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a-Furil [C4H3O–C(QO)–C(QO)–C4H3O] has been isolated in argon and xenon matrices and

studied by FTIR spectroscopy, supported by DFT(B3LYP)/6-311++G(d,p) calculations. The

obtained spectra were fully assigned and revealed the presence in the matrices of three different

conformers, all of them exhibiting skewed conformations around the intercarbonyl bond with the

two C4H3O–C(QO) fragments nearly planar. The three conformers differ in the orientation of the

furan rings relative to the carbonyl groups: the most stable conformer, I (C2 symmetry;

OQC–CQO intercarbonyl dihedral equal to 153.11), has both furan rings orientated in such a

way that one of their b-hydrogen atoms approaches the oxygen atom of the most distant carbonyl

group, forming two H–CQC–C–CQO six-membered rings; the second most stable conformer, II

(C1 symmetry; OQC–CQO intercarbonyl dihedral equal to 126.91), has one furan ring orientated

as in I, while the second furan group is rotated by ca. 1801 (resulting in an energetically less

favourable H–CQC–CQO five-membered ring); in the third conformer, III (C2 symmetry;

OQC–CQO dihedral equal to 106.21), both furan rings assume the latter orientation relative to

the dicarbonyl group. The theoretical calculations predicted the two higher energy forms being

5.85 and 6.22 kJ mol�1 higher in energy than the most stable form, respectively, and energy

barriers for conformational interconversion higher than 40 kJ mol�1. These barriers are high

enough to prevent observation of conformational isomerization for the matrix isolated

compound. The three possible conformers of a-furil were also found to be present in CCl4
solution, as well as in a low temperature neat amorphous phase of the compound prepared from

fast condensation of its vapour onto a suitable 10 K cooled substrate. On the other hand, in

agreement with the available X-ray data [S. C. Biswas, S. Ray and A. Podder, Chem. Phys. Lett.,

1987, 134, 541], the IR spectra obtained for the neat low temperature crystalline state reveals that,

in this phase, a-furil exists uniquely in its most stable conformational state, I.

Introduction

Simple a-dicarbonyl compounds have received much attention

due to the photorotamerism they frequently exhibit.1–6 These

compounds have been found to be considerably flexible, and

the large amplitude, low frequency vibrational mode asso-

ciated with the OQC–CQO intercarbonyl torsional coordi-

nate has been shown to significantly influence their

physicochemical properties.7–12 In several a-dicarbonyl com-

pounds, a long wavelength n-p* transition occurs at lmax in

the range ca. 440–500 nm for both cis- and trans-coplanar

dicarbonyl arrangements, shifting to substantially higher en-

ergies (lmax o ca. 440 nm) whenever the intercarbonyl dihe-

dral angle deviates significantly from planarity.1,13–17 Benzil

[C6H5–C(QO)–C(QO)–C6H5], a-pyridil [C6NH4–C(QO)–C

(QO)–C6NH4] and 1-phenyl-1,2-propanedione [C6H5–C(QO)

–C(QO)–CH3] are examples of simple a-dicarbonyl com-

pounds showing this characteristic behaviour.5,6,8–18 In a-furil,
the maximum of the n-p* band position was found to occur at

about 425 nm (in cyclohexane solution), compared with 355

and 385 nm for benzil and a-pyridil, respectively.18 According

to the expected correlation between the maximum absorption

frequency and the OQC–CQO intercarbonyl dihedral an-

gle,17–19 this observation indicates that a-furil exists preferen-
tially in a conformation exhibiting a more transoid-like

dicarbonyl moiety than both benzil and a-pyridil, which have

intercarbonyl dihedral angles of ca. 100 and 1201, respec-

tively.8,11,18,20 However, a-furil has not yet been the subject

of any detailed structural study, with the exception of the X-

ray diffraction investigation of Biswas, Ray and Podder.21

Very interestingly, in the crystal the intercarbonyl dihedral

angle in a-furil was found to be 1311, which is in agreement

with the expected value based on the aforementioned correla-

tion, although in this phase the preferred conformation is

expected to have a smaller intercarbonyl dihedral angle than

the isolated molecule. Indeed, more polar structures are

expected to be stabilized in the crystalline phase when com-

pared to the isolated molecule (or for the compound in an

apolar solvent like cyclohexane) and, in a-furil, the dipole
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moment grows from zero in the planar trans-structure to a

maximum value (over 5 D) in the planar cis-conformation. In

any case, a detailed analysis of the preferred conformations of

a-furil had not been reported hitherto. Moreover, the need for

such study is also strongly reinforced by the fact that a-furil
finds applications in both electronic display devices and

photoimaging, for which precise knowledge of the structural

details of the compound is of great importance.22–24

In the present study, the conformational space of a-furil was
investigated by a concerted approach based on matrix-isola-

tion and low temperature solid-state infrared spectroscopy

and DFT(B3LYP)/6-311++G(d,p) theoretical calculations.

Temperature variation studies of the infrared spectrum of

a-furil in a CCl4 diluted solution were also undertaken over

the temperature range 300–350 K. As will be described in the

following sections, these studies enabled the identification of

three different conformers of a-furil in the gas phase as well as

in solution, a low temperature amorphous phase resulting

from fast deposition of the gaseous compound onto a 10 K

cooled substrate, and both argon and xenon matrices. The

most stable form observed for all investigated conditions was

found to correspond to the conformer that was previously

reported in the crystalline phase.21

Materials and methods

Infrared spectroscopy

a-Furil (98% purity) was obtained from Aldrich, and used

without any further purification.

The IR spectra were recorded with 0.5 cm�1 spectral

resolution in a Mattson (Infinity 60AR Series) Fourier Trans-

form infrared spectrometer, equipped with a deuterated trigly-

cine sulphate (DTGS) detector and a Ge/KBr beam splitter. It

was necessary to modify the sample compartment of the

spectrometer in order to accommodate the cryostat head and

allow purging of the instrument by a stream of gaseous N2, to

remove water vapour and CO2. The solid sample of a-furil was
placed in a specially designed doubly thermostatted Knudsen

cell.25 Matrices were prepared by co-deposition of a-furil
vapours coming out of the Knudsen cell and a large excess

of the matrix gas (argon, N60; xenon, N48, both obtained

from Air Liquide) onto the CsI substrate of the cryostat (APD

Cryogenics, model DE-202A), which was cooled to selected

temperatures ranging from 10–25 K. Different nozzle tem-

peratures were used during preparation of the matrices, vary-

ing from 393 to 413 K. After depositing the compound,

annealing of the matrices was performed up to 40 or 80 K

for argon and xenon matrices, respectively.

The low temperature solid amorphous layer was prepared in

the same way as matrices but with the flux of matrix gas cut

off. The layer was then allowed to anneal at a slowly increasing

temperature up to 260 K. After the temperature exceeded

170 K, crystallization of the amorphous layer occurred. Sub-

sequently, the CsI substrate was cooled back to 10 K and the

spectrum of the crystalline phase was recorded.

Temperature variation solution studies were carried out for

the compound in a CCl4 diluted solution (o10�3 M), using a

Specac temperature variation cell in a BOMEM (MB40)

spectrometer, which has a Zn/Se beam splitter and a DTGS

detector, with 4 cm�1 resolution.

Computational methodology

The quantum chemical calculations were performed with

Gaussian 98 (Revision A.9)26 at the DFT level of theory,

using the split valence triple-z 6-311++G(d,p) basis set and

the three-parameter B3LYP density functional, which includes

Becke’s gradient exchange correction27 and the Lee, Yang and

Parr correlation functional.28

Geometrical parameters of the considered conformations

were optimized using the Geometry Direct Inversion of the

Invariant Subspace (GDIIS) method.29 In order to assist the

analysis of the experimental spectra, vibrational frequencies

and IR intensities were also calculated at the same level of

approximation. The computed harmonic frequencies were

scaled down by a single factor (0.978) to correct them for

the effects of basis set limitations, the neglected part of

electron correlation and anharmonicity effects. Calculations

on the conformational transition states were also carried out

at the same level of approximation. Normal coordinate ana-

lysis was undertaken in the internal coordinates space, as

described by Schachtschneider,30 using an academic free pro-

gram provided by Dr Leszek Lapinski (Institute of Physics,

Polish Academy of Sciences, Warsaw, PL-02-668, Poland) and

the optimized geometries and harmonic force constants result-

ing from the DFT(B3LYP)/6-311++G(d,p) calculations.

Results and discussion

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

The DFT(B3LYP)/6-311++G(d,p) calculations predicted the

existence of three different conformers of a-furil, which are

displayed in Fig. 1. All three forms exhibit skewed conformations

around the intercarbonyl bond with the two C4H3O–C(QO)

fragments nearly planar. The three conformers differ in the

orientation of the furan rings relative to the carbonyl groups:

the most stable conformer, I (C2 symmetry; OQC–CQO inter-

carbonyl dihedral equal to 153.11), has both furan rings oriented

in such a way that one of their b-hydrogen atoms approaches the

oxygen atom of the most distant carbonyl group, forming two

H–CQC–C–CQO six-membered rings that are stabilized by a

CH� � �O attractive interaction (the CH� � �O distance is consider-

ably shorter than the sum of the H and O van der Waals radii;

243.5 pm vs. 272 pm); the second most stable conformer, II (C1

symmetry; OQC–CQO intercarbonyl dihedral equal to 126.91)

has one furan ring orientated as in I, while the second furan

group is rotated by ca. 1801, resulting in an energetically less

favourable H–CQC–CQO five-membered ring (in this confor-

mer, the calculated CH� � �O distances are 265.7 and 294.0 pm,

for the six and five-membered rings, respectively); finally, in the

third conformer, III (C2 symmetry; OQC–CQO dihedral equal

to 106.21), both furan rings assume the latter orientation relative

to the dicarbonyl group, the CH� � �O distances in the two five-

membered rings being 299.0 pm. The theoretical calculations

predict the less stable conformers II and III to be 5.85 and

6.22 kJ mol�1 higher in energy than the most stable form,

respectively.
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The calculated geometries for all three conformers are given

in Table 1. From the analysis of these data the following

conclusions can be extracted:

(a) According to the calculations, the most stable conformer

for an isolated a-furil molecule is analogous to that found in

the crystalline state by X-ray diffraction.21 Moreover, the

OQC–CQO intercarbonyl dihedral angle is predicted to be

larger for the single molecule (153.11) than in the crystalline

phase (130.9121). This result is expected taking into considera-

tion the stabilization of more polar conformations (corre-

sponding to smaller intercarbonyl dihedral angles) in the

crystalline state.

(b) The intercarbonyl angle in the three conformers de-

creases in the order I > II > III. There are two main effects

justifying this result: (i) the aforementioned stabilizing

CH� � �O attractive interaction associated with the

H–CQC–C–CQO six-membered rings, which tend to be

favoured by a planar arrangement of the molecule, is present

twice in conformer I, only once in II and absent in III [note

that the putative identical interaction associated with the

H–CQC–CQO five-membered rings present in conformers

II (one five-membered ring) and III (two) are not energetically

efficient, as inferred from the long CH� � �O distances asso-

ciated with this fragment]; (ii) the repulsions between the furan

and carbonyl oxygen lone-electron pairs, which are stronger

when the interaction is 1–5 than when it is 1–4 (1–5 and 1–4

Fig. 1 Conformers of a-furil, with atom numbering. Relative energies

and dipole moments are also provided, as well as the O2QC1–C3QO4,

O9–C5–C1QO2 and O17–C13–C3QO4 dihedral angles.

Table 1 Optimized [B3LYP/6-311++G(d,p)] geometries for the
three conformers of a-furila

I II III

Bond length/pm

C1QO2/C3QO4 121.8 122.0/121.5 121.8
C1–C3 154.9 154.4 154.4
C1–C5/C3–C13 145.8 145.7/145.7 145.6
C5QC6/C13QC14 137.6 137.3/137.4 137.1
C5–O9/C13–O17 137.3 137.1/136.9 137.2
C6–C7/C14–C15 142.0 142.0/142.1 142.1
C6–H10/C14–H18 107.6 107.8/107.7 107.8
C7QC8/C15QC16 136.6 136.7/136.6 136.7
C7–H11/C15–H19 107.8 107.8/107.8 107.8
C8–O9/C16–O17 134.6 134.7/134.8 134.9
C8–H12/C16–H20 107.8 107.8/107.8 107.7

Angle/1

O2QC1–C3/O4QC3–C1 120.7 120.0/119.5 118.8
O2QC1–C5/O4QC3–C13 122.9 122.0/124.4 123.0
C3–C1–C5/C1–C3–C13 116.4 117.9/116.0 118.0
C1–C5QC6/C3–C13QC14 134.6 130.8/133.1 131.9
C1–C5–O9/C3–C13–O17 116.1 119.6/117.4 118.4
C6QC5–O9/C14QC13–O17 109.3 109.6/109.5 109.7
C5QC6–C7/C13QC14–C15 106.6 106.5/106.5 106.4
C5QC6–H10/C13QC14–H18 125.4 125.3/125.7 125.3
C7–C6–H10/C15–C14–H18 128.0 128.2/127.7 128.2
C6–C7QC8/C14–C15QC16 105.9 106.0/105.9 106.1
C6–C7–H11/C14–C15–H19 127.6 127.7/127.6 127.6
C8QC7–H11/C16QC15–H19 126.5 126.4/126.5 126.3
C7QC8–O9/C15QC16–O17 111.1 110.9/111.0 110.8
C7QC8–H12/C15QC16–H20 133.0 133.1/133.1 133.1
O9–C8–H12/O17–C16–H20 115.9 116.0/115.9 116.0
C5–O9–C8/C13–O17–C16 107.1 107.0/107.1 107.0

Dihedral angle/1

O2QC1–C3QO4 153.1 126.9 106.2
O2QC1–C3–C13/O4QC3–C1–C5 �26.2 �50.2/�49.6 �69.5
C5–C1–C3–C13 154.5 133.2 114.9
O2QC1–C5QC6/O4QC3–C13QC14 179.2 �5.2/�177.7 �2.3
O2QC1–C5–O9/O4QC3–C13–O17 0.8 172.5/3.3 176.0
C3–C1–C5QC6/C1–C3–C13QC14 �1.5 171.2/�0.8 173.1
C3–C1–C5–O9/C1–C3–C13–O17 �179.9 �11.1/�179.8 �8.6
C1–C5QC6–C7/C3–C13QC14–C15 �178.5 178.3/�179.0 178.7
C1–C5QC6–H10/C3–C13QC14–H18 2.6 �2.0/2.5 �1.5
O9–C5QC6–C7/O17–C13QC14–C15 0.0 0.4/0.0 0.3
O9–C5QC6–H10/O17–C13QC14–H18 �178.9 �179.9/�178.5 �179.9
C1–C5–O9–C8/C3–C13–O17–C16 178.9 �178.4/179.2 �178.9
C6QC5–O9–C8/C14QC13–O17–C16 0.1 �0.3/0.0 �0.2
C5QC6–C7QC8/C13QC14–C15QC16 0.0 �0.4/0.0 �0.2
C5QC6–C7–H11/C13QC14–C15–H19 �179.8 179.5/�179.7 179.6
H10–C6–C7QC8/H18–C14–C15QC16 178.8 179.9/178.4 180.0
H10–C6–C7–H11/H18–C14–C15–H19 �0.9 �0.2/�1.2 �0.2
C6–C7QC8–O9/C14–C15QC16–O17 0.1 0.2/0.0 0.1
C6–C7QC8–H12/C14–C15QC16–H20 �179.9 �179.8/179.9 180.0
H11–C7QC8–O9/H19–C15QC16–O17 179.8 �179.6/179.7 �179.8
H11–C7QC8–H12/H19–C15QC16–H20 �0.2 0.3/�0.4 0.1
C7QC8–O9–C5/C15QC16–O17–C13 �0.1 0.0/0.0 0.1
H12–C8–O9–C5/H20–C16–O17–C13 179.9 �180.0/�179.9 180.0

a See Fig. 1 for atom numbering.
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furanyl/carbonyl oxygen lone-electron pairs’ repulsion are as-

sociated with the H–CQC–C–CQO six and H–CQC–CQO

five-membered rings, respectively—see also Fig. 1).

(c) A consideration of the value of the intercarbonyl dihe-

dral angle in a-furil with those found in other a-dicarbonyl
molecules, such as diacetyl (CH3–C(QO)–C(QO)–CH3),

benzil, a-pyridil, 1-phenyl-1,2-propanedione and mesityl (1,2-

dimesitylethane-1,2-dione) provides some interesting compar-

isons. The first fact to note is that, with a single exception

(discussed in detail below), in all these compounds the two

halves of the molecule tend to have a maximum number of

atoms of the substituent bonded to the carbonyl carbon in the

plane of the carbonyl group.7,8,11,12,19,21,31,32 This trend results

from the attempt to maximize resonance (or hyperconjuga-

tion, in the case of the methyl substituent) between the

carbonyl group and the substituent. On the other hand, in

this kind of molecules the conjugation at the intercarbonyl

bond has been found to be minimal,7–12 which in fact justifies

the great conformational flexibility associated with this bond.

This point is discussed in more detail below. Among the

molecules mentioned above, diacetyl and mesityl are the two

extreme cases: in the first molecule, steric repulsions due to the

methyl substituents are minimal and the molecule is trans-

planar (OQC–CQO intercarbonyl angle equal to 1801),7

while in the second the substituents are sterically arranged

such that the mesityl groups are forced out of the carbonyl

planes and become nearly perpendicular to them.31,32 Very

interestingly, mesityl assumes a quasi-cis-conformation

around the intercarbonyl bond in its minimum energy con-

formation,31,32 a result that stresses the importance of repul-

sive interactions involving the substituents and the carbonyl

groups in this type of molecule whenever the two fragments

are close together. Excluding mesityl, among the other mole-

cules under analysis benzil is the one that exhibits the smallest

intercarbonyl dihedral angle (ca. 1001). This indicates that in

this molecule a larger value of the intercarbonyl dihedral angle

would lead to CH� � �O distances (involving the ortho hydrogen

atoms of the phenyl groups and the oxygen atoms) excessively

short, leading to the CH� � �O interactions becoming repulsive.

As expected, in this regard 1-phenyl-1,2-propanedione

(OQC–CQO: ca. 130.0112) lies between diacetyl and benzil.

On the other hand, a-pyridil has a somewhat larger inter-

carbonyl dihedral than benzil (ca. 120111,19), because in its

minimum energy conformation the carbon-by nitrogen sub-

stitutions eliminate two of the CH� � �O destabilizing steric

interactions and the new 1–4 N/O lone-electron pair repulsions

are comparatively less significant. Finally, after diacetyl,

a-furil has the largest intercarbonyl angle among all the

molecules here considered. This can be easily explained

taking into account that in this molecule, like in a-pyridil,
only two CH� � �O interactions are present and, contrarily to

what happens in a-pyridil, these interactions can be attractive

for larger intercarbonyl dihedral angles due to the more

favourable geometry associated with the five-membered fur-

anyl ring (when compared with those associated with the six-

membered pyridyl or phenyl rings present in a-pyridil and

benzil, which make the CH� � �O distances comparatively short-

er in these molecules than in a-furil for the same intercarbonyl

angle).

(d) The comparison of the C–C bond lengths in a-furil is
particularly useful to extract information regarding the exten-

sion of conjugation between the different parts of the molecule.

As could have been anticipated, the C7QC8 (and C15QC16) are

the shortest carbon–carbon bonds in the molecule (136.6 pm),

being significantly more localized than the carbon–carbon

bonds in the phenyl rings of benzil and 1-phenyl-1,2-propane-

dione (where these bond lengths range from 138.8 pm to 140.5

pm8,12). This result is in accordance with the well-known

relatively weak conjugation within the furan moiety.33–35 On

the other hand, the C5QC6 (and C13QC14) bonds in a-furil are
considerably longer (137.1 to 137.6 pm, depending on the

particular conformer) than C7QC8 (and C15QC16), mainly

because of the conjugation between the furan and nearest

carbonyl group. The C1–C5 (and C3–C13) bonds, connecting

the OQC–CQO group to the furanyl rings (145.6–145.8 pm)

were found to be shorter than in benzil and 1-phenyl-1,2-

propanedione (148.7 pm8,12), indicating that in a-furil the

conjugation between the substituents and the dicarbonyl moiety

is more important than in these two analogous compounds.

Note also that the C5QC6/C13QC14 and C1–C5/C3–C13 bond

lengths do not differ significantly among the different confor-

mers of a-furil (see Table 1), indicating that the extension of the

conjugation between the furanyl and carbonyl in the various

forms is identical. The longest C–C bond in the molecule is the

central intercarbonyl C–C bond, which is 154.4–154.9 pm long

(depending slightly on the conformer). Such a bond length is

characteristic of a non-conjugated C–C single bond and this

result follows the trend already noticed for other simple a-
dicarbonyls, like diacetyl, benzil and 1-phenyl-1,2-propane-

dione, for example.7,8,12 Indeed, it has been repeatedly demon-

strated that the p-conjugation between the two carbonyl groups

in the OQC–CQO fragment is minimal, the dominant forces

determining the intercarbonyl C–C bond length being those

associated with the repulsions between the positively charged

carbonyl carbon atoms (acting essentially through the s-elec-
tron system). Besides being in agreement with the observed

large conformational flexibility around the C–C intercarbonyl

bond in a-dicarbonyls, this result is also in accordance with the

relative facility of these molecules to suffer cleavage of this bond

[e.g., the bond energies of C–C intercarbonyl bond in diacetyl

and benzil are only ca. 280 kJ mol�1, which is quite a small

value in comparison, for instance, with the bond energies of the

CH3–C bond in acetone and acetophenone (ca. 320 and 360 kJ

mol�1, respectively) or the C–C bond in ethane (376.0 kJ

mol�1)].7,8,36–43

(e) The calculated relative values for the O2QC1–C3 (and

O4QC3–C1) and C3–C1–C5 (C1–C3–C13) angles in a-furil also
deserve an additional comment, since they are the parameters

that differ most among the various conformers. In conformer

I, the calculated values for these angles are 120.7 and 116.41,

respectively, while in conformer III they become smaller

(118.81) and larger (118.01). The values of these angles can

be correlated with the stronger steric interactions between the

lone-electron pairs of furanyl and carbonyl oxygens in con-

former III, which tend to increase the pair of angles C3–C1–C5/

C1–C3–C13 at expenses of the O2QC1–C3/O4QC3–C1 angles.

In the case of conformer II, these trends are also roughly

observed, though the asymmetry of the molecule introduces
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further structural complexity that makes the analysis less

straightforward.

The relatively close energies predicted by the calculations

for the three conformers of a-furil suggested the possibility of

trapping all the three forms in the cryogenic matrices, since

they could be expected to be present in significant amounts in

the gaseous phase at the relevant temperatures. At room

temperature, the populations of the three conformers (I, II,

III), estimated taking into consideration the calculated relative

energies, are 79, 15 and 6%, respectively. On the other hand,

within the temperature range accessible in practical terms (the

lower temperature is determined by the sublimation tempera-

ture of the compound and the higher temperature by the

experimental set up configuration and temperature of decom-

position of the compound), ca. 400–450 K, the estimated

populations are 65–62, 24–26 and 11–12%, respectively.

Hence, all conformers could be expected to be observable in

the matrices, unless the barriers for conformational intercon-

version were low enough to allow conformational cooling to

take place extensively during matrix deposition.44

The DFT(B3LYP)/6-311++G(d,p) calculated energy bar-

riers for conformational interconversion in a-furil are given in

Table 2. A three-dimensional map representing the calculated

transition states structures for conformational isomerization

between the conformers is shown in Fig. 2. In this figure, the

axes correspond to the three conformationally relevant dihe-

dral angles, O2QC1–C5–O6, O4QC3–C13–O17 and

O2QC1–C3QO4. Interconversion between the two conformers

of C2 symmetry (I and III) and the C1 conformer (II) could, in

principle, be expected to take place through two different

transition states, depending on the direction of the internal

rotation. This was found to be true for the interconversion

between conformers II and III, however, for the interconver-

sion between I and II only one transition state could be

located, the internal rotations performed in both directions

around the C1–C5 leading to the same transition state struc-

ture with the intercarbonyl angle nearly equal to 1801. All

transition states have energies at least ca. 40 kJ mol�1 above

the higher energy conformer that they interconnect. Direct

interconversion between I and III, by concerted internal

rotation around the O2QC1–C5–O6 and O4QC3–C13–O17 axes

(preserving the C2 symmetry along the rotation) occurs

through transition state TS2 (or a symmetry related transition

state) whatever the direction of the movement, since at TS2 the

intercarbonyl angle is necessarily equal to 1801 (trans-). This

transition state has a relative energy of ca. 85 kJ mol�1 relative

to conformer III. All the energy barriers for conformational

isomerization in a-furil are therefore predicted by the calcula-

tions to be large enough to prevent conformational isomeriza-

tion at the temperatures of the matrix isolation experiments.

In summary, considering both the relative conformational

energies and barriers to conformational isomerization ob-

tained theoretically, it could be expected that the three con-

formers of a-furil should be observable in the low temperature

matrices, with their trapped populations being approximately

those existing in the gas phase equilibrium prior to deposition.

The range of nozzle temperatures accessible to experiment

(400–450 K), though not very wide, afforded the possibility of

experimental identification of bands due to single conformers

through comparison of the relative band intensities in the

spectra of matrices obtained using different nozzle tempera-

tures. On the other hand annealing of the matrices (either after

or during deposition—by changing the substrate temperature)

could be expected not to be efficient in promoting significant

conformational cooling, since the barriers to conformational

isomerization appear to be excessively high.44,45

Infrared spectroscopy: matrix isolation

a-Furil molecule has 54 fundamental vibrations, all of them

active in the infrared. Definition of the internal coordinates

adopted in the vibrational analysis is provided in Tables S1

and S2 (ESIw), respectively for the C2 symmetry conformers (I

and III) and C1 form (II). The calculated wavenumbers,

infrared intensities and potential energy distributions resulting

from normal mode analysis, carried out for the three con-

formers, are presented in Tables S3–S5 (ESIw). Fig. 3 displays

Table 2 DFT(B3LYP)/6-311++G(d,p) calculated energies (DE/kJ
mol�1) of the transition state structures (TS#) for interconversion
between the energy minima in the potential energy hypersurface of a-
furila

I II III

I 47.2 TS1 93.2 TS2

II 40.6 TS1 44.3 TS3
46.5 TS4

III 85.7 TS2 43.3 TS3
45.6 TS4

a DE corresponds to the energy barriers from the bottom of the

potential energy minima. The entries in the table correspond to the

reactant given as row heading and product as column heading.

Fig. 2 Three-dimensional map representing the calculated

[DFT(B3LYP)/6-311++G(d,p)] transition state structures for con-

formational isomerization between the conformers of a-furil. The axes
correspond to the three conformationally relevant dihedral angles, and

are shown in the domains O2QC1–C5–O6: [01, 1801], O4QC3–C13–O17:

[�1801, 1801], O2QC1–C3QO4: [1001, 1801].
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the spectra of a-furil isolated in both solid argon and xenon

(as-deposited matrices; nozzle temperature 413 K; substrate

temperature: argon, 10 K, xenon, 20 K), together with the

theoretical spectrum resulting from summing the calculated

spectra for the three conformers. In the latter spectrum, the

contributions from each conformer were scaled by their

relative populations at 413 K, estimated from the calculated

relative energies and assuming the Boltzmann distribution. As

required, the conformers degeneracy was taken into consid-

eration in these calculations. Table 3 presents the assignments

for the fundamental bands, which was strongly aided by the

excellent agreement between the experimental and the calcu-

lated data. Fig. 4–8 compare the experimental spectra ob-

tained in argon matrices under different conditions with the

calculated spectra (for individual conformers and the sum

spectrum, synthesized as described above). The two experi-

mental spectra shown in the figure were obtained with all

conditions kept unchanged except the temperature of the a-
furil vapour (nozzle temperature, TN) and the temperature of

the substrate during deposition (TS) as described. These two

variables were chosen in such a way that in one experiment A

(TN = 393 K; TS = 25 K) the population of the most stable

conformer could be expected to be comparatively larger than

in experiment B (TN = 413 K; TS = 10 K).

The spectra obtained in experiments A and B differ substan-

tially, in accordance with the trapping of more than one

conformer in the matrices. Annealing experiments were under-

taken after the matrices were deposited until the temperature

reached 40 K, but no changes could be noticed except those

ascribable to aggregation in the latter stages of annealing.

Annealing to a higher temperature (80 K) was also carried out

for the compound isolated in xenon, with identical results

(annealing to beyond this temperature led to extensive aggrega-

tion of the compound). These results are in agreement with the

existence of high energy barriers separating the different con-

formers of a-furil and preventing conformational isomerization

taking place in the matrices within the accessible temperature

ranges. According to Barnes,45 an energy barrier of ca. 25 kJ

mol�1 is high enough to be overcome at a temperature of 80 K

and, therefore, the annealing results clearly demonstrated that

the conformational energy barriers in a-furil should be at least

as large as this value. Indeed, these results are consistent with the

calculated energy barriers shown in Table 2, which are all larger

than this limit value. Note that the calculated energy barriers are

in fact high enough to also prevent conformational cooling

taking place during matrix deposition. Under these conditions,

the real temperature at the growing matrix is slightly higher than

that measured at the sample holder due to release by the host

atoms of excessive energy during crystallization. However, in

our set up the difference between the effective temperature of the

growing matrix and that measured at the sample holder is only a

few Kelvin44,46 and then, during deposition, the effective tem-

peratures were always much lower than those necessary to allow

for conformational isomerization of a-furil to occur. Also in

agreement with these conclusions is the fact that, in the spectra

of the as-deposited matrices, the relative intensities of bands

ascribable to different conformers are very similar upon going

from argon to xenon matrices (see Fig. 3). Furthermore, it is

also worth noticing that in the above discussion calculated

energy barriers for the molecule in a vacuum were used. In fact,

the physical presence of the matrix material can be expected to

change these barriers somewhat, most likely increasing them,

thus further supporting the conclusions presented above.

As mentioned above, the assignment of the bands to

individual conformers relied essentially on the comparison

between the spectra obtained in experiments A and B and

between these results and the calculated spectra for individual

conformers. The calculations predicted that in the different

conformers most of the vibrations should give rise to bands at

nearly coincident frequencies (see Tables S3–S5w). In agree-

ment with these results, several bands in the observed spectra

must be assigned to more than one conformer (see Fig. 4–8

and Table 3), and the great majority of those assigned to a

single conformer overlap partially with bands due to other

Fig. 3 IR spectra of a-furil isolated in solid argon and xenon (as-

deposited matrices; nozzle temperature 413 K; substrate temperature:

argon, 10 K, xenon, 20 K) and the theoretical spectrum obtained by

adding the calculated spectra for the three conformers of the molecule.

In the latter spectrum, the contributions from each conformer were

scaled by their relative populations at 413 K as estimated from the

calculated relative energies and assuming the Boltzmann distribution.

As required, the conformers degeneracy was taken into consideration

in these calculations.
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Table 3 Experimental and calculated vibrational data for the monomer of a-furila

Experimental Calculated

Ar matrix/wavenumber Xe matrix/wavenumber Conformer Approximate description Wavenumberb Intensity

3152.4 (w) I n(C–H 1) as 3209.0 6.5
n(C–H 2) as 3199.9 0.8

II n(C–H 2)0 3195.9 1.1
n(C–H 2) 3191.3 1.1

III n(C–H 2) as 3190.7 1.8
3141.2 (w) I n(C–H 3) as 3177.2 2.3

II n(C–H 3)0 3177.2 1.4
n(C–H 3) 3176.2 0.8

III n(C–H 3) as 3175.9 1.2
1695.9 (2 � 887) (w) 1689.5 (2 � 886) (w)
1681.3 (w) 1675.4 (w) II n(CQO)0 1692.3 265.3

III n(CQO) s 1692.5 183.9
1674.6 (m) 1671.5 (m) I n(CQO) s 1681.7 48.6

III n(CQO) as 1683.1 345.9
1669.1/1670.1 (S) 1666.1/1663.1 (S) I n(CQO) as 1675.2 560.2
1667.3 (sh) 1660.9 (sh) II n(CQO) 1673.2 302.6
1578.4 (w) 1575.9 (sh) III n(ring 3) s 1568.2 36.6
1572.7 (w) 1570.0 (w) II n(ring 3) 1562.3 63.4

1565.4 (w) III n(ring 3) as 1562.8 146.3
1561.8 (w) 1559.8 (sh) II n(ring 3)0 1554.9 54.7
1557.9/1557.1 (w) 1557.7 (w) I n(ring 3) s 1554.9 2.1

n(ring 3) as 1550.8 51.3
1526.9 (2 � 764) (w) 1524.4 (2 � 762) (w)

1522.4 (2 � 763) (w)
1479.6 (w) 1476.8 (w) III n(ring 2) s 1459.1 90.3
1470.3 (w) 1468.4 (w) II n(ring 2)0 1456.9 60.2
1462.4 (S) 1462.1 (m) I n(ring 2) as 1448.1 214.2

II n(ring 2) 1450.2 181.6
III n(ring 2) as 1452.6 185.9

1460.7 (S) 1460.9 (m) I n(ring 2) as 1448.1 214.2
1448.4 (2 � 738) (w) 1448.5 (2 � 733) (w)
1397.8 (w) 1398.4 (sh) II n(ring 4)0 1394.5 37.1
1392.7 (m) 1395.2 (w)/1391.0 (m) I n(ring 4) s 1396.1 3.3

n(ring 4) as 1393.2 85.5
1389.6 (w) 1387.4 (sh) II n(ring 4) 1390.2 19.5
1379.8 (w) 1377.8 (w) III n(ring 4) s 1388.7 4.5

n(ring 4) as 1387.5 17.8
1321.2 (w) 1323.7 (w) I n(C–Ca) s 1299.6 3.2

II n(C–Ca) 1298.5 21.8
III n(ring 4) s 1388.7 4.5

n(ring 4) as 1387.5 17.8
1274.1 (w) 1278.9 (sh) II n(C–Ca)

0 d 1248.9 116.3
1271.0 (w) 1275.4 (w)
1267.0 (sh) 1272.8 (sh)
1265.7 (w) 1269.2 (w)
1263.7 (w)
1261.1/1258.4 (w) 1262.2 (w) I n(C–Ca) as

e 1248.3 160.4
1255.4/1254.2 (w) 1254.2 (w) III n(C–Ca) as

f 1243.1 123.1
1231.0 (w) 1230.9 (w) II d(C–H 1)0 1223.6 2.2
1225.2 (w) 1224.3 (w) I d(C–H 1) s 1219.8 0.3

d(C–H 1) as 1219.2 1.7
II d(C–H 1) 1216.3 3.4
III d(C–H 1) s 1216.5 3.0

d(C–H 1) as 1211.2 10.1
1209.2 (2 � 617) (w) N.o.
1171.2 (w) 1167.4 (sh) II n(ring 5)0 1163.1 4.5
1166.9 (sh)/1165.3 (w) 1163.7 (w) I n(ring 5) as 1162.3 12.7
1160.3 (w) 1160.3 (w) II n(ring 5) 1155.5 10.1
1157.2 (w) 1157.3/1156.1 (w) III n(ring 5) s 1155.4 0.1

n(ring 5) as 1153.6 25.3
1108.4 (w) 1107.6 (w) II n(ring 1) 1105.9 24.7

III n(ring 1) s 1109.5 19.6
1088.5/1086.4 (w) 1086.5 (w)/1083.9( sh) I d(C–H 2) as 1088.6 48.9

II d(C–H 2)0 1088.4 26.5
III n(ring 1) as 1088.3 33.2

1033.8 (w)
1032:7ðwÞ
1023:9=1022:1ðshÞ=1020:7 ðmÞ

�
I d(C–H 3) as 1021.2 161.7

1022.5/1020.9 (S)
1019.0 (sh) N.o. II d(C–H 3)0 1018.5 83.1
1015.7 (w) 1016.3 (sh) III d(C–H 3) as 1011.8 104.0
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forms. However, the global analysis of the spectra left no

doubt about the presence in the matrices of the three con-

formers. The results shown in Fig. 4–8 also unequivocally

demonstrate that the relative conformational populations

estimated from calculations fit nicely those observed trapped

in the matrices and that, as expected, in experiment A the

Table 3 (continued )

Experimental Calculated

Ar matrix/wavenumber Xe matrix/wavenumber Conformer Approximate description Wavenumberb Intensity

1013.4/1012.5 (w) 1012.7 (w) I d(C–H 2) s 1008.8 3.8
II d(C–H 2) 1008.9 40.5

974.6 (2 � 502) (w) N.o.
946.5 (w) 946.0 (sh) III d(C–H 2) as 946.6 9.4
938.4 (w) 941.9/938.2 (w) II n(ring 1)0 938.3 11.5
936.2/933.7 (w) 935.1/933.4 (w) I n(ring 1) as 928.2 39.3
912.0 (w) 911.7 (w) I d(ring 1) s 906.7 2.2

II d(ring 1) 905.9 13.2
894.1 (w) 899.5 (w) I g(C–H 3) as 898.8 1.4

g(C–H 3) s 898.0 3.6
887.1 (m) 886.2 (m) I d(ring 2) as 884.3 26.5

d(ring 2) s 883.2 0.8
II g(C–H 3)0 888.9 1.4

d(ring 2) 884.1 4.8
d(ring 2)0 883.3 14.9

III d(ring 2) as 883.4 12.7
d(ring 2) s 883.1 1.3

847.6 (sh) 847.0 (w) II g(C–H 2) 849.2 7.4
846.0 (sh) 842.6 (w) III g(C–H 2) as 847.4 20.5

I g(C–H 2) s 847.2 7.1
843.9 (w) 842.6 (w) I g(C–H 2) s 847.2 7.1
838.1 (w) 840.7 (w) II g(C–H 2)0 840.7 6.5
838.1 (w) 838.7 (w) III g(C–H 2) s 840.4 4.4

813.4 (w)

816:1ðwÞ

813:6ðwÞ
806:4ðwÞ

8>><
>>:

III g(CQO) as 813.4 76.4
I g(CQO) as 809.0 27.1
II g(CQO)0 811.9 51.3
I g(CQO) as 809.0 27.1

770.0 (m) 765.7 (sh) I g(C–H 1) s g 764.2 121.2
g(C–H 1) as 763.7 3.7

768.8/764.3 (S) 763.4/762.2 (S) I d(ring 1) as 758.2 243.6
766.0 (sh) II g(C–H 1)0 760.8 76.7
761.4 (sh) III g(C–H 1) s 758.3 74.1
754.6 (w) 753.6 (w) II g(C–H 1) 759.3 45.3
750.7 (w) 744.1 (w) III g(C–H 1) as 757.8 45.3
748.9 (w) 739.1 (w) II d(ring 1)0 738.3 224.2
745.1 (w) 736.7 (sh) III n(C–C) 739.8 16.3
738.4 (w) 733.0 (w) II n(C–C) 718.2 9.9

III d(ring 1) as 717.3 203.6
N.o. 659.7 (w) I t(ring 2) s 634.6 1.5
N.o. 644.9 (w) II t(ring 2)0 626.0 5.4
616.0 (w) 614.7 (w) I t(ring 2) as 617.2 2.8

II t(ring 2) 618.5 2.1
III t(ring 2) as 619.1 3.6

t(ring 2) s 618.9 4.9
593.5 (w) 594.0/591.4 (w) I t(ring 1) s 590.0 18.9

t(ring 1) as 589.5 0.4
II t(ring 1)0 590.4 14.7

t(ring 1) 588.9 2.3
III t(ring 1) s 590.8 9.9

t(ring 1) as 589.3 3.7
511.8 (w) 512.6 (w) I o(ring) as 502.3 4.8
458.7 (w) N.o. II d(CQO)0 489.5 2.8

g(CQO) 475.8 8.0
III g(CQO) s 483.1 4.1

d(CQO) as 481.9 1.4
456.8 458.7 (w) I g(CQO) s 466.1 14.7

a Wavenumbers in cm�1; calculated intensities in km mol�1; n, bond stretching; d, bending; g, rocking; o, wagging; t, torsion; s, symmetric; as,

asymmetric; N.o., not observed. See Tables S1 and S2 (ESIw) for definition of internal coordinates and Tables S3 to S5 for potential energy

distributions. b Scaled (0.978). c Experimental intensities are presented in qualitative terms: S = strong, m = medium; w = weak, sh =

shoulder. d Fermi resonance with d(C–H 1)0 + d(CQO)0. e Fermi resonance with g(C–H 1) as + g(CQO) s. f Fermi resonance with g(C–H 1) as

+ g(CQO) s. g Fermi resonance with g(CQO) s + d(CQO) as.
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bands ascribable to the most stable conformer (I) increase

relative to those originating from the less stable forms (II and

III) in accordance with the increased population of the con-

formational ground state when lower nozzle temperatures

were used. This is clearly observed in all spectral regions

shown in Fig. 4–8, though the agreement between the calcu-

lated and experimental data is slightly less good for the

950–800 cm�1 region (e.g., relative band intensities; see Fig. 7).

Under the premises resulting from the above conclusions,

the detailed assignment of the spectra is straightforward. Two

observations deserve further comment:

(a) Firstly, it is worth noting the systematic occurrence

of matrix site band-splitting for modes that have a large

absorption cross-section. Naturally, this is particularly evident

for the bands due to the most abundant conformer I [e.g.,

for n(CQO) as, n(ring 2) as, n(C–H 3) as, n(ring 1) as and

d(ring 1) as; see Table 3], since for II and III both the low

intensity of the bands and their extensive overlap prevent a clear

observation of this phenomenon in most cases. The observed

band splitting demonstrates that a molecule of a-furil can

occupy different sites in both argon and xenon matrices. In

addition, since in the annealing experiments only very small

changes in the relative intensities of the site-split bands with

temperature were observed, it can be concluded that the stability

of the different matrix sites does not differ very much from each

other.

Fig. 4 Upper panel: IR spectra of a-furil isolated in argon matrices.

—: spectrum of the as-deposited matrix prepared using a nozzle

temperature of 413 K and deposition temperature of 10 K. --:

spectrum of the as-deposited matrix prepared using a nozzle tempera-

ture of 393 K and deposition temperature of 25 K. Lower panel: IR

calculated spectra for individual conformers of a-furil (—: I; --: II; � � �:
III). TT: the spectrum obtained by adding the calculated spectra for the

three conformers, weighted by their relative populations at 413 K,

estimated from the calculated relative energies and assuming the

Boltzmann distribution (degeneracies of the conformers were taken

into consideration in these calculations). Spectra are presented divided

in different spectral ranges: (a) 1750–1500 cm�1.

Fig. 5 Upper panel: IR spectra of a-furil isolated in argon matrices.

—: spectrum of the as-deposited matrix prepared using a nozzle

temperature of 413 K and deposition temperature of 10 K. --:

spectrum of the as-deposited matrix prepared using a nozzle tempera-

ture of 393 K and deposition temperature of 25 K. Lower panel: IR

calculated spectra for individual conformers of a-furil (—: I; --: II; � � �:
III). TT: the spectrum obtained by adding the calculated spectra for the

three conformers, weighted by their relative populations at 413 K,

estimated from the calculated relative energies and assuming the

Boltzmann distribution (degeneracies of the conformers were taken

into consideration in these calculations). Spectra are presented in the

spectral range: (b) 1500–1200 cm�1.
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(b) Secondly, it is interesting to note the occurrence of Fermi

resonance interactions involving the n(C–Ca) as, d(ring 1) as

and g(C–H 1) fundamentals in all conformers [see Table 3 and

Fig. 5 and 8)]. The most probable anharmonic vibrations

coupled by the Fermi resonance interaction with the

[n(C–Ca) as] fundamental are given in Table 3; according to

the definition of coordinates provided in Tables S1 and S2,w
the interacting combination tone is different in conformer II

compared to I and III due to the different global symmetry of

the conformers (nevertheless, the mode is, in all cases, a

combination of a carbonyl and a C–H deformational mode).

On the other hand, the complex band structure observed in the

775–725 cm�1 region, where both d(ring 1) as and g(C–H 1)

modes absorb, does not allow for a detailed characterization

of the Fermi resonance couplings involving these vibrations.

Indeed, the assignment of this spectral region proposed in

Table 3 shall be considered as tentative.

Infrared spectroscopy: low temperature crystalline and glassy

states

Fig. 9 presents the IR spectra of a-furil in the neat low

temperature amorphous phase and crystalline state. The as-

signment of the recorded spectra is provided in Table 4.

Fig. 6 Upper panel: IR spectra of a-furil isolated in argon matrices.

—: spectrum of the as-deposited matrix prepared using a nozzle

temperature of 413 K and deposition temperature of 10 K. --:

spectrum of the as-deposited matrix prepared using a nozzle tempera-

ture of 393 K and deposition temperature of 25 K. Lower panel: IR

calculated spectra for individual conformers of a-furil (—: I; --: II; � � �:
III). TT: the spectrum obtained by adding the calculated spectra for the

three conformers, weighted by their relative populations at 413 K,

estimated from the calculated relative energies and assuming the

Boltzmann distribution (degeneracies of the conformers were taken

into consideration in these calculations). Spectra are presented in the

spectral range: (c) 1200–950 cm�1.

Fig. 7 Upper panel: IR spectra of a-furil isolated in argon matrices.

—: spectrum of the as-deposited matrix prepared using a nozzle

temperature of 413 K and deposition temperature of 10 K. --:

spectrum of the as-deposited matrix prepared using a nozzle tempera-

ture of 393 K and deposition temperature of 25 K. Lower panel: IR

calculated spectra for individual conformers of a-furil (—: I; --: II; � � �:
III). TT: the spectrum obtained by adding the calculated spectra for the

three conformers, weighted by their relative populations at 413 K,

estimated from the calculated relative energies and assuming the

Boltzmann distribution (degeneracies of the conformers were taken

into consideration in these calculations). Spectra are presented in the

spectral range: (d) 950–800 cm�1.
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As expected, the spectrum of the amorphous phase is

constituted by relatively wide bands, containing contributions

from the three conformers of a-furil present in the vapour

prior to deposition of the solid layer. Nevertheless, the spec-

trum can be easily correlated with those obtained for the

matrix-isolated compound (and also with the calculated data),

which facilitates its detailed analysis and band assignment.

The spectrum of the crystal is characterized essentially by the

general multiplet structure exhibited by the bands, which can

be attributed to crystal field splitting. However, in spite of the

complexity due to this effect, the comparison of the spectra of

the crystal and amorphous phases doubtlessly demonstrates

that in the crystal the molecules exist in a unique conforma-

tion, identical to conformer I, in agreement with the structural

data obtained by X-ray.21 In fact, two mark bands of con-

formers II and III are observed in the spectrum of the glass at

1562.9 and 1105.3 cm�1 (see Fig. 9 and Table 4)—these are the

only bands that can be safely assigned exclusively to these

conformers; the remaining absorptions of these species, in the

spectrum of the glass coincide with absorptions of the domi-

nant conformer, I—and these bands are absent from the

spectrum of the crystal.

On the whole, besides leading to a detailed assignment of the

spectra of the crystal and low temperature amorphous states

(Table 4), these studies provided an independent confirmation

of (a) the presence in the vapour phase of more than one

conformer, with form I being heavily predominant at 413 K

(from the glassy state spectra alone it would not be possible to

distinguish between conformers II and III), thus giving further

support to the interpretation of the matrix-isolation spectro-

scopy data here presented, and (b) the presence in the crystal-

line state of only one form, which corresponds to the most

stable conformer of the isolated molecule, fully confirming the

previously reported X-ray data.21

Fig. 8 Upper panel: IR spectra of a-furil isolated in argon matrices.

—: spectrum of the as-deposited matrix prepared using a nozzle

temperature of 413 K and deposition temperature of 10 K. --:

spectrum of the as-deposited matrix prepared using a nozzle tempera-

ture of 393 K and deposition temperature of 25 K. Lower panel: IR

calculated spectra for individual conformers of a-furil (—: I; --: II; � � �:
III). TT: the spectrum obtained by adding the calculated spectra for the

three conformers, weighted by their relative populations at 413 K,

estimated from the calculated relative energies and assuming the

Boltzmann distribution (degeneracies of the conformers were taken

into consideration in these calculations). Spectra are presented in the

spectral range: (e) 800–400 cm�1.

Fig. 9 IR spectra of a-furil in the low temperature crystalline and

glassy states (see the Materials and methods section for a detailed

description of the experimental conditions).
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Infrared spectroscopy: a-furil in CCl4 diluted solution at high

temperature

a-Furil is weakly soluble in CCl4. Diluted (o10�3 M) solu-

tions of the compound in CCl4 were prepared and changes in

the IR spectrum with temperature were observed in the

accessible temperature range (298–353 K). The relative popu-

lations of the conformers of a-furil as a function of tempera-

ture were monitored in the spectral region corresponding to

then(ring 4) vibration bands, 1400–1350 cm�1. This spectral

region was chosen because of the absence of bands due to

solvent absorptions and absence of significant overlap of

bands due to the conformers of the solute, and is shown in

Fig. 10. There are three bands in this spectral range, at 1391.6,

1378.4 and 1363.6 cm�1. The highest frequency band reduces

in intensity upon increasing the temperature and can be

unequivocally ascribed to the most stable conformer, I, which

is also predicted by the calculations to absorb at higher

frequency, when compared with the remaining forms (see

Table 3). The lowest frequency band increases only slightly

in intensity with temperature and is most probably due to a

combination tone [d(ring 1) as + t(ring 1) or g(C–H 1) +

t(ring 1)], whose fundamentals appear in the 760 cm�1 [d(ring
1) as and g(C–H 1)] and 590 cm�1 [t(ring 1)] spectral regions,

respectively. In turn, the mid-frequency band (1378.4 cm�1)

considerably increases in intensity with temperature and can

be assigned to the highest energy conformers, II and III. The

assignment of this band to these conformers is supported by

the calculations, which predicted the frequencies of the n(ring
4) modes in these forms to be lower than that of the most

stable form. A van’t Hoff plot expressing the dependence of

the relative intensities of the bands at 1391.6 and 1378.4 cm�1

with reciprocal temperature leads to an estimation of an

‘‘average’’ enthalpy difference between the higher energy

forms and the most stable conformer of 7.2 kJ mol�1, which

compares favourably with the predicted relative energies for

conformers II and III of a-furil (compared to conformer I) in

the vacuum: 5.85 and 6.22 kJ mol�1, respectively (see Fig. 1).

Conclusion

a-Furil was, for the first time, isolated in low temperature

noble gas (argon; xenon) matrices and its molecular structure

and vibrational signature probed by FTIR spectroscopy,

supported by DFT(B3LYP)/6-311++G(d,p) calculations.

The complete assignment of the spectra (3500–400 cm�1

range) was undertaken, revealing the presence in the matrices

Table 4 Observed wavenumbers of a-furil in the low temperature
glassy and crystalline statesa

Experimental

Glass
(10 K)b

Crystal
(10 K)c

Approximate
description

n(C–H 1) as 3153.7
n(C–H 1) s 3151.2
n(C–H 2) s 3140.2 3145.6
n(C–H 2) as 3136.1
n(C–H 3) s 3131.5
n(C–H 3) as 3125.0 3120.1

3113.6
n(CQO) s/n(CQO) as 1653.6 1646.8/1638.4/1630.5/1617.9
n(ring 3) (II) :

�
1562:9d

n(ring 3) s/n(ring 3) as (III)
n(ring 3) s/n(ring 3) as 1555.6 1559.8/1555.6/1548.8
n(ring 2) s 1467.8 1465.8
n(ring 2) as 1458.1 1457.8/1454.7
n(ring 2) as N.o. 1445.0
n(ring 4) as 1392.2 1398.4/1393.2
n(C–Ca) s 1329.0 1339.8
n(C–Ca) as 1272.4 1306.5/1286.7/1279.7
d(C–H 1) s/d(C–H 1) as 1231.1 1237.0/1232.5/1225.9
n(ring 5) as 1160.1 1157.4
n(ring 1) (II) :

�
1105:3d

n(ring 1) s (III)
d(C–H 2) as 1084.0 1088.5/1082.2
d(C–H 3) as 1027.3 1030.8/1028.5
d(C–H 2) s 1017.7 1022.2
n(ring 1) as 938.3 934.4/940.3
d(ring 1) s 912.5 915.8
g(C–H 3) as/g(C–H 3) s N.o. 899.3
d(ring 2) as 885.4 884.7/881.1
g(C–H 2) s 853.5 858.5

N.o. 845.8
g(CQO) as 815.8 819.8/814.6
g(C–H 1) s 780.8 786.0/782.5/775.1
g(C–H 1) s 765.3 770.8/768.5
d(ring 1) as 765.3 759.9/753.8
n(C–C) 742.5 718.9
t(ring 2) s N.o. 629.8
t(ring 2) as 615.2 616.3/612.3
t(ring 1) s 591.4 590.6/587.0
o(ring) as 510.3 511.0
g(CQO) s 470.0 481.9

a Wavenumbers in cm�1; n, bond stretching; d, bending; g, rocking; o,
wagging; t, torsion; s, symmetric; as, asymmetric; N.o., not observed.

See Tables S1 to S5w for meaning of ‘‘approximate description’’. b Ex-

cept for where stated, all bands are due to each of the three con-

formers. c In the crystal only form I is present.21 d These bands are

due only to the less stable forms, II and III (see text).

Fig. 10 Temperature variation of the n(ring 4) band profile of the IR

spectrum of a-furil in CCl4 diluted solution (o10�3 M). Bands were

normalized by the band at 1391.6 cm�1, due to conformer I.
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of three different conformers, all of them exhibiting skewed

conformations around the intercarbonyl bond with the two

C4H3O–C(QO) fragments nearly planar. According to the

theoretical calculations, the three conformers differ in the

orientation of the furan rings relative to the carbonyl groups,

which in the most stable conformer, I (C2 symmetry), form a

OQC–CQO dihedral angle equal to 153.11. In this conformer,

the furan rings are oriented in such a way that one of their b-
hydrogen atoms approaches the oxygen atom of the most

distant carbonyl group, forming two H–CQC–C–CQO six-

membered rings. The second most stable conformer, II (C1

symmetry), has an OQC–CQO intercarbonyl dihedral angle

equal to 126.91 and one furan ring rotated by ca. 1801, resulting

in an energetically less favourable H–CQC–CQO five-mem-

bered ring. Finally, the third conformer, III (C2 symmetry), is

characterized by an OQC–CQO dihedral angle equal to 106.21

and has both furan rings rotated by ca. 1801 relative to the

geometry exhibited by the most stable conformer. The theore-

tical calculations predicted the two higher energy forms being

5.85 and 6.22 kJ mol�1 higher in energy than the most stable

form, respectively, and energy barriers for conformational inter-

conversion higher than 40 kJ mol�1. The latter are high enough

to prevent the conformational isomerization of the matrix

isolated compound, which indeed was not observed experimen-

tally even when the temperature of the matrix (xenon) was

increased up to 80 K. Evidence for different conformers of a-
furil were also found in the spectra of the compound in CCl4
diluted solutions and low temperature neat amorphous phase.

On the other hand, in agreement with the available X-ray data,21

the IR spectra obtained for the neat low temperature crystalline

state reveals that, in this phase, a-furil exists uniquely in its most

stable conformational state, I.
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