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The structure, preferred conformers, vibrational spectrum, and photochemical behavior of the novel azirine,
methyl 2-chloro-3-methyl-3-azirine-2-carboxylate (MCMAC) were investigated in low-temperature matrixes
and in the neat solid amorphous state by infrared spectroscopy and quantum-chemical calculations. Two
conformers of the compound were observed in argon, krypton, and xenon matrixes, in agreement with the
DFT(B3LYP)/6-31H+G(d,p) and MP2/6-31t+G(d,p) theoretical calculations. Both conformers were found

to exhibit the carboxylic ester group in the cis conformation, differing in the arrangement defined by the
O=C—C—Cl dihedral angle (cis and tranfer Ct and Cc forms, respectively). The Ct conformer was found

to be the most stable conformer in the gaseous phase as well as in both argon and krypton matrixes, whereas
the more polar Cc conformer became the most stable form in the xenon matrix and in the neat solid amorphous
phase. In situ broadband UM ¢ 235 nm) excitation of matrix-isolated MCMAC led to azirine ring-C

and C-N bond cleavages, the latter process corresponding to the most efficient reaction channel. The
photochemical cleavage of the-@®l bond had never been previously observed in the case of aliphatic 2
azirines. Two electron withdrawing substituents (methoxycarbonyl group and chlorine atom) are connected
to the azirine ring in the novel MCMAC azirine. The simultaneous presence of these two groups accelerates

intersystem crossing toward the triplet state where cleavage of thé¢ kbond takes place. The primary
photoproducts resulting from the-<IN and C-C ring-opening reactions were also found to undergo further
photochemical decarbonylation or decarboxylation reactions.

Introduction SCHEME 1: Relevant Naturally Occurring Azirines
(1—3) and General Formula of 2H-Azirines Bearing a

2H-Azirines are unique strained molecules having =NC Carboxylic Ester Substituent at C2 (4)

bond incorporated into a three-membered ring. The ring system
occurs naturally in some antibiotics such as azirinomycin, A
(isolated fromStreptomyces aurasiltures;1 in Scheme 1) and /
its methyl estet.In addition, both enantiomers dR(—(+)- and \
(9—(—)-dysidazirine2 and §—(+)-antazirine3 were isolated HiC H
from the marine spongBysidea fragilis! )
Synthetically, M-azirines were first isolated in 1932 as
intermediates in the reaction of oxime tosylates with base to
give a-aminoketones.Since 1953, when the structure dfi2
azirines was confirme#dl¥ and mainly because of their high
reactivity (both as nucleophiles and electrophiles), extensive
research has been carried on the structure and reactivity, aswell X" COOR R
as thermo- and photochemical behavior bf-2zirines>~1° R
Azirines are important intermediates in the preparation of g, re=aiy
acyclic functionalized aminoderivatives and heterocyéfe® @
In particular, 2-azirines containing a carboxylic ester group,
4 (see Scheme 1), are excellent reagents for the preparation oproper reagents as well as from thermal or photochemical
functionalized aziridiné€ and o- and -amino acid deriva- excitation. It has been reported that the-I€ cleavage is
tives20-23 generally favored by pyrolysis?426 although G-C bond
The strategies of preparation of the above-mentioned deriva-cleavage was also reported in the thermolysis of a series of
tives might be variable, as the opening of the three-membered2-alkyl-3-phenyl substitutedt2-azirines?” On the other hand,
azirine ring might be accomplished owing to reactions with the photolysis of M-azirines has been shown to result almost
invariably in ring-opening through heterolytic cleavage of the
:To _whom corresp_ondence should be addressed. E-mail: rfausto@ci.uc.pt. c—C bond, yielding nitrile ylide§? which can eventually react
University of Coimbra. . . - . .
with 1,3-dipolarophiles to form the corresponding cyclic adducts

* Universidad de Buenos Aires.
§ Jagiellonian University. (see Scheme Z2§:2°
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SCHEME 2: Photochemical C-C Bond Cleavage of M-Azirines and Subsequent Reaction of the 1,3-Dipole (Nitrile
Ylide) with a 1,3-Dipolarophile (X =)

N
N R Ph /
hv - + S
/ C N X=—=Y
R / 1,3-dipolarophile
Ph R"

X—Y
Ph R
nitrile ylide

SCHEME 3: Synthetic Route to 2-Chloro-3-methyl-2H-azirine-2-carboxylate (MCMAC). The Product (7) Is Obtained as
Racemic Mixture

e N
coome NCS A
———> Me(N,)C=C(C)COOMe —— =
HyC TMSN, -N, cl
Hac COOMe
PPhs (6)

(5) )

Quantum chemical theoretical studies gave further support nm light, the C-C cleavage occurred exclusively, whereas
to the reported mechanism of photochemical ring cleavageé. replacement of the naphthyl hydrogen in the para position
It has been suggested that a triplet intermediate is involved in relative to the Bi-azirine ring by a halogen atom produced a
the formation of the singlet nitrile ylide that follows opening mixture of the products arising from the<@ and C-N bond
of the ring by C-C bond cleavag&.33More recently Klessinger ~ cleavages, and its substitution by a NQ@roup led to the
and Bornematt-3>concluded, in accordance with the observa- exclusive occurrence of the-N bond cleavage.
tion of the ultrafast formation of phenylnitrile ylide fromtH2 Since, according to the previous reported stuéfie®’ the
phenylaziriné® that the photochemical process should occur presence of electron withdrawing substituents on the azirine ring
from the nr* S; excited state through a conical intersection carbon atoms may favor the-N photochemical cleavage, we
between the Sand $ states. decided to synthesize a novetizazirine bearing the chloro and

The matrix isolation technique was also applied previously methoxycarbonyl substituents, methyl 2-chloro-3-methyi-2
to the study of the photochemical cleavage bf&zirines. One  azirine-2-carboxylate (MCMAC) and study its photochemistry
of the main advantages of this method results from the fact that, as an isolated species in cryogenic noble gas matrixes. This
in a matrix, the reactions are cage-confined. Since molecular compound has also other structural characteristics that make it
diffusion is inhibited, no reactions involving species staying in particularly interesting to be studied by the matrix isolation
different matrix sites will transpire, and only unimolecular method: (a) It is a halo derivative (it is known that halo
reactions are expected which introduces a useful simplification substituted azirines are highly unstable at room temperature;
in the study of photochemical reactivity. Very interestingly, it therefore, a cryogenic matrix offers an ideal environment for
was Pimentel himself, the scientist that gave the name to thethe study of their infrared spectra and monitoring their photo-
matrix isolation method! who was the first to study photochem-  chemistry). (b) It has a COOGHsubstituent. This group has
ical reactions of B-azirines by matrix isolation spectroscofy* two main characteristics: it can react upon irradiation (e.g., in
Pimentel and co-workers were able to observe directly the nitrile a decarboxylation or decarbonylation reaction), and it can give
ylides generated photochemically from 3-phenid-@zirine as rise to conformational isomerism. (Two internal rotation axes
well as their isotopic labeled derivatives i Ratrixes at 12 can be associated with the COOgIdroup: The first is
K. Their detailed examination of the IR spectra revealed that associated with the -€C bond which connects the methoxy-
the nitrile ylides do not have a propargyl-like structure&cC  carbonyl moiety to the H-azirine ring, and the second is

N+_—C’, but an allene structure with a slightly twisted-€N+t=C associated with the €0 bond allowing for the rotation of the
moiety° _ OCH;z group).
Very recently, Inui and Muratd™*? have demonstrated that In the present study, a systematic search on the possible

both C-C and C-N bonds can indeed be cleaved upon minima on the potential energy surface of the compound was
photolysis of matrix isolated H-azirines bearing a naphthyl  performed at the density-functional theory (DFT) level to

substituent on C2, depending on the irradiation wavelength. To jnyestigate the conformational preferences of MCMAC. Then,
explain the unusual photochemical cleavage of theNdbond  thjs information was used to aid the interpretation of the
[which was achieved upon irradiation at long wavelengtB§6  spectroscopic data obtained for the compound isolated in
nm)], Inui and Muratd~** proposed a mechanism involving  different noble gases (argon, krypton, and xenon) cryogenic
the formation of a vibrationally excited biradical with vinyl  matrixes. Finally, the reactivity of the matrix-isolated compound

nitrene character. This species is generated from the tripletupon in situ UV broadband irradiation was investigated.
excited state of the azirine produced by the intersystem crossing

from the § state having an electronic character of a localt*
excitation of the naphthyl moiety. This biradical later undergoes
a Curtius-like rearragement to the experimentally observed Synthesis and Characterization.MCMAC (7; Scheme 3)
ketene imine. Very interestingly, the photochemicalNCbond was prepared using a previously reported general synthetic route
cleavage has been found to be particularly sensitive to chemicalto 2-halo-H-azirines***5The phosphorus ylides) (1.76 g, 4.5
substitution. Inui and Murafé 43 reported that when 3-methyl-  mmol) was dissolved in dichloromethane (50 mL) and a solution
2-(1-naphthyl)-H-azirine was irradiated with 308 1 < 366 of azidotrimethylsilane (TMSB 0.71 g, 6.5 mmol) andN-

Materials and Methods
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chlorosuccinimide (NCS; 0.87 g, 6.5 mmol) in dichloromethane Ct Cc
(100 mL) was added. The reaction was completed after 5 min. 7 g
The residue obtained upon removal of the solvent was purified 4

by column chromatography [ethyl acetateexane (1:2)] and 8 16() . °
gave the methyl 3-azido-2-chlorobut-2-enodgdirectly as a *3 y J
yellow oil (82%). A solution of the vinyl azide (2.0 mmol) in 1
heptane (10 mL) was heated under reflux for 2.5 h (the reaction : 4 T

was monitored by TLC). The reaction mixture was cooled, and 4 ‘_‘J .. JJ
the solvent was evaporated giving the aziriig s a yellow P vi12 4 \
oil (99%).H NMR 2.62 (3H, s), 3.81 (3H, s}3C NMR 10.7, 4 d 9
53.2, 53.8, 165.6, 168.0wz (Cl+) 166 (MNH,™, 100), 144 i

30), 135 (25); HRMS (Cljw'z 148.0170 N;O,Cl [MH 1], AE=0.0 p=2.56 AE=23 p=4.91

(30) (25) (i (GHNLOLI[ ] (,B)= (-0.2°, -168.9%) (cup)=(2.8°, 5.0°

148.0165). Phosphorus ylid8)(was prepared using a general
procedure described in ref 46.

Infrared Spectroscopy.The IR spectra were obtained using Tsk' Tsk
a Mattson (Infinity 60AR Series) Fourier transform infrared » )
spectrometer, equipped with a deuterated triglycine sulfate
(DTGS) detector and a Ge/KBr beam splitter, with 0.57ém
spectral resolution. To avoid interference from atmosphes@ H J\ \ J
and CQ, a stream of dry nitrogen was continuously purged o g o
through the optical path of the spectrometer. The compound
was placed in a specially designed doubly thermostatable

Knudsen cell, whose compartments (sample container and valve 4

nozzle compartments) were kept at 298 K during deposition of 9 J
the matrix. Matrixes were prepared by co-deposition of MC- AE=32.8 p =269 AE=454 ;1 =6.36
MAC vapors coming out of the Knudsen cell together with a ()= (1725, -1156) (.B)= (167.8% 124.9)

large excess of the matrix gas (argon N60, krypton N48, or Figure 1. Conformers of MCMAC optimized at the DFT(B3LYP)/
xenon N48; all obtained from Air Liquide) onto the Csl substrate gﬁiﬁﬁ:gﬁg}p?e@ﬁ! igfkshﬁ]cggi)gir:z é?eog?n”;rggmbe(fiig%:fgh;me-
of the cryostat cooled to ;O K (for argon and krypton matrixes) are also provi%e d, as well as the 005011812 (a) and QZéS C,Cla é)

anq 20 K (for xenon matr!xes). Al expenments were p_erformed dihedral angles (in degrees). The calculated energy of the most stable
using an APD Cryogenics closed-cycle helium refrigeration conformer (Ct) is—2256671.95 kJ mot.

system with a DE202A expander. After depositing of the

compound, annealing experiments were performed until a obtained using the synchronous transit-guided quasi-Newton

temperature of 35 K (Ar), 55 K (Kr), or 60 K (Xe) was attained. (STQN) method3

Irradiation of the samples was carried out with a 150 W xenon Nor'mal coordinate analysi; was undertaken in the ?nternal
arc lamp (Osram XBO 150W/CR OFR) or with the 500 W coordinates space, as described by Schachtschi¥éidsing

: the program BALGA and the optimized geometries and
mercury(xenon) lamp (Newport, Oriel Instruments) through the ; .
outer KBr window of the cryostati(> 235 nm). harmonic force constants resulting from the DFT(B3LYP)/6-

. . 311++G(d,p) calculations.
The low-temperature solid amorphous layer was prepared in
the same way as the matrixes but with the flux of matrix gas Results and Discussion
cut off. The layer was then allowed to anneal at a slowly i )
increasing temperature up to 215 K. IR spectra were collected G€0metries and EnergiesThe MCMAC mol'ecule can be
during this process every +20 K of temperature change. After under§tood as a chiral carb.on atom bound to: (a) a COOCH
the temperature exceeded 215 K, the substrate was cooled bacR'OUP; (0) a chlorine atom; (c) a C(GHgroup and (d) an

to 10 K, and spectra were collected each-20 K. azirinic nitrogen atom (see Scheme 3). ,
. . The molecule is characterized by two internal rotation axes,
Computational Methodology. The quantum chemical cal-

. . . . O=C—0—CHz and G=C—C—Cl, which can give rise to
culations were performed with Gaussiarf@8nhd Gaussian 08 . : o 3
at the MP2 and DFT levels of theory, with the standard conformational isomers. To identify the minimum energy

. ! conformations of MCMAC, a systematic investigation of the
6-311++G(d,p) basis set. In the case of DFT calculations, the o tia| energy surface of the molecule was undertaken using

B3LYP density functiondf“*was used. Geometrical parameters o g3 vp/6.311+G(d,p) method. Four different conformers
were optimized using the geometry direct inversion of the | o e found (Ct, Cc, Tk and Tsk; Figure 1), all of them
invariant subspace (GDIIS) meth8&t2Vibrational frequencies belonging to theC; symmetry point group. The scheme adopted
were calculated at each level of theory and the nature of the 1, gegignate the conformers is based on the conformations
stationary points on the potential energy surface (PES) resultingassumed by their relevant internal rotation axes: the conforma-
from optimization was determined by inspection of the corre- 51 defined by the &:C—O—CH; dihedral angle is indicated
sponding calculated Hessian matrix. The optimized structures by a capital letter (C= cis, @; T = trans, 186), which is

of all conformers described in this study were confirmed t0 fojlowed by lower case letters designating the conformation
correspond to true minimum energy conformations on the gefined by the @C—C—Cl dihedral angle (c= cis, O°; t =

different potential energy surfaces investigated. trans, 180; sk= skew, ca. 120 sk = skew, ca —12(°). The
Potential energy profiles for internal rotation were calculated optimized geometries for the four conformers of MCMAC are
performing a relaxed scan on the DFT(B3LYP)/6-311G- provided in the Supporting Information (Table S1).

(d,p) PES along the relevant reaction coordinates, and the Table 1 displays the predicted relative energies (including
transition state structures for conformational interconversion zero-point energy corrections) of the conformers obtained at
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TABLE 1: Calculated Relative Energies, Including Zero-Point Vibrational Contributions for the Conformers of MCMAC,
Predicted Gas-Phase Conformer AbundancesT(= 298 K), and Experimentally Determined Abundances in Different Matrice$

population (298 K9

DFT(B3LYP)/ MP2/ calcd (%) exptl (%)
6-311++G(d,p) 6-311++G(d,p) DFT(B3LYP)/ MP2/
conformer AEzpe AEzpe 6-3114++G(d,p) 6-311++G(d,p) argon krypton xenon
Ct 0.0 (-2256671.95) 0.0 (—2252334.42) 71.7 66.4 68.1H 1.8 69.6+ 2.4 63.1+ 0.7
Cc 2.3 1.7 28.3 33.6 31818 304+ 2.4 369+ 0.7
Tsk 32.8 34.0 0 0 0 0 0
Tsk 454 44.0 0 0 0 0 0

aEnergies in kJ mol'; conformers are depicted in Figure "1Total energies with zero point vibrational energy contributfoiccording to

Boltzmann distribution.

20 ~
0,~C0,-C,,~0°
TS1

15 TS2

10

Cc Ct Cc

AE/kJ mol”" [DFT(B3LYP)/6-311G++(d,p)]
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0,=C-C,Cl,

Figure 2. DFT(B3LYP)/6-311+G(d,p) calculated potential energy

profile for conformational interconversion between Ct and Cc. TS1
and TS2 denote the two transitions states.

the B3LYP/6-31%+G(d,p) and MP2/6-31t+G(d,p) levels

of theory. The calculations predict the Ct conformer as being
slightly more stable than the Cc form (2.3 and 1.7 kJ Thalt

the B3LYP and MP2 levels, respectively), while conformers
Tsk and Tsk correspond to high-energy structur&g ¢ 30

kJ mol) and are of no practical importance.

As it could be expected, the conformation within the
methoxycarbonyl group (cis or trans) is the main factor
determining the relative stability of the MCMAC conformers,
whereas the conformation defined by the=O—C—Cl dihedral

angle appears only as a secondary factor. Indeed, the preferenc

for the cis arrangement around the-O bond has been found

to constitute a very general rule for molecules bearing the

carboxylic acid or carboxylic ester grougs> In MCMAC,

the trans methoxycarbonyl conformation is further destabilized
relative to the cis arrangement because in the former conforma-

TS1, 15.5 and 12.9 kJ md}, through TS2, 14.1 and 11.5 kJ
mol~1, respectively). In the conformational studies of matrix
isolated molecules, knowledge of the barriers to the intramo-
lecular rotations is very important. More than 20 years ago
Barne$® pointed out that the possibility of trapping a species
in the matrix is related to the barrier to intramolecular rotation
separating it from the lower energy species. According to the
Barnes relation, barriers within the 425 kJ mof! range can

be overcome at ca. 45 K59 This range of temperatures is
too high to be useful for conformational studies performed in
argon matrixes, because one expects that at 40 K the matrix is
already considerably deteriorated and aggregation is already
taking place extensively. However, in principle one can expect
to be able to observe the €e Ct isomerization in both krypton
and xenon matrixes, since these matrixes can be annealed to
higher temperatures without significant matrix deterioration and
molecular diffusion.

In summary the theoretical results indicate that in the as-
deposited matrixes observation of two conformers of MCMAC,
Ct and C¢ might be expected. The relatively high energy
barriers associated with the Ce Ct conversion make this
process unlikely to be observed upon annealing of argon
matrixes. However, in both krypton and xenon matrixes,
observation of the Ce> Ct conversion seems in principle to
be possible by annealing the matrixes at temperatures above
ca. 40 K.

Vibrational Spectra. General AssignmentCMAC has 39
fundamental vibrations. For all the four conformers (Ct, Cc,
TsK, and Tsk), all fundamental vibrations are predicted to be
symmetry allowed in the infrared. Table S2 (Supporting
Information) displays the definition of the internal coordinates

sed in the normal coordinates analysis undertaken in this study.
he DFT(B3LYP)/6-31%+G(d,p) calculated vibrational fre-
guencies and infrared intensities for all the conformers of
MCMAC (including the nonexperimentally observed Takd
Tsk forms) and potential energy distributions (PEDs) of normal
modes are given in Tables S$6 (Supporting Information).

tion strong steric repulsions between the methyl group and the Figure 3 depicts the as-deposited spectra of MCMAC in

chlorine atom exist. Accordingly, the=8C—C—CI dihedral
angle in both Tskand Tsk is considerably different from 180

contrary to what is observed in the two most stable conformers,

where the G=C—C—CIl dihedral angle is close to 18(see
Figure 1).

The potential energy profile for interconversion between the
two most stable conformers of MCMAC obtained at the B3LYP/
6-311++G(d,p) level of theory is shown in Figure 2. Two

argon, krypton (T= 10 K), and xenon (T= 20 K) matrixes.
The calculated spectra of the Ct and Cc forms (weighted by
their estimated Boltzmann populations at 298 K: Ct, 72%; Cc,
28%) are also shown for comparison. Despite the systematic
band splitting due to trapping of solute molecules in different
matrix sites, the experimental spectra of MCMAC in all the
three matrixes are well reproduced by the population-weighted
calculated spectra of the two most stable conformers. This fact

transition states were found (TS1 and TS2), which are associatedstrongly facilitates the assignment of the experimental spectra,

with the internal rotation around the,€Cs bond in the two
possible directions. Taking into account the low difference of
energy between Cc and Ct (2.3 kJ m9) the energy barriers

the proposed assignments being presented in Table 2.

Once the bands of a single conformer could be identified, it
was possible to estimate the relative populations of the two

for both the direct and reverse reactions are quite high (through conformers trapped in the different matrixes from the observed
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Figure 3. Infrared spectra of MCMAC isolated in solid argon, krypton, and xenon (as-deposited matrixes; substrate temperature: argon and
krypton, 10 K; xenon, 20 K) and DFT(B3LYP)/6-3+#G(d,p) theoretical spectra for Ct and Cc conformers scaled by their relative populations
at 298 K (estimated from the calculated relative energies and assuming the Boltzmann distribution).

relative absorbances of bands associated with the individual As mentioned before, use of the Barnes rel&@fqredicts
forms, using the corresponding calculated infrared intensities that the Cc— Ct conversion should not take place below 40 K.
as normalizing factors. In argon and krypton, the trapped Hence, the nonobservance of any isomerization process in the
populations of Ct and Cc conformers were found to be equal argon matrix is consistent with the relatively high gas-phase
within the estimated experimental error (ca. 3%): 68 and 32% energy barrier estimated for this processl{ kJ mott). On
in argon, versus 70 and 30% in krypton. However, in xenon, the other hand, aggregation became important at temperatures
the relative populations were found to be slightly different, with of ca. 25 K, with the appearance of characteristic bands of
that of the Cc conformer increasing to 37% and the one of the aggregates, for example, in the low-frequency range of the
Ct form decreasing to only 63%. This observation is in carbonyl stretching region (ca. 1733 and 1729 &nand
agreement with a relative stabilization of the more polar Cc because of the slight decrease of bands due to monomers. Apart
conformer in the more polarizable xenon matrix (calculated from the diagnostic frequencies (lower than for both monomers)
dipole moments are 4.91 and 2.56 D for Cc and Ct, respectively). at which these bands appear, their behavior upon annealing is
We shall return to this point in the next section. distinctive, as an increase in their intensity is observed not only
Annealing ExperimentsAnnealing of the argon matrixes is  at temperatures at which site-splitting effects are observed (i.e.,
limited by the relatively small temperature range that can be relative changes in intensities of monomers’ absorptions), but
used without significant loss of matrix properties (less than ca. also at higher temperatures when a general decrease in the
40 K). The main spectroscopic changes observed upon annealingntensity of all bands due to monomers is observed. Annealing
of the argon matrixes could be ascribed to conversion of less of a krypton matrix led to spectral changes identical to those
favorable to more favorable local environments. Indeed, notice- observed in argon: extensive site-conversion followed, at higher
able changes in the relative intensities of the components oftemperatures, by aggregation. In this matrix, conformational
bands exhibiting multiplet structure because of matrix site isomerization could not be observed either.
splitting were observed. For instance, it is evident when the  Annealing of the xenon matrix yielded more interesting
1780-1710 cnt? region is analyzed that, after annealing to 39 results. Below ca. 40 K, essentially site conversion was
K, two (1752 and 1747 cmi) out of three bands attributed to  observed. Aggregation starts to become important at nearly this
the G=0 stretching vibration of the Ct conformer reduce their temperature. However, contrary to what was observed in argon
intensity, whereas an increase in the intensity of the band atand krypton matrixes, conformational isomerization could be
1745 cntlis observed (Figure 4). Intensity changes in the bands observed in the xenon matrix. Very interestingly, it was the most
assigned to the €0 stretching vibration of the Cc form are  stable conformer in the gaseous phase (Ct) that started to convert
also noticed: the bands at 1771 and 1765 tmeduce their into the Cc form as soon as the temperature increased to 48 K.
intensity, with the simultaneous growth of their counterpart at Such behavior can only be explained assuming that the relative
1759 cntl, order of stability of the two conformers is different in the gas
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TABLE 2: Observed frequencies for the Ct and Cc conformers of MCMAC in argon, krypton, and xenon matrices and
calculated frequencies and infrared intensities

Approximate  Conformer Calculated values argon krypton xenon glassy state
Description DFT(B3LYP) (10K)° (10K)° (20K)® (10K)
* /6-311++(d,p)
viem' I/kmmol! v/em! I  viem! I v /em™! 1 v /em™! I
c d e e e e
v (OCH) as Ct 3096 7.6 3038 vw 3042 vw 3036 w } 3033 ° -
v (OCH;) as Ce 3092 32
v (OCHy’) as Ct 3061 111 3015 vw 3007 vw 2994 W
v (OCH5") as Ce 3060 43 .
v (CCH;) as ct 3059 43 3005 w
v (CCH;) as Ce 3058 1.6
v (CCH5) as Ct 3037 0.5 2980 w 2081 "
v (CCH;’) as Ce 3036 0.3
v (OCHs) s Ct 2988 20.5 2967 w 2959 w 2949 w 2959 w
v (OCHs) s Ce 2987 8.6 2929 w
v (CCH;) s Ct 2974 24
v (CCH;)'s Ce 2973 1.0 2851 w
vC=N Ct 1818 20.4 1795 w 1794 w 1797 } w
1792 w 1791 m
v C=N Ce 1818 9.5 1784 vw 1781 W
vC=0 Ce 1766 71.9 1771 m 1769° m 1764 s
1765 m 1762 1761 s
1759 m 1756 m 1759° s
v C=0 Ct 1733 145.4 1752 m 1751 m p 1738 s
1747 s 1752 m 1744° vs
1745 vs 1748" s 1742 vs
1743 vs 1739 vs )
1737 vs
(agg)’ 1733 vw 1729 W 1725 m
(agg)’ 1729 vw 1722 w
8 (OCH;) as Ct 1462 2.8 1461 w 1459° w 1455° w )
8 (OCHs) as Ce 1464 7.1 14607 w 1457 w 1454 w
3 (OCH3y’) as Ct 1451 73 1449 w 1447 w 1443 w
3 (OCHy’) as Ce 1450 26
5 (CCH;) as Ce 1441 4.5 1443° w 1439 m 1440 w > 1439 o
5 (CCHs) as Ct 1441 113 1441 m 1436 m
5(OCHy) s Ct 1439 12,6 1432 w 1429 w 1427 w
8 (OCH;3) s Ce 1438 0.9
5 (CCHy’) as Ct 1437 11.7 1426 w 1423 w 1420 w
3 (CCH5") as Ce 1436 49 1415 w J
8 (CCHs) s Ce 1371 3.4 1372° w 1373 w 1372 w } 1371 w
8 (CCHs) s Ct 1371 7.8 1370 m 1368 m 1367 m
v C-0 Ct 1261 309.7 1306 w 1305 w 1292° m )
1302 w 1287 s
1296 w 1280 vs
1288 vs 1284f vs 1277° s
v C-C, Ct 1261 77.8 1281 s 1277 s 1271 m
* 1279 s 1274° s r s s
1272 s
1271 s
v C-Cq Ce 1259 14.3 1266 s 1267 s 1263 s
1260 w y,
v C-0 Ce 1221 85.3 1256 m 1257 s 1254 s
1254 s 1251 m 1245 m 1251° w
1247 w 1247 m 1238 w
¥ (OCH;) Ct 1184 3.0 1195 w 1193 w 1191 w
¥ (OCHs) Ce 1181 33 1193 w 1190° w 1189° w 1194 w
1191 } w
v(OCH;’) Ct 1146 0.6 1158 wv } 1156 w
¥ (OCH5’) Ce 1145 0.3
vC-C Ct 1050 382 1061 s 1058 vs 1059° m 1058
vC-C Ce 1047 25.5 1058 s 1054 s $
¥ (CCH3) Ce 1023 1.1 1026 w 1024 w 1025° w
1023 } w
¥(CCH3) Ct 1026 6.0 1016 w 1016 w 1014 w 1021 w
1014 w
1012 w 1011 w 1011 w
Y(CCH;") Ce 1005 15.7 999° m 1001° w 9942 w 1011 w
¥(CCHy) Ct 986 18.0 997 m 996 m 9982 w 996 w
v C-CH; Ce 936 2.8 945 w 944 w 949 w
v O-CH; Ct 926 0.8 946 w
o4 " } 943 w
942 w
v C-CH; Ct 901 66.2 923 w 920 w 923 w
921 w 919 w 921 w
913 w 911 w 905 wv
v O-CH; Ce 860 28.4 888’ w 887" m 895 vw } 482
884 m 884 m 885 w W
yC=0 Ct 797 8.1 804" W 799 w 801" w
799 w 797 w
796" w 793¢ w } 800 m
yC=0 Ce 796 3.0 801" vw 795 w 799" w
§0=C-0 Ct 762 40.7 775 m 773 m 775 m } 774 .
§0=C-0 Ce 758 9.7 77 m 764 vw 773 m
v C-N Ct 678 12.6 675 W 677 W 678 vw} 630 W
v C-N Ce 673 4.3 675 vw 675 vw

aSee Table S1 (Supporting Information) for definition of coordinatesbond stretchingd, bending;y, rocking; z, torsion; w, wagging; tw, twisting;
s, symmetric; as, asymmetrizMultiple trapping sites are grouped with parenthe%Bcale factors= 0.978, 9 Intensities were weighted by the population
factor (T = 298 K) for each conformeks, strong; w, weak; vw, very weak; vs, very strong; m, mediliBhoulder9 agg denotes aggregate.
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Figure 4. Carbonyl stretching region of the infrared spectra of
MCMAC trapped in argon matrix, obtained immediately after deposition 8
and after annealing at 30 and 39 K. c
8 0.204
phase (where Ct is the most stable form) and in a xenon matrix 5
(where Cc becomes the conformational ground state). Indeed, 2
as already mentioned, Cc is certainly stabilized in the xenon < 0.101
matrix, because of its significantly higher dipole moment )
compared to the Ct form (4.91 vs 2.56 D). As it can be
concluded from the annealing experiments in the xenon matrix,
this stabilization is large enough to overcome the ca. 2 kol 0.00-
Cc—Ct energy difference predicted by the calculations for the
gas phase. The phenomenon of stabilization of more polar 1330 1360 12'70 124110 12.'10
conformers in more polarizable matrixes (as the xenon matrix) 1
is well described in the literatuf@-63 Moreover, the change Wavenumber/ cm’

of order of relative stability of Cc and Ct is also in agreement Figure 5. Carbonyl stretching region (top) andC—0O andvC—C,
with the above-mentioned observation that the relative popula- stretching region (bottom) of the infrared spectra of MCMAC trapped
tion of the Cc conformer was found to be larger in the in xenon matrix, obtained immediately after deposition and after
as-deposited xenon matrix when compared with both argon and@nealing at 48, 56, and 62 K.

krypton matrixes. Indeed, these results indicate that in the case ) ) )
of xenon, conformational cooling can partially occur during resemble the behavior of the analogous absorptions in the argon

deposition of the matrix, leading to an increase of the population Matrix (see Figure 4). In addition, botiC=0) groups of bands
of the most stable conformer in the matrix, Cc, in the treated as a whole decrease in intensity because of the formation
as-deposited xenon matrix relative to the gas phase. On the othePf 2ggregates (as noticed by the appearance of the aggregates
hand, for both argon and krypton matrixes, conformational characteristic absorptions at 1725 and 17229mHowever,
cooling during deposition (if it occurs) would increase the above 48 K, the occurrence of an additional parallel process
population of the Ct conformer, because in these matrixes the(Ct — Cc conformational conversion) is noticeable. The

Ct conformer, like in the gaseous phase, is the most stable form.Significant increase of the group of bands due/(G=0) in
It is, however, well known that conformational cooling is the Cc conformer over their original abundance concomitant

significantly more efficient in xenon than in krypton or argon With the decrease of all counterparts associated wi@—0)
matrixes?l62 in the Ct conformer is the experimental proof of this process

The useful spectral regions to observe these changes cor{see Figure 5A).
respond to the 18101710 and 13361210 cnmi* ranges (Figure In the 1330-1210 cn1? region (Figure 5B), the absorption
5). As described above, the increase of the temperature of theat 1263 cm?, associated with the(C—0) mode of the Cc
matrix up to 48 K produces stabilization of some matrix sites conformer, increases systematically in intensity upon anneal-
and, simultaneously, aggregation bot conformational changes.  ing: first because of site changes, at the expense of decrease in
Therefore, in the carbonyl stretching region a counterpart of intensity of the band at 1271 crh(which is also due to Cc),
the »(C=0) of the Ct conformer at 1737 crh grows at the and then, above 48 K, because of both site conversion and the
expense of two higher-frequency components at 1742 and 1739Ct — Cc isomerization. Concomitantly, the decrease of the
cmL; similar behavior is observed for thi¢C=0) of conformer whole group of bands associated witfC—O) in the Ct
Cc (bands at 1764 and 1759 chiincrease in intensity at  conformer (at 1292, 1287, 1280, and 1277 é)mis clearly
expenses of the band at 1761 ¢ These changes closely observable.

)
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Figure 6. (A) Infrared spectra of MCMAC in the glassy state (see the

Materials and Methods section for a detailed description of the
experimental conditions) at 10 and 215 K; (B) difference spectrum (215
— 10 K); (C) infrared calculated spectra for Ct and Cc conformers of
MCMAC.
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The experimental data shown in Figure 6 correspond to the
spectra obtained immediately after preparation of the amorphous
film of the neat compound and after annealing the sample at
215 K (panel A). The difference spectrum (23510 K; panel

B) and the calculated spectra for the two conformers, Ct and
Cc, (panel C) are also given for comparison. From this figure,
it can be easily concluded that the €t Cc conversion takes
place during the annealing, since the bands due to conformer
Cc increase their intensity at the expense of those that originated
in conformer Ct. These results unequivocally express the higher
stability of the Cc conformer in this phase, since the as-deposited
amorphous layer resulting from fast deposition of the compound
onto the cold substrate of the cryostat essentially preserves the
conformational equilibrium existing in the gas phase prior to
deposition and then relaxes to a less energetic state upon
annealing by converting Ct molecules (less stable in this phase)
into the most stable €molecules.

Photochemistry (UV Irradiation Experiments; 1 > 235
nm). Identification of Photoproducts and Reaction Patbipon
broadband UV irradiationA( > 235 nm) of matrix-isolated
monomeric MCMAC, the original bands of the compound lost
intensity while new bands were formed. The most prominent
features of the photoproducts were observed in the 22860
cm~1 spectral range. Table S7 presents the band assignments

In summary, in xenon matrixes, annealing above 48 K leads for the main photolysis products of MCMAC. The proposed
to an increase in intensity of the bands associated with réaction pathways are schematically shown in Figure 7. Figures
aggregates, which occurs at the expense of a decrease in th8 and 9 show selected spectral ranges where the features due

intensity of all bands corresponding to the Ct form. Simulta-

to the photoproducts are observed and which were particularly

neously, the bands associated with the most stable matrix sites!Seful to the interpretation of the experimental results presented

of the Cc conformer increase in intensity because of the
simultaneous occurrence of €t Cc isomerization.
Spectra of the Low-temperature Neat Amorphous Lalfee.

below.

According to the spectroscopic observations, photolysis of
matrix-isolated MCMAC follows two different reaction path-

analysis of the spectra obtained for MCMAC in the glassy state ways (see Figure 7): (i) it can undergo the usual azirine ring
produced by fast deposition of the vapor of the compound at C—C bond cleavage, giving the nitrile ylide [(1-chloro-2-

298 K onto the coldfinger of the cryostat at 10 K (Figure 6)

methoxy-2-oxoethylidene)iminio] ethanide (thorough this paper

revealed that the most stable conformer of the compound in referred to as P1), or (ii) it can suffer the-Gl bond cleavage,
the neat low-temperature amorphous solid is, as for the to yield methyl 2-chloro-3-(methylimino)acrylate (P2). Very

compound isolated in the xenon matrix, the more polar Cc form.

)

*de

interestingly, it is this last reaction, which, as mentioned in the

-
a.;‘n P4
@

-COo
C-N cleavage
- " e
a2 @ i
[-25.4] : 4 4 J !‘ '--i; [-26.7]
e P2-Ct P2-Cc g
b ¥, e
o @3 s}
i 1 ® 3
MCMAC-Ct (20,41 % T - MCMAC-Cc
& & 3 b “:
. ® ‘: ? “J
P1-Ct P1-Cc
C-C cleavage -CO,
a1
4 .ﬂ'.‘ * P3

Figure 7. Proposed reaction pathways resulting from irradiation of MCMAC through the outer KBr window of the cryost&235 nm). Zero-
point corrected energies (in kJ m#) of primary photoproducts (P1 and P2) relative to the relevant reactant conformer of MCMAC are given in
brackets. Secondary photoproducts, P3 and P4, were only observed when irradiation was carried out with the 500 W Hg(Xe) source.



Methyl 2-Chloro-3-methyl-Bi-azirine-2-carboxylate J. Phys. Chem. A, Vol. 110, No. 26, 2008089

A | Momac, oct P B

- P2-Ce P2

C MCMAC

P2-CtI/ P1-Cc

1780 1760 1740 1720 1700 1680 1400 1390 1380 1370 1360 1350 1300 1250 1200
Calc. Calc. .
P1:Co p1-ct PL-Ce Cale

P2-Ct/ P1-Cc

P2|-Cc |
P2-Cc
P2-
P1-Ct |Ct | pi-ct || P2-Ce
Pz-it / /\A ]
1780 1760 1740 1720 1700 1680 1400 1390 1380 1370 1360 1350 1300 1250 1200
Wavenumber/ cm- Wavenumber/ cm! Wavenumber/ cm™

Figure 9. Changes in infrared spectrum of MCMAC by U¥ ¢ 235 nm) irradiation of the argon matrix with the 500 W Hg(Xe) lamp along with

the B3LYP/6-311+G(d,p) calculated spectra of the observed photoproducts. The calculated bands were simulated using Gaussian functions centered
at the scaled frequency (scale factor: 0.978) and with the bandwidth at half-height equal té& 5&1780—-1680 cn1? range; (B) 1406-1350

cm ! range; (C) 13361170 cnit range.

defined by the =C—C—Cl dihedral angle. Such conformers
can be correlated with the two low energy forms of MCMAC
and will be designated as Pn-Cc and Pn-Ct, where hor 2.

After irradiation of MCMAC isolated in argon matrix with
the Xe lamp, the most intense bands of the photoproducts occur
at 2145/2141 and 2135 crh (Figure 8). These bands were
assigned to the(C=C=N) asymmetric stretching mode in the
two conformers of P2, P2-Ct (2145/2141 ¢l and P2-Cc
(2135 cn1?), which result from the €N bond cleavage of the
azirine ring of Ct and Cc conformers of MCMAC, respectively.

In the xenon matrix, the bands due to the two conformers of
P2 are extensively overlapped and give rise to the band with

;% 100 maximum at 2134 cm (Figure 8). A second set of intense
5% bands due to a photoproduct appears at lower frequencies, 2073
< 60 and 2069 cm! (with a counterpart in the asymmetric band at
£ 40 2066 cnttin the xenon matrix). These bands were assigned to
S 2 the »(C~=N*=C) vibration of P1-Ct and P1-Cc conformers,
, , , : respectively, resulting from the -€C bond cleavage of the
2150 2100 2050 2000 1950 azirine ring in the two MCMAC conformers.
Wavenumber / cmrt Besides these bands, additional bands of P1 and P2 that are
Figure 8. (A) Changes in infrared spectrum of MCMAC by U¥ ¢ predicted by the calculations to be intense could also be observed
235 nm) irradiation in the 21862050 cm* region. The thick line iy other regions of the spectra of the irradiated matrixes. Figure

corresponds to the spectrum obtained in the xenon matrix, after 7.5 h . . .
of irradiation with the 150 W Xe lamp. The thin lines correspond to 9 presents selected regions of a difference spectrum obtained

spectra obtained in the argon matrix: the lower intensity spectrum after Py subtraction of the spectrum of as-deposited argon matrix from
irradiation during 22.8 h with the 150 W Xe lamp, the higher intensity the spectrum of the irradiated sample. In all three selected
spectrum after 10 min of irradiation with the 500 W Hg(Xe) source. regions shown in the picture, positive absorptions are observed,
(B) B3LYP/6-31H+G(d,p) calculated spectra of P1 and P2 in the hich are ascribable either to P1 or P2. In the 178680 cn1!
e ot Bty (SnALange (FGure SA), fou new bands appeared at 1738 (P2-Co)
factor: 0.978) and with the bandwidth at half-height equal to 5%cm 1732 (P1-Cc), 1714 (P2-Cy), and 1710 (P1-Ctyémwhich are
due to thevC=O stretching vibrations of the P1 and P2

Introduction section, is a very unusual photochemical process conformers. In the 14001350 cn1? range (Figure 9B), the P2
in azirines, that corresponds to the preferred route, as shown inconformers are predicted to give rise to bands at lower
detail later in this paper. frequencies than P1; accordingly, bands due to P2-Ct and P2-

Both P1 and P2 can exist in two different low energy Cc are observed at ca. 1372 and 1363 tmespectively, while
conformers (see Figure 7), which have the methoxycarbonyl those due to P1-Ct and P1-Cc are observed at 1383 and 1380
group in the cis conformation and differ in the conformation cm~1. Finally, in the 1336-1130 cn1? range (Figure 9C), the
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band at 1243 cmt is attributed to both P2-Ct and P1-Cc and
the shoulder at 1237 crito P2-Cc; P1-Ct is expected to absorb
at a slightly higher frequency and it is certainly buried within
the features due to MCMAC in the 1362250 cnt! range.

The formation of carbon dioxide (characteristic bands in the
2350-2335 cnr! range) was observed in all irradiation experi-
ments. All possible secondary products of decarboxylation of
P1 and P2 were investigated theoretically, suggesting that [(1-
chloroethylidene)iminio]ethanide (GBCINCCH;; P3) is formed
in result of a secondary reaction of P1. The two most intense
absorptions of P3 are observed at 1853 (Ar) and 1848 (Xe}cm
(calc: 1883 cm?) and at approximately 1001 (Ar) and 1003 0.0 -
cm™1 (Xe) (calc: 1090 cm?b). 0 5 10 15 20 25

When the argon matrix was irradiated with the more efficient Irradiation time /hours
Hg(Xe) lamp, an additional band was observed at 2138¢cm  Figure 10. Change with time of irradiation (with Xe lamp) of the
overlapped with the previously diagnosed bands [at 2145, 2141 integral intensity of the characteristic bands of MCMAC main photo-
(Shoulder in this Case), and 2135 d‘]‘l(Figure 8) The 2138 products, P1 (20992060 le) and P2 (2156‘2120 le). All spectra

-1 band be doubtl | . dt b Stid used to obtain the points in the graphic were first normalized in such
cm and can be doubtiessly assigned to carbon moncxide. a way that the initial amount of the reactant in both matrixes was equal.

Besides, several new low intensity bands emerging in other For each photoproduct, the bands were then renormalized by the DFT-
spectral regions (including the small band observed at 2089 (B3LYP)/6-311+G(d,p) calculated intensities (average value of Ct
cm~1, which can be seen in the data shown in Figure 8) were and Cc conformers; see Table S7). The formation of P1 and P2
also observed in the spectrum of the irradiated [by Hg(Xe)] correlates with azirine ring €C and C-N cleavage, respectively (see
matrix. The appearance of all these new bands is a cleartet for detailed discussion).
indication that upon irradiation with the Hg(Xe) lamp, the ) ) . ) ) )
primary photoproducts undergo further photochemical reactions, @liPhatic 24-azirines. The cleavage of this bond in aromatic
which implies extrusion of CO. Therefore, the vibrational spectra cOmpounds was explained as a result of aromatie- s
of all potential products of degradation of P1 and P2 resulting transitions (of lower energy than-r ) and the subsequent
from extrusion of CO were calculated theoretically and com- intersystem crossing to a triplet intermedi&té*+3 Upon the
pared with the experimental daté(2-chloro)-2-methoxyethen-  lack of aromatic rings in MCMAC, other factors have to be
ylidene methanamine (GBCCINCCH;; P4), with most intense ~ fesponsible for the observed prevalence of theNCbond
bands at 2089 crt (calc: 2088 cm?), ca. 1499 cm! (calc: cleavage over the in general more commonGZbond cleavage.
1464 cnml), 1383/1380 cm! (calc: 1368 cm?), and 1075 cmt As mentioned in the Introduction, Inui et&ldemonstrated that
(calc: 1062 cmY) is the proposed product of decarbonylation in 1-naphthyl substituted azirines, the substitution of the naphthyl
of P2. hydrogen in para position with respect to thé-2zirine aromatic
The assignment of P3 and P4 products should be treated agind by a Br atom increased the efficiency of the B cleavage
tentative because of the quite low efficiency of the observed compared to €C. This phenomenon may be explained assum-
secondary reactions and the extensive overlap of bands due td"d that substitution by the halogen accelerates intersystem
these compounds with absorptions of other species, namely P1croSsing and stabilizes the triplet stétethus leading to the
and P2. Nevertheless, the highest intensity bands of P3 and P4referred formation of the ketene imine (P2, in our case). On
predicted by calculations fit fairly well the newly formed bands, the other hand, the reaction of photoproduction of the nitrile
as it was shown above. For a full listing of calculated vibrational Ylide (P1 in our case) proceeds via singlet state, and it is
frequencies for all identified products of photolysis of MCMAC, barrierless® Additionally, it was also shown that in this last
please refer to Tables S&10 (Supporting Information). case, the reverse reaction (reformation of theazirine from
Relatie Efficiency of &N and G-C Azirine Ring Photo- '_[he_ nitrile ylide) take_s place upon irradiatf_@r\41 as well; this_
cleaages. To evaluate which of the two pathways occurs IS in consonance with the very .Iow barrier for this reaction
preferentially, the integral intensity of the intense bands due to Predicted by CASPT2 computations (11 kcal mfofor 2H-
thevC=C=N (P2) and/C =N*=C (P1) asymmetric stretching  aZifine)=
modes (normalized by the corresponding calculated intensity) In the described irradiation experiments, excitation of MC-
were plotted against the time of irradiation (Figure 10). The MAC to its lowest S state shall then take place (leading to the
evaluation was done only for results of irradiation with the Xe C—C cleavage) followed by intersystem crossing to the lower
lamp because, as mentioned above, under Hg(Xe) lamp excita-in energy triplet state (leading to the-®l cleavage). Intersystem
tion, bands due to other than the primary photoproducts P1 andcrossing is accelerated because of the presence of the electron
P2 appeared in the investigated spectral region overlapping thewithdrawing substituents (methoxycarbonyl group and chlorine
absorptions of the relevant species. A P2/P1 ratio between theatom) in the molecule, leading to a more efficientig cleavage
normalized intensities of approximately 2 was obtained in both compared to the €C. Additionally, the simultaneous reforma-
argon and xenon matrixes, indicating that, very interestingly, tion of MCMAC in the matrix from P1 may also take place,
the C-N azirine ring cleavage in MCMAC is preferred over while the cleavage of the-€N bond is, with all probability, an
the C-C bond breakage. (It shall be noticed that the P2/P1 irreversible process. [The calculated relative energies of the
intensity ratio is certainly somewhat affected by the fact that photoproducts support this proposition. In fact, both conformers
P1 partially reacts to give rise to P3. However, the extension of P2 are~30 kJ mot ! lowerin energy than MCMAC, whereas
of this last process is quite low, and it can be neglected in P1 conformers have energies30 kJ mot?! higher than the
practical terms.) reactant species (see Figure 7).] This also contributes to increase
According to our knowledge, the photochemical cleavage of the relative efficiency of the €N bond breaking process in
the C-N bond was not observed, up to now, in the case of MCMAC compared to the €C cleavage.

Xenon
1.6

1.2

c-C
0.81
Argon

C-N
0.4

c-C

Normalized absorbance (x 1000)
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