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Density functional theory (DFT) calculations including configuration interaction (Cl) were carried out to
investigate the pathways of the unimolecular isomerizations of pyrrole. Vibrational frequencies calculated
with the DFT method were used to estimate transition-state theory frequency factors. The potentional energy
surface of the overall isomerization of pyrrole is composed of pyrrolenine, two biradical intermediates, and
five transition states, in addition to pyrrole and its stable isomers. The first step of the isomerization is a fast
transition from pyrrole to pyrrolenine. These two species reach a state of equilibrium that is maintained
during the entire process. There is no direct path that leads from pyrrole to its stable isomers, which are
produced only from pyrrolenine. Two biradical intermediates that are very similar in their structure and
energetics and that isomerize to one another by a low-barrier rotation are involved in the process of pyr-
role isomerization. One intermediate formsly ciscrotonitrile, and the other intermediate forrosly
vinylacetonitrile. These two biradical intermediates and several transition states have resonance structures.

There is no direct route that leads from pyrrolenindrems-crotonitrile. The latter is formed from the cis
isomer by cis— trans isomerization. RRKM calculations were carried out to transfer valuds afdE. of
the rate constants of two high-barrier steps in the isomerizatioAstaE corresponding to the experimental

conditions. Kinetic modeling, which uses the calculated rate constants, gives a very good agreement between

the calculated and the experimental yields of the isomerization products.

1. Introduction and at the high-temperature end of the study their yield was

lower than those of other decomposition products as well.
Mackie et al* proposed an intermediate species, pyrrolenine

(2H-pyrrole), as a precursor to the isomerization products. The

Unimolecular isomerizations and decompositions of five-
membered heterocyclic compounds containing oxygen and
nitrogen have long bg_en a subject of extensive investigation. yrrole < pyrrolenine conversion is a tautomeric reaction in
Whereas decompositions take place whenever such moleculeghich a hydrogen atom moves from the nitrogen to a neighbor-
are heated to high temperatures, isomerization reactions do ”Oﬁng carbon atom. This reaction is much faster than the
always take place. The thermal behavior of these moleculesisomerizations so that pyrrole and pyrrolenine are practically
depends on the number of double bonds in the ring, on theirj, 5 state of equilibrium. 1,2 and 1,4 H-atom migrations in
location, and on the substituents that are attached to the ring.pyrrolenine lead to different isomerization products. Whereas
Also, when five-membered ring compounds are fused to the {he existence of pyrrolenine was never established experimen-
benzene ring, the number of isomerization reactions increases ||y (only substituted of pyrrolenines are knoWrt?), quantum

Thus, furart, dihydrofurarf; and tetrahydrofurdrdo notisomer-  chemical calculations can shed light on its function as an
ize, whereas 2,3-dihydrobenzofut&mnd 1,3-dihydroisoben-  jntermediate species in the thermal isomerizations of pyrrole.
zofurart* isomerize to phenylacetaldehyde andho-tulyl- Both Lifshitz et al® and Mackie et at.suggested that only two
aldehyde, respectively. Isoxazél@nd 5-methylisoxazotédo isomerization productsjs-crotonitrile and vinylacetonitrile, are

not isomerize, whereas the isomerization of 3,5-dimethylisox- formed in the isomerization of pyrrole and tiegns-crotonitrile
azolé“ to 2-methyl-3-oxobutironitrile is the main reaction in  is formed by the cis— trans isomerization of the cis isomer.
this molecule. Both in pyrrofeand in indole® the main reactions We have recently published detailed quantum chemical
are isomerizations. calculations reporting on the structures and the energetics of
The decomposition of pyrrole was studied in the past in this the various transition states and intermediates that are involved
laboratory and by Mackie et at.using the single-pulse shock  in the isomerization reactions of cyclopropanecarbonitfilehe
tube technique. In our study, the temperature range 10850 latter is an isomer of pyrrole. This compound yields three
K was covered, while in Mackie’s, the temperature range isomerization productsis- andtrans-crotonitrile (CRNT) and
was 12006-1500 K. At the lower temperature range of our vinylacetonitrile (VACN). We used the density functional theory
study, three isomerization productss- andtrans-crotonitrile (DFT) method and found that the isomerizations proceeded via
(CH3CH=CHCN) and vinylacetonitrile (CH=CHCH,CN) had a biradical mechanism. On the basis of the very good agreement
the highest yield, and only at the high-temperature end of the between the DFT and TCSCF (two-configuration self-consistent
study the yield of hydrogen cyanide exceeded that of the field) calculations and also between the DFT calculations and
isomers® This behavior enables one to make a comparison experiment, we believe that this method is quite suitable for
between the experimental results and the calculations regardingcalculating transition states and intermediates of a biradical
the isomerization process. In the higher temperature study, thenature. This is particularly true when the potential energy surface
isomerization products had considerably lower yield than HCN, includes both closed-shell and open-shell singlets. We have thus

10.1021/jp983251r CCC: $15.00 © 1998 American Chemical Society
Published on Web 12/03/1998



Isomerization of Pyrrole J. Phys. Chem. A, Vol. 102, No. 52, 19980881

used the DFT method also in the present investigation, which TABLE 1: Experimental and Computed Structural

deals with quantum chemical and model calculations of the Parameters Oflp)]{”%'e and Pyrrolenine at the B3LYP/
isomerization of pyrrole. cc-pvDZ Level of Theory

pyrrole pyrrolenine

2. Computational Details parameté®®  computed exptl computed  exptl

In this investigation, we used the Becke three-parameter r-N(1)—C(2) 1.375 1.370,1.39 1.462 1.46
hybrid method® with Lee—Yang—Parr correlation functional ~ "-C(2)-C(3) 1383  1.382,1.38 1502 1.50
approximatioR® (B3LYP) and the Dunning correlation consis- r'g(i):g(g) Lazr o Lair 14l 1 }1'73250 1 }1'935
tent polarized valence double{cc-pVDZ) basis setl22(Martin ::Nglg—c((s)) 1293 129
et al?® have shown that the use of the tridebasis set (cc- OC(2)N(L)C(5) 109.9 109.8, 109.7 1057 1073
pVTZ) in a line of molecules including pyrrole did not make ON(1)C(2)C(3) 107.6 107.7,107.4 106.9  106.2
any improvement that would justify additional computer ex- C£C(2)C(3)C(4) 107.4  107.4,108.0 107.0 1075
pense.) Biradical structures were localized using guess waveJC(3)C(4)C(5) 106.1  106.2
functions with the destruction—p and spatial symmetries by Eﬁg;g,(\?()l’\)‘(l) 1010 0.996. 1.01 1143 1129
the unrestricted uB3LYP method. We used an open-shell singlet,_y1)—c(2) ' R 1.117
approximation for the biradical structures. Two biradical r-H(2)—C(2) 1.087  1.076, 1.07 1.103
structures were also optimized by using of a complete active r-H(3)—C(3) 1.088 1.077,1.08 1.091
space multiconfiguration self-consistent field (CASSCF) with DH(LN(1)C(2) 124.99 1251
CAS(4,4) wave functions for comparison. The reference con- Bﬁggggm% 12116 1208 122628
figuration was defined by filling separately theandf occupied OH(2)C(2)C(3) 13117 1308 114.7
orbitals (105 singlet configurations). The initial guess wave [OH(3)C(3)C(2) 12572 1255 1255
functions were taken from unrestricted Hartréeck (UHF) 7-H(1)C(2)C(3)C(4) 0.00 -120.3
calculations at optimal uB3LYP geometry. Tnggggg;gggggg 188-88 1283-01

H H T . .
All the calculations were performed without symmetry HB)O(B)C(A)CE) 180,00 179.0

restrictions. Vibrational analyses were carried out at the same
level of theory to characterize the optimized structures as local ~ ®Distances in angstroms, angles in degrédhe atom numbering
minima or transition states. Calculated vibrational frequencies IS Shown in Figure 2 Experimental parameters from ref 3tExperi-
and entropies (at UB3LYP level) were used to evaluate preex- mental parameters from ref 28Experimental parameters from ref 29.
ponential factors of the reactions under consideration. All the TABLE 2: Experimental 3 and Computed Frequencies (in
calculated frequencies as well as the zero-point energies are oitm=1) of Pyrrole at the B3LYP/cc-pVDZ Level of Theory
harmonic oscillators. The calculated frequencies were not scaledand Their Approximate Assignments

since the scaling did not improve the agreement with the raw scaled

experimentally measured frequencies where stable molecules
were concerned. The calculations of the intrinsic reaction
coordinate (IRC) were done at the uB3LYP level of theory with gg g;g g'g ggg :i'g N_HdO‘]ft'Of"’t'.a”e
mass-weighted internall coorqlinates to check whether the transi- g5 g42 27 606 —3.2 ::Eg difgﬁmiégﬂ

tion states under consideration connect the expected reactants 712 686 -3.7 647 —9.1 C—H out-of-plane wag
and products. Only this coordinate system permits one to follow 720 729 1.3 688 —4.5 C-H out-of-plane wag
the steepest descent pathwe computed the IRC path with 826 829 04 782 -53 C-H out-of-plane wag

the same basis set as was used for the stationary point 863 872 1.0 823 —4.7  ring deformation
optimization y P 868 880 1.4 830 —4.4 C-H out-of-plane wag

L . 880 892 1.4 842 —4.4  ring deformation
Each optimized SCF structure was recalculated at a single- 1918 1027 09 969 —4.8 C-C stretch, CCH bend

point quadratic Cl including single and double substitutions with 1049 1058 0.9 998 —4.9 CHH bend
a triplet contribution to the energy, QCISD(3.QCISD(T) 1074 1086 11 1025 —4.6 CHH bend
calculations were performed with the frozen core approximation. ﬂig ﬂ?g %‘7‘ ig?g _g-f C_Nbee”%_ CCH bend
The DFT and QCISD(T) computations were carried out using : —3.1 ring breathing

; 1287 1294 0.5 1221 —5.1 CNH bend, CCH bend
the Gaussian-94 program packdg@he CASSCF(4,4) calcula- 1391 1426 2.5 1345 —33 C=C, C—C stretch
tions were carried out using the Gamess-USA progtasl 1424 1466 2.9 1383 —2.9 C-N stretch
calculations were carried out on a DEC Alpha TurboLaser 8200 1470 1502 1417 —3.6 C-Nstretch

2.2
5/300 at the Institute of Chemistry of The Hebrew University 1521 1576 36 1487 -22 C=Cstretch
3116 3236 3.8 3053 —2.0 C—Hstretch
of Jerusalem. 3o
3.9

expth  freq A°(%) freq A°(%) approx assignmeht

3064 —1.9 C—H stretch
. . . 3079 —1.9 C—H stretch
3. Results and Discussion 3148 3270 39 3085 —2.0 C-Hstretch

A. Pyrrole and Pyrrolenine. Table 1 shows selected S°27 3660 38 3453 —21  C-Nstretch
experiment&f-3° and calculated structural parameters of pyrrole 2 Gas-phase frequencies from ref 8Bcaling factor is 0.943%. ¢ A
and pyrrolenine (2H-pyrrole) using the B3LYP level of theory = (calculated value— experimental value)/experimental value, in
with the cc-pVDZ basis set (see Figure 2 for reference to the Percent? Mode description from ref 33.
atom numbering). For pyrrolenine, the calculations are compared . . .
to values obtained by X-ray crystal structure measurements of SPECi€S. This phenomenon was observed also by Sunderlin et
substituted pyrroleniné®. As can be seen, the structural al-°'Bachrack?? and otherg?—3
parameters of both pyrrole and pyrrolenine are in good agree- Table 2 shows the B3LYP/cc-pVDZ frequencies of pyrrole
ment with the experimental values. There is slight disagreementboth scaleéf and unscaled. (There are no measured frequencies
between calculations and experiment in the length of th&€C of pyrrolenine.) As can be seen, the agreement between the
single bond, located between twe=C double bonds in both  calculated and measured frequen€iésvery good. Scaling the
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@ H>© The reaction coordinate of the ring-opening transition state
— T8 — — TS2 — INT1 TS2 is a combination of two normal modes, G(X(1) stretch

N N
B

and a rotation of the terminal methylene group H(1)C(2)H(2)

TS3 —» CH,=CHCH,CN with respect to the ring plane. The C{2)(1) bond in TS2 is
practically ruptured. The €N distance is 2.48 A compared to
INT1 CH, N 1.46 A in pyrrolenine. In addition, all the internal angles CCC
"N T84 - INT2— TS5 — H>C=c<H and CCN are wider. In contradiction to pyrrole, TS1, and

pyrrolenine, the transition state TS2 already has some bi-

C"{/ac_c <°N o TSE __C"'g oo <H radical character, because it is about to form an intermediate
H H H "7 "CN INT1, which is a complete biradical (Tables 6 and 7). The

Figure 1. Schematic presentation of the main product formation of §tructures Of,TS_Z gnd INT1 are shpwn in .Fllgure 3. Informa-
pyrrole isomerization. tion on the distribution of atomic spin densities (Table 7), the

spin contamination, and the biradical character,(Table
calculated frequencies does not improve the agreement with theg) enables one to see the differences between the species in-
experiment. On the contrary, the percent deviations of the volved. ¢ was calculated using the method of Kraka and
unscaled frequencies are smaller. Kremer41)

B. Structures of the Critical Points along the Pathway of The intermediate INT1 is a biradical species with a planar
Product Formation. A schematic presentation of the various gy cture. It forms, as can be seen in Figure 1, two species via
pathways of the isomerization of pyrrole is shown in Figure 1 tansition states TS3 and TS4. The reaction coordinate in TS3
and the energetics of the species involved are shown in Tableis a 1,2 H-atom shift to produce the stable isomer vinylaceto-
3 for uB3LYP/cc-pVDZ and uQCISD(T)/cc-pVDZ/BSLYP/  pjtrile (CH;~CH—CH,CN). In TS4, it is a rotation of a NCH

cc-pVDZ. As shown in the scheme, we found that the first group with respect to the molecule’s plane to produce another
stage in this process is the formation of pyrrolenine (2H-pyr- jntermediate INT2.

role). IRC analysis indicates that none of the transition states
that lead to the intermediates or to the isomerization products
are obtained directly from pyrrole. They are obtained only from
pyrrolenine.

The existence of pyrrolenine as an intermediate in the
isomerization of pyrrole was suggested by Mackie ét ahd
raised as a possibility in several therfigPand photochemicl
rearrangement studies of pyrrole and substituted pyrroles. The
pyrrole= pyrrolenine tautomerism was also a subject of an ab
initio investigation3-32where an activation barrier of 44.5 kcal/

1 *
Irre1\c/)‘lslfc())rf %ﬁio? y;ti\rg ::r']ﬁb\gasseggTr?lf;gglstsfhtie'\ﬂ;azri?er3ﬁ% t and other_radicalé?. In fact, this behavior has already been
we have calculated (pyrrole- TS1) is 44.0 at the B3LYP and °b5?”’ed n TS2. . ) o
43.1 keal/mol at the QCISD(T) levels of theory, respectively.  Figure 4 shows the reaction path leading from the biradical
The calculated geometrical parameters of the species involvedintérmediate INT1 to the stable isomer vinylacetonitrile via the
in the isomerization process are shown in Table 4 (except for transition state TS3. The reaction coo_rdmate in this path is a
the parameters of pyrrole and pyrrolenine, which have already 1:2 H-atom shift from C(5) to C(4), which expresses itself by

been shown in Table 1 in comparison with the experiment) & Stretch of the C(5)H(5) bond from approximately 1.11 to
(see Figures 26 for the numbering of the atoms). The 1.21 A and a decrease in the distance between C(4) and H(5)

frequencies, including the imaginary ones, are show in Table Tom 2.182 AinINT1 to 1.695Ain TS3. In addition, the bond
5, and the calculated moments of inertia, entropies, and zero-distances C(2yC(3) and C(3)-C(4), which do not differ very
point energies (ZPE) of pyrrole, pyrrolenine, and all the much from one gnother in thg |ntermed|§t§ INT1, approach the
intermediates and transition states are shown in Table 6. Thesé&°Tesponding distances in vinylacetonitrile, namely, a double

values were used for calculating Arrhenius parameters for the 2ond between C(2) and C(3) and a single bond between C(3)
kinetic modeling. and C(4). The bond distances of the three species that are
involved in this path (INT1, TS3, and vinylacetonitrile) are listed

in Table 4. As can be seen, TS3, a transition state that connects

As INT1 is a biradical and the nitrogen has an unpaired
electron ¢-spin) one would have expected that one of the carbon
atoms C(2) or C(4) will have the second unpaired electfbn (
spin). Such a situation would have resulted in a big difference
between the C(2)C(3) and the C(3)C(4) bond lengths. The
calculations show, however, that these bond lengths (Table 4)
and the spin densities on C(2) and C(4) (Table 7) are close to
one another. CASSCF(4,4) calculations (which will be described
latter) show that they are practically equal. These results sug-
gest a resonance structure similar to what is found 4HsC

As can be seen in Figure 2, the reaction coordinate of the
transition state TS1, which is a closed-shell transition state, is GlIs >
a 1,2 H-atom shift from the nitrogen atom to an adjacent carbon. & Piradical with a closed-shell molecule, has only about 20%
The original N-H distance of approximately 1.01 A in pyrrole blradlcal character (Table 6) and its spin density is also highly
stretches to 1.28 A in TS1, and the new-B bond that is just ~ delocalized (Table 7).
about to be formed has a distance of 1.29 A, practically equal Ve tried to locate a transition state that connects the inter-
to the N—H distance (Table 4). The two-€N bond lengths, ~ mediate INT1 tecis-crotonitrile (CH—CH=CHCN), a second
which are exactly the same in pyrrole, 1.375 A, are very different stable isomer of pyrrole. The reaction coordinate for this
in the transition state. They are 1.45 and 1.26 A, pointing to Processes is a 1,4 H-atom migration from C(5) to C(2). Despite
the establishment of a definite C2)(1) single bond and a  many trials, this attempt was unsuccessful. As will be shown,
C(5)-N(1) double bond. All the €C bond lengths in TS1 have  the crotonitrile formation takes place from another intermediate,
intermediate values between those of pyrrole and pyrrolenine. INT2, which is obtained from INT1.

Whereas the pyrrole and pyrrolenine rings have a planer Figure 5 describes the path leading from INT1 to INT2 via
structure, the planarity of the ring in TS1 is slightly distorted TS4. All three species involved in this path are biradicals with
in the area of the H-atom migration. In pyrrolenine, the €(2) y = 1, for the intermediates, and 0.73, for the transition state.
N(1) single bond is longer and weaker than the equivalent bond The reaction coordinate in this path is a rotation of the NCH
in pyrrole. group with respect to the molecule’s plane. The plane distortion
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TABLE 3: Total Energies Ey (in au), Relative EnergiesAE ., and AE* (in kcal/mol) of All the Critical Points along the
Pyrrole Isomerization Profile Calculated at Different Computational Levels?

uB3LYP/cc-pvVDZ

uQCISD(T)/cc-pvDZ

Etotal A Etotal A Et Etotal A Etotal A Et
pyrrole —210.183 015 0.00 0.00 —209.585 592 0.00 0.00
TS1 —210.107 731 47.24 44.01 —209.511 765 46.33 43.10
pyrrolenine —210.158 367 15.47 14.60 —209.567 785 11.17 10.30
TS2 —210.062 583 75.57 71.13 —209.470 183 72.42 67.98
INT1 —210.071 663 69.87 65.59 —209.474 116 69.95 65.67
INT2 —210.070 825 70.40 66.05 —209.473 052 70.62 66.27
TS3 —210.037 884 91.07 84.44 —209.444 430 88.58 81.95
TS4 —210.061 719 76.11 70.98 —209.466 221 74.91 69.78
TS5 —210.045 400 86.35 79.20 —209.456 275 81.15 74.00

2 AE* = AEq + A(ZPE).

TABLE 4: Structural Parameters of Transition States, Intermediates, and Two Products of Pyrrole Isomerizations Calculated

at the uB3LYP/cc-pVDZ Level of Theory

parameter® TS1 TS2 INT1 INT2 TS3 TS4 TS5 c-CRNT  VACN
r-N(1)-C(2) 1.460 2.478 3.025
r-C(2)-C(3) 1.409 1.407 1.377 1.380 1.360 1.383 1.454 1.495 1.333
r-C(3)-C(4) 1.399 1.377 1.406 1.405 1.428 1.397 1.353 1.346 1.514
r-C(4)-C(5) 1.403 1.461 1.459 1.454 1.450 1.494 1.472 1.432 1.466
r-N(1)—C(5) 1.356 1.271 1.268 1.268 1.209 1.256 1.228 1.165 1.161
0C(2)C(3)C(4) 106.5 121.2 126.5 1275 125.4 126.3 120.0 126.4 126.0
0C(3)C(4)C(5) 107.5 116.3 126.0 125.2 1225 124.1 112.8 123.4 114.5
OC(4)C(5)N(1) 1125 124.1 128.0 124.7 161.4 116.9 135.8 179.2 179.4
r-N(1)—H(1) 1.280 2.125
r-H(1)—C(2) 1.294 1.092 1.092 1.092 1.093 1.092 1.094 1.104 1.092
r-H(2)—C(2) 1.090 1.094 1.092 1.091 1.091 1.091 1.096 1.104 1.094
r-H(5)—C(5) 1.090 1.109 1.112 1.110 1.211 1.111 1.194 3.104 2.093
r-H(5)—C(4) 2.182 2.206 1.695 1.105
r-H(5)—C(2) 4.178 2.804 1.877 1.099
T-H(1)C(2)C(3)C(4)  —58.1 ~153.0 180.0 180.0 1775 1784 —136.0 -121.6 180.0
T-H(2)C(2)C(3)C(4) 162.9 39.9 0.0 00 -33 3.4 70.0 119.7 0.0
-N(1)C(5)C(4)C(3) 3.2 -75 0.0 —180.0 —62.9 -81.6 -172.3 179.7 —5.6
T-H(5)C(5)C(4)C(3) —174.7 171.2 180.0 0.0 100.2 100.0 5.7 0.0 87.0

2 Distances in angstroms, angles in degré@gom numbering is shown in Figures-5.

pyrrole

TS1 pyrrolenine

Figure 2. Structure of pyrrole, TS1 and pyrrolenine, the first step of pyrrole isomerization.

in TS4 is 82, and the net result is a 180otation where both from a biradical species to a closed-shell molecule via a partially
INT1 and INT2 are planar (Table 4). Note that the imaginary biradical transition state (Table 6). There are however significant
frequency associated with this reaction coordinate, i-146'cm  differences in the details of the reaction coordinates. Whereas
is very small and compatible with a rotation. All the bond the reaction coordinate in the INF* TS3— vinylacetonitrile
distances in the intermediates INT1 and INT2 are the same. pathway is simply a 1,2 H-atom shift, the reaction coordinate
They differ only in the dihedral angles, N(1)C(5)C(4)C(3) and in the INT2— TS5— cis-crotonitrile path involves, in addition
H(5)C(5)C(4)C(3), by 180 As a result of this rotation, the H(5)  to a 1,4 H-atom shift from C(5) to C(2), also a considerable
hydrogen approaches the C(2) carbon atom, which facilitates amovement of C(2) toward the shifting hydrogen. This behavior
1,4 H-atom shift from C(5) to C(2) toward the formation of results also in distortion of the carbon chain in the transition
cis-crotonitrile. state, which expresses itself by a variation in the CCC angles

The formation pathway dfis-crotonitrile is shown in Figure
6. This pathway is similar to the INTE+ TS3 — vinylaceto-

(Table 4). Note that the imaginary frequency in TS3 is i-1413
cmtand in TS5 it is i-856 cm®. The bond distances C(2)

nitrile pathway in the sense that in both there is a transition C(3) and C(3)-C(4), which do not differ very much in the
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pyrrolenine TS2 INT1

Figure 3. The pathway pyrrolenine> TS2— INT1, a high-barrier ring-opening process.

INT1 TS3 CH,=CHCH,CN

Figure 4. Formation of vinylacetonitrile from the intermediate INT1 via transition state TS3.

INT1 TS4 INT2

Figure 5. Formation of the intermediate INT2 from INT1 via transition state TS4.

intermediate INT2, approach the corresponding distances of ato the formation of a transition state similar to TS3. This issue
single bond between C(2) and C(3) and double bond betweenremains an open question. Also, there is no direct path that leads
C(3) and C(4) ircis-crotonitrile. The bond distances of the three to the formation ofrans-crotonitrile from either INT1 or INT2,
species involved in this path (INT2, TS5, aod-crotonitrile) and, as will be shown latetrans-crotonitrile is formed by the

are listed in Table 4. The atomic spin densities in the transition cis — trans isomerization of the cis isomer. The details of this
state TS5 are high mainly in the vicinity of N(1) and C(2). This process have been recently calculated by the same uB3LYP/
finding is in complete accord with a lack of resonance in TS5, cc-pVDZ method®

namely the existence of distinct single and double bonds in this  We have tried to examine the possibility of a reaction path
transition state. This behavior is very different from what has pyrrole — cyclopropanecarbonitrile. The latter is known to
been observed in the other biradicals in this system, where theisomerize to botltis- andtrans-crotonitrile and vinylacetonitrile.
spin density is high in the vicinity of the nitrogen atom but The pyrrole— cyclopropanecarbonitrile isomerization is an
approximately evenly distributed between C(2) and C(4) (see endothermic reaction withH = 13.4 kcal/mol. We were unable
Table 7 for comparison). to locate such a transition state after many trials.

Despite numerous attempts, we could not locate a transition  Since we found several species of biradical or partially bi-
state that leads from INT2 to vinylacetonitrile by a 1,2 H-atom radical character having resonance structures along the potential
shift. This is somewhat surprising, since INT2 and INT1 have energy surface, we decided to calculate INT1 and INT2 with a
very similar structures so that INT2 could in principle lead also multiconfiguration method to see whether the uB3LYP calcula-
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INT2 TS5 ¢is-CH,;CH=CHCN

Figure 6. Formation ofcis-crotonitrile from the intermediate INT2 via transition state TS5.

TABLE 5: uB3LYP/cc-pVDZ Frequencies (cm?) of the Intermediates and Transition States of Pyrrole Isomerizatiod

TS1 583, 633, 744, 841, 856, 875, 881, 938, 958, 1052, 1073, 1133, 1156, 1241, 1308,
1432, (i-1474), 1484, 1513, 2199, 3212, 3223, 3230, 3248

pyrrolenine 361, 551, 701, 834, 854, 899, 932, 942, 979, 985, 1003, 1105, 1146, 1245, 1302,
1364, 1377, 1551, 1654, 3022, 3051, 3158, 3211, 3234

TS2 297, 418, (i-432), 494, 524, 690, 758, 792, 875, 901, 977, 1013, 1108, 1199, 1212,
1383, 1479, 1495, 1643, 2989, 3137, 3145, 3201, 3238

INT1 143, 226, 333, 399, 546, 672, 722, 872, 879, 916, 994, 1048, 1160, 1232, 1255,
1408, 1425, 1526, 1644, 2948, 3142, 3148, 3187, 3253

INT2 126, 226, 258, 409, 542, 597, 767, 831, 869, 1003, 1004, 1026, 1174, 1202, 1248,
1416, 1442, 1524, 1634, 2979, 3149, 3155, 3196, 3253

TS3 132, 240, 350, 495, 576, 633, 700, 823, 894, 912, 996, 1026, 1140, 1293, 1366, (i-1413),
1425, 1584, 1957, 2130, 3149, 3160, 3203, 3254

TS4 (i-146), 167, 228, 326, 527, 564, 684, 825, 825, 964, 991, 1036, 1147, 1020,
1249, 1394, 1439, 1514, 1713, 2960, 3144, 3153, 3172, 3273, 3258

TS5 204, 289, 462, 530, 625, 691, 756, 850, (i-856), 943, 957, 1005, 1012, 1068, 1154,

1332, 1446, 1596, 1749, 2035, 3119, 3141, 3212, 3220

almaginary frequencies are shown in parentheses.

TABLE 6: Molecular Parameters of Critical Points in Pyrrole Isomerization

moments of inerti&

A x 10°8 B x 10 C x 10¢7 uP S ZPE %8 k32U

pyrrole 9.2139 0.9362 1.8576 1.99 65.948 51.57

TS1 9.1964 0.9605 1.8442 1.38 65.188 48.34

pyrrolenine 9.2642 1.0029 1.8772 1.92 66.111 50.70

TS2 9.0977 1.4857 2.3518 2.34 68.552 47.13 0.44 0.6939
INT1 8.2143 1.9082 2.7296 2.40 72.617 47.29 1.01 1.0270
INT2 4.8353 2.8936 3.3419 2.95 73.353 47.22 1.01 1.0283
TS3 6.9833 2.3709 3.0127 3.44 72.465 44.94 0.22 0.3914
TS4 7.2928 2.2764 2.7371 242 71.759 46.44 0.73 0.9536
TS5 6.1820 2.3507 2.9211 351 70.422 44.42 0.38 0.6171

2 Moments of inertia in gcn?. ® Dipole moments in Debye$ Entropies in cal/(Kmol). ¢ Zero-point energies in kcal/mdiBiradical character
in % calculated fromy = [Zi; — Zni(ref)],** where pyrrole was taken as a reference moleciBgin contamination.

TABLE 7: Atomic Spin Densities of Biradical Species of Pyrrole Isomerization at the uB3LYP/cc-pVDZ Levél

N(1) C@) c@®) C(4) cE®) H(1) H(2) H(3) H(4) H(5)
TS2 0.63 —0.60 0.18 -0.31 —0.03 0.03 0.03 —0.02 0.02 0.08
INT1 0.70 —0.56 0.21 —0.53 0.00 0.03 0.02 0.00 0.03 0.10
INT2 0.73 —0.60 0.23 -0.52 0.00 0.02 0.03 0.00 0.04 0.09
TS3 0.47 —0.36 0.16 -0.37 -0.12 0.01 0.01 0.00 0.02  —0.18
TS4 0.93 —0.63 0.24 —0.56 -0.12 0.03 0.03 -0.01 0.03 0.07
TS5 0.69 —0.71 0.09 -0.07 -0.16 0.03 0.03 —0.02 0.01 0.13

a Positive numbers indicate excessspin occupancy, negative numbers exgéspin occupancy.

tions of these species would be verified. The results obtained INT2, respectively. In uB3LYP, they were 1.377 and 1.406 A
by the CASSCF(4,4) did indeed verify the uB3LYP calculations in INT1 and 1.380 and 1.405 A in INT2; a structure with single
both in energetics and in structure. The bond lengths€(2) and double bonds would have bond lengths of roughly 1.50
C(3) and C(3}C(4) in both INT1 and INT2 were very close, and 1.34 A, respectively. As can be seen, the existence of the
indicating a definite resonance structure in the sense that noresonance structure is more pronounced in the multiconfiguration
distinct single or double bonds exist in these intermediates. Theycalculation. The CASSCF(2,2) calculations of these two inter-
were 1.389 and 1.394 A in INT1 and 1.395 and 1.390 A in mediates that were first done gave incorrect structures both in
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Figure 7. Potential energy profile of pyrrole isomerization. Relative energiES(in kcal/mol) calculated at the uQCISD(T)/cc-pVDZ//uB3LYP/
cc-pVDZ level of theory. The energy levels include zero-point energies.

TABLE 8: Reaction Scheme for the Isomerization of Pyrrole

reaction a? ASP ACYT Ede AT E.® AS’reactior’ AHCreactios
1 pyrrole— pyrrolenine 2 —0.76 6.9x 10° 34.6 2.8x 10t° 43.10 0.16 10.3
2 pyrrolenine— INT1 1 2.44 3.0x 10 55.8 7.1x 100 57.68 6.51 55.4
3 INT1— VACN 1 —0.15 1.9x 10% 16.28 0.28 —58.5
4 INTL—INT2 1 —0.86 1.4x 1010 4.11 0.74 0.6
5 INT2 — c-CRNT 1 —2.93 4.8x 10° 8.19 —0.03 —63.4
6 C-CRNT— t-CRNT 1 2.58 2.1x 10 60.2 8.4x 10t° 61.09 —0.12 0.1
7 c-CRNT— VACN 2 —0.24 4.8x 10° 70.6 1.0x 101 70.84 —0.43 4.3
8 t-CRNT— VACN 2 —0.03 5.3x 10t 71.6 1.1x 10" 71.77 —0.31 4.2
2,3 pyrrolenine— VACN' 1 6.35 4.4x 101 71.5 5.1x 104 71.65 6.79 —-3.2
2,4,5 pyrrolenine—~ c-CRNT® 1 4.31 1.2x 104 63.0 1.8x 101 64.16 7.21 —7.4

aReaction coordinate degenera@¥ntropy of activation and entropy of reaction in cakif#ol). ¢ Preexponential factor in—$. 9 Activation

energy and preexponential factor at 1800 Te#ctivation energy and enthalpy of reaction in kcal/midCombines reactions 2 and 3 of the long
scheme (see texty.Combines reactions 2, 4, and 5 of the long scheme (see text).

terms of bond distances and angles, which indicates that thethe potential energy profile is rather complex, to compare the
approximation of the two-configuration self-consistent field is calculations to the experimental results of the isomerization one

insufficient for this type of calculation. must perform computer modeling of all the elementary reactions
C. Energetic Characteristics of Pyrrole Isomerization.A involved.

schematic diagram of the uQCISD(T)/cc-pVDZ potential energy

profile with the relative energy levels of the critical points of 4 comparison with the Experiment
pyrrole isomerization is shown in Figure 7. As can be seen, the

potential energy surface contains five transition states and two A. Kinetic Modeling. For comparing the calculations with
intermediates in addition to the stable molecules. It is of interest the available experimental results, we have constructed a
to examine the correlation between the various barriers in the reaction scheme that contains all steps participating in the
profile, the specific reaction coordinates, and the nature of the isomerization process as well as the interisomerizations among
local minima to which they connect. TS1 is obtained from a the products taken from a previous investigafibithe unimo-
closed-shell singlet molecule, pyrrole, and the reaction coordi- lecular rate constants were calculated from the rel&titk.,
nate is a 1,2 H-atom shift with a barrier of 43 kcal/mol. TS3 = o(kT/h) exp(AS/R) exp(—AH*/RT), where h is Planck’s
has the same reaction coordinate as TS1, but since it is obtainedonstantk is the Boltzmann constand; is the degeneracy of
from an unstable biradical, the barrier is much smaller, only 16 the reaction coordinate, arkH* and AS are the enthalpy and
kcal/mol. The highest barrier in the profile is that of the ring- entropy of activation, respectively. Valuesmfor each reaction
opening process, which is found in the transition from pyrro- are given in Table 8. For isomerization reactions where there
lenine to INT1, 59 kcal/mol. Another interesting comparison is is no change in the number of molas* = AE*, whereAE*
of the transitions INT1— TS3 and INT2— TS5. The first is the energy difference between the transition state and the
transition, which is a 1,2 H-atom shift, is higher in energy by reactantAE" is equal toAE®ia + A(ZPE), WhereAE o is
8 kcal/mol than the second one, which is a 1,4 H-atom shift, obtained by taking the difference between the total energies of
with the values being 16 and 8 kcal/mol, respectively. The the transition state and the reactant &{dPE) is the difference
lowest barrier in the profile, 4 kcal/mol, belongs to the transition between the ZPE of these species. Calculated entropies and zero-
from INT1 to INT2, where the reaction coordinate is a simple point energies are shown in Table 6, and total energies\&id
rotation without changing the skeleton of the molecule. Since are in Table 3. To express the rate constants in an Arrhenius
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Figure 8. Arrhenius plot of the first-order production rate ofs-
crotonitrile at 1800 Torr. The squares are experimental péiats

the solid line is the best fit through eight calculated points. The upper
dashed line shows the results of the computer modeling using the short
kinetic scheme (see text). The lower dashed line shows the results of
the modeling using Mackie’s value fdg.!

Figure 9. Arrhenius plot of the first-order production rate wans
crotonitrile at 1800 Torr. This product is produced only via-eigrans
isomerization of the cis isomer. The squares are experimental oints,
and the solid line is the best fit through eight calculated points. The
upper dashed line shows the results of computer modeling using the
short kinetic scheme (see text). The lower dashed line shows the results

" " of modeling using Mackie's value fdg.!
form, we replaced\E* by E,, whereE, = AE* + RT, and used

the relationk. = o(ekTh) exp(AS/R) exp(—E4/RT). A in the
expressiork, = Aexp(—E4/RT) is thus given byA = o(ekT 100 £
h) expAS'/R). -
We performed RRKM calculations and solved the master 10 E NN\
equations for two steps that have the highest barriers on the =
potential energy surface, namely, pyrrote pyrrolenine and
pyrrolenine— INT1. This was done in order to transfer their 1t AN A
k- values to the experimental conditions where the data on the : AN . -
isomerizations are available. For steps with low barriers, we N L
used theik., values, a%(E) are so high that the deexcitation is 0.1¢ AN e m
not involved in the process. The RRKM calculations employed \ N
a standard routirfé that uses a direct vibrational state count , ‘ N
with classical rotation for the transition stafAEqo.[wvas taken 0.75 080 0.85 0.90 0.95
as 600 cm?.18
The kinetic scheme containing the reactions that participate 1000/T (K™
in the overall isomerization is shown in Table 8. It contains the Figure 10. Pyrrole— vinylacetonitrile isomerization at 1800 Torr.
high-pressure limit Arrhenius parameteks and E., and the The squares are experimental poinend the solid line is the best fit

RRKM calculated parameters fer andk, at 1800 Torr. Figure through eight calculated points. The calculated line slightly underpre-

8 shows the calculated production rate cE-crotonitrile dicts the measured rate. The upper dashed line shows the results of

exoressed in terms of a fiFr)St-order rate constant in the ‘Samecomputef modeling using the short kinetiq scheme (see tgxt). The lower
p . - : dashed line shows the results of modeling using Mackie’s value for

manner as expressed in the original experimental stukhe kol

solid thick line on the figure corresponds to a fit through the o o

points obtained from the modeling calculations done at different TABLE 9: Sensitivity Spectrum of Pyrrole Isomerization at

temperatures, and the filled squares are the experimental point

CH,=CH-CH,-CN

k(™
»

taken from the article describing the experimental woFigures reaction pyrrolenine c-CRNT t-CRNT VACN
9 and 10 show similar plots of the calculated production rate 1 pyrrole— pyrrolenine 0 0 -1 0
of trans-crotonitrile and vinylacetonitrile, respectively. As can 2 pyrrolenine— INT1 2 -90 -90 -90
be seen, the calculated production rate of vinylacetonitrile is 3 INT1—VACN 0 1 1 -98
slightly less than the experimental values, otherwise the agree-;1 m%: LNCTéNT é _gg _gg g
ment is excellent. 6 Cc-CRNT— t-CRNT 0 54  —97 0
Since the pyrrolenine is separated from TS3 and TS5 by a 7 «.cRNT— VACN 0 0 0 0
shallow ripple containing the biradicals, from a kinetic viewpoint 8 t-CRNT— VACN 0 0 0 0

it is expected that the direct path pyrrolenire TS3 —
vinylacetonitrile and pyrrolenine= TS5 — cis-crotonitrile
would give about the same results as the reaction schemescheme. Whereas the existence of the biradical intermediates
containing all the transition states and intermediates. The upperhas no dramatic effect on the chemical kinetic behavior of the
dashed line on each figure shows the results of computersystem, these intermediates are very significant from the
modeling using the kinetic scheme that includes the pysele  mechanistic viewpoint. The main issue is the fact that INT1
pyrrolenine tautomerization, the above-mentioned two paths, andcan produce vinylacetonitrile but must undergo low-barrier
the interisomerization among the reaction products (the shortinternal rotation beforeis-crotonitrile can be formed.

scheme), which is given as part of Table 8. The production rates B. Sensitivity Analysis. Table 9 shows the sensitivity

of the three isomers based on the modeling of the short schemespectrum of the reaction scheme. The table gives the percent
is somewhat higher but shows a behavior similar to the long change in the yield of a given product at a reaction time of 2

a Percent change in product yields due to a 100-fold decrealse in
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ms at 1200 K due to a 10-fold decrease in the rate constant oflggé?azngrS%Ia, M. A.; Amorebieta, V. T.; Colussi, A. J. Phys. Chem.
ea(_:h reaction. An interesting featur_e in the spectrum is the lack ) Lifshitz, A: Tamburu, C.: Shashua, B. Phys. Chem997 101,
of influence of reaction 1 on the yield of pyrrolenine and on 148
the yield of all the other products, although this reaction forms (5) Lifshitz, A.; Tamburu, C.; Suslensky Al. Phys. Cheml989 93,
the pyrrolenine from which all the products are obtained. The 5802

; ; ; (6) Laskin, A; Lifshitz, A.J. Phys. Cheml1997 101, 7787.
reason, as can be seen from the modeling calculations, is that (7) Lifshitz, A+ Bidani, M.. Bidani, SJ. Phys. Chermil986 90, 5373.

the pyrrole and pyrrolenine are at equilibrium as of the very () Litshitz, A.: Bidani, M.: Bidani, SJ. Phys. Chen.986 90, 6011.

early stages of the reaction. This is still true evekyiindk-1 (9) Lifshitz, A.; Bidani, M.; Bidani, SJ. Phys. Chenil986 90, 3422.

are decreased by a factor of 10. Mackie et aked a rate (10) Thermal reactions of 2,3-dihydrobensofuran. Unpublished results.
constant for reaction 1 of, = 102 exp((-58.0 x 103)/R-D res(&I%s) Thermal reactions of 1,3-dihydro isobensofuran. Unpublished
s71, lower than our calculated value at 1200 K by a factor of (12) Lifshitz, A.; Wohlfeiler, D.J. Phys. Cheml992 96, 4505.

about 1.5x 10* The lower dashed lines in Figures 80 show (13) Lifshitz, A.; Wohlfeiler, D.J. Phys. Cheml992 96, 7367.

the results of the modeling using Mackie’s value ker With 99(1‘1)43'-6“%“'”' A.; Tamburu, C.; Wohlfeiler, DJ. Phys. Chem1995

this ky, reaction 1 begins to affect the overall rate of the ™ j5)"sammes, M. P.; Katritsky, A. Rady. Heterocycl. Chem1982
isomerization, as can be seen from Figuresl8. Sensitivity 32, 233.
analysis of a scheme using Mackie’s value Kpshows a very (16) Laurent, A.; Mison, P.; Nafti, A.; Pellisier, Nletrahedron Lett.

4 - 1982 23, 655.
strong effect ofk;, We believe that Mackie's value for the (17) Sammes, M. P.: Chung, M. W. L.: Katritzky, A. &.Chem. Soe.

reaction barrier of the pyrrole~ pyrrolenine reaction is  perkin Trans. 11985 1773.
overestimated, although at his temperatures the affect d¢ his (18) Dubnikova, F.; Lifshitz, AJ. Phys. Chem199§ 102, 5876.
on the overall isomerization is very small. (19) Becke, A. D.J. Phys. Cheml993 98, 5648.

P ; ot ; (20) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 B37, 785.
In general, the sensitivity spectrum of the isomerization is (21) Dunning. T. H., JrJ. Phys. Chen1989 90, 107.

self-explanatory. The pyrroleni'ne INT1 step (_ref’j\Ctior_‘ 2) haS. (22) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.1J.Phys. Chem.
a very strong effect on all the isomers, as this is a high-barrier 1992 96, 6796.

reaction that precedes all the isomerization steps. Reactions 3 (23) Martin, J. M. L.; El-Yazal, J.; Francois, J. Mol. Phys.1995 86,
and 5,have gxaqtly the Same rate, |nd|cat|ng_that the IN;”' (24) shaik, S. S.; Schlegel, H. B.; Walfe, $heoretical Aspects of
INT2 isomerization determines the production rate ai- Physical Organic Chemistry the SN2 Mechanistfiley: New York, 1992;
crotonitrile, whereas reaction 4, which is about 10 times slower p 45.

than reactions 3 and 5, does not disturb the interrelation betvveenlgé%séfgggé J. A.; Head-Gordon, M.; RaghavachariJKChem Phys

reactions 3 qnd 5. Interisomerization between vinylacetonitrile ~ 26y Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.:
and crotonitrile has no effect on the system. Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Rahavachari, K.; Al-Laham, M. A.; Zakrzewski,
; V. G.; Orviz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
5. Conclusions Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
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