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The structure of dimethyl 5-methylH,3H-pyrrolo[1,2<][1,3]thiazole-6,7-dicarboxylate 2,2-dioxide (PTD)

was investigated in low-temperature noble gas matrixes (Ar, Kr, Xe), amorphous solid, and the crystalline
state by infrared spectroscopy and computational methods. The geometry of PTD conformers is defined by
the orientation of two methyl ester groups, which may adopt pseudo-trans or pseudo-cis positions in relation
to the pyrrolo-thiazole system. For both methyl ester groups, the latter arrangement was predicted by the
calculations to be energetically the most favorable in the isolated molecule. The envelope form of the
thiazolidine ring is present in all conformers, with the sulfur atom placed in the apex position, while the
pyrrole ring is almost planar. Three types of conformers differing in the orientation of the methyl ester groups
relative to the pyrrole-thiazole system (cis/cis, trans/cis, cis/trans) were identified in the matrixes. The cis/
cis forms were found to be the most stable ones in both gaseous state and argon matrixes. On the other hand,
the more polar trans/cis forms were found to be stabilized in the more polarizable krypton and xenon matrixes
as well as in the neat amorphous and crystalline phases. On the basis of annealing experiments, performed
in argon and xenon matrixes up to 35 and 68 K, respectively, conformational changes preceding the aggregation
of the compound are suggested.

1. Introduction 2. Experimental Section

Pyrrolo[1,2¢€]thiazole derivatives (cf. Figure 1) are com- PTD (8) was prepared from-cysteine by known synthetic
pounds of considerable importance, as some representativegrocedures® (cf. Scheme 1). Heating a solution of 1,3-
show interesting biological activities. In fact, it is known that  thiazolidine-4-carboxylic acicb) in acetic anhydride allows the
some 5-substituted-6,7-bis(hydroxymethyl)pyrrolo[tj@iaz- in situ generation of the bicyclic mesoionic ring systénThis
oles, including sulfone derivatives, have antitumoral activity. |atter then reacts with dimethyl acetylenedicarboxylate to give
In particular, compound is one example of a compound with  the corresponding 1,3-dipolar cycloadduct, 5-metHy|3H-
antileukemic activity. It is also known that some pyrrolo[1,2- pyrrolo[1,2<]thiazole (7). Oxidation of the heterocyclé with
cthiazole derivatives with the general structi@eshow anti- MCPBA (m-chloroperoxybenzoic acid) gives the sulfoBén
allergic and antiinflammatory activity. Compoung8land4 have good yield.

PAF receptor antagonist properties. PAF (platelet activating  FT.|R spectra were recorded in the 400000 cnT? range
factor) is a highly potent phospholipid mediator of inflammation, using a Mattson Infinity 60AR series FT-IR spectrometer, with
implicated as an important mediator in a number of life- g5 and 1 cm! resolution for the matrix and amorphous/
threatening conditions, including septic shock and asthrha. crystalline state, respectively.

Pyrrolo[1,2¢]thiazole derivatives have also proven to be 14 gptain the matrix spectra, PTD was sublimated using a
_useful bU|Id|_ng blocks in organic synthe3|_s. Of part|cul_ar interest inifurnace placed inside the cryostat and co-deposited with
is the reactivity of 1—I,3H-_pyrro|o[l,Z_C]thlazole-z,z-dlomdes the cryogenic gas (argon N60, krypton N48, or xenon N45; all
and H,3H-pyrrolo[1,2<]thiazole-2-oxides as precursors of New  gpyained from Air Liguide) onto the cooled Csl optical substrate
react|ve.|ntermed|ates such as a.zafulven]um. methides, thlocar-of the cryostat. The spectrum of the neat amorphous solid of
bonyl yI|d_es and azomethine ylides, WhICh in turn allow the pTp was obtained using a similar procedure, but without
construction of further new heterocyclic systems. applying the isolant cryogenic gas. PTD sublimation tempera-

Getting further knowledge on the chemistry of pyrrolo[1,2- ;15 used were around 423 K in the case of the experiments in
clthiazoles is then a relevant research goal. In this paper, We o; and neat amorphous solid. For Kr and Xe matrixes, a

describe the conformational behavior of dimethyl 5-methyl- itterent arrangement of the mini-furnace was used, which
1H,3H-pyrrolo[1,2<fthiazole-6, 7-dicarboxylate-2,2-dioxide (PTD)  gjowed reduction of the sublimation temperature to-3863

in argon, krypton, and xenon matrixes and investigate its low- ' The temperature of the optical substrate (ca. 11 K, in the
temperature neat amorphous and crystalline phases and agayperiments in Ar and Kr matrixes and neat solid PTD, and 20

gregation process. K, in the experiments in Xe matrixes) was obtained using an
* Corresponding author. E-mail: rfausto@ci.uc.pt. APD Cryogenics closed-cycle hehgm refrigeration system with
* Department of Chemistry, University of Coimbra. a DE-202A expander. In all experiments, the temperature was
* Faculty of Chemistry, Jagiellonian University. measured directly at the sample holder by a silicon diode
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Figure 1. Pyrrolo[1,2¢€]thiazole derivatives.
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mperature sensor. conn igital controller (Scientific TABLE 1: Comparison of the B3LYP S=O Stretching
temperature sensor, connected to a digital controller (Scientific Vibrational Frequencies (in cm™1) of Dimethyl Sulfate

Instrumeqts, model 9659-1), with an accuracy qf 0.1 K'. Obtained Using the 6-313-+G(d,p) and aug-cc-pVQZ Basis
Annealing of the matrixes was performed by increasing the gets

temperature gradually up to 35, 45, and 68 K, for Ar, Kr, and
Xe matrixes, respectively. The spectra of the annealed matrixes
were recorded without subsequent cooling cycle.

Annealing of the amorphous solid layer was done up to 298
K, when the amorphous-to-crystal phase transition was observed.
Subsequently, a coolirgheating cycle was applied to the
obtained crystalline sample within the 2298 K temperature
range. IR spectra were recorded in steps of 25 K.

B3LYP B3LYP/6-31H+G(d,p) to
assignment 6-3H+G(d,p) aug-cc-pVQZ B3LYP/aug-cc-pVQZ ratio

v(S=0) as 1372.8 1410.0 1.027
v(S=0) s 1151.8 1197.9 1.040

PTD. Table 1 shows the frequencies of the@ stretching
vibrations calculated using the two basis sets. The B3LYP/6-
311++G(d,p) to B3LYP/aug-cc-pVQZ frequency ratios are
1.027 and 1.040 for the antisymmetric and symmetreCs
stretching vibrations, respectively, with the mean value being
To examine the conformational space of PTD, a systematic equal to 1.035. This mean value was then accepted in this study
independent variation of the two relevant torsion angles as scaling factor for the B3LYP/6-3+HG(d,p) S=O stretching
(C2C1C19021 and GC4Cr0053), from (° to 360, with increment  frequencies calculated for PTD. The scaling factor 0.99 was
of 90°, was undertaken. Optimization of the input structures at applied for all other frequencies.
the B3LYP level®!1with the 6-31+G(d) basis set brought eight Additionally, the thermochemical properties were computed
different minimum energy structures, all of them having an for all stable conformers of PTD, to obtain their relative
equivalent-by-symmetry mirror image. These structures were gbundance at the sublimation temperatures (388 and 423 K).
then reoptimized and vibrational frequencies calculated at the The |atter was calculated using the&s° = RTIn K. equation,
B3LYP/6-311+G(d,p) level. Unique structures @s sym- where AG® is the standard Gibbs free energy relative to the
metry were recognized as third-order transition states. most stable conformer, calculated at the B3LYP/6-B+G-
According to previous analysés,* the vibrational frequen-  (d,p) level, andK_ is the ratio of the concentrations of a pair of
cies associated with=80 bond stretches are usually underes- conformers.
timated when calculated both at the DFT (B3LYP) level with Finally, the synchronous transit-guided quasi-Newton (STQN-
the split-valence triplé-6-311++G(d,p) basis set and at the  QST3) methot# was used to estimate the barriers for the
MP2 level with the split-valence double6-31++G(d,p) basis  conformational interconversions between pairs of conformers
set. This result does not follow the usual trend, which is a giffering by internal rotation around one bond.

general overestimation of vibrational frequencies by this type Al calculations were done with the Gaussian 03 set of
of calculations. Accurate reproduction of frequencies associatedprogramsl_e
with the S=O bond stretching modes could only be obtained * pantia| energy distributions (PED) calculations and normal

With. the B3LYP method when the split-valence quad_rui)le- coordinate analyses were computed in terms of natural internal
basis set aug-cc-pVQZ was used; this has been achieved, for

instance, for dimethyl sulfate and dimethyl sulfitéd3However, coordinates’ with the Gar2ped prograrf.
the size of the PTD molecule excludes any possibility of
undertaking the calculations at this level. Therefore, the
vibrational frequencies previously calculated at the B3LYP/aug- 4.1. Geometries and EnergiesThe adopted numbering
cc-pVQZ level for dimethyl sulfaf@ were compared to those  scheme for PTD is presented in Figure 2. Optimized geometries
obtained for the same compound using the affordable 6-313- of the conformers calculated at the B3LYP/6-311G(d,p)
(d,p) basis set, to obtain the proper scaling factors for t8©S level of theory are given in Figure 3, along with the dihedral
stretching frequencies calculated using the latter basis set forangles defining the structures. All conformers have symmetry

3. Computational Methods

4., Results and Discussion
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He |, TABLE 2: Relative Zero-Point Corrected Energies (AE®),
Hao\é/ 31 Dipole Moments (), Relative Standard Gibbs Free Energies
\;6 0, (AG®) and Abundances A) of PTD Conformers
N
2 CQQ ?13 . AG® (kJ molY) A (%)
Crmg—Cr AE° 4 38815 423.15 388.15 423.15
O/ 2 é {Ow conformet (kJmolY)? (D) K¢ Ke K K
Hoa i\C/Nz\C/ o, | 0.0 43 00 00 30 24
25" C5 Oy FE I 13 40 03 03 26 22
of G Hi Hy, I 2.2 34 17 1.7 15 15
SIS \% 2.8 07 25 24 11 12
7 Hyg \% 3.6 52 28 2.7 9 11
Figure 2. Adopted numbering scheme for the PTD molecule. N 5.1 62 35 34 7 9
VI 9.0 2.9 7.0 6.7 2 4

P . > Vil 9.9 3.4 7.7 7.9 1 3

aB3LYP/6-314-+G(d,p); all structures havé; symmetry.” E° =
—1331.282906 hartree for conformlerc G° = —1331.354312 hartree
andG°® = —1331.363815 hartree for conformieat 388.15 and 423.15
K, respectively.

1(0.0) II(1.3) 1 (2.2)

CaCiC190n = 22.4° CoC1C1u0s; = -20.6° CoCiCw0 = -153.9° The differences in the bond lengths calculated for the various

conformers do not exceed 0.005 A, with a slightly larger

deviation noticed only in the case of<© bond lengths (G=

19 and 20, O= 21, 22, 23, and 24; see atom numbering in

Figure 2), which attain the maximum observed difference value

of 0.023 A. The calculated values for angles are also quite
- = conserved, with the maximum deviation being caf@ both

IV (2.8) V (3.6) VI (5.1} bond and dihedral angles, if the absolute values in the case of

CsCyCr0y3 = 34,97 C5C4C5005; =-37.4° CsC4Cn0,5 =354

C2CiC 190y = 154.1° C2C,C 190y, = 21.3° C,C,C 190y, = -19.9° he | .
CsCiCaOps = -37.2° CsCiCr02 = -138.1° CsCiCr002 = 136.3° the latter are considered.

The GC1C19021 and GC4C,¢0,3 dihedrals may adopt two
different orientations, close to cis and trans positions, with mean
absolute values of 21°M154.0 for C,C1C190,; and 36.2/135.1
for CsC4C20023. In the gas phase, the arrangement with
simultaneous pseudo-cis conformation of these two dihedral

’ ) angles is the most favorable. It is adopted in the two most stable
VII{9.0) VIII (9.9)

CoC1CooOr = -153.9° G Cnny = 154.0° conformers,| andll. These _two conformers differ in energy
CsCyCaOns =-133.4° C4CyCa0n = -132.5° (AE) only by 1.3 kJ mot? (with zero point energy correction

Figure 3. Optimized geometries of PTD conformers [B3LYP/6- included). Forms with one of the dihedral angles in the pseudo-
311++G(d,p)]. The values of zero-point corrected energy (in kJ#ol  trans arrangement are significantly less stable, particularly when
relative to conformet are given in parentheses. the GC4Co¢O3 dihedral adopts this conformationE = 2.2,
2.8, 3.6, and 5.1 kJ mot for Ill , IV, V, andVI respectively).

related equivalent forms, which can be obtained from the first ConformersVil_and VIl , with both dihedral angles in the

ones by applying the inversion symmetry operation. In the . "
chosen set, the conformers have the same arrangement of thgseudo-traps conformation, are destabilized by 9.0 kJ huol
thiazolidine ring in respect to the pyrrole moiety (in all forms More, refative td.
the GCsS;Cg dihedral angle has a positive value, while both The relative energy of the different conformers is mainly
the NsCoCsS; and GS;CgNs dihedral angles have negative controlled by the repulsions between the oxygen atoms, which
signs). The zero-point corrected energies, dipole moments,are stronger for the carbonyl oxygen atoms than for the methoxyl
standard Gibbs free energies and abundances of the conformersyxygen atoms bearing smaller negative charge. This is illustrated
calculated at the two sublimation temperatures used in the by the increase in the distance between the closest oxygen atoms
experiments (388 and 423 K), are given in Table 2. Table 1S, from ca. 2.85 A in conformersandll, through ca. 2.892.90
provided as Supporting Information, presents the complete seta in |11 , IV, V, andVI, to about 3.02 A invll andVIIl . The
of geometrical parameters for the calculated conformers of PTD. ~giculations predict that the six lowest energy conformers of
The GC1C19021 and GC4CadO23 (or alternatively GC1C1002; PTD should have abundances higher than 9 and 7% in the
and GC4C,¢0,4) torsion angles define the differences between gaseous phase at 388 and 423 K, respectively. The joint

the PTD conformers, while the other geometrical parameters abundance of conformekdl andVIIl should not exceed 2%
are quite conserved. The envelope form of the thiazolidine ring at 388 K and 4% at 423 K

is predicted for all conformers, with an almost plangC&NsCs ) ) ) )

torsion angle £0.9 to—1.1°) and the sulfur atom placed in the 4.2. Spectra of Matrlx-_lsolated ETD.The fingerprint regions
apex position. The twisted conformation of the ring was not Of the spectra of PTD isolated in solid argon and xenon are
considered due to the fact that it is expected to possess aPresented in Figure 4. This figure also shows the spectrum
significantly higher energy; for unsubstituted pyrrolidine, the resulting from adding the theoretically predicted IR spectra of
twisted conformation was shown [MP2/6-31G(d,p)] to be ca. the PTD conformers scaled by their calculated abundances at
22 kJ mol! less stable than the envelope fottnin all 423 K (the spectrum corresponding to 388 K is qualitatively
conformers, the angle between thgSE&Zs and NCgS; planes similar to this one due to similar conformer abundances at both
is in the 19.6-21.8 range. temperatures and it is not shown).
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Integral Intensity (km mol-')

Absorbance

0.0+

overlapping bands, this being particularly noticeable in the case
of the low frequency region (Figure 4a). In xenon (Figure 4b),
40+ the band structure in the low frequency region is more evident
and relative maxima can be easily noticed at 1719, 1711, 1706,
201 and 1703 cml. Additionally, a low-intensity shoulder at 1695
cmtis present. The higher frequency region has the absolute
o maximum at 1746 cm.
0.2- The calculations predict two absorptions in this region for
b each conformer, giving rise, as a whole, to three bands centered
at 1765, 1734, and 1721 crhin the summary spectrum (see
Figure 4c). The absorption predicted to occur at 1765%ci®
ascribed to the stretching vibrations of the=O groups in the
0.01 trans conformation, i.e. in form#l, IV, V, and VI, and
a corresponds to the bands observed experimentally in the higher
0.5 frequency region, at ca. 1751 cin(in argon) and 1746 cnt
(in xenon). The two other theoretically predicted bands (1734
and 1721 cm?) correspond to the stretching vibrations ofC
M O groups in the cis arrangemenitll conformers expected to
‘ , ‘ , ‘ . , be relevant experimentally<VI) have at least one=€0 group
600 800 1000 1200 1400 1600 1800 in this arrangement: formis Il , 1l , andIV contribute to the
Wavenumber (cm-) predicted band at 1734 crh while, Il, V, andVI contribute
Figure 4. Comparison of the FT-IR spectra of PTD isolated in argon to that at 1721 cmt. These two theoretically predicted bands
(2) and xenon (b) matrix with the spectrum resulting from the sum of rg|ate with the bands observed in the 17040 cnt? region
the calculated [B3LYP/6-3Ht+G(d,p)] spectra of conformets-VI in the matrix spectra.
(c), in the 506-1850 cnT? range. In the calculated spectrum, intensities ) ) ) o
were weighted by the estimated relative abundances at 423 K; Annealing of the argon matrix (cf. Figure 5a) within the
frequencies were scaled as described in the Computational Methodstemperature range 27 K brings a slight decrease of intensity
section. of the 1751 cm? band, with simultaneous general increase of
Both the conformational flexibility as well as the size of the the bands in the 179.0174(.) entt range. These changes could
PTD molecule implicates broad and superimposed bands in the.be du_e to _cqnformatlonal Isomerization, therefore, and, to help
experimental spectra. In addition, the predicted frequencies for" ratlonaI|Z|_ng the Qbservatlons, the relevant conformatmngl
the pairs of conformers differing by the signs of boBEE16021 interconversion .barrllers were ca!culated (cf. Table 3). Thg pairs
and GC.CyOss dihedrals (e.g.J/l, 111 IV, VIVI, and VI / of conformers d|f_fer|ng by one dihedral angle were considered
VIIl ) are practically coincident. Therefore, these pairs of o_nIy_, as the barriers for these Processes can be ex_pected to be
conformers are particularly difficult to differentiate based on S|gn|_f|cantly lower than the barriers involving rotation about
experiment. Hence, the proposed assignment of the spectra (selénlJItIIDIe b°”0!3- ) ) )
Tables 2S and 3S in the Supporting Information) should be AS shown in Table 3, the predicted barriers for conversion
treated as tentative. Nevertheless, the presence of three differen@f conformerV into I and of conformeiVI into Il are quite
types of conformations: cis/cid @ndIl), cis/trans (I and ~ Small (4.6 and 2.9 kJ mot, respectively). According to the
IV), and trans/cis \( and VI) is proven on the basis of Barnes relationshif the rapid conversion of conformb’rmtq
experimental data, as shown in detail below. On the other hand,conformerl can then be expected to take place in the matrix at
it is not possible to identify experimentally the highest energy temperatures in the range 280 K, while conversion of
conformersVIl andVIlI , due to their low abundance. Because conformerVI into Il may require an even lower temperature.
of the possible influence of a matrix environment on the relative On the other hand, the barriers for conversion of fofthsand
abundance of conformers during the deposition process, com-IV into conformersil and |1 (ca. 10-11 kJ mot™) are large
puted abundance values should be treated as semiquantitativeenough to require a considerably higher temperaterd(K=°)
rather than fully quantitative. Nevertheless, even treated as!0 be overcome. These processes are then not expected to occur
approximation' they allow rationalizing experimenta| observa- in the matrix. Therefore, the decrease of intensity of the band
tions, for example lack of high-energy conformeiis andVIIl . at 1751 cm* observed up to 27 K can be rationalized
In the discussion below, data obtained in argon and xenon considering the conversion of conformersand VI into the
matrixes will be considered in deeper detail, since observationsMost stable formd and I, respectively. [To exclude other
made in krypton matrixes were essentially similar to those made Possible abundance-affecting factors, irradiation of the argon
in xenon. Discussion will be focused only into two spectral Matrix of the compound with the UV light (Xe lamp, Osram
regions, the carbonyl stretchings region (166@80 cnt?) and XBO 150 W/CR OFR, 3 h) was applied, demonstrating that
the 1200-1280 cnt? range, because in these two regions the the compound is photostable and the relative populations of the
general spectral profiles and their changes with both temperatureconformers do not change under influence of UV light.] As
and matrix gas are more clear. However, it shall be noticed thatmentioned above, the decrease in intensity of the 1751'cm
the conclusions presented below are also supported by theband is accompanied by a general increase in the intensity of
detailed ana]ysis of other spectra| regionsl the absorptions in the 176740 cn'? Spectral range, which
1. 1660-1780 cni! Region (G=O Stretching Vibrations). have a predominant contribution from the=O stretches of
In the carbonyl region of the PTD spectrum in solid argon (as- conformersl andll.
deposited matrix) there are bands in two spectral ranges: around These results are straightforward and are in consonance with
1750 cnt! and 1706-1740 cntl. Absolute maxima in these  both the relative stability of the various conformers predicted
two spectral ranges are observed at 1751 and 1713L,cm by the calculations and the calculated energy barriers for
respectively. Clearly, each spectral region is formed by several conformational interconversion. The more a priori unexpected
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TABLE 3: Theoretical Values of Conformational
Interconversion Barriers for Selected Conformers of PTD

(kJ mol~1)2
a | 1 1l \Y \Y VI VI VIl
< | - 13.4 8.6
0.20- —r 14.2 9.3
= Rs I - 11.9 7.1
: = 12.8 7.8
1| = =5
as s 2 i 10.7 - 8.7
= A 11.5 9.5
0.104 \ 10.1 - 0.5
10.9 1.3
\% 4.6 - 13.8
0.05- 5.3 14.3
Vi 2.9 - 12.1
3.6 12.6
g = . : . : = - Vii 1.4 78 -
g 1680 1700 1720 1740 1760 1780 1800 2.2 8.3
8 Vil 8.0 6.9 -
a 8.8 7.4
< S soe . : :
. S E Calculations done at B3LYP/6-31G(p) level using the STQN
= method (QST3). Values given include the zero-point correction to
0.10- = = b energy. The conformers in rows and columns denote reactants and
= products, respectively. Two different values are given due to two
= i different possible pathways.
0.08 A N
s configuration before aggregation, as it is shown by the observed
9.0%7 = growth of the band at 1754 crh at nearly the same frequency

o

of the monomeric band at 1751 cfito which, as pointed out
above, these conformers contribute. Note that conforriers
andlV do also contribute to the band at 1751 ¢mHowever,
conformational reorganization to these forms before aggregation,
induced by the increase of the electrostatic field due to
approaching of the solute molecules during annealing, is rather
improbable, since they have significantly lower dipole moments
when compared t&/ andVI (among the six experimentally
relevant conformers of PTO|l andIV are those having the

Figure 5. Carbonyl stretching vibrations spectral region of the IR 15\ast dipole moments; see Table 2). Moreover, the barriers
spectra of matrix-isolated PTD: (a) isolated in argon matrix; (b) isolated for conversion of th r’n t abundant conform r, in th i
in xenon matrix. Traces shown in panel a (argon) correspond to the or conversion o € most abundant conformers € as

spectra obtained immediately after deposition at 11 K (black), and after deposited matrix,| and II, into conformersV and VI,
annealing to 23 (red), 27 (blue), and 31 K (green). Traces shown in respectively, are significantly lower than those associated with
panel (b) (xenon) correspond to the spectra obtained immediately afterthe conversion of these forms into conformétsandIV (ca.
deposition at 20 (black), 36 (red), and 60 K (blue). “A” denotes high- 7—9 kJ mol? vs ca. 12-14 kJ mot?; see Table 3). The
order aggregates; “O” stands for transient long-range oligomers (seegpseryation of the transient long-range oligomers is possible

texy). due to the restricted translational freedom of PTD molecules in

results were obtained when the argon matrix of PTD was the matrix. It is clearly noticeable in the argon matrix because
annealed to higher temperatures. Above 27 K, two features, atin this case the initially dominant conformerdsgnd|l) have
1754 and 1705 Crﬁ-' grew Considerably, whereas the intensity geometries and vibrational Signatures that differ Considerably
of all other bands in this range decreased (see Figure 5a). Atfrom that assumed by the monomeric units in the aggregated
first, these Changes could be ascribed to aggregation’ but theSpeCiES. It is worth mentioning that such kind of intermediate
things cannot be so Straightforward, since in the spectra of the structures was observed previously in a neon matrix in relation
neat compound in solid phase (both amorphous and crystalline)with the process of aggregation of NO.
no bands are observed above 1725 Effspectra of neat PTD Very interestingly, the spectroscopic results point to a
in the solid phases will be discussed later in this paper). structure of the PTD molecules in the aggregates where the
The observations can be explained as follows. At temperaturesmethyl ester groups are in a more planar conformation than in
higher than ca. 27 K, the argon matrix is much softer and some the isolated monomer. Indeed, due to the polarization of the
reorganization of the medium is expected. Therefore, the solute C=C—C=0O moieties, where the positively and negatively
molecules are allowed to start approaching to each other andcharged atoms are alternate{&Co+—C?"=0°"), the through-
interact. Because of the size of PTD, however, the mobility of space field interaction between the dipoles associated with the
the molecules is low and the aggregation process is partially C°~=C?* and C+*=0°" bonds leads to increase of the double
restricted. On the other hand, at a given point, when the selute bond character in the case of the trarfs€CoT—Co+t=0°~
solute long-distance interactions between the approachingconformation and to a decrease in it in the cis geometry.
molecules start to become important, the electrostatic field felt Naturally, these effects are more pronounced for more planar
by the interacting solute molecules changes and they maygeometries, where the alignment (parallel for trans and anti-
rearrange toward the conformer(s), which is (are) stabilized parallel for cis) between the two bonds is more effective.
under these conditions. In the PTD case, the geometry of Consequently, the carbonyl stretching frequency can be expected
conformersV and/or VI seems to be close to intermediate to increase for the trans and decrease for the cis arrangement,

0.04

1660 1680 1700 1720 1740 1760 1780
Wavenumber (cm™)
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when the corresponding methyl ester group approaches moreFigure 5b). Note that the 1703 cthband must have contribu-
to the plane of the rings. This is exactly what is observed tions fromV andVI, but also froml andll, as shown by the
experimentally, with the frequency associated with the trans calculations (see Table 3S). However, in the xenon matrix, the
methyl ester group increasing from 1751 to 1754 ¢and that 1703 cn1! band has a dominant contribution from forivisand
associated with the cis methyl ester group decreasing fromVI, which are the most abundant conformers in this matrix,
around 1709-1713 cnrt to 1705 cnTt. while its counterpart in the spectrum obtained in argon (1709
It is also worth mentioning that conventional short-range €M *) have a dominant contribution froimandll, since these
higher order aggregates of PTD were also present in some extenforms are the most populated conformers in that matrix. Unless
in the annealed argon matrix, as revealed by the observation ofthe two types of conformers would absorb exactly at the same

the broad shoulder in the 1682700 cn? region, which position, the peak positions of the observed bands (1709 cm
increases in intensity during annealing. in argon or 1703 cmt in xenon) are mainly determined by the

The results obtained in xenon matrixes provided further POPUlation of the dominant forms and their peak intensity
information to understand the conformational behavior of PTD. changes are determined by the change in the population of these

As already mentioned, in this case the spectrum of the forms. Consequently, during the first stages of annediioidy

as-deposited matrix (20 K) exhibits a set of superimposed band_s increase slightly in intensity, since in each matrix th_e
absorptions in the 17061740 cm? region (with relative dominant conformers correspond to the most stable forms in

maxima at 1719, 1711, 1706, and 1703 &nwhich correlate t_hat m_edia a_nd are then populated as a result of the confor_ma-
with the broad structured band observed in argon nearly in the tional isomerization processes. Concomitantly, the band; malnl_y
same spectral region, and a higher frequency band, due too!ueto the corresponding less sta'ble.forms decreasg of.mtensny
conformerslil —VI, with maximum at 1746 cm (1751 cnr? (in argon, the band at 1751 cy with important con.tr|but|ons
in argon). Noteworthy, the profile in the 1760740 cnt® from V andVI, and in xenon the bands in the region beftween
region observed in the as-deposited xenon matrix (Figure 5b) the 1703 and 1719 .c‘rﬁ, which have important contributions
resembles closely that corresponding to the argon matrix after fom I andll; see Figure 5).
annealing to 31 K, though the bands show the usual frequency The changes upon annealing of the xenon matrix at higher
shifts to lower values (e.g., the bands observed in argon at 1720temperatures (ca. 35 K) were found to be less prominent than
and 1709 cm! correlate respectively with the bands at 1719 in argon matrix, because extensive conversion of conforiners
and 1703 cm? in xenon). On the other hand, when compared andll into formsV and VI had already taken place during
with the spectrum of the as-deposited argon matrix, the spectrumdeposition of the matrix and in the first stages of annealing.
obtained in xenon shows a substantial reduction of intensity in Therefore, the spectra obtained at the highest temperatures
the region between 1703 and 1719 ¢nfcorresponding to the  during annealing reveal essentially the formation of high-order
region between 1709 and 1720 chobserved in argon). This  aggregates. When compared with the argon matrixes, the
observation can be correlated with a comparatively smaller formation of these aggregates in the xenon matrixes is signifi-
amount of conformersandll in the as-deposited xenon matrix. ~ cantly facilitated by the a priori much larger population of the
Since the temperatures of the vapor of PTD before deposition conformers that have the appropriate geometry to aggreyate (
were close enough in the two series of experiments (argon andandV1). In fact, the shoulder observed at 1695 ¢rtand also
xenon) to keep relative populations of the conformers nearly the weak broad band observed at 1760 €and that underlying
unchanged (see Table 2), the notoriously different trapped between 1730 and 1740 ci), which is unequivocally ascrib-
conformational populations imply the occurrence of conforma- able to high-order aggregates, is observed from the very
tional cooling during deposition of the xenon matrix. It is well-  beginning in the spectra obtained in xenon (and similarly in
known that xenon is a much better matrix-gas to induce Krypton). This clearly indicates that formation of these species
conformational cooling than argdA.23 Since conformational is facilitated in this media and may be formed during deposition,
cooling must necessarily lead to increase of the population of even when the guest-to-host ratio was lowered to a value
the conformers that are more stable in the matrix, the experi- significantly smaller than that used in experiments with argon
mental data indicate that in the xenon matrixes (and also in theas host gas. [In our experimental set up, the guest-to-host ratio
krypton ones) the relative stability of formidl andV/VI are cannot be determined precisely. However, relative guest-to-host
reversed compared to both gas-phase and argon matrixes. Thereatios can be easily estimated from spectra, once the matrix gas
are other molecular systems where similar observations werefluxes and deposition times are equal, as in the present studies.
reported; i.e., the most polar forms were found to be stabilized The relative concentration of the matrixes in this case is directly
in the more polarizable matrixes and became more stable thanproportional to the amount of PTD deposited and can be
the (less polar) forms that are the most stable ones in the gas-monitored by the absorbance values of the spectra of the
phase or less polarizable matrix@s?® The necessary general compound. For example, in the case of the spectra shown in
conditions that need to be satisfied to make possible experi- Figure 5, the concentration of the argon matrix is nearly twice
mental observation of this inversion of the relative stability of that of the xenon matrix.]
conformers are (i) close energies of the conformers in the gas 2. 12006-1280 cm? Region.In the 1206-1280 cn region
phase (with the less polar form being the most stable), (i) the spectrum of PTD isolated in argon matrix shows bands at
significant differences in the dipole moments of the conformers, 1206, 1216, 1223, 1237, and 1247 @nfcf. Figure 6a). In a
and (iii) accessible energy barriers for conformational isomer- xenon matrix, bands at 1206, 1216, 1234, 1242, and 1249 cm
ization. All these conditions are fulfilled in the case of the are observed (cf. Figure 6b). According to the calculations, the
relevant conformers of PTD (formégll andV/VI). bands at 1206 and 1247 cfobserved in argon and their

In consonance with the reversed order of stability of counterparts in the spectra obtained in xenon (1206'and
conformerd /Il andV/VI in the xenon matrix, the first stages site-split doublet at 1242/1249 cf) must result from super-
of annealing of this matrix led to a small increase in the intensity imposed absorptions of all the experimentally relevant conform-
of the bands at 1746 and 1703 thboth of them expected to  ers. On the other hand, the calculations predicted that forms
possess a significant contribution from forrdsand VI (see andll (cis/cis) should give rise to a well-separated band near
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Figure 7. Comparison of FT-IR spectra of the amorphous (a) and
crystalline (b) phases of PTD with the calculated spectrum of conformer
VI (c).

0.1

bands at 1705 and 1754 ctnobserved in the carbonyl
stretching region and ascribed above to this latter species. In
xenon, only one broad band at ca. 1216 énis noticed,
resulting from overlap of bands due to conformBts IV, V,
andVI. Annealing brings an increase of the intensity in this
spectral region, which is due to the absorption of aggregates.
As it could be expected considering the relevance of conformers
VIVI to the structure of the aggregates, this gain of intensity
was found to be particularly noticeable in the higher frequency
Figure 6. 1200-1280 cn? spectral region of the IR spectra of matrix- wing of the 1216 cm? band.

isolated PTD: (a) isolated in argon matrix; (b) isolated in xenon matrix. . .

Traces shown in panel (a) (argon) correspond to the spectra obtained 4.3. Amorph_o_us _SOIId and Crystalline State of PTDThe
immediately after deposition at 11 K (black), and after annealing to 23 Observed stabilization of conforme¥VI in the xenon (and
(red), 27 (blue), and 31 K (green). Traces shown in panel b (xenon) Krypton) matrixes, as well as the observed increase of the
correspond to the spectra obtained immediately after deposition at 20 population of at least one of these conformers during annealing
(black), 36 (red), and 60 K (blue). “A” denotes high-order aggregates; of the argon matrix, giving rise to the transient long-range

“O” stands for transient long-range oligomers (see text). oligomers described in the previous section, suggested the

1235 cnr! (calculated values: 1236, 1235 chl, Il ; mostly dominance of this species in the neat solid state of the
a methyl rocking vibratiorrsee Tables 2S and 3S). The four compound. Therefore, a solid amorphous film of PTD was
trans/cis conformers should absorb at lower frequencies (cal-obtained from fast deposition of the vapor of the substance (at
culated values: 1218, 1217, 1216, and 1216 %rfor IV, 11l , 423 K) onto the cold tip of the cryostat kept at 11 K, and
V, andVI, respectively). subsequently annealed up to the temperature (ca. 298 K) at
The band at 1237 cm in argon could then be easily assigned Which the transition of amorphous to crystalline state was
to conformerd andll . This band showed the expected behavior noticed. The spectra of both the as-deposited amorphous and
upon annealing, starting to decrease only at temperatures highe€grystalline solids of PTD are presented in Figure 7.
than 27 K. The most significant indication on the origin of this Although the bands are considerably broadened in the
band is, however, the much lower intensity of its counterpart amorphous phase spectrum (Figure 7a), the frequencies of the
band in the case of xenon matrix (at 1234 ¢m which is absorptions are nearly coincident with the frequencies observed
consistent with the conversion of these forms into conformers in the matrix spectra. This can be easily correlated with the
V andVI during deposition of this latter matrix, and then with  fact that PTD is not able to form strong intermolecular H-bonds
the conclusions previously extracted based on the analysis ofdue to the lack of efficient proton donor groups. Therefore,
the carbonyl stretching region. stacking between the pyrrole rings is probably the dominating
The bands at 1223 and 1216 chin argon, which experience  type of intermolecular interactions in the neat amorphous state
distinct patterns of variation of intensity with annealing, are (this is also in agreement with the indication provided from the
ascribed to conformeig/VI, andlll , andIV, respectively. As spectroscopic data for the matrix isolated PTD that the methyl
expected, the band due to forniid and IV is practically ester groups in the aggregates approach the plane of the rings;
unaffected by annealing. On the other hand, the band due tothe molecule as a whole becomes more planar, then allowing
conformersv andVI systematically increases in intensity. With ~ for better stacking). Nevertheless, the observed shift of the band
all probability, this band results from both monomeric species assigned to the=S0O stretching vibration from ca. 1367 cth
and transient long-range oligomers. In fact, its pattern of in the matrixes to ca. 1342 crhin the amorphous phase (to
variation with temperature is identical to that followed by the ca. 1329 cm! in the case of the crystalline state) may be an
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indication that in the neat solid this group is involved in a weak the GC;Ci9021 and GC4C20023 groups relative to the ring
H-bond, possibly with one of the methylene ring or methyl ester system of the molecule were predicted to exist in the gas phase
groups acting as a donor. The existence of such kind of equilibrium with experimentally significant populations within
interaction must, however, not be taken as established, sincethe temperature range 38823 K. In consonance with the
the observed frequency shift, though being considerable, cantheoretical predictions, the subtle differences in the vibrational
just be due to a change of polarity of the media. spectra of the conformers belonging to the same group prevented
Compared with the spectrum of the amorphous film, the any identification of individual conformers within a group.
spectrum of the crystal (Figure 7b) presents bands considerablyNevertheless, the presence of these three groups of conformers
narrower. This could be anticipated taking into consideration was undoubtedly confirmed in the matrixes. The conformers
the greater similarity of the local molecular environment in the with both GC1C1¢0,1 and GC4C,¢O23 dihedral angles in pseudo
ordered crystalline state, comparatively to the unordered amor-cis arrangement @ndll ) are most stable in both the gas phase
phous phase. However, the peak positions in both spectra doand argon matrix. The higher polarizability of the krypton and,
not differ very much, and the number of observed bands doesparticularly, xenon matrix results in change of the order of
not change appreciably (when new bands are apparent in thestability of the conformers of PTD in these media: the
crystalline state spectrum, they result from the better intrinsic conformers with the highest dipole moment (trans/ssand
resolution of this spectrum compared to that of the amorphous VI) become the most stable forms, as it is demonstrated by the
phase, while no bands observed in this latter disappear aftercomparison of the as-deposited spectra obtained for matrixes
crystallization). These results point to the presence in both the of different hosts as well as by annealing experiments.
amorphous phase and crystal of the same molecular species. In argon matrixes, transient long-range oligomers were
Taking into consideration the results obtained for the matrix observed, whose constituting units are similar to foliigl,
isolated compound, either conformé&f or VI are good though presenting a slightly higher degree of planarity than the
candidates for being such species (or a mixture of both forms). isolated monomers. In the more polarizable Kr and Xe matrixes,
Indeed, as already mentioned, the IR signature of these twoformsV/VI are dominant even in the as-deposited matrix, due
forms are so identical that they cannot be distinguished even into conformational cooling during deposition (conversion/df
the case of the matrix isolated compound. [In Figure 7c we into the most stable in these media conformér¥1). In the
present also the calculated spectrum for conforvfierthe most neat solid compound (both amorphous and crystal), only forms
polar form; as can be seen, it fits nicely the experimental spectraV andVI (or one of these) exist.
of both neat amorphous phase and crystal of PTD; the same
happens with the spectrum of conformérthat is, in practical Acknowledgment. Calculations were done at the Academic
terms, indistinguishable from that of for¥fl.] Thus, the precise =~ Computer Center “Cyfronet”, Krakow, Poland (Grant KBN/
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the calculated gas-phase barriers associated with conversion oPTD conformers calculated at B3LYP/6-3t+G(d,p) level,
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than those for interconversion between forffis andV/VI (see mode analysis of PTD, Table 3S, assignment of experimental
Table 3). However, also in this case at leastlthe— | andIV spectra of PTD in Ar and Xe matrixes at 11 and 20 K,
— Il barriers are well within the range of values (ca. 10 kJ respectively, and Table 4S, IR frequencies observed in the
mol~1) which allow to admit that, once the effect of the media spectra of amorphous and crystalline state of PTD with the
is taken into account, they can be overcome during preparationassignment of the crystalline state based on calculated frequen-
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