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h i g h l i g h t s

" The E forms of 2FDH have
considerably lower energy than the Z
forms.

" Both E conformers could be trapped
in low temperature argon and xenon
matrices.

" No conformational isomerization
was observed upon annealing.

" UV irradiation induced (a)
conformational isomerization of the
E forms; (b) production of
furan + dimethylisocyanide.
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a b s t r a c t

In this work, a combined matrix isolation FTIR and theoretical DFT(B3LYP)/6-311++G(d,p) study of
2-furaldehyde dimethylhydrazone (2FDH) was performed. According to calculations, two E and two Z
conformers exist, the E forms having considerably lower energy than the Z forms. The absence of relevant
sterical hindrance between the two substituents around the C@N bond (dimethylamino and 2-furyl) in
the E structures and an extended p–p electron delocalization in the hydrazone moiety determines the
higher stability of these species relatively to the Z structures. In the lowest energy form (E-AG) the
O–C–C@N and C@N–N–Lp (Lp = lone electron pair of amine nitrogen atom) dihedral angles are predicted
by the calculations to be �177.2� and 93.7�, respectively. The weak (N@C)–H� � �O hydrogen bond type
interaction (H� � �O distance: 252.2 pm) in form E-AG, together with the absence in this form of the
destabilizing interaction between the lone electron pairs of the oxygen and nitrogen atoms existing in
E-SG, explains its lower energy in comparison with this latter form. Both E-AG and E-SG conformers could
be trapped from room temperature gas phase in low temperature argon and xenon matrices. The high
E-SG ? E-AG energy barrier (>25 kJ mol�1) explains that, upon increasing the temperature of the matri-
ces no conformational isomerization could be observed. After irradiation of 2FDH with UV-light at k > 328
and k > 234 nm, two different photochemistries were observed. Irradiation at lower energy (k > 328 nm)
induced the E-AG ? E-SG isomerization. Further irradiation at higher energy (k > 234 nm) led to a quick
consumption of 2FDH and production of furan and dimethylisocyanide.

� 2012 Elsevier B.V. All rights reserved.

Introduction

Hydrazones are organic compounds bearing the >C@N–N:<
moiety, where the C@N double bond is conjugated with the lone
electron pair (Lp) of the terminal nitrogen atom. This characteristic

1386-1425/$ - see front matter � 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.saa.2012.07.061

⇑ Corresponding author. Tel.: +54 91161756932.
E-mail address: angoza@qui.uc.pt (A. Gómez-Zavaglia).

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 97 (2012) 830–837

Contents lists available at SciVerse ScienceDirect

Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy

journal homepage: www.elsevier .com/locate /saa



Author's personal copy

structural feature determines in large extent the physical and
chemical properties of hydrazones. Both nitrogen atoms of the
hydrazone group are nucleophilic, the amino type nitrogen being
more reactive. On the other hand, the carbon atom of the hydra-
zone group has both electrophilic and nucleophilic character, and
hence, this is the most reactive hydrazone center [1–3]. The ability
of hydrazones to react with both electrophilic and nucleophilic re-
agents broadens their applications in organic chemistry (e.g., in
condensation, cyclization and cycloaddition reactions for the syn-
thesis of heterocycles) and in biotechnological and medical appli-
cations [1,4,5]. Several hydrazone derivatives have been reported
as herbicides, insecticides, nematocides, rodenticides, plant regula-
tors, as well as antituberculosis, spasmolytic and hypotensive
agents. In addition, a number of hydrazones are also known to be
active against leukemia, sarcoma and other malignant neoplasms
and illnesses [5,6].

2-Furaldehyde dimethylhydrazone (2FDH; also known as furfu-
ral N,N-dimethylhydrazone, 2-furancarbaldehyde dimethylhydraz-
one, furan-2-carbaldehyde dimethylhydrazone or 2-furaldehyde
2,2-dimethylhydrazone) is a dimethylamino substituted hydra-
zone where the C atom is linked to a 2-furyl moiety. It can be syn-
thesized from furfural and unsym-dimethylhydrazone [7], being
mainly used in the chemical synthesis of furaldehyde derivatives
[8] and many biologically active molecules relevant to the pharma-
ceutical industry, including trinitrophenyl, furylquinones and
hydroquinones [9,10].

The >C@N–N:< group of hydrazones assumes in general a planar
geometry, although the coplanarity may be broken down in certain
sterically hindered molecules [11]. The length of the C@N bond de-
pends on the nature of the substituents, varying from ca. 127 to
135 pm, but in all cases exceeding the values reported for aliphatic
imines. The presence of the C@N double bond determines the exis-
tence of E–Z geometrical isomers in unsymmetrical hydrazones, like
2FDH. The presence of the >C@N–N:< group also makes hydrazones
a convenient model for studying p–p conjugation [5]. This type of
conjugation in hydrazones has been investigated spectroscopically
by ultraviolet, Raman, infrared and nuclear magnetic resonance
[5,12,13]. When conjugation is present, the electronic spectra of
hydrazones show a bathochromic shift in the band corresponding
to the lower energy p ? p⁄ transition [14,15]. On the other hand,
in the infrared spectra, p–p conjugation causes a redshift of ca.
70 cm�1 in the C@N stretching frequency, compared to that ob-
served for aliphatic imines (1620–1590 cm�1 vs 1670–1650 cm�1)
[5,15]. In addition, the increase in the intensity of the C@N stretch-
ing Raman band on passing from unsubstituted hydrazones to
alkylhydrazones has also been attributed to p–p conjugation [5,16].

Two types of photochemical reactions have been described for
hydrazones: (a) nitrogen–nitrogen bond cleavage, and (b) if hydro-
gens are available at the terminal nitrogen, hydrogen migration
from nitrogen to carbon. For some unsubstituted hydrazones, this
second process results in a photochemical reaction resembling
the Wolff–Kishner reduction [17,18]. When reactions take place
in solution, the participation of solvent molecules and cross reac-
tions involving initially formed intermediates generated from dif-
ferent reactant molecules make these reactions mechanistically
complex. Indeed, hydrazones are known to show a great trend to
be involved in bimolecular reactions (e.g., cycloadditions and con-
densations) [1,4]. In this regard, isolation of the reactant molecules
in a cryogenic inert matrix, avoiding by this way molecular diffu-
sion to take place and bimolecular encounters, appears as an
appropriate technique to shed light on the primary unimolecular
photochemical processes. This approach was used in this work to
investigate the details of the photochemistry of monomeric
2FDH. The compound was isolated in argon and xenon matrices,
irradiated by UV light of different wavelengths, and the photoreac-
tions probed by infrared spectroscopy. Interpretation of the

experimental results were supported by theoretical calculations
undertaken at the DFT(B3LYP)/6-311++G(d,p) level of approxima-
tion. The obtained results allowed also for detailed characteriza-
tion of the potential energy surface landscape of the compound,
and interpretation of its infrared spectra in both argon and xenon
matrices.

Experimental and computational methods

Furfural N,N-dimethylhydrazone was obtained from Sigma–Al-
drich (97% purity). Infrared spectra were obtained using a Nicolet
6700 FTIR spectrometer equipped with a deuterated triglycine sul-
fate (DTGS) detector and a Ge/KBr beamsplitter, with 0.5 cm�1

spectral resolution. In order to avoid interference from atmo-
spheric H2O and CO2, a stream of dry/CO2-filtered air continuously
purged the optical path of the spectrometer. Matrices were pre-
pared by co-deposition of 2FDH vapors coming out from a glass
tube container coupled to the cryostat through a flux-controlling
valve kept at room temperature, together with a large excess of
the matrix gas (argon N60 or xenon N48, both supplied by Air Liqu-
ide) onto the CsI substrate of the cryostat cooled to 14 K (for argon)
or 20 K (xenon). All experiments were performed using an APD
Cryogenics closed-cycle helium refrigeration system with a DE-
202A expander.

In situ UV irradiation of the matrices was carried out with UV
light produced by a 500 W Hg(Xe) lamp (Newport, Oriel Instru-
ments), with output power set to 200 W, through the outer KBr win-
dow of the cryostat. The irradiation has been performed using a
long-pass optical filter transmitting UV light with k > 328 nm, as
well as with the unfiltered UV-light (i.e., with k > 234 nm; this wave-
length value is defined by the absorbance edge of KBr in the UV).

The quantum chemical calculations were performed with
Gaussian 03 [19] at the DFT level of theory, using the 6-
311++G(d,p) basis set and the B3LYP functional, which includes
Becke’s gradient exchange correction [20] and the Lee, Yang and
Parr correlation functional [21]. Structures were optimized using
the Geometry Direct Inversion in the Iterative Subspace (GDIIS)
method [22,23], and the nature of the resulting stationary points
on the potential energy surface was determined by inspection of
the corresponding calculated Hessian matrix. In order to assist
the analysis of the experimental spectra, vibrational frequencies
were calculated at the same level of theory. The computed har-
monic frequencies were then scaled by a single factor (0.978) to
correct them mainly for the effects of basis set limitations, ne-
glected part of electron correlation and anharmonicity effects.
The theoretical normal modes were analyzed by carrying out the
potential energy distribution (PED) calculations, performed
according to the procedure described in Ref. [24]. Cartesian har-
monic force constants resulting from the DFT(B3LYP)/6-
311++G(d,p) calculations were transformed into the force con-
stants with respect to molecule fixed internal coordinates chosen
as recommended by Pulay et al. [25]. Potential energy profiles for
internal rotation were calculated by performing relaxed scans on

Table 1
DFT(B3LYP)/6-311++G(d,p) calculated relative energies (including zero point vibra-
tional contribution) and predicted room temperature gas phase equilibrium popu-
lations for the two E-2FDH conformers.a

Conformer DEZPE Population (%)

E-AG 0.0 (�1200864.6)b 80.5
E-SG 3.5 19.5
Z-AG 26.7
Z-SG 33.3

a Energies in kJ mol�1; conformers are depicted in Fig. 1.
b Total energy for E-AG0 , with zero point vibrational energy contribution.
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the PES along the relevant reaction coordinates, and the transition
state structures for the conformational interconversions were ob-
tained using the Synchronous Transit-Guided Quasi-Newton
(STQN) method [26,27].

Results and discussion

2FDH potential energy surface landscape

In 2FDH, the relative position of the furyl and N(CH3)2 substitu-
ents around the C@N bond leads to E and Z isomerism. In addition,
two rotational axes (O–C–C@N and C@N–N–Lp; Lp = lone electron
pair of nitrogen atom) exist, which can give rise to conformational
isomers. After a full search on the DFT(B3LYP)/6-311++G(d,p) po-
tential energy surface of the molecule, four different minima were

found: E-AG, E-SG, Z-AG and Z-SG, with zero point corrected
relative energies of 0.0, 3.5, 26.7 and 33.3 kJ mol�1, respectively
(Table 1 and Fig. 1)1. All conformers belong to the C1 point group
and possess a symmetry equivalent structure. The calculated struc-
tural parameters for all the four conformers of 2FDH are provided
in Table S1 (Supplementary material).

According to calculations, E-AG is the global minimum. In this
form, the O–C–C@N and C@N–N-Lp dihedrals are equal to
�177.2� and 93.7�, respectively. The slightly higher stability of
the E-AG form relatively to E-SG (see Fig. 1) can be explained con-
sidering: (a) the presence of a stabilizing weak (N@C–H)� � �O
hydrogen bond type interaction (H� � �O distance: 252.2 pm) and
(b) the absence the destabilizing interaction between the lone

Fig. 1. DFT(B3LYP)/6-311++G(p,d) optimized geometries of the minimum energy
structures of 2FDH. Relative energies (including zero point correction; in kJ mol�1)
are provided in parentheses.
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Fig. 2. DFT(B3LYP)/6-311++G(d,p) calculated potential energy profile for confor-
mational interconversion between the E-AG and E-SG conformers of 2FDH.
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Fig. 3. DFT(B3LYP)/6-311++G(d,p) calculated potential energy profile for internal
rotation around the N–N bond in E-2FDH: (A) for O–C–C@N � 180�; (B) for O–C–
C@N � 0�. E-AG0 and E-SG0 are the symmetry-equivalent structures to E-AG and E-
SG, respectively.

1 The following criterion has been followed to assign names to the different
minimum energy structures of 2FDH: the first letter indicates the orientation of the
furyl and N(CH3)2 substituents with regard to the C = N bond (E = entgegen, 180o;
Z = zusammen, 0o), the conformation defined by the O–C–C = N dihedral angle relates
to the second letter (A = anti, 180o; S = syn, 0o), and that defined by the C = N–N–Lp
dihedral angle determines the third letter (G = gauche, ca. 40-90�).
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electron pairs of the oxygen and nitrogen atoms existing in E-SG.
The Z-type structures (Z-AG and Z-SG) have a considerably higher
energy than the E forms because of the sterical hindrance between
the furyl and N(CH3)2 substituents (see Fig. 1) and the reduced p–p
mesomerism (the C@N–N–Lp dihedrals in E and Z forms are ca. 90�

and 50�, respectively). The estimated room temperature gas phase
equilibrium populations of the two E-type conformers are 80.5%,
for E-AG, and 19.5%, for E-SG.

Fig. 2 depicts the B3LYP/6-311++G(d,p) calculated potential
energy profile for interconversion between the two conformers of

Table 2
Observed wavenumbers (m, cm�1) for 2FDH isolated in argon and xenon matrices and DFT(B3LYP)/6-311++G(d,p) calculated wavenumbers and intensities (I, km mol�1) for
conformers E-AG and E-SG.a

Approximate description Calc. Calc. Exp. (Ar 14 K) Exp. (Xe 20 K)

E-AG E-SG E-AG E-SG E-AG E-SG

mb Ic mb Ic m m m m

m(C4–H8) 3207.4 0.0 3206.4 0.0 n.o. n.o. n.o. n.o.
m(HC2C3H)s 3190.2 0.2 3167.2 1.5 n.o. 3127 n.o. 3120
m(HC2C3H)as 3170.1 4.6 3178.6 0.1 3127 3149 3120 3149
m(CH3)as0 (1) 3070.2 2.0 3010 3003
m(CH3)as00 (1) 3068.0 9.6 3054.7 2.8 3010 3000 3003 2993
m(CH3)as00 (2) 3055.4 9.7 3000 2993
m(C9–H10) 3042.9 6.3 3033.5 6.8 2997 2997 2985 2985
m(CH3)as0 (1), m (CH3)as0 (2) 3007.4 28.7 2966/2957 2951
m(CH3)as00 (2), m (CH3)as00 (1) 3005.9 7.4 2925 2917
m(CH3)as0 (2), m (CH3)as0 (1) 2993.2 17.8 2991.5 4.5 2925 2925 2917 2917
m(CH3)s (1) 2902.1 30.6 2902.0 122.4 2896/2875/2864/2861 2896/2875/2864/2861 2884/2866/2856 2884/2866/2856
m(CH3)s (2) 2890.1 40.2 2888.5 10.5 2844/2834 2797/2792/2785 2836/2827 2796/2786/2779
m(C@N) 1604.7 52.2 1619.8 11.9 1592/1589/1586/1584 1614 1590/1588/1581 1613
m(C1@C2), m(C3@C4) 1575.9 0.2 1555.6 1.9 1553 1531 1555 1520
m(C3@C4), d (CH3)as0 (1) 1488.2 8.7 1496/1493/1492/1489

(sh)
1496 (sh)/1493/1492/1488
(sh)

d(CH3)as00 (1), m(C3@C4) 1485.1 28.8 1480/1471 1476/1468
d(CH3)as00 (1) 1480.1 18.2 1452.4 3.4 1466 1446 (sh) 1463/1461 1441
d(CH3)as0 (1) 1471.9 8.6 1476.3 1.8 1456 1466 1457 1463/1461
d(CH3)as0 (2) 1472.5 3.2 1460 1458 (sh)
d(CH3)as00 (2), d(CH3)as0 (2) 1453.4 17.7 1449 1444
d(CH3)as00 (2) 1450.3 7.6 1450.8 2.1 1446 (sh) 1446 (sh) 1441 1441
d(CH3)s (1) 1429.1 2.1 1425.2 1.3 1423 1422 1421 1419
d(CH3)s (2) 1406.1 4.9 1404.3 0.5 1404 1398 1401 1397
m(C2–C3), d(CCH8),

d(HC2C3H)as
1388.6 7.7 1388.1 0.3 1388 1387 1385 1382 (sh)

d(C1C9H10), d(C1C9@N) 1350.4 8.4 1349 1349 (sh)
m(C2–C3), d(C1C9H10) 1349.2 21.8 1349 1346/1345
c(CH3)00 (1) 1128.8 39.5 1284.9 13.1 1134 1286 1130 1286
c(CH3)0 (1) 1278.0 63.9 1129.0 8.1 1280/1277 1135 1278/1275 1135/1133
d(CNC)as, c(CH3)00 (1) 1265.6 7.1 1270 1265
d(CNC)as 1257.2 10.6 1263 1260
d(CNC)as, m(C1–C9) 1244.0 0.6 1236 1232
d(HC2C3H)s, m(C1–C9),

d(CCH8)
1229.5 2.7 1235 1232

d(HC2C3H)s 1208.6 0.1 1204 1203
m(O5–C1) 1182.2 2.5 1201/1199 (sh)/1192/

1190
1198/1197(sh)/1187/
1186

m(C4–O5), d(CCH8) 1149.8 2.4 1149 1149
d(CCH8), m(C4–O5) 1143.3 7.5 1137 (sh) 1136
c(CH3)0 (2) 1029.0 8.7 1086.5 0.5 1032 1093 1036.1035 1090
c(CH3)00 (2) 1086.1 2.2 1028.9 2.3 1092 1020 1087 1020
m(C4–O5) 1082.6 1.6 1078.0 2.7 1085/1084 1080/1078 1083 1077
m(N–N) 1038.3 158.4 1042.6 34.5 1038 (sh)/1037 1043/1042 (sh) 1041 1043 (sh)
m(C2–C3), d(HC2C3H)as 1010.7 7.3 1015/1014 1014/1011
d(HC2C3H)as/s, m(C2–C3) 1003.2 25.0 1010/1008 1008/1006
m(O5–C1) 953.1 4.9 930.6 4.7 961/959/954 938/937/935 961/958 939/936/934
d(ring 2) 883.1 5.7 882.9 1.7 885 885 877 877
c(CH10) 880.8 18.7 881.8 5.1 869 872 869 (sh)/866 875
c(HC2C3H)as 858.7 0.2 852.4 0.1 859 858 859 858
m(CNC)s 842.4 19.8 849.8 3.1 853/851 856 856/854/850/849 858
c(HC2C3H)s 797.6 13.3 783.6 2.7 805/801/800/798 788 800/798/797 785
m(CNC)s, d(ring 1) 769.2 15.5 770.8 3.8 777 777 776 776
c(CH8) 714.3 51.3 720.9 13.5 727 (sh)/725/724 (sh) 732/731/729 724/723 729/728/727
m(ring 2) 661.5 0.9 673.5 0.3 663 673 663 677
m(ring 1) 592.7 5.9 592.0 1.6 596 594 594 592
tw[N(CH3)2] 532.9 14.2 532.9 3.3 539 539 539/537/535 539/537/535
d[N(CH3)2] 475.1 5.3 477.8 1.1 477 486/483 477 483

a m, stretching; d, bending; c, rocking; s, torsion; tw, twisting; s, symmetric; as, antisymmetric; n.o., not observed; sh. shoulder. See Tables S2–S6 for definition of internal
coordinates and normal coordinate analysis.

b Calculated wavenumbers were scaled by 0.978.
c Calculated intensities were scaled by the calculated relative fractional populations in gas phase equilibrium at room temperature (0.8 for E-AG and 0.2 for E-SG).
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E-2FDH. Note that despite the smaller energy difference between
the two conformers (3.5 kJ mol�1), the energy barriers for both
the direct and reverse reactions are larger than 20 kJ mol�1. Fig. 3
presents the calculated potential energy profiles for internal rota-
tion about the N–N bond in E-2FDH, assuming the O–C–C@N dihe-
dral angle in the anti (Fig. 3A) and syn (Fig. 3B) conformations.
These plots show the pathways for interconversion between the
two equivalent-by-symmetry pairs of E-type conformers. In both
cases, the lower barrier occur for a conformation where the N lone
electron pair is directed towards H10 (ca. 25 kJ mol�1), while the
most energetically demanding pathway has a transition state
structure where the lone electron pairs of the two nitrogen atoms
are aligned (ca. 60 kJ mol�1). As it could be anticipated, in both
transition state structures the p–p mesomerism within the hydra-
zone group is minimized.

IR spectra of matrix-isolated 2FDH

2FDH has 54 fundamental vibrations. For all minimum energy
structures (E-AG, E-SG, Z-AG and Z-SG) all fundamental vibrations
are predicted to be active in the infrared. Table S2 displays the def-
inition of the internal coordinates used in the normal coordinate
analysis undertaken in this study. The DFT(B3LYP)/6-311++G(d,p)
calculated vibrational spectra for the different minima of 2FDH
and the results of the normal coordinate analysis are given in Ta-
bles S3–S6. Table 2 shows the assignments for the experimental
spectra of 2FDH in argon and xenon matrices.

Fig. 4 depicts the as-deposited spectra of 2FDH in argon and
xenon matrices. The calculated spectra for conformers E-AG and

E-SG are also shown in this figure (both as stick spectra and sim-
ulated by means of Lorentzian functions). In the calculated spec-
tra, the intensities were scaled by the estimated relative
populations of the E-AG and E-SG forms in the gas phase equilib-
rium at room temperature, based on their calculated relative
energies (see Table 1). As it can be noticed, the theoretical spectra
fit nicely the experimentally obtained ones, testifying the pres-
ence of both E-AG and E-SG isomers in the matrices with relative
populations matching well the theoretical predictions based on
the DFT calculations. Indeed, the relative populations of E-AG
and E-SG could also be estimated from the experimental data.
The two conformers give rise to a well separated pair of bands,
at ca. 959 (E-AG) and 937 (E-SG) cm�1, ascribed to the mO5–C1

vibration (calculated frequencies: 953.1 and 930.6 cm�1, for
E-AG and E-SG, respectively). From the relative integral intensities
of the mO5–C1 observed bands due to the E-AG and E-SG conform-
ers, divided by the corresponding calculated IR intensities, the rel-
ative amounts of the two forms present in the matrices could
then be determined. The obtained E-AG:E-SG population ratios
were 4.5:1, in xenon, and 6.1:1 in argon, in excellent agreement
with the calculated theoretical populations. Moreover, annealing
of the matrices above ca. 40 K also did not promoted any spectral
change ascribable to conformational isomerization (above this
temperature aggregation starts to take place). Such results indi-
cate that the barriers for conformational isomerization are, in
consonance with the theoretical predictions, at least higher than
ca. 12 kJ mol�1 [28]. Indeed, according to the Barnes relationship
[28], a temperature higher than ca. 80 K should be attained to
overcome the �25 kJ mol�1 barrier calculated for the E-SG ?
E-AG isomerization (see Fig. 2).

Photochemistry of matrix-isolated 2FDH

Upon broadband UV irradiation with UV-filtered light
(k > 328 nm) of argon and xenon matrix-isolated monomeric
2FDH, E-AG ? E-SG conformational isomerization was observed,
as noticed by the change in the relative intensities of the bands
ascribed to the individual conformers. The bands ascribable to
E-SG clearly increase, while those due to E-AG decrease. After
30 min irradiation, the population ratios of E-AG and E-SG ob-
tained from the mO5–C1 experimental bands intensities changed
from 4.5:1 to 3.3:1 in xenon, and from 6.1:1 to 2.1:1 in argon.
In other words, the increase in the population of E-SG ranged
5–15%, being more extensive in argon matrix. These results are
illustrated in Fig. 5, where the positive bands correspond to the
less stable conformer E-SG, produced at expenses of the more
stable E-AG form (negative bands). No 2FDH fragmentation nor
E ? Z structural isomerization (the last type of process has been
observed frequently for hydrazones in solution either chemically
or photochemically induced [29,30]), have been detected upon
irradiation in these conditions.

After subsequent irradiation of the matrices with higher energy
(k > 234 nm), the spectrum of 2FDH lost intensity, whereas new
bands developed, indicating the formation of new species (Fig. 6).
In Fig. 6, the negative bands correspond to the consumed reagent
(E-AG and E-SG conformers) and the positive ones to the obtained
photoproducts. The bands emerging upon irradiation (both in ar-
gon and xenon matrices) can be doubtlessly assigned to furan
and dimethylisocyanide (DMI), which can be formed from 2FDH
by cleavage of the exocyclic C–C bond accompanied by [1,2]
H-atom shift. E ? Z structural isomerization of 2FDH was not
observed in this case as well. A schematic picture of the observed
photoprocess is shown in Fig. 7.

The assignment of the bands due to photoproducts is given in
Table 3. This assignment has been performed taking into account
the theoretically calculated infrared spectra of furan and DMI,
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and also the previously reported experimental data for furan and
isocyanides isolated in rare gas matrices [31–36].

Furan has been studied in cryogenic matrices before [31–35]
and its identification as a photoproduct of 2FDH upon irradiation
at k > 234 nm could be easily performed. The most intense bands
due to furan are due to one of the in-plane d(C–H) bending
modes and the all- in-phase out-of-plane c(C–H) vibration, and
have been ascribed previously for the compound in argon matrix
at ca. 995 and 745 cm�1 [31–33]. The B3LYP/6-311++G(d,p) cal-
culated frequencies for these two modes are 989 and 739 cm�1,
respectively. In the photolyzed 2FDH argon matrix, the corre-
sponding bands are observed at 963 and 734/732/730 cm�1 (site
splited feature), which have counterparts in the photolyzed xe-
non matrix at 960 and 750–744 cm�1 (structured band with sev-
eral components resulting from site splitting). The small
frequency shifts of the bands observed in the present study com-
pared to the literature values result from the fact that in the
present case the furan molecule is formed together with DMI
and the two molecules shall interact in some extent in the matrix
cage where they co-exist. Other bands of furan having lower
intensities could also be identified in the spectra of the photo-
lyzed matrices (see Table 3). There is no experimental evidence
of subsequent photocleavage of the furan ring under the used
experimental conditions.

Identification of DMI as photoproduct of 2FDH was facilitated
by observation of the characteristic band due to the isocyanide
stretching vibration at 2124 cm�1 (in argon matrix; 2132 cm�1,
in xenon). Isocyanides (or isonitriles) are organic isomers of cya-
nides (or nitriles), and are widely used in organic synthesis [37].
The high reactivity of isocyanides makes difficult their investiga-
tion at room temperature, but some of these compounds have been
successfully isolated in rare gas matrices [36]. The m(N„C) vibra-
tion in matrix-isolated isocyanides have been observed in a charac-
teristic frequency range (2200–2080 cm�1) which is red-shifted
regarding the usual frequency range for the same vibration in the
corresponding cyanides (2300–2200 cm�1) [36]. Most of the
remaining bands expected to occur in the investigated spectral
range for DMI could also be observed in the photolyzed 2FDH
matrices (see Table 3 and also Fig. 6).
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Conclusions

Matrix isolation IR spectroscopy and DFT(B3LYP)/6-311++
G(d,p) calculations allowed the investigation of the structure,
infrared spectra and unimolecular photochemistry of 2FDH iso-
lated in solid argon and xenon.

In the molecule, the C@N double bond determines the existence
of E and Z structural isomerism, the E form being considerably
more stable than the Z isomer because of the sterical hindrance be-
tween the furyl and N(CH3)2 substituents and reduced p–p
mesomerism in the latter. The internal rotation about the exocyclic
C–C bond axis accounts for two different conformers for both E and

Z isomers. The most stable E-type conformers (E-AG and E-SG)
differ in energy by 3.5 kJ mol�1, with E-AG being the global mini-
mum. The slightly higher stability of the E-AG form relatively to
E-SG results from the presence in the former of a stabilizing weak
(N@C–H)� � �O hydrogen bond type interaction and absence in this
form of the destabilizing interaction between the lone electron
pairs of the oxygen and nitrogen atoms existing in E-SG.

Both E-AG and E-SG were efficiently trapped from gas phase
into cryogenic argon and xenon matrices. Upon broadband UV-
irradiation (k > 328 nm), the most stable E-AG conformer was
found to isomerize to form E-SG, while irradiation at higher energy
(k > 234 nm) led to fragmentation of 2FDH into furan and

Table 3
Calculated IR spectra for the observed photoproducts (k > 234 nm) of matrix-isolated 2FDH in argon and xenon and assignments for the experimentally observed bands.a

Assignmentb Calculated Experimental Ref. [31]c

Wavenumber IR Intensity Argon Xenon

Furan
m(Ca�H)s 3210.7 0.1 n.o. n.o.
m(Ca�H)as 3204.5 0.2 n.o. n.o.
m(Cb�H)s 3180.4 0.2 n.o. n.o.
m(Cb�H)as 3170.0 2.5 n.o. n.o.
mC@C)as 1553.7 0.02 n.o. 1562
mC@C)s 1473.2 20.9 1490/1480 1479/1478
mC�C) 1377.6 2.8 1343 1339
dC�H) (++++) 1255.8 0.1 n.o. n.o.
mC�O�C)as 1169.4 20.5 1181 1179 1177.7
dC–H) (+�+�) 1136.8 0.1 1145 1142
dC–O)s 1058.7 15.4 1043 1043 1065.0
dC�H) (+��+) 1033.9 1.7 1020 n.o.
dC�H)(++��) 989.0 47.9 963 960 993.6
dC@C�C) 873.5 0.8 870 n.o.
dC–O–C)s 868.0 14.8 869 887 869.1
cC�H) (+�+�) 860.4 0.0 859 n.o.
cC�H) (+��+) 831.4 0.0002 837(?) 830(?)
cC�H) (++++) 738.8 117.3 734/732/730 750/748/747/745/744 744.1
cC�H) (++��) 715.7 0.0 n.o. n.o.
d ring (butterfly) 604.6 24.9 595 596 603.3/602.3
d ring (crawl) 596.0 0.0 n.o. n.o.

DMI
m(CH3)as00 (s) 3072.3 13.3 2973 3012
m(CH3)as00 (as) 3069.7 6.6 2973 3012
m(CH3)as0 (s) 3031.1 29.8 2940 2959
m(CH3)as0 (as) 3028.6 4.3 2940 2959
m(CH3)s (s) 2927.5 81.5 2908 2900
m(CH3)s (as) 2924.0 29.3 2869/2861 2871/2861
m(N„C) 2124.3 23.9 2124 2132
d(CH3)as00 (s) 1477.4 18.3 1495 1483
d(CH3)as00 (as) 1462.2 1.6 1461 n.o.
d(CH3)as0 (s) 1459.8 19.9 1459 1465
d(CH3)as0 (as) 1447.4 10.6 1443 1453
d(CH3)s (s) 1431.4 0.4 1421 1433
d(CH3)s (as) 1408.6 0.0 1402 n.o.
mN–N, mCNC)s 1245.2 2.0 1238 1235
mCNC)as 1218.2 3.0 1230 1227
c(CH3)0 (s) 1147.8 6.0 1156 1151
c(CH3)0 (as) 1090.4 3.1 1090 1087/1088/1091
c(CH3)00 (as) 1013.6 15.0 1017/1014 1017
c(CH3)00 (s) 989.6 28.2 973/967 971/970
m(CNC)s, mN–N 758.3 10.9 750/747 756(sh)
c[N(CH3)2] 528.3 9.6 536 528
dCNN 454.8 3.3 n.i. n.i.
dCNC 367.3 1.0 n.i. n.i.
wN(CH3)] 258.7 3.2 n.i. n.i.
s(CH3)as 223.4 0.1 n.i. n.i.
s(CH3)s 207.9 0.5 n.i. n.i.
cCNN 168.5 1.7 n.i. n.i.

a Wavenumbers in cm�1; IR intensities in km mol�1. Calculated wavenumbers were scaled by 0.978. , stretching; d, bending; c, rocking; s, torsion; w, wagging; s,
symmetric; as, antisymmetric; n.o., not observed; n.i.: not investigated; sh. shoulder.

b For furan, a and b designate the carbon atoms alpha or beta in relation to the oxygen atom, and the symbols + and � indicate relative movements of the hydrogen atoms
in a given vibration. For DMI, when two types of symmetry are indicated (for methyl groups) the first one refers to methyl group local Cs symmetry and the second one to the
molecule global Cs symmetry.

c Data for argon matrix.
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dimethylisocyanide. The generation of these photoproducts in-
volves the cleavage of the exocyclic C–C bond and simultaneous
[1,2] H-atom migration from the (CH3)2 N@C H moiety to the furyl
group. E ? Z structural photoisomerization of 2FDH was not ob-
served under the used experimental conditions.
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