France)
E-mail : nicolas.vanthuyne@univ-amu.fr

[c] Dr. E. J. Cocinero, Dr. P. �cija, I. Uriarte
Departamento de Qu�mica F�sica, Facultad de Ciencia y Tecnolog�a
Universidad del Pa�s Vasco (UPV-EHU)
Apartado 644, 48080 Bilbao (Spain)
Fax: (+34)94-4608500
E-mail : emiliojose.cocinero@ehu.es

[d] Prof. J. Z. D�valos, J. Gonz�lez, R. Ramos
Instituto de Qu�mica F�sica Rocasolano, CSIC. C/Serrano
119. 28006 Madrid (Spain)
Fax: (+34)91-5642431
E-mail : jdavalos@iqfr.csic.es

[e] Prof. A. Lesarri
Departamento de Qu�mica F�sica y Qu�mica Inorg�nica
Facultad de Ciencias
Universidad de Valladolid, 47011 Valladolid (Spain)

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/chem.201402686.

Chem. Eur. J. 2014, 20, 14816 – 14825 � 2014 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim14816

Full PaperDOI: 10.1002/chem.201402686

XI.5



2. Results and Discussion

Figure 2 shows all of the structures (minima) studied in this
work and their code names.

2.1. Theoretical calculations

The torsional barriers of substituted biphenyl are difficult to
calculate.[3] The B3LYP-D, B97-D, and TPSS-D3 functionals were
identified as the most promising methods, and were used to
determine the torsional barriers of 33 other substituted bi-
phenyls with known Gibbs energies of activation (25–
190 kJmol�1).[3]

The mechanism of isomerization of BINOL has been investi-
gated by means of DFT.[4] Three conformers exists for BINOL,
each of which has two enantiomers. Geometry optimizations
were carried out at the B3LYP level of theory, which consists of
the hybrid Becke+Hartree–Fock exchange and the Lee–Yang–
Parr correlation functional with nonlocal corrections, and two
kind of basis sets were used for all atoms: 6-31G(d) and 6-31+
G(d,p), as implemented in the Gaussian program package.
Comparison between the results obtained with the two basis

sets for the optimized geome-
tries and energetics revealed
only small differences, that is,
the geometrical structures and
energies are not strongly basis
set dependent. Therefore, the 6-
31G(d) basis set was used to de-
termine the potential-energy
curve.

A more complete study was
published in 2008.[5] The authors
wrote “Recently, density func-
tional theory (DFT) calculations
of 2,2’-BINOL have been carried
out to study its structural and
spectroscopic properties.” [6–10]

The computational results were
used to explain the measured vi-
brational circular dichroism and
resonance Raman spectra.[6–8]

The DFT calculations were also
been utilized to investigate the
isomerization/racemization
mechanisms of 2,2’-BINOL, and
various pathways for its racemi-
zation were proposed.[10]

2.1.1. Comparison of theoretical
methods

We carried out calculations of
the minima of neutral BINOL at
four levels of theory (Table 1 and
Figure 3). The relative energies

are rather insensitive to the method used to calculate them.
The ZZ isomer is always the most stable. Since the calculations
of frequencies is essential for determining the nature of the
transition state (TSs) (one imaginary frequency) and they
depend on the size of the basis set and computational
method, in the remainder of this work, the B3LYP/6-31G(d)
level of theory is used with some exceptions.

2.1.2. Geometries

We will discuss only the angle q between the naphthalene
rings (C2-C1-C1’-C2’, about the C1�C1’ bond; C2 and C2’ are

Figure 2. Deprotonated BINOL (anions) and protonated BINOL (cations).

Table 1. Erel [kJmol�1] of the three conformations of BINOL (all of them
minima).

B3LYP/6-
31G(d)

B3LYP/6-
311+ +G(d,p)

M06-2x/6-
311+ +G(d,p)

MP2/6-
311+ +G(d,p)

EE 32.2 29.3 34.1 31.3
EZ 17.5 16.0 19.2 17.2
ZZ 0.0 0.0 0.0 0.0

Chem. Eur. J. 2014, 20, 14816 – 14825 www.chemeurj.org � 2014 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim14817
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the atoms bearing OH substituents). The CSD contains three
kinds of BINOL molecules:[11] racemic, R,S(�), BIRKOC, qav=

88.48 ; S(�) enantiomer UKILAC and R(+) enantiomer WANNII,
qav=76.88 (Figure 3). The difference is due to the different
packing modes of enantiomers and racemate; thus, an average
value of about 838 could be considered representative for the
biaryl conformation of BINOL in the solid state. Since the value
of (83�5)8 is less than 908, the structure is of the cisoid type
(Figure 1) but not far from orthogonal. The conformation of
the hydroxyl groups in the solid state depends on the intermo-
lecular hydrogen bonds and therefore cannot be used for com-
parison with the isolated molecule.

According to our calculations (Table 2) the q values are very
similar between B3LYP with two different basis sets on the one

hand, and M06-2x and MP2 with the same basis set on the
other. The q value in the crystal (�838) is closer to the B3LYP
result for the ZZ isomer (94–978) than to the M06-2x/MP2
value (�1058). Since we are comparing gas- and solid-state
geometries, it was considered necessary to determine the ex-
perimental gas-phase geometry.

2.1.3. Energies

The calculated energies of the minima of the compounds of
Figure 2 are reported in Table 3. As reported in Table 1, neutral
BINOL should exist as the ZZ isomer; the energy of the EZ
isomer is intermediate between those of the EE and ZZ iso-
mers. For the monocations, the most stable is that protonated
in the 1-position [quaternary C, BINOL3H+/CH(1)] ; that proton-
ated in the 8-position is slightly less stable (BINOL3H+/CH(8),
8 kJmol�1) ; note that the cation resulting from protonation on
an O atom is very unstable (BINOL3H+/OH, �73 kJmol�1). The
stability of dications is consistent with the results just dis-
cussed: 1,1 [BINOL4H2+/2CH(1,1)]>1,8 [BINOL4H2+/2CH(1,8)]>
8,8 [BINOL4H2+/2CH(8,8)]@ >O,O (BINOL4H2+/2OH).

2.1.4. Acid–base equilibria

Although the acidity of BINOL is simple, since only two
BINOL1H� monoanions and one BINOL2� dianion are possi-
ble,[12] its basicity is a very complex problem because the possi-
bility of protonation on the carbon atoms results in many cat-
ions (see Figure 2). Table 3 lists the values corresponding to
the most stable conformations. The values for the dianion and
the dication correspond to the mono-to-di transformations.

2.1.5. Chemical shifts

We calculated at the GIAO/B3LYP/6-311+ +G(d,p) level of
theory the chemical shifts (1H, 13C, 17O) of most molecules dis-
cussed in this paper with different conformations of the hy-
droxyl groups (neutral BINOL of most molecules, anions, and
cations). They are reported in the Supporting Information (Ta-
bles S1–S3).

Figure 3. Top: The three minimum-energy conformations of BINOL. Bottom:
the three kinds of X-ray structures reported with CSD codes (all of them ZZ).

Table 2. Calculated torsion angles q of the three BINOL conformers calcu-
lated at four levels of theory.

B3LYP/ B3LYP/ M06-2x/ MP2/
6-31G(d) 6-311+ +G(d,p) 6-311+ +G(d,p) 6-311+ +G(d,p)

EE 88.4 89.7 71.6 74.7
EZ 93.6 88.8 106.1 103.6
ZZ 97.2 93.6 105.6 104.8

Table 3. B3LYP/6-31G(d) calculations; in bold: minima for the three differ-
ent families (same molecular formula). E in hartree; Erel and DH in
kJmol�1.

E Erel Acid–base DH

neutral ZZ �921.02799 0.0 –
ZE �921.02131 17.5 –
EE �921.01573 32.2 –

monoanion BINOL1H� Z �920.48460 0.0 1388.3
BINOL1H� E �920.45270 83.8

dianion BINOL2� �919.77830 – 1815.2
monocation BINOL3H+/OH �921.35397 72.9

BINOL3H+/CH(1) �921.38173 0.0 894.4
BINOL3H+/CH(2) �921.34907 85.8
BINOL3H+/CH(3) �921.36870 34.2
BINOL3H+/CH(4) �921.36979 31.4
BINOL3H+/CH(5) �921.36488 44.2
BINOL3H+/CH(6) �921.37503 17.6
BINOL3H+/CH(7) �921.36196 51.9
BINOL3H+/CH(8) �921.37868 8.0

dication BINOL4H2+/2OH �921.54942 173.4
BINOL4H2+/2CH(1,1) �921.61548 0.0 582.6
BINOL4H2+/2CH(1,8) �921.61339 5.5
BINOL4H2+/2CH(8,8) �921.61078 12.3

Chem. Eur. J. 2014, 20, 14816 – 14825 www.chemeurj.org � 2014 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim14818
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2.1.6. Enantiomerization barriers

The energy hypersurfaces are very complex, since they include
both rotation about the central C�C bond and the rotation of
the OH groups (save in the case of the dianion). Consequently,
Table 4 lists only the lower-energy barriers. All energies and ge-

ometries of the stationary points located for these systems (23
minima and 30 TSs) are gathered in the Supporting Informa-
tion (Tables S4–S9 and Figure S2). The geometries of the most
stable minima (another view of ZZ BINOL is shown in Figure 3)
and those of the lowest enantiomerization TSs are shown in
Figure 4.

2.2. BINOL acidity: mass spectrometric measurements

The natural logarithms of the branching ratios ln([A�]/[Aref(i)
�])

were plotted against the values of DacidH
0
refðiÞ � DacidH

avg
ref (first

thermokinetic plot depicted in Figure 5), where DacidH
avg
ref =

(1384.7�8.4) kJmol�1 is the average deprotonation enthalpy
of reference acids. The data were fitted by a set of five regres-
sion lines, each of which corresponds to experiments
done with different collision energies Ecm. The second
thermokinetic plot (Figure 5), obtained from the re-
sults of the first plot, was generated by plotting the
negative y-intercept values �[(DacidH

0
refðiÞ � DacidH

avg
ref )/

RTeff�D(DS0)/R] versus the slopes 1/RTeff, where R is
the universal gas constant and Teff is the effective
temperature of the activated system.[13] The thermo-
chemical values for the deprotonation of BINOL
were derived from the slope and negative
y-intercept values of the linear fit of the second
plot: DacidH

0= (1389.8�8.4) kJmol�1, DacidS
0= (107.1�

8.4) Jmol�1K�1 and gas-phase acidity (GA)= (1357.9�
8.4) kJmol�1. The calculated value of DacidH

0 of
Table 3 is 1388.3 kJmol�1.

Unfortunately, the gas-phase basicity of BINOL
could not be measured by mass spectrometry because, under
the conditions of the experiment, protonation of BINOL result-
ed in loss of a water molecule and fragmentation.

2.3. Rotational spectroscopy

The rotational spectrum of BINOL was investigated on the
basis of initial theoretical models in Table 1, which predicted

three skewed conformations as most stable. The labels ZZ, EZ,
and EE in Table 1 correspond to conformations differing in the
orientation of the hydrogen atoms in the hydroxyl groups. In
the transoid global minimum ZZ (C2), both hydroxyl groups
point toward the second ring in the assembly, while they both
point outwards in conformer EE (C2). Finally, only one of the
hydroxyl groups points to the second ring in conformer EZ
(C1). However, analysis of the spectrum yielded a single confor-

Table 4. Enantiomerization transition barriers (corrected for zero-point
energy) [kJmol�1] . All structures correspond to the relative minima in
each class (Table 3).

Name Structure Isomer Barrier

BINOL neutral ZZ 158.4
BINOL1H� anion Z 167.0
BINOL2� dianion – 113.4
BINOL3H+/CH(1) monocation protonated on C1 147.5
BINOL4H2+/2CH(1,1) dication diprotonated on C1, C1’ 50.5

Figure 4. Minimum-energy geometries of the five minima and the corre-
sponding enantiomerization TSs.

Figure 5. First (left) and second (right) sets of thermokinetic plots of CID data of hetero-
dimers [A···H···Aref(i)]

� , where AH=BINOL and Aref(i)H are the reference acids.
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mation, which behaved as a semirigid asymmetric top with no
hyperfine effects (Figure 6).

The frequency measurements (Table S10 in the Supporting
Information) spanned angular momentum quantum numbers
J=3–9 were all identified as mc transitions. Other se-
lection rules are zero by symmetry (since BINOL is
very close to the limit of a prolate symmetric top, k�
�0.95, the B3LYP predictions invert the b and c axes).
Similarly to other biaryl compounds, conformer ZZ
displays axial chirality (atropisomerism), but no evi-
dence was found of inversion tunneling between the
two chiral species, as in 2,2’-biphenol.[14] The rotation-
al parameters are compared with the theoretical pre-
dictions in Table 5.

Despite the fact that no isotopologues could be
detected, the most relevant structural parameters of
BINOL were derived from the rotational spectrum.
For this purpose the dihedral angle between the two
naphthyl groups or the dihedral angle and the angle
defining the orientation between the subunits of the
assembly were fitted to the three experimental rota-
tional constants of the parent species. The two fits
were similar and satisfactorily reproduced the ob-
served rotational constants (B, C<0.2MHz ; A<
2 MHz) with a small adjustment of about 38 in the
predicted dihedral angle [q(C2-C1-C1’-C10’): �81.1(4)8
(r0) versus �78.7 (MP2)] . The rest of the molecule
was constrained to the ab initio (MP2) geometry. The
ab initio and fitted values of the structure are listed
in Table 6.

The agreement between experiment and theory
(MP2) is excellent. In Table 2, it is now apparent that
the MP2/6-311+ +G(d,p) (q(C2-C1-C1’-C2’)=104.88)
and the M06-2x/6-311+ +G(d,p) (q=105.68) calcula-
tions give much better results than B3LYP with the
same basis set (q=93.68). In conclusion, BINOL in the
gas phase has a transoid conformation while in the
solid state (q=838) it adopts a cisoid conformation
due to crystal-field effects.

2.4. NMR studies: neutral BINOL and protonation experi-
ments

Preliminary studies using different quantities of H2SO4 yield
only sulfonated derivatives according to MS and NMR spectros-
copy. This is related to the well-known sulfonation reaction of
phenols with sulfuric acid.[15,16] In view of this, we carried out
experiments using the stronger and nonfluorosulfonating acid
HFSO3.

To test the quality of our calculations we started from BINOL
itself. NMR data on this compound have been reported several
times,[17,18] even in a chiral nematic solvent (differentiation of
the R and S enantiomers).[19] We measured its 1H and 13C spec-
tra in [D6]DMSO and carried out 2D experiments to assign the
signals. Particularly useful to assign the 1H NMR signals were
the 1H–1H SSCC experiments. The results are reported in
Table 7.

Using linear regressions, we compared the experimental and
the three calculated values. For both 1H and 13C the best corre-
lations correspond to the ZZ conformation, which was calculat-
ed to be the most stable. The correlations for the literature
data in CDCl3 are given by Equations (1) and (2)

Figure 6. Structure and atom labeling for the BINOL molecule showing the
locations of the principal axes of inertia (a, b, c).

Table 5. Rotational parameters of BINOL: experiment versus theory.

Experiment Theory[a] ZZ Theory EZ Theory EE

A [MHz] 465.7212(10)[b] 471.9/494.4/467.1 468.4/493.2/458.3 441.5/444.9/461.2
B [MHz] 219.026(64) 220.7/220.0/216.2 221.0/220.8/222.6 242.6/245.8/221.0
C [MHz] 214.380(67) 211.3/203.0/212.7 213.3/203.5/211.5 207.5/204.7/212.3
DJ [kHz] 0.391(37)
DJK [kHz] �0.376(79)
DK [kHz] 0.684(47)
d1 [Hz] 5.21(51)
d2 [Hz] �0.074(14)
jma j [D] 0.0/0.0/0.00 �2.0/2.0/2.0 0.0/0.0/0.0
jmb j [D] 0.0/0.0/1.2 2.1/0.5/2.1 1.4/1.6/1.4
jmc j [D] 1.3/1.12/0.0 �0.1/2.1/0.1 0.0/0.0/0.0
jmTOT j [D] 1.3/1.12/1.2 2.9/3.0/2.9 1.4/1.6/1.4
DE [kJmol�1] 0.0/0.0/0.0 17.2/19.2/16.0 31.3/34.1/29.3
N 32
s [kHz] 4.7

[a] MP2, M06-2X, and B3LYP, respectively [basis set: 6-311+ +G(d,p)] . [b] Standard
errors in parentheses in units of the last digit.

Table 6. Effective and ab initio structure of BINOL: distances [�] and angles [8] .[a]

Distances re Angles r0 re Dihedral angles r0 re

r(C1�C2) 1.394 a(C1-C2-C3) 120.9 q(C1-C2-C3-C4) �2.0
r(C2�C3) 1.416 a(C2-C3-C4) 120.0 q(C2-C3-C4-C5) 1.8
r(C3�C4) 1.381 a(C3-C4-C5) 121.1 q(C3-C4-C5-C6) �178.7
r(C4�C5) 1.423 a(C4-C5-C6) 122.0 q(C4-C5-C6-C7) 178.3
r(C5�C6) 1.421 a(C5-C6-C7) 120.7 q(C5-C6-C7-C8) �2.0
r(C6�C7) 1.385 a(C6-C7-C8) 120.2 q(C6-C7-C8-C9) 1.5
r(C7�C8) 1.416 a(C7-C8-C9) 120.5 q(C7-C8-C9-C10) �1.5
r(C8�C9) 1.386 a(C8-C9-C10) 120.5 q(C8-C9-C10-C10) 179.4
r(C9�C10) 1.422 a(C9-C10-C1) 121.5 q(C1-C2-O-H) 3.2
r(C10�C1) 1.430 a(C10-C1-C2) 119.6 q(C2-C1-C1’-C10’) �81.1(4) �78.7
r(C1�C1’) 1.480 a(C1-C2-O) 122.3 q(C2-C1-C1’-C2’) 102.4(4) 104.8
r(C2�O) 1.362 a(C2-O-H) 107.5
r(O�H) 0.969 a(C10-C1-C1’) 121.0

a(C1-C1’-C10) 120.7(5) 121.0
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1H : dexptl
½18� ¼ ð0:97� 0:19Þ þ ð0:87� 0:03ÞdcalcdðZZÞ

n ¼ 7, R2 ¼ 0:995
ð1Þ

13C : dexptl
½17� ¼ ð8:0� 4:3Þ þ ð0:94� 0:03Þ dcalcdðZZÞ

n ¼ 10, R2 ¼ 0:990
ð2Þ

and those for the data from this work in [D6]DMSO by Equa-
tions (3) and (4)

1H : dexptl ¼ �ð1:3� 0:8Þ þ ð1:16� 0:10ÞdcalcdðZZÞ
n ¼ 7, R2 ¼ 0:968

ð3Þ

13C : dexptl ¼ ð16:2� 6:2Þ þ ð0:88� 0:05ÞdcalcdðZZÞ
n ¼ 10, R2 ¼ 0:976

ð4Þ

The agreement is worse in [D6]DMSO than in CDCl3 because
of larger solvent effects.

We obtained the spectra depicted in Figure 7 from a solution
of BINOL in FSO3H (0.56m) after waiting for stabilization (sever-
al days). Since there are neither 1H nor 13C signals correspond-
ing to an sp3 carbon atom, either CH2 or CH (see Supporting
Information, Figure S1), the problem is limited to mono- and
diprotonation of the O atoms. To choose between BINOL3H+

/OH and BINOL4H2+/2OH we compared the data of Figure 6
with the calculated chemical shifts (Section 2.1.5). The correla-
tion coefficients R2 are much better for the monocation than

for the dication. For BINOL3H+/OH we obtained the
following regressions [Eqs. (5)–(7)] .

All signals : dexptl ¼ �ð0:1� 0:8Þ þ ð1:02� 0:01Þdcalcd

n ¼ 32, R2 ¼ 0:998

ð5Þ

Only 1H : dexptl ¼ �ð0:6� 0:4Þ þ ð1:10� 0:04Þdcalcd

n ¼ 12, R2 ¼ 0:983

ð6Þ

Only 13C : dexptl ¼ ð5� 10Þ þ ð0:99� 0:08Þdcalcd,

n ¼ 20, R2 ¼ 0:894

ð7Þ

For individual nuclei, the equations are not very
good, probably because the quality of the spectra of
Figure 6 is not excellent, partially due to some de-
composition of the sample.

In the case of phenol[20,21] and 1-naphthol[22] differ-
ent sites of protonation are observed that are acid-
and time-dependent (Figure 8).

We were unable to C-protonate BINOL using
FSO3H. Olah and Mo[20] used superacid systems such
as HSO3F/SbF5 and HSO3F/SbF5/SO2ClF at low temper-
ature and pointed out that O-protonation is favored
in more weakly acidic media. Cerfontain et al.[21]

showed that in concentrated aqueous sulfuric acid phenol is
protonated predominantly on the O atom. In the case of naph-

Table 7. Experimental and calculated chemical shifts of BINOL [ppm].

Atom Exptl Exptl (CDCl3)
[17]

1H and 13C
assigned

Exptl (CDCl3)
[18]

1H assigned
13C unassigned[b]

Calcd EE
([D6]DMSO)
this work

Calcd
ZZ

Calcd
EZ
average

OH 5.05 4.96 9.21 3.63 4.57 4.06
H3 7.12 7.28 7.32 6.76 7.31 7.04
H4 7.89[a] 7.88 7.84 7.75 7.89 7.84
H5 7.83[a] 7.80 7.83 7.24 7.80 7.74
H6 7.19–7.38 7.28 7.22 7.25 7.33 7.30
H7 7.19–7.38 7.21 7.15 7.18 7.32 7.23
H8 7.19–7.38 7.06 6.94 7.19 7.09 7.11
C1 110.9 110.8 115.9 118.2 111.2 115.0
C2 152.7 152.8 153.5 152.1 154.6 153.6
C3 117.7 117.8 119.0 114.4 116.4 115.3
C4 129.4 129.5 128.6 129.3 131.8 130.4
C4a 131.3 131.5 129.1 130.0 130.0 129.9
C5 128.3 128.4 128.3 127.4 128.1 127.8
C6 124.0 124.1 122.7 122.4 123.1 122.9
C7 127.4 127.5 126.3 125.9 127.1 126.6
C8 124.2 124.2 124.9 125.8 124.2 124.9
C8a 133.4 133.4 134.6 135.9 134.9 135.9

[a] Unassigned. [b] Assigned by analogy with the previous column.

Figure 7. Top: 1H NMR spectrum (calculated values at the bottom). Bottom:
13C NMR spectrum (calculated values in the formula).
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thol two C-protonated species were detected (HSO3F/SbF5/
SO2ClF at �80 8C).[22] The 1H and 13C chemical shifts of the C-
protonated cations reported in these papers are consistent
with our calculated values (Supporting Information, Figure S1).

2.5. Enantiomerization barriers in solution

A careful distinction should be made between the kinetic con-
stant of racemization and that of enantiomerization:
kracemization=2kenantiomerization. In several of the papers cited below,
reported enantiomerization barriers are actually racemization
barriers.

In his book “Dynamic Stereochemistry of Chiral Compounds”,
Christian Wolf discussed in several places the case of BINOL.[23]

(see also ee ref. [24]). In particular, on page 91 he wrote, “Atro-
pisomerization is an intramolecular process that is controlled
by steric and electronic substituent effects. In some cases, the
barrier to rotation can be altered by external factors. An impor-
tant example is the acid-catalyzed racemization of BINOL. This
biaryl does not show any sign of racemization on heating at
1008 for 24 hours under neutral conditions but it racemizes at
1008C in 1.2 n hydrochloric acid within this period of time.”
The most important of the external factors are acid and basic
conditions,[25] to the point that BINOL does not racemizes
when heated during 24 h at 100 8C while the same period of
time and the same temperature lead to racemization in 1.2
HCl[9,10] (see, for related compounds; see references [26–28]).
The same happens under basic conditions.[23,26] The explanation
in the first case has been attributed to protonation leading to
a C(sp2)�C(sp3) bond (Figure 9) and in the second case to de-
protonation with formation of a naphthoxide.[23,26] On this case

Wolf[23] comments “By analogy with the rationalization of elec-
tronic effects of electron-donating substituents on the energy
barrier of biphenyls, it is believed that the increase in electron
density at the central carbon atoms of the naphthoxide moiet-
ies facilitates rotation via out-of-plane bending in the transition
state.”[26] The experimental barrier of BINOL itself has been de-
termined twice under rather different conditions with very con-
sistent values (see Table 8).[10,29]

Before reporting our results, we have summarized those we
obtained from the literature, either directly (BINOL itself) or

from the reported experiments.
Taking into account that enan-
tiomerization follows a first-
order kinetics and using only the
two points available (initial and
final) we calculated the rates of

the four examples of Table 8, two for basic and two for acid
conditions. We transformed the rates k into barriers using the
Eyring equation [Eq. (8)] .[30]

DGT=kJmol�1 ¼ 19:12 T ½10:32þ lgðT=kÞ� ð8Þ

Due to the importance of the subject and inherent impreci-
sion of some of the barriers in Table 8, we determined all of
them anew. The progress of the racemization was monitored
by enantioselective chromatography.[31] The barriers reported
in Table 9 are enantiomerization barriers in the solvent at the
given temperature. Indeed, rotational barriers are solvent-de-
pendent, and differences enantiomerization barriers of
4.5 kJmol�1 for 3-m-tolyl-4-tert-butylthiazoline-2-thione be-
tween isooctane and ethanol at 65.5 8C[32] and 12.5 kJmol�1 for
N-(1-naphthyl)-2(1H)-pyrimidinone between xylene and
propan-1-ol at 90 8C have been reported in the literature.[33] Ro-
tational barriers also vary with temperature depending on the
value of the rotational activation entropy DS�. Experimental
data and treatments of the first-order plots are reported in the
Supporting Information.

Table 9 deserves the following comments:

1) The barrier of BINOL itself has been measured three times
with values ranging from 155.5 to 174 kJmol�1, the first of
which is probably underestimated. Our results lie in the
range of 165.1–169.8 kJmol�1. Our calculated values (172.9–
175.2 kJmol�1) are about 6.6 kJmol�1 higher (DDG column).
As the entity involved in the enantiomerization is the diol,
this difference of about 6.5 kJmol�1 is due to the calcula-
tions having been carried out in the gas phase. Neverthe-
less, for the remaining discussion, this deviation is accepta-
ble.

Figure 8. Structure of the cations obtained by protonation of phenol and naphthol.

Figure 9. Acid-catalyzed atropisomerization of BINOL.

Table 8. Experimental enantiomerization barriers [kJmol�1]from the litera-
ture, directly reported or estimated.

Conditions Species Solvent T [K] Ref. Barrier

– neutral naphthalene 468 –[10] 155.5[a]

– neutral diphenyl ether 493 –[10] 161
segmented flow neutral diglyme/o-xylene 97/3 553 –[29] 174
0.7m KOH anion butan-1-ol 391 –[9] 135.3
5% NaOH(aq.), 1.25m anion water 373 –[26] 122.3
1.2m HCl cation dioxane/water 373 –[9] 129.1
13% HCl(aq.), 3.6m cation THF 339 –[26] 115.4

[a] Since this value was determined with a polarimeter where the authors
had to heat the cell to 195 8C (naphthalene, m.p. 80 8C) it should be con-
sidered less accurate than the other two (probably underestimated).
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2) The new experimental barriers are consistent with those es-
timated from literature data (the maximum differences of
9.7 and 9.8 kJmol�1 correspond to experiments 5 and 7).

3) The barrier under basic conditions involves the dianion.
4) The barrier under acidic conditions involves the diprotonat-

ed C1,C1’ cation. The mechanism of Figure 9 is correct con-
cerning the protonation site (C1), but the rotation involves
two sp3 carbon atoms instead of only one. Experiments
under more acidic conditions resulted only in decomposi-
tion of BINOL

On the basis of the Winstein–Holness equation,[34] we hy-
pothesized that the difference between the experimental and
calculated barriers is due to the presence of a very small
amount of the doubly charged species in the solutions. The
differences DDG reported in Table 9 were transformed into
populations through the equilibrium constants (DG=�RT lnK,
where T is the experimental temperature and R=
8.3145 JK�1mol�1). They are reasonable for the experiments
under basic conditions (2–5% of the dianion) but too low for
those under acidic conditions (ca. 10�9% of the dication). The
calculations of Table 9 are approximate, but they at least repro-
duce the fact that more strongly basic conditions (0.7!1.25m)
correspond an increase in the population of the dianion from
0.7 to 2.0%. The error found for BINOL itself
(�6.5 kJmol�1) cannot be used to correct the values under
basic or acidic conditions, and this prevents a more elaborate
estimation of the populations.

Conclusion

Intrinsic properties of BINOL such as its acidity (DacidH
0

�1390 kJmol�1) and conformation (q=102.48) were deter-
mined in the gas phase by MS and MW spectroscopy, respec-
tively. Solution NMR experiments (1H and 13C) in FSO3H were
rationalized as involving the cation monoprotonated on one of
the hydroxyl groups. The enantiomerization barriers, which
were known from the literature only for neutral BINOL, were
determined here for neutral, basic, and acidic conditions. DFT
and MP2 calculations were used to rationalize all of the dis-
cussed properties (acidity, conformation, protonation position),

especially the enantiomerization barriers, for which the species
involved were ascertained (neutral species, dianion, and
C21,C1’-diprotonated cation).

In summary: 1) BINOL is one of the largest molecules that
has ever successfully been observed at high resolution in the
gas phase; 2) The calculations showed that a contribution of
the bis-protonated or bis-enolate (phenoxide) form is needed
to account for the experimental barriers during acidic or basic
catalysis. These forms are not highly populated, but they yield-
ed very low barriers and their contribution, which was not ex-
pected, is an adjustable parameter to reproduce the experi-
mental barriers. We hope that the present work will be useful
to better understand the behavior not only of BINOL, but also
that of the very large family of BINOL derivatives.

Experimental Section

Materials

(�)-BINOL (m.p. 214–217 8C, 99%) and (R)-BINOL (mp. 208–211 8C,
99%) are commercial products (Sigma-Aldrich 104655 and Strem
Chemicals 08-1000) that were used without further purification.

Computational details

The geometry of neutral BINOL was optimized at the B3LYP/6-
31G(d),[35, 36] B3LYP/6-311+ +G(d,p),[37] M06-2X/6-311+ +G(d,p,[38]

and MP2/6-311+ + G(d,p)[39] levels of theory. In all cases, frequen-
cies were computed to confirm that the structures obtained corre-
spond to energetic minima, save in the case of the EZ conformer
at the MP2/6-311+ +G(d,p) level due to computational limitations.
The exploration of the stationary points of the potential-energy
surface of the five species considered here was carried out at the
B3LYP/6-31G(d) level of theory and is detailed in the Supporting In-
formation (a total of 23 minima and 30 TSs were located).

The absolute chemical shielding was obtained by using the GIAO
method[40] at the B3LYP/6-311+ +G(d,p)//B3LYP/6-311+ +G(d,p)
level of theory. Previously developed equations were used to
obtain the corresponding chemical shifts.[41] All calculations were
carried out with the Gaussian 09 package.[42]

Table 9. Experimental barriers determined in this work and calculated ones (all in kJmol�1).

Species Solvent Barrier
(Table 8)

Solvent T [K] Barrier Calcd DGT

(Table 4)
DDG % pop.

at T

neutral naphthalene 155.5 at 468 K[a] decan-1-ol 504.25 165.1�0.5 175.2 neutral �7.8 100
neutral diphenyl ether 161 at 493 K 1,2-dichlorobenzene 453.15 169.8�0.5 172.9 neutral �5.4 100
neutral diglyme/o-xylene (97/3) 174 at 553 K 100
anion butan-1-ol 135.3 at 391 K butan-1-ol 385.15 136.2�0.5 120.3 dianion[b] +15.9 0.7[f]

anion water 122.3 at 373 K water 372.25 130–134 119.9 dianion[c] +12.1 2.0[f]

cation dioxane/water 129.1 at 373 K dioxane/water 362.15 127.1�0.5 55.6 dication[d] +71.5 4.9�10�9

cation THF 115.4 at 339 K THF 339.15 125.2�0.5 55.2 dication[e] +70.0 1.7�10�9

[a] Probably underestimated (see Table 8, footnote [a]). [b] Calculated barrier for the monoanion at 385.15 K: 167.2 kJmol�1. [c] Calculated barrier for the
monoanion at 372.25 K: 167.1 kJmol�1. [d] Calculated barrier for the monocation at 362.15 K: 149.1 kJmol�1. [e] Calculated barrier for the monocation at
339.15 K: 148.7 kJmol�1. [f] The largest population (2.0) corresponds to the most basic experimental conditions (1.25m), and the lowest (0.7) to the least
basic (0.7m).
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Determination of intrinsic (gas-phase) acidities by the Cooks
extended kinetic method (EKM)

The gas-phase acidity of a protic acid AH, GA(AH), is defined as the
Gibbs free-energy change for reaction (9). The corresponding en-
thalpy and entropy changes are referred to as gas-phase deproto-
nation enthalpy DacidH

0 and deprotonation entropy DacidS
0, respec-

tively.

AHðgÞ ! HþðgÞ þ A�ðgÞ DacidG
0ð9Þ ¼ GA, DacidH

0ð9Þ, DacidS
0ð9Þ

ð9Þ

DacidH
0, GA, and DacidS

0 of BINOL were experimentally determined
by means of the EKM[43,44,45, 46] by using a triple-quadrupole mass
spectrometer (Agilent/Varian MS-320) with an electrospray ioniza-
tion source (ESI).

EKM takes into account entropic effects on the competitive dissoci-
ations of a mass-selected proton-bound heterodimer anions
[A···H···Aref(i)]

� (in the gas phase) generated in the ESI source from
a solution of a mixture of BINOL (AH) and a reference acid (Aref(i)H)
of well-known intrinsic GA and DacidH

0
ref values. The heterodimers

[A···H···Aref(i)]
� are fragmented by collision-induced dissociation

(CID) in a collision cell of the spectrometer to yield the correspond-
ing monomeric anions of BINOL (A�) and the reference acid (Aref(i)

�)
via the two competitive dissociation channels with rate constants k
and ki, respectively (Figure 10). If secondary fragmentation is negli-

gible, it is assumed that the abundance ratio of these fragment
ions is equal to the ratio of the two dissociation rate constants k
and ki. Assuming no reverse activation energy, the acidities of AH
and Aref(i)H are related by a linear equation for which a statistical
procedure has been developed by Armentrout[44] (see Supporting
Information).

Stock solutions (�10�3m in methanol/water 1/1 v/v) of BINOL AH
and reference acid Aref(i)H were mixed in appropriate volume ratios
(�1/1), and further diluted with methanol/water to achieve a final
concentration of about 5�10�5m for both BINOL and the reference
acid (sample solution). All sample solutions were directly infused
into the ESI ionization source in the negative mode at flow rates of
10 mLmin�1. ESI conditions, such as needle and capillary voltages,
and compressed-air (nebulizing gas) and nitrogen (desolvation and
drying gas) temperatures, were optimized to promote the forma-
tion of more intense signals of proton-bound heterodimeric anions
[A···H···Aref(i)]

� . These anions were isolated in the first quadrupole,
underwent CID in the second quadrupole, and the resulting frag-
ments analyzed in the third quadrupole. CID MS-MS experiments
were performed with argon as collision gas (0.2 mTorr) at various
ion kinetic energies in the collision cell. The center of mass energy
Ecm was calculated as Ecm=Elab[m/(M+m)] , where Elab is the ion ki-
netic energy in the laboratory frame, m the mass of the collision
gas, and M the mass of the heterodimeric anion.

Five compounds with known GA ranging from 1343.5 to
1364.4 kJmol�1 were chosen as reference acids Aref(i)H: 4-nitroben-
zoic acid, 3-methyl-4-nitrophenol, perfluoro-tert-butanol, m-trifluor-
omethylbenzoic acid, and 4-hydroxybenzaldehyde The CID branch-

ing ratios of the product ions were recorded at five collision ener-
gies Ecm from 2.25 to 3.5 eV. More details of the experimental data
obtained using the EKM method for BINOL are described in the
Supporting Information.

Rotational spectroscopy (MW)

Rotational spectroscopy was conducted with an FT microwave
spectrometer[47] working in the 4–18 GHz frequency range. A
BINOL sample was prepared as a solid rod with small addition of
a commercial binder and vaporized with a UV picosecond Nd:YAG
laser working at 355 nm.[48] The vapor was diluted in neon carrier
gas at stagnation pressures of about 2 bar and expanded near-
adiabatically in the vacuum chamber of the spectrometer to form
a supersonic jet. The rotational transitions were detected in the
time domain after short pulsed excitation, and later Fourier-trans-
formed to the frequency domain. The accuracy of the frequency
measurements is better than 3 kHz. Transitions separated by less
than 6 kHz are resolvable.

NMR experiments

1H and 13C NMR spectra were recorded on a Varian System 500
NMR spectrometer equipped with a 5 mm HCN cold probe, operat-
ing at 499.81 and 125.69 MHz, respectively. Chemical shifts are ex-
pressed in parts per million (d scale) downfield from TMS and are
referenced to residual peaks of the deuterated NMR solvent or in-
ternal TMS. 1H and 13C assignments are based on g-COSY, gHSQC,
and gHMBC correlation experiments. A sealed capillary tube
(1.4 mm OD, Symta) containing [D6]DMSO (50 mm height) was
used as internal standard for experiments in FSO3H. Both in
[D6]DMSO and in FSO3H the concentration of (�)-2,2’-dihydroxy-
1,1’-binaphthyl (BINOL) was 0.56m.

Calculation of the barriers of Table 9

All the reported rotational barriers are the barriers to enantiomeri-
zation and not barriers to racemization.[49] An optically enriched
sample was heated in the solvent at the chosen temperature. The
ee variation as a function of time was monitored by chiral HPLC,
and the rate constant for enantiomerization kenantiomerisation was de-
termined by plotting the first-order kinetic line according to the
equation ln(eet/eet=0)=�2kenantiomerisationt. In all cases, R2 was greater
than 0.99. DG

z
enantiomerization was calculated from the krot and the

Eyring equation.
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Structural Distortion of the Epoxy Groups in Norbornanes:
A Rotational Study of exo-2,3-Epoxynorbornane
Patricia �cija,[a] Iciar Uriarte,[a] Francisco J. Basterretxea,[a] Judith Mill�n,[b] Alberto Lesarri,[c]

Jos� A. Fern�ndez,[a] and Emilio J. Cocinero*[a]

1. Introduction

Norbornane (bicyclo[2.2.1] heptane, see Figure 1) is a bridged
bicyclic ring system with C2v symmetry belonging to the cate-

gory of strained organic molecules, and is a key compound in

structural and synthetic chemistry.[1, 2] In this compound, the cy-
clohexane ring is locked in an envelope configuration by the
7-methylene bridge, producing a strained geometry in which

the carbon bond angles depart markedly from the standard
sp/sp2/sp3 values. This distinctive structure is responsible for its

high reactivity and unusually high thermochemical bond ener-

gies.[3] For these reasons strained molecules have been the
subject of studies to explore the relationships between struc-

ture, strain, stability, and reactivity.[4] Moreover, norbornane

compounds have been used in pharmaceutical research as syn-
thetic intermediates, receptor agonists and antagonists, and

analogues and inhibitors of enzymes.[5] From a structural point
of view, this pivotal compound has been the subject of many

studies. The crystalline structure[6] and some geometrical data
of substituted derivatives have been obtained by X-ray[2] dif-

fraction, but these data are affected by crystal-packing forces.

Investigations of the free molecule have been carried out by
gas-phase electron diffraction (GED),[7–10] , although large corre-

lations were found in its structural parameters. Microwave
spectroscopy improved the scope of structure analysis meth-

ods;[11] finally, a consistent structure of the isolated molecule
was evaluated by joint analysis of electron diffraction, micro-
wave, Raman, and infrared spectroscopy in 1983,[12] which

avoided interference from the solvent or crystal matrix.
There are many substituted norbornane derivatives that

have key biological roles. However, in some cases their struc-
tures remain unknown. The effect of substituents on strained

molecules has been investigated, as (de)stabilization of the
molecule upon substitution by various types of common elec-

tron-withdrawing or -donating substituents can occur,[13,14] and

the substituents can affect the strain energy, heat of forma-
tion,[13,15] or dissociation energies.[16] Since 2010, our group has

been engaged in the accurate determination of the structure
of systems with bridged bicyclic rings, and so far 2-aminonor-

bornane,[17] tropinone,[18] scopoline,[19] and even the hydrated
complex tropinone···H2O

[20] have been studied. Some of these

compounds are known for their neurostimulant and anticholi-

nergic activity (i.e. cocaine, atropine). The goal of this work
was to evaluate the influence of substituents on the geometry

of bridged bicyclic rings. For example, in exo-2-aminonorbor-
nane, we concluded that the carbon skeleton provides a rigid

framework and the only conformational flexibility arises by ro-
tation of the amino group around the C�N bond. These stud-

Exo-2,3-epoxynorbornane is studied in the gas phase by
pulsed jet Fourier transform microwave spectroscopy in the 4–

18 GHz region. Six isotopologues were observed and character-
ized in their natural abundance. The experimental substitution
and effective structures were obtained. Comparison with the

structure of norbornane shows significant differences in several
bond lengths and valence angles upon introduction of the

epoxy group. All the work is supported by quantum chemical
calculations.

Figure 1. Molecular formula and atom numbering for norbornane and exo-
2,3-epoxynorbornane.
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ies were performed under the isolated conditions of a cold su-
personic jet, which allowed us to elucidate the intrinsic confor-

mations of the free molecules, avoiding solvent and packing
effects. The structures of the most stable conformers were

characterized and determined by Fourier transform microwave
Spectroscopy (FTMW), which provides the most accurate view

of the molecular structure through the measurement of the
moments of inertia. Conformers,[21] tautomers,[22] isotopo-
logues,[23] and enantiomers[24] can be distinguished unambigu-

ously as independent species by using this spectroscopic tech-
nique. In the present paper, we increase the knowledge on the
structure and spectroscopy of molecules with bridged bicyclic
rings by studying exo-2,3-epoxynorbornane (Figure 1), which is
the simplest molecule in which the influence of the epoxy
group on the norbornane ring can be discerned. Norbornane

derivatives are known to adapt to induced strain by mecha-

nisms in which the entire skeleton takes part. However, exist-
ing studies have been carried out in the solid state,[25] or by

quantum mechanics calculations.[26,27]

2. Results and Discussion

2.1. Theoretical Calculations

Rotational spectroscopy in combination with quantum chemi-

cal theory provides a powerful strategy to investigate molecu-
lar structure and many examples can be found in the litera-

ture.[21,28–31] A single conformer has been predicted for exo-2,3-
epoxynorbornane, as expected from the steric constraints pres-

ent in the bridged bicycle motif. This conformer was optimized

with the Møller–Plesset perturbation (MP2) and density func-
tional theory (B3LYP and M06-2X functionals). The most rele-

vant spectroscopic parameters are shown in Table 1.

2.2. Rotational Spectrum

The theoretical calculations of Table 1 guided the experimental

study. According to these predictions, the analysis of the rota-
tional spectrum was started in the region 8–10 GHz. Inspection

of the rotational spectrum shown in Figure 2 suggests that the
predicted species was present in our supersonic expansion of

Ne. A frequency offset of approximately 60 MHz was observed
between the experimental and theoretical spectra for the first
observed transitions. The most intense lines were ascribed to

a series of ma and mc R-branch asymmetric rotor rotational tran-
sitions of the parent species. The absence of mb transitions is

due to the zero electric dipole component along this axis, im-
posed by the CS symmetry of the molecule. A total of 25 rota-

tional transitions were measured, with 11 aR-type, 8 cR-type,
and 6 aQ-type components. The lower state rotational quan-

tum numbers (J) span the range 0� J�3 (R branch) and 7�
J�11 (Q branch), with 0� K�1�2 (R and Q branches), 0� K+1�
2 (R branch) and 6� K+1�9 (Q branch). The experimental tran-

sitions of the parent species were analyzed with a Watson
semirigid rotor Hamiltonian in the S reduction.[32]

The rotational constants (A, B, C) and four quartic centrifugal
distortion constants (DJ, DJK, DK, d1) were determined. A com-

parison of experimental data (rotational and centrifugal distor-

tion constants) with the theoretical values is shown in Table 1.
These data unambiguously confirm that the assigned asym-

metric rotor corresponds to the predicted structure of exo-2,3-
epoxynorbornane, with discrepancies in the ranges 0.0–0.5%

(MP2), 0.2–0.7% (M06-2X), and 0.1–0.7% (B3LYP), depending
on the theoretical method used to determine A, B, and C. The

Table 1. Rotational parameters and electric dipole moment components[a]

of exo-2,3-epoxynorbornane.

Theory[b]

Experiment[c] MP2 M06–2X B3LYP

A [MHz] 3759.74628(28) 3772.9 3779.7 3760.6
B [MHz] 2324.90335(16) 2329.1 2341.9 2311.9
C [MHz] 2125.75513(18) 2127.4 2139.8 2113.3
DJ [kHz] 0.1258(78) 0.12 0.12 0.12
DJK [kHz] 0.1042(66) 0.10 0.09 0.09
DK [kHz] 0.135(53) 0.11 0.12 0.12
d1 [Hz] �5.27(45) �4.14 �4.15 �4.65
d2 [Hz] [0.0][d] �0.23 �0.18 �0.13
jma j /D intense spectrum 2.06 2.06 2.11
jmb j /D nonobserved 0.00 0.00 0.00
jmc j /D weak spectrum 0.73 0.74 0.74
jmT j /D 2.19 2.19 2.24
N[e] 25
s [kHz][e] 1.22

[a] Rotational constants (A, B, C), Watson’s quartic centrifugal distortion
constants in the S reduction (DJ, DJK, DK, d1, d2), and electric dipole
moment components (ma, a=a, b, c ; 1D�3.336�10�30C m) refer to the
principal inertial axes. [b] In all the methods standard Pople’s triple-z 6-
311+ +G(d,p) basis functions were employed. [c] Standard error in pa-
rentheses in units of the last digit. [d] Value set to zero in the fit.
[e] Number of transitions (N) and root-mean-square deviation (s) of the
fit.

Figure 2. A section of the experimental microwave spectrum (upper trace)
and the ab initio (MP2/6-311+ +G(d,p)) simulation (lower trace) of exo-2,3-
epoxynorbornane around the 2 !1 (J’ !J’’) rotational transition for the
parent and its monosubstituted isotopologues. A shift of �60 MHz is ob-
served between both spectra. Spectral assignment is shown in the experi-
mental spectrum. In the upper spectrum the signal is saturated, so the in-
tensity of isotopologues was enhanced 10 times in the ab intio simulation
to aid comparison.
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full list of rotational transitions observed for the parent species
is given in the Supporting Information, Table S1. The rotational

temperature of the molecules in the supersonic jet was esti-
mated to be ~0.5–1 K from the observed relative intensities in

the rotational spectrum.

2.3. Isotopic Species and Structure

Once the rotational transitions of the parent species were re-
moved, a set of weaker lines remained in the rotational spec-

trum. Later, these were assigned to ma and mc transitions of the
13C (�1.1%) and 18O (�0.2%) monosubstituted isotopologue
species. As evidence of the CS symmetry of the molecule, the
13C species has three equivalent positions (1/4, 2/3 and 5/6),
which gave rise to a degenerate spectrum of double intensity.
Detection of the 18O species in natural abundance (�0.2%)
demonstrates the good sensitivity of the instrument at the

Universidad del Pa�s Vasco (UPV/EHU). A typical rotational tran-
sition is illustrated in Figure 3 for each of the isotopologues

observed. These minor species were analyzed with the same

procedure used for the parent species. All the measured transi-

tions are collected in the Supporting Information (Table S2),
and the corresponding rotational constants are shown in

Table 2. Some lines in the spectrum remain unassigned, but
they were not identified as belonging to exo-2,3-epoxynorbor-
nane.

The spectroscopic data of the isotopologues are consistent
with the single structure observed of exo-2,3-epoxynorbornane
and unambiguously confirm its assignment. A substitution
structure (rS) using Kraitchman’s equations and ground-state

effective (r0) coordinates through 27 rotational constants were

determined, assuming CS symmetry. The full heavy structure of
exo-2,3-epoxynorbornane was resolved and is presented in

Table 3. Both experimental structures are compared with the
near-equilibrium (re) ab initio predictions of exo-2,3-epoxynor-
bornane in Table 3.

The experimental substitution and effective structures of
exo-2,3-epoxynorbornane are consistent with MP2-predicted
equilibrium structure, the largest discrepancy being lower than
1%. All the bond lengths, valence angles, and dihedral angles

are shown in Table 3 and the corresponding Cartesian coordi-
nates are given in Table 4. Cartesian coordinates of the MP2-

and DFT-calculated structures appear in the Supporting Infor-

mation (Tables S3–S5). A graphical comparison of rS and MP2 re
structures is presented in Figure 4a, where it can be observed

that atom positions obtained by
both methods are close.

2.4. Discussion

Rotational spectroscopy is the
perfect benchmark to validate

the theoretical electronic struc-
ture methods and to evaluate

their predictive abilities. For exo-
2,3-epoxynorbornane, all the

Figure 3. The 30,3
!20,2 rotational transition for the parent species and all

possible monosubstituted isotopologues of exo-2,3-epoxynorbornane. The
double intensity of 13C1= 13C4 versus 13C7, due to the CS symmetry of the
molecule can be noticed. All the transitions show the instrumental Doppler
doublet.

Table 2. Rotational constants of the monosubstituted isotopologues of exo-2,3-epoxynorbornane.[a]

13C1= 13C4 13C2= 13C3 13C5= 13C6 13C7 18O

A [MHz] 3737.28998(34) 3721.17223(10) 3735.982720(56) 3707.56531(26) 3759.643(46)
B [MHz] 2297.75833(31) 2323.10102(10) 2313.164280(52) 2304.13527(24) 2246.86791(31)
C [MHz] 2099.68175(27) 2113.750760(86) 2113.997490(45) 2125.22183(95) 2060.34521(30)
N 8 8 8 8 6
s [kHz] 1.11 0.36 0.19 0.87 0.96

[a] Parameter definition as in Table 1. Centrifugal distortion parameters fixed to the values of the parent spe-
cies.

Figure 4. a) A comparison of the substitution and ab initio structures
(Tables 3 and 4) of exo-2,3-epoxynorbornane. The full molecular structure is
the MP2 structure. The smaller dark blue spheres are the experimental posi-
tions for the heavy atoms. b) A comparison of the substitution structure of
exo-2,3-epoxynorbornane and ab initio structure of norbornane (Tables 3
and S6). c) Schematic drawing in which the changes in the heavy framework
are shown from norbonane to exo-2,3-epoxynorbonane.
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employed methods give satisfactory results with errors lower
than 1% for the three rotational constants. MP2 provides the

best rotational constants with discrepancies in the range 0.2–
0.4%, whereas errors in B3LYP vary between 0.0 and 0.6% for

A, B, and C. The M06-2X functional provides the worst results,

with differences ranging between 0.5 and 0.7%. Method per-
formance in predicting conformer relative energies cannot be

assessed for exo-2,3-epoxynorbornane, because of the absence
of observed higher energy structures.

In addition, the structure of exo-2,3-epoxynorbornane was
compared with norbonane to evaluate the effect of the epoxy

group. The experimental and
theoretical structural parameters

of norbornane are shown in
Table 3 and Figure 4b and also

in Figure 4c to aid the compari-
son. Cartesian coordinates of

norbornane atoms calculated at
MP2 level appear in Table S6 of

the Supporting Information.

It is clear that the carbon
framework is affected by the

epoxy group; r(C2�C3) and r(C1�
C2)= r(C3�C4) distances are short-

er in exo-2,3-epoxynorbornane
(7% and 2% respectively),

whereas r(C4�C5)= r(C1�C6) are

larger (2%) and r(C5-�C6) and
r(C4�C7)= r(C1�C7) are practically

not affected. The reduction in
r(C2�C3) by �0.1 � is a drastic

change, as this distance is closer
to the value of a C�O bond

rather than a C�C bond. Such re-

adjustment is required to create
the new three-membered ring in

exo-2,3-epoxynorbornane and
may be caused by the need to

decrease the bond angle of the
highly strained epoxy group. In

addition, the presence of an

oxygen atom removes electron
density from C2 and C3. The dis-

tances r(C2�C3) and r(C2�O)=
r(C3�O) are similar with values of

1.465(4) and 1.438(20) �, respec-
tively. The valence angles aC2�
O�C3 and aC2�C3�O are ap-

proximately two degrees apart
(61.38 and 59.48, respectively).
These parameters indicate that
the shape adopted by the epoxy

group is close to an equilateral
triangle. The angle between the

C1�C2�C3�C4 and C1�C6�C5�C4

planes changed as well from
113.18 (norbonane) to 104.18

(exo-2,3-epoxynorbornane). Additionally, H2 and H3 atom posi-
tions drastically differ from one molecule to the other; valence

angles a(C1�C2�H2)=a(C4�C3�H3) vary from 111.78 (norbo-
nane) to 121.98 (exo-2,3-epoxynorbornane) and dihedral angles

t(C7�C1�C2�H2)=�t(C7�C4�C3�H3) differ from 156.48 (norbo-

nane) to 179.98 (exo-2,3-epoxynorbornane). The dihedral
angles are MP2 theoretical values, owing to the lack of d-sub-
stitution experimental data. The change in the H2 and H3 atom
positions can also be observed in Figure 5.

One question that arises is, whether any of the structural
changes that result from the introduction of an epoxy group

Table 3. Structure of exo-2,3-epoxynorbornane in the gas phase. The experimental and theoretical structures
of norbornane are given for comparison. Bond lengths are in � and angles in degrees.

exo-2,3-Epoxynorbornane Norbornane
rs
[a, b,c] r0 Ab initio re Experimental[d] Ab initio re

r(C1�C6)= r(C4�C5) 1.558(11) 1.556(5) 1.550 1.536(15) 1.541
r(C5�C6) 1.562(3) 1.568(4) 1.565 1.573(15) 1.561
r(C3�C4)= r(C1�C2) 1.509(11) 1.523(6) 1.522 1.536(15) 1.541
r(C1�C7)= r(C4�C7) 1.543(5) 1.541(3) 1.538 1.546(24) 1.539
r(C2�O)= r(C3�O) 1.438(20) 1.445(5) 1.444
r(C2�C3) 1.465(4) 1.470(4) 1.471 1.573(15) 1.561
a(C5�C4�C7)=a(C6�C1�C7) 100.6(7) 100.8(3) 101.2 102.04(6) 101.5
a(C1�C6�C5)=a(C4�C5�C6) 103.1(5) 103.1(3) 103.2 102.71 103.1
a(C1�C7�C4) 94.8(4) 95.1(2) 95.2 93.41(9) 94.6
a(C3�C4�C7)=a(C2�C1�C7) 102.3(6) 102.3(4) 101.9 102.04(6) 101.5
a(C1�C2�C3)=a(C2�C3�C4) 105.5(5) 105.3(4) 105.3 102.71 103.1
a(C2�O�C3) 61.3(11) 61.2(3) 61.2
a(O�C2�C1)=a(O�C3�C4) 116.0(18) 115.4(4) 116.0
a(C1�C2�H2)=a(C4�C3�H3) 121.9 111.7
t(C1�C7�C4�C5)=�t(C4�C7�C1�C6) 123.0(10) 123.4(5) 123.9 124.2
t(C5�C4�C3�O)=�t(C6�C1�C2�O) �45.2(14) �45.0(4) �45.2
t(C2�C3�C4�C5)=t(C3�C2�C1�C6) �108.2(7) �108.0(4) �108.2 �108.8
t(C5�C6�C1�C7)=�t(C6�C5�C4�C7) 144.3(8) 144.6(4) 144.9 144.8
t(C2�C1�C6�C5)=�t(C3�C4�C5�C6) �109.9(7) �109.6(4) �109.7 �108.8
t(C7�C4�C3�O)=�t(C7�C1�C2�O) �149.6(18) �149.6(5) �149.9
t(O�C2�C3�C4)=�t(O�C3�C2�C1) �68.6(23) �69.2(5) �68.4
t(C7�C1�C2�H2)=�t(C7�C4�C3�H3) 179.9 156.4
t(C1�C2�C3�C4) [0.0] [0.0] 0.0 0.0
t(C1�C6�C5�C4) [0.0] [0.0] 0.0 0.0
V[e] 104.1 103.8 104.0 113.1 108.3

[a] Substitution (rS), effective (r0), and ab initio [MP2/6-311+ +G(d,p)] equilibrium (re) structures. The rest of the
parameters were fitted to ab initio values. Bond lengths, valence angle and dihedrals are denoted r, a, and t.
[b] Errors in parentheses in units of the last digit. [c] In brackets, value set to zero by CS symmetry. [d] Experi-
mental structure from Ref. [12] . [e] Angle between the C1�C2�C3�C4 and C1�C6�C5�C4 planes.

Table 4. Cartesian coordinates (�) of the exo-2,3-epoxynorbornane atoms for the different structural determi-
nations.[a]

Atom rS r0 re
a/b/c a/b/c a/b/c

C1 0.249(6)/�1.135(1)/0.337(4) 0.259(2)/�1.137(1)/0.342(3) 0.263/�1.136/0.341
C2 �0.884(1)/�0.733(2)/�0.575(2) �0.887(1)/�0.735(1)/�0.578(1) �0.886/�0.735/�0.574
C3 �0.884(1)/0.733(2)/�0.575(2) -0.887(1)/0.735(2)/�0.578(3) -0.886/0.735/�0.573
C4 0.249(6)/1.135(1)/0.337(4) 0.259(2)/1.137(1)/0.342(2) 0.262/1.136/0.342
C5 1.532(1)/0.781(2)/�0.473(3) 1.534(1)/0.784(2)/�0.476(2) 1.533/0.782/�0.474
C6 1.532(1)/�0.781(2)/�0.473(3) 1.534(1)/�0.784(1)/�0.477(2) 1.533/�0.782/�0.474
C7 0.251(6)/[0.000]/1.381(1) 0.260(2)/[0.000]/1.382(1) 0.253/0.000/1.378
O �1.958(1)/[0.000]/0.040(6) �1.959(1)/[0.000]/0.053(3) �1.964/0.000/0.047
[a] Parameter definitions as in Table 3.
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in norbornane will affect the reactivity of the molecule. Al-

though some of the changes in bond lengths and angles
could modify the reactivity of the molecule slightly, the reactiv-

ity in both molecules is largely determined by the nature of

their functional groups; norbornane is an alkane with low reac-
tivity, whereas the presence of an epoxy group in exo-2,3-ep-

oxynorbornane makes it a highly strained and reactive mole-
cule.

Our research group has investigated several bridged bicyclic
rings, including 2-aminonorbornane,[17] tropinone,[18] scopo-

line,[19] but, due to their lack of an epoxy group, a direct struc-

tural comparison with exo-2,3-epoxynorbornane cannot be car-
ried out. However, there is a reported study of a molecule with

an epoxy group for which the structural parameters were ob-
tained, that is 6-oxabiciclo[3.1.0]hexane (OBH);[33] this allows

a direct comparison with the present investigation. All the
bond lengths are practically equal [i.e. r(C2�C3)=1.465(4) �

versus 1.463(3) �, r(C2�O)= r(C3�O)=1.438(20) versus

1.439(3) �, r(C1�C2)= r(C3�C4)=1.509(11) � versus 1.508(3) �,
and r(C1�C6)= r(C4�C5)=1.558(11) � versus 1.545(4) �] for exo-

2,3-epoxynorbornane and OBH respectively. A similar result is
observed for the valence angle involving the epoxy group,

with C2�O�C3=61.3(11)8 versus 61.10(17)8. We can conclude
that these are the typical structural parameters of an epoxy
group, where the bridged bicyclo rings adapt to the epoxide

and not vice versa.

3. Conclusions

To conclude, the use of rotational spectroscopy as a powerful
tool to determine molecular structures in isolation conditions

was demonstrated for exo-2,3-epoxynorbornane. By combining
data for the parent species and six minor isotopologues, the

experimental structure of the molecule has been obtained.

Comparison with the norbonane structure evidences that the
introduction of the epoxy group produces significant changes

in bond lengths and valence angles. We have also tested the
predictive performance of MP2, M06-2X, and B3LYP methods.

Experimental Section

The rotational spectrum of exo-2,3-epoxynorbornane was observed
using the Fourier-transform microwave spectrometer at UPV/
EHU,[34 ]covering the frequency region of 4–18 GHz. The experimen-
tal setup is based on the Balle–Flygare design.[35] In brief, excitation

pulses of 1 ms duration and powers below 150 mW were created
by fast (ns) PIN-diode switches acting on a 2–20 GHz centimeter-
wave (CW) microwave source. In this way, optimum p/2 polariza-
tion conditions were created on the sample, which expanded in
a supersonic jet coaxially within a Fabry–P�rot microwave resona-
tor.[36] The resulting transient spontaneous emission (free induction
decay) originating from the expanding molecular ensemble was
amplified at microwave frequencies and down-converted to the ra-
diofrequency region, where it was digitized and Fourier trans-
formed to yield the frequency-domain spectrum. All the transitions
are split, owing to the Doppler effect resulting from the coaxial ex-
pansion of the jet. The accuracy of the frequency measurements
was estimated to be below 3 kHz. Transitions separated by 7 kHz
are resolvable.

A commercial sample of solid exo-2,3-epoxynorbornane (97%) was
used without further purification. The sample was placed in a met-
allic reservoir built in a customized injection nozzle and transferred
to the gas phase by heating the reservoir with a resistive wire
(�185 8C). The vaporized sample was carried to the spectrometer
chamber by flowing Ne (99.997%) through the reservoir with stag-
nation pressures of �3 bar.

The experimental work was guided and supported by theoretical
calculations. We performed ab initio (MP2) and density functional
theory (DFT: B3LYP and M06–2X)[37–39] quantum chemical calcula-
tions. The most spectroscopically relevant features of the potential
energy surface were predicted: equilibrium energies, rotational
constants, and dipole moments. Standard Pople’s triple-z 6–311+
+G(d,p) basis functions were employed in all the methods, as im-
plemented in the Gaussian 09 software package.[40] The electronic
energies were corrected for zero-point vibrational effects calculat-
ed within the harmonic approximation. From the experimental ro-
tational constants and the obtained structure of the system we
could test the predictive performance of the ab initio and DFT
methods.
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Potential energy surface of fluoroxene:
experiment and theory†

Iciar Uriarte,a Patricia Écija,a Lorenzo Spada,ab Eneko Zabalza,a Alberto Lesarri,c
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Emilio J. Cocinero*a

The potential energy surface (PES) of the general anesthetic fluoroxene (2,2,2-trifluoroethyl vinyl ether)

was probed in a supersonic jet expansion using broadband chirped-pulse Fourier transform microwave

(CP-FTMW) spectroscopy and theoretical calculations. The PES is dominated by a single conformation,

as other stable minima are shown to kinetically relax in the expansion to the global minimum. Consistently,

the rotational spectrum reveals a single conformation. Fluoroxene adopts a CS heavy-atom planar skeleton

structure in the gas phase, with a cis–trans conformation (cis for the CH2QCH–O–CH2– and trans for

theQCH–O–CH2–CF3 part). The sensitivity of a recently-built CP-FTMW spectrometer at the UPV/EHU

is demonstrated by the detection of five isotopologues of fluoroxene in natural abundance, corres-

ponding to the 13C and 18O monosubstituted species. The rS and r0 structures were determined and are

in good agreement with theoretical predictions using the MP2, B3LYP and M06-2X methods.

Introduction

General anesthetics play a key role in modern medicine and are
widely used inhalationally and intravenously in surgical opera-
tions nowadays. Despite the common use of these drugs, the
details of their mechanism of action are still subject to debate.
This controversy is fueled by the large variety of substances that
can work as anesthetics, having different shapes, sizes and a
large diversity of functional groups in their structures (i.e. di- or
triatomic gases, ethers, alcohols, haloalkanes, etc.). Some of
these general anesthetics (such as propofol) seem to work
through an interaction with ligand-gated ion channels which
would inhibit neuronal synapses.1,2 However, this cannot be
extended to all general anesthetics and further studies about
their mechanism of action are needed. Understanding the
structure and conformation of anesthetics as well as their
preferences for specific intermolecular interactions may provide
insight into themodeling of binding sites and dockingmechanisms
at the protein active sites.

In this sense, the gas phase provides a unique scenario to
allow the investigation of the intrinsic molecular properties of
anesthetics and their intermolecular binding forces. The lack of
interferences from solvent interactions or crystal packing
effects makes it possible to study the molecule under isolated
conditions and gives access to its conformation and structure
in the absence of ‘‘external’’ interactions. Moreover, the use
of supersonic expansions allows one to isolate weakly-bound
intermolecular complexes and, thus, study intermolecular inter-
actions that govern the binding preferences of anesthetics.

Several spectroscopic techniques have been applied in the
gas phase to the structural study of general anesthetics. Mass-
resolved laser electronic spectroscopy has been used for the
study of species such as propofol3 and benzocaine,4 for which
several intermolecular complexes and clusters have been analyzed
in supersonic expansions.5,6 This kind of electronic spectroscopy
technique allows one to study moderate–large size molecular
systems in the gas phase (peptides,7–10 carbohydrates,11–14 nucleo-
base pairs,15–17 etc.) but they require in most cases a chromophore
and the conformational assignment is not always unambiguous.

On the other hand, microwave spectroscopy provides the
most accurate structural description of molecular systems of
small–medium size in the gas phase. Their inherent resolution
(sub-Doppler) allows one to unambiguously identify conformers,18

tautomers,19 isotopologues20 and enantiomers21 as independent
species. In addition, the validity of theoretical quantum chemistry
methods can be evaluated. The conformational landscape of
these molecules and their related intermolecular complexes can
be extensively investigated, since the different conformations
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can be clearly distinguished in the rotational spectrum. In the
last few decades, most microwave spectrometers have been
based on the original design by Balle and Flygare (Fourier
transform microwave, FTMW).22 For example, the structural prop-
erties of the anesthetics sevoflurane23 and isoflurane24 were inves-
tigated in such spectrometers. The isoflurane–water complex25 was
also studied using FTMW spectroscopy in order to assess the effect
of microsolvation on the conformational landscape of the anes-
thetic. In 2005, Pate introduced a new design for a microwave
spectrometer based on chirped pulse (CP) microwave excitation
(CP-FTMW).26 This design overcomes the problem of the narrow
bandwidth of conventional FTMW spectrometers and reduces
significantly the spectral acquisition time. Thanks to this new
instrument, the anesthetic propofol,27 the sevoflurane dimer28 and
the sevoflurane–benzene complex29 could be studied in a super-
sonic expansion; the latter study provides some insights into the
molecular recognition properties of this anesthetic.

Fluoroxene (2,2,2-trifluoroethyl vinyl ether, Scheme 1) exhi-
bits general anesthetic properties and was used as an inhala-
tional anesthetic. In the 1970s, it was removed from the market
because of its flammability and toxicity. No further studies were
performed to elucidate its mechanism of action, which remains
unclear. In 1974, an infrared spectroscopic analysis in the vapor
state30 indicated that the skeleton of the molecule adopts a
planar conformation although it was not possible to determine
the specific configuration of the vinyl (CH2QCH–O–CH2–) and
the trifluoroethoxy (QCH–O–CH2–CF3) groups (Fig. 1). A low
resolution microwave (LRMW) rotational study in 197531

suggested a vinyl cis–trifluoroethoxy trans (cis–trans) planar
conformation for fluoroxene in the gas phase, discarding any
vinyl trans structure. An analysis of the Q branch band head
of several mb transitions in the LRMW spectrum32 was later
found to be consistent with vinyl cis conformations but was
unable to provide information about the trans or gauche
conformations for the trifluoroethoxy group. None of these
studies were conclusive so the conformation of fluoroxene has
remained unclear so far.

The aim of the present work is to carry out an exhaustive
exploration of the potential energy surface (PES) of fluoroxene
and to unambiguously determine its conformation and struc-
ture in the gas phase by means of high resolution rotational
spectroscopy in a supersonic expansion. The combination of
both techniques allows the study of the isolated molecule and
the assessment of its intrinsic conformational and structural
preferences.Scheme 1 Structure and atom numbering for the fluoroxene molecule.

Fig. 1 Lowest-lying conformers of fluoroxene within an energy window in the 0–20 kJ mol�1 range (with relative energies (MP2/6-311++G(d,p)/ZPE
corrected) in kJ mol�1 shown in brackets), front and side views are displayed. The conformers are named as follows: conformation vinyl-conformation
trifluoroethoxy.

Paper PCCP

XI.26



3968 | Phys. Chem. Chem. Phys., 2016, 18, 3966--3974 This journal is© the Owner Societies 2016

Experimental and
computational methods

The rotational spectrum of fluoroxene was measured in a
recently built CP-FTMW spectrometer at the University of the
Basque Country (UPV/EHU). This instrument is based on Pate’s
original design26 and allows the acquisition of the rotational
spectra in the 6.0–18 GHz frequency range in a single molecular
pulse. Briefly, a 1 ms chirped pulse was generated in an arbitrary
waveform generator, covering 11 GHz. This broadband pulse
was frequency-upconverted with a broadband mixer and ampli-
fied in a travelling wave tube amplifier (250 W). It was later
broadcast inside a high vacuum chamber (evacuable down to
10�6 mbar) by using a horn antenna. The excitation induces
polarization, resulting in a spontaneous molecular emission
signal. This emission was collected with the aid of a second
horn antenna and sent to a digital oscilloscope with a 20 GHz
bandwidth. For each chirped pulse, a 20 ms time domain signal
was recorded in the scope. In the current set-up, 10 chirped
pulses were used in each molecular pulse.

A commercial sample of fluoroxene (97%) was used without
any further purification. The anesthetic is a very volatile liquid
(vapour pressure of 381 mbar at 20 1C) with a low boiling point
(43 1C). The sample was prepared as a gasmixture of about 0.5% of
fluoroxene in Ne :He (80 : 20) and was expanded into the spectro-
meter vacuum chamber at a stagnation pressure of B2 bar.

Theoretical calculations supplemented the experimental
work. First, a conformational search was accomplished using
a fast molecular mechanics method (Merck Molecular Force
Field: MMFFs33). Advanced Monte Carlo and large-scale low-
mode conformational search algorithms were used to scan the
conformational landscape of fluoroxene. Then, all structures
within the 0–20 kJ mol�1 energy window were fully reoptimized
using quantum chemical calculations. We compared the pre-
dictive capabilities of several molecular orbital methods, in
particular ab initio (MP2) and density functional theory (B3LYP
and M06-2X) models. In all cases a Pople’s triple-z 6-311++G(d,p)

basis set was used, as implemented in the Gaussian 09 software
package.34 Relative energies, rotational and centrifugal distortion
constants and dipole moments of the lowest lying conformers
were predicted. In addition, the PES was evaluated with a grid of
169 calculations at MP2/6-311++G(d,p), varying the torsion angles
C1–C2–O3–C4 and C2–O3–C4–C5 with a 151 step. Finally, we also
estimated the isomerization barriers between different confor-
mers at intervals of 101 at MP2/6-311++G(d,p).

Results
Theoretical calculations

The MP2, M06-2X and B3LYP methods predict that the con-
formational landscape of fluoroxene in the 0–20 kJ mol�1 range
exhibits the four minima of Fig. 1. A bidimensional PES was
created using the torsion angles C1–C2–O3–C4 and C2–O3–C4–C5,
which were scanned every 15 degrees. All calculations agree that
the CS-symmetry cis–trans conformer is by far the most stable
one and it is presumed to dominate the experimental rotational
spectrum. The cis–gauche conformation suggested in previous
works is predicted at an electronic energy of 7.3 kJ mol�1 (MP2).
The trans–gauche and trans–trans structures are predicted at
electronic energies of 7.5–9.6 kJ mol�1 (MP2). The dihedral
angles of the three higher energy conformers show some distortion
from the tetrahedral structure due to the fluorine atoms. The
most relevant predicted spectroscopic parameters of the four
conformers are shown in Table 1.

Rotational spectrum

An overview of the experimental spectrum of fluoroxene in the
6.0–18 GHz region is presented in Fig. 2 alongside the MP2
predicted spectra of the lowest-lying conformers. The experi-
mental spectrum is the average of 1 675 600 accumulated
spectra after an acquisition time of nearly 48 hours. The
spectrum is very congested, consisting of nearly 2200 lines with
a signal-to-noise ratio (SNR) Z 3/1. Visual inspection suggests

Table 1 Predicted rotational constants, dipole moment components and relative energies of the four lowest-lying conformers of fluoroxene at MP2,
M06-2X and B3LYP respectively. In all cases the standard Pople’s triple-z 6-311++G(d,p) basis set was used

Conformer cis–trans Conformer cis–gauche Conformer trans–gauche Conformer trans–trans

Aa/MHz 4393.5/4455.3/4403.1 3756.0/3781.0/3762.1 4178.4/4275.1/4301.9 4919.7/4961.1/4891.8
B/MHz 1121.3/1122.7/1098.9 1398.7/1414.6/1356.1 1226.0/1220.6/1159.0 1011.0/1016.4/1000.0
C/MHz 1067.5/1070.7/1048.9 1278.6/1292.6/1246.8 1189.4/1186.3/1133.9 994.0/997.8/982.5
DJ/kHz 0.067/0.069/0.068 0.27/0.23/0.35 0.55/0.55/0.45 0.052/0.066/0.060
DJK/kHz 1.1/1.3/1.3 0.49/0.60/0.64 �1.4/�1.6/�1.1 2.0/2.0/2.6
DK/kHz �0.25/�0.37/�0.33 0.44/0.27/0.56 6.5/7.3/6.6 �0.80/�0.96/�1.5
d1/Hz �3.8/�3.4/�3.8 �37.1/�27.5/�55.1 �74.3/�66.2/�49.8 �0.50/0.65/0.54
d2/Hz 3.7/4.9/3.6 3.9/3.2/5.7 �0.20/�0.66/0.27 0.96/5.7/1.5
Pc/amu Å2 46.2/45.8/46.4 50.3/50.0/50.8 54.1/53.1/53.9 47.1/46.3/47.2
|ma|

b/D 2.2/2.3/2.2 1.4/1.5/1.5 0.7/0.7/0.8 1.8/1.8/1.7
|mb|/D 1.4/1.4/1.4 0.0/0.1/0.1 1.0/1.0/0.9 2.1/2.3/2.2
|mc|/D 0.0/0.0/0.0 1.5/1.6/1.6 1.7/1.7/1.8 0.9/0,7/0.7
|mtot|/D 2.6/2.7/2.6 2.1/2.2/2.2 2.1/2.1/2.9 2.9/3.0/2.9
DE + ZPEc/kJ mol�1 0.0/0.0/0.0 7.3/6.9/7.0 7.5/8.1/4.6 9.6/11.3/6.4
DGd/kJ mol�1 0.0/0.0/0.0 8.0/9.0/7.0 5.9/7.6/2.9 7.2/7.6/3.4

a Rotational constants (A, B and C). b Electric dipole moment components (|ma|, a = a, b and c) referred to the principal inertial axis and total
electric dipole moment; 1 D E 3.336 � 10�30 C m. c Electronic energy with the inclusion of zero-point correction. d Gibbs free-energy at 298 K.
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that it is dominated by the most stable cis–trans species. A total
of 190 rotational transitions were fitted to a semirigid asym-
metric rotor Hamiltonian in the Watson S-reduction.35 The
most intense transition ( JK�1,K+1

= 41,3 ’ 31,2) had a SNR E
13 000/1. A preliminary assignment with a set of 26 aR transi-
tions yielded precise values of the B and C rotational con-
stants. A subsequent assignment of 43 mb transitions allowed
the A rotational constant to be fitted. This permitted the
assignment of further transitions, including aR, aQ, bR, bQ
and bP branch lines. The determined rotational and centri-
fugal distortion constants are summarized in Table 2 along-
side the LRMW constants.32 A comparison between theory
(Table 1) and experiment (Table 2) seems to indicate that the
observed species is the cis–trans conformation of fluoro-
xene. Table 2 also displays the values of the rotational con-
stants estimated in the LRMW study by Dennison et al.32 with
discrepancies >10 MHz for the three rotational constants. The
present study clearly improves the accuracy of the previous

results. Relative errors are in the 0.5–0.9%, 0.4–1.6% and
0.2–1.5% ranges for A, B and C respectively depending on
the theoretical method. The predicted rotational constants
correspond to the equilibrium structure. The largest errors
concern the B3LYP calculations, while M06-2X provides the
most accurate data. The full list of rotational transitions
observed for the parent species is given in the ESI† in
Table S1. A comparison between the original spectrum and
the result of removing the lines assigned to the parent species
of fluoroxene is depicted in Fig. 3, showing that the spectrum
is clearly dominated by the cis–trans conformer. However, the
magnified spectrum presented in Fig. 3 shows that a large
number of weaker lines (ca. 15 times weaker than the most
intense transition of the cis–trans conformer) still remain
unassigned.

Isotopic species and structure

Once the transitions assigned to the parent species were
discarded, a set of approximately 2000 weaker lines (with a
SNR Z 3/1) remained in the spectrum. Among these, a total of
354 transitions were assigned to the 13C (natural abundance B
1.1%) and 18O (B0.2%) monosubstituted isotopologues of
fluoroxene. Several ma and mb transitions of the four singly
substituted 13C species and the 18O species could be fitted
following the same procedure as in the parent species. Fig. 4
displays the region of the spectrum with the assignment of the
40,4 ’ 30,3 transition for the five monosubstituted species. All
the transitions assigned to the isotopologues of fluoroxene are
shown in the ESI† in Tables S2–S6, and their rotational con-
stants are summarized in Table 3. The isotopic data unambigu-
ously confirm the CS conformation of the molecule, with all
carbons and the oxygen skeleton being contained in the CS

plane as observed in the constant value of the planar moment
Pc in Table 3, giving mass extension out of the c axis. It may be
noted that the A rotational constant of one of the isotopologues

Fig. 2 Experimental rotational spectrum of fluoroxene and predicted MP2 spectra for the four lowest-lying conformers.

Table 2 Experimental rotational parameters of the most abundant con-
formation of fluoroxene and a comparison with previous studies

This work Dennison et al.32

Aa/MHz 4431.82253(27)d 4421.2(43)
B/MHz 1116.736849(75) 1128.3(196)
C/MHz 1065.058889(76) 1053.7(196)
DJ

b/kHz 0.06793(21)
DJK/kHz 1.0772(13)
DK/kHz �0.1356(40)
d1/Hz �3.612(46)
d2/Hz 3.028(14)
Pc/amu Å2 46.037925(36)
Nc 190
s/kHz 5.8

a Rotational constants (A, B and C). b Watson’s S-reduction quartic
(DJ, DJK, DK, d1 and d2) centrifugal distortion constants and planar
moment (Pc).

c Number of transitions (N) and rms deviation of the fit
(s). d Standard errors in parentheses in units of the last digit.
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(13C5) is slightly larger than that of the parent species due to the
proximity of this atom to the a principal axis and vibrational
effects. A substitution structure (rS) (arising from Kraitchman’s
equations)36 and ground-state effective (r0) coordinates were

calculated from the rotational constants in Tables 2 and 3,
assuming CS symmetry. Both structures are compared to
the near-equilibrium (re) ab initio predictions of fluoroxene
in Table 4 (atomic coordinates in Table S7, ESI†). A
visual comparison between the predicted (re, MP2) and the
different meanings of the rS (closer to the equilibrium values)
and r0 (vibrational ground state) experimental structures is
depicted in Fig. 6. Fig. S1–S6 (ESI†, which provide a 3D
interactive view) display the correspondence between the rS
and r0 structures and the MP2, M06-2X and B3LYP predic-
tions, although we are aware that these quantities must be
compared with caution.

After removal of the lines assigned to the isotopologues of
fluoroxene, a total of 1650 peaks with a SNR Z 3/1 remain
unassigned in the spectrum. Attempts to assign these lines to
the higher-energy conformers of fluoroxene proved unsuccess-
ful. Several molecular species may be the cause of this spec-
trum, among them are the fluoroxene dimer, fluoroxene–water
complexes,37 van der Waals complexes with the carrier gas38 or
decomposition products. Another aspect that should not be
overlooked is that the commercial sample contains 3% of
impurities. As we were able to detect transitions due to the
18O species (B0.2%), many observed lines will presumably
arise from sample impurities.

Fig. 3 Comparison between the original spectrum of fluoroxene and the result of removing the lines assigned to the cis–trans conformer, showing that
the most intense lines correspond to this conformer. In the normalized spectrum below it can be clearly seen that a large number of weak rotational
transitions still remain.

Fig. 4 Assignment of the 40,4 ’ 30,3 transition for the different isotopo-
logues of fluoroxene.
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Discussion

The combination of rotational data and theoretical calculations
fully specified the molecular properties of the general anesthetic
fluoroxene. A single dominant conformation was observed in the
rotational spectrum, with no evidence of higher-energy confor-
mers. We observed that under isolated conditions fluoroxene
adopts a cis–trans planar conformation of CS symmetry. This result
is consistent with the conclusions of the infrared study by Charles
et al.30 which predicted a planar conformation and the low
resolution microwave study by True and Bohn,31 who proposed a
cis–trans conformation. The present rotational study discards the
observation of any cis–gauche conformation suggested previously.32

The structural observations can be rationalized based on the
PES of Fig. 5. Molecular populations in a jet expansion are
determined by the global topology of the PES, with the potential
barriers between conformations determining whether collisional
relaxation is effective in the expansion or individual minima are
trapped within their potential wells. In the fluoroxene PES four
minima are apparent. However, the most stable cis–trans
nd cis–gauche conformations are connected by tiny potential
barriers (3.9 kJ mol�1, panel A in Fig. 5), thus transferring the
population to the global minimum. Similarly, the two trans–
gauche and trans–trans species again plausibly converge in a
single conformation because of the low interconversion barrier
(2.5 kJ mol�1, panel D in Fig. 5). However, conformational
relaxation by a torsion of the vinyl group like trans–trans to
cis–trans or trans–gauche to cis–gauche exhibits larger barriers

(11.1–11.5 in panels B and C of Fig. 5). Previous information on
collisional relaxation in jet expansions suggested that barriers
between 5 to 12 kJ mol�1 may prevent conformational isomer-
ization, depending on the complexity and degrees of freedom of
the PES. In consequence, and from the potential energy barriers
to conformational interconversion, we can state that cis–gauche
relaxes to cis–trans and trans–trans relaxes to trans–gauche upon
supersonic expansion. A second fluoroxene conformation could
be expected, a trans–gauche conformer, but would be very
depopulated. However, its small abundance and its small ma
value make it difficult to detect its spectrum.39

The planarity of the cis–trans molecular skeleton can be
explained in terms of a possible conjugation between the
oxygen lone pairs and the vinyl group. This resonance effect
is strongly favored in a planar conformation, like the one
observed in our experiment. Such planarity was observed in
other vinyl ethers such as methyl vinyl ether and was attributed
to the same conjugation phenomenon.40,41 Although the cis
conformation of the vinyl group in fluoroxene may show larger
steric hindrance than the trans, it is also the preferred form in
several vinyl ethers such as methyl vinyl ether40–42 or ethyl vinyl
ether.43,44 This effect was attributed to the smaller electrostatic
repulsion between the lone pair electrons of the oxygen and the
p electrons of the double bond in the cis configuration.45

Besides fluoroxene, other halogenated ethers that also dis-
play general anesthetic properties were investigated in the gas
phase by rotational spectroscopy. Only one conformer was
detected for sevoflurane,23 whereas two conformers were observed
for isoflurane in the gas phase.

The absence of internal rotation hyperfine effects in the
spectrum of fluoroxene can be explained due to the large moment
of inertia of the CF3 internal rotor, for which the predicted internal
rotation barrier is 19 kJ mol�1 at the MP2/6-311++G(d,p) level.

Furthermore, accurate values of the rotational and centri-
fugal distortion constants, together with the molecular struc-
ture, were determined in the present study for the first time, by
analyzing the data of the parent species and five isotopologues
in natural abundance. Assignments and measurements of the
rotational spectra of the 5 isotopologues of fluoroxene arising
from 13C and 18O substitution in natural abundance with good
SNR proves the sensitivity of the CP-FTMW spectrometer. The
determined substitution (rS) and effective (r0) structures of the
molecular skeleton of fluoroxene, despite not being directly
comparable with the equilibrium theoretical predictions, are
in excellent agreement with the MP2 calculation, with the

Table 3 Experimental rotational parameters of five isotopologues of fluoroxene detected in natural abundance

13C1
13C2

13C4
13C5

18O3

Aa/MHz 4412.97690(32)c 4423.94792(28) 4421.63911(18) 4432.01619(30) 4399.56060(57)
B/MHz 1092.87428(10) 1101.629349(73) 1116.491526(68) 1113.907802(83) 1110.37107(12)
C/MHz 1042.28334(10) 1050.865804(59) 1064.253774(64) 1062.474364(90) 1057.42050(12)
Pc/amu Å2 46.037680(49) 46.038125(32) 46.039474(30) 46.032982(41) 46.039439(59)
Nb 83 81 67 72 51
s/kHz 5.8 5.1 3.3 4.8 5.4

a Rotational constants (A, B and C) and planar moment (Pc). Centrifugal distortion constants of the minor isotopologues are fixed to the values of
the parent species. b Number of transitions (N) and rms deviation of the fit (s). c Standard errors in parentheses in the units of the last digit.

Table 4 Substitution (rS), effective (r0) and calculated (re) structures of
fluoroxene in the gas phase

rS r0 re (MP2)

r(C1–C2)/Å 1.335(5)a 1.343(5) 1.343
r(C2–O3)/Å 1.365(3) 1.364(4) 1.362
r(O3–C4)/Å 1.432(8) 1.419(5) 1.407
r(C4–C5)/Å 1.482(7) 1.508(7) 1.512
r(C5–F6)/Å 1.343(12) 1.347
r(C5–F7) = r(C5–F8)/Å 1.334(3) 1.339
+(C1–C2–O3)/deg 127.6(4) 127.2(3) 127.5
+(C2–O3–C4)/deg 117.1(5) 116.0(3) 115.0
+(O3–C4–C5)/deg 105.1(4) 106.8(4) 107.4
+(C4–C5–F6)/deg 108.8(5) 109.0
+(F6–C5–F7) = +(F6–C5–F8)/deg 107.4(4) 107.8
t1 = t(C1–C2–O3–C4)/deg [180.0]b [180.0] 180.0
t2 = t(C2–O3–C4–C5)/deg [0.0] [0.0] 0.0

a Errors in parentheses in units of the last digit. b Values in brackets
were fixed in the fitting.
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discrepancies ranging between 0.0 and 2.2%. There are only
two parameters with relative errors greater than 2%: the C4–C5

distance (2.0%) and the O3–C4–C5 angle (2.2%) (MP2 predic-
tions compared to rS). These two parameters involve atoms
(in particular, C4 and C5) lying close to one of the principal axes,
which explains the larger uncertainties for these values.

Finally, the present structural study serves as a basis for
future microsolvation and molecular recognition investigations
about intermolecular complexes with the aim of shedding light
on the structure–activity relationship of these kinds of drugs.

Fig. 5 The ab initio (MP2/6-311++G(d,p)) PES of fluoroxene shows two wells and four distinct local minima. The independent variables correspond to
the torsion angles C1–C2–O3–C4 and C2–O3–C4–C5 defined in Scheme 1 (energies in kJ mol�1, angles in degrees).

Fig. 6 Experimental structures (rS and r0) of fluoroxene compared to the
ab initio structure (MP2/6-311++G(d,p) level). The larger spheres (trans-
parent and/or solid) are the theoretical positions, while the smaller solid
spheres represent the experimental structures.
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Furanosic forms of sugars: conformational
equilibrium of methyl b-D-ribofuranoside†

Patricia Écija,a Iciar Uriarte,a Lorenzo Spada,ab Benjamin G. Davis,c

Walther Caminati,b Francisco J. Basterretxea,a Alberto Lesarri*d and
Emilio J. Cocinero*a

The investigation of an isolated ribofuranose unit in the gas phase

reveals the intrinsic conformational landscape of the biologically

active sugar form.We report the rotational spectra of two conformers

of methyl b-D-ribofuranoside in a supersonic jet expansion. Both

conformers adopt a near twisted (3T2) ring conformation with the

methoxy and hydroxymethyl substituents involved in various intra-

molecular hydrogen bonds.

Sugars are flexible polymorphic species, exhibiting complex con-
stitutional, configurational and conformational isomerism. The
intramolecular reaction between carbonyl (typically reducing
terminus) and hydroxyl groups gives rise to cyclic hemiacetal/
ketals, particularly stable for five- or six-membered ring forms
(furanose or pyranose, respectively, Scheme 1). Large amplitude
motions, like ring puckering, inversion or pseudorotation, com-
bine with the internal rotation of the hydroxyl groups to produce a
rich conformational landscape, even in the most elementary mono-
saccharide units. A recent microwave spectroscopy study on ribose
proved that this aldopentose is a pyranose (1) in the gas-phase, with
six coexisting low-energy (DEo 6 kJ mol�1) conformers differing in
ring conformation (1C4 or 4C1) and epimerization (a/b).1 Other
rotational2 and vibrational3 studies of five- or six-carbon monosac-
charides also confirmed the pyranose preference of free molecules,
which had also been previously observed in the crystal4,5 and liquid
phases.6 However, the preferred ribopyranose form starkly contrasts
with the biological use of five-membered b-ribofuranose rings (2).

Ribofuranoside rings play different biochemical functions. In
most species they appear as informational molecules and catalysts

(RNA), as substrates (ATP or sugar-diphospho-nucleosides), or as
cofactors (NAD(P) or NAD(P)H).7 Remarkably, their roles are often
critical: DNA analogues in which the furanose rings are exchanged
by pyranoses produce double helices with much stronger base
pairing, but are unsuitable to replace DNA.8 The biochemical
functionality in ribose-based biomolecules probably relies on
multiple related factors and functional optimization does not
necessarily correlate with simple properties in the ground state.
Changes in the furanose conformation can also critically modulate
the ability of nucleosides to act as substrates with enzymes
associated with disease processes, e.g.HIV-1 reverse transcriptase.9

Furanosides also appear as part of oligosaccharides in plants and
microbial organisms like bacteria, fungi and parasites, although
not in humans or in mammals.10

Ultimately, the evolutionary preference for furanoses in RNA and
other biomolecules may have a chemical origin, associated perhaps
with the greater or differing flexibility of the five-membered ring.
Saturated five-membered rings are structurally unique, as the small
differences in energy between twisted and envelope forms give
rise to pseudorotation, a quasi-monodimensional large-amplitude-
motion in which the puckering rotates around the ring.11 The
furanose ring-puckered species thus may interconvert without
passing through the planar species, making it difficult to specify
conformational properties and pseudorotation pathways. The first
pseudorotation model for nucleosides was developed by Altona
and Sundaralingam (AS).12 Cremer and Pople (CP) later solved the
puckering problem using vibrational analysis and developed
systematic curvilinear CP coordinates,13 generally applicable to

Scheme 1 The pyranose (1) and furanose (2) constitutional isomers of
ribose, together with methyl-b-D-ribofuranoside (3), in Haworth projection.

a Departamento de Quı́mica Fı́sica, Facultad de Ciencia y Tecnologı́a,

Universidad del Paı́s Vasco (UPV/EHU), Apartado 644, 48080 Bilbao, Spain.

E-mail: emiliojose.cocinero@ehu.eus
b Dipartimento di Chimica ‘‘G. Ciamician’’, Università di Bologna, Via Selmi 2,
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any cycloalkane. Both models define furanoside puckering in terms
of amplitude (q) and phase coordinates (jAS and jCP phase conven-
tions are shifted by a constant angle). Noticeably, a first survey of
crystal structures revealed that furanoside conformations in nucleo-
sides display a bimodal distribution,14 with two preferred puckering
regions around jCP = 2881 (jAS = 181, envelope 3E � C3

0-endo)15

jCP = 721 (jAS = 1621, envelope 2E � C2
0-endo). This two-state

model has been instrumental for puckering determination in
solution using NMR vicinal spin–spin coupling parameters.16

More recent structural investigations on furanose glycosides
showed a similar clustering in the conformational space, but
they were heavily dependent on the pentose configuration.10 In
particular, b-ribofuranosides are located around the puckering
phases of jCP = 2521 (envelope E2) in the solid state. Recurrently,
the question thus arises: does the furanose conformation in the
crystal or solution reflect the intrinsic ring puckering properties,
or is it imposed by the environment?

We answer this question by exploring the molecular structure
of the five-membered ring unit of an isolated monosaccharide in
the gas-phase. We analyzed methyl b-D-ribofuranoside (3) using a
combination of chemical synthesis, microwave spectroscopy,
supersonic jet expansion techniques, ultrafast laser vaporization
and computational methods. The target pentose was specifically
synthesized (see the ESI†) to lock the molecule as a five-membered
ring, preventing the formation of the pyranose form dominant
in the gas phase. Our main objectives include the observation
of conformational preferences of furanose forms in C5 and C6
sugars, the determination of the number of coexisting species of
the free molecule, and the comparison with the structural data in
condensed phases. The conformational landscape was explored at
different levels, including ring-puckering preferences, dynamics of
the hydroxyl and hydroxymethyl groups, intramolecular hydrogen
bonding and internal rotation of themethyl group. Our results give
a valuable perspective on the intrinsic structural preferences of this
biologically important aldopentofuranose, clarifying previous X-ray
and neutron diffraction,17 NMR18 and ab initio data.19

The computational study included a comprehensive confor-
mational search combining molecular mechanics (MMFFs) and
special search algorithms based on stochastic and vibrational
mode analysis,20 together with ab initio (MP2) and density-
functional-theory (M06-2X, B3LYP) molecular orbital reoptimiza-
tions, which refined the initial estimations. The final conformational
energies and rotational constants are in Tables S1 and S2
(ESI†), while Table 1 gives the puckering properties, dipole
moments and Gibbs energies for the six conformers with
energies within 5 kJ mol�1.

The calculated conformational stabilities were checked against
the experimental microwave spectrum in the 6–14 GHz frequency
region. The molecular jet was probed using a Fourier-transform
microwave (FT-MW) spectrometer equipped with an UV ultrafast
laser vaporization system1 (experimental details in the ESI†).
Two different sets of rotational transitions were independently
assigned (Fig. 1). The first set was composed exclusively of
R-branch ( J + 1’ J) mc-type transitions, with angular momentum
quantum numbers spanning values J = 2–6. The second set
included only R-branch mb-type rotational transitions ( J = 2–7).

Both datasets were mutually exclusive and they clearly corresponded
to two different carrier species. Their similarity in rotational con-
stants suggested that they are indeed isomers of the samemolecule.
Some of the observed lines showed small hyperfine effects for the
two species, splitting some individual transitions into two close
components separated by less than 20 kHz.

The hyperfine effects were attributed to the internal rotation of
the O-1 methyl group in the ribofuranoside, detectable in the
rotational spectra for small ormoderate potential energy barriers.21

The experimental observations were reproduced to experi-
mental accuracy using a semirigid-rotor Watson Hamiltonian
(S-reduction).22 The internal rotation effects were analyzed using
Wood’s internal-axis-method (IAM).23 Table 2 presents the results
of least-squares fits of the experimental transitions of both
conformers, which yielded accurate values of the rotational
constants, the quartic centrifugal distortion constants and the
internal rotation barrier height. The full set of transitions is
collected in Tables S3 and S4 (ESI†). No lines attributable to other
conformers were observed in the spectrum.

The conformational assignment of the two isomers of Fig. 2
relied on multiple arguments. An initial comparison of the
rotational constants in Table 2 showed good agreement between
the two lowest-lying conformations (relative errors below 1–2%).
The prediction of (harmonic) centrifugal distortion constants
was also consistent in magnitude and sign with the proposed

Table 1 Prediction of conformational energies for methyl b-D-ribofuranoside

Speciesa DGb/kJ mol�1 qc/Å j/deg ma
d/D mb/D mc/D

1 (3T2) 0.0/0.0/0.0 0.385 264.7 0.0 �0.3 �1.2
2 (3T2) 0.8/1.2/0.9 0.397 260.7 �0.9 �3.5 �0.9
3 (3T2) 2.9/0.4/2.2 0.397 266.4 �1.6 �3.5 1.7
4 (E2) 3.5/4.6/2.9 0.400 252.3 1.3 �4.1 0.7
5 (2E) 3.7/2.0/1.5 0.382 62.7 �2.1 �0.3 �0.5
6 (E2) 4.9/5.0/3.6 0.391 247.8 �0.9 �1.4 2.9

a Conformational notation in ref. 15. b MP2/M06-2X/B3LYP calculations
with a 6-311++G(d,p) basis set; relative Gibbs free energies at 298 K.
c Cremer–Pople puckering parameters defined in ref. 13. d Electric dipole
moment components (ma, mb, mc).

Fig. 1 A section of the experimental spectrum of methyl b-D-
ribofuranoside in the region 7–10 GHz, with two typical rotational transi-
tions split by internal rotation of the methyl group (each transition
additionally split by Doppler effect).
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assignment. Finally, the methyl group V3 barrier increase for
conformer 2 (V3 = 7.3 vs. 7.5 kJ mol�1) is in agreement with the
ab initio predictions (7.9 vs. 8.2 kJ mol�1). This evidence fully
confirms the conformational assignments in Table 2 and Fig. 2
(interactive 3D model in Fig. S1 and S2, ESI†).

The ring-puckering properties were analyzed quantitatively,
using the CP coordinates13 in Fig. 3. The two detected isomers
have similar puckering phases (jCP = 264.71 and 260.71, respec-
tively), intermediate between a twisted-3T2 and an envelope-E2 ring
conformation. Puckering amplitudes are also very similar (q =
0.385 and 0.397 Å, respectively). The hydroxymethyl side chain
adopts the gauche staggered orientation of Scheme 2, either G+

(t1(O50–C50–C40–C30) = +56.21) for the global minimum or G� (t1 =
�58.11) for the second conformer. Conversely, the methyl group is
always trans with respect to C20 (T: t2(CM–O10–C10–C20) = 174.41 and
178.91, respectively), so the observed conformations are denoted
3T2 G

+T (global minimum) and 3T2 G
�T.

The two ring hydroxyl groups, on opposite sides of the methoxy
and hydroxymethyl substituents, are finally arranged to reach the
highest possible number of internal hydrogen bonds. The global
minimum exhibits two unconnected hydrogen bonds: a weak con-
tact O50–H	 	 	O40 with the hydroxymethyl group (MP2: r(H	 	 	O40) =
2.4 Å) and a O20–H	 	 	O30 link (MP2: r(H	 	 	O30) = 2.17 Å). The second

conformer displays a network of two successive O20–H	 	 	O30–H	 	 	O50

hydrogen bonds involving three hydroxyl groups (MP2: r(H	 	 	O30) =
2.17 Å, r(H	 	 	O50) = 2.29 Å).

In conclusion, the combination of rotational data and ab initio
calculations provides a direct comparison between b-ribofuranoside
ring conformations in the gas phase and crystal structures. The
isolated molecule preferably occupies three regions of the confor-
mational space, represented by the 3T2–E2,

2E and 4E structures in
Fig. 3 (ab initio structures in Tables S5–S7, ESI†).

The three most stable structures (o3 kJmol�1) share a twisted
3T2 and envelope E2 character, but most of the following con-
formations up to ca. 8 kJ mol�1 move toward the neighboring
envelope E2. The higher-energy forms of the isolated molecule
also comprise envelopes 2E and 4E, which appear at relative
energies above 3.7 and 7.3 kJ mol�1 (MP2), respectively, and
become the most abundant in the upper range of the analyzed
energy window. The two observed conformations for the isolated
molecule simply represent alternative arrangements of the sugar
hydroxymethyl side-chain (the third conformer being equivalent
to the global minimum with reversed O30–H	 	 	O20 hydrogen bond
orientation). In previous rotational studies it was argued that

Table 2 Experimental parameters for the two detected conformations of
methyl b-D-ribofuranoside, and comparison with the MP2 predictions

Conf. 1 Conf. 2

Experiment Theory Experiment Theory

A/MHz 1307.1463(55)a 1295.21 1443.5094(14) 1438.72
B/MHz 1095.47128(50) 1101.10 924.98477(53) 943.70
C/MHz 717.8046(49) 718.90 661.97710(32) 674.86
DJ/kHz 0.953(81) 0.2752(48)
DJK/kHz �0.339(88) �1.264(27)
DK/kHz 1.702(97)
d1/Hz 0.723(66) �0.1004(31)
d2/Hz �0.277(24)
V3

b/kJ mol�1 7.304(13) 7.90 7.503(64) 8.23
sc/kHz 4.7 3.0
Nd 46 32

a Uncertainties in units of the last digit. b Internal rotation barrier. The
geometrical parameters Ia (=3.195 mÅ2) and o(i,a), o(i,b), o(i,c)
(=23.11, 81.31, 68.81, 51.41, 43.91 and 72.31, respectively, for conformers
1 and 2) have been fixed to the ab initio values. c Standard deviation of
the fit. d Number of transitions.

Fig. 2 Intramolecular hydrogen bonding distances (Å) and relative Gibbs
energy (MP2) for the two observed conformers of methyl b-D-ribofuranoside.

Fig. 3 (a) Upper panel: Ring-puckering predictions (1–12) for methyl b-D-
ribofuranoside in the gas phase (experimental conformers with green solid
circles). (b) Lower panel: A survey of 30 fragment structures of furanose
glycosides in the Cambridge Structural Database10 (blue crosses), together
with 2 neutron diffraction structures ofmethyl b-D-ribofuranoside17 (red circles).

Scheme 2 Notation for staggered orientations around the C40–C50 bond.
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intramolecular hydrogen bonding is the primarily stabilizing
effect in isolated monosaccharides.1,2 In methyl b-D-ribofuranoside
the hydrogen bond pattern seems to favor conformer 2, predicted
only 0.8 kJ mol�1 (MP2) to 1.2 kJ mol�1 (M06-2X) above the global
minimum. However, the predicted stability could also reflect other
contributions, like hyperconjugative effects, previously suggested
in tetrahydrofuran24 and other monosaccharides. Unfortunately,
the small energy difference between both conformations cannot be
verified experimentally, as the lack of common selection rules
precludes the estimation of the intensity ratios. Noticeably, the
neutron diffraction experiments of methyl b-D-ribofuranoside also
identified two conformations with E2 ring-puckering (jCP = 258.61,
249.61), relatively close to the 3T2–E2 structures observed here.17

The two observed crystal structures mostly differ in the orientation
of the ring substituents, which are both trans oriented to favor
intermolecular hydrogen bonding, concomitant with this con-
densed phase. No intramolecular hydrogen bond is apparent
in the crystal structures.

The comparison between the conformational behavior of an
isolated unit of methyl b-D-ribofuranoside and that of the molecule
embedded in a crystal matrix reveals features of the factors
affecting the molecular structure. The ring puckering character-
istics of the ribofuranose unit are very similar in the gas and crystal
phases, and clearly suggest that the puckering forces associated
with the minimization of the ring strain originate from the ring
configuration and number and position of substituents, and not
from crystal forces. This argument is reinforced by the comparison
of the puckering characteristics of a set of 30 structural fragments
in the Cambridge Structural Database (CSD), in Fig. 3, similarly
centered around E2. Furthermore, crystal data show that a change
in the substituents’ stereochemistry radically alters the ring puck-
ering.10 This view is confirmed by previous NMR studies, empha-
sizing the dominant influence of the anomeric substituent on the
ring conformation in the liquid phase.25 Natural Bond Orbital
calculations in Table S8 (ESI†) are consistent with electronic
hyperconjugation originated by the methoxy and ring oxygen
atoms (endo/exo anomeric effects), but its contribution is relatively
similar for the four lowest lying conformers. The molecular
stability would thus primarily result from a combination of orbital
effects reducing the ring strain, complemented with the effects of
intramolecular hydrogen bonding. As a consequence, the presence
of the heterocyclic bases found in nucleosides surely influences
the conformational properties of the flexible ring, thereby deter-
mining its final biological properties.

The results for methyl b-D-ribofuranoside highlight the value
of current crystal structures but also call for additional gas-phase
experiments on related furanosides, nucleosides and nucleotides,
both to assess the theoretical models and to compare with
conventional data from condensed media. Considering the vital
role of ribofuranosides in all life forms, it is remarkable that their
structural properties free of any environmental effects have been
unknown until now. These new results provide empirical data
that may help to provide information about structural, predictive
and enzymological RNA (and DNA) biology. In this sense, the
emergence of new techniques in rotational spectroscopy is

helping to provide a global view of the inherent structural
properties of these biomolecular building blocks.
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Scopine Isolated in the Gas Phase
Patricia �cija,[a] Montserrat Vallejo-L	pez,[a] Iciar Uriarte,[a] Francisco J. Basterretxea,*[a]

Alberto Lesarri,[b] Jos� A. Fern�ndez,[a] and Emilio J. Cocinero*[a]

1. Introduction

Molecules derived from the tropane bicycle (N-methyl-8-azabi-
cyclo[3.2.1]octane) are broadly used in the pharmaceutical in-

dustry.[1] These compounds find many applications as mydriat-
ics, antiemetics, antispasmodics, anesthetics, and bronchodila-

tors.[2–5] Of special importance are tropane alkaloids that can
be found naturally in many plants of the Solanaceae family,

such as atropine and cocaine.

Tropane derivatives having epoxy and hydroxyl groups in
the two-carbon bridge are of considerable importance. For ex-

ample, scopine (6,7-epoxytropine) is an exo-6,7-epoxytropane
derivative on which several natural products such as scopola-

mine are based. Recent interest in 6-hydroxy-substituted tro-
panes has included valuable natural targets such as schizan-

thines, bao gong teng derivatives, and calystegines.[6] From the

stereochemical point of view, epoxytropanes are interesting
molecules, as the epoxy group can influence the reactivity, ring
conformation, and N-methyl inversion.

Previously, we attempted to detect the rotational spectrum

of scopine in the gas phase using microwave spectroscopy in
a supersonic expansion.[7] In that experiment, the sample was

heated to about 90 8C in the pulsed injector. As a result, the

detection of scopine was not possible, since at that tempera-
ture the structural isomerization of scopine to scopoline

(oscine) by intramolecular cyclization is strongly favored. This
behavior was explained by taking into account that the three-

membered epoxide ring of scopine is considerably strained,
and makes the molecule more reactive. Herein, we report the

rotational spectrum of scopine for the first time. To this end,

we employed an alternative method to bring scopine mole-
cules into the gas phase, which consists of the vaporization of

a solid sample of scopine mixed with a glycine matrix by using
an ultrafast UV laser. This method avoids heating the sample

and hence its structural isomerization (see Experimental Sec-
tion). This study follows our previous work on the stereochemi-
cal properties of tropane derivatives by rotational spectroscopy

in jet expansions, such as tropinone and its intermolecular
complexes.[8,9] Gas-phase rotational spectroscopy with micro-
wave techniques offers the advantage that molecules are not
affected by the solvent or crystal-packing effects that are pres-

ent in condensed media, and it produces high-resolution (kilo-
hertz) spectra that result in the most accurate structural de-

scription of the isolated molecule. This allows the conforma-
tional landscape of the isolated molecule to be described,
which ultimately governs its stereochemical properties. The

highly accurate data obtained by microwave techniques can
also be used as a benchmark to test the performance of ab

initio quantum chemical calculations, which are needed to pro-
vide adequate molecular models.

2. Results and Discussion

The starting point of the study was the analysis of the molecu-
lar potential-energy surface (PES). First, the six-membered ring

of tropane (Scheme 1) can adopt chair, higher-energy twisted,
and even boat conformations. Second, N-methyl equatorial/

The rotational spectrum of the tropane alkaloid scopine is de-
tected by Fourier transform microwave spectroscopy in

a pulsed supersonic jet. A nonconventional method for bring-

ing the molecules intact into the gas phase is used in which
scopine syrup is mixed with glycine powder and the solid mix-

ture is vaporized with an ultrafast UV laser beam. Laser vapori-
zation prevents the easy isomerization to scopoline previously

observed with conventional heating methods. A single confor-
mer is unambiguously observed in the supersonic jet and cor-

responds to the energetically most stable species according to

quantum chemical calculations. Rotational and centrifugal dis-
tortion constants are accurately determined. The spectrum

shows fine and hyperfine structure due to the hindered rota-

tion of the methyl group and the presence of a quadrupolar
nucleus (14N), respectively. This additional information allows

the angle of N-methyl inversion between the N�CH3 bond and
the bicyclic C-N-C plane to be determined (131.8–137.88), as
well as the internal rotation barrier of the methyl group
(6.235(1) kJmol�1).
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axial isomerism characteristic of tropanes was predicted. Final-

ly, the hydroxyl group can also adopt two different configura-
tions: in one of them (doubled by symmetry) the OH group

points outwards from the molecule, breaking the Cs symmetry,
and in the other the OH group is directed inwards to the bicy-

cle, retaining the Cs arrangement of tropane. Thus, according
to these degrees of freedom, the molecule can adopt eight dif-

ferent structures. Figure 1 shows the MP2 computed structures

of the lowest-lying conformers. Ab initio calculations showed
that eight conformers of scopine are expected in the 0–

34 kJmol�1 energy range.[7] The most stable structure (confor-
mer CEO) exhibits a chair configuration in the six-membered

ring, an equatorial arrangement of the N-methyl substituent,
and the hydroxyl group pointing out of the molecule.

The next conformer (CEI) lies 2.1 kJmol�1 above the global

minimum, and differs only in the orientation of the a-hydroxyl
H atom, which points towards the bicycle. Conformer BEO, at

10.3 kJmol�1 above the global energy minimum, is the most
stable structure with the tropane ring in a boat conformation.

The two lowest-energy conformers with an axial arrangement,
in which the CH3 internal rotor is oriented opposite to the
epoxy group, have substantially higher energies (11.6 and

13.4 kJmol�1). The rest of the conformers are more than
14.0 kJmol�1 from the global energy minimum, and cannot be

populated at the low temperatures attained in the jet.
Initial scans showed several rotational transitions that could

be assigned to the lowest-lying conformer and were used to
obtain preliminary rotational constants. Rotational transitions

were assigned in the 8200–12800 MHz range. All assigned
transitions (J“, K

0 0
�1, K

0 0
þ1!J’, K

0
�1, K

0
þ1) are listed in Table S1 (Sup-

porting Information). An example of the observed transitions is

shown in Figure 2. All transitions were of R type (DJ= +1) and
obeyed ma- and mb-type selection rules. Although mc-type lines

were also searched for, none could be detected. Each of them
appeared to be split into a number of components (typically

separated by less than 0.5 MHz) due to quadrupole hyperfine

coupling arising from the 14N nucleus, giving F”!F’ transitions
(where the F quantum number can take the values F= J+ I, J+

I�1,…, j J�I j , and I is the quantum number for nuclear spin:
I(14N)=1).[10] Another relevant feature of the spectrum was

a small doubling detectable in some transitions (see Figure 2),
different from the approximately 50–80 kHz line doubling

caused by the instrumental Doppler effect. This tunneling dou-

bling was attributed to the hindered internal rotation of
a single C3-symmetric methyl group, which splits the torsional
levels into species of A and E symmetry. All observed transi-

tions were fitted to a semirigid Watson S-reduction Hamiltoni-
an with centrifugal distortion.[11] This allowed us to obtain the

rotational constants and two of the centrifugal distortion con-
stants (DJ and DJK). The fit also included the diagonal elements

of the nuclear quadrupole coupling tensor caa (aa=aa, bb,

cc)[11,12] and internal rotation terms expressed in the internal
axis method (IAM) formalism[13] of Woods and van Eijck et al.

The internal rotation analysis reveals additional structural infor-
mation, since the experimental splittings depend both on the

barrier height and the orientation of the internal CH3 rotor
with respect to the principal axes. The XIAM program devel-

Scheme 1. The structure of scopine with atom numbering.

Figure 1. MP2 computed structures of the eight lowest-lying conformers of
scopine. We used the notation chair/boat (C/B), equatorial/axial (E/A), and in-
wards/outwards (I/O) to name the different conformers. Energies relative to
the global minimum are indicated; values in parentheses are Gibbs free en-
ergies. Relative and free energies in kilojoules per mole.
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oped by Hartwig and Dreizler was used for these fittings.[14]

The height of the barrier to internal rotation of the methyl
group was found to be 6.235(1) kJmol�1. All the fitted con-

stants are listed in Table 1 and compared to ab initio predic-
tions. The constants predicted for the other conformers and

the computed Cartesian coordinates of the assigned conformer
can be found in Tables S2 and S3, respectively.

Although the experimental rotational constants do not allow

the full structure of the observed conformer of scopine to be
obtained, the 14N nuclear quadrupole constants caa exhibit

a dependence on the position of the CH3 rotor with respect to
the bicyclic frame. This arises because the caa constants are es-

sentially dependent on the electronic environment around the
14N nucleus and the orientation of the principal inertial axes.
Figure 3 shows the theoretical predictions and experimental

values of the diagonal elements of the nuclear quadrupole
coupling tensor for various inversion angles formed by the N�
CH3 bond and the C-N-C plane near the minimum-energy
structure. The comparison between the experimental and com-

puted plots allows estimation of the effective CH3 rotor angle
with respect to the bicyclic frame in the range 131.8–137.88.
This value is consistent with those of other tropane alkaloids,
such as tropinone[8] (134.7–135.78) and scopoline[7] (134.0–
137.58). The inversion angles corresponding to the computed

minimum-energy structures also lie in this interval. The varia-
tion of the molecular energy with the inversion angle is also

presented in Figure 3, and shows agreement with the caa
calculations.

In the observed conformer (CEO), the H atom of the hydrox-

yl group points out of the molecule, so this conformer is
doubly degenerate, and the dihedral angle t(H-O11-C3-H) can

be about �608. The next conformer in energy (CEI) is only
2.1 kJmol�1 above the lowest-lying one, and differs in the ori-

entation of the H atom, which points towards the bicyclic ring.
In this case the dihedral angle t(H-O11-C3-H) is 1808, giving a Cs

molecular symmetry. The nonobservation of this conformer

could be explained by a conformational relaxation in the jet,
since the CEO and CEI conformers are separated by a small
barrier of 4.6 kJmol�1 (see Figure 4, top). Previous studies sug-

gested that the carrier gas in the jet can relax the higher-
energy conformers for barriers around 5–12 kJmol�1, whereby
Ar and Kr are the most effective.[15]

The N-methyl group of conformer CEO adopts an equatorial
position relative to the tropane ring. The corresponding axial
conformer CAO lies about 13.4 kJmol�1 higher and was not ob-

served due to the low population attained in the jet. The
energy barrier for the CAO!CEO conversion was calculated
(DFT) to be 22.6 kJmol�1 (Figure 4, bottom). The equatorial

conformer CEO may be partially stabilized by the presence of
a weak hydrogen bond with the epoxy group (C�H···O). The
stabilization energy of this bond can be estimated from data
of other tropane alkaloids that have also been studied by rota-

tional spectroscopy (Figure 5). For tropinone,[8] both equatorial

and axial conformers were observed, with an equatorial/axial
population ratio in the jet close to 2/1, corresponding to a rela-

tive energy of about 2 kJmol�1 at 373 K, and an ab initio calcu-
lated inversion barrier of 40 kJmol�1. Assuming that the

energy of N-methyl axial/equatorial inversion in tropinone is
the same for scopine, and that the energies of N-methyl inver-

Table 1. Experimentally fitted and calculated parameters for the detected
conformer of scopine.

Experiment MP2 B3LYP M06-2X

A [MHz] [a] 1866.6221(14)[b] 1866.1 1854.0 1873.5
B [MHz] 1110.09949(17) 1117.3 1094.3 1118.5
C [MHz] 1008.87184(19) 1014.3 994.5 1016.5
DJ [kHz] 0.0434(25) 0.047 0.056 0.049
DJK [kHz] 0.099(13) �0.009 �0.031 �0.016
DK [kHz] [0.082][c] 0.082 0.109 0.084
d1 [Hz] [6.175][c] 6.175 8.113 6.671
d2 [Hz] [�0.11][c] �0.11 �0.27 �0.16
caa [MHz] 1.5078(86) 1.50 1.51 1.50
cbb [MHz] �4.236(12) �4.27 �4.59 �4.27
ccc [MHz] 2.728(12) 2.77 3.07 2.77
jma j [D] – 1.82 1.81 1.86
jmb j [D] – 1.32 1.44 1.34
jmc j [D] – 1.06 1.05 1.07
mTOT [D] – 2.5 2.5 2.5
](a,i) [8] [d] 174.01[c] 174.01 173.73 171.73
](b,i) [8] 95.98[c] 95.98 96.26 97.94
](c,i) [8] 90.35[c] 90.35 90.31 92.29
Ia [u�

2] 3.275[c] 3.275 3.251 3.250
V3 [kJmol�1] [e] 6.235(1) 6.0 5.8 6.9
N [f] 112 – – –
s [kHz] 3.8 – – –

[a] Rotational constants (A, B, C) ; centrifugal distortion constants (DJ, DJK,
DK, d1, d2) ; nuclear quadrupole coupling elements (caa, cbb, ccc), and
dipole-moment components (ma, mb, mc, 1 D�3.336�10�30 Cm). [b] Stan-
dard errors in parentheses in units of the last digit. [c] Value cannot be
experimentally determined and has been fixed in the fit to the MP2-cal-
culated value. [d] ](g,i): angles defining the orientation of the internal
rotor axis (i) with respect to the principal inertial axes (g=a, b, c) ;
moment of inertia Ia of the internal rotor with respect to its C3 axis.
[e] Threefold barrier height. [f] Number of transitions N and root mean
square deviation s of the fit.

Figure 2. Section of the rotational spectrum of scopine showing the J(K�1,
K+1)=4(2,3) !3(2,2) transition of the CEO conformer. The transition splits
into several components due to nuclear quadrupole coupling, of which the
F=5 !4 and 4 !3 components are shown. Additionally, each component is
split into A and E lines due to hindered internal rotation of the methyl inter-
nal rotor. Finally, all lines are doubled by the instrumental Doppler effect.
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sion and the hydrogen bond are simply additive, the stabiliza-

tion energy of the weak C�H···O interaction in scopine can be
estimated to be about 11 kJmol�1. On the other hand, in sco-

poline[7] , the intramolecular O�H···N hydrogen bond forces the
N-methyl group into the less stable axial position, so it cannot

be compared directly with tropinone and scopine.

3. Conclusions

We have detected the scopine molecule in the gas phase for
the first time. The most stable conformer of scopine was ob-

served by rotational spectroscopy, and accurate rotational and
centrifugal distortion constants were determined. Internal tor-

sional splittings and quadrupole hyperfine structure in the
spectra allowed us to determinate the angle of the methyl
rotor with respect to the bicyclic frame and the height of the

internal rotor barrier. Using ultrafast laser vaporization was cru-
cial, since the samples react at moderately low temperatures,

and thus the use of heating techniques for vaporization is pre-
cluded. No spectral lines originating from the reaction product

of scopoline were detected, and this demonstrates that appa-

rently the transfer of laser energy to the matrix is relatively
clean and does not decompose or transform the sample ap-

preciably. A new method of sample preparation in which the
target in syrup form is mixed with a solid to obtain a solid

sample vaporizable by a laser pulse could be a good alterna-
tive for gas-phase studies on samples that were previously un-

observable or for which traditional heating methods lead to

decomposition or other reactions.

Experimental Section

The experimental work was carried out with a 4–18 GHz Fourier
transform microwave spectrometer based on the Balle–Flygare
design,[16] constructed at the UPV/EHU and fully described else-
where.[17] Commercial scopine (Sigma-Aldrich, 97%) is a sticky
solid, and the conventional heating method results in an intramo-
lecular reaction yielding scopoline. Therefore, a nonconventional
method of vaporization was designed in which scopine (�33%),
finely powdered glycine (�66%), and a commercial binder (mini-
mum addition) were mixed and mechanically pressed to obtain
cylinder-type solid samples. These were vaporized by the beam of
a picosecond Nd:YAG laser operating at the third harmonic
(355 nm) and giving approximately 5 mJ per pulse in a Smalley-
type laser-ablation source.[18] The laser-vaporization system is de-
scribed elsewhere.[19] The vaporized sample was mixed with 4–
6 bar of neon carrier gas and adiabatically expanded by pulses of
200 ms duration in a vacuum chamber to achieve low temperatures
(T<5 K) that effectively depopulate excited rovibrational levels.
After expansion, molecules in the jet absorb low power (0.1–
100 mW) microwave pulses of 1 ms duration, which cause a sponta-
neous emission that is detected in the time domain and Fourier-
transformed. The accuracy of the frequency measurements is

Figure 3. Comparison between experimental and calculated values of the
nuclear quadrupole coupling tensor diagonal elements caa, cbb, and ccc for
different values of the inversion angle (defined as the angle between the N�
CH3 bond and the C-N-C plane). The gray-shaded area between 131.8 and
137.88 gives the confidence interval for which the inversion angle can be
specified, taking into account the experimental errors in the caa diagonal el-
ements. The inversion angles corresponding to the minimum-energy struc-
tures, as given by quantum chemical calculations, all lie within the proposed
confidence interval. Also shown is the variation of the MP2 energy with the
inversion angle and the predicted structure of the molecule.

Figure 4. PES profiles (M06-2X) showing barriers for the interconversion be-
tween the two lowest-lying energy conformers (CEO and CEI, top) and N-
methyl inversion (CEO and CAO, bottom).
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better than 3 kHz, and spectral lines separated by less than about
10 kHz can be resolved. Because the jet and resonator axis are co-
axial, all transitions are split into two Doppler components.

The experimental work was supported by ab initio (MP2) and DFT
methods. All the quantum chemical calculations were implement-
ed in Gaussian09.[20] Becke’s B3LYP hybrid functional and Truhlar’s
dispersion-corrected M06-2X functional21 were used in the DFT cal-
culations. The Pople 6-311+ +G(d,p) basis set was used in all
cases.
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Figure 5. MP2 predicted relative energies [kJmol�1] in equatorial/axial con-
formers of several alkaloids exhibiting N-methyl inversion. A red cross means
that the conformer was not observed by rotational spectroscopy.
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Effects of Chlorination on the Tautomeric Equilibrium of
2-Hydroxypyridine: Experiment and Theory

Camilla Calabrese,[a] Assimo Maris,[a] Iciar Uriarte,[b] Emilio J. Cocinero,*[b] and
Sonia Melandri*[a]

Abstract: The effects of halogenation on the tautomeric and

conformational equilibria of the model system 2-hydroxypyr-

idine/2-pyridone have been investigated through chlorine
substitution at positions 3, 4, 5, and 6. In the gas phase, the

lactim syn-periplanar tautomer (OHs) was the predominant
species for all compounds over the lactam form (C=O) and

the less abundant anti-periplanar lactim (OHa). However, the
population of the three species was shown to be dependent

on the position of the chlorine substitution. Chlorination in

position 5 or 6 strongly stabilizes the OHs tautomer, whereas
the C=O form has a significant population when the ring is

chlorinated in positions 3 or 4. Overall, the OHa form is the
least favourable form, although the 3-substitution favours

the population of this tautomer. In addition, the C=O tauto-

mer is strongly stabilized in the solvent, which makes it the

dominant form in some substituted species. This study has
been performed by means of rotational spectroscopy in the

gas phase and/or theoretical calculations in the isolated
phase and in solution. Both the OHs and C=O forms of 5-

chloro-2-hydroxypyridine and the OHs form of 6-chloro-2-hy-
droxypyridine were experimentally observed. All transitions

displayed a complex nuclear hyperfine structure owing to

the presence of the chlorine and nitrogen nuclei. For all spe-
cies, a full quadrupolar hyperfine analysis has been per-

formed. This has provided crucial information for the unam-
biguous identification of tautomers.

Introduction

Aromatic heterocycles play a key role in chemistry, biology,
and pharmacology. To cite some examples, purines and pyrimi-

dines are the building blocks of DNA and RNA, several aromat-
ic heterocycles are essential components of proteins and en-

zymes, and the design and creation of mimetic scaffolds for
new drugs are based on the combination of different heteroar-
omatic compounds.[1]

In particular, prototropic tautomerism in aromatic heterocy-
cles is of great interest as it represents a model for intramolec-
ular proton transfer and directly affects the function/biochemi-
cal behavior of this class of compounds.[2] For example, the ex-
istence of the rare lactim (enol) forms of DNA base pairs has
been postulated to cause mismatches in the interstrand pair-

ing of nucleobases, and the stability of its tautomeric forms is,

thus, a theme of great interest and debate.[3]

The simplest model system with significant biological role is
2-hydroxypyridine/2-pyridone (2HP), and it has been the object

of numerous studies.[4–13] Three tautomeric structures are plau-
sible: two lactim forms (OH) and a lactam species (C=O). The

lactim forms are named syn-periplanar (OHs) and anti-peripla-
nar (OHa) with respect to the angle that is formed by the OH

group with the C�N bond, which is 0 and 1808, respectively
(Figure 1). We would like to note that this is the IUPAC recom-
mended nomenclature; however, in the literature, it is still very
common to indicate this particular tautomeric equilibrium as
keto/enol instead of lactam/lactim. In 2HP, the OHs tautomer is
strongly favoured over the OHa species by a weak hydrogen
bond with the nitrogen atom. In this system, the C=O tauto-

mer also has a notable contribution in the equilibrium. A great
number of theoretical[4–7] and experimental[8–13] studies have
highlighted that the tautomeric equilibrium strongly depends

on the chemical environment selected and that its behavior

Figure 1. Sketch of C=O, OHs, and OHa forms of 2-hydroxypyridine/2-pyri-
done systems.
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might differ in the solid state, in polar/apolar solutions, or in
the gas phase. However, it is worth noting that computational

studies have given contradictory results: either the OHs or the
C=O tautomer has been determined to be the dominant spe-

cies depending upon the method that was used. Nowadays,
an accurate description of the tautomeric equilibrium of the

2HP system is a challenge from a theoretical point of view.
Actually, the experimental identification of tautomers is

a keystone for the exploration of tautomeric equilibria. Howev-

er, it is restricted by the fact that tautomers cannot be separat-
ed by simple chemical procedures;[14] furthermore, crystal,
matrix, or solvent effects could mask or alter the tautomeric
equilibrium. Rotationally resolved spectroscopy in the gas

phase provides the most accurate vision of the molecular
structure and undoubtedly allows identification of the different

tautomers that are present as well as avoiding such masking

interferences.
Rotational studies have been conducted previously on

2HP,[12] 3-hydroxypyridine (3HP),[15] and 4-hydroxypyridine
(4HP)[16] to assess the effect that the position of the hydroxyl

group has on the tautomeric equilibrium. In all cases, the equi-
librium was shifted towards the OHs form, but some differen-

ces remained for the less abundant species; in 2HP, the C=O

form was experimentally observed, whereas the OHa form was
found to be predominant for 3HP. The equilibrium was strong-

ly shifted towards the OH form for 4HP (OHs and OHa forms
are equivalent by symmetry), and the C=O species was not de-

tected; this behavior has been explained in terms of dipole–
dipole interactions.[16]

The tautomeric equilibrium of hydroxypyridines can also be

altered by any substitution on the ring by heteroatoms or elec-
trophilic/nucleophilic groups. The nature of such groups is as

important as the position of substitution. For example, in 2-
mercaptopyridine (2MP), in which the oxygen atom is replaced

by a sulfur atom, the SHs form is strongly stabilized. The C=S/
SHs energy difference was calculated, from the experimental

data, to be 9–11 kJmol�1, which is three times higher than the

energy difference of its hydroxyl analogue 2HP, and the energy
difference between the SHa/SHs forms was determined to be

8 kJmol�1.[17]

The insertion of halogens, in particular chlorine atoms, into
the 2HP model system strongly affects the tautomeric equilibri-
um, as shown for the 6-chloro-2-pyridone system by a 2D IR

spectroscopic study performed in solution together with densi-
ty functional theory calculations.[14] Regarding the consequen-
ces of halogen substitution, it has been demonstrated that

such substrates show different biochemical properties. For ex-
ample, it can influence the acidity and the leaving-group abili-

ty of nucleobases, particularly damaged ones, in relation to the
mechanism of the enzymes that remove such bases from

DNA.[11] There are several studies on chloro-2-hydroxypyridines

reported in the literature that demonstrate the effect that sub-
stitution can have on the tautomeric equilibrium.[11,13, 14,18–22]

However, none of these studies is conclusive; some investiga-
tions designate the OH tautomer as the predominant species,

whereas other works report that the C=O form dominates the
tautomeric equilibrium. The polarity of the solvent or the dif-

ferent interactions that may take place in the solid, liquid, or
gas phases are key factors in characterizing the tautomeric

equilibrium.
Our goal is to explore the effects of ring chlorination on the

tautomeric equilibrium of 2HP and give an exhaustive picture
on this topic. Rotational studies in supersonic jets together
with theoretical calculations are an excellent strategy for this
task. For this purpose we considered the following systems: 3-
chloro-2-hydroxypyridine/3-chloro-2-pyridone (3ClP), 4-chloro-

2-hydroxypyridine/4-chloro-2-pyridone (4ClP), 5-chloro-2-hy-
droxypyridine/5-chloro-2-pyridone (5ClP), and 6-chloro-2-hy-
droxypyridine/6-chloro-2-pyridone (6ClP). The effect of differ-
ent solvents on the tautomeric equilibria will also be discussed
by means of theoretical calculations.

Results and Discussion

5-Chloro-2-hydroxypyridine and 6-chloro-2-hydroxypyridine

Rotational spectra

The conformational landscape of 2HP-like systems consists of

three planar structures : the OHs and OHa lactim conformations
and the C=O lactam form (Figure 1). A summary of the relative

energy data is given in Table 1 and theoretical spectroscopic
parameters are shown in Table 2 (see the computational meth-

ods in the Experimental Section).
First, the rotational spectra of 5ClP and 6ClP were recorded

in the free-jet absorption millimetre-wave spectrometer

(FJAMMW 59.6–74.4 GHz, see the Experimental Section) at the
University of Bologna (Italy) by using argon as carrier gas.

Based on theoretical predictions, the initial searches were
aimed at the transitions of the OHs forms by using the ab

initio spectroscopic parameters reported in Table 2. For both
5ClP and 6ClP, two sets of mb-type R-branch transition lines,

which belong to the OHs form, were observed. Owing to the

overall weakness of the spectra, it was not possible to observe
the less intense ma-type rotational lines. All transitions dis-

played a complex hyperfine structure, which originates from
the presence of both chlorine and nitrogen atoms. As well as
the parent species (OHs-6

35ClP and OHs-5
35ClP), the correspond-

ing 37Cl isotopologues (OHs-6
37ClP and OHs-5

37ClP) were also
observed in natural abundance (about 24.2%). Moreover, the
hydroxyl-deuterated isotopologues (ODs-6

35ClP, ODs-6
37ClP, ODs-

535ClP, ODs-5
37ClP) were obtained by fluxing D2O over the

sample and recording the spectra under the same conditions
as for the normal species. The aforementioned spectra were

also recorded by using helium as the carrier gas; the results
were similar to those obtained when using argon, which indi-

cates that there are no relaxation processes that strongly affect
the equilibrium.[23]

A second experiment was performed with a pulsed-jet Fouri-

er transform microwave spectrometer (FTMW) at Bilbao
(Spain), which was equipped with a customized heating nozzle

(see the Experimental Section). Initially, the measurements
were extended to the 4–18 GHz frequency range for the previ-

ously assigned species (OHs-6
35ClP, OHs-6

37ClP, OHs-5
35ClP, and

OHs-5
37ClP; Figure 2); then, a subsequent search for the C=O
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species was performed. Regarding C=O-5ClP, the most intense

ma-type R-branch lines were searched for, and finally, some
weak lines that belonged to this species were observed;

indeed, 76 new ma-type R-branch lines were measured. Because
of the very low intensity of the lines, the spectrum of the C=O-

537ClP isotopologue could not be observed. Regarding C=O-
6ClP, the scans were aimed at observing some ma- and mb-type

R-branch rotational transitions, but none were detected. Ac-
tually, given the overall intensity of the spectrum, the predict-
ed abundances were low enough to justify its absence. The
higher resolving power of the FTMW spectrometer enabled

good resolution of the most intense hyperfine components for
each rotational transition related to both 35Cl (or 37Cl) and 14N
nuclei, whereas only the larger splittings that were due to the
Cl nuclei could be resolved in the FJAMMW experiments.

The fitting procedure for the rotational transitions was per-

formed by using Pickett’s SPFIT program[24] in accordance with
Watson’s S-reduced Hamiltonian[25] in the Ir representation

[Eq. (1)]:

H ¼ HR þ HCD þ HQðClÞ þ HQðNÞ ð1Þ

in which HR represents the rigid rotational part of an asymmet-
ric top Hamiltonian, HCD represents the corresponding first-

order centrifugal distortion contributions, and HQ takes into ac-
count the interaction of the nuclear quadrupole moment of

the Cl (35Cl or 37Cl) and 14N nuclei with the electric field gradi-

ent at these nuclei.[26] For the nuclear hyperfine splittings, the
sequential coupling of angular momenta was used (F1= J+ I1,

F=F1+ I2), in which I=3/2 for Cl and I=1 for N. The transi-
tions measured in the FJAMMW and FTMW spectra were

weighted with an experimental uncertainty of 50 and 5 kHz, re-
spectively, and analyzed together. The spectroscopic parame-

ters of all observed species are shown in Tables 3 and 4, and

the measured frequencies for all observed species are given in
the Supporting Information.

Relative populations

As our goal is the unraveling of the tautomeric equilibrium of

chlorinated 2HP species, it was crucial to gain information

about the population ratio of the different tautomers. The ro-
tational spectroscopy technique allows us to estimate the rela-

tive populations of different species, in this case the two tauto-
mers. The intensity of rotational transitions is directly propor-
tional to the population established in the jet expansion
and the dipole moment components.[27] Having observed

the transitions that originate from both OHs and C=O tauto-
mers of 5ClP, we could estimate a OHs/C=O population
ratio of 19.0(5.7):1 and a tautomeric energy difference of

9.3(1.8) kJmol�1 at 413 K. This datum is close to the semiempir-
ical value of 10.4 kJmol�1, which was obtained by combining

theoretical and experimental data, as explained in the subse-
quent gas phase section. Hence, the agreement between our

experimental observations and the semiempirical values is sat-

isfactory. A total of 29 ma-type rotational transitions were used
for this analysis. For 6ClP, only the OHs-6ClP species was experi-

mentally observed, and a relative population analysis could
not be performed. We can only report the semiempirical value

of 13.5 kJmol�1 for the energy difference between the OHs

and C=O species.

Table 1. Semiempirical and theoretical relative energy data DE0 [kJmol�1]
(both MP2/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ) and potential energy
barriers B [kJmol�1] are given for the C=O and OH forms of hydroxypyri-
dine compounds. The electrostatic potential mapped onto the 0.01 a.u
electron density isosurface, which was calculated at the MP2/aug-cc-pVTZ
level, is also shown. The red areas signify the most electronegative re-
gions and the blue ones the most electropositive areas.

OHs
[a] OHa C=O

2HP

E0
MP2=�322.829950 DE0

MP2=20.2
E0

B3LYP=�323.552244 DE0
B3LYP=20.0 DE0

EXP=3.2(4)[12]

BOHa!OHs
B3LYP=16.9 BC=O!OHs

B3LYP=156

3ClP

E0
MP2=�781.959352 DE0

MP2=7.7 DE0
SE-MP2=1.4

E0
B3LYP=�783.189410 DE0

B3LYP=7.6 DE0
SE-B3LYP=2.2

BOHa!OHs
B3LYP=26.6 BC=O!OHs

B3LYP=158

4ClP

E0
MP2=�781.963048 DE0

MP2=20.1 DE0
SE-MP2=2.4

E0
B3LYP=�783.193546 DE0

B3LYP=19.9 DE0
SE-B3LYP=2.6

BOHa!OHs
B3LYP=17.2 BC=O!OHs

B3LYP=157

5ClP

E0
MP2=�781.960678 DE0

MP2=20.0 DE0
SE-MP2=10.4

E0
B3LYP=�783.191389 DE0

B3LYP=19.7 DE0
SE-B3LYP=10.3

BOHa!OHs
B3LYP=16.0 BC=O!OHs

B3LYP=155

6ClP

E0
MP2=�781.965233 DE0

MP2=19.6 DE0
SE-MP2=13.5

E0
B3LYP=�783.196104 DE0

B3LYP=19.1 DE0
SE-B3LYP=15.4

BOHa!OHs
B3LYP=17.5 BC=O!OHs

B3LYP=152

[a] E0
MP2 and E0

B3LYP in [a.u.] .
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Nuclear hyperfine structure

Structural information was also obtained from the analysis of

the nuclear hyperfine structure. Accurate measurements of the
nuclear quadrupole coupling can provide structural details on
bonding geometry around a nucleus.

To relate the nuclear quadrupole coupling constants of dif-

ferent molecules measured in the Inertial Principal Axes
System (IPAS: a, b, c), the nuclear quadrupole coupling tensors

have to be transferred to the Quadrupole Principal Axes

System of each nucleus (QPAS: x, y, z) (Figure 3). In the case of
a planar molecule, the transformation between the two-coordi-

nate systems was given by a rotation of the ab plane by an
angle q. The nuclear quadrupole coupling data are compared

with a set of related molecules in Table 5.
First, it is worth noting that the angles q achieved by the

transformation were in excellent agreement with the ab initio

data. Second, the OH or C=O tautomers of 5ClP and 6ClP were
easily identified by simply observing the parameters of the

quadrupole coupling constants of the 14N nucleus, because
pyridinic and pyrrolic nitrogen atoms have quite different

values. Pyridine-like N atoms are associated with OH forms and
pyrrole-like N atoms with the C=O tautomers. At a glance, this

Table 2. Calculated MP2/aug-cc-pVTZ spectroscopic parameters (rotational constants, centrifugal distortion constants, dipole moment components, and
quadrupole coupling constants) and relative abundances at the working temperatures for the three isomers of 6ClP and 5ClP.

OHs OHa C=O

5ClP A, B, C [MHz] 5811, 1007, 858 5832, 1003, 856 5680, 1007, 856
DJ, DJK, DK, d1, d2 [Hz] 19.0, 74.8, 1161.7, �3.4, �0.4 18.7, 74.7, 1177.0, �3.3, �0.4 19.0, 72.6, 1251.0, �3.5, �0.5
ma, mb, mc, mTOT [D] �0.33, 0.69, 0, 0.76 �0.48, 3.32, 0, 3.35 �2.49, 1.11, 0, 2.72
caa, cbb, ccc, cab Cl [MHz] �68.74, 35.62, 33.13, 3.15 �68.69, 35.63, 33.06, 3.21 �70.23, 35.56, 34.68, 0.94
caa, cbb, ccc, cab N [MHz] 0.13, �2.68, 2.55, �2.48 0.08, �2.96, 2.88, �2.61 1.38, 0.96, �2.33, 0.02
Ni/N0 (413 K) 100 0.30 (0.32)[a] 0.57 (20.68)[a]

6ClP A, B, C [MHz] 3432, 1285, 935 3443, 1281, 934 3436, 1280, 933
DJ, DJK, DK, d1, d2 [Hz] 33.9, 63.9, 539.5, �12.1, �2.4 33.0, 61.5, 559.5, �11.7, �2.3 36.1, 47.2, 525.0, �12.9, �2.4
ma, mb, mc, mTOT [D] �1.09, 1.70, 0, 2.02 3.06, �3.45, 0, 4.61 �2.46, 2.51, 0, 3.51
caa, cbb, ccc, cab Cl [MHz] �56.22, 26.67, 29.55, 30.61 �56.02, 26.85, 29.17, 30.64 �56.72, 24.12, 32.59, �33.43
caa, cbb, ccc, cab N [MHz] 1.47, �3.62, 2.15, 1.35 1.47, �3.92, 2.46, 1.41 1.24, 1.31, �2.56, �0.37
Ni/N0 (373 K) 100 0.18 (0.21)[a] 0.12 (3.37)[a]

[a] The data in parenthesis were obtained from B3LYP/aug-cc-pVTZ calculations.

Figure 2. 414

!303 transition of the OHs-6ClP tautomer recorded in the FTMW spectrometer. It shows that the hyperfine pattern between OHs-6
35ClP and OHs-

637ClP is similar. The intensity ratio of 3:1 is typical of 35Cl/37Cl isotopologues observed in natural abundance.

Table 3. Experimental (S-reduction, Ir-representation) spectroscopic con-
stants of all the 6ClP measured species.

OHs-6
35ClP OHs-6

37ClP ODs-6
35ClP ODs-6

37ClP

A [MHz] 3422.7097(1)[a] 3414.6413(3) 3308.949(7) 3300.523(8)
B [MHz] 1286.3294(1) 1251.0313(3) 1274.05(3) 1238.94(6)
C [MHz] 934.90405(7) 915.5363(1) 919.79(2) 901.11(6)
DJ [kHz] 0.037(1) 0.031(4) (0.037)[b] (0.031)[b]

DJK [kHz] 0.045(6) 0.06(1) (0.045)[b] (0.06)[b]

DK [kHz] 0.555(7) 0.54(1) 0.58(3) 0.63(4)
d1 [kHz] �0.0135(8) �0.010(2) (�0.0135)[b] (�0.010)[b]
caa Cl [MHz] �60.227(4) �47.8733(8) �57.2(4) �46.3(5)
cbb Cl [MHz] 29.149(4) 23.379(4) (0)[c] (0)[c]

ccc Cl [MHz] 31.077(4) 24.495(4) (0)[c] (0)[c]

cab Cl [MHz] 32.83(4) 25.37(4) (0)[c] (0)[c]

caa N [MHz] 1.628(4) 1.608(6) – –
cbb N [MHz] �3.627(4) �3.606(6) – –
ccc N [MHz] 1.999(4) 1.998(6) – –
cab N [MHz] 1.37(6) 1.42(7) – –
N [d] 383 236 24 26
s[e] [kHz] 22[f] 19[f] 34 44

[a] Errors are in parentheses in units of the last decimal digit. [b] Values
fixed to the ones of the parent species. [c] Fixed to zero in the fit.
[d] Number of lines in the fit. [e] Root-mean-square deviation of the fit.
[f] Reduced deviation of the fit relative to measurement errors of 5 and
50 kHz for the FTMW and FJAMMW spectrometers.
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provides irrefutable proof for the identification of the two tau-

tomers.
In addition, comparison of the elements of the 35Cl quadru-

pole tensors of the OHs-6ClP, OHs-5ClP, and C=O-5ClP conform-
ers shows that czz decreases across the series. As the z axis lies

almost directly on the C�Cl bond (Figure 3), this term can be
related to the density of the local electric field gradient at the
Cl nucleus.

It can also be noted that, for the Cl nucleus, the cxx repre-
sents the term that is perpendicular to the ab plane (=ccc),

and its trend increased correspondingly to the one observed
for the czz. The experimental ccc(

35Cl)/ccc(
37Cl) ratio was

1.2687(5), which is in excellent agreement with the ratio of the

nuclear quadrupole moments 35Q/37Q=1.26878.[28]

Noticeably, the lowest value of czz (highest value of cxx) be-

longed to C=O-5ClP and can be ascribed to the more electro-
philic surroundings owing to the mesomeric effect. As will be

discussed later, this effect may be relevant in explaining how
chlorination affects the tautomeric equilibrium of 2HP.

Structural information

Microwave spectroscopy provides an inherently superior reso-
lution of the molecular structure through the rotational con-
stants, which critically depend on the mass distribution. Hence,

it is an essential tool for the structural characterization of con-
formers,[29,30] tautomers,[31] isotopologues,[32] and even enantio-
mers.[33] In the present case, isotopic substitutions enabled the

determination of the IPAS coordinates of the substituted
atoms by using Kraitchman’s equations.[34] To be more precise,

the coordinates of the chlorine and the hydroxyl hydrogen
atoms were determined. Furthermore, a partial r0-structure

was obtained through a least-squares structural refinement[35]

by adjusting the C�Cl distance and the C-N-C bond angle
to reproduce the experimental rotational constants of all

the species with an accuracy of units of MHz. The parameters
that were derived from both procedures (rs and r0) are

given and compared in Table 6 together with the theoretical
values (re).

Table 4. Experimental (S-reduction, Ir-representation) spectroscopic constants of all the 5ClP measured species.

OHs-5
35ClP OHs-5

37ClP ODs-5
35ClP ODs-5

37ClP C=O-535ClP

A [MHz] 5785.0267(5)[a] 5784.848(1) 5728.720(1) 5728.45(1) 5612.110(1)
B [MHz] 1006.60906(7) 980.2862(4) 983.675(3) 958.22(9) 1009.4284(2)
C [MHz] 857.47814(9) 838.2986(2) 839.595(3) 820.62(8) 855.6732(2)
DJ [kHz] 0.018(1) 0.025(4) 0.020(5) (0.025)[b] 0.021(3)
DJK [kHz] 0.07(1) 0.05(2) (0.07)[b] (0.05)[b] (0)[c]

DK [kHz] 1.19(2) 1.19(3) (1.19)[b] 1.6(2) (0)[c]

d1 [kHz] �0.005(3) �0.008(3) (�0.005)[b] (�0.008)[b] (0) [c]

caa Cl [MHz] �72.772(4) �57.363(4) �73.5(3) �58.0(4) �74.30(2)
cbb Cl [MHz] 37.949(4) 29.916(5) (0)[c] (0)[c] 37.991(9)
ccc Cl [MHz] 34.823(4) 27.4478(5) (0)[c] (0)[c] 36.312(9)
caa N [MHz] 0.282(5) 0.281(4) – – 1.636(5)
cbb N [MHz] �2.635(4) �2.637(5) – – 1.241(7)
ccc N [MHz] 2.352(4) 2.356(5) – – �2.876(7)
N[d] 286 187 49 28 90
s[e] [kHz] 20[f] 13[f] 39 54 3

[a] Errors are in parentheses in units of the last decimal digit. [b] Values fixed to the ones of the parent species. [c] Fixed to zero in the fit. [d] Number of
lines in the fit. [e] Root-mean-square deviation of the fit. [f] Reduced deviation of the fit relative to measurement errors of 5 and 50 kHz for the FTMW and
FJAMMW spectrometers.

Figure 3. MP2/aug-cc-pVTZ calculated structures of C=O-5ClP, OHs-5ClP (left side and center) and OHs-6ClP (right side), which show the IPAS and the QPAS of
the chlorine and nitrogen nuclei. The values of the angles between the C�Cl bond and the a-axis, the CNC bisector, and the b-axis are indicated. The sign is
positive for the counter clockwise rotation. For OHs-5ClP, qa,C�Cl=�28 ; for C=O-5ClP, qa,C�Cl=�0.58, qa,C6�N=38.
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In general, there is a good agreement between experimental

(rs and r0) and ab initio structural parameters, with errors rang-
ing from 0.5 to �1.7% for OHs forms and 1.4 to �3% in C=O-

5ClP.
Some useful information was obtained from the comparison

of the structural parameters of OHs and C=O forms by inspect-
ing the 5ClP species. Notably, the C�Cl distance is shortened in

the C=O form (1.694(1) �), with respect to OHs-5ClP
(1.7198(6) �), whereas the C-N-C bond angle shows the reverse
trend: 127.43(5) and 118.47(2)8 for the C=O and OHs forms, re-

spectively. This observation can be explained by considering
the repulsive effect of the nitrogen lone pair on the adjacent

N�C bonds in the OHs form (smaller angle), which is reduced
(larger angle) when the hydrogen atom is covalently bonded

to the nitrogen atom (C=O tautomer). The same trend in the

C-N-C bond angle upon interconversion from the C=O to the
OHs tautomer is also shown by 2HP. In fact, starting from the

newly calculated MP2/aug-cc-pVTZ structure and adjusting the
C-N-C bond angle to reproduce the experimental rotational

constants measured by Hatherley et al. ,[12] the obtained C-N-C
bond angle values were 127.15(1) and 117.797(8)8 for C=O-

2HP and OHs-2HP, respectively. The same trend was found in

a crystal structure study on 2HP and 6ClP.[42] These experimen-
tal findings assess and quantify the electronic repulsive role of
the nitrogen lone pair.

3-Chloro-2-hydroxypyridine, 4-chloro-2-hydroxypyridine, 5-
chloro-2-hydroxypyridine, and 6-chloro-2-hydroxypyridine

For a full picture of chlorination effects on the tautomeric and
conformational equilibria, theoretical studies of 2HP itself and
all its monosubstituted chlorinated isomers were undertaken
in the gas phase and in solution.

Gas phase

A great number of computational studies (see refs. [4]–[7])
have dealt with this tautomeric equilibrium by using both DFT

and ab initio methods, and as Stanovnik et al. summarized pre-
viously,[2] the results are greatly dependent on the method and

the basis set used. In general, DFT methods overestimate the
stability of the C=O tautomer, whereas ab initio (i.e. , HF, MPn,

Table 5. Quadrupole coupling constants of the quadrupole coupling tensor for the chlorine and nitrogen nuclei in a representative set of molecules.

35Cl czz=cbond cyy cxx=ccc qa,z=qb,y h= (cxx�cyy)/czz
OHs-6ClP �70.99(3)[a] [�71.09][b] 39.91(3) [40.02] 31.077(4) �18.158(2){�18.228}[c] 0.1245(4) [0.1257]
OHs-5ClP [�72.873] [38.050] 34.823(4) {�1.738} [0.044]
C=O-5ClP [�74.309] [38.000] 36.312(9) {�0.518} [0.023]
Cl-benzene[36] �71.241(7) 38.231 33.01(1) 08 0.007
3-Cl-pyridine[37] -- -- 33.7(1) -- --
2-Cl-pyridine[36] -- -- 30.73(4) -- --

14N czz=clone pair cyy=ccc cxx qb,z=qa,x h= (cxx�cyy)/czz
OHs-6ClP �3.963(4) [�3.975] 1.999(4) [1.999] 1.964(3) [1.976] 13.88(5) {14.08} 0.009(7) [0.006]
OHs-5ClP [�4.138] 2.352(4) [1.785] {�30.258} [0.138]
OHs-2HP

[38] [�4.131] 2.359(6) [1.772] {34.028} [0.142]
Pyridine[39] �4.908(3) 3.474(3) 1.434(3) 08 0.414
3-Cl-pyridine[37] – 3.5(1) – – –
2-Cl-pyridine[40] – 3.03(3) – – –

14N czz=ccc=clone pair cyy cxx qb,x=qa,y h= (cxx�cyy)/czz
C=O-5ClP �2.876(7) [1.637] [1.240] {3.068} [0.138]
C=O-2HP[f] �2.765(4) [1.501] [1.265] {7.988} [0.085]
Pyrrole[41] �2.700(1) 1.406(1) 1.294(1) 08 0.041

[a] Error are in parentheses in units of the last decimal digit. [b] The data in square brackets are derived combining the experimental caa, cbb, and ccc values
and the computed q angle. [c] The data in curly brackets are the MP2/aug-cc-pVTZ values.

Table 6. Structural parameters and values of the IPAS coordinates for the chlorine atom and the hydrogen atom that is involved in the prototropic equilib-
rium relative to the isotopic substitution (rs), relative to the effective structure (r0), and obtained from calculations (re) of the observed conformers.

OHs-6ClP OHs-5ClP C=O-5ClP
rs r0 re (MP2/B3LYP) rs r0 re (MP2/B3LYP) r0 re (MP2/B3LYP)

aCl [�] �2.3725(6)[a] 2.3703(2) 2.3751/2.3862 �2.6182(3) 2.6169(1) 2.6175/2.6306 2.6129(3) 2.6207/2.6311
bCl [�] �0.431(3) 0.43213(4) 0.4311/0.4293 �0.04(4) 0.03482(7) 0.0362/0.0364 0.02030(6) 0.0186/0.0172
aH [�] �1.927(3) �1.9266(6) �1.9379/�1.9420 �3.4204(5) �3.4218(2) �3.4246/�3.4404 �1.6794(8) �1.6994/�1.6998
bH [�] �2.2721(7) 2.2742(2) 2.2707/2.2850 �0.940(2) 0.9470(4) 0.9403/0.9401 1.9687(3) 1.9768/1.9827
C�Cl [�] 1.7241(4) 1.7344/1.7540 1.7198(6) 1.7289/1.7475 1.694(1) 1.7270/1.7449
C-N-C [8] 117.74(3) 117.17/117.86 118.47(2) 118.02/118.48 127.43(5) 126.17/125.63

[a] Errors are in parentheses in units of the last decimal digit, the c coordinate is equal to zero for symmetry.

Chem. Eur. J. 2017, 23, 3595 – 3604 www.chemeurj.org � 2017 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim3600

Full Paper

XI.56



and coupled-cluster) methods overestimate the stability of the
OHs form. Consequently, the predicted dominant species could

change depending on the method used. The spreading of the
computational results with respect to the experimental data in-

dicates that the tautomeric equilibrium continues to represent
a challenge from the theoretical point of view. To investigate

how chlorination in different positions affects the tautomeric
equilibrium of 2HP, we have explored the conformational

spaces of 2HP, 3ClP, 4ClP, 5ClP, and 6ClP by means of both MP2

and B3LYP calculations combined with the aug-cc-pVTZ basis
set (see the computational methods in the Experimental Sec-

tion). The results are summarized in Table 1.
For the sake of clarity, Figure 4 shows the shifts of the rela-

tive energies of each tautomer upon chlorination, for which
the reference value (fixed to zero) is the calculated energy dif-
ference between the OHs and the C=O tautomers for the 2HP

species (DE0
2HP). From Figure 4, we can easily deduce that the

shifts of the relative energies upon chlorination of the tauto-

mers are consistent for the two methods (MP2 and B3LYP). It is
also clear that the substitution in the 5 and 6 positions induces

a different behavior compared with substitutions in positions 3
and 4. In 5ClP and 6ClP, the chlorination strongly stabilizes the

OHs tautomer, whereas in positions 3 and 4, the chlorination

effects a slight stabilization of the C=O form.

If we assume that such values are reliable, then by using the

experimental energy difference for 2HP (DE0
EXP=

3.2(4) kJmol�1),[12] we can estimate a semiempirical relative
energy (DE0

SE) by adding this value to each calculated energy

shift upon chlorination. Our data, reported in Table 1, show
that the OHs tautomer represents the global minimum in all

the chlorinated systems, followed by the C=O tautomer. In all
cases, OHa is the species that is least favoured. In 3ClP, the OHa

form seems to undergo a slight stabilization, which is induced
by a weak hydrogen bond between the hydroxyl hydrogen

atom and the chlorine atom, as previously suggested by Mi-
chelson et al.[11] Concerning the tautomeric interconversion,

a direct intramolecular proton-transfer mechanism that passes
through a three-centre transition state was hypothesized. For

all isomers, the geometries of the transition states, computed
at the B3LYP/aug-cc-pVTZ level, are planar and the C=O!OHs

energy barrier values lie between 153 and 158 kJmol�1

(Table 1). Regarding the OH conformational equilibrium, the
hydroxyl bond internal rotation pathways that connect the
OHs and OHa conformers were explored at the same level of
calculation (B3LYP/aug-cc-pVTZ) (see the Supporting Informa-

tion; Table 1). Except for 3ClP, the OHa conformers for all the
molecular systems lie �20 kJmol�1 above the OHs conformers,

and the energy needed to overcome the OHa!OHs barrier

(BOHa!OHs) is in the range 16–18 kJmol�1. Considering the afore-
mentioned additional stabilization of the OHa form for 3ClP, it

is easily understood that the energy difference between the
OH conformers halves and the OHa!OHs barrier increases. Be-

cause of the lack of experimental data, it was not possible to
benchmark the theoretical results or to estimate semiempirical

values, as was done for the tautomers. Nevertheless, as there is

agreement between the B3LYP and MP2 methods in the rela-
tive energy values of the conformers (Table 1), we suggest that

the computational description for the conformational equilibri-
um can be considered more reliable than that for the tauto-

meric equilibrium.
The molecular electrostatic potential (MEP) surfaces mapped

onto the electronic density distribution were generated to pro-

vide a “chemical feeling” for the energetic behavior of these
systems (Table 1). It is a hard task to rationalize these results in

terms of simple chemical concepts; nevertheless, we have at-
tempted to clarify our findings. By considering the chlorinated

compounds, in which the OHs form is stabilized with respect
to 2HP (5ClP and 6ClP), we can see that this effect is greater

for substitution in position 6. This can be explained by the fact

that position 5 is a para-like position with respect to the hy-
droxyl group in position 2 and is activated by the mesomeric
effect. For this reason the insertion of a chlorine atom at this
electrophilic position seems to stabilize the C=O form with re-

spect to chlorination in the nucleophilic position 6. The same
rationale can be applied to the 3ClP�4ClP pair : chlorination in

position 3 (ortho-like) stabilizes the C=O form with respect to
chlorination in position 4.

To sum up, these tautomeric equilibria are the result of a bal-

ance between electronic and resonance effects and involve the
acidity of the NH group of lactam forms and the OH group of

lactim forms.[13] Thus, great care must be taken in rationalizing
the results because of the different effects that are competing.

Solvent phase

Because of the importance of tautomeric equilibria in biologi-
cal contexts, we extended the calculations to include the pres-

ence of the solvent by using the Polarizable Continuum Model
(PCM, see the computational methods in the Experimental Sec-

Figure 4. Calculated shifts of the C=O/OHs relative zero-point-corrected elec-
tronic energies upon ring chlorination in the 2-Hydroxypyridine/2-Pyridone
systems. DE0,ClP�DE0,ClP�DE0,HP= (E0

C=O�E0OHs)ClP�(E0C=O�E0OHs)HP. The refer-
ence value, fixed to zero, corresponds to the calculated DE0,2HP between the
C=O and OHs tautomers.

Chem. Eur. J. 2017, 23, 3595 – 3604 www.chemeurj.org � 2017 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim3601

Full Paper

XI.57



tion). As the tautomeric equilibria can occur both in hydrophil-
ic and hydrophobic environments, three solvents that pos-

sessed different dielectric constants were considered, namely,
cyclohexane, dimethyl sulfoxide (DMSO), and water.

For all three solvents, we have attempted to predict the
most stable tautomer and explore the effect of solvation and

chlorination on the tautomeric equilibrium for the different
media. For that purpose, we first theoretically calculated the

C=O/OHs energy shifts upon solvation (DE0,SOLV�DE0,BARE). Then,
by adding this value to the experimental (2HP, DE0

EXP) or semi-
empirical (3ClP, 4ClP, 5ClP, 6ClP, DE0

SE-B3LYP) C=O/OHs energy dif-
ference for the bare molecule, we estimated the C=O/OHs rela-
tive energy in the different solvents. These data are summar-

ized in Figure 5. For all the species, we observed that the C=O
tautomers are stabilized in solution with respect to the bare

molecule. This effect increases with the polarity of the solvent,

which is due to the fact that the most polar C=O tautomer
tends to be stabilized in polar solvents.

However, the magnitude of this stabilization depends on the
position of the chlorine atom, and in general, the behaviour in

solution was comparative to the gas phase. For 2HP, 3ClP, and
4ClP, the C=O tautomer was strongly stabilized, to the point

that the tautomeric equilibrium was reversed, and this tauto-
mer is predicted to be the most stable one for all three sol-
vents. For 5ClP, only the most polar solvents (DMSO and water)

reversed the equilibrium in favour of the C=O tautomer. For
6ClP, the OHs form was so energetically favoured that the

effect of the solvent did not reverse the equilibrium, and the
most stable species is predicted to be the OHs.

A special point must be raised regarding the 6ClP species.
Although our predictions estimated that the OHs form would

be dominant in all solvents, experimental results reported by

Forlani et al.[13] and Peng et al.[14] point to the C=O form as the
major tautomer in various solvents. Nevertheless, they ob-

served an important increase in the ratio of the OH forms.
Qualitatively, our predictions agree with these experimental re-

sults, in that there is a significant increase in the population of
the OH form with chlorination in position 6. However, our cal-

culations overestimated the population of the OHs form. When
water was used as the solvent, this mismatch may be due to

the fact that in our PCM calculations we did not take into ac-
count the protic nature of the solvent.

Finally, the OHa/OHs conformational equlibrium shifts to-
wards the OHa form, which is stabilized in the solvent; this is

analogous to what happens to the C=O form. The trend is cy-
clohexane<DMSO�water and the results are reported in Fig-
ure S2 (see the Supporting Information).

Conclusion

The present work shows the potential of a combined strategy

of high-resolution rotational spectroscopy and theoretical cal-
culations for the study of tautomeric equilibria. We systemati-
cally investigated the effects of chlorine substitution on the

pyridine ring (in positions 3, 4, 5, and 6) on the tautomeric and
conformational equilibria of the model system 2-hydroxypyri-

dine/2-pyridone.
The combined experimental and theoretical results showed

that the tautomeric equilibrium was greatly affected by substi-

tution in different ring positions. The OHs tautomer, character-
ized by the O�H···N interaction, was found to be the dominant

form, which is further stabilized by chlorination in positions 5
or 6. The C=O form, which is a high-energy compound, was

observed to be stabilized by chlorination in positions 3 or 4.
The OHa form was the least favourable in all cases, although

the 3-substitution favoured this isomer owing to an O�H···Cl
interaction. The accuracy of the theoretical calculations has
been assessed by comparison with the results that were ob-

tained from the microwave spectrum of the 5ClP and 6ClP spe-
cies. Extension of the calculations for the solvated phase

showed a qualitative agreement with previously reported ex-
perimental data, which enabled a discussion of the behavior of

the tautomers in the solvent phase that our experiments do

not cover.
Literature data and our own computations showed that, for

these kind of equilibria, the results are greatly dependent on
the theoretical method used, but the trend that is due to

chlorination is similar for all of them. Moreover, it was possible
to establish a semiempirical relative energy scale based on the

experimentally observed tautomeric energy difference of
2HP.[12] The accuracy of these semiempirical data was tested

and confirmed by experimental findings of 5ClP and 6ClP. Only
the OHs tautomer was observed for 6ClP, whereas both the
OHs and the C=O species were observed for 5ClP. This result is

in accord with the higher energy difference between the OHs

and C=O forms of 6ClP with respect to 5ClP; for the latter spe-

cies, a relative energy value between the two forms was ob-
tained from relative intensity measurements (9.3(1.8) kJmol�1),
and it is in good agreement with the semiempirical result

(10.4 kJmol�1).
The calculations that were extended to the solvated phase

showed a stabilization of the C=O tautomer and the tautomer-
ic equilibrium was reversed in some cases.

We have shown that rotational spectroscopy experiments
were able to unambiguously identify different conformers and

Figure 5. C=O/OHs relative zero-point-corrected vibrational electronic ener-
gies in the 2-hydroxypyridine/2-pyridone systems in gas and solvent phases.
For all solvated systems, the DE0=DE0

SE�B3LYP++(DE0,SOLV�DE0,BARE) is reported,
whereas for 2HP, the value DE0=DE0

EXP++(DE0,SOLV�DE0,BARE) is considered.
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tautomers thanks to very precise structural data and the esti-
mation of the relative energy difference. The strong synergy

with theoretical calculations provides a solid strategy for
a better understanding of this kind of equilibria.

Experimental Section

Computational methods : Quantum mechanical calculations were
carried out by using the Gaussian09 package.[43] For each of the
2HP, 3ClP, 4ClP, 5ClP, and 6ClP compounds, the geometry of the
three conformers (OHs, OHa, C=O) was fully optimized at the MP2/
aug-cc-pVTZ and B3LYP/aug-cc-pVTZ levels of theory. Subsequent
vibrational frequency calculations in the harmonic approximation
confirmed that the stationary points were actual minima.

B3LYP/aug-cc-pVTZ calculations were used to characterize the tran-
sition state related to the lactam/lactim tautomeric equilibrium
and to explore the hydroxyl internal rotation path. For this pur-
pose, the HO-CN dihedral angle was varied in the 0–3608 range by
using a step of 108.

Geometry optimizations and frequency calculations were also per-
formed for all molecules in the presence of a solvent at the B3LYP/
aug-cc-pVTZ level and by using the Polarizable Continuum Model
(PCM) to mimic the solvents effect (cyclohexane er=2.0165, dime-
hylsolfoxide er=46.826, and water er=78.3553).[44]

Materials and methods : 6ClP (98%, m.p. 130 8C, b.p. 327.5 8C) and
5ClP (98%, m.p. 164 8C, b.p. 319 8C) were purchased from Alfa
Aesar and used without further purification. The rotational spectra
were recorded initially by using the free-jet absorption millimeter
wave (FJAMMW) spectrometer at the University of Bologna (Italy)
in the 59.6–74.4 GHz frequency region and later the Fourier trans-
form microwave (FTMW) spectrometer at the UPV/EHU (Bilbao,
Spain) in the 4–18 GHz spectral range.[31, 45] It was necessary to heat
both samples to obtain the vapour pressure suitable for the experi-
ment in both spectrometers. In particular, the optimized tempera-
tures for 6ClP and 5ClP were 100 and 140 8C, respectively. Concern-
ing the experiment with the FJAMMW instrument, at first the carri-
er gas was argon at a pressure of 25 kPa and the gas containing
the vaporized sample was expanded to about 0.05 kPa through
a 0.35 mm diameter nozzle, which was held 5 8C above the vapori-
zation temperature. For scans recorded with helium, a pressure of
50 kPa was used, and the mixture was expanded to about 0.1 kPa.
Regarding the FTMW experiment, the carrier gas was neon at stag-
nation pressures of about 200–500 kPa and was expanded through
a 0.8 mm nozzle to form a pulsed jet (�200 ms). In this spectrome-
ter, all transitions were observed to be split by the Doppler effect,
so the rest frequencies were calculated as the average frequency
of the two components. The estimated accuracy of the frequency
measurements was better than 3 kHz. Lines separated by less than
�10 kHz were resolvable, whereas for the FJAMMW, the accuracy
of the frequency measurements was just under 50 kHz. In both
cases, no decomposition products were observed.
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a b s t r a c t

The pure rotational spectrum of CF3CH2Cl (1-choro-2,2,2-trifluoroethane, HCFC-133a) was investigated at
8–18 GHz in supersonic expansion with chirped pulse and cavity rotational spectroscopy, and at 94–
309 GHz with broadband millimetre wave spectroscopy. Spectroscopic constants for the two principal
isotopic species have been considerably updated from global fits over extensive data sets, numbering
close to 3000 lines for the ground state of CF3CH2

35Cl and 1800 lines for CF3CH2
37Cl. Four different 13C

containing isotopologues have been assigned, as well as several new low lying vibrational states. The
new measurements have been augmented with anharmonic force field calculations in an evaluation of
the semi-experimental equilibrium geometry for CF3CH2Cl.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

In a recent study [1] several previously unknown atmospheric
ozone depleting compounds were identified by analysis of
unpolluted air samples collected in Tasmania and extracted from
deep firn snow in Greenland. Two of those compounds, CF3CCl3
and CF3CH2Cl, continue to accumulate in the atmosphere, and
while their emissions are significantly smaller than for the com-
pounds withdrawn under the Montreal Protocol, their origin is
unclear. The greatest emissions appear to be for CF3CH2Cl. Some
molecular properties of relevance to its atmospheric retrieval
have already been investigated [2], while rotationally resolved
data that could be used in such work have not yet been available.
The only previous investigation of the rotational spectrum of
CF3CH2Cl has been carried out by Ogata et al. [3] by means of
Stark modulation spectroscopy, but it was limited to a small
number of transitions at 8–26 GHz. The infrared and Raman
spectrum has also been studied [4,5] and normal mode assign-
ment has been carried out [4]. In the present work we combine
several contemporary experimental techniques in order to pro-
vide a comprehensive update on the rotational spectroscopy of
CF3CH2Cl.

2. Experimental details

Rotational spectra were measured with three spectrometers: at
the low temperatures of supersonic expansion with two different
Fourier-transform (FTMW) spectrometers, and at room tempera-
ture with a broadband millimetre wave (MMW) spectrometer.
We first used the chirped pulse (CP-FTMW) spectrometer available
at the University of the Basque Country (UPV/EHU). This instru-
ment is based on Pate’s original design [6] and has been described
elsewhere [7]. The CF3CH2Cl sample was in the form of a 2% mix-
ture in carrier gas (20% He, 80% Ne) at a pressure of 2.4 bar relative
to vacuum. The supersonic expansion valve was opened for 700 ls
and was pulsed at a rate of 1 Hz. For each chirped pulse, a 40 ls
time domain signal was recorded, and 10 chirped pulses were used
during each molecular pulse. A total of 800,000 time domain sig-
nals were coadded.

Additional, higher resolution measurements were carried out
with the cavity, FTMW spectrometer in Warsaw [8]. This was con-
structed as a coaxial version of the original Balle, Flygare design [9]
and was later modified to a single step downconversion mode [10].
The sample was a 1% mixture in Ar carrier gas at 1.2 bar, and was
admitted into the spectrometer chamber as 1 ms long gas pulses
repeated at a rate of 5 Hz. Room temperature measurements were
carried out with the broadband MMW spectrometer in Warsaw,
based on backward-wave oscillator sources [11,12]. Measurements
in the 90–140 GHz region were made by using the same

http://dx.doi.org/10.1016/j.jms.2017.02.011
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spectrometer but with a cascaded harmonic multiplication source
[12]. The sample in this case was CF3CH2Cl vapour contained in a
3.5 m long absorption cell at a pressure of 5 mTorr.

All measurements were carried out on a commercially available
sample. The AABS package [13,14] was used as a graphical front
end for comparing spectra with predictions and for setting up
the data sets for the fits. The fits and predictions were made by
using the ASFIT/ASROT package from the PROSPE website [15,16]
for the initial MMW assignments, and the SPFIT/SPCAT package
[17,18] for hyperfine-resolved measurements and for the final

analysis. The measurements made in this work were used at
assumed frequency uncertainties of 2 kHz for the cavity FTMW
data, 5 kHz for the chirped pulse measurements and 50 kHz for
the MMW spectrometer. The data from Ogata et al. [3] were also
incorporated into the data sets at frequency uncertainty of
100 kHz.

3. Rotational spectrum

The electric dipole moment of CF3CH2Cl (see Fig. 1) has not been
measured in the gas phase but is calculated to consist of a domi-
nant lb ¼ 1:87 D component and a significantly smaller
la ¼ 0:41 D component (MP2/aug-cc-pVTZ level). This predicts
the b-type transitions to be about 20 times stronger than the a-
type transitions. Not surprisingly, only b-type transitions have
hitherto been measured [3] and such transitions also dominated
the chirped pulse spectrum. Nevertheless, the sensitivity of the
chirped pulse experiment allowed the weaker aR-branch transi-
tions to be observed at excellent signal to noise, as is apparent from
Fig. 2.

Each rotational transition observed at the resolution of super-
sonic expansion is split into a number of components resulting
from nuclear quadrupole hyperfine interaction with the chlorine
nucleus. In Fig. 2 even the weaker, outlying DF ¼ 0 components
are clearly visible. In addition, the use of the He/Ne expansion mix-
ture leads to somewhat higher rotational temperatures (typically
5 K) than with Ar expansion (1 K or lower) so that transitions with
higher values of rotational quantum numbers than is usual for
supersonic expansion can be observed. The sequences of bQ-
branch transitions for CF3CH2

35Cl provide an opportunity to inves-
tigate this effect and Fig. 3 shows how transitions up to J = 18 are

Fig. 1. The orientation of the CF3CH2Cl molecule in the inertial axes and atom
numbering used in this work. The molecule is of Cs-symmetry where the ab inertial
plane is the symmetry plane. The arrow indicates the direction of the electric dipole
moment and is drawn from the notional negative to the notional positive charge.

J = 4 3

Fig. 2. The complete J ¼ 4 3 aR-branch rotational transition of CF3CH2
35Cl observed in the chirped pulse spectrum. The nuclear quadrupole splitting structure of each

transition consists of a central clump of DF ¼ þ1 lines, surrounded by weak DF ¼ 0 outliers. The values of the Ka quantum number are indicated, with L and U identifying the
lower and upper frequency component, respectively.
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visible in both lower and higher frequency parts of the Ka ¼ 2 1
band.

The analysis of the relatively low-J supersonic expansion spec-
trum allowed sufficiently accurate prediction of the much
higher-J transitions expected in the room-temperature millimetre
wave rotational spectrum, which was ultimately measured up to
J = 130. This spectrum is not particularly dense and the strongest
repetitive feature arises from n = 3 type-II� bands formed by
bR-branch transitions, with general properties described in
Refs. [19,20]. Examples of overlapped bands of this type for the
ground and one of the excited states of CF3CH2

35Cl are shown in
Fig. 4. The bands are due to the fact that the rotational constant
ratio 2A to ðBþ CÞ is accidentally close to 3 (equal to 2.973 for
CF3CH2

35Cl). This results in convergence into relatively compact
bands of lines characterised by J changing in steps of 2 and Ka in
steps of 1 between successive transitions in the band. Bands of
this type have been observed for trichloroethylene [20], while
n = 4, type-II� bands have been observed for S(CN)2 [21].

SomeMMW transitions showed a splitting ranging up to 3 MHz,
presumably as an effect of the existence of the A and E internal

rotor substates due to the presence of the low frequency torsional
motion [4]. The splitting showed only a weak dependence on Ka; J,
and the vibrational state, and was averaged over in making fre-
quency measurements. Some supersonic expansion lines showed
Doppler doubling, which was averaged over when it was well
defined. On the other hand, lines with malformed profiles were
not measured due to the abundance of data. This included the
highest-J lines shown in Fig. 3 since those were not critical to the
determination of any of the spectroscopic constants.

In fitting the data we have taken advantage of the feature of the
SPFIT program that allows hyperfine-resolved measurements to be
combined with hyperfine-unresolved measurements in a single
data set. In this way we have been able to carry out global fits of
all of the available measurements and the resulting spectroscopic
constants are reported in Table 1 for the ground states of the two
principal isotopologues. The present results are also compared
with previous values and with quantum chemistry calculations.
The complete results of fits and the data files are in the electronic
supplementary Tables S1 and S2. It is instructive to consider the
subset statistics for the fits listed in Table 2. These are generated
automatically with the PIFORM program from the PROSPE website
and demonstrate that the frequency measurement uncertainty
assumed for each spectrometer is reasonable. In fact, the result
for the chirped pulse subset provides a calibration of the excellent
performance of this spectrometer. It is noted, however, that we
used a different FFT transformation of the time domain signal to
the default one based on the Kaiser-Bessel windowing function
[22]. While the latter has the advantage of removing the interfer-
ence from lineshapes of very strong lines it has the disadvantage
of broadening the line profiles. Instead, we used a standard Bartlett
windowing function and a power mode display, as provided by the
program FFTS written by one of the present authors (Z.K.). In this
way full width, half height linewidths of 30–40 kHz were obtained
leading to significant improvement in frequency measurement
precision. Details of the program will be published elsewhere.

On inspecting the constants in Table 1 we were surprised at see-
ing extremely low values of the dJ centrifugal distortion constant as
determined from fitting Watson’s A-reduced asymmetric rotor
Hamiltonian [23]. In addition to the small values there was also a
change in sign from the 35Cl to the 37Cl isotopologue. It turns out
that this behaviour is relatively easy to rationalise since the value
of dJ arises from the difference between two underlying s terms
[24]. These terms, in the Ir representation used in the fits are
sbbbb and scccc. Evaluation from the ab initio harmonic force field
(using the Firefly package [25]) and the FCONV and VIBCA pro-
grams [16] reveals that sbbbb and scccc are practically identical and
close to 1.05 kHz. Since dJ ¼ �ðsbbbb � sccccÞ=16 the self cancellation
of the s constants apparent in the experimental dJ is to 0.06% of
their values. It is impossible to achieve this level of precision with
a quantum chemistry calculation of centrifugal distortion
constants, even though Table 1 demonstrates satisfactory agree-
ment with experiment. On the other hand, even though the calcu-
lated values of dJ for the two isotopologues are both positive, their
difference (0.057 Hz) is rather close to that between the experi-
mental values (0.046 Hz).

4. Excited vibrational states

It is already apparent from Fig. 4 that rotational transitions in
excited vibrational states play a significant role in the room-
temperature MMW spectrum. Even though a complete normal
mode analysis has been reported [4], the normal mode numbering
has not yet been assigned. In the following we label the modes in
standard manner, first the A0 symmetry modes, from highest to
lowest, then the A00 symmetry modes. The lowest frequency A00

Fig. 3. Illustration of the good visibility of bQ-branch transitions for CF3CH2
35Cl for

higher values of J observed in the chirped pulse spectrum recorded using supersonic
expansion with predominantly Ne carrier gas.
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289000 289100 289200MHz

obs.

calc.

J"Ka" =

Fig. 4. Examples of the main repetitive features in the millimetre wave spectrum of CF3CH2Cl. These are n ¼ 3, type-II� bands [20] arising from accidentally satisfied
condition 2A ¼ nðBþ CÞ. Successive lines in the band differ by 2 in J00 and 1 in K 00a . The lines of the ground state and v11 ¼ 1 of CF3CH2

35Cl are identified with heavier sticks in
the prediction, while fainter sticks are for other assigned species. The open rhombus symbols mark lines in the ground state dataset for the parent species.

Table 1
Spectroscopic constants for the ground states of CF3CH2

35Cl and CF3CH2
37Cl.

CF3CH2
35Cl CF3CH2

37Cl

Ref. [3] This work Calc.a Ref. [3] This work Calc.a

A/MHz 5332.833(5) 5332.845695(46)b 5332.0829(6) 5332.821576(68)
B/MHz 1803.400(3) 1803.398752(16) 1756.0200(2) 1756.199541(25)
C/MHz 1784.671(3) 1784.676242(16) 1738.435(2) 1738.438412(24)

DJ/kHz 0.271(12) 0.2788324(30) 0.2697 0.246(17) 0.2694044(53) 0.2604
DJK /kHz 2.645(27) 2.709971(18) 2.6929 2.605(14) 2.633147(30) 2.6146
DK /kHz �1.66(20) �1.611476(64) �1.6015 �1.74(48) �1.525020(93) �1.5140
dJ/kHz 0.49(19) 0.00004067(73) 0.000179 0.37(6) �0.0000056(12) 0.000122
dK /kHz 0.89(13) 0.43716(73) 0.3367 0.59(7) 0.4080(13) 0.3129

HJ/Hz 0.00002194(16) 0.00002311(34)
HJK /Hz 0.0000103(11) �0.0000138(24)
HKJ/Hz �0.0014495(52) �0.0015924(89)
HK /Hz 0.002297(22) 0.002453(33)

ð3=2Þvaa/MHz �68.91(75) �68.9477(15) �54.31(59)c �54.3987(24)
ð1=4Þðvbb-vccÞ/MHz �8.65(16) �8.71437(48) �6.81(13)c �6.85925(85)
vab/MHz 51.95d 52.103(13) 40.94c 41.105(69)

Nlines;Nrot
e 2933,99 1803,86

rfit/MHz 0.0317 0.0336
rrms

f 0.686 0.730
a Evaluated from an unscaled B3LYP/6-311++G(d,p) harmonic force field.
b The quantities in round parentheses are standard errors in units of the least significant digit of the value of the constant.
c Estimated from the constants for the 35Cl species by using the quadrupole moment ratio 35Cl=37Cl = 1.26874(4), Ref.[28].
d Calculated with the assumption that the hyperfine z-axis coincides with the C–Cl bond, which is at 31.79� to the z-axis.
e The number of different frequency lines in the global fit and the number of different rotational transitions for which hyperfine structure was measured.
f Unitless deviation of the weighted fit.

Table 2
Subset statistics for the global fit of rotational transitions for CF3CH2

35Cl.

Nlines
a Nrot

b r/kHz J Ka Freq./GHz

Min Max Min Max Min Max

Cavity 70 14 1.80 1 6 0 2 10.6 17.8
Chirped pulse 386 75 3.63 0 9 0 4 7.1 18.4
mmw 2448 2448 33.5 9 130 0 44 94.2 308.2
Ref.[3] 29 10 81.2 2 22 0 3 10.8 21.8

a The number of distinct measured frequencies.
b The number of different rotational transitions.
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mode, m18 (109 cm�1 [4]) and the lowest A0 mode, m11 (191 cm�1 [4],
180 cm�1 [5]) are thus of greatest relevance to the room-
temperature rotational spectrum. Some rotational transitions in
the v18 ¼ 1 state of the parent species have already been reported
[3]. In this work, we extended those measurements to over
300 GHz and have also assigned v18 ¼ 1 transitions in the CF3CH2-
37Cl isotopologue. The resulting spectroscopic constants are
reported in Table 3, and the primary files are in Table S3.

In the parent isotopologue we found that, in addition to transi-
tions in the v18 ¼ 1 state, it was possible to assign rotational tran-
sitions in the two vibrational states immediately above it, v11 ¼ 1
and v18 ¼ 2. Transitions in these two states were initially identified
on the basis of relative intensities, since both states are expected to
be at vibrational energy of around 200 cm�1, and the next higher
vibrational state is expected to be 100 cm�1 higher. The vibrational
assignment of these two states was also relatively straightforward
since the rotational constants of the ground state, v18 ¼ 1 and
v18 ¼ 2 are expected to be in a harmonic progression. The results
for these two higher states are also reported in Tables 3 and S3.
On inspecting the quartic centrifugal distortion constants obtained
from single state fits for v11 ¼ 1 and v18 ¼ 2 we find some indica-
tion of effective behaviour resulting from possible perturbation
between these states. In particular, the values of dJ and dK have
similar magnitude but opposed sign. We attempted to carry out
a coupled fit for these two states based on the expected c-type
Coriolis and Fermi interactions. This achieved moderate success
in being able to encompass a somewhat larger numbers of mea-
sured lines and delivered values of quartic constants for v11 ¼ 1
that were closer to those for the ground state, and for v18 ¼ 2 that
were closer to those estimated from v18 ¼ 1 and the ground state.
Nevertheless, such fits were ambiguous concerning the vibrational
energy difference between the two states, possibly because we
were not able to identify level-crossing type resonances that
enabled the multiple successful coupled fits in our recent studies
of 2,2-dichloropropane [26] or glycolic acid [27]. For this reason
we prefer to report in Table 3 the effective single state constants,
although in Table S4 we also provide a comparison of the perfor-
mance of the single state fits and a specimen two-state coupled fit.

5. The 13C isotopic species

The chirped pulse spectrum had a sufficiently high signal to
noise ratio to allow assignment also of the 13C species in natural
abundance, as shown in Fig. 5. This was possible not only for the
13C isotopologues of CF3CH2

35Cl, but also for those of CF3CH2
37Cl.

The spectroscopic constants determined for the four newly
assigned species are reported in Table 4 and the complete results
and data files for the fits are in Table S5. The fits are based entirely
on the chirped pulse data and their deviations are comparable to
the deviation for the chirped pulse subset for the ground state of
the parent species in Table 2. Since the range of quantum number
values for the isotopic transitions is insufficient for determination
of quartic centrifugal distortion constants we used assumed values
as described in Table 4. We noted the considerable differences in
the calculated values of dK for the 13C1 and 13C2 isotopologues,
but those turned out to be rationalisable by similar arguments to
those used above for dJ . The almost identical values of the A rota-
tional constant for CF3CH2

35Cl and CF3CH2
37Cl indicate that the

chlorine atom has near zero b and c inertial coordinates. Further-
more, the values of A for the 13C2 species are also very close to
those for the parent species indicating that b and c coordinates of
C2 are also near zero. Since symmetry dictates that the c coordi-
nates are indeed zero this shows that the b coordinates of both
Cl and C2 are very close to zero (as apparent in Fig. 1). Similar con-
clusions could also be made by considering the values of the planar
moments Pb, and have significant repercussions for the structure
determination, as discussed further below.

6. Nuclear quadrupole hyperfine coupling

The chlorine nuclear quadrupole coupling constants deter-
mined for the various isotopic species of CF3CH2Cl are a useful
source of direct molecular information and a testing ground for cal-
culations. In particular, the precision of the supersonic expansion
measurements allowed accurate determination of vab, the only
off-diagonal nuclear quadrupole coupling constant. This, in turn,

Table 3
Spectroscopic constants for the excited vibrational states of CF3CH2Cl.

CF3CH2
35Cl CF3CH2

37Cl

v18 ¼ 1, Ref. [3] v18 ¼ 1 v18 ¼ 2 v11 ¼ 1 v18 ¼ 1

A/MHz 5324.952(11) 5324.967909(90) 5317.19461(28) 5339.70650(38) 5325.03966(17)
B/MHz 1800.614(9) 1800.578351(34) 1796.323583(93) 1802.559862(72) 1753.469696(77)
C/MHz 1784.621(9) 1784.594882(35) 1783.153853(85) 1782.928818(73) 1738.327223(77)

DJ/kHz [0.271]a 0.2760335(58) 0.266202(17) 0.280573(16) 0.266630(15)
DJK /kHz [2.645] 2.823667(38) 2.94495(15) 2.68185(22) 2.743865(63)
DK /kHz [-1.66] �1.765176(89) �2.08903(32) �1.40856(87) �1.67486(20)
dJ/kHz [0.49] �0.0002845(33) �0.001475(10) 0.0011895(79) �0.0003214(25)
dK /kHz [0.89] 0.5567(28) �2.0252(54) 2.0626(47) 0.5262(39)

HJ/Hz 0.00002920(49) 0.0000217(14) 0.0000170(14) 0.0000258(10)
HJK /Hz 0.0002926(46) 0.003028(46) �0.002841(48) 0.0002741(48)
HKJ/Hz �0.0024838(82) 0.009008(81) �0.02608(51) �0.002578(18)
HK /Hz 0.002418(26) �0.00701(15) 0.01410(64) 0.002682(78)
hJ/Hz �0.00000327(31) 0.0000041(10) �0.00001255(79) [�0.00000327]b
hJK /Hz 0.00727(38) �0.00556(95) 0.00100(71) [0.00727]b

hK /Hz [0.] �0.1084(89) �0.580(16) [0.]

Nlines
c 1994 946 1085 833

rfit/MHz 0.0314 0.0423 0.0454 0.0373
rrms

d 0.621 0.846 0.905 0.747
a Fixed to the values in the ground state, determined in Ref. [3].
b Fixed to the value in the v18 ¼ 1 state of the parent species.
c The number of lines in the global fit.
d Unitless deviation of the weighted fit.
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allows diagonalisation of the nuclear quadrupole coupling tensor
from the inertial principal axes abc to its own principal axes xyz.
The components of the tensor in the two sets of axes are listed in
Tables 5 and 6. The reliability of the evaluation of the principal
nuclear quadrupole tensor elements is confirmed by the fact that
the values for all three 35Cl species are identical within 2–3 r,
and the same is the case for the three 37Cl species.

We can use these results to test the performance of the methods
used by spectroscopists to predict nuclear quadrupole splitting
constants. The calculated values for CF3CH2

35Cl in Table 5 compare
two different scaling approaches [28] with calculation based on a
specially tailored basis set for chlorine advocated by Bailey [29].
All three approaches provide comparable (and good) accuracy con-
cerning the values of the hyperfine constants, with the scaled DFT
result being slightly more successful. On the other hand, the rota-
tion angle hza between the principal inertial axes and the principal

quadrupole axes is, in this case, most accurately predicted by the
Bailey approach.

Another quantity of interest is the difference d between the
quadrupole derived angle hza and the direction of the CCl bond. It
has been shown [30] that the contribution to the nuclear field gra-
dient at a given nucleus is dominated by the total electron density
of the molecule scaled by cube of the distance from this nucleus.
For a nucleus terminal to a chemical bond, significant asymmetry
of such scaled electron density will be reflected by a deviation of
the quadrupolar z axis from the internuclear axis of the bond.
Supersonic expansion rotational spectra allow experimental deter-
mination of such differences, and their values also turn out to be
easily calculable by ab initio [30]. Hence, even if only the
quadrupolar angle hza is available, it still brings in useful structural
information, when corrected by the calculated value of d. In the
present case we also find that the Bailey approach gives the closest

13C135Cl

13C235Cl

CF3CH2
35Cl505 414

F
=
13
/2

13
/2

F
=
11
/2

11
/2

F
=
9/
2
9/
2

Fig. 5. Illustration of the good visibility in the chirped pulse spectrum of the natural abundance 13C transitions of CF3CH2Cl. The three marked hyperfine patterns are all for
the bR-branch 505  414 transition.

Table 4
Spectroscopic constants for the ground states of the 13C isotopic species of CF3CH2Cl.

13C135Cl 13C235Cl 13C137Cl 13C237Cl

A/MHz 5285.63733(17) 5333.39146(18) 5285.53961(29) 5333.36724(32)
B/MHz 1802.134983(77) 1799.883355(72) 1755.18690(10) 1752.56295(15)
C/MHz 1778.125852(96) 1781.231543(90) 1732.39521(13) 1734.87318(14)

DJ/kHz [0.2759]a [0.2778] [0.2667] [0.2684]
DJK /kHz [2.6053] [2.7063] [2.5330] [2.6291]
DK /kHz [�1.5562] [�1.6073] [�1.4704] [�1.5204]
dJ/kHz [0.001491] [0.00005067] [0.00135] [0.0000044]
dK /kHz [0.1066] [0.4360] [0.0903] [0.4068]

ð3=2Þvaa/MHz �68.6061(53) �68.9701(58) �54.1554(82) �54.4161(76)
ð1=4Þðvbb-vccÞ/MHz �8.7767(15) �8.7104(14) �6.9056(19) �6.8577(20)
vab/MHz 52.294(85) 52.159(30) 41.158(78) 40.77(18)

Nlines;Nrot
b 119,39 97,37 51,17 47,21

rfit/MHz 0.00405 0.00370 0.00343 0.00362
rrms

c 0.810 0.740 0.685 0.723
a Values in square parentheses are assumed values estimated from the relevant 12C species by adding the isotopic difference calculated at the B3LYP/6-311++G(d,p) level.
b The number of lines in the fit and the number of different rotational transitions for which hyperfine structure was measured.
c Unitless deviation of the weighted fit.
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result to experiment, concerning the value of d, presumably owing
to the most faithful electron density representation at the chlorine
nucleus.

7. Molecular geometry

Determination of molecular geometry for CF3CH2Cl poses mul-
tiple challenges. We have rotational constants for six different iso-
topic species, but only three out of the six symmetry distinct atoms
have been substituted, and no fluorine and hydrogen substitution
data is available. Furthermore, we find that for C2 and Cl the b
coordinates from the standard Kraitchman analysis [31] are b
(C2) = 0.07i Å and b(Cl) = 0.01(12) Å, and are thus not useful. The
first is an imaginary quantity, while that for Cl is encumbered by
an uncertainty considerably exceeding its value, once a realistic
error estimate using the Costain criterion [32] is made.

It is still possible, however, to determine a plausible geometry
by means of a least squares fit to all 18 available rotational con-
stants. With four atoms in the symmetry plane and two
symmetry-equivalent pairs of atoms out of this plane it turns out
that a total of 11 internal coordinates completely describe the
geometry of CF3CH2Cl. These coordinates need to comprise of five
interatomic distances and six angles, two of which have to be
either dihedral angles or angles defining the out-of-plane distance
of atoms H and F0 in the two identical pairs. The adopted internal
coordinate scheme is listed in the first column of Table 7. Early
tests carried out with the STRFIT program [33] revealed that it is

actually possible to determine the parameters involving the fluo-
rine atoms providing that the three parameters involving the
hydrogen atoms are assumed. Those are r(CH), \(HCH), and the
angle w between the bisector of \(HCH) and r(CC). The assumption
of values for these parameters required some care and the most
reliable estimates were expected to be possible from comparisons
of ab initio calculations and equilibrium quality experimental
geometries determined for related molecules. Since the assump-
tions concerned the equilibrium geometries we determined the
least-squares rSEe semi-experimental equilibrium geometry
[34,35] as reported in Table 7 and in detail in Table S6.

The values assumed for rðCHÞ and for \(HCH) were derived by
comparing the rSEe geometry for CH2ClF [36] with MP2/aug-cc-
pVTZ values, and then adding the differences to the MP2/aug-cc-
pVTZ values for CF3CH2Cl. Similarly, the rqm geometry for CH2ClCH3

[37] was used to correct the calculated \(HCC) for CF3CH2Cl. The
value for w was then obtained by trigonometry using
cosw ¼ cos\ðHCCÞ= cosð\ðHCHÞ=2Þ. We estimated the uncertain-
ties in these assumptions to be �0.001 Å for r(CH) and �0.5� for
\ðHCCÞ and \ðHCHÞ, corresponding to �1:03
 for w. These uncer-
tainties have been accounted for in the uncertainties in the deter-
mined rSEe parameters cited in Table 7 and their determination is
described at the bottom of Table S6. We found that many of the
determined heavy atom structural parameters were relatively
insensitive to the assumptions concerning the bonds and angles
to the two hydrogen atoms. There were two exceptions: rðCClÞ
and /, for which the standard deviations from the STRFIT fit

Table 5
Nuclear quadrupole constants and derived parameters for CF3CH2

35Cl and CF3CH2
37Cl.

35Cl 37Cl

Ref. [3] Exp. Calc.a Calc.b Calc.c Ref. [3] Exp. Calc.a

vaa/MHz �45.94(50)d �45.9651(10) �47.789 �46.653 �46.06 �36.21 �36.2658(16) �37.632
vbb/MHz 5.68(40) 5.5538(11) 7.316 6.090 5.43 4.48 4.4144(19) 5.732
vcc/MHz 40.26(50) 40.4113(11) 40.472 40.563 40.63 31.73 31.8514(19) 31.898
vab/MHz [51.95]e 52.103(13) 51.187 51.964 52.36 41.106(69) 40.362

vzz/MHz �78.15 �78.329(12) �78.368 �78.554 �78.66 �61.59 �61.789(62) �61.767
vxx/MHz 37.89 37.917(12) 37.895 37.991 38.03 29.86 29.937(62) 29.867
vyy ¼ vcc/MHz 40.26 40.4113(11) 40.472 40.563 40.63 31.73 31.8514(19) 31.898

hza/deg 31.79 31.8462(29) 30.853 31.546 31.90 31.836(19) 30.878
hstr

f/deg 31.79 32.241 31.763 32.197 32.32 32.218 31.739
dg/deg 0.0 0.395 0.910 0.651 0.42 0.382 0.861

gh 0.0303 0.03184(15) 0.0329 0.0327 0.0331 0.0310(10) 0.0329
a Calculated at the B3LYP/aug-cc-pVDZ level scaled by the factor 1.0619 determined in Ref. [28].
b Calculated at the MP2/aug-cc-pVDZ level scaled by the factor 1.1451 determined in Ref. [28].
c W.C. Bailey, [29].
d The quantities in round parentheses are standard errors in units of the least significant digit of the value of the constant.
e Value corresponding to the assumptions made in Ref. [3] in order to evaluate vzz etc.
f The structural angle between the CCl bond and the a-axis from the rSEe geometry determined in this work.
g d ¼ hza � hstr.
h The nuclear quadrupole asymmetry parameter given by g ¼ ðvxx � vyyÞ=vzz).

Table 6
Nuclear quadrupole constants of the measured 13C isotopologues of CF3CH2Cl.

13C135Cl 13C235Cl 13C137Cl 13C237Cl

vaa/MHz �45.7374(35) �45.9801(39) �36.1036(55) �36.2774(51)
vbb/MHz 5.3153(35) 5.5692(34) 4.2406(47) 4.4233(47)
vcc/MHz 40.4221(35) 40.4108(34) 31.8630(47) 31.8541(47)
vab/MHz 52.294(85) 52.159(30) 41.158(78) 40.77(18)

vzz/MHz �78.403(76) �78.385(27) �61.767(70) �61.494(161)
vxx/MHz 37.9819(76) 37.974(27) 29.904(70) 29.640(161)
vyy ¼ vcc/MHz 40.4221(35) 40.4108(34) 31.8630(47) 31.8541(47)

hza/deg 31.991(18) 31.8517(66) 31.945(22) 31.737(51)

g 0.03114(98) 0.03108(35) 0.0317(11) 0.0360(26)
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increased by a factor of four and two, respectively, primarily due to
the uncertainty in \ðHCCÞ. In deriving the rSEe geometry we also
needed the Be-B0 corrections of the experimental rotational con-
stants to equilibrium, which were carried out by means of an
anharmonic force field calculation at the MP2/aug-cc-pVDZ level
performed with CFOUR [38]. A check on the anharmonic calcula-
tion is provided by the comparison of the calculated vibrational
changes in rotational constants against the experimental values
determined above, as made in Table 8. This comparison is quite
reasonable, as is the agreement between the current rSEe structural
parameters and the calculated values listed in Table 7.

8. Conclusions

The rotational spectrum of CF3CH2Cl has been subjected to a
comprehensive reinvestigation. Four new isotopic species have
been assigned, as well as spectra of the two main chlorine species
and four different excited vibrational states up to the submillime-
tre wave region. A plausible molecular geometry has been deter-
mined and complete nuclear quadrupole hyperfine tensors for
the chlorine nucleus in all isotopologues have been obtained. The
new analysis provides a complete data set for predicting the rota-

tional spectrum of the title molecule for any foreseeable analytical
applications using supersonic expansion or ambient temperature
spectroscopy.
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Investigating the Conformation of the Bridged
Monosaccharide Levoglucosan
Iciar Uriarte,[a] Patricia �cija,[a] Rolando Lozada-Garcia,[b] Pierre ÇarÅabal,[b] and
Emilio J. Cocinero*[a]

1. Introduction

Levoglucosan (1,6-anhydro-b-d-glucose) is one of the main
products of the thermal degradation of glucose and cellulose

(b(1!4) linked glucose units). It is commonly used as a tracer

for cellulose in biomass burning.[1–3] From a chemical point of
view, levoglucosan arises from the intramolecular cyclization of

a glucopyranose unit resulting in a bicyclic form structurally
similar to glucose, with a bridge between positions 1 and 5

(see Figure 1). The mechanism of glucose pyrolysis to levoglu-
cosan (and other substances) has been widely investigated

both experimentally[4–6] and with theoretical methods.[7–10] This

mechanism necessarily involves an intramolecular cyclization
and a dehydration process. In reference [11], the authors use
computational methods to prove that it is the OH group at po-
sition 1 that leaves the molecule (rather than OH6).

Since levoglucosan is an important product in the degrada-
tion process of glucose and cellulose, a lot of research has

been devoted to different aspects of this molecule. In particu-

lar, several studies can be found in the literature about the

conformation and structure of this molecular system. First, the-

oretical methods have been used to predict the 3-dimensional

conformation of levoglucosan in vacuo.[12,13] In 1971, the crystal
structure of levoglucosan was first studied by X-ray diffrac-

tion,[14] and only the positions of the non-H atoms were ob-
tained. This study was later complemented with a neutron dif-

fraction analysis[15] that focused on obtaining the positions of
the H atoms. This kind of solid-state studies provides impor-

tant structural information. However, the hydrogen-bond distri-

bution is affected by the presence of neighboring units of the
molecule. In fact, in this particular case, strong O�H···O interac-

tions were characterized between units of levoglucosan.
A different approach to structural analysis is to perform con-

formational analysis in the gas phase. By isolating the molecule
from external interactions such as solvent or crystal packing

Levoglucosan is one of the main products of the thermal deg-
radation of glucose and cellulose and is commonly used as a

tracer for biomass burning. Herein we report a conformational
analysis of levoglucosan under isolation conditions, by means
of microwave spectroscopy coupled with ultrafast laser vapori-
zation in supersonic expansions. We observed three different
conformations of levoglucosan in the gas phase. They all share
a common heavy atom rigid bicyclic structure. The difference

between the three of them lies in the network of intramolecu-
lar hydrogen bonds that arises from the OH groups at posi-
tions 2, 3 and 4. The different combinations of H-bonds give
richness to the conformational landscape of levoglucosan. The

gas phase conformers obtained in this work are compared to

the crystal structure of levoglucosan previously reported. Al-

though the heavy atom frame remains unchanged, there are
significant differences in the positions of the H-atoms. In addi-

tion, the levoglucosan structure can be compared to the relat-
ed glucose, for which gas phase conformational studies exist

in the literature. In this case, in going from glucose to levoglu-
cosan, there is an inversion in the chair conformation of the
pyranose ring. This forces the OH groups to adopt axial posi-

tions (instead of the more favorable equatorial positions in glu-
cose) and completely changes the pattern of intramolecular H-

bonds.
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Figure 1. Chemical structure and atom numbering of levoglucosan. Atoms
have been numbered according to the standards of monosaccharides. Blue
corresponds to carbon atoms, red to oxygen and green to hydrogen. To
number the atoms in the bridge, we have followed the results in ref. [11].
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forces, we can access its preferred conformations. The intrinsic
molecular properties of the molecule can thus be obtained.

Several spectroscopic techniques are used to monitor the
structure of this kind of molecule in the gas phase. Mass-re-

solved laser electronic spectroscopy can be applied for the
study of moderate to large size molecular systems such as

peptides,[16–19] carbohydrates[20–23] or nucleo-base pairs.[24–26] For
small to medium size molecules on the other hand, microwave
spectroscopy provides the most accurate structural description

in the gas phase. The inherent high resolution of this spectro-
scopic technique allows one to distinguish and unambiguously

identify different conformers, tautomers and isotopologues as
independent species. Even enantiomers have been identified
using rotational spectroscopy[27] with the recent advances in
three-wave mixing techniques.[28–29] Microwave spectroscopy

has been successfully used in the past to evaluate the gas

phase conformations of several monosaccharides,[30–32] which
are structurally similar to levoglucosan. In particular, up to

seven conformations of glucose were detected in the gas
phase.[33] Regardless of the spectroscopic technique, the vapor-

ization method is a key point in these studies. There are nu-
merous examples in the literature where conventional heating

techniques have been used to bring biomolecules intact into

the gas phase.[34–37] However, in many other cases, biological
molecules are thermolabile and decompose upon heating. So,

conventional heating techniques cannot be used in those
cases. An alternative approach is to use ultrafast laser vaporiza-

tion. In this case, a short laser pulse hits the sample and a frac-
tion of the molecule is brought intact into the gas phase with-

out degradation.

The goal of this work is to probe the intrinsic conformational
preferences of levoglucosan in the interaction-free environ-

ment of a supersonic expansion by means of microwave spec-
troscopy. By comparing the results obtained here with the

crystal structure, it is possible to evaluate the effect of crystal
packing on the conformation of this substance. In addition, we

can compare the gas phase structures of levoglucosan and

glucose to assess the impact of the internal bridge. To the best
of our knowledge, this is the first high resolution structural

study of a bridged monosaccharide.

2. Results and Discussion

First, a conformational search followed by ab initio calculations
was performed to survey the conformational landscape of lev-
oglucosan in vacuo. Details about these theoretical calculations

can be found in the Experimental Section. The predicted con-
formations of levoglucosan under isolation conditions can be

rationalized according to the following two criteria. First, the
pyranose ring can adopt two conformations: inverted chair

(1C4) and boat-type configuration. The inverted chair (IC) shape

is so called because it is the opposite ring structure of the re-
lated molecule glucose (4C1). The second criterion is the inter-

play of intramolecular hydrogen bonds that arises from the
three OH groups in the molecule. Several combinations are

possible and give richness to the conformational landscape of
levoglucosan.

The conformational search and the ab initio calculations
result in 24 different conformations in an energy window of

30 kJmol�1, see table S1. The most stable predicted conforma-
tions correspond to inverted chair structures, the first boat

conformation (B1) lying 11.1 kJmol�1 above the global mini-
mum (D(E+ZPE) at MP2/6-311+ +G(d,p)). Among the invert-

ed chair conformers, the most stable ones display an intramo-
lecular hydrogen bond O3H3···O6 on the top face of the mole-

cule, with the H3 atom pointing towards O6. The first structure

that does not possess this intramolecular interaction (IC5) is lo-
cated at 4.2 kJmol�1 (D(E+ZPE) at MP2/6-311+ +G(d,p)). In
general, our calculations are in good agreement with previous
theoretical studies about levoglucosan,[12,13] although small dif-

ferences arise mainly from the use of different methods/basis
sets. For example, in ref. [12] , the authors only consider five

different conformations of levoglucosan at MP2(full)/6-31G(d)

level of theory. Among these five conformations, there are dif-
ferences in the energetic order of some of the conformers (IC2

and IC3, for instance, are in the inverse order as in our results).
So, as a summary, the four lowest lying conformers share a

common rigid bicyclic frame with a 1C4 ring conformation of
the six-membered ring and an intramolecular O3H3···O6 hydro-

gen bond. Starting from this disposition, we performed a Po-

tential Energy Surface by scanning the dihedral angles H2�
O2�C2�C1 and H4�O4�C4�C3 in order to consider all possible

positions of the OH groups and the corresponding interac-
tions. Figure 2 shows this potential energy surface. We can

clearly distinguish five minima which correspond to conform-
ers IC1, IC2, IC3, IC4 and IC8. It is worth mentioning that these

conformers were also predicted in the conformational search.

This validates the performance of the conformational search.
Finally, a high energy plateau resembling region can be ob-

served in the PES (H2�O2�C2�C1 and H4�O4�C4�C3 between
08 and 2008, approximately). This region corresponds to con-

formations where either the OH groups at positions 2 and 4
are pointing out of the molecule and hence do not give rise to

intramolecular hydrogen bonds or there are strong repulsions

between the two hydrogen atoms (for example, the region
with H2�O2�C2�C1�2008 and H4�O4�C4�C3�08).

The first attempt to record the rotational spectrum of levo-
glucosan was done using a Chirp-Pulse Fourier Transform Mi-
crowave (CP-FTMW) spectrometer available at the University of
the Basque Country (UPV/EHU).[38] The main advantage of this

spectrometer is that it allows one to record the whole rotation-
al spectrum (in our case, 6–18 GHz region) in a single molecu-
lar pulse, resulting in short spectral acquisition times. In our
current set-up, the vaporization system for getting the sample
in the gas phase in the CP-FTMW consists of conventional

heating techniques. Levoglucosan was heated to 220 8C in a
customized heating nozzle, but no lines attributable to this

molecule were found in the rotational spectrum. This may be
due to the low vapor pressure of levoglucosan, meaning that
there is not enough amount of molecules in the gas phase or

it is a thermolabile sample and degrade. An alternative ap-
proach to vaporization of low vapor pressure or thermolabile

samples consists in the use of ultrafast laser sources.[30] There-
fore, we performed the rotational study of levoglucosan in the

ChemPhysChem 2018, 19, 766 – 773 www.chemphyschem.org � 2018 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim767

Articles

XI.76



FTMW spectrometer available in our group, which is coupled
to an UV ultrafast laser vaporization system.

The theoretical calculations mentioned before guided the
experimental work. The rotational spectra of the most stable

conformations of levoglucosan were predicted based on calcu-
lated rotational constants. Following these predictions, the 9–

12 GHz region was first scanned to look for J=4 and J=5 ma,
mb and mc-type lines of the most stable conformations. Different
sets of lines were spotted which corresponded to three differ-

ent conformations of levoglucosan. The rotational transitions
were fitted to a Watson semi-rigid rotor Hamiltonian and the
experimental values of the A, B and C rotational constants and
some of the centrifugal distortion constants were obtained.
The results are summarized in Table 1 for the three conforma-
tions and a portion of the rotational spectrum in the 9600–

9700 MHz region is depicted in Figure 3.

The three sets of constants obtained (Conf1, Conf2 and
Conf3) seem to correspond to IC1, IC2 and IC3, which are the

lowest lying conformations predicted for levoglucosan. Howev-
er, the values of the rotational constants are very similar be-

tween the three conformations, and this is particularly so for
Conf1 and Conf2. In order to have an unambiguous assign-

ment, we look at the difference error defined as DX=

Xtheor�Xexp, where X refers to the rotational constants (A, B or
C). This difference error should be almost identical for the two

conformations. By assigning Conf1 to IC1 we obtain DA=
7.9 MHz, DB=3.7 MHz and DC=7.6 MHz. The values for Conf2

and IC2 are DA=9.2 MHz, DB=3.9 MHz and DC=7.6 MHz. So,
the difference errors are almost identical in both cases and the

correct assignment is therefore Conf1= IC1, Conf2= IC2 and

Conf3= IC3. Moreover, this is corroborated by the observation
of transitions of c-type in Conf1 excluding the possibility that

this rotamer is IC2 (mc=0). Figure 4 displays the three-dimen-
sional dispositions of these three conformers. As mentioned

previously, these three species correspond to structures where
the heavy atom frame is fixed and the six-membered ring

adopts an inverted chair conformation. Also, the strong

O3H3···O6 bond is present in the three observed conformers.
The differences between the observed structures lie in the net-

Figure 2. Potential energy surface of levoglucosan and two-dimensional con-
tour plot computed at B3LYP-D3/6-311+ +G(d,p). The heavy atom frame is
fixed at an inverted chair configuration displaying an intramolecular
O3H3···O6 hydrogen bond. The independent variables correspond to the tor-
sion angles H2�O2�C2�C1 and H4�O4�C4�C3 (energies in kJmol�1, angles
in degrees). The positions of the minima are highlighted as well as some rel-
evant energy values.

Table 1. Experimental and ab initio (MP2/6-311+ +G(d,p)) rotational constants, centrifugal distortion constants and dipole moment components of the
three observed conformers of levoglucosan.

Conf1 Conf2 Conf3 IC1 IC2 IC3

A[a] [MHz] 1426.65036(49)[e] 1428.92424(52) 1436.44859(58) 1434.6 1438.1 1449.5
B [MHz] 1224.20654(42) 1222.98567(32) 1219.67041(31) 1227.9 1226.9 1222.1
C [MHz] 1189.03274(42) 1188.36258(36) 1187.75585(31) 1196.6 1196.1 1196.0
DJ

[b] [kHz] 0.0500(96) 0.0375(77) 0.0495(65) 0.043 0.043 0.042
DJK [kHz] 0.079(20) 0.113(15) 0.093(15) 0.079 0.092 0.084
DK [kHz] 0.030(18) 0.017 �0.005 0.015
jma j [c] [D] Observed Observed Observed 1.1 0.9 2.2
jmb j [D] Observed Observed Observed 1.9 0.9 3.3
jmc j [D] Observed Not observed Observed 0.8 0.0 0.4
N[d] 51 26 24
s [kHz] 4.3 2.5 2.1

[a] Rotational constants (A, B and C). [b] Centrifugal distortion constants (DJ, DJK and DK). [c] Electric dipole moment components (jma j , a=a, b and c) re-
ferred to the principal axis; 1 D�3.336�10�30 Cm. [d] Number of transitions (N) and rms deviation of the fit (s). [e] Standard errors in parentheses in units
of the last digit.
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work of hydrogen bonding arising from the OH groups at posi-

tions 2 and 4. Although some unassigned lines remained in

the rotational spectrum, they could not be identified as higher
energy conformers of levoglucosan or decomposition prod-

ucts.
In order to study the patterns for hydrogen bonding in IC1,

IC2 and IC3 we use three different methods to characterize in-
tramolecular interactions. First, we carried out NBO calculations

to evaluate hyperconjugation energies between the lone pairs

of the oxygen atoms and the vicinal s*(O�H) orbitals. We con-
sider that hyperconjugation energies greater than 0.5 kcal

mol�1 are indicators of some kind of interaction. Also, we use
Bader’s QTAIM theory to evaluate the presence of Bond Critical

Points (BCPs) and to estimate the bond strength of H-bonds.
In this case, an intramolecular interaction is confirmed by the

mere presence of a BCP. Finally, an analysis of the H···O distan-
ces and the O�H···O angles may help us identify H-bonds. The

distance and angle cut-off values for H-bonds are a matter of
debate and it is not the objective of this work to discuss the

issue. However, for the present work, we will follow the consid-

erations about weak hydrogen bonds in ref. [39]. We consider
that distances shorter than 3.2 � and angles in the range 908–
1508 may be indicative of weak intramolecular interactions.[39]

The results of these three methods for IC1, IC2 and IC3 are

summarized in Table 2. First, we can see that the three meth-
ods confirm an O3H3···O6 interaction for the three conformers.

For IC2, an additional O4H4···O2 H-bond contributes to stabiliz-

ing the system, as is confirmed by QTAIM, NBO and structural
analysis. IC3 on the other hand displays an O2H2···O4 interac-

tion, also confirmed by the three methods. Finally, for IC1,
QTAIM, NBO and structural analysis confirm an O2H2···O4 inter-

action. However, there is a slight disagreement between the
three methods concerning a possible O2H2···O5 contact in

conformers IC1 and IC3. In IC1, while QTAIM does not find a

BCP which would support O2H2···O5, the hyperconjugation
energy according to NBO is 0.6 kcalmol�1, which would indi-

cate a slight interaction. Also, the structural analysis would
confirm an intramolecular interaction, with the distance being

2.3 � and the angle 107.08. For IC3, QTAIM and NBO do not
support an interaction while the structural consideration does

(2.5 � and 98.48).
An interesting feature of microwave studies is that they

allow the determination of the relative conformational popula-

tions in the gas phase, since the intensity of rotational transi-
tions in the jet is proportional to the population and the mo-

lecular dipole moment.[40] However, these measurements are
affected by several non-quantified uncertainties like the ab
initio dipole moments, and should be taken as an approxima-

tion. In levoglucosan, we have determined that the population
ratio IC1/IC2 is 8(1)/1 and IC1/IC3 is 39(9)/1. This means that

Figure 3. Section of the experimental rotational spectrum of levoglucosan in
the 9590 to 9690 MHz region. Rotational transitions (J K’�1 K’+1

!J’’ K’’�1
K’’+1) corresponding to the three different observed conformations are la-
beled (blue: IC1, red: IC2, green: IC3). The two non-labeled rotational lines
may arise from decomposition products due to laser desorption. All rotation-
al transitions are split (�20–30 kHz) due to Doppler effect (not observable
in the figure).

Figure 4. The three observed conformers of levoglucosan. Intramolecular hydrogen bonds are shown with blue dotted lines, distances in �.
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the relative energies (DG) of conformers IC2 and IC3 are 5.2(4)
and 9.0(9) kJmol�1 above the global minimum (IC1). These

values are quite different from the ab initio (MP2/6-311+ +

(d,p)) values (1.4 and 2.8 kJmol�1, respectively). However, the
energetic order of the conformers is maintained.

Crystal-phase studies of levoglucosan have been reported
previously in the literature. In particular, in ref. [15], X-ray and

neutron diffraction studies were carried out so that the posi-
tions of the heavy atoms and the hydrogen atoms could be

obtained. We can then easily compare the structure of levoglu-
cosan in the gas phase (this work) and in crystal (ref. [15]) and

evaluate how the crystal packing in the solid phase affects the

structure of this molecule. The heavy atom frame does not
change when going from gas to crystalline phase. However,

the disposition of the hydrogen atoms is different in the two
situations. Figure 5 displays the gas phase structure of levoglu-

cosan, along with the position of H2, H3 and H4 in the crys-
tal.[15] Also, some atoms (O and H) of the neighboring units of

levoglucosan in the crystal are shown. As mentioned before, in
the gas phase the hydrogen atoms are arranged so that intra-

molecular H-bonds can be formed. However, in the crystal

phase, intermolecular H-bonds with neighboring units of levo-
glucosan are preferred and the hydrogen atoms point “out” of

the molecule. This is particularly clear for H3, whose position is
shifted �1808 from the gas phase to form an intermolecular

bond with an O2’ atom from a neighboring levoglucosan unit.
This is the main difference that arises from the comparison of

the structures of levoglucosan in the gas phase and in crystal.

It is also interesting to compare the structures in the gas
phase of levoglucosan and glucose. The former is a degrada-

tion product of the latter and results from an intramolecular
cyclization, meaning that the structures of the two molecules

are intimately related. Glucose was studied under isolation
conditions by means of FTMW spectroscopy.[33] Several confor-
mations were observed for a-glucose (four conformations) and

b-glucose (three). All of them possess a 4C1 chair conformation
of the six-membered ring. In contrast, the observed conforma-
tions of levoglucosan display a 1C4 chair conformation. This
means that there is an inversion of the chair conformation

when the cyclization occurs. We have performed a Cremer–
Pople (CP) analysis to visualize this inversion in the configura-

tion of the pyranose ring. CP allows one to describe quantita-
tively the puckering of a six-membered using three polar coor-
dinates (an amplitude (q) and two phases (q and f)). The

graphical result is a sphere in which the different conforma-
tions occupy a given position defined by the three polar coor-

dinates. In Figure 6, we present the results of the CP analysis
of levoglucosan, b-glucose and b-ribose. It is very easy to see

in this Figure the ring inversion from glucose to levoglucosan.

The conformations corresponding to glucose are on the north
pole of the sphere (4C1 chair) while the levoglucosan conforma-

tions are on the opposite side, on the south pole (near the 1C4

chair). It is also interesting to compare with the results from

ribose. In a previous study of b-ribose in the gas phase,[30] the
authors found one conformer with a 4C1 chair and two with a

Table 2. Summary of the three methods used to study intramolecular interactions of the three observed conformers of levoglucosan.

O3H3···O6 O2H2···O4
QTAIM[a] NBO[b] r [�] ] [8][c] QTAIM NBO r [�] ] [8]

IC1 �6.5 3.6 2.0 132.1 �2.6 0.7 2.4 124.1
IC2 �6.3 3.6 2.0 132.0 3.4 62.5
IC3 �6.2 3.5 2.1 131.2 �3.4 1.3 2.3 132.6

O2H2···O5 O4H4···O2
QTAIM NBO r [�] ] [8] QTAIM NBO r [�] ] [8]

IC1 0.6 2.3 107.0 3.3 68.5
IC2 3.6 17.3 �2.8 0.9 2.4 127.3
IC3 2.5 98.4 3.7 33.9

[a] Bond strength (E, kcalmol�1) according to Bader’s quantum theory of atoms in molecules (QTAIM). E values are shown for those intramolecular interac-
tions where BCPs have been found. [b] Hyperconjugation energies (kcalmol�1) between the lone pairs of the oxygen atoms and the vicinal s*(O-H) orbi-
tals. Only values greater than 0.5 kcalmol�1 are shown. [c] Structural parameters referring to the H-bonds. r [�] is the distance H···O and ] [8] is the angle
O�H···O.

Figure 5. Comparison of the H-bond network of levoglucosan in the gas
phase (global minimum structure, IC1) and in the crystal. The positions of
relevant atoms in the crystal (from ref. [15]) are displayed with transparent
spheres.
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1C4 chair. They are shown in Figure 6, lying in opposite poles of

the sphere. If we compare the position of the 1C4 chairs of
ribose with levoglucosan, it is clear that there is a distortion in

levoglucosan from the 1C4 chair of ribose, which lies almost
ideally in the southernmost point of the sphere. Levoglucosan

does not occupy the ideal position for a perfect 1C4 chair, it is
distorted from this ideal position, adopting some Half-Boat

character.

This inversion in the chair results in the OH groups adopting
axial positions in levoglucosan, while they have equatorial po-

sitions in glucose. This also implies that the network of intra-
molecular hydrogen bonds changes drastically from glucose.

For example, in the most stable conformer of b-glucose report-
ed in reference 33, there is a cooperative network of hydrogen

bonding that the authors describe in the following way:

O4H4···O3H3···O2H2···O1H1···O5. Nevertheless, for the observed
conformers of levoglucosan, such cooperative network cannot

take place and, instead, the possible H-bond contacts for the
global minimum are: O2H2···O4 and O2H2···O5. In summary, in
glucose the H-bond contacts take place between vicinal units
of equatorial OH groups in a cooperative way while in levoglu-

cosan the H-bonds involve “alternated” axial OH groups.

3. Conclusions

The conformation of levoglucosan was probed under isolation

conditions by means of FTMW rotational spectroscopy coupled
with UV ultrafast laser vaporization. Three conformers were ob-

served in the gas phase. They all share a heavy atom bicyclic

frame, with the six-membered ring displaying a 1C4 chair con-
formation, which is the opposite conformation of the glucose

chair (4C1). This forces the OH groups to adopt axial positions
and creates an unusual pattern of intramolecular H-bonds. In

particular, all observed conformers of levoglucosan display
contacts between alternate OH groups, while previous studies

prove that in glucose cooperative H-bonds exist between vici-

nal OH groups.

Experimental Section

Experimental Methods

Levoglucosan was purchased from Sigma Aldrich and used without
further purification. It is a white powder with high melting point
(182–184 8C). Conventional heating techniques proved unsuccess-
ful to vaporize the sample. Therefore, UV ultrafast laser vaporiza-
tion was used to get levoglucosan in the gas phase. For that pur-
pose, levoglucosan and a commercial binder were mixed and then
mechanically pressed to get cylinder-type solid samples (“rods”).

The rotational spectrum of levoglucosan was recorded in a FTMW
spectrometer coupled with ultrafast laser vaporization available at
the University of the Basque Country (UPV/EHU) and described
elsewhere.[30,41] The ultrafast vaporization system consists of a pico-
second-pulsed Nd:YAG laser operating in the third harmonic
(355 nm). Briefly, the picosecond laser pulse vaporized the rod in
the presence of a carrier gas (Ne) at a stagnation pressure of
�6 bar. Then, through a 1.0 mm ablation nozzle, the sample was
supersonically expanded into the FTMW cavity. The rotational spec-
trum was recorded in the 9–14 GHz region. The accuracy of the fre-
quency measurements is below 3 kHz and rotational transitions
separated less than 7 kHz are resolvable. All transitions appear as
Doppler doublets.

Computational Methods

We used computational methods in order to predict the most
stable conformations of levoglucosan under isolation conditions
and guide the experimental work. We followed the ensuing meth-
odology, which we have previously used with excellent results.
First, a fast conformational search was performed using Molecular
Mechanics. The force field MMFFs (Merck Molecular Force Field[42])
was used to sample the conformational space using a combination
of Advanced Monte Carlo and large-scale low-mode algorithms.

Figure 6. Cremer–Pople sphere with the observed conformers of levoglucosan (this work, red dots), b-glucose (ref. [32], green) and b-ribose (ref. [29], orange).
All amplitudes have been given the same value for the sake of clarity in the Figure. The positions of some ideal structures are shown in the sphere: Chair (C),
Boat (B), Twist-Boat (TB), Half-Boat (HB) and Half-Chair (HC).
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This conformational search was done within an energy window of
30 kJmol�1. The structures resulting from this procedure were later
re-optimized using ab initio methods. In particular, MP2 calcula-
tions were carried out using the Pople’s triple-z 6–311+ +G(d,p)
basis set.

Alternatively, the lowest lying conformations of levoglucosan were
predicted by performing a Potential Energy Surface (PES). Levoglu-
cosan displays a rigid bicyclic frame with a strong intramolecular
interaction O3H3···O6. Starting from this structure, the lowest lying
conformations arise from the different configurations that the OH
groups at positions 2 and 4 may adopt. Hence, the two dihedral
angles H2�O2�C2�C1 and H4�O4�C4�C3 were scanned in steps
of 10 degrees, using B3LYP-D3/6-311+ +G(d,p) method. In this
way, all possible orientations of the OH groups at positions 2 and
4 were considered. The most stable conformations of levoglucosan
are accounted for in this PES and the barriers connecting them can
be easily visualized.

In order to analyze the possible patterns of intramolecular interac-
tions, NBO calculations were carried out. Density Functional Theory
methods were applied (in particular B3LYP) at the 6-311+ +G(d,p).
We also used Bader’s quantum theory of atoms in molecules[43]

(QTAIM) as an alternative approach to study intramolecular interac-
tions. In particular, we predicted Bond Critical Points (BCPs) and
bond paths and estimated the bond strength. We used the Mul-
tiwfn program[44] for the QTAIM analysis.

All ab initio calculations were run in the Gaussian09 software pack-
age.[45]
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