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The purpose of the present work is to demonstrate the remarkable difference between Li-pyrrolide, on one
hand, and Na and K ones, on the other, viz., if the former exists as two conformers,σ andπ with a significant
preference to theπ, at least in the gas phase, Na- and K-pyrrolides only establish the stableπ structure. A
key factor of its higher stabilization is the formation of the M+δ-N-σ ionic pair (M ) Li, Na, and K) where
the alkali metal atom behaves as a cation interacting with the pyrrole ring via a typicalπ-cation interaction.
The formation of alkali metal pyrrolides is related to the reactions of the N-H bond-breaking H abstraction
and a further hydrogen “walk” along the pyrrole ring resulting innH-pyrrole. Both reactions are thoroughly
studied, and four novel pathways for the pyrolysis of pyrrole starting, by means of the 1,2 H migration, from
pyrrolenine (2H-pyrrole) and exiting along the HCN-propyne channel, are proposed.

1. Introduction

Alkali metal pyrrolides as the derivatives of pyrrole, with
the hydrogen in the N-H bond being replaced by the metal
atom, are widely used as reactants in a variety of chemical and
biochemical reactions.1 An early theoretical study, conducted
by Schleyer and co-workers2 within the B3LYP/6-311+G(d,p)
method, establishes two stable structures of theσ andπ types
for the lithium pyrrolide. The latter is energetically favored by
9.9 kcal/mol over theσ which however mimics pyrrole. What
are then the structures of sodium or potassium pyrrolides which
have not been reported so far and are examined to a much lesser
extent, although, as well-known, sodium and potassium are more
important, compared to lithium, in biological systems3,4 and can
also be treated as model systems to gain a better understanding
of their bonding trends in larger biological molecules? Are they
similar to the lithium pyrrolide; that is, are they also character-
ized by two conformers or not? If there exist two conformers
of such pyrrolides, how are they then formed and what are the
energetical and structural features of their bonding, in particular,
how large is the activation barrier separating them from each
other? Finally, what is the origin of the larger stability of theπ
complex despite the fact that the metal atom actually replaces
the hydrogen in the N-H group? These questions will be fully
addressed in the present work aimed to study the potential
energy surfaces (PESs) of the interaction of Li, Na, and K with
the pyrrolyl radical via ab initio quantum chemical methods.
In addition, the role of the N-H bond breaking and a farther
“walk” of the hydrogen atom over the ring, leading to the novel
pathways in the pyrolysis of pyrrole, will be also thoroughly
discussed.

2. Computational Framework and Reference Molecules

All computations, framing the present work, were performed
with the hybrid density functional B3LYP potential and the
second-order Møller-Plesset perturbation method (MP2) within

a frozen-core approximation in conjunction with a 6-31+G(d)
(≡A) basis sets using the Gaussian 98 package of quantum
chemical programs.5 Such computational levels appear to be
adequate for the reported geometry optimizations. However, they
were further refined at the MP2/6-311++G(2d,2p) (≡B) level,
also with a frozen core. The harmonic vibrational frequencies
and corresponding zero-point vibrational energies (ZPVE) were
calculated at all employed computational levels in order to
distinguish whether these structures belong to the local energy
minima or to saddle points and to obtain the thermodynamic
quantities such as enthalpy and entropy. The basis set superposi-
tion error (BSSE) was accounted for by means of the known
counterpoise procedure implemented in Gaussian 98. The
expectation value of theS2 operator for radicals was kept equal
to 0.750. Furthermore, all geometrical parameters and harmonic
frequencies in the text are referred to the B3LYP/A computa-
tional method unless otherwise mentioned. The intrinsic reaction
coordinate (IRC) calculations were performed for all transition
structures in the novel pathways of the pyrolysis of pyrrole.

2.1. Ground-State Pyrrole Molecule and the Three Lowest
States of the Pyrrolyl Radical.The ground electronic state of
the pyrrole molecule (Pyr), assigned to the1A1 irreducible
representation of theC2V point group (Figure 1), its two lowest
states of the symmetry1A2 and1B1, and the three lowest energy
states of the pyrrolyl radical (Pyr•), corresponding to2A2, 2A1,
and 2B1 within the same point symmetry are naturally chosen
in the present work as the reference states of pyrrole and pyrrolyl
to verify the accuracy of the B3LYP/A and MP2/A computa-
tional methods. Their optimized bond lengths and bond angles
are surveyed in Tables 1 and 2 and Figure 1 and, overall, show
a rather perfect agreement with the experimental7 and early
theoretical data.6,8 As anticipated, the hydrogen abstraction of
the1A1 ground-state pyrrole, yielding the ground-state pyrrolyl
radical of the symmetry2A2, results in the lengthening of the
C2-C3 and C4-C5 bonds by about 0.07-0.08 Å and the
shortening of the others, N-C2, N-C5, and C3-C4, by 0.03
and 0.06 Å, respectively. The latter then becomes the double
bond.

The geometrical changes, taking place under the hydrogen
abstraction from the N-H bond of pyrrole, are naturally
accompanied by those in its vibrational spectrum presented in
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Table 3. For example, theν14 mode of pyrrole, assigned to the
stretching of the N-C2, N-C5, and C3-C4 bonds, becomes
blue-shifted by 31 cm-1 due to their contractions under the
hydrogen abstraction. Table 3 gathers the most recently avalaible
experimental and theoretical spectra of pyrrole and the pyrrolyl
radical in their three aforementioned lowest electronic states.
Notice that the modesν1, ν17, andν24 of pyrrole correspond to
the out- and in-plane bending and stretching of the N-H bond.

The three lowest states of pyrrole and the pyrrolyl radical
are schematically displayed in Figure 1. The present excitation
energies, 114.6 and 132.2 kcal/mol taken after ZPVE, of the
two lowest states of pyrrole of the symmetry1A2 and1B1 are in
a fair agreement with the experimental and recent CASPT2 data
(115.8 and 135.4 kcal/mol) by Roos and co-workers.10 The
lowest energy state of the pyrrolyl radical of symmetry2A1

appears to be less stable by≈31 kcal/mol compared to the2A2

one (30.7 and 32.3 kcal/mol at B3LYP/A without and with
ZPVE and 31.9 kcal/mol at MP2/B computational level). This
value satisfactorily agrees with the G2(MP2) magnitude (≈34

kcal/mol) obtained by Bacskay at al.11 As follows from Tables
1 and 2, such a state of pyrrolyl geometrically resembles the
parent ground-state pyrrole molecule, which implies that the
N-H bond-breaking H abstraction reaction pathway proceeds
via the crossing of theA1 andA2 PESs (see also ref 11). The
fact that the1A2 state of pyrrole correlates with the2A2 state of
the pyrrolyl radical, yielding the crossing, is confirmed first by
their geometrical mimicry and, second, stems out from that the
length of the N-H bond of the1A2 state of pyrrole is equal to
1.084 Å, thus showing a readiness of the hydrogen atom to
departure (the N-H bond breaking). It is also seen from Table
3 that the corresponding N-H stretch mode exhibits a striking
red shift of 1618 cm-1 compared to that inherent for the ground-
state pyrrole. The binding energy of the N-H bond of pyrrole
is then found equal to 89.1 kcal/mol (after ZPVE at the lower
B3LYP/A computational level) which demonstrates a quite good
agreement with the computational data, reported by Bacskay et
al.11 and which were obtained using MP2 and QCISD(T)

Figure 1. Three B3LYP/A lower-energy states of pyrrole and the pyrrolyl radical demonstrating the hydrogen abstraction reaction pathway via the
crossing. Energies are given in kcal/mol, distances in Å, and angles in degrees. The ZPVE-corrected energies are indicated in parentheses. The
clockwise enumeration of atoms in pyrrole is valid throughout the present work.

TABLE 1: C2W-Optimized Geometry of the 1A1 Ground
Electronic State of Pyrrole (Asterisk Indicates the Present
Work) a

geometry
B3LYP/

A*

B3LYP/
cc-pVTZ
[ref 6a]

MP2/
A*

MP2/
DZP

[ref 6b]
MP2/
B*

CASSCF/
cc-pVDZ
[ref 6c]

expt
[ref 7]

r(N1-C2) 1.377 1.371 1.375 1.375 1.372 1.367 1.370
r(N1-H1) 1.009 1.003 1.012 1.007 1.004 0.995 0.996
r(C2-C3) 1.381 1.374 1.386 1.391 1.385 1.374 1.382
r(C2-H2) 1.081 1.076 1.082 1.078 1.074 1.077 1.076
r(C3-C4) 1.427 1.421 1.421 1.424 1.420 1.452 1.424
r(C3-H3) 1.082 1.077 1.083 1.079 1.075 1.078 1.077
∠C2N1C3 109.9 109.8 110.2 110.3 110.2 110.0 109.8
∠N1C2C3 107.7 107.7 107.4 107.4 107.4 108.3 107.7
∠N1C2H2 121.1 121.3 121.3 121.2 121.3 121.1 121.6
∠C2C3C4 107.4 107.4 107.5 107.5 107.5 106.7 107.4
∠C2C3H3 125.7 125.7 125.6 127.2 125.5 126.1 127.1

a The atomic labelling is shown in Figure 1. The bond lengthr(Xk-
Y l) is defined as the distance between the atoms Xk and Yl in Pyr.
Bond lengths are given in Å, and bond angles are in degrees.

TABLE 2: Optimized Geometries of the Three Lowest
States of the Pyrrolyl Radical of theC2W Symmetry 2A2 (the
Ground Electronic State), 2A1, and 2B1 (Asterisk Refers to
the Present Work)a

2A2
2B1

2A1

geometry
B3LYP/

A*

B3LYP/
DZP++
[ref 8]

MP2/
A*

MP2/
B*

B3LYP/
A*

B3LYP/
A*

r(N1-C2) 1.348 1.351 1.340 1.336 1.388 1.351
r(C2-C3) 1.461 1.466 1.447 1.446 1.369 1.400
r(C2-H2) 1.086 1.089 1.085 1.079 1.082 1.079
r(C3-C4) 1.366 1.370 1.378 1.376 1.496 1.422
r(C3-H3) 1.085 1.085 1.083 1.076 1.084 1.083
∠C2N1C3 104.5 104.6 104.2 104.5 106.8 116.3
∠N1C2C3 112.5 112.5 113.1 113.0 111.1 103.7
∠N1C2H2 120.8 120.9 120.6 120.8 119.9 123.8
∠C2C3C4 105.2 105.2 104.8 104.8 105.5 108.2
∠C2C3H3 126.2 126.3 126.7 126.7 128.3 124.2

a The atomic labelling is shown in Figure 1. Bond lengths are given
in Å, and bond angles are in degrees.
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methods with larger basis sets. In the present work, we assign
the lowest2B1 state of the pyrrolyl radical, placed 11.6 kcal/
mol above its ground state (≈12 kcal/mol in ref 11), to the
transition-state linker with the imaginary frequency of 2364i
cm-1 (its normal vector displacements are shown in Figure 1).

3. Li-Pyrrolides

According to Schleyer and co-workers2, Li-pyrrolide exists
in two different conformers. One is theσ structure ofC2V

symmetry, where the hydrogen atom of the N-H bond of the
parent pyrrole is directly replaced by Li forming the Li-N bond
with a bond length of 1.803 (B3LYP/A), 1.831 (MP2/A), and
1.819 (MP2/B) Å. The other is theπ characterized byCs

symmetry, with Li being placed above the pyrrolyl ring. Figure
2 pictures the PES of the Li-pyrrolide complex calculated at
all employed computational levels. As shown therein, theπ
structure occupies the global energetic minimum, whereas the
σ is located 11.1 (MP2/A) [11.9 (MP2/B); 10.5 (B3LYP/A)]

TABLE 3: Vibrational Spectra of the C2W-Optimized Geometries of the1A1 Ground State of Pyrrole and the Three Lowest
States of the Pyrrolyl Radical of the Symmetry2A2, 2A1, and 2B1

a

pyrrole pyrrolyl radical
1A1

2A2
1A2

1B1
2B1

2A1

B3LYP/
A*

expt
[ref 9]

B3LYP/
cc-pVTZ
[ref 6a]

MP2/
A*

MP2/
DZP

[ref 6b]
B3LYP/

A*
B3LYP/

A*
B3LYP/

A*

B3LYP/
DZP++
[ref 8]

MP2/
A*

B3LYP/
A*

B3LYP/
A*

1 b1 478 474 484 416 498 a2 446 a2 471
2 a2 625 618 632 557 604 b1 474 b1 541 a2 490 486 480 b1 346 a2 622
3 b1 636 626 644 617 619(a2) b1 734 b1 716 b1 542 537 560 a2 507 b1 647
4 a2 680 712 694 623 638 (b1) b2 748 b2 749 b2 672 678 692 (b1) b1 702 b1 752
5 b1 727 720 733 691 692 b1 836 b1 865 b1 709 709 798 (a2) a2 750 b2 812
6 b1 827 826 838 753 763 a2 853 a1 880 a2 821 816 869 (b1) a1 867 a2 829
7 b2 876 863 882 761 (a2) 793 a2 858 a2 898 b1 837 833 872 (a2) b1 873 a1 863
8 a2 879 868 884 878 (b2) 870 a2 922 b2 957 a2 880 871 898 a2 886 a2 1011
9 a1 989 880 903 899 890 b2 960 a2 959 a2 904 898 898 (b2) b2 928 a2 1035
10a1 1041 1018 1035 1063 1053 b2 985 b1 1039 b2 943 932 1045 a1 944 b2 1064
11b2 1074 1049 1069 1087 (a1) 1073 a1 1056 b2 1052 a1 1052 1041 1096 a1 1077 a1 1081
12a1 1099 1047 1093 1127 (b2) 1117 a1 1075 a1 1071 b2 1087 1084 1125 (a1) b2 1086 a1 1172
13b2 1169 1134 1158 1184 (a1) 1179 (a1) a1 1189 a1 1083 a1 1098 1085 1272 a1 1143 b1 1181
14a1 1175 1148 1175 1195 (b2) 1188 (b2) b2 1204 a1 1170 a1 1206 1196 1322 (b2) b2 1295 b2 1251
15b2 1318 1287 1318 1331 1324 b2 1316 b2 1247 b2 1306 1285 1342 a1 1381 a1 1346
16a1 1430 1391 1418 1460 1462 b2 1437 b2 1323 b2 1368 1351 1468 (a1) b2 1465 b2 1349
17b2 1464 1424 1450 1504 1516 a1 1475 a1 1467
18a1 1508 1470 1502 1524 1529 a1 1551 b2 1474 a1 1447 1441 1601 a1 1489 a1 1443
19b2 1585 1521 1577 1583 1582 a1 2049 a1 1549 a1 1568 1555 b2 2364ı b2 1455
20b2 3250 3116 3233 3283 3316 a1 3110 b2 2981 b2 3225 3208 3272 b2 3241 b2 3235
21a1 3261 3125 3244 3294 3330 b2 3131 a1 3103 a1 3228 3212 3279 a1 3249 a1 3250
22b2 3278 3140 3259 3308 3345 b2 3183 b2 3274 b2 3249 3238 3284 b2 3265 b2 3295
23a1 3283 3148 3265 3314 3351 a1 3186 a1 3292 a1 3268 3259 3305 a1 3273 a1 3300
24a1 3667 3527 3674 3670 3754 b1 4796 a1 3609

a Frequencies are given in cm-1. The data, marked by the asterisk, refer to the present work.

Figure 2. Li-pyrrolide complex. The bond lengths (in Å), bond angles (in degrees), and the Mulliken charges (in a.u.) on Li and N and the
uncorrected relative energies (for the ZPVE and BSSE corrections see section 3) are displayed in the following order (reading from the top down,
respectively): B3LYP/A, MP2/A, and MP2/B. For notations, see the text and Table 4.
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kcal/mol higher. ZPVE reduces these energy separations by 1.9
(MP2/A), 1.0 (MP2/B), and 0.9 (B3LYP/A) kcal/mol which is
demonstrated in Table 4. Let us notice that the present estimates
are in a fair agreement with those reported in ref 2 on the basis
of the B3LYP/6-311+G(d,p) calculations. It is also worth
mentioning that theπ structure lies by 82.0 kcal/mol (MP2/A)
[88.7 kcal/mol (MP2/B)] or 79.0 kcal/mol (B3LYP/A) below
the asymptote, composed of the infinitely separated ground-
state Li and the pyrrolyl radical. The ZPVE correction comprises
approximately 2.8 kcal/mol for both MP2/A and B3LYP/A
methods. The BSSE one is larger and amounts to 7.2 (B3LYP/
A) or 4.6 (MP2/A) kcal/mol for theσ structure and 4.5 (B3LYP/
A) or 0.7 (MP2/A) kcal/mol for theπ. This thereby implies
that, in this particular case, in comparison with the MP2 method,
B3LYP significantly overestimates the BSSE correction.

As shown in Figure 2, the transition TSσwπ state, which
governs theσwπ transition, is located only by 0.8 (MP2/A and
MP2/B, although at the latter level, it is the second-order saddle
point and the true transition state TSσwπ

/ is placed<0.1 kcal/
mol below it, see Table 4) or 1.2 (B3LYP/A) kcal/mol above
theσ, that makes the latter highly metastable or even completely
unstable because of the zero-point vibrations (the corresponding
difference in enthalpy is 0.3 and 0.6 kcal/mol, respectively).
The estimated rate constant of the reactionσ w TSσwπ w π is
equal to 4.9× 1011 s-1. However, we suggest that, because of
a large polarity of theσ structure (8.5 vs 4.8 D of theπ at
MP2/B; see Table 4), the former can be stabilized in polar
solvents. It is also interesting to mention that, because of the
entropy excess of theσ structure over the transition one TSσwπ
by ca. 3 cal/mol T (Table 4), an increase of temperature raises

the stability of the former. For example, at room-temperatureT
) 298.15 K, the entropy factor increases the free energy
difference betweenσ and TSσwπ by 0.9 kcal/mol. On the
contrary, theπ structure disfavors a temperature raising.

Let us question why theπ structure of Li-pyrrolide is more
stable than theσ. The π structure is placed belowσ by 10.5
kcal/mol (9.6 kcal/mol after ZPVE; B3LYP/A) [11.1 kcal/mol
(9.9 after ZPVE; MP2/A) and 11.9 kcal/mol (10.9 after ZPVE;
MP2/B)]. A key factor for a larger stabilization of theπ structure
is that, first, the Li and N form an ionic pair with the MP2/A
Mulliken charges of 0.21 and-0.36 and a distance of 2.058 Å.
A rough estimation of the ionic-pair energy gives≈14.0 kcal/
mol. Second, the formation of the Li+δ-N-σ ionic pair partly
bares the Li atom so it likely behaves as a cation which, in
turn, interacts with the pyrrole ring via aπ-cation interaction
(see ref 4d for current review), mainly with theπ clouds on the
carbon atoms C2 and C5, causing thus an elongation (by 0.02
Å) of the neighboring C-C bonds compared to that in the
ground-state pyrrolyl radical. Notice that theπ structure is
located 161.3 kcal/mol (158.4 kcal/mol after ZPVE; B3LYP/
A) or 160.0 kcal/mol (156.7 kcal/mol after ZPVE; MP2/A) and
160.4 kcal/mol (MP2/B) relative to the separated ground-state
ions Li+ and Pyr-. As shown in Figure 2, Li is placed at the
distance of ca. 2.1 Å from the neighboring carbons C2 and C5

in the π structure of Li-pyrrolide because of primarly the
electrostatic interaction between Li+δ and N-σ. Such distance
is smaller than that in the Li+-benzene complex.4d,4f This
implies that theπ interaction between Li and the pyrrole ring
in the π Li-pyrrolide is substantially larger.

These conclusions are supported by the molecular orbital
(MO) patterns drawn in Figure 3. The lowest bonding MO in

TABLE 4: Key Features of Li-Pyrrolide a

structure B3LYP/A MP2/A MP2/B

Li-pyrrolide
σ
-energy 217.12147 216.39551 216.54327
ZPVE 44.7 44.5 44.5
-enthalpy 217.04490 216.31904 216.46600
entropy 74.1 75.3 74.9
dipole 8.3 8.6 8.5
νLi

bend-of-plane 87 (64) 64 (64) 71 (63)
νLi

bend-in-plane 98 (63) 93 (66) 86 (62)
νLi-N

stretch 604 (91) 588 (94) 587 (93)
π
-energy 217.13821 216.41316 216.56218
ZPVE 45.6 45.7 45.4
-enthalpy 217.06109 216.33580 216.48434
entropy 68.4 68.8 68.5
diple 4.7 5.0 4.8
νLi⊥ring 553 (74) 537 (77) 551 (77)
TSσfπ
-energy 217.11949 216.39416 216.54193

216.54201*
ZPVE 44.4 44.4 44.2

44.3*
-enthlapy 217.04402 216.31863 216.46658

216.46577*
entropy 70.9 72.2 66.9

71.3*
dipole 7.1 7.8 7.6

7.4*
νts 75 ı 95 ı 91i

63i*
νts 40i

a Energy and enthalpy are in hartree, ZPVE is in kcal/mol, entropy
is in cal/mol T, dipole moment is in D, and some selected frequencies
are in cm-1 (their IR activities in km/mol are given in parentheses),
including the imaginary frequenceνts. The actual transition state T
Sσwπ
/ computed at the MP2/B level is indicate by the asterisk.

Figure 3. Some selected MP2/A MOs of the pyrrolyl radical andσ
andπ complexes of Li-pyrrolide.E stands for the orbital energy.
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both structures of Li-pyrrolide is MO7 corresponding to the
MO6 of pyrrolyl with the orbital energyεMO6 ) -35.0 eV. The
analysis of the orbital occupancies of MO7 clearly demonstrates
the binding character of both complexes. The apparent nodal
plane is residue from the 2s MO of Li. As seen in Figure 3, the
bonding between Li and pyrrolyl within MO7 is stronger for
the π structure than for theσ reflecting the formation of the
ionic pair in the former: first, theεMO7

π is lower by 1.1 eV
compared toεMO7

σ ; second, the changes of both parts of MO7
under the formation of theπ Li-pyrrolides are more substantial
than those in MO7 ofσ whose parts are only slightly different
from the pyrrolyl ones.

4. Sodium and Potassium Pyrrolides

Moving down in the periodic table, we might expect that the
structures of Na- and K-pyrrolides resemble those of lithium,
drawn in Figure 2, and retain their features. This is however
not the case. The corresponding PESs are displayed in Figure

4 and appear slightly simpler, particularly for Na, compared to
Li. This is due to the fact that, in the case of Na, the MP2/A
method shows that theσ structure plays the role of the “bump”-
like transition state TSσ (the true transition state at the B3LYP/A
and MP2/B levels is TSσ

/), which bifurcates the reaction
pathway with the slope of 44 cm-1 from the infinitely separated
ground-state Na and the pyrrolyl radical2A2 to the isomericπ
structures, distinct by the disposition of Na relative to the ring
(above or below).

Returning to the PES of the Na-pyrrolyl radical complexation,
drawn in Figure 4, we may notice that theπ structure is located
below the bump-like transition state TSσ (for MP2/A) or TSσ

/

(valid for B3LYP/A and MP2/B) by 7.8 kcal/mol at MP2/A
(B3LYP/A estimates it as 5.9 kcal/mol) and 7.4 kcal/mol at
MP2/B (see Table 5). After taking the ZPVE correction, these
values are slightly lowered to 6.9 kcal/mol (both MP2/A and
MP2/B) and 5.2 kcal/mol (B3LYP/A). The sodium atom in the
former structure distances from N by about 2.4 Å, forming

Figure 4. Na- and K-pyrrolide PESs. The B3LYP/A and MP2 values of the bond lengths in Å and bond angles in degrees are indicated by analogy
with Figure 2. For notations, see the text and Tables 5 and 6.
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nearly the same angle (≈76.8°) with the neighboring carbon
atoms, as in the Li-π complex. Such Na-N separation implies
a weaker ionic pair, compared with the Li-π structure and,
therefore, a weakerπ-cation interaction, which is indicated by
a binding energy of 56.5 kcal/mol vs 79.0 kcal/mol for the latter
one (B3LYP/A) [63.6 kcal/mol vs 82.0 kcal/mol (MP2/A) and
68.7 kcal/mol vs 88.7 kcal/mol (MP2/B)]. The BSSE correction
takes, correspondingly, the following values: 4.2 and 1.4 kcal/
mol for the B3LYP/A and MP2/A.

The potassium atom interacts with the ground-state pyrrolyl
radical in a rather different manner, which is also shown in
Figure 4 (see also Table 6). Aσ-type complexation of the2A2-

TABLE 5: Key Features of Na-Pyrrolidea

structure B3LYP/A MP2/A MP2/B

Na-pyrrolide
π
-energy 371.89110 370.79373 370.94436
ZPVE 44.3 44.6 44.2
-enthalpy 371.81520 370.71739 370.86765
entropy 73.8 73.8 73.7
dipole 7.3 7.6 7.5
νNa⊥ring 312 (42) 311 (43) 161 (6)
TSσ
-energy 371.88233 370.78127 370.93265

371.88177* 370.93263*
ZPVE 44.0 43.7 43.7

43.8* 43.7*
-enthalpy 371.80647 370.70648 370.85608

371.80599* 370.85699*
entropy 79.0 75.2 81.8

75.1* 75.1*
dipole 10.3 11.0 10.9

9.8* 10.7*
νts 44i

58i* 28i*

a Energy and enthalpy are in hartree, ZPVE is in kcal/mol, entropy
is in cal/mol T, dipole moment is in D, and some selected frequencies
are in cm-1 (their IR activities in km/mol are given in parentheses),
including the imaginary frequenceνts. The actual transition state TSσ

/

computed at the B3LYP/A and MP2/B level is indicated by the asterik.

TABLE 6: Key Features of K-Pyrrolide a

structure B3LYP/A MP2/A MP2/B

K-pyrrolide
TSσ
-energy 809.49559 808.10287 808.42321
ZPVE 43.6 43.4 43.4
-enthalpy 809.42099 808.02739 808.34879
entropy 71.7 80.3 71.8
dipole 12.3 12.6 12.2
νts

(1) 25i 41i 51i
ν(2)

ts 2i 38i
TSσs

-energy 809.49556 808.10361 808.42451
808.10357*

ZPVE 43.6 43.5 43.5
43.5*

-enthalpy 809.42009 808.02814 808.02724
808.02814*

entropy 76.8 82.2 75.1
76.0*

dipole 11.9 12.0 11.4
11.9*

νts 29i 20i
33i*

π
-energy 809.50700 808.11844 808.44088
ZPVE 44.1 44.1 44.1
-enthalpy 809.43030 808.04168 808.36432
entropy 76.0 76.3 75.6
dipole 9.3 9.4 8.9
νK⊥ring 239 (37) 245 (36) 156 (4)

a Energy and enthalpy are in hartree, ZPVE is in kcal/mol, entropy
is in cal/mol T, dipole moment is in D, and some selected frequencies
are in cm-1 (their IR activities in km/mol are given in parentheses),
including the imaginary frequenceνts. The actual transition state TSσs

/

computed at the MP2/A level is indicated by the asterisk.

Figure 5. Shapes of some relevant MP2/A MOs of the pyrrolyl radical
andσ andπ complexes of Na- and K-pyrrolides.E stands for the orbital
energy.
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state pyrrolyl radical with K yields the second-order saddle point
TSσ on the corresponding PES (except the MP2/A level when
it casts as the true transition state). Its two imaginary frequencies,
being equal to 25 and 2 cm-1 at the B3LYP/A level and to 51
and 38 cm-1 at the MP2/B, govern the out- and in-plane motions
of K, correspondingly, with respect to the pyrrolyl ring. The
former pathway leads to theπ complex whereas the latter to a
novel complex TSσs where K is placed aside the N-H bond of
pyrrole forming the bonds with N and the carbon atoms C2 and
C5. Notice that the TSσs is slightly energetically favorable over
the TSσ: MP2/B estimates it as 0.8 kcal/mol. Interestingly, in

comparison with theπ Na-pyrrolide, theπ K-pyrrolides lies
deeper: as compared with the corresponding neutral asymptotes,
the π K-pyrrolide appears to be more stable than the sodium
one by 5.5 kcal/mol (MP2/B).

The shape of some relevant MO patterns of Na-pyrrolides
are pictured in Figure 5. By analogy with Li-pyrrolides, the
π-bonding takes place at MO6 of pyrrolyl implying thus the
charge transfer and, hence, the formation of the ionic pair. It is
worth mentioning that the correspondingε for Na-pyrrolide is
lower by 0.5 eV to that of K-pyrrolides meaning that the binding
in the former is stronger. This also follows from Figure 4 where

Figure 6. Hydrogen “walk” over the pyrrole ring. The B3LYP/A energies without and with the ZPVE correction (in parentheses) are given in
kcal/mol, bond lengths in Å, bond angles in degrees. The G2-(MP2) energies, borrowed from ref 12e, are indicate in square brackets.13

CHART 1: Pathway 1
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theπ complex of Na-pyrrolide is placed about 10 kcal/mol lower
than that of the K relative to the corresponding asymptote.

We suggest that the different behavior of theσ complexes
of Li-, Na-, and K-pyrrolides is due to both the spatial extension
of the interacting MOs of the metal and the bonding character
of the HOMO-k with k ) 0-2, 4, and 5 of pyrrolyl (the
HOMO-3 is a nonbonding orbital because of the nodal plane
passing through N and the C2-C3). The valence MO of Li is
2s, and it is therefore well accommodated to bind pyrrolyl,

having similar molecular orbitals with a dominant covalent
character that follows from Mulliken charges of 0.57 on Li and
-0.17 on N. The present analysis of the MOs reveals the
nonbonding character of the HOMO and the bonding character
of both the HOMO-1 and the HOMO-2, the former by theπ
cloud and the latter byσ interactions. In contrast, the valence
MO of Na is of the 3s type. A covalent interaction between Na
and pyrrolyl is therefore of less importance because the overlap
of the 3s with the MOs of pyrrolyl is smaller, as shown in Figure

CHART 2: Pathway 2

CHART 3: Pathway 3
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5. Such interaction is rather ionic that is confirmed by the
Mulliken charges of 0.86 on Na and-0.49 on N. The stability
of theσ complex with Na is lower because the HOMO-k (k )
0-2, 4, and 5) do not significantly contribute to the bond
formation, thus leading to its high sensitivity toward out-of-
plane distortions of Na. The latter increases the overlap between
the Na unoccupied valence orbitals (3s and also 3p) and theπ
cloud of pyrollyl (see MO22 in Figure 5) promoting the
formation of theπ complex. Theσ complex with K is described
in a similar way, with the exception that the HOMO-1, which
has aπ character, is antibonding. It hence partly impedes the

formation of theπ complex opening another pathway through
a saddle point. Displacements from this saddle point lead either
to theπ complex or to the transition state TSσs (in-plane). The
latter has nonbonding orbitals similar to those of the Na
complex; however, they are more spatially extended (3s and
4p) allowing K to directly interact with both N and C2.

5. Comparison with nH-Pyrrole

The present work is certainly incomplete without a thorough
understanding of how the hydrogen atom of the N-H bond of
pyrrole migrates over its ring, the process, which in some sense,
shows us another side of the N-H breaking (cf. Figure 1). It is
not only a matter of a purely academic interest aimed to
compare, for example, the resultant stablenH-pyrrole complexes
with the σ andπ revealed in the present work for alkali metal
pyrrolides. It also effects a matter of a significant practical value,
viz., the pyrolysis of pyrrole and its major primary products
such as hydrogen cyanide and propyne or allyl cyanide and
crotononitrile (see refs 12 and 6c and references therein). In
particular, within the model, proposed by Mackie and co-
workers,12b the initial stage of pyrolysis of pyrrole along the
HCN-propyne channel is actually its tautomerization yielding
pyrrolenine or 2H-pyrrole. Such tautomerization is governed
by the 1,2 H-migration transition state Pyr12-TS which, as
shown in Figure 6, lies 48.4 (45.3 after ZPVE) kcal/mol above
the ground electronic state of pyrrole Pyr and links it to
pyrrolenine Pyr12. Such a barrier height fairly correlates with
the G2-(MP2) value of 45.4 kcal/mol obtained in ref 12e (see
also ref 13 for the computational note), with 44.5 kcal/mol
obtained at the MP2/6-31(d) level in ref 14, and, finally, with
44.0 and 43.1 kcal/mol calculated at the B3LYP/cc-pVDZ and
QCISD(T)/cc-pVDZ in ref 12d. The latter is less energetically
favorable by 13.2 (12.5) kcal/mol compared to pyrrole. A farther
“walk” of the hydrogen atom, initially belonging to the N-H
group, along the C2-C3 bond results in 3H-pyrrole (Pyr13) and
demands less energy (about 28.6 kcal/mol) to surmount the
corresponding transition-state linker Pyr13-TS notwithstanding
the fact that 3H-pyrrole is less stable than 2H-one by 2 kcal/
mol. The 3,4 H-“walk” of a symmetric double-well character

CHART 4: Pathway 4

CHART 5: Pathway 5
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is governed by the Pyr14-TS, placed above Pyr13 by 29.1 (27.0)
kcal/mol. This transition state is linked to the ground electronic
state of pyrrole by the saddle structure Pyr134-Saddle of the
second order which lies 95.4 (89.5) kcal/mol higher than pyrrole
and actually resembles aπ structure of alkali metal pyrrolides.
However, in the latter case, thisπ structure is definitely the
most stable.

The hydrogen cyanide-propyne, allyl cyanide, and croto-
nitrile channels of the pyrolysis of pyrrole have recently been
investigated by Bacskay, Mackie, and Martoprawiro,6c,12ewhose
theoretical model of the mechanism of functioning of the former
channel is based on the pathways initiated by the 1-2, 4-5, or
2-3 H migrations (in the notations of ref 12e all energies in
kcal/mol are given with respect to pyrrole; Charts 1 and 2 are
reconstructed from figures of ref 12e).

The portion of the PES, demonstrated in Chart 1, pictures
pathway1 and includes pyrrolenine as the first intermediate
which then undergoes a ring scission and results in the open
chain biradical Py10. Under the C-C bond fission, the latter
yields HCN and the CHCHCH2 carbene. However, as shown
in ref 12e, it has to be ruled out because of its high endother-
micity of about 109.5 kcal/mol at the G2-(MP2) computational
level.13 Instead, reaction1 further proceeds to the allenic imine
Py25 which concertedly decomposes into HCN and propene.
The other three lower-energy pathways2-4 are shown in Charts
2-4. Pathways1, 3, and4 consist of four stages, whereas2 is
characterized by five stages.

There are still other pathways started with pyrrolenine, as
earlier suggested by Mackie and co-workers.12b They are
markedly different from1, and we suggest that they might
contribute to this channel under experimental conditions (1300-
1500 K and 12 atm). These novel pathways are displayed in
Charts 5-8 (all B3LYP/A energies are given in kcal/mol; see
also Table 7 for energetic and thermodynamic properties of the
discussed structures).

A remarkable feature and likely a certain advantage of
pathway5, compared to1-4, is that it is actually a two-stage
process. The second stage, involving the concerted break of the
N-C2 and C4-C5 bonds and 3,4 H-migration, is governed by
the transition structure TS5 with the enthalpy difference∆H )
112.3 kcal/mol and the Gibbs free energy activation barrier
∆G1500K ) 95.1 kcal/mol, substantially reduced because of the
large entropy effect (see Table 5). Taking the ZPVE correction
into account, the latter finally converts to∆G1500K

ZPVE ) 86.4 kcal/
mol which is closer to the experimental activation energy of
74.1( 3 kcal/mol of the complete disappearance of pyrrole.12b

Pathway6 consists of 3 stages and involves the formation of
a nonplanar biradical transition state TS6a leading further to
an azirine-based intermediate Pyr6a. The biradical transition
state energy of 74.8 kcal/mol is comparable to the energy of
75.57 kcal/mol of the planar biradical transition state described
in ref 12d. The resulting intermediate is characterized by its
functional azirine group. Azirine is a three-membered hetero-
cycle containing a nitrogen bound only to the cyclic carbon
atoms. It is a well-known intermediate which can rearrange to
form isocyanides reacting into cyanides with the activation
energies of 53.0 and 67.5 kcal/mol, respectively.15 The latter
are comparable with that of TS6b that is likely another pathway
to the formation of isocyanide- and cyanide-based intermediates
whose presence has been shown experimentally.12

The remaining two pathways7 and8 consist of four stages
evolving through a nonbiradical based ring opening TS7a which
is actually a completely novel approach toward such a phe-
nomenon. We suggest that this transition state TS7a, character-
ized by the activation energy of 79.3 kcal/mol, provides an
interesting alternative to the biradical transition state with the
energy of 57 kcal/mol earlier described in ref 12. TS7a is a
planar structure with a single hydrogen placed nearly perpen-
dicular to the plane. Its C-N bond length is 1.220 Å which is

CHART 6: Pathway 6
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rather close to that of a triple bond; the Ck-Ck+1 (2 e k e 4)
bonds with the lengths of 1.449, 1.422, and 1.362 Å show an
increase of double bond character as k increases. The bond
length between the out-of-plane hydrogen and C2 of 1.161 Å is

elongated compared with the remaining H-C bonds, all equal
of ≈1.085 Å. The TS7a structure is represented by a Lewis
structure with a triple C-N bond and a single double C-C
bond where the out-of-plane hydrogen moves away from C2

CHART 7: Pathway 7

CHART 8: Pathway 8
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toward C3. Two possible pathways are found in the present work
as starting from the intermediate Pyr7a: one of them passes
through the azirine based intermediate Pyr6a. The other involves
two hydrogen migrations, starting by the 4,5 H-migration and
forming a carbene intermediate and ending by the 2,3 H one
initiating the dissociation to HCN and propyne. As demonstrated
in Charts 5-8, all of these stages have activation barriers (except
TS8a) below the experimental value.

6. Summary

Two different facets of the N-H bond breaking in pyrrole
have been thoroughly studied in the present work. One of them
is related to the replacement of the hydrogen in the N-H bond
by the alkali metal atoms, Li, Na, or K, giving rise to the
formation of alkali metal pyrrolides. What we have demonstrated
is the existence of a remarkable difference between Li-pyrrolide,
on one hand, and the Na and K ones, on the other; although the
former exists in two stable conformers,σ and π with the
significant preference to theπ one at least in the gas phase, the
two latter only establish the stableπ structure. A key factor of
its stabilization is actually the formation of the M+δ-N-σ ionic
pair (M ) Li, Na, and K) which partly bares the metal atom so
it likely behaves as a cation interacting with the pyrrole ring
via a typicalπ-cation interaction and therefore, relative to the
ionic asymptote X+ + Pyr- (X ) Li, Na, and K), shows the
expected electrostatic trend, viz., K< Na < Li (cf. ref 16).
Interestingly, relative to the neutral one, comprising of the
infinitely separated X+ Pyr• (X ) Li, Na, and K), the
aforementioned trend changes to Na< K < Li which likely
mirrors a larger polarizability of K compared to Na. Altogether,
these features definitely imply a difference in behavior of Na
and K, compared to Li, in biological systems.

Another facet is the “walk” of the hydrogen atom after the
N-H bond breaking. Analyzing its possible “walks” along the
ring, we have revealed four novel pathways of the pyrolysis of
pyrrole, exiting with HCN and propyne. Together with the
pathways proposed in refs 6c and 13e, the present ones may
therefore be considered as possible pathways too. We believe
that a firm answer on which one(s) of all of them is (are)
dominant is left for experiment.
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TABLE 7: B3LYP/A Energy, Enthalpy (in Hartree), ZPVE
(in kcal/mol), and Entropy (in cal/mol T) of the Structures
in Charts 5-8a

structure energy+ 209 ZPVE enthalpy+ 209 entropy

Pyr -1.17780 51.8 -1.09128 65.9
Pyr12-TS -1.10060 48.6 -1.01942 65.1
Pyr12 -1.15682 51.1 -1.07135 66.1
TS5 -0.96675 42.5 -0.89241 77.6
TS6a -1.03750 47.7 -0.95678 69.5
Pyr6a -1.08835 49.0 -1.00498 72.1
TS6b -0.97016 45.6 -0.89235 71.4
TS7a -1.03039 46.3 -0.95164 71.1
Pyr7a -1.15361 49.8 -1.06893 72.9
TS7b -1.03512 46.3 -0.95598 72.9
Pyr7b -1.04752 47.1 -0.96638 75.6
TS7c -0.97245 44.2 -0.89610 75.4
TS8a -1.01723 46.0 -0.93866 72.1
Pyr8a -1.08835 49.0 -1.00498 72.1
TS8b -0.97016 45.6 -0.89235 71.4

a The products HCN and CH3CCH are characterized, respectively,
by energies of-93.42845 and-116.66107 hartrees, ZPVE of 9.1 and
34.9 kcal/mol, enthalpies of-93.41112 and-116.60142 hartrees, and
entropies of 40.7 and 61.3 cal/mol T.
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