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The thermal 1,3-sigmatropic migrations in X-gHCH=CH, with X = BH,, NH,, and CH have been
investigated at the RHF, MP2, B3LYP, G3, and CBS-APNO levels using basis sets with added diffuse and
polarization functions. In all three cases, the suprafacial allowed path proceeds through a TS in which the
C=C x electron is delocalized into the 2p AO in the migrating X. For=8H, with a vacant 2p orbital, the
activation enthalpy is less than 1.0 kcal miolCBS-APNO) so that the 1,3-shift is almost barrierless. For X

= NH; there are two suprafacial pathways, one of which (higher energy path a) proceeds by participation of
the lone pair on N. The lower energy pathway has a barrier height & 68.9 kcal mot?) of only 1.0 kcal

mol~ below the bond dissociation energy of the-@®l bond, so that a diradical pathway can compete with

the concerted sigmatropic shift. ForsX CHs, the activation barrierAH* = 76.1 kcal mot?) is higher (by

ca. 1 kcal mot* at the CBS-APNO level) than the bond dissociation energy of theXQCH3) bond, so that

the diradical reaction path is favored. The antrafacial 1,3-shifts are forbidden in all cases as evidenced by the
second-order saddle-points (with two imaginary frequencies) and much higher barrier heights than those for
the corresponding suprafacial shifts.

Introduction symmetry (). Also, in the 1,3-shift of allylborane reported by
Schleyer and co-workefsstructurell is predicted to be a
transition state with the barrier of 12.8 kcal mblat the HF/
6-31G*//HF/6-31G* level. However, it is slightly more stable
(by 0.6 kcal mot?) than the ground state at the MP2(full)/6-
31G*/IMP2(full)/6-31G* level. Therefore, the possibility that

Il is nota TS but is a minimum as suggested by Schleyer and
co-workerg cannot be entirely ruled out. If so, the 1,3-shift of
allylborane may also be a stepwise process.

The structure of the transition state (TS) and configuration
of the product in thei[j]-sigmatropic rearrangement have been
nicely predicted by the WoodwarHoffmann selection rule
using a simple orbital symmetry of the frontier molecular orbital
approach. For example, the rule predicts that thermal 1,3-
sigmatropic rearrangement of hydrogen atom is allowed to take
place via antarafacial TS but the 1,5-shift is forbidd@mlso
the rule predicts that both of the 1,3- and 1,5-sigmatropic shifts
in which carbon is the migrating group are allowed to occur

through the suprafacial TS but that thermal 1,3-migrations will NG LA
proceed with inversion and thermal 1,5-migrations with retention H—2 NH H— . B
of configuration within the migrating group® Many experi- 3 i
mental results reported bear out the predictions of the simple m (IT)
rule?
Although the orbital symmetry rule is very useful for the | this work, we have investigated theoretically thermal 1,3-

predictions of the TS structure and the product configuration sigmatropic migrations in ¥ CH,—CH=CH,, where X= BH,,

in the sigmatropic rearrangements, there are some limitations.cH, and NH, using high level ab inito MO and density
(i) In some cases, determination of the relevant frontier orbitals f;nctional theory (DFT) methodsn order to examine closely

is ambiguous, e.g., if a migrating group has lone-pair electrons, the roles of migrating groups influencing reactivities or TS
it may become doubtful whether the lone-pair orbital is directly stryctures in the 1,3-sigmatropic shifts. In the three selected
related as the frontier orbital or not. (ii) It is difficult to determine systems, the migrating group, X, bears lone pair electrons (X
quantitatively the roles of migrating groups themselves influenc- = NH,), a vacant p-orbital (¥= BHy), or the saturated carbon
ing reactivities or TS structures. (iii) Although the sigmatropic ztom (X = CHy), and the factors affecting the migration are

rearrangements have been, in general, believed to occur via &nalyzed systematically as well as quantitatively.
single step concerted process, it is difficult to predict by using

solely the orbital symmetry rule whether a sigmatropic rear- Calculation
rangement is really a concerted process or not. Indeed, Henriksen
et al> have reported based on approximate ab initio PRDDO
calculation$ that the 1,3-sigmatropic migration of allylamine
occurs by a stepwise process through an intermediate of the
nitrogen-containing four-membered cyclic structure wh

The Gaussian 98 program packagéth standard Pople-type
basis sefd was used throughout in this work. Geometries were
optimized under the relevant symmetry constraints at the RHF,
B3LYP112MP2, and QCISE? levels of theory with various
basis sets and the nature of each optimized structure being
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4855. E-mail: ilee@inha.ac.kr. employed, except for the QCISD/6-3tG** level for which
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X =NH:

X =CHs;

Figure 1. Optimized ground-state structures at the QCISD/643&1*
level. Bond lengths are in A, and bond angles are in degrees.

frequencies at the QCISD/6-31G* level were used. All ant-
arafacial TSs wittC,, symmetry had two imaginary frequencies
and hence are the second-order saddle péiritsie modified
G3% and CBS-APN® calculations were also carried out using
the geometries optimized at the QCISD/6-313** level. The

Choi et al.
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Figure 2. Optimized Cs and C; structures corresponding to the
intermediate and TS, respectively, for the 1,3-shift of allylborane at
the MP2/6-31%+G** level. Bond lengths are in A, and bond angles
are in degrees.
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TABLE 1: Calculated Electronic Energies of Cs
(Intermediate) and C; Structures (TS) and the Energy
Differences between the Two Structures for the BH Shift in
Allylborane at the MP2 Level

Ea

Cs C1 OE2 OBz OHY  0OG®

—142.78497 —147.78453+0.25 —0.04 —0.45 +0.38
—142.84008 —142.83970+0.25 —0.08 —0.50 +0.36
—142.88268 —142.88234+0.19 —0.22 —0.50 +0.31

basis sets

MP2/6-3H-G*
MP2/6-3H-+G**
MP2/6-31H-+G**

a Electronic energies in hartreDifferences in electronic energies
betweenC; and C; structures0E = E(C;) — E(Cy), in kcal mol™.
¢ Differences in electronic energies corrected for zero-point vibration
energies (ZPE) betwee@s and C; structures,0Ezpe = Ezpe(C1) —
Ezp(Cy), in kcal molL. Corrected for zero-point vibration energies using
the relevant scaling factors: Scott, A. P.; RadomJLPhys Chem
1996 100, 16502-16513.9 Differences in enthalpies at 298 K between

analyses such as charge densities and bond indicies etc. were, andc, structuresgH = H(Cy) — H(Cy), in kcal mol ™. © Differences

performed using the NBO-4M prografinterfaced to the
Gaussian 98 program at the QCISD/6-313**//QCISD/6-
311+G** level.

Results and Discussion

The ground-state structures optimized at the QCISD/6-
31++G** level are shown in Figure 1. All have open
geometries with unsymmetricaC{) structure. The empty p
orbital on the boron atom in allylborane is directed toward the
o orbital of the G=C3 double bond. However, because of the
repulsive interaction with the lone pair on the N atom, the
C?=C8 & orbital in the allylamine is turned away from the
molecular plane in order to alleviate directs interaction. In
1-butene, the two hydrogen atoms on the terminak Gidup

in the Gibbs free energies at 298 K betwe&&yandC; structurespG
= G(Cy) — G(Cy), in kcal mol™.

irrespective of the basis sets used (ca. 0.2 kcalBo$o that

the transition region is very flat. As a result, an inversion of
the energy level$ leading to an absurd result of a lower TS
than the intermediate occurs when energies are corrected for
zero-point energiesOAErpe = AE;pH(C1) — AELHCs) < 0)

and thermal energie® AH¥ = AH¥(C;) — AH*(Cy) <0). The
level of the intermediate becomes higher than that of the TS
because of the higher vibrational energy contribution to the
intermediate than to the TS in thAE,.: and AH*. The
vibrational energy of the intermediate is higher than that of the
TS mainly because an asymmetric stretching vibrational mode

have a bifurcated arrangement to reduce steric repulsion. Theof the intermediate becomes a translational mode along the
ground-state energies calculated at various levels are sum-eaction coordinate in the TS and the vibrational contributions

marized in Table S1 of the Supporting Information.
1,3-Sigmatropic  Shift in Allylborane, BH,—CH,—
CH=CHy,. It is appropriate here to discuss the MP2 results,

to the thermal energy and entropy of this vibrational mode are
missing in the TS? The relative energy levels become restored
to normal G = G(C;) — G(Cy > 0) only when the entropy

which caused confusions in the past about the possibility of a effect is accounted for as can be seen in Table 1. In conclusion,

stepwise process involving an intermedia®e) {n the 1,3-shifts

in allylborane! The optimized structures of the two stationary
points along the suprafacial path witl andC; symmetries at
the MP2/6-31%+G** level are shown in Figure 2, and the

the MP2 transition region for the 1,3-sigmatropic suprafacial
(allowed) shift in allylborane with inversion of the migrating
group (X= BHy) configuration is very flat with an intermediate
of the Cs symmetry which is marginally more stable (ca. 0.2

energies calculated at the MP2 level using 3 different basis setskcal moit) than the TS of theC; symmetry. Thus, the MP2

are collected in Table 1.
In all cases, th€; structure has a lower energy = E(C;)

— E(Cy) > 0) than theC; structure. Compared to the ground-
state energies, th€s level becomes lower as the larger basis
sets are useH(Cs) — E(GS)= +0.06,—0.02, and—0.13 kcal
mol~1 with 6-314-G*, 6-31++G**, and 6-31H-+G**, respec-
tively. These MP2 results indicate that tkig structure is an
intermediate (with all real vibrational frequencies) and @e
structure is the TS (with only one imaginary frequency).

results predict a stepwise migration of the BHhis MP2
prediction is however in disagreement with the single step
concerted shift involving the TS dfs symmetry by all other
methods listed in Table 2, i.e., RHF, B3LYP, QCISD, G3, and
CBS-APNO. The suprafacial TS structure withsymmetry at
the QCISD/6-313G** level is shown in Figure 3.

Now, we may ask why the MP2 results alone make a wrong
prediction? The answer to this lies in the overestimation of the
electron correlation effect which results in the underestimation

However, the well depth corresponding to the energy difference of the activation energy by the MP2 method for delocalized

between the two JE = E(C1) — E(CJ)] is very shallow

TS structured® This is evident by considering the low MP2
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TABLE 2: Calculated Activation Energies (AE§ g)? and
Enthalpies (AH*)® for the Concerted Suprafaciarand
Antarafacial 1,3-Shift in Allylborane in kcal mol 1

suprafacial antarafacial
levels AEspe  AHF  AEp:2  AH*P
RHF 6-3H-G* 1571 1475 65.34 64.46
6-31++G** 1571 1476 65.20 64.33
6-311++G** 16.03 15.09 65.27 64.42
B3LYP 6-31+-G* 325 255 5575 5527
6-31++G** 3.15 2.44 55.03 54.56
6-311++G** 372 3.00 55.17 54.68
QCISD 6-31G* 3.72 3.01 6091 60.39
6-311+G** 413 342 59.47 58.96
G3© 2.23 1.52
CBS-APNG 1.16  0.46

aCorrected for zero-point vibration energies using the relevant
scaling factors: Scott, A. P.; Radom, 1. Phys. Chem1996 100,
16502.° At 298 K. ¢ Geometry obtained at the QCISD/6-34G**
level and zero-point vibration and thermal energies at the QCISD/6-
31G* level were used.
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Figure 3. Optimized C,, and Cs structures corresponding to the
antrafacial and suprafacial TS, respectively, for the 1,3-shift in
allylborane at the QCISD/6-3#1G** level. Bond lengths are in A,
and bond angles are in degrees.
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Figure 4. Progressive variation of FMO shapes during the 1,3-shift
of BH; in allylborane obtained by the IRC calculation at the B3LYP/
6-31+G* level. The FMO shapes were drawn at the RHF/6-&t//
B3LYP/6-31+G* level.

activation energies oAE * = 0.2~0.3 kcal mot? relative to

all other correlated\E * values of 2-3 kcal mol L. Progressive
variation of the canonical frontier MO (CFMO) shape toward
the suprafacial TS drawn at the RHF/643&*//B3LYP/6-
31+G* level is presented in Figure 4, where thé=&C?® x
electron delocalization into the empty p orbital on the B atom
can be clearly noted. Because the TS in this figure h& a
structure (100% TS), the delocalization mfelectron reaches
to its maximum. In other words, in th€,; structure, which

J. Phys. Chem. A, Vol. 106, No. 23, 2002711

TABLE 3: Charge Densities of the Migrating Groups, q(X)
in Electron Unit, Obtained at the NBO-QCISD/6-311+G**
Level for the 1,3-Shifts

X Qo(X)? q(x)° Ag*
BH, +0.248 +0.001 —0.247
NH,(ay —0.145 0.095 0.240
NHa(b) —0.145 —-0.233 —0.088
CHs +0.022 +0.006 —-0.016

aCharge densities at the ground st&t€harge densities at the TS.
¢ AgF = gf(X) — qu(X). ¢ Path a¢Path b.

SCHEME 1
B B B
3 \ 1 c / \C
C§c2/c - C1\ % - C\C/
22% 22% 10%
B\ B
-“— c<l/c - c\l/C - c<-(|:—7c

7% %
the energy difference due to the overestimated correlation energy
may be small. This shows that for the very flat transition region
the MP2 energetics may lead to a wrong prediction as to the
nature of the TS, especially when a relatively strong delocal-
ization structure is present near the true TS as evidenced by
the prediction of an intermediate for the 1,3-shift in allylborane
based on MP2 results by Schleyer and co-workers.

The suprafacial 1,3-sigmatropic migration of Bk allyl-
borane takes place concertedly with inversion through the TS
of Cs symmetry at all levels of calculation except for the MP2
level, and the activation energies and enthalpies are summarized
in Table 2. We note that the account of the electron correlation
effect results in substantial lowering of tieEzpg" and AH ¥
values. The higher level, G3 and CBS-APNO, calculations lead
to further depression of the barrier height, and indeed the best
activation energy4E§p9 and enthalpy AH ¥) are a mere 1.2
and 0.5 kcal moll, respectively. Thus, the 1,3-shift of Bkh
allylborane should be very facile and proceed almost barrier-
lessly in the gas phase. It is noteworthy that the DFT (B3LYP)
results are closer to the best values (CBS-APNO) than those at
the QCISD level. Electron correlation energies for the TS
(0.52294 hartree) and ground state (0.50931 hartree) calculated
at the QCISD/6-31G* level indicate that the TS is stabilized
by electron delocalization because of the:c—pg charge-
transfer interaction (the superscript zero stresses the empty
character), because it is well-known that electron correlation
enhances resonance delocalizaf®fihe charge density change
on the migrating group, B} calculated by the natural popula-
tion analysis (NPA% in Table 3 indicates that the-orbital
charge is transferred to the vacant p orbital of boron increasing
the negative chargeAg* = g (X) — qo(X) = —0.247) in the
TS. This charge shift can be confirmed by the progressive
variation of frontier MO (FMO) shapes calculated at the RHF/
6-31+G*//B3LYP/6-31+G* level on going from the ground
state to the TS (Figure 4) along the (B3LYP/6+33*) intrinsic
reaction coordinate (IRCY.

The strong resonance delocalization within the TS for the
1,3-shift in allylborane can also be shown by the natural

should correspond to a point less than 100% TS (e.g., 84% TS)resonance theory (NRT) analysis due to Weinhold and co-

on the reaction coordinate, the delocalization ¢=C? =
electron should be less than that for the T%)(As a result,
the Cs structure will have larger electron correlation enéfgy
(lower energy) than th€; structure by the MP2 method, albeit

workers?2 The percentage weights (wt %) of resonance
structures in the TS were calculated at the NBO-QCISD/6-
311+G** level,?> and the results are given in Scheme 1. The
first three resonance structures correspond to the delocalized
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TABLE 4: Natural Bond Order Analyses at the
NBO-QCISD/6-311+G** Level

,'J 40 o 18
2388 VN o8

12,530

Ot

79.24° 118.25"

BH. NH; CHs 20y

bond GS TS GS TS(®&) TS(bp react TS

C-C? 1.908 1.291 1.953 1071 1510 1.952 1.527
C>-C® 1.026 1.291 1.057 1.071 1510 1.028 1.527
C8-X 1.002 0.532 1.044 0.948 0.426 1.043 0.500
cl-X 0 0532 0 0948 0426 O 0.500

C?>-X 0.066 0.296 0 0.005 O 0 0 .
c-c® o 0.056 0 0 0 0 0 1.923

apath a? Path b. @\ \

statell , whereas the last three correspond to the bicyclically @ s6.63° q@)
delocalized structurell , with the transannular BC? bond 1016
suggested by Henriksen et>al’hese NRT results are supported 2" arder saddle point TS

by the natural bond order (NBO) analySisit the QCISD/6-  Figure 5. Optimized TS structures (paths a and b) and the second-
311+G** level shown in Table 4. The bond order of 0.30 for order saddle point structure for the 1,3-shift in allylamine at the QCISD/
the transannular BC2 bond is more than half as strong as those 6-311-G** level. Bond lengths are in A, and bond angles are in
for the two bonds (0.53) between boron and the terminal carbon degrees.

1 3
atoms, B-C* and B-C*. group, X= NHy, which is in contrast to an empty p orbital on
H, X = BH: in allylborane discussed above. Henriksen €t al.

©

TS (Patha) TS (Pathb )

L+ 1.923
2507,

B B(CHs) performed the PRDDO studies on the 1,3-shift in the allylamine
c \:‘c e and concluded that the migration of % NH, takes place
1\5 / 3 - \C=CH stepwise with a dipolar intermediate which is located lower by
o H : 4.7 kcal mot? than the activation barrier of 98 kcal mél The
m v very high barrier obtained was taken to reflect the difficulty to

concerted rearrangement experienced by allylamine, although

Itis clear that the strong resonance delocalization of #/€C  part of the barrier may be due to PRDDO’s inflexible basis set
7 electrons to the empty p orbital of boron in the TS leads to and lack of diffuse orbitals for properly handling the carbanion
a nearly barrierless 1,3-boron shift in the allylborane. For the center at €5
1,3-shift in dimethylallylborane,lV, the barrier observed This unusual, stepwise, mechanism predicted for the thermal
experimentally® is reported to be ca. 10 kcal mél and 1,3-shift in allylamine by the PRDDO methbdrompted us to
theoretically at the MP2/6-31G*//6-31G* ZPE level of 9.2 reexamine the mechanism using higher level correlated methods.
kcal mol~L.” This relatively higher barrier to the 1,3-shift in  The results are summarized in Table 5, where we note that there
the dimethylallylborandy , than in the unsubstituted allylborane are two suprafacial 1,3-shift pathways (paths a and b). All
no doubt has steric and electronic origins. Sterically, there will correlated methods predict that path b has a lower energy barrier
be unfavorable steric interference of methyl groups with the than path a, whereas the RHF (uncorrelated) method predicts
allyl moiety, and electronically, the electron donating effect of the reverseAH,* > AH.). The TS structures in Figure 5 show
the two methyl groups will raise the empty p orbital level of that both the TSa and TSb ha@ symmetries and that the
boron so that ther—p° charge transfer will be less efficient latter is much looser than the former. The progressive variation
due to the wider energy gap betweerand @ orbitals. These of FMO structure up to the TS for the path a in Figure 6 (TSa)
steric and electronic effects are further enhanced in the 1,3-reveals that the nitrogen lone pair forms the new bond to carbon
shift of but-1-en-3-yl-(dimethylamino)ethylborane, for which the (C%) making a four-membered cyclic structure|n the TS (not
experimental barrier of 24.6 kcal mdlhas been reported. the intermediate as proposed by Henriksen &},dhe electron

The thermal concerted 1,3-shift with inversion of the migrat- density on N becomes deficient lyg = 0.240 electron unit
ing group, BH, is forbidden antrafacially2 We have attempted  (Table 3) which accumulates on?Cesulting in a dipolar
to locate the antarafacial TS, but what we found waSxa structure. In contrast, ther electrons of the &C® bond
structure corresponding to a second-order saddle point with twodelocalize into the partially (half) filled 2p orbital of N, which
imaginary frequencies at all levels of theory employed in the is similar to the (&=C%) x electron delocalization into the
present work (Table 2). The structure at the QCISD/643&1* vacant 2p orbital of B in the 1,3-shift of allylborane discussed
level in Figure 3 shows that the angular distortion of the allyl above. The difference between the two is that in the 1,3 shift
group is much larger (decreaseliC1C2C? = 22°) than that in of allylamine the partial N-C! bond dissociation should occur
the suprafacial TS (ca’} albeit bond stretching is somewhat prior to, or concurrently with, the new-NC3 bond formation,
smaller Ad(C'—B) = 0.127 A vs 0.221 A). Overall, th€,, whereas in the allylborane, no such bond cleavage is necessary
structure for the antarafacial process is tighter than @ge  (Figures 5 and 6). The stretching of the-8* bond in the TSb
structure of the suprafacial TS. For this reason, the barrier heightis large withAd* = 0.923 A (compared to that in allylborane
for the C,, species is higher by more than 50 kcal mahan of Ad* = 0.221 A and that in the TSa for allylamine At =
that of theCs TS (Table 2). 0.221 A). However, the angular distortion of thEC1C2C3 in

1,3-Sigmatropic Shift in Allylamine, NH,—CH,—CH= TSb is small (decrease of ca’)7compared to that in TS
CHa. Allylamine has a lone-pair orbital () on the migrating (decrease of ca. 3Y. Overall, the TSa is tightly bound, whereas
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TABLE 5: Calculated Activation Energies (AEEPE)a and Enthalpies (AH*)® of Suprafacial and Anatafacial Paths for the
1,3-Shift in Allylamine and Bond Dissociation Enthalpy AHgpe) of N—C* Bond in kcal mol—?

suprafacial
path (a) path (b) antarafacial 2nd order saddle point
level AEbpe  AH*  AEhpe  AHF AEje  AHF AESpe AH* AHspe
RHF 6-3H-G* 86.78 86.15 93.49 93.29 93.52 92.55 94.33 93.75
6-31++G** 87.26 86.62 93.40 93.20 93.50 92.52 94.61 94.02
6-311++G** 87.22 86.45 94.00 93.68 93.33 92.21 95.20 94.48
B3LYP 6-31+-G* 73.29 72.82 69.69 69.56 83.34 82.36 73.20 72.57
6-31++G** 73.61 73.12 69.38 69.25 83.27 82.27 73.51 72.85
6-311++G** 74.78 74.32 69.31 69.20 84.11 83.12 74.51 73.86
MP2 6-3H-G* 75.59 75.04 71.87 71.65 87.12 86.10 75.62 74.92
6-31++G** 75.92 75.33 71.73 71.48 86.88 85.82 75.98 75.24
6-311+-+G** 75.05 74.42 72.22 72.01 85.27 84.23 75.81 75.11
QCISD 6-31G* 81.33 80.79 76.93 76.89 91.46 90.47 81.87 81.22
6-311+-G** 76.86 76.32 75.14 75.10 87.38 86.39 80.37 79.72
G3@ 76.23 75.69 67.84 67.80 69.88
CBS-APNGY 75.39 74.85 68.94 68.90 70.18

aCorrected for zero-point vibration energies using the relevant scaling factors: Scott, A. P.; RadbrRhizs. Chemil996 100, 16502.° At
298 K. ¢ Geometry obtained at the QCISD/6-3#&** level and zero-point vibration and thermal energies at the QCISD/6-31G* level were used.
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Figure 6. Progressive variation of FMO shapes during the 1,3-shift
of NH; in allylamine obtained by the IRC calculation at the B3LYP/
6-31+G* level. The FMO shapes were obtained at the RHF/6-G1//
B3LYP/6-31+G* level.

the TSb is loose with rather strong electron delocalization.
For example, the MP?AE?PE value for path b with the
6-311++G** basis sets is lower by ca. 22 kcal mé) but that
for path a is only lower by ca. 12 kcal mdl than the

Cov

Figure 7. Optimized C,, and C; structures corresponding to the
antrafacial and suprafacial TS, respectively, for the 1,3-shift in butene
at the QCISD/6-31+G** level. Bond lengths are in A, and bond angles
are in degrees.

in allylborane. There is another pathway (path a) of higher
barrier, in which the lone pair on N forms a new-K?3 bond,

and a tight, dipolar TS (not an intermediate) is formed. All of
the correlated MO results predict the lower barrier for path b,
but it is reversed at the uncorrelated level (RHF). There is also
a second-order saddle point corresponding to the antarafacial
1,3-shift of NH, in allylammine between the two TS (TSa and
TSb). Because of the rather high activation barrier, which is
lower only by ca. 1 kcal moft than the BDE (at the CBS-
APNO level), a diradical pathway may be a possibility. The
partial bond dissociation required in the TS (TSb) appears to

corresponding uncorrelated RHF values. Because electronc@use the high barrier, and supports the possibility of a diradical

correlation enhances charge delocaliza#nthe TSb has

substantially greater delocalized structure. The best value (at

the CBS-APNO level) for the enthalpy of activationH) is
68.9 kcal mot! (compared with the PRDDO value of 98
kcalmof™?) for path b which is lower by ca. 6 kcal mdithan
that for path a. Because theH* value is only lower by ca. 1
kcal mol ! than the G-N bond dissociation energy (BDE), the
possibility of a diradical pathway cannot be entirely ruled %ut.
We have located another saddle poi@{)(corresponding to
the antarafacial 1,3-shift of NHn allylamine, which is second-

order with two imaginary frequencies, between the two TSs,

pathway.

1,3-Sigmatropic Shift in 1-Butene, CH-CH>-CH=CH,.
The two TS structures corresponding to the suprafa€algnd
antarafacial C,, symmetry second order saddle point with two
imaginary frequencies) 1,3-shift of GHn 1-butene at the
QCISD6-31H-G** level are shown in Figure 7 and the
energeties are summarized in Table 6. The progressive variation
of the FMO shape from the ground state to the TS calculated
at the RHF/6-31+G*//B3LYP/6-31+G* level along the IRC
(B3LYP/6-31+G*) in Figure 8 indicates that here again the=C
C x electrons are transferred to the half-filled 2p orbital of the

TSa and TSb, as shown in Figure 5 and Table 5. An extra migrating C atom. The loose TS structure with large-&(CHz)
imaginary frequency corresponds to the interconversion betweenbond stretchingAd* = 1.237 A) and small angular distortion

the two TSs.

(decrease imICC?C? = 1°) leads to large activation enthalpy

In summary, the 1,3-sigmotropic shift in allylamine proceeds (AH¥ = 76.1 kcal mot! at CBS-APNO level) for the allowed
by a concerted pathway (path b) which is quite similar to that concerted Chl migration with inversion. The B3LYP results
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TABLE 6: Calculated Activation Energies (AE§P )2 and
Enthalpies (AH*)P of Suprafacial and Antarafama‘f Paths for
the 1,3-shift in 1-butene and Bond Dissociation Enthalpy
(AHgpg) of the C-X(CH3) Bond in kcal Mol 1

suprafacial antarfacial
level AEboe AH¥  AEb,e  AH¥  AHgpe
RHF 6-3H-G* 108.75 105.78 195.51 194.87
6-31++G*  107.27 104.33 192.55 192.10
6-311++G** 106.84 103.78 190.54 190.11
B3LYP 6-314-G* 83.13 79.90 175.84 175.42
6-31++G** 81.90 78.71 174.33 173.45
6-311++G** 81.12 77.89 175.49 174.62
MP2 6-3H-G* 86.23 82.21 178.03 177.11
6-31++G** 85.18 81.38 175.30 174.39
6-311+-+G** 84.10 80.27 169.35 168.44
QCISD 6-31G* 88.83 84.49 190.41 189.56
6-3114+-G** 85.54 8582 17850 177.64
G3@ 73.93 74.24 74.08
CBS-APNG® 75.82 76.12 74.69

@ Corrected for zero-point vibration energies using the relevant
scaling factors: Scott, A. P.; Radom, 1. Phys. Chem1996 100,
16502.° At 298 K. ¢ Geometry obtained at the QCISD/6-34G**
level and zero-point vibration and thermal energies at the QCISD/6-
31G* level were used.

Ground State

0 31% 59%  88%
Figure 8. Progressive variation of FMO shape during the 1,3-shift of
CHgs in butene obtained by the IRC calculation at the B3LYP/6-Gt
level. The FMO shapes were obtained at the RHF/¢-G1/B3LYP/
6-31+G* level.

100%

Choi et al.

in which there is concurrent bond dissociation of the-&(CHy)
bond and bond formation of the new-€X(CHs) bond occurs
concertedly.
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