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Structural and Geometrical Isomerizations of Cyclopropane. Quantum Chemical and
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Density functional theory and two-configuration self-consistent-field calculations were carried out to investigate
the unimolecular isomerizations of cyclopropane. The calculated structural parameters and vibrational
frequencies of cyclopropane are in good agreement with the measured values. Obtained structures and relative
energies of the transition states for the geometricat{gens) and optical isomerizations agree with previous
calculations. A transition state for the structural isomerization cyclopropapeopylene was located, and

its energy level and vibrational frequencies were calculated with uB3LYP/cc-pVDZ method. IRC calculations
using the same method and basis set show that this transition state is connected to cyclopropane and propylene
without an intermediate. The wave function of the transition state contains a contribution of ionic and biradical
terms. The calculated activation energy and preexponential factd, fare in very good agreement with

the experimental values. RRKM calculations of the first-order rate constant for the structural isomerization
were carried out over a wide range of pressures and temperatures.

Introduction reaction path in the unimolecular structural isomerization of
cyclopropane, cyclopropanre propylene. We also report on
During the past several decades a considerable effort has beegj|cylations of the geometrical rearrangements by the same
devoted to the study of cyclopropane isomerizations both methods for comparison with previous studies. Density func-
experimentally and theoretically* Cyclopropane undergoes tional theory has never been applied to this system in the past.
three types of isomerizations: geometrical, optical, and struc-  \yhereas propylene is the only product of the structural
tural. Inthe geometrical and optical is.omerizations., substituen_ts isomerization of cyclopropane, the structural isomerization of
such as methy! or other groups, or simply deuterium atoms in gerivatives of cyclopropane yield several products. For ex-
a partially deuterated cyclopropane, rearrange with respect toample, structural isomerization of cyclopropanecarbonitrile
the ring’s plane. Such a rearrangement requires rupture of ayjelds cis- and trans-crotonitrile (CHCH=CHCN), vinylac-
C—C o-bond in the ring but no migration of H atom from one  etonitrile (CH=CHCH,CN), and methacrylonitrile (Cy+=C-
carbon atom to another takes place. In the structural isomer-(CHz)CN). This reaction was studied experimentally both at
ization, both bond cleavage and H-atom migration must occur. ow2! and at high temperatures using the single-pulse shock tube
Numerous quantum chemical calculations have been per-technique?? The quantum chemical and model calculations of
formed on cyclopropane, trying to localize transition states for these reactions will be reported separately.
the structural and geometrical isomerizations. Whereas a
trimethylene intermediate and a number of transition states for Computational Details
the geometrical and optical isomerizations have been success-
fully calculated by many investigatdrs 12 we are aware of
only one recent study reporting on ab initio calculations of
transition states for two reactions, trimethylerecyclopropane
and trimethylene— propylene, which can be viewed together
as the reaction path for the structural isomerization of cyclo-
propane. We also found a rather old semiempical SINDO
study**where such a saddle point for the structural isomerization
was located. The estimated activation energy for this isomer-
ization was 48 kcal/mol, which deviated from the experimental

value by abqut 15 keal/mol. . L In addition to DFT, MP2 calculations with the frozen core
_The question whether the structural isomerization proceeds 5o, qximation were carried out. Three basis sets were tested
via a concerted or a stepwise mechanism involving a biradical it these methods: the standard Pople polarized split-valence
intermediate has also been addressed by unimolecular ratgs_31G*+26 and the Dunning correlation consistent polarized
theories. Whereas early studies® gave preference to the  yajence doublef (cc-pVDZ) and triplel (cc-pVTZ) basis
concerted mechanism it was later obvious that a stepwise sets27.28 Al the calculations were performed without symmetry
mechanism could not be ignorét®20 restrictions. Vibrational analyses were carried out at the same
In the present study, we report on ab initio and density levels of theory to characterize the optimized structures as local
functional theory calculations of the transition state for the minima or transition states. Each optimized structure was

Optimization of the ground-state geometry of cyclopropane
and propylene, the geometry of trimethylene, and the transition
states of the reactions under consideration was carried out using
density functional theory (DFT) employing the Becke three-
parameter hybrid method (B3LY#,with Lee—Yang—Parr
correlation functional approximatiéf) by means of the Berny
geometry optimization algorithm. The DFT computations were
carried out using the Gaussian-94 program package.

We have tested several methods and several basis sets before
choosing the method and basis set for the present calculations.
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TABLE 1: Comparison of Observed and Calculated TABLE 2: Experimental and Calculated Frequencies of
Structural Parameters of Cyclopropane at Different Cyclopropane (in cnm1) Using Different Methods
Computational Levels B3LYP/cc-pVDZ MP2/cc-pVDZ
parametey r-c-¢ r-C-H OccC  OHCH Araw® Ascaléc Araw’ Ascaléd mode
experimenta 1514(1y 1.099(2) 60.0  114.5(9) expf raw (%) (%) raw (%) (%)  descriptiofi
HF/6-31G™ 1497 1.076 60.0 1141 739+ 729 -14 -51 738 —-6.8 —149 Chsstretch
HF/cc-pVDZ 1.500 1.083 60.0 1143 854 853 —0.1 -40 861 —-41 —49 CHsscis
MP2/6-31G** 1.500 1.079 60.0 1144 867+ 888 24 —15 918 —-57  —0.1 ringstretch
MP2/cc-pVDZ 1.513 1.092 60.0 114.7 1028* 1043 14 -0.2 1062 —-0.9 —3.9 Chptwist
B3LYP/6-31G** 1.509 1.086 60.0 114.0 1070 1070 0 -39 1078 6.0 -50 CHwag
B3LYP/cc-pvDZ 1511 1.093 60.0 114.2 1126 1136 0.9 -3.0 1162 3.7 —27 Chastretch
B3LYP/cc-pVTZ  1.505 1.081 60.0 114.2 1188* 1195 0.6 —3.2 1211 49 -3.8 CHrock
. . . . 1188 1218 25 —-14 1243 7.8 —1.3 CHs stretch
2 Distances in angstroms, angles in degré&xperimental param- 1438* 1440 01 -37 1466 65 —38 ChHbscis
ters from ref 33¢Values in parentheses denote standard deviations ' ' ’ '
e N 1479 1498 1.3 —2.6 1530 6.8 —2.4 CHwag
and apply to the last digits of the constants. 3024* 3120 32 —08 3192 52 —0.4 ring deform
3038 3129 3.0 —-0.9 3203 5.1 —0.5 CHastretch
recalculated at single-point quadratic Cl calculations including 3082 3203 3.9 -0.1 3290 3.7 0.7 Chiwist
single and double substitutions with a triplet contribution to the 3102 3224 39 -01 3309 53 06 Chrock
energy-QCISD(TY®. QCISD(T) calculations were performed a Experimental frequencies from ref 32A = (calculated value-
with frozen core approximation. experimental value)/experimental value in percécaling factor is

Biradical structures were localized by using guess wave 9.9613?3 d Scaling factor is 0.943%. ¢ Mode descriptionfrom ref 7.
function with the destructiom—j and spatial symmetries by  doubly degenerate.
the unrestricted uB3LYP method and were recalculated also by Ts?
the single-point uQCISD(T) method.

We used an open-shell singlet approximation for calculating 2Ll
the various intermediates and transition states for two reasons:
(1) The ground state of cyclopropane is a singlet and spin
conservation requires that the biradicals should be, at least e W
initially, in the singlet staté. (2) There is experimental evidence i

70

that triplet-derived trimethylenes lead to the formation of _/7 .~ S
products resulting from geometrical isomerizations but no >
propylenes are produced, whereas singlet-derived trimethylenes ) i .
give substantial amounts of both produ#s. F;]gure I1. f?ﬁhematlctprelsenéatlop olf_ the s_tept\_/wse ?nd I(:oncerted

Since the DFT methods are less sensitive to multireference © oo O e 9eometricatand opticalisomerizations of cyciopropane.
effects, all the structures were also fully optimized using the
two-configuration self-consistent-field (TCSCF) method with
the cc-pVDZ basis set. The reference configuration was defined
by filling separately thex and occupied orbitals (six singlet
configurations). The initial guess wave functions were taken
from unrestricted HartreeFock (uHF) calculations at optimal
uB3LYP geometry. The TSCSF calculations were carried out
using the Gamess-USA progra.

is in better agreement with the experimental structure than when
calculated using 6-31G**. The use of the trifléasis set did
not improve the results.

Table 2 shows experimental and calculated frequencies of
cyclopropane for two best combinations of methods and basis
sets, i.e., MP2/cc-pVDZ and B3LYP/cc-pVDZ. The B3LYP/
cc-pVDZ frequencies are in better agreement with the measured

o . . values®® The scaling of the calculated frequenéfedid not
Calculated vibrational frequencies and entropies (at uB3LYP improve the agreement with the experiment. On the contrary,

and TCSCF levels) were used to evaluate preexponential factors,[he percent deviations of the unscaled (raw) frequencies were

of the reactions under consideration. All the calculated frequen- .~ "\ bove thus chosen the B3LYP method and cc-pvDZ

gfcsilIe?tzrgve'll'lh:sczziﬁgﬁIaztgéofrgohn;ngigir%gfe iroet :;alr;%rm.?_ﬂg basis set for all our calculations without frequency scaling. The
q ; same basis set was also used with the TCSCF method.

calculations of the intrinsic reaction coordinate (IRC) were done Geometrical and Obtical Isomerizations. Recently. Bald-
at the uB3LYP level of theory with mass-weighted internal . a P y:

. o win et al® and Doubleda¥? calculated transition states for the
coordinates, to make sure that the transition states connect the ; e S
desired reactants and products. Only this coordinate Systemgeometrlcal and optical isomerizations of cyclopropane. Bald-

; win et al. used TCSCF and SCF levels of theory with
permits us to follow to steepest descent pathWe computed ' S ; L
. ) configuration interaction at the SCF-optimized geometry. Dou-
the IRC path using the same basis set that was used for th leday used a complete active space multiconfiguration self-
stationary point optimization. y P P 9

All the calculations were done on a DEC Alpha TurboLaser cons!stent field (CASSQF) with .2’2_CAS and 4,4-CAS wave
8200 5/300 at the Institute of Chemistry of The Hebrew functions. The concl_usmns, Wh'(.:h were based on thes_e and
University of Jerusalem _other guantum chemical calculations, as we!l as on a klnetlc

' isotope effect suggested that the geometrical and optical
isomerizations can be described by three competitive paths with
several distinct conformers in the trimethylene system. The

Table 1 shows selected experimefitaind calculated pa- three computed competitive paths are shown in Figure 1.
rameters of cyclopropane using the B3LYP, MP2, and HF levels  Our calculated uB3LYP and TCSCF transition states of the
of theory with two basis sets, 6-31G** and cc-pVDZ. (The ring-opening TS1 and TS2, and trimethylene biradical as a short-
triple & (cc-pVTZ) basis set was used only with the B3LYP living intermediate, INT, are shown in Figure 2. These three
method.) As can be seen, the geometry of cyclopropane whenstructures are edge-to-edge (EE or “0,0”) conformers of tri-
calculated with the cc-pVDZ basis set for each level of theory methylene. The geometrical parameters are shown in Tables 3

Results and Discussion
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cyclopropane trimethylene

intermediate

Figure 2. Optimized structures of the transition states TS1 (conrotatory) and TS2 (disrotatory) and the intermediate for the two channels of the
geometrical isomerization.

TABLE 3: Structural Parameters of All the C 3Hg Species at the uB3LYP Level of Theory

parametey CPR TS1 TS2 T3 INT TS4 TS5 propylene

r—C(1)C(2y 1.511 1.490 1.500 1.498 1.491 1.421 1.445 1.336
r—C(1)C(3) 1511 1.490 1.500 1.501 1.491 1.483 1.375 1.501
r—C(2)C(3) 1.511 2.541 2.492 2.523 2.532 2.611 2.354 2.521
OC(2)C(1)C(3) 60.00 117.02 112.39 114.46 116.26 128.06 113.16 125.35
r—H(1)C(1) 1.093 1.116 1.119 1.115 1.115 1.181 1.604 2.161
r—H(2)C(1) 1.093 1.116 1.104 1.108 1.115 1.099 1.097 1.098
OH(1)C(1)H(2) 114.21 102.05 104.51 104.40 102.62 104.94 84.14 55.50
r—H(3)C(2) 1.093 1.092 1.092 1.093 1.092 1.090 1.091 1.093
r—H(4)C(2) 1.093 1.093 1.094 1.094 1.093 1.093 1.092 1.095
OH(3)C(2)H(4) 114.21 118.40 118.27 117.97 118.43 118.28 117.98 116.99
r—H(5)C(3) 1.093 1.093 1.092 1.094 1.093 1.090 1.098 1.105
r—H(6)C(3) 1.093 1.092 1.093 1.092 1.092 1.093 1.094 1.101
OH(5)C(3)H(6) 114.23 118.40 118.29 118.63 118.43 118.61 117.99 108.16
OH(1)C(1)C(2) 118.06 109.20 109.68 109.41 109.52 107.70 130.72 135.11
OH(1)C(1)C(3) 118.07 109.18 109.62 108.68 109.03 74.68 88.99 28.48
OH(2)C(1)C(2) 118.06 109.16 110.21 110.13 109.03 115.41 117.75 118.67
OH(2)C(1)C(3) 118.05 109.19 110.15 109.27 109.52 113.60 117.50 115.97
OH(3)C(2)C(2) 118.06 120.08 121.48 121.30 120.38 119.76 118.43 121.55
OH@4)C(2)C(1) 118.06 12151 120.08 120.18 121.03 121.33 120.92 121.46
OH(5)C(3)C(2) 118.04 121.51 121.27 119.92 121.03 118.28 122.48 111.11
OH(6)C(3)C(1) 118.06 120.09 120.15 121.26 120.38 119.79 119.53 117.70
TH(3)C(2)C(1)C(3) 107.90 0.69 43.64 99.92 19.60 15.21 61.11 0.00
TH(4)C(2)C(1)C(3) —107.95 —179.67 —141.17 —71.46 —165.01 —174.10 —132.79 —179.97
TH(5)C(3)C(1)C(2) 107.90 —179.51 41.37 12.44 19.64 177.97 27.03 120.86
TH(6)C(3)C(1)C(2) —107.95 0.61 —144.91 —172.62 —165.03 18.81 —153.10 0.00

aDistances in angstroms, angles in degré&yclopropane¢ Atom numbers are shown in Figures-2.

(uB3LYP-optimized) and 4 (TCSCF-optimized). As can be a second-order stationary point structure, T3, at uB3LYP level
seen, both methods show the same variation in the geometricalbof theory. The frequencies, including the imaginary ones, of
parameters along the reaction paths. Both theCGnd C-H all the GHs species are shown in Table 5. The edge-to-face
distances obtained by the TCSCF optimization are somewhat(EF) and face-to-face (FF or “90,90") species of trimethylene
longer and the angles are somewhat smaller. Note that in theeither as a local minimum or a transition state could not be
two tables H(5) and H(6) in the trimethylene intermediate should localized at uB3LYP level.
be interchanged depending upon whether it is produced via TS1 It is of interest to compare our calculated transition states
(conrotatory) or TS2 (disrotatory) paths. and trimethylene intermediate to those of Baldwin et%hnd
The reaction coordinate in TS1 is a conrotatory double Doubleday® (See Table 9, where the methods and the basis
rotation of the terminal methylene groups and in TS2 it is sets are given). Note that our transition state TS,{$s) in
disrotatory. In TS3 it is a single rotation of a terminal methylene Baldwin calculations and”lin Doubleday’s, TS2 i€(ts) and
group about the C(1)C(2) (or C(3)-C(2)) bond. This edge- 2*, and TS3 is EF(ts) and 4, respectively. Our notation of the
to-face (EF or “0,90") conformer of trimethylene (Figure 3), trimethylene intermediate is INT, it is {Int) in Baldwin’s
TS3, was localized as a transition state at TCSCF level but ascalculations and 1 or 2 in Doubleday’s.
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TABLE 4: Structural Parameters of C3Hg Species at the TCSCF Level of Theory

parameter TS1 TS2 TS3 INT TS4
r—C(1)C(2y 1.501 1.506 1.507 1.502 1.407
r—C(1)C(3) 1.501 1.506 1.507 1.502 1.481
r—C(2)C(3) 2.538 2.478 2.535 2.520 2.602
0C(2)C(1)C(3) 115.38 110.68 11452 114.11 128.53
r—H(1)C(1) 1.100 1.100 1.098 1.098 1.187
r—H(2)C(1) 1.097 1.093 1.095 1.098 1.085
OH(1)C(1)H(2) 104.82 105.71 105.43 105.18 106.86
r—H(3)C(2) 1.083 1.083 1.089 1.083 1.079
r—H(4)C(2) 1.084 1.084 1.084 1.083 1.083
OH3)C()H(A) 116.73 117.11 116.64 117.02 118.12
r—H(5)C(3) 1.082 1.082 1.084 1.083 1.080
r—H(6)C(3) 1.081 1.084 1.083 1.083 1.082
OH(5)C(3)H(6) 117.97 117.13 114.52 117.02 118.40
OH(1)C(1)C(2) 108.68 110.72 108.61 109.15 107.55
OH(1)C(1)C(3) 108.83 110.74 108.83 109.43 67.95
OH(2)C(1)C(2) 109.23 109.46 109.75 109.43 116.24
OH(2)C(1)C(3) 109.38 109.41 109.30 109.15 117.71
OH(3)C(2)C(1) 118.95 120.41 119.90 119.46 119.75
OH(4)C(2)C(1) 119.65 119.24 118.95 119.51 121.50
OH(5)C(3)C(1) 121.34 120.36 118.38 119.51 117.86
OH(6)C(3)C(1) 119.78 119.31 120.21 119.49 119.76
tH(3)C(2)C(1)C(3) 37.77 50.68 69.21 41.41 13.56
TH(4)C(2)C(1)C(3) -167.23 —150.20 —86.18 ~161.76 ~175.75
tH(5)C(3)C(1)C(2) 167.57 48.61 17.34 41.40 174.13
TH(6)C(3)C(1)C(2) ~1.24 -152.16 —173.04 —161.76 16.95

a2 Distances in angstroms, angles in degréégom numbers are shown in Figures-4.

TS3
Figure 3. Optimized structure of the transition state TS3 for the concerted geometrical isomerization channel.

TABLE 5: uB3LYP/cc-pVDZ and TCSCF/cc-pVDZ Frequencies of the Different C;Hg Species (in cmt)2
uB3LYP/cc-pvDZ

TS1 (i-107), 143, 367, 414, 417, 786, 888, 900, 1114, 1125, 1130, 1335, 1386, 1427, 1449, 2898, 2910, 3140, 3142, 3252, 3252
TS2 96, (i-290), 323, 419, 464, 747, 886, 949, 1093, 1154, 1164, 1339, 1424, 1427, 1444, 2856, 3041, 3134, 3137, 3248, 3249
T3 (i-51), (i-254), 325, 374, 502, 744, 891, 985, 1071, 1100, 1226, 1317, 1417, 1427, 1447, 2913, 2994, 3130, 3160, 3247, 3248
INT 27,197, 376, 419, 421, 759, 901, 929, 1081, 1126, 1167, 1331, 1388, 1428, 1448, 2909, 2913, 3138, 3141, 3251, 3252
TS4 342, 398, 529, 575, 598, 801, 907, 932, 1168, 1230, 1247, 1388, (i-1423), 1444, 1503, 2424, 3111, 3146, 3150, 3259, 3266
TS5 245, 441, 564, 585, 665, 850, 912, 1008, 1044, 1103, 1188, 1251, 1389, 1437, 1593, (i-1842), 3113, 3132, 3148, 3240, 3253
TCSCF/cc-pvDZz
TS1 (i-202), 220, 323, 374, 551, 848, 945, 998, 1178, 1193, 1290, 1475, 1561, 1569, 1587, 3124, 3174, 3272, 3291, 3385, 3391
TS2 251, (i-297), 331, 505, 526, 851, 914, 1026, 1154, 1264, 1315, 1480, 1577, 1585, 1612, 3100, 3200, 3296, 3316, 3390, 3412
TS3 169, (i-288), 370, 489, 621, 786, 951, 1086, 1155, 1165, 1364, 1456, 1565, 1577, 1593, 3135, 3176, 3282, 3292, 3390, 3395
INT 186, 306, 386, 519, 533, 803, 951, 1077, 1137, 1175, 1328, 1479, 1559, 1571, 1584, 3120, 3163, 3283, 3299, 3386, 3394
TS4 354, 431, 555, 621, 661, 900, 971, 1010, 1269, 1341, 1352, 1517, 1574, (i-1596), 1653, 2499, 3302, 3310, 3331, 3419, 3428
TS5 297, 424,542,598, 644, 836, 1029, 1103, 1162, 1189, 1295, 1377, 1511, 1589, 1693, (i-2072), 3161, 3194, 3219, 3313, 3325

@lmaginary frequencies are shown in parentheses.

The main difference between our calculation and Double- It can be shown that the geometrical isomerization-<tians)
day’'s'3 is the number of intermediates that participate in the proceeds with respect to central and terminal group if the
geometrical isomerization manifold. Whereas Doubleday found reaction goes via TS1 and TS2 (Figures 2 and 3). This argument
two distinct intermediates for transition statesahd 2, both is true provided that there is no transition from TS1 to TS2 or
our calculations and Baldwin'é point to the existence of one  Ts2 to TS1 along the reaction coordinate. However, if such a
single intermediate. An additional important point is the nature yansition does occur, then the €isans isomerization proceeds

of TS?? (EF(ts) in Baldwin’s qalculatio_n and 4 in Do_ubleday’s). with respect to the two terminal methylene groups similar to
Baldwin et al”-8 claim that their EF(ts) is a saddle point, whereas the TS3 path

Doubleday® got a second-order stationary point, both using ] ) ] ) N

TCSCE. Our TCSCE calculations show that TS3 is a transition  In all the trimethylene intermediates and in the transition states
state, but uB3LYP, on the other hand, shows that it is only a there is a complete €C bond rupture (see r-C(2)C(3) aniC-
second-order stationary point. This disagreement remains an(2)C(1)C(3) in Tables 3 and 4). Some pyramidalization of the
open question. central methylene group takes place which expresses itself by
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cyclopropane

Figure 4. Optimized structures of the transition states TS4 and TS5 of two channels of the structural isomerization.

TABLE 6: Atomic Spin Densities of Trimethylene TABLE 7: Molecular Parameters of C3Hg Species

Conformers at the uB3LYP/cc-pVDZ LeveP Calculated Using Two Different Computational Methods
C(l) C(2) C(3) H@A) HE@) HEB H®EA) HB) H®) moments of inerti&

TS1 0.00 1.05-1.05 0.00 0.00-0.04 —0.04 0.04 0.04 Ax 10°% Bx 108 Cx 10% ub S ZPE BB

TS2 0.00 1.05-1.05 0.00 0.00-0.04 —0.04 0.04 0.04 B3LYP/ VDZ

T3  0.00 1.06 —1.03 —0.03 —0.03 —0.04 —0.04 0.04 0.05 u cc-p

INT 000 1.12 -1.12 001 —0.01 —0.01 —0.01 001 001 CPR 41976 41992 67057 0.00 60.282 50.56

TS4 —010 068 —067 009 000-002 —002 003 003 TSL 21894 88882 10.5735 0.39 65801 44.99 0.9848
TS2 2.3899 8.7462 10.2218 0.32 66.647 45.17 1.0001

a Positive number indicates an excesspin occupancy. Negative T3 2.3713 8.9335 10.2356 0.21 63.175 45.03 1.0068

number indicates an exceSsspin occupancy INT 2.2183 8.8834 10.4888 0.40 71.182 45.17 0.9842
TS4 17748 9.3375 10.6370 1.13 63.563 44.91 0.4756

change in the angles H(1)C(1)C(2), H(2)C(1)C(3), H(2)C(1)C- TS5 24136  8.0963 9.4934 2.34 63.860 43.12

(2), and H(3)C(1)C(3) from 120to about 109-11C°. The TCSCF/cc-pvDZ

biradical character of the trimethylenes can be seen from the Tg% g-glgé 2-9(1)20 18-589§ 8-4; 24-783 43-22

coefficients of occupancy of the main configuration which are %3 2:3317 8:;99g id%fb 0:35 63:(13‘210 38:23

obtained at TCSCF level of theory. The values are £1m997 INT 22487 8.7403 10.3620 0.43 65.801 48.95

in TS1, 110= 0.977 in TS2, 116= 0.970 in TS, and 116 TS4 1.7127 9.2464 10.7275 1.13 62.912 47.90

0.959_ in the inte_rmediat_e, whe_re 110 is the configur_ation of aMoments of inertia (in g c). ® Dipole moments (in Debye).

the single occupied orbitals with and 3 spin, respectively, < ntropy in (cal/moikelvin). ¢ Zero point energy (in kcal/moly. Spin

and the vacant orbital. The analysis of the distribution of atomic contamination at the uB3LYP level of theofyCyclopropane.

spin densities (Table 6) that was obtained at the uB3LYP level

of theory leads to the same conclusion. The spin contamination

of the uB3LYP wave functions (Table 7) also shows that these

structures are “spin-contaminated structures”. Further analysis

of the molecular orbitals may explain the deviation of the

dihedral angles (see Tables 3 and 4) from the plane of the carbo -atom migration (Figure 4). The geometrical parameters of

atoms. This Qewanon may _be associated with Ies_s attracﬂ_onthe calculated transition states TS4 and TS5 are summarized in
of the Ione'palrs qf the terminal carbons atoms, which consist Tables 3 and 4. The C(2)C(3) distance in TS4 is roughly the
of the frontier orbital. same as in TS1, in TS2, and in the biradical intermediate of
The calculated energies of the intermediate and the transitionthe geometrical isomerization manifold. However, the C(2)C-
states at different levels of theory and the relative energies with (1)C(3) angle is considerably wider than the equivalent one in
respect to cyclopropane are shown in the Table 8. Table 9the geometrical isomerization. It is 12&ompared to ap-
shows the results in comparison to Baldwiffsand Double-  proximately 118. H(1) in the transition state TS4 is further
day’s'3 calculations, where the relative energies are given with away from C(1) as compared to the same distance in cyclo-
respect to the trimethylene intermediate. As can be seen, thepropane (r-H(1)C(1)~ 1.18 A in TS4 and 1.093 A in
agreement of our calculations with those of Baldwin and cyclopropane). The distances CG{(2) and C(1)>-C(3)
Doubleday is very good. Zero point energies are not shown in indicate where the location of the double and the single bonds
the table. With zero point energies (Table 8), the energy level in propylene are formed. The reaction coordinate is a combina-
of the conrotatory transition state becomes either equal to ortion of two normal modes: 1,2 H-atom shift together with an
lower than the intermediate. All the transition states are asymmetric stretch of the carbon ring (Figure 4).

practically equal in energy, the lowest being TS1, the conrotatory
transition state. This behavior was also found in previous
calculations.

Structural Isomerization. The structural isomerization of
cyclopropane is associated with both-C bond cleavage and
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TABLE 8: Total Energies Eya (in a.u.), Relative EnergiesAEq,, and AE® (in kcal/mol) of All the Calculated CsHg Species at
Different Computational Levels

uB3LYP uQCISDT TCSCF

Etotal A Etotal A E¢ Etotal A Etotal A E* Etotal A Etotal A E¢
CPR —117.897 878 0.00 0.00 —117.544 380 0.00 0.00 —117.084 033 0.00 0.00
TS1 —117.803 159 59.44 53.87 —117.446 338 61.52 55.95 —117.000 640 52.33 46.89
TS2 —117.801 333 60.58 55.19 —117.446 338 62.01 56.62 —116.999 842 52.83 47.91
TS3m3° —117.801 077 60.74 55.21 —117.445 315 62.16 56.63 —116.998 935 53.40 48.35
INT —117.803 368 59.31 53.92 —117.446 694 61.30 55.91 —117.001 482 51.80 47.07
TS4 —117.787 546 69.23 63.58 —117.431672 70.73 65.08 —116.972241 70.15 64.37
TS5 —117.708 929 118.57 111.30 —117.360548 115.36 107.92

a AEF = AEm + A(ZPE). ® Cyclopropanet TS3 from TCSCF and T3 from uB3LYP and uQCISDT calculatidt8hows Hartree Fock instability.

TABLE 9: Total Energies Ewa (a.u.) and Relative Energied (in Parentheses, kcal/mol) of Trimethylene Species, Obtained in
This and Previous Investigations

method/species INT TS1 TS2 T3

Baldwin et al®

TCSCF/6-31G® —116.989696 (0.0) —116.989538 (0.10) —116.988759 (0.59) —116.987686 (1.26)

TCSCF/DZP —117.016721 (0.0) —117.016660 (0.04) —117.015807 (0.57) —117.014936 (1.12)

CISD/6-31G* —117.342140 (0.0) —117.342523+0.24) —117.340999 (0.72) —117.340826 (0.82)

CISD+Q/6-31G™* —117.380360 (0.0) —117.380855+0.31) —117.379151 (0.76) —117.379364 (0.62)

CISD/DzP —117.399357 (0.0) —117.399493+0.09) —117.398282 (0.67) —117.398016 (0.84)

CISD—I—(%DZP —117.443405 (0.0) —117.443576(0.11) —117.442290 (0.70) —117.442355 (0.66)
Doubleda:

2,2-CAS/NTZ(2d,p)
CISD//2,2-CASIVTZ(2d,p)
this investigation

—117.028264 (0.0)
—117.446177 (0.0)

—117.028258 (0.004)
—117.44638640.13)

—117.026723 (0.97)
—117.444220 (1.23)

—117.025868 (1.50)
—117.443209 (1.86)

TCSCF/cc-pvDZ —117.001482 (0.0)
uB3LYP/cc-pvDZ —117.803368 (0.0)

uQCISD(T)/cc-pVDZ —117.446694 (0.0)

—117.000640 (0.53)
—117.803159 (0.13)
—117.446338 (0.22)

—116.999842 (1.31)
—117.801333 (1.28)
—117.445566 (0.71)

—116.998935 (1.60)
—117.801077 (1.44)
—117.445313 (0.87)

aValues are without ZPE correctionTS3 from TCSCF and T3 from uB3LYP and uQCISD(T) calculatidgriBhe geometry optimization were
carried out using the TCSCF analytical first-derivative mettfo8The configuration interactions with single- and double-excitation (CISD) energies
were determined at the SCF-optimized geom€tryThe Davidson’s correction was applied to estimate approximately unlinked quadruple excitations.
fRelative enegries with respect to intermediate 1.

In contrast to the trimethylene intermediate and the geo- that TS4 goes directly to cyclopropane rather than to an
metrical and optical transition states, which are 1,3 biradicals, intermediate as was calculated by Doubleday. This disagree-
the structural transition states TS4 is a closed-shell singlet with ment is not surprising since the potential energy surface is very
only some biradical character. The wave function from TCSCF shallow. It should be mentioned that in our study of the
calculations of this trimethylene consists of the following isomerization of cyclopropanecarbonitfifewe did find an
configurations: 1106= 0.370, 200= 0.840, and 026= 0.275 intermediate in the stepwise manifold using the uB3LYP
as previously defined. The electron occupation numbers of the method, a fact that indicates that the use of this method was
orbitals are 1.61 and 0.39, which means that dherbital is not the reason for not finding the intermediate in the cyclopro-
almost doubly occupied. This orbital reflects the early stages pane structural isomerization.
of formation of as-bond between C(1) and C(2) andrébond We found an additional transition state, TS5, which corre-
between H(1) and C(3). For comparison, the electron occupa-sponds to a concerted mechanism and it is a nonradical, closed-
tion numbers of thex and 8 single occupied orbitals in the  shell specie. The transition state is shown in Figure 4 and its
geometrical manifold are 1.11, 0.89 in TS1; 1.12, 0.88 in TS2; geometrical parameters are given in Table 3. The ring opening
0.95, 1.05in TS5, and 1.10, 0.90 in the intermediate. Table 6 in TS5, which expresses itself by the r-C(2)C(3) distance and
shows thatx and atomic spin densities on the terminal carbon the C(2)C(2)C(3) angle, is less pronounced than in TS4. These
atoms are smaller than in the intermediate and TS1 and TS2.parameters are 2.35 A and P1® TS5 compared to 2.61 A
Also, [Fshows considerably less spin contamination in TS4 and 128 in TS4. The reaction coordinate is an asymmetric
(Table 7). On the other hand, the dipole moment of TS4 (Table stretch of the ring carbon and 1,2-H-atom shift from C(1) to
7), which is the highest among the trimethylene conformers, C(2) but not quite in the same manner as in TS4. It is a
indicates a high contribution of an ionic term to its wave zwitterion or 1,3-dipole structure (see Table 7).
function. Thus the analysis of the dipole moments and wave  The reaction, which could proceed via TS5, does not add
functions shows that the transition state of the structural any substantial contribution to over-all rate owing to the very
isomerization is a polar structure with some contribution of high energy barrier (Table 8). It should also be mentioned that
biradical configuration in contradiction to the geometrical TS5 shows HartreeFock instability at BLYP level and thus
transition states, which are definitely 1,3-biradicals. its physical significance is somewhat questionable.

The activation barrier of the structural isomerization calcu- Comparison with Experimental Results on the Structural
lated at all levels of theory (Table 8) is in agreement with the |somerization of Cyclopropane. There is a large volume of
experimental values which range between 62 and 67 kcal/mol experimental data on the isomerizations of cyclopropane. In
at different temperature$. 42 the early study of Rabinovitch et #.a rate constant ok =

Our calculated transition state TS4 is very similar, both in 10'52exp(—65.5 x 10°%/RT) s~ was reported for the structural
energy and structure, to the transition state 5 in Doubleédfay’s isomerization and = 10'6-0exp(—64.2 x 103/RT) s~ for the
calculations. However our IRC analysis using uB3LYP shows geometrical isomerization. In an additional study by Waage
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Figure 5. Arrhenius plots of the experimentaland calculated rate Figure 6. Arrhenius plots of the uB3LYP calculated rate constants
constants of the structural isomerization of cyclopropane for different for the structural isomerization of cyclopropane at different pressures
methods of calculation. as obtained by RRKM calculations.

and Rabinovittf2 a value of 3.7 kcal/mol was reported for the Arrhenius rate expression, the calculated (UB3LYP) high-
difference between the structural and the geometrical isomer-Pressure limit rate constant for the isomerization is given by
izations. Whereas both the activation energies and preexpo-k»=10">%%exp(=66.7 x 10°%RT)sec.

nential factors varied from one study to another, it was evident  Figure 6. shows the results of RRKM calculations done for
that at temperatures where both isomerizations were studied i.e. different temperatures and pressures using the results obtained
around 500°C the geometrical isomerization was about-10  at the uB3LYP level of theory. The RRKM calculations

20 times faster than the structural isomerization. employed the standard routifiéwhich uses a direct vibrational
To evaluate the high-pressure limit first-order rate constant State count with classical rotation for the transition state. The
from our quantum chemical calculations the relation path degeneracy was set equal to 12. The threshold energy
is 63 580 cal/mol andEgown 1= 600 cn1?.
k, = o(KT/h) exp@St/R) exp(—AH*/RT) The Arrhenius expressions for different pressures in the

temperature range 96300 K as obtained by the RRKM
calculations are 10-85exp(—52.6 x 10%RT), 10'26%exp(—55.0
5 X 10°3/RT), 101328exp(—56.9x 10%/RT), and 10457 exp(—61.5
x 1C¥RT) s~ for 20, 100, 300, and 4000 Torr, respectively.
At 1000 K, this corresponds to factors of 0.1, 0.2, 0.3, and 0.6
lower thank., at 20, 100, 300, and 4000 Torr respectively.

was used?*> where h is Planck constantk is Boltzmann
constanto is the degeneracy of the reactional coordinate (1
for the structural isomerization of cyclopropanand AH¥ and
ASF are the enthalpy and entropy of activation, respectively.
Since we deal with isomerizations where there is no change in
the number of moledAH* = AE* , where AE¥ is the energy
difference between the transition state and the reactagf is . . .
equal toAE g + A(ZPE), whereAE%q is obtained by taking Qu_antum qhem|cal calculations on cyclopropane using the
the difference between the total energies of the transition statedensity functional theory B3LYP method with the cc-pVDZ
and the reactant, ant(ZPE) is the difference between ZPE of basis set reproduce very well its experimental structural
these species_ Calculated entropies and zero point energies ar@arameters and vibrational frequenCIES. With this basis set and

Conclusions

shown in Table 7 and total energies ahB* in Table 8. uB3LYP, uQCISD(T), and TCSCF methods, the energy levels
For Comparison with the experimental rate paramemm‘lﬁ of the transition states for the different pathWayS of the
E.), we replacedAE* by E, whereE, = AE* + RT and used geometrical isomerizgt_ion are in good agreement with previpus
the relation k., = o(ekT/H expAS'/R) exp(—~E4RT), whereA calculations. A transition state for the structural isomerization
is given byA = o(ekT/H expAS/R). was calculated with the aforementioned method, and its

On the basis of our calculated energies (Table 8) and the Parameters and vibrational frequencies are reported. According
molecular parameters (Table 7), we evaluated the preexponentiaf® our calculations, the structural isomerization proceeds via a
factors and activation energies for the structural isomerization concerted mechanism with no intermediate, but owing to a very
using the above relation. The values obtained¥are 102117 shallow potential energy surface, the exact mechanism is still
at UB3LYP and 18997 s~1 at TCSCF levels of theory and the ~@n open question. Very good agreement between the calculated
activation energies are 63 580RT,65 080+ RT, and 64 370  Arrhenius parameters and the experimental values was obtained.
+ RT cal/mol at uB3LYP, uQCISD(T), and TSCSF levels,
respectively. Figure 5 shows a comparison between theA
calculated rate constants and the experimental value as obtained
by a best fit to the data on cyclopropare propylene References and Notes
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