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trans-1-Nitrosopropene (synform) was generated in the gas phase by pyrolysis of 1-chloro-1-methyl-2-(hydroxyimino)eth-
ane and identified by microwave spectroscopy. The microwave spectrum of the pyrolysate was observed in the frequency ran
from 8.0 to 40.0 GHz. The rotational constants (MHz) were determined asA 5 34 025(390),B 5 2315.62(2), andC 5
2198.54(2) for CH3CH|CH—NO (normal species) andA 5 34 012(530),B 5 2300.04(3), andC 5 2182.70(2) for
CH3CH|CH—15NO (15N isotopic species) in the ground vibrational state. The values of planar moment (Pcc 5 (Ia 1 Ib

2 I c)/ 2) obtained for the normal and15N isotopic species were found to be 1.62(10) and 1.52(13) uÅ2, respectively. These
values are almost the same within the limit of errors. This suggests that the nitrogen atom lies in or is close to theab inertial
plane of the molecule and shows also that only two hydrogen atoms are located symmetrically out of the symmetry plane. T
pyrolysate was determined to betrans-1-nitrosopropene by comparing the observed and calculated rotational constants,k
(Ray’s asymmetric parameter), andrs coordinates of the nitrogen atom. One vibrationally excited state was observed and
assigned to the C–N torsional mode (158(50) cm21). Interesting pyrolysates such as hydrogen cyanide and acetaldehyde were
also detected during the pyrolysis of the precursor. The lifetime oftrans-1-nitrosopropene is found to be ca. 5 s in the
waveguide cell. © 1999 Academic Press
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1. INTRODUCTION

Nitrosoalkenes possess a large synthetic potential since
re comprised of both an alkene activated by an ele
ithdrawing group of nitroso one and 1,3-diene system ha

wo double bonds of the C|C and N|O groups (1). Further-
ore, the nitroso group itself reacts with a wide numbe

eagents (2) and allows an easy and simultaneous incorpora
f the nitrogen and oxygen by the addition reactions (Di
lder (3), ene-reaction (4), and (2 1 2)-cycloaddition (5)).
owever, in spite of the interesting nitrosoalkenes, isol
itrosocyclohexene was first reported only in 1976 (6).
Francotteet al. have prepared and characterized a serie

alonitrosoalkenes by treating thea-polyhalooximes with
aHCO3 or K2CO3 in dichloromethane (1). Only the ni-

rosoolefin of Cl2C|C(CH3)—NO could be isolated purely
oom temperature, whereas the others were stable in so
or a few weeks and could be kept for months at220°C.

Most of the transient nitrosoalkenes have been characte
y in situ cycloadditions (vide infrared spectrum) (1). Their

nstability can be explained by the ready decomposition o
ntermediate oxazete (four-membered ring molecule) prod
y intramolecular cyclization (1). This mechanism is support
y the fact that 4,49-di-tert-butyl-4H-1,2-oxazete is isolated

hermolysis of the 2-tert-butyl-3,3-dimethyl-1-nitrosobuten
7).

Recently, we have succeeded in detecting by mass spec
try and microwave spectroscopy the unstable nitrosoalk
f trans-XCH|CH—NO (synform) 3 generated by pyrolys
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f XCHClCH|NOH 1 and its isotopic species, as shown
ig. 1 (X 5 H (8, 9) and Cl (10)). The lifetime of
H2|CH—NO and ClCH|CH—NO are found to be ca. 3
nd 60 s in the waveguide cell, respectively. The intere
yrolysates, such asXCH|O 5 and HCN 6 were detecte
uring its pyrolysis. The fact suggests that thetrans–synform
of XCH|CH—NO is first generated by isomerization ofanti

orm 2, while the by-products ofXCH|O and HCN are
roduced by cleavage of oxazete4 generated by cyclization
(8–10).
In this work, we attempted to generate and detect the u

le nitrosoalkenes by pyrolysis of 1-chloro-1-methyl-2-(
roxyimino)ethane (X 5 CH3). The observed pyrolysate w
etermined to betrans-1-nitrosopropene (syn form) by com-
aring the observed and calculated rotational constants ars

oordinates of the nitrogen atom. For the structural param
e discuss the C–N torsional mode of the pyrolysate an
ossible pyrolysis mechanism of the precursor by referrin

he results ofab initio MO calculation (MP2/6–31G**).

2. EXPERIMENTAL DETAILS

trans-1-Nitrosopropene was produced by pyrolysis
-chloro-1-methyl-2-(hydroxyimino)ethane and also gener
y the chemical reaction of the precursor with potass
ydroxide at room temperature using the vacuum solid
eaction (VSGR) method (10).

Although the microwave spectral lines of the chemical
ction product with KOH were stronger than those of
0022-2852/99 $30.00
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80 SAKAIZUMI ET AL.
yrolysate, their lines disappeared after ca. 10 min from
tart of the reaction because the activation of KOH was
herefore, we used the pyrolysis method for observing
icrowave spectrum of this unstable molecule.
The precursor was prepared using hydroxylamine hy

hloride and 2-chloropropionaldehyde according to the me
sed for the preparation of 1,1-dichloro-2-(hydroxyimino)e
ne (10). The aldehyde employed was generated by ther
sis of its trimer, which was donated by Wakasugi (Kur
hemical Industrial Co.). The precursor was purified un
acuum distillation at 78°C/11 mmHg. Methanol used in p
ration was furthermore separated by repeating a trap-to
istillation in vacuo.The normal precursor was identified
bserving bp (78–79°C/11 mmHg) (11) and 1H-NMR and
ass spectra.
The 15N isotopic precursor was also synthesized using
ixture of hydroxyl-amine hydrochloride (2 g) and its15N

sotopic compound (99 atom%15N: 2 g, Matheson USA Co.
ccording to the method used for producing normal precu
he mass spectrum of the15N isotopic precursor showed t
ew ionic peaks of 108 and 110m/z, in addition to those o
07 (35Cl) and 109 (37Cl) m/z observed for normal precurso
The mass spectrum of the pyrolysates of the normal pr

or showed 27 (HCN), 36 (H35Cl), 38 (H37Cl), 44 (C2H4O),
nd 71 (C3H5NO) m/z. The ionic peak of 71m/z showed a
aximum intensity at 485°C, while those of 27 and 44m/z

ncreased as the pyrolysis temperature increases.
The mass spectrum of the pyrolysates (485°C) of the

ure of the normal and15N isotopic precursor showed the n
onic peaks of 28 (HC15N) and 72 (C3H5

15NO) m/z.
The pyrolysis apparatus consisted of an unpacked horiz

uartz tube (300-mm length; 5-mm i.d.) heated in a handm

FIG. 1. Possible pyrolysis mechanism ofXCHClCH|NOH (X 5 H, Cl,
nd CH3). The molecules of3, 5, and 6 were identified by microwav
pectroscopy.
Copyright © 1999 by
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lectric furnace (max. 1500°C). The pyrolysis temperature
onitored with a thermocouple fitted to the external wall of
uartz tube and controlled by Digital Temperature Contro
Asashi Rika Co.). The quartz tube was connected to an
ort of the ionic chamber of the mass filter or to an inlet
n the side of Stark waveguide cell (3-mX-band waveguide
o observe the microwave spectrum of 1-nitrosopropen
as necessary to use the high-speed rotary pump (350
ecause its lifetime was very short.
The quadrupole mass spectrometer employed was A

QA-360 type and the sample pressure (53 1026 Torr; 1
orr 5 133.32 Pa) of the ionic chamber was adjusted with
eedle valve. A conventional microwave spectrometer
mployed with 100-kHz square-wave Stark modulation.
icrowave spectrum was observed in the frequency range
.0 to 40.0 GHz. The three microwave sources employed
signal generator (HP-8672A) and two phase-locked Y

uned GaAs oscillators (WJ 5600-301DF and 5610-302D

3. AB INITIO MO CALCULATION

The GAUSSIAN 94 program (12) was employed in theab
nitio SCF calculations of the molecules. Molecular geom
ptimizations were performed by using second-order Mø
lesset (MP2) perturbation theory (13) and 6-31G** basis se

14), and the vibrational frequencies were calculated at
P2/6-31G** level of the theory.
The transition states produced in the pyrolysis mecha
ere confirmed by the identification of only one nega
igenvalue obtained at the MP2/6-31G** level of theory
as performed to verify that two stable points connect to

ransition state in the intrinsic reaction coordinate (IRC)
ulations (15).

4. RESULTS AND DISCUSSION

The microwave spectrum with the characteristic vibratio
atellite of the pyrolysate observed at 485°C showed
quidistantly spaced groups (B 1 C . 4480 MHz) between
6.5 and 40.0 GHz at 40 V/cm. They were readily assigne
-type R-branch transitions (K structure) withJ 5 6 4 5 to
5 8 4 7. Furthermore, the observed microwave spec

howed some interesting pyrolysates, such as acetald
16) and hydrogen cyanide (17). The microwave spectrum
he chemical reaction product of the precursor with KOH
oom temperature was just the same as that of the pyroly
he microwave spectrum of the pyrolysate of the15N isotopic
recursor was observed lower at the frequency side than t
structure of the normal species by ca. 250 MHz.
The spectral lines ofK21 5 0 and 1 were assigned

bserving their Stark behavior, while theK21 5 2 lines
howed broadening. The higherK21 lines (K21 . 2) were
uried in K structure and could not be observed. Thea-type
-branch transitions of the normal and15N isotopic species i
Academic Press
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81MICROWAVE SPECTRUM OFtrans-1-NITROSOPROPENE
he ground and excited vibrational states were assigne
hown in Table 1. The observed spectral lines were fitted u
atson’sA-reduced Hamiltonian (18). Table 2 gives the mo

ecular constants obtained from the least-squares fit of the
hown in Table 1.
The b-type Q-branch transitions ofJ1,J21 4 J0,J series
ere predicted in the frequency range of 31–40 GHz from
btained rotational constants, but these transitions could n

TAB
Observed Rotational Transition Frequ

(syn form) and Its 15N Isotopic Specie
States

a J9(K921, K911) 4 J0(K 021, K 011).
b nobsd 2 ncalcd.
c Overlapped with the absorption line of a
d Not used in the fitting.

TABLE 2
Observed Rotational (MHz), Centrifugal Distortion (kHz) Con-

tants, Planar Moments (u Å2), and C–N Torsional Frequency
v/cm21) of trans-CH3CH|CHNO (syn form) and trans-
H3CH|CH15NO (syn form) in the Ground and Excited Vibra-

ional States

a Figures in parentheses are 2.5 times the standard deviation.
b Pcc 5 (I a 1 I b 2 I c)/ 2.
c DI 5 I c 2 I a 2 I b.
Copyright © 1999 by
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e
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ssigned because of the disturbance of the dense spectra
f theA–E splitting due to methyl group and/or excited vib

ional states of acetaldehyde (16).
The values of the planar moment (Pcc) were found to b

.62(10) and 1.52(13) uÅ2 for the normal and15N isotopic
pecies in the ground vibrational state, respectively. T
alues are almost the same within the limit of errors. This
uggests that the nitrogen atom lies in or is close to thab
nertial plane of the molecule. The value ofDI (5I c 2 I a 2

b 5 23.23(18) uÅ2) of the normal species shows also t
nly two hydrogen atoms of the methyl group are loca
ymmetrically out of the molecular symmetry plane. It w
ound that this molecule hasCs symmetry and is a near-prola
ymmetric top one (k 5 20.993).
To identify the pyrolysate observed, we assumed four

ible pyrolysates (2, 3, 2*, and3* shown in Fig. 1), supporte
y mass peak of 71m/z (C3H5NO), having the methyl grou
nd discussion under Pyrolysis Mechanism. The candida
, 3, and 3*, as shown in Table 3, were found to be
ear-prolate symmetric top molecules, but2* was not becaus
f k 5 20.247. Therefore,2* was omitted from their cand
ates. Table 3 gives the observed and calculated rota
onstants (A, B, C), B 1 C, k, the coordinates of the nitrog
tom, and the relative energy differences. Assuming this
cule to haveCs symmetry, the substituted coordinates of
itrogen atom were calculated from Kraitchman’s equa

1
ies (MHz) of trans-CH3CH|CH—NO
the Ground and Excited Vibrational

aldehyde.
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82 SAKAIZUMI ET AL.
19) by using the four rotational constants ofB andC of the
ormal and15N isotopic species and by assuming the valu
I (5I c 2 I a 2 I b) to be 23.12 uÅ2. The observed value
ere in good agreement with those of3(trans-1-nitrosopropen

synform)) predicted byab initio MO calculation and were i
xcellent agreement with those of3 calculated by referring th
tructural parameters of CH3CH|CH2 (20) and
H2|CH—NO (9). The pyrolysate was determined to

rans-1-nitrosopropene3. This is consistent with the results
b initio MO calculation (MP2/6-31G**) that3 is the mos
table among three candidates, as shown in Table 3. All o
onformation for XCH|CH—NO generated by pyrolysis
CHClCH|NOH (X 5 H, Cl and CH3) were found to be onl

rans–syn form.
The barrier height (V3) due to internal rotation of the meth

roup of trans-1-nitrosopropene was obtained to be 1730
ol by ab initio MO calculation (MP2/6-31G**). TheA–E

plitting was predicted to be27.4 MHz for 2124 111 transi-
ion, 7.4 MHz for 2114 110, 22.1 MHz for 3134 212, and 2.1
Hz for 3124 211. The two transitions ofJ 5 2 4 1 were
ot observed because of the weak spectral lines. The sp

ines of J 5 3 4 2 were observable; however, the splittin
f A- and E-levels were not observed because of very s
–E splittings. The fact indicates that theV3 of trans-1-
itrosopropene may be higher than 1730 cal/mol.
The microwave spectrum of3*, the isomer of3, could not be

ssigned because of the dense spectral lines due to theA–E
plitting caused by internal rotation of the methyl group an
xcited vibrational states of acetaldehyde (16).

TABLE 3
Observed and Calculated Rotational Constants (MHz), rs Coor-

inates (Å) of Nitrogen Atom, and Relative Energies (kcal/mol) of
rans-CH3CH|CHNO (syn form) and Its Isomers

aab initio MO calculation at the MP2/6-31G** level.
b Calculated by using the structural parameters of CH3CH|CH and
H2|CH–NO.
c Figures in parentheses are 2.5 times the standard deviation.
c k 5 (2B–A–C)/(A–C).
d Calculated from Kraitchman’s equation by using Ib and Ic (DI 5 23.12 u

2).
Copyright © 1999 by
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5. EXCITED VIBRATIONAL STATE

Some of the observed spectral lines were assigned to
xcited vibrational states (Va and Vb). The vibrational sate

ites of Va were observed at the higher frequency side than
ine in the ground vibrational state by an interval of ab
0–70 MHz for theJ 5 7 4 6 to 84 7 transitions, while

he Vb were observed in the neighborhood of the line in
round vibrational state. Table 1 gives the spectral lines
igned for Va, while those ofVb could not be complete
ssigned. The vibrational frequencies of theVa andVb states
ere estimated to be 158(30) and 170(30) cm21, respectively

rom the relative intensity measurements. TheDI value ob-
ained for Va was found to be24.05(30) uÅ2. This value
uggests that the vibration of theVa state is of an out-of-plan
ode because the absolute value ofDI is larger than one o
3.23(18) uÅ2 obtained for the ground vibrational state (21).
heVa state corresponding to the vibrational frequency of
m21 can be ascribed to the excited state due to the

TABLE 4
Assumed and Fitted Structural Parametersa of trans-

CH3CH|CHNO (syn form) and Reproduced Rotational
Constants (MHz)
Acad
emic Press
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83MICROWAVE SPECTRUM OFtrans-1-NITROSOPROPENE
orsional mode because the variation of the rotational cons
orresponding to the C–N torsional mode with the vibratio
uantum number is much larger than that corresponding t
–C torsional mode. The result ofab initio MO calculation

RHF/6-31G**) showed the C–N and C–C torsional frequ
ies to be 143 and 216 cm21, respectively. The vibration
requency of 158(30) cm21 obtained fromtrans-1-nitrosopro
ene (synform) is very close to the C–N torsional frequenc
f trans-nitrosoethene (150(20) cm21) (8), trans-1-chloro-2-
itrosoethene (120(30) cm21) (10), andtrans-nitrosocyclopro
ane (140 cm21) (22) within the errors. Therefore, we assign

heVa state to the C–N torsional mode. On the other hand

b state might be assigned tentatively to the C–C torsi
ode.

6. MOLECULAR STRUCTURE

The partialr0 structural parameters oftrans-1-nitrosopro
ene (synform) were obtained by fitting three parameters
and Set II) to four rotational constants ofB and C of the
ormal and15N isotopic species. Set I was made up of
ond lengths ofr (C|C) andr (C—N) and an angle of/C—
—C, while Set II consisted of their two bond lengths and
ngle of /C—N—O. On the replacement of the hydrog
tom of trans-nitrosoethene by the methyl group, their t
ond lengths and the angle of/C—C—C may be expected
hange by the effect of the substituted group, while the a
f /C—N—O may be slightly changed.
Table 4 gives the assumed and fitted structural param

nd the observed and reproduced rotational constants, re
ively. The assumed structural parameters were quoted
hose of propylene (20), nitrosomethane (23), andtrans-nitro-

TAB
Comparison of the Structural Parametersa of tran

(X 5 CH3, H, and Cl) in the Heavy Atoms Skeleton
Spectroscopy

a Bond lengths in Å and angles in degrees.
b This work.
c Used the structural parameters, improved those show
d Ref. (10).
e Ref. (20).
f Ref. (25).
g Ref. (24).
h Used MP2/6-31G** level.
i The square brackets indicate the assumed parameter
Copyright © 1999 by
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oethene (9). The four rotational constants calculated fr
hese parameters listed in Table 4 were in good agreemen
hose observed within 0.01 MHz. The structural paramete
oth Set I and Set II were consistent with the optimi
tructural parameters obtained by theab initio MO calculation
MP2/6-31G**) as shown in Table 5, while the assumed b
engths of r (C—C) and r (N|O) were different from th
heoretical values by ca. 0.01 and 0.03 Å, respectively.

The fitted structural parameters of Set I and Set II w
ompared with those of the similar molecules, as show
able 5. The obtainedr (C|C) is longer than that of propylen

20) because the nitroso group behaves as the electron
rawing one. The obtainedr (C—N) is slightly shorter than th
f trans-nitrosoethene (9) because the methyl and nitro
roups taketrans position, so-calledtrans effect.
The obtained/C–N–O is almost the same as that oftrans-

itrosoethene (9) and is consistent with the result calculated byab
nitio MO calculation. The obtained/C–C–C is almost the sam
s that of propylene (20). The order of/X—C—C of trans-
CH|CH—NO (syn form) is found as follows:X 5 CH3 .
l . H. Since the van der Waals radius of the methyl group
) is larger than those of the chlorine atom (1.8 Å) and hydro
tom (1.2 Å), and the bond length ofr(C–CH3) is shorter than tha
f r(C–Cl), the repulsion between the methyl group and
ydrogen atom incisposition is, therefore, found to be the larg
mong theX groups. This trend is almost the same as tha
CH|CH2 (X 5 CH3 . Cl (24) . H (25)).

7. PYROLYSIS MECHANISM

The pyrolysates of 1-chloro-1-methyl-2-(hydroxyimino)e
ne and its15N precursor were determined to betrans-1-

5
CH|CHNO (syn form) and Those of XCH|CH2

udied by Ab Initio MO Calculation and Microwave

n Ref. (9).
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84 SAKAIZUMI ET AL.
itrosopropene3, trans-1-nitrosopropene15N, acetaldehyde5,
ydrogen cyanide6, and hydrogen cyanide15N. The spectra

ines of 3 appeared at even lower pyrolysis tempera
350°C), while those of5 and6 appeared at higher pyrolys
emperature.

Although the two possiblesyn forms, 3 and 3*, were, re-
pectively, predicted by isomerization of2 and2* generated b
he pyrolysis of CH3CHClCH|NOH, as shown in Fig. 1, on
was detected by microwave spectroscopy.
Figure 2 shows the result of their relative energy differen

4: 0, 3: 1.17,3*: 2.08,2: 5.07,2*: 6.22 kcal/mol [1 cal/mol5
.184 J/mol5 0.3498 cm21]) obtained fromab initio MO
alculation (MP2/6-31G**) without consideration of the ze
oint vibrational effect. The reason why3 was generated by th
yrolysis of the precursor is that3 may be the most stab
mong possible pyrolysates2, 2*, and3*, except for4. The 3
ay be generated by the isomerization of the unstable m

ule2, while 3* could not be detected because it was less s
han3 by 0.91 kcal/mol and2* is also less stable than2 by 1.15
cal/mol.
On the other hand,5 and 6 may be produced by anoth

asswayvia intermediate,4, from 2, as shown in Fig. 1. Th

FIG. 2. Relative energy differences between the two isomers of the
evel without consideration of the zero-point vibrational effect and forX 5
J/mol).
Copyright © 1999 by
e
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icrowave spectra of isotopic species (HC15N) and CH2|O
enerated by pyrolysis of CH3CHClCH|15NOH were ob
erved. These facts suggest that they are generated by cle
f the four-membered ring produced by intramolecular cyc

ion of CH3CH|CH—15N|O, 2. The pyrolysis mechanis
f X 5 CH3 of XCHClCH|NOH was consistent with those
5 H (8, 9) and Cl (10), as shown in Fig. 1.
As shown in Fig. 2, the four-membered ring molecule
5 H and Cl are slightly less stable than the correspon
CH|CH—NO (trans–synform), while the two four-mem
ered ring isomers ofX 5 CH3 are slightly more stable tha
CH|CH—NO (trans–syn form) and CH2|CX—NO (syn

orm), respectively. Figure 2 shows the relative ene
ifferences between two isomers of the possible pyrolys
f XCHClCH|NOH (X 5 H, Cl, and CH3) calculated by
P2/6-31G** level for X 5 H and CH3 and by MP2/6
11G** level for X 5 Cl (26). These indicate that the tw

our-membered ring molecules substituted by the me
roup become slightly more stable than the nitroso m
ule.
This result ofab initio MO calculation suggests that it

ossible to detect4 (X 5 CH3) by microwave spectroscop

rolysates ofXCHClCH|NOH. Calculated forX 5 H and CH3 by MP2/6-31G**
by MP2/6-311G** level (26). (1 cm21 5 11.96 J/mol, 1 kcal/mol5 4.184
py
Cl
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85MICROWAVE SPECTRUM OFtrans-1-NITROSOPROPENE
8. REACTION ENERGY PROFILE

Figure 3 shows the potential energy surfaces for the p
ysates of 1-chloro-1-methyl-2-(hydroxyimino)ethane suc
rans-1-nitrosopropene (anti form) 2, trans-1-nitrosopropen
syn form) 3, 4-methyl-4H-1,2-oxazete4, acetaldehyde5, hy-
rogen cyanide6, and the transition states (TS1, TS2,
S3), referring to the values for the total and zero-point e
ies for the products and reactants calculated at the M
1G** level of theory (27). The TS1 corresponds to t

somerization of2 to form 3, the TS2 to the ring closure of2
o form 4, and the TS3 to the cleavage of4 to form 5 and6.

The TS1 is found to lie 6.44 kcal/mol above2, as shown in
ig. 3. On the other hand, the TS2 is found to lie 30
cal/mol above2, and TS3 to lie 59.76 kcal/mol above4. The
alculated energy difference ofX 5 CH3 (29.62 kcal/mol
etween the activation energy of the first reaction (from2 to 4)
nd that of the second reaction (from4 to 5 and6) is larger than

hat of X 5 H (23.91 kcal/mol) (28). The larger activatio
nergy is similar to the experimental results of Weiser
erndt (7). They reported that 4,4-di-tert-butyl-4H-1,2-oxazet

four-membered ring molecule) was generated by vacuum
olysis of 2-tert-butyl-3,3-dimethyl-1-nitrosobutene at 220°
hile it was necessary to increase the pyrolysis temperatu
bove 240°C to obtain di-tert-butylketone and hydrogen cy
ide.
The activation energy of 30.14 kcal/mol calculated for

FIG. 3. Potential energy surfaces for the pyrolysis of CH3CHClCH|NOH
P2/6-31G** level of theory, taking account of the zero-point vibrationa
Copyright © 1999 by
o-
s

r-
/6-

4

d

y-

to

e

yclization of2 of X 5 CH3 is smaller than that of2 of X 5
(49.96 kcal/mol (28)), but this is definitely large in compa

son with the usual thermal activation energies of;12–24
cal/mol of symmetry-allowed reactions, such as conrota
ing closure (29).

It is interesting to know how to cleave the four-membe
ing 4 of X 5 CH3 in the comparison of the optimize
tructures (27) of 4 and TS3. The four-membered ring (.C2—
—N|C1—H) of 4 is almost planar because the two dihe
ngles of/C2C1NO and/OC2C1N are 0.3° and20.3°, re-
pectively, and the two bond lengths ofr (C2—C1) and
(O—N) are 1.485 and 1.452 Å, respectively. On the o
and, the ring structure of TS3 is distorted and twis
/C2C1NO: 19.9° and/OC2C1N: 230.4°, r (C2–C1): 1.719
nd r (O–N): 2.084 Å). The two dihedral angle and bo

engths calculated for TS3 become much larger and longer
hose of4. These results suggest that the four-membered
wists and the two bonds of C2–C1 and O–N of TS3 lengthe
nd are cleaved to form acetaldehyde and hydrogen cya
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m 2 to trans-CH3CH|CHNO (synform), CH3|O, and HCN. Calculated b
ffect.
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