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Kinetic Studies on the 1,2-Sigmatropic Hydrogen Shift in the Photorearranged Intermediate
of N-Acetylpyrrole: Tunneling Effects?

Yukihiro Kimura, Masataka Yamamoto, Seiji Tobita, and Haruo Shizuka*

Department of Chemistry, Gunma Wersity, Kiryu, Gunma 376, Japan

Receied: June 18, 1996; In Final Form: September 10, 1996

The rates for the 1,2-sigmatropic hydrogen and deuterium shifts in the ground state of the photorearranged
intermediate oN-acetylpyrrole were directly measured by means of laser flash photolysis in several solvents;
(e.g., 0.27 st for 1,2-H shift and 0.127¢ for 1,2-D shift in nonpolar methylcyclohexane (MCH) at 293 K).

The rate of the 1,2-hydrogen shift was remarkably increased by a basic catalyst, such as triethylamine, alcohols,
and water. From the experimental results of temperature and isotope effects, it was shown that the 1,2-
sigmatropic hydrogen (or deuterium) shift in MCH proceeds via quantum mechanical tunneling processes at
two vibrational energy levelsE = 0 (v = vg) andE = E, (=2.9 kcal mot* for the hydrogen shift or 3.3 kcal

mol~* for the deuterium shift)(= v;) under experimental conditions. The theoretical considerations for the
tunneling mechanism were made by use of the tunnel effect theory proposed by Formosinho. The rates
obtained by theoretical calculations were in good agreement with experimental ones. It is noteworthy that
the 1,2-sigmatropic hydrogen (or deuterium) shift takes place via the intramolecular process at a low
concentration ofN-acetylpyrrole (1.7x 10 ~* M) in dehydrated MCH.

Introduction H
(' .

é § hv
Hydrogen atom transfer is one of the most elementary N = S N

processes both in chemistry and biochemistry. The sigmatropic ., "'§_O
hydrogen shift is of particular interest from the viewpoint of ° CH;

A -Acetylpyrrole
the Woodward-Hoffmann rule?3 A number of theoreticai? NAH)

and experimentéfl® studies on the intramolecular hydrogen
shifts both in the ground and excited states have been reported. =\ COCH;
For the 1,2-sigmatropic hydrogen shift, it is known that singlet O\ — > é kcocm )
carbenes such as benzylchlorocarbene, alkylchlorocarbene, and N TH 1,2-H shift N

dialkylcarbene undergo intramolecular hydrogen shffts® 2-Acetyl-2-pyrrolenine H

However, little attention to the detailed mechanistic features of (PRI) 2-Acetylpyrrole

the sigmatropic hydrogen shifts has been given until recently. (2AP)

In a previous papet we reported that (1) the rate of 1,3- | . ) ) .
hydrogen shift in the ground state of the photorearranged sigmatropic hydrogen shift for the photorearranged intermediate,

intermediate of phenyl acetate is greater than that of the 1,5-Since the WoodwardHoffmann rule is applicable for sigma-
hydrogen shift, contrary to the prediction of the Woodward tropic shifts of thg carbon framework in which orbital interac-
Hoffmann rule23 showing that the heteroatom of the corre- tons play a dominant role.

sponding carbonyl oxygen plays an important role in the In the present paper, the isotope and temperature effects on
intramolecular hydrogen shift, and (2) the 1,3-sigmatropic the 1,2-sigmatropic shift of PRI (2-acetyl-2-pyrrolenine) of NAH
hydrogen shift proceeds via tunneling processes from the two Were studied by 266-nm laser flash photolysis, and theoretical

discrete vibrational energy levelsat v andv = v1 according considerations were made a_ccording to the 'Funnel effect_theory
to the Boltzmann distribution law. proposed by FormosinBb 36 in order to clarify the reaction

N-Acetylpyrrole (NAH) isomerizes to 2-acetylpyrrole (2AP) mechanism.
upon irradiation at 254 ni#f. It has been shown that (1) the
photorearrangement of NAH occurs from the lowest excited
singlet state §to form the photorearranged intermediate (PRI) N-Acetylpyrrole was prepared by the reaction of pyrrole
by the rearrangement of the acetyl group from the nitrogen atom (Tokyo Kasei guaranteed reagent) witlkacetylimidazole
to the 2-position of the pyrrole ring as shown in eq 1; (2) the (Tokyo Kasei extra pure) according to the procedure repdrted.
qguantum vyields for the formation of 2AP from NAH in  The crude was purified by vacuum distillation. Pyrrale-
cyclohexane, ethanol, and water at 254 nm at 293 K are known (Aldrich) and N-acetylimidazoleds, prepared by the reaction
to be 0.53, 0.37, and 0.07, respectively; and (3) no predisso-of imidazole (Wako) with acetids anhydride (Aldrich), were
ciation of the N-C bond resulting in the formation of acetyl used for the synthesis df-acetylpyrroled; (NAD). The crude
and pyrrolyl radicals is involved in the photochemical reaction obtained was purified by column chromatography on silica gel.
of NAH. This sigmatropic hydrogen shift looks like a 1,5- Deuteration of hydrogen atoms on the pyrrole ring was checked
sigmatropic shift rather than a 1,2 one according to the by NMR and mass spectra. Methylcyclohexane (MCH; Aldrich
Woodward-Hoffmann rule?3 However, this shift is the 1,2-  spectrophotometric grade) was dried with molecular sieves 4A,
then purified by refluxing over lithium aluminum hydride for 5
€ Abstract published ifAdvance ACS Abstractfecember 15, 1996. h, and finally distilled. Cyclohexane (CH; Aldrich spectropho-

Experimental Section
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Figure 1. Transient absorption spectra obtained by 266-nm laser flash Figure 2. Time trace of transient absorption spectra obtained by 266-
photolysis of NAH (2.8x 1074 M) in CH at 293 K. nm laser flash photolysis of NAH in MCH monitored at 290 nm.

2.5

tometric grade), acetonitrile (ACN; Kishida spectrosol), metha-
nol (MeOH; Wako spectrosol), ethanol (EtOH; Wako spectro-
sol), and propanol (PrOH; Wako spectrosol) were purified by
fractional distillations. Triethylamine (TEA; Wako special

grade) was purified by vacuum distillation. 2,2,2-Trifluoro-

ethanol (TFE; Wako special grade) was used as received. The

kinetic measurements were carried out at a low concentration
of NAH (1.7 x 1074 M) in MCH.
The fourth harmonic (266 nm) of a nanosecondFNYAG

1.5

'n
~
jaut
a1
e

0.5

laser (Spectra-Physics GCR-130, pulse widttbshs) was used
for excitation. The monitoring system consisted of a 500-W
xenon lamp (USHIO, UXL-500D), a monochromator (JOBIN
YVON HR320), and a photomultiplier (Hamamatsu, R928). The
transient signals were recorded on a digitizing oscilloscope [NAH] / 10*M
(Tektronix, TDS-540) and transferred to a personal computer Figure 3. Plots of the observed ratés," in dehydrated MCH as a
(NEC PC-9801 BX3). The kinetic data analysis was made by function of [NAH].
use of nonlinear least-squares fitting prografhs.

To avoid the accumulation of photochemical products, fresh can be analyzed by the following equation
samples were used for each laser photolysis. The kinetic
measurements were carried out by using a 1-cm or 1-mm quartz 73
cell. The 1-mm cell was used in order to prevent the effect of
diffusion on the rise rate. It was confirmed that the effect of WhereAy (t) is the observed time-dependent absorbance at 290
dissolved oxygen on the rates for the hydrogen and deuteriumnm, A is the final absorbance, ard is the rise rate of 2AP.
shifts was negligible. Therefore, the usual experiments were T0 confirm that the observed rate of the 1,2-hydrogen shift
carried out under aerated conditions. For temperature andcorresponds to the intramolecular process, the concentration
concentration effects in nonpolar solvents, the samples wereéffect of the starting material (NAH) on the formation rate of
prepared in a drybox filled with nitrogen gas. Molecular orbital 2AP was examined. Figure 3 shows the plots of the observed

calculations were performed at the Hartréeock/3-21G level ~ formation rates of 2AP as a function of [NAH] in the
by using the GAUSSIAN 94 prograf. concentration range (18.3) x 1074 M in methylcyclohexane

(MCH) at 293 K. The dependence of the formation ratg”

on [NAH] indicates that the intermolecular reaction of PRI with
NAH is involved in addition to the intramolecular hydrogen
shift. Thus, the observed rakg ! for the 1,2-hydrogen shift
can be expressed as

10

A A1) = A1 — exp(—k, o))

Results and Discussion

Intramolecular 1,2-Hydrogen Shift in the Photorear-
ranged Intermediate of N-Acetylpyrrole. The steady-state
photolysis of NAH has been reported previou¥lyThe rate
for the 1,2-hydrogen shift of the photorearranged intermediate 3)
(PRI) of NAH was directly measured by laser photolysis in
cyclohexane (CH) at 293 K. Figure 1 shows the transient where k; 2")o denotes the intrinsic rate constant for the 1,2-
absorption spectra obtained by 266-nm laser flash photolysishydrogen shift and kg ")se stands for the bimolecular rate
of NAH (2.82 x 1074 M) in CH at 293 K. With a lapse of  constant of the self-enhanced 1,2-hydrogen shift by the starting
time, an absorption peak around 285 nm appeared. This peakmaterial (NAH). The values ofk{ ;"o and k; ")se at 293 K
is ascribable to the absorption of photoproduct (2AP) becausewere determined as 2#0.5) x 10-tstand 1.7¢0.3) x 10°
the shape and the position of this transient spectra are in goodM ! s71, respectively. In order to obtain the intrinsic rate
agreement with those of 2A®P. The formation rate of 2AP constant for the 1,2-hydrogen shift, the concentration of NAH
corresponding to the rate of the 1,2-hydrogen shift can be should be as low as possible. Thus, the kinetic measurements
determined by measuring the rise time at 290 nm. Figure 2 were performed at [NAHE= 1.7 x 1074 M. Moreover, to
shows a typical time trace monitored at 290 nm in CH at 293 clarify the effect of the concentration of PRI &p,™, the laser
K. Since the spectral overlap between the photoproduct (2AP) power dependence was examined (up to 40 mJ pllza2).
and intermediate (PRI) at 290 nm is negligible, the time trace It was confirmed that the effect of laser intensity lan was

k1,2H = (kl,zH)o + (kl,ZH)se[NAH]
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TABLE 1. Rate Constants (k;7*)o and (k. P)o of the 1,2-Sigmatropic Hydrogen and Deuterium Shifts of the Photorearranged
Intermediates of NAH and NAD in Various Solvents at 293 K

solvent € (ko 2Mols7t (kM)sdM 17t (ko P)ols7t (k1 P)sdM ™17t

NAH MCH 2.0 2.7¢:0.5)x 10 1.7&0.3) x 10°

CHCN 375 1.5¢0.4) b

CHsOH 32.7 2.5(0.2) x 10 b

CHsCH,OH 24.5 3.8(0.2) x 10° b

ProH 20.3 4.240.4) x 10° b

H.,O 78.4 2.6¢0.4) x 10" b

CRCHOH 26.7 2.8£0.6) x 10 b
NAD MCH 2.0 1.2¢:0.3) x 101 4.5(0.7) x 102

CH:CN 375 9.5¢0.5) x 10! b

aDielectric constants of solvents. From: Isaacs, NPBysical Organic ChemistryWiley: New York, 1987; p 180° There was no self-
enhancement effect on the 1,2-hydrogen shift in polar solvents.

scarcely recognized, showing that" was nearly independent
of the concentration of PRI under the experimental conditions.

Solvent Effects on the 1,2-Sigmatropic Hydrogen and
Deuterium Shifts. The solvent effects on the 1,2-sigmatropic
hydrogen and deuterium shifts were examined in various
solvents. Similar transient absorption spectra to those in CH
were obtained by 266-nm laser flash photolysis of NAH in polar
acetonitrile (ACN) at 293 K. The formation rate (145§.4)
s™1) of 2AP in ACN was greater than that in MCH, and there
was no self-enhancement effect lorp™. The rates of the 1,2-
sigmatropic hydrogen shift obtained in various solvents are listed 0 0.5 1 1.5
in Table 1. From Table 1, it can be seen that the rise rates in
protic solvents (e.g., 3.& 10° s 1 in ethanol and 2.6< 10*

s 1in water) are remarkably fast in comparison with those in
aprotic solvents (0.273in MCH and 1.5 s1in ACN). This

fact suggests that the intermolecular interaction between PRI
and alcohol (or water) molecule(s) enhances the rate of the 1,2-
hydrogen shift. The self-enhanced hydrogen shift by NAH in
alcohols and water was negligible because the formation rates
of 2AP in protic solvents were drastically faster than that of
the self-enhanced hydrogen shift. To elucidate the significant
increase ok; 2 in alcohols and water, the concentration effects
of an acidic catalyst such as trifluoroethanol (TFE) and a basic
catalyst such as triethylamine (TEA) &2 were examined. 0
Figure 4a shows the plots of the formation rates of 2AP in MCH

(INAH] = 1.7 x 10* M) as a function of added TFE [TEA]/10° M

concentration. The rate of the 1,2-hydrogen shift can be Figure 4. Plots of the observed formation rates of 2AP from NAH in

expressed by z\él);ZH as a function of [TFE] (a) and that in CH as a function of [TEA]

Ko = (ko' (Kyp DJTFE] (4) by the following equation:

H 4 1
k1,2 /10%s

where kM), and ;275 are the rate constant for 1,2- ki = (KMo + (ko I TEA] (5)
hydrogen shift in MCH and that due to intermolecular interac-
tions between PRI and TFE, respectively. The bimolecular rate Where ki) and i,"*)e denote the rate constants for the
constant for the TFE-catalyzed hydrogen transfer was obtained-2-hydrogen shift in CH at [NAH}= 1.7 x 10~* M and for
to be 1.7x 102 M1 571 from the slope of the straight line in t_he intermolecular hydrogen shift enr_lanced by TEA, respec-
Figure 4a. tively. The value of K 2"FA)e was obtained as 5.9 16 M1

The measurements 66, were also carried out in neat s1. This resglt shows that the mtermolecular 1,2-hydrogeln
alcohols (methanol othamol. and oropanol). The results areatom transfer is enhanced_ by the basic catalyst TEA. That is,
listed in Table 1. 'I:he rate c,onstant of the 1,2-hydrogen shift the proton_exchange_reactlon betwe_er_1 PRI and TEA ta_kes place
in TFE is significantly small compared with tt,wose in alcohols ﬁ’]stir;o(\;\;ns;n;qtgé Iltg ?ﬁ;v i;ﬁﬁ;g;ﬁgg;iﬁﬁ:ﬁﬁgj I:ﬁgt%:;s_
as showp 'in Table 1, and there exists the tendency that the Moreyrranged intermediates of phenyl acefdtet can be said that
the basicity of the oxygen atom of the alcohol molecule the mechanism of catalytic effects of TEA, alcohols, and water
increases, the more the rate of 1,2-hydrogen shift becomes Iargeen the 1,2-hydrogen shift is due to the basic catalysis.
That is, the basicity of catalyst may play an important role. The |t is noteworthy here that the 1,2-sigmatropic hydrogen shift
effect of TEA on the rate of 1,2-hydrogen shift in nonpolar CH proceeds via intramolecular process in dehydrated MCH at a
(INAH] = 1.7 x 10% M) at 293 K was examined. The plots of low concentration of NAH (1.7 10~4 M).
the formation rates as a function of [TEA] are shown in Figure  Isotope Effect on the 1,2-Sigmatropic Hydrogen Shift. The
4b. The basic catalytic effect of TEA in CH can be expressed isotope effect on the 1,2-sigmatropic hydrogen shift was
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examined by use dN-acetylpyrrolee; (NAD). The transient 3 4 5 6 7
absorption spectra were obtained by 266-nm laser flash pho- Lo
tolysis of NAD (2.8x 1074 M) in MCH at 293 K. The spectra /107K
were similar to those of NAH. The ratk; P of the 1,2- Figure 5. Arrhenius plots of the observed rates for the 1,2-sigmatropic

hydrogen (open circle) and deuterium (closed circle) shifts of NAH
and NAD in MCH. Broken lines denote the calculated rates. For details,
see text.

deuterium shift can be given by

kl,zD = (kl,zD)o + (kl,ZD)SEINAD] (7)

between two discrete vibrational energy levels{ vy andv =

v1) into account, wheré\E is the energy difference between
the two vibrational levelsy(= vo andv = v1) andk; andk; are

their temperature-independent reaction rate constants, as will
be described later. By the best fit of eq 8 to the plots d&ilp

vs T-1 in Figure 5, the values ok", k', and AE" were
determined to be 0.15% 1.1 x 1? s™1, and 2.9 kcal mol*
(=1.0 x 10® cm™Y) for the 1,2-hydrogen shift of NAH,
respectively. Similarly, the values &P, k.°, and AEP were

i 2a1 —1 1
The basic catalysis effect on the 1,2-deuterium shift was also diatermmedoaas 1'3;110_ S N 1.0x 1¢s ; and 3h3 kcal mol
examined. The rates of the 1,2-deuterium shift were measured(=1-2 x 10> cm™) for the 1,2-deuterium shift of NAD,
in various concentrations of TEA at [NAB} 1.7 x 104 M in respectively. These data are summarized in Table 2. The best

MCH. From similar treatments to the case of NAH, the value fitted values ofk; > are shown by the solid lines in Figure 5.
of (ki.2A)e for the 1,2-deuterium shift in MCH was obtained 1h€ experimental results for both temperature and isotope effects

to be 1.2x 10° M~ s~1 within 15% error. on k; » strongly support the quantum mechanical tunneling for

Temperature Effects on the 1,2-Sigmatropic Hydrogen the 1,2-sigmatropic hydrogen and deuterium shifts.
Shift. The measurements of the temperature effect on the 1,2- Theoretical Consideration for the 1,2-Sigmatropic Hy-
sigmatropic hydrogen (or deuterium) shift of the PRI produced drogen Shift via Tunneling. To confirm the quantum me-
by 266-nm laser flash photolysis were carried out at a low chanical tunneling mechanism for the 1,2-sigmatropic hydrogen
concentration of NAH or NAD (1.7 10™* M) in dehydrated shift of the PRI of NAH, theoretical considerations were made.
MCH to avoid the intermolecular reactions with the starting Theoretical methods for the hydrogen atom transfer via tunneling
material (NAH or NAD) or a trace of water in MCH. Figure have been extensively developed by Formositihé? The
5 shows the plots of the observed rakeg (ki 2" or ki, °) as a potential energy surfaces both for PRI and the final product
function of T in dehydrated MCH. The Arrhenius plots give  (2AP) for the 1,2-hydrogen shift were calculated by his method.
a straight line in the high-temperature rangeca. 250 K. In the reactant system, the force constiawas estimated by
However, the slope of the plots gradually becomes small in the use of the &N and C—H force constantsf¢—y andfc_) for
low-temperature range ca. 250 K. This fact indicates that C=N and C-H stretching vibrations in PRI as follow:33
1,2-sigmatropic hydrogen and deuterium shifts probably proceed
\g/lracl)utsg Sﬁ;ﬁ:tum mechanical tunneling in the electronically frzsz=N2+fcfH2+ 2f ooy COSO(C=N, C—H) 9)

Most of the tunnel corrections have been made by the concept
of a continuous Boltzmann distribution of energiésHowever, ~ The value off; for the C=N and C-H system (or the €N
the energy of molecular vibrations is certainly quantized and @nd C-D system) was obtained as 6.3010" cm™* nm™2 (or
the separation of the vibrational levels is much greater kan ~ 6.02x 107 cm™* nm™2). The harmonic potential; for PRI is
for the range of temperatures normally encountered. Particu-9iven by
larly, in the intramolecular proton or hydrogen atom transfer,
there is no contribution from translational kinetic energy and v leZ (10)
the assumption of a continuous energy distribution appears less roar
reasonable. It is suggested that tunneling from one or more
discrete levels is a more appropriate model than that of a wherexis the reaction coordinate, i.e., the common displacement
continuous energy distributio. In fact, the formation rates  of the G=N and C-H bonds. Zero-point vibrational energies
of ki and ky P for NAH and NAD, respectively, can be can be neglected, because the total zero-point energy of a
expressed by eq 8, taking the Boltzmann distributiofl &) polyatomic molecule is spent in motions in directions irrelevant

for the reaction coordinatés.
k, + k, exp(—AE/RT)

— (8) In the product (2AP) system, the force constgnivas also
12 1+ exp(—AE/RT) estimated by using the force constafgtsy andfy—p of the C-N

where ki12°)o and ki 2P)seare the intrinsic rate constant for the
1,2-sigmatropic deuterium shift and the self-enhanced rate
constant for the 1,2-deuterium shift by the starting material
(NAD), respectively. The rate constanks £)o and k; -°)scat

293 K were obtained to be 120.3) x 1071 s 1 and 4.5¢-0.7)

x 1% M~1 s71 respectively. The kinetic isotope effect of
(k1 ol (ke P)o Was obtained as 2.3 at 293 K. The isotope effect
increases with decreasing temperature up to ca. 12, as will be
described in the next section.
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TABLE 2: Rate Constants and Parameters for 1,2-Hydrogen and Deuterium Shifts via Tunnelingy

1,2-hydrogen shift 1,2-deuterium shift
exptl theoretical exptl theoretical
v=0 v=1u1 v=0 v=un v=0 v=un v=0 v=un
f/10° cm™t nm2 6.30 6.30 6.02 6.02
/10" cm™t nm2 3.95 3.95 3.92 3.92
AR/1072nm 5.09 5.09 5.09 5.09
AX/1072 nm 2.96 2.95
AX/1072nm 2.28 2.18
Ep/10*cm™?! 1.12 1.12 1.09 1.09
E/103cm™? 0 1.0 0 1.0 0 1.2 0 1.2
ul10-%6kg 2.04 2.04 2.40 2.4
ky/s™t 0.15 0.12 1.3< 102 1.4x 1072
kofs™1 1.1x 1% 1.4 x 1C? 1.0x 1% 0.9x 1%

2 For details, see text.Calculated by use of eq 17.

and N-H stretching vibrations in 2ARL~33 e \ 7 7
2 2 2 / \’ /\
fo"=Te_n" T fucn” — 2fc_nfyp COSO(C—N, N—H) LI, \ VA . v,
(11) e XY/
The negative sign arises because the two oscillators vibrate out TE - f A A;i\ ,i A
of phase, immediately after the hydrogen atom transfer. Since 2
the motions of all the atoms are not independent, e.g., g 2 ® \ NV
= i /X
Xnn = —(Xen + Xer) (12) LEw, \ v
N AR Ep g
all the vibrations can be considered along a common bond- 0 E 5 N
stretch direction. By projecting the stretching motion of the - Ax ] \i AH
N—H bond in the system of axes of PRI, eq 13 can be -1 AR
derived?1—33
4 2 0 2 4 6 8 10
for =fon’ + Fyon’ = 2fc_nf'n_n COSO(C=N, C—H) x /10 nm
(13) Figure 6. Potential energy curves of=€N and C-H (or C—D)

, oscillators in the photorearranged intermediate (PRI) areNGand
wheref'n—y = fy—n[cos 6 (CN, NH) + cos6 (CH, NH)]. The N—H (or N—D) oscillators in 2AP for the 1,2-hydrogen and -deuterium
values of f'p for the hydrogen- and the deuterium-shifted shifts of NAH (a) and NAD (b).

products were obtained to be 3.9510" and 3.92x 10’ cm™!
nm~2, respectively. The angle of the three displacement
coordinate axes is taken as the angleof the coordinate axes §yd—— 3583776
for a triatomic moleculeXYZwith atomic massesy, m,, and 58400 @‘
ms:

Nt o
CHy

1/2

cosf = (14)

m,m,

-358.500 =\ cocH,

(m, + my)(m, + my) o Qmwm O

The angle betweexc—y andxc_y of PRI can be estimated with [, Lcoen i

m = 1, mp, = 24, andmg = 14, wherem, concentrates the

mass of the two carbon atoms.
Parts a and b of Figure 6 show the calculated potential energyFigure 7. Energy profile for the 1,2-sigmatropic hydrogen shift in the

diagrams for the 1,2-hydrogen and deuterium shifts, whire  photorearranged intermediate of NAH calculated by the ab initio method

and V, denote the potential surfaces of the photorearranged (3-21G).

intermediate and photoproduct, respectivelyy denoted the

enthalpy change for the 1,2-hydrogen shift obtained by the ab

initio calculations (see below)AR denotes the coordinate

Total Energy / Hartree
I

H

358.5722

-358.5791
PRI 2AP

asseo0l-  NAH

shift in the present system is an exothermic reaction. As a result,
the potential energy of 2AP is given by the following equation:

displacementzg denotes the energy of crossing of the potential 1, )

curves E, denotes the vibrational energy for (i.e., E, = AE), Ve = éf p(X —AR)" + AH (15)
and Ax and Ax denote the distances between the potential

curves of the initial and final states & = 0 andE = E,, The values oftg and Ax for the 1,2-sigmatropic hydrogen
respectively. Figure 6 can be used for the theoretical consid- shift in Figure 6 were determined as 1.%¥210* cm™! (32.02
erations according to the tunnel effect theéty. kcal moi?) and 2.96x 102 nm, respectively. Because of the

The energy diagram for the photorearrangement of NAH large energy barrieeg, the hydrogen shift does not take place
calculated by the ab initio MO method to estimate the value of beyond the energy barrier under the experimental conditions.
AH is shown in Figure 7. The value afH for the 1,2-hydrogen The values oEg andAx for the 1,2-sigmatropic deuterium shift
shift in PRI was estimated to be25.67 kcal mat! from the were obtained to be 1.09 10* cm! (31.16 kcal mot?) and
ab initio calculations. This result shows that the 1,2-hydrogen 2.95 x 1072 nm, respectively. According to the tunnel effect
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theory34 40the tunneling raté can be calculated by use of the
valuesEg and Ax

k=veq - T2uE ~ BN @)
wherek = k; at v = vp (i.e., E, = 0, Ax = Ax) andk = k; at
v = u (i.e.,, E, = AE, AXx = AX). Here,v is the average
frequency for the tunneling and generally taken a¥ 0! in
the case of intramolecular reactitfh.However, in the present
system, the frequency is very small since the reaction occurs
only when all the corresponding oscillators vibrate as promoting
modes. Therefore, the frequency of the tunneling reaction was
obtained to be 5 10'°s™1 by the best fitting method with use

of eqs 8 and 16.
The value ofE, in eq 16 is equal to the energy difference

AE between two discrete vibrational levels as stated above. Here,

u is the reduced mass estimate?bif

1/2

7 17

_ 1/2 1/2
=Uen T Hen
whereucn anducn are the reduced masses for the CN and CH
vibrations.

The value of AR (the displacement between the potential
minima of reactant and product along with the reaction

Kimura et al.

hydrogen shift and 2.1& 1072 nm for the deuterium shift.
The parameters used to obtain the theoretical tunneling rates
are listed in Table 2. By using these tunneling parameters and
eq 16, the tunneling rate constardsandk; for the 1,2-hydrogen
shift atv = vg andv = vy, were obtained as 0.12 and 1x410?
s1, respectively. For the 1,2-deuterium shift,andk; at v =
vo andv = v; were obtained to be 1.4 1072 and 0.9x 1(?
s71, respectively.

By use of these tunneling rate constaktandk,, the values
of ki » can be calculated by eq 8 at various temperatures. The
ki 2 values for the 1,2-hydrogen and deuterium shifts are plotted
in Figure 5 (broken lines). The good agreements between the
experimental and theoretical values far, show that the 1,2-
hydrogen and deuterium shifts proceed via tunneling processes
atv = v (E = 0) andv = v1 (E = E, (2.9 kcal mof? for the
hydrogen shift and 3.3 kcal ndl for the deuterium shift))
according to the Boltzmann distribution law.

Concluding Remarks

The following concluding remarks are drawn by the direct
measurements of the 1,2-sigmatropic hydrogen (or deuterium)
shift of the PRI ofN-acetylpyrrole and also the theoretical
considerations according to the tunnel effect theory proposed
by Formosinhg1—36

coordinate) was calculated by means of the intersecting-state (1) The rates for the 1,2-sigmatropic hydrogen (or deuterium)

model (ISM) proposed by Formosink®3¢ According to the
ISM model, the sum of the bond distensiodsat the transition
state is expressed as

aln2
n¢

d= (r,+r) (18)

wherea' is a constant£0.156),r, andr, are the equilibrium
bond lengths of product and reactant, respectively, @ni$

the bond order at the transition state. In the present system,

two kinds of bond rearrangements are involved, e.g., H (from
C—H to N—H) and N (from G=N to C—N). In the first place,

for the bond rearrangement of H-migration which includes the
processes of €H bond-breaking and NH bond-forming, the
transition-state bond orde¥ is 0.5. Therefore,

aln2
Oy = W(rcfH + In-n) (19)
is derived.
In the second place, for the CN rearrangement involving a
bond-breaking process from=N to C—N, the transition bond
order also equals 0.5. Thus,

aln2
den = 05 (re=n tTc-n)

(20)
The value of the bond distensiod € AR) is represented by
eg 21 as the average of the two bond distensityps(X = C
or N) for H and @&y for N. The optimized bond lengths are
1
AR= E(dXH +dey) (21)

obtained asc_y = 10.87x 1072 nm, ry—n = 9.95x 1072 nm,
re=n =12.73x 1072 nm, andrc-n =13.65x 1072 nm by ab
initio MO calculations. By substituting these values fef,
InH, Fe=n, andre—y into eqgs 19 and 20, the values @y and
dcy are obtained as 4.5 102 and 5.71 x 1072 nm,
respectively, and\R is determined to be 5.02 1072 nm.

The values ofAx at E = E, (=AE) were calculated from
the potential energy curves to be 2.28 1072 nm for the

shift of the PRI of NAH produced by 266-nm laser flash
photolysis are directly measured in several solvents. It is found
that the rate of the 1,2-hydrogen shift is enhanced by the starting
material (NAH or NAD) and the intramolecular rate constant
for the 1,2-sigmatropic hydrogen or deuterium shift is deter-
mined to be 0.27 73 for NAH (0.12 s for NAD) in MCH at

293 K. ltis noteworthy that the 1,2-sigmatropic hydrogen shift
proceeds via the intramolecular process at a low concentration
of NAH (1.7 x 1074 M) in dehydrated MCH.

(2) The rate of 1,2-hydrogen shift is remarkably increased
by a basic catalyst, such as triethylamine, alcohols, and water.
The effect of the basic catalyst on the 1,2-hydrogen shift can
be explained by proton exchange between the intermediate (PRI)
and the basic catalysts.

(3) On the basis of the experimental and theoretical results
of temperature and isotope effects, it is shown that the
intramolecular 1,2-hydrogen (or deuterium) shift in MCH
proceeds via quantum mechanical tunneling at two vibrational
energy levels:E = 0 (v = vg) andE = E, (=2.9 kcal mof?
for the hydrogen shift or 3.3 kcal mdi for the deuterium shift)

(v = v1) under the experimental conditions.
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