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nitrogen at ~10 °C for 2 h and then allowed to warm to 20 °C
overnight. Aqueous workup as described for compounds 14-16,
followed by column chromatography on silica, eluent cyclo-
hexane/toluene (3:1 v/v), gave the products. There were obtained
the following:

Compound 17: an orange oil: 40 mg (26%); MS (DCI) 513
(M* + 1); NMR (dy, CDCl,) 6.39 (2 H, s), 6.32 (4 H, s), 2.83 (4

H, t, J = 7.0 Hz), and 1.95 (2 H, pentet, J = 7.0 Hz).

Compound 18: an orange solid: 17 mg (11%); mp 124-126
°C; MS (DCI) 527 (M* + 1); NMR (54, CDCls) 6.36 (2 H, s), 6.32
(4 H, s), 2.75 (4 H, m), and 1.74 (4 H, m). Anal. Caled for
CieH1850: C, 36.5; H, 2.7. Found: C, 36.3; H, 2.5.
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Diels-Alder and nitrile oxide intramolecular cycloadditions were studied using several methods. The structures
found using all methods are similar when the forming bonds lengths are constrained, but the stereochemical
predictions are quite different. The experimental stereochemical differences found for the parent Diels-Alder
reactions forming 6-5 and 6-6 systems are rationalized. When the addends are linked by three methylene groups
(formation of a five-membered ring), the strain in the transition structure (T'S) causes the addends to twist about
the forming bonds, resulting in a skewed T'S as compared to the intermolecular TS. However, when the addends

are linked by four methylene groups (formation of a six-membered ring), there is little strain in the TS, and

the addends do not twist.

Introduction

The primary goal of this investigation was to determine
the origins of the stereochemical preferences found for
intramolecular nitrile oxide (INOC) and Diels-Alder (IDA)
cycloadditions. This was accomplished by locating tran-
sition structures for the parent systems. The secondary
goal was to determine a method for locating these tran-
sition structures that will satisfy both the necessary re-
quirements for accuracy and cost. To do this, a tandem
quantum mechanics (QM)/molecular mechanics (MM)
methodology was evaluated. Interest in the intramolecular
Diels-Alder cycloadditions arises from the wealth of
available experimental results!? and the utility of this type

(1) For reviews of the intramolecular Diels—Alder reactions, see: (a)
Oppolzer, W. Angew. Chem., Int. Ed. Engl. 1977, 16, 10. (b) Oppolzer,
W. Synthesis 1978, 793. (c) Funk, R. L.; Vollhardt, K. P. C. Chem. Soc.
Rev. 1980, 9, 41. (d) Brieger, G.; Bennett, J. N. Chem. Rev. 1980, 80, 63.
(e) Kametani, T. Heterocycles 1977, 8, 519. (f) Kametani, T. Pure Appi.
Chem. 1979, 51, 747. (g) Fallis, A. G. Can. J. Chem. 1984, 62, 183. (h)
Ciganek, E. Org. Synth. 1984, 32. (i) Taber, D. F. Intramolecular
Diels-Alder Reactions and Alder Ene Reactions; Springer-Verlap: New
York, 1984. (j) Craig, D. Chem. Soc. Rev. 1987, 16, 187-238,

(2) (a) Lin, Y.-T.; Houk, K. N. Tetrahedron Lett. 1985, 26, 2269-2272.
(b) Roush, W. R.; Gillis, H. R.; Ko, A. . J. Am. Chem. Soc. 1982, 104,
2269. (c) Roush, W. R.; Hall, S. E. J. Am. Chem. Soc. 1981, 103, 5200.
(d) Wu, T.-C.; Houk, K. N. Tetrahedron Lett. 1985, 26, 2293-2296.

of reaction in synthesis. For two decades this reaction has
been used for the formation of the hydrindan (5-6) and
decalin (6-6) ring systems in the synthesis of natural
products. The stereoselectivity of the 1,3,8-nonatrienes
differs considerably from that of the 1,3,9-decatrienes
depending on the substitution pattern (Table I). The
study also included several examples of intramolecular
nitrile oxide cycloadditions. This reaction is used for the
synthesis of five- and six-membered rings fused to the
heterocyclic isoxazoline ring.? Here no stereoisomers are
possible in the absence of substituents, but the degree of
flexibility of the forming five-membered ring will influence
the stereoselectivity in substituted cases.

Both types of cycloadditions have been scrutinized
previously* through the use of QM and MM. The previous
approach involved QM to determine the intermolecular
transition structure (TS) of the reaction and parameters

(3) 1,3-Dipolar Cycloaddition Chemistry; Padwa, A., Ed.; Wiley: New
York, 1984. For recent summary, see: (a) Annunziata, R.; Cinquini, M.;
Cozzi, F.; Raimondi, L. Gazz Chim. Ital. 1989, 253, 119. (b) Raimondi,
L.; Brown, F.; Houk, K. N. J. Am. Chem. Soc., in press.

(4) (a) Brown, F. K.; Houk, K. N. Tetrahedron Lett. 1985, 26, 2297.
(b) Brown, F. K. Ph.D. Thesis, University of Pittsburgh, 1985. (¢)
Baimondi, L.; Brown, F. K.; Gonzalez, J.; Houk, K. N., J. Am. Chem. Soc.,
in press.
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Table I. Stereoselectivities of Some Intramolecular Diels-Alder Cycloadditions of 1,3,8-Nonatriene and
1,3,9-Decatriene Systems

{CHg)p
/ }
N 2z
X

E(CHz)n
Z
X:

trans

(CHg),
[ 1‘2
X
cis

substituents nonatrienes (n = 3) decatrienes (n = 4)

X Z T (°C) trans:cis AAG?*e T (°C) trans:cis AAG**
H H 190 25:75% -1.0 190 47:58° -0.1
H CO,Et 150 60:40° 0.3 155 51:49¢ 0.0
i-Pr CO.Et 150 72:28° 0.8 155 50:50¢ 0.0
Et,N CO,Et 60 85:15¢ 1.1 40 55:45¢ 0.1
i-Pr CO,Et-AICLEt 25 >08:2¢ >2.3 22 88:124 1.2

2 AAG* = AG* (cis) — AG* (trans) (kcal/mol). ®Reference 2a. ¢Reference 2b. ¢Reference 2¢c. ¢Reference 2d.

to be used for MM2.° The side chain and/or substituents
are then added to the TS, and the stabilities of isomeric
TSs are determined by MM2. This method requires the
reparameterization when substituents alter the basic TS
geometry. The development of the parameters associated
with forming and changing bonds is problematical in this
method.

One possible improvement is a tandem QM/MM me-
thod, QUEST.! QUEST calculates the portion of the
system undergoing bonding changes by QM and simulta-
nMeK{usly calculates the remaining parts of the system with

This partitioning is attractive because MM methods are
several orders of magnitude less time-consuming than QM
procedures. Early use of this approach involved the com-
bination of semiempirical and empirical techniques.” This
combination of methods was used in the investigation of
electronic properties of model visual pigments’b and the
investigation of strain energy of Michaelis complex and
ionic intermediates in the carbohydrate hydrolysis by ly-
sozyme.” Recently, it has been shown that an empirical
valence bond or a semiempirical approach could be ef-
fectively combined with MM to simulate complex sys-
tems, "

Ab initio QM has also been combined with MM to in-
vestigate a variety of complex systems, such as the charge
state of the His-Cys catalytic diad in papain,® proton
transfer in TIM,® and the amide hydrolysis in solution and
in trypsin.®* However, the ab initio QM/MM studies have
not effectively coupled the geometry optimization of both
methods as had the earlier semiempirical QM/MM ap-
proaches. Singh and Kollman rectified this with the de-
velopment of a procedure for the coupling of G80 (UCSF)?
and AMBER 3.0'° which is called QUEST.* QUEST was

(5) Allinger, N. L. J. Am. Chem. Soc. 1977, 99, 8127. Quantum
Chemistry, Program Exchange: No. 395. Burkert, U.; Allinger, N. L.
Molecular Mechanics; ACS Monograph 177; American Chemical Society:
Washington, D.C., 1982.

(8) Singh, U. C.; Kollman, P. J. Comput. Chem. 1986, 7, 718.

(7) (a) Warshel, A.; Karplus, M. J. Am. Chem. Soc. 1972, 94, 5612. (b)
Birge, R.; Sullivan, M.; Kohler, B. J. Am. Chem. Soc. 1976, 98, 358. (c)
Warshel, A.; Levitt, M. J. Mol. Biol, 1976, 103, 227. (d) Warshel, A.;
Weiss, R. J. Am. Chem. Soc. 1980, 102, 6218. (e) Bash, P. A.; Field, M.
J.; Karplus, M. J. Am. Chem. Soc. 1987, 109, 8092, (f) Field, M. J.; Bash,
P. A; Karplus, M. J. Comput. Chem. 1990, 11, 700.

(8) (a) Bolis, G.; Ragazzi, M.; Salvadenri, D.; Ferro, D.; Clementi, E.
Gazz. Chim. Ital. 1978, 108, 425. (b) Alagona, G.; Desmeules, P.; Ghio,
C.; Kollman, P. J. Am. Chem. Soc. 1984, 106, 3623. (c) Weiner, S.; Singh,
U. D.; Kollman, P. J. Am. Chem. Soc. 1985, 107, 2219.

(9) Singh, U. C.; Kollman, P. QCPE Bull 1982, 2, 17.

(10) Singh, U. C.; Weiner, P. K.; Caldwell, J.; Kollman, P. AMBER 3.0,
University of California, 1986.

A: Full System

?

Jungiion Atoms

B: QM Atoms C: MM Atoms

Figure 1. (A) Reaction scheme for the 1,3-dipolar nitrile oxide
intramolecular cycloaddition. A representation of the intramo-
lecular nitrile oxide cycloaddition with heavy atoms numbered.
(B) The QM atoms and the junction atoms (darkened). The
junction atoms are hydrogens which are added to satisfy the
valences. (C) The MM atoms.

applied to the study of the CH;Cl + Cl- Sy2 exchange
reaction and the gas-phase protonation of polyethers.

Several methods were employed in this study. QUEST
was initially used because of a lack of computational re-
sources; however, when resources became available ab in-
itio studies were carried out. The new semiempirical
methods, AM12 and PM3,® have been evaluated in these
systems using MOPAC.!¥ This allows for a comparison
of many commonly used methods to QUEST.

Methods

Quest. The QUEST calculation has two phases. Phase
1 involves the development of an initial MM model for the

(11) Dewar, M. J. S.; Theil, W. J. Am. Chem. Soc. 1977, 99, 4899.

(12) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Steward, J. J. P,
J. Am. Chem. Soc. 1985, 107, 3802.

(13) Stewart, J. J. P. J. Comput. Chem. 1989, 10, 221.

(14) Stewart, J. J. P. Quantum Chem. Prog. Exch., Prog. 455, 1983,
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Figure 2. The 3-21G fulminic acid—ethylene transition structure.

entire intramolecular TS. The MM model is then refined
and used as a starting point for the tandem QM/MM
calculations. Phase 2 involves the development and re-
finement of the tandem model and splitting the molecule
into QM and MM parts. Phase 1 involves constructing a
model of the T'S in internal coordinates using the PREP
module in AMBER 3.0.1° A topology file is then created
using the EDIT and PARM modules. In order to create
a topology file, parameters must exist for all bonds, angles,
and torsions. Since parameters for the forming and
changing bonds do not exist, these parameters are input
based on the intermolecular TS. For example, consider
the intramolecular nitrile oxide TS shown in Figure 1.
There are no parameters for the equilibrium bond length,
angles, or dihedral angles for the atoms associated with
the forming and changing bonds, atoms 1-3, 7, and 8. An
estimate for these parameters can be obtained from the
3-21G optimized intermolecular TS shown in Figure 2.4
Along with these equilibrium bond lengths and angles, the
MM force constants used are those associated with product
atom types. The parameters for the dihedral angles are
less obvious, but since all of the heavy atoms in the TS
lie in one plane, parameters are included to maintain this
planarity and the ethylene unit is given reactant type
dihedral parameters with about half the magnitude of the
standard rotational barrier. The van der Waals (VDW)
parameters come from the standard reactant types. The
partial charges are usually calculated using the Gaussian-80
electrostatic routine (ESP),!® but because of the nonpo-
larity of the MM part of the system, they were set equal
to zero. This model is then refined for a given set of
forming bond distances and used as an initial set of co-
ordinates and forces for the tandem QM /MM procedure.

Phase 2 starts by specifying which atoms are “quantum
mechanical” (QM set, atoms associated with 1-3, 7, and
8 (Figure 1)), which are “molecular mechanical” (MM set,
atoms associated with 4-6), and which are “junction dum-
my atoms” (hydrogen replacing the carbons at 3 and 7
(Figure 1)). The junction atoms are necessary to satisfy
the valences of the QM system and are the interface be-
tween the two systems. Starting from the refined coor-
dinates generated in phase 1, gradients are calculated for
the QM atoms including the junction atoms. The MM
gradients from the previous optimization (those generated
in phase 1) influence the QM gradients through the
junction atoms. For example, C3 has a contribution to its
gradient from the C3—-C4 bond, the C3—C4-C5 angles, and

(15) Singh, U. C.; Kollman, P. J. Comput Chem. 1984, 5, 129.
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the C3-C4-C5-C6 dihedral angle. The QM gradients are
also affected by the van der Waals component of the
nonbonded interactions with the remaining MM atoms but
not with the electrostatic component of the nonbonded
interactions, since the charges are set equal to zero. These
combined gradients are used to optimize the geometry of
the QM atoms until the root mean square (RMS) gradient
on these atoms is less than some specified threshold. At
this point, the MM atoms can be energy optimized while
keeping the QM atoms fixed. This is the completion of
one cycle for the tandem optimization, which is repeated
until the charge in the structure and the energy achieve
the desired threshold. In addition, simulated annealing
can be performed on the MM atoms to search for other
local energy minima in the MM surface.

The junction dummy atoms are part of the QM calcu-
lation and are influenced by gradients from the remaining
QM atoms. The motion of the junction atoms is restricted
by the presence of gradients on C3 from the MM gradients
(see Figure 1). That is, in the QM system the gradient
calculated for centers 2-3-4 is for N2-C3-H4. This gra-
dient is averaged with the N2-C3-C4 from the MM gra-
dient. Thus, the overlaps in the two gradient matrixes are
averaged. In principle, one could attempt to correct for
this duplication by appropriately scaling such gradients
empirically, but such corrections are likely to lead to rather
small effects on the calculated energies and geometries.

MM force constants involving one of the QM atoms
must be set equal to zero, (e.g. C13-C3-C4 and C15-
C13-C3-C4). This ensures that the total energy for any
gystem is not overestimated by calculating an MM energy
for the QM atoms, and it eliminates any need for estimated
parameters. The optimization was then conducted on the
QM atoms holding the forming bond lengths fixed. The
calculation was run for 20 optimization cycles. If a sig-
nificant change in the geometry of the QM atoms occurs,
the MM atom positions were reoptimized while the QM
atoms were held fixed. The QM optimization was then
continued with the new position for the side chain. This
iterative procedure was terminated once the change in
energy for four successive cycles was less than 0.3 kcal /mol.
This criterion was chosen because the usual criteria are
difficult to satisfy because of gradient overlap. Since the
forming bonds are fixed during the QM optimization, the
“authentic” TS is not determined, but rather only one
point on the potential energy surface. However, these
model structures do relay some information as to the na-
ture of the authentic TS.

Ab Initio TS. The INOC model TS determined by
QUEST was used as a starting point. Each structure was
optimized using G86'® employing the 3-21G basis set while
holding the forming bonds fixed. These stationary points
were then refined to transition structures by using the
OPT—(TS,CALCALL) method. The same procedure was
used for locating the IDA TS, but in these cases both the
STO-3G and 3-21G basis sets were used.

Semiempirical TS. The IDA 3-21G TS determined by
the full ab initio methods was used as a starting point for
the AM1!2 and PM3" studies. These structures were then
optimized holding the forming bonds fixed. The resulting
structures were then used as an initial point for the TS
searching algorithm in MOPAC.!* Every attempt made
failed due to the formation of two negative eigenvalues.

(18) Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.;
Melius C. F.; Martin, R. L.; Steward, J. J. P.; Bobrowicz, F. W.; Rohlfing,
C. M.; Kahn, D. L. R.; Defrees, D. J.; Seegar, R.; Whiteside, R. A.; Fox,
D. J.; Fleuder E. M.; Pople, J. A. Carnegie-Mellon Quantum Chemistry
Publishing Unit, Pittsburgh, PA 1984,
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Figure 3. The two starting structures used for the QUEST
optimization of the nitrile oxide cycloaddition. Structure 3A is
the result of using rigid parameters and structure 3B is the result
of using flexible parameters. The 01-C15-C13-C3 dihedral angles
for 3A and 3B are 4.8° and 8.0°, respectively.

A manual search was undertaken by varying each forming
bond independently from 1.8 to 2.4 A. This procedure also
led to no obvious potential surface leading to a T'S. The
only indication from the manual search was that the TS
would be very unsymmetrical.

Results

Quest. Calculations were initiated on the fulminic
acid—ethylene TS with a side chain consisting of three
methylenes. In phase 1, two sets of parameters were em-
ployed to test the dependency of the initial model TS on
the final tandem optimized model TS. The first parameter
set maintained a rigid structure that only allowed for a
slight twist after MM optimization, 3A, as shown in Figure
3. The second parameter set did not restricted the pla-
narity of the fulminic acid-ethylene moiety; a weak bond
stretching force constant, approximately one-sixth of the
product value, was given to the forming C~O bond. These
parameters were chosen because they gave a great deal of
flexibility to the model TS and also gave a reasonable
starting structure. The resulting structure after MM
minimization, 3B, is shown in Figure 3. The major dif-
ferences between 3A and 3B is that the latter is twisted
more, causing the forming C-O bond in 3B to be stretched
out to 2.5 A. For the QM optimization, both model TSs
were given the same forming bond lengths, 2.3 A for C-C
and 2.5 A for C-O. These distances were chosen empiri-
cally and were only used for test purposes. For the TS
models the bond lengths were modeled after those of the
intermolecular TS.%

The outcome of the initial nitrile oxide optimization
starting from structures 3A and 3B was that both starting
structures converged to similar structures. After 60 QM
optimization cycles, the equilibrium bond lengths, bond
angles, and dihedral angles are within 0.05 A, 1.0°, and
2.0°, respectively. This result indicates that the final re-
sults are not dependent on the accuracy of the model
structure chosen to start the tandem optimization. How-
ever, it is every important that the starting structure must
be close to the model TS or it will not converge to the
model TS.

J. Org. Chem., Vol. 57, No. 18, 1992 4865

Side View Newman Projection

Figure 4. The front, side, and top views of the QUEST optimized
nitrile oxide structure with forming C-C and O-C bond lengths
at 2.265 and 2.18 A, respectively. The 01-C8-C7-C3 dihedral
angle is 13.4°. The top view is a Newman projection down the
forming C-C bond.

Side View

Newman Projection

Figure 5. The front, side, and top views of the QUEST optimized
nitrile oxide structure with forming C~C and O—C bond lengths
of 2.265 and 2.181 A, respectively. The 01-C8-C7-C3 dihedral
angle is 2.1°. The top view is a Newman projection down the
forming C-C bond.

The starting structures containing side-chains with three
and four methylene units were optimized using AMBER
3.0!° with the parameters used to optimize 3B. The
forming bond distances were both set to those found for
the intermolecular TS, shown in Figure 2. The QM was
then run for 40 optimization cycles. The resulting struc-
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Figure 6. The imaginary and three lowest energy vibrational
modes for the 3-21G intermolecular fulminic acid-ethylene
transition structure.

tures show different amounts of twist motion, Figures 4
and 5. The results of the two different TS calculations
suggest that the influence of the side chain on the TS can
be expressed as a function of two overlapping gradients.
The stress that is present for the forming of the five-
membered ring is apparent from the distortion in the QM
atoms. The structure is no longer planar, but is twisted
by 13°. The O1-N2-C3-C4 dihedral angle is not 180°, as
is the case for the intermolecular TS, but is now 160°
(Figure 4). By contrast, the structure associated with the
formation of the six-membered ring is distorted very little.
The structure is twisted by approximately 2°, and the
01-N2-C3-C4 dihedral is 178° (Figure 5). The twisting
motion was expected based on the low-energy vibrational
modes found for the intermolecular TS (Figure 6).46
For the intramolecular Diels—Alder systems, the division
of the atoms into QM and MM groups is performed in the
same fashion as for the nitrile oxide cases. The QM atoms
are those atoms associated with the intermolecular T'S, and
the MM atoms are those atoms in the side chain. The
junction atoms (hydrogens) are substituted for those
carbon atoms which connect the intermolecular TS and
the side chain in order to satisfy the valences for the QM
calculations. In phase 1, the parameters for the atoms
involved with forming the changing bonds are based on
the ST0-3G butadiene—ethylene TS!"™ with the forming
bond length being set at 2.2 A. The forming bond
stretching force constants were set equal to half the
product value. The dihedral angle for the changing bonds
were given reactant values, and all of the dihedral angles
associated with the forming bonds were set equal to zero.
As before, a model for the T'S were built and refined by
AMBER 3.0.1° In phase 2, the parameters associated with
the QM atoms are set equal to zero. The tandem opti-
mization is carried out as previously described, but in these
cases the QM calculations used the STO-3G basis set.
The resulting QUEST structures for the nonatriene and
decatriene are given in Figures 7 and 8, respectively. The
AE for nonatriene is 1.1 £ 0.5 kcal/mol favoring the cis
structure (endo TS), and the AE for decatriene is 0.2 +

(17) (a) Brown, F. K.; Houk, K. N. Tetrahedron Lett. 1984, 25, 4600,
(b) Houk, K. N,; Lin, Y.-T.; Brown, F. K. J. Am. Chem. Soc. 1986, 108,
554.
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Figure 7. Front, side, and top views, and a Newman projection
along the interior forming C-C bond for the QUEST-optimized
1,3,8-nonatriene structures with forming C-C bond lengths of 2.2

. The exo (bottom) and endo (top) structures give trans and
cis products, respectively.

ENDO 1,3 9-DECATRIENE
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Figure 8. Front, side, and top views, and a Newman projection
along the interior forming C-C bond for the QUEST-optimized
1,3,9-decatriene structures with forming C-C bond lengths of 2.2
A. The exo (bottom) and endo (top) structures give trans and
cis products, respectively.

0.5 kcal /mol favoring the cis structure (Table II). The
error limits are estimated based on the 0.3 kcal /mol errors
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Intramolecular TS producing S membered ring

Top View

Front View

Intramolecular TS producing 6 membered ring

Top View

Front View

Figure 9. A top stereoview of the superimpositions of the 3-21G (dark) and QUEST (light) TS. The top overlay is of the system
forming a five-membered ring (RMS deviation in the heavy atom of 0.11 A) and the bottom overlay is of the system forming the

six-membered ring (RMS deviation in the heavy atom of 0.06 A).

associated with the QUEST optimization. The AE de-
termined for these systems can only be interpreted
qualitatively. The nonatriene system always favors endo,
while the decatriene system shows no significant selectivity.

The forming five-membered ring of nonatriene exerts
more stress on the TS than does the forming six-membered
ring of decatriene, which is obvious from Figures 7 and 8.
The nonatriene structures are twisted more than the de-
catriene structures, and the twisting motion is very similar
to that found in earlier MM2 studies.® However, the
cis-nonatriene structure is not twisted as much as expected.
The butadiene—ethylene moiety is similar to the inter-
molecular TS. That is, the obtuse angle of attack and the
pyramidalization at the termini of the addends is nearly
the same (Figures 7 and 8).17

As predicted, the interior forming bond is a pivot which
forces the exterior forming bond to move in an endo
fashion (destabilizing) for the trans T'S and in an exo
(stabilizing) fashion for the cis TS.4 Even the subtle effects

found in the earlier MM2 modeling are realized in these
models. That is, the cis-decatriene T'S has a slight twist
which is the result of relieving VDW strain between C3
and C6, not ring strain as it is in the nonatriene system.*
This is also reflected in the MM energies for both cases
being higher for the cis TSs, indicating that the side chain
has more strain in it and/or more nonbonded interaction
with the QM atoms. However, the QM energies for both
systems favor the cis TS, reflecting the electronic desta-
bilization of the exo TS.

Ab Initio TS. To check the validity of the QUEST
results for INOC systems, the 3-21 G TS were located.
(The TS geometries are given in full in the supplementary
material.) The similarity between the QUEST and the
3-21G TSs is striking, as shown in Figure 9. The ab initio
TSs show the same degree of deformation about the C=N
bond and twisting about the forming bonds as do the
QUEST TSs. There are no major discrepancy between the
TSs in the degree of pyramidalization of the ethylene or
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Endo - 1,3,8-nonatriene

oo
ab initio

Exo - 1,3,8-nonatriene

ab initio

Figure 10. Top stereoviews of the superimpositions of the 3-21G (dark) and QUEST (ligh) 1,3,8-nonatriene transitions structures
(RMS deviation in the heavy atom for the endo and exo TS of 0.27 and 0.17 A, respectively).

Endec 1,3,9-decatriene

Figure 11. Top stereoviews of the superimpositions of the 3-21G (dark) and QUEST (light) 1,3,9-decatriene transitions structure
(RMS deviation in the heavy atom for the endo and exo TS of 0.04 and 0.04 A, respectively). '

the bending about the fulminic acid moiety. The only
significant difference is the forming bond lengths which
differ by less then 0.07 A. The difference in the forming
bond length is due to the fact that the QUEST calculations
¥§re not T'S searches and were based on the intermolecular

To check the validity of the QUEST results for IDA
systems, the STO-3G and 3-21G TSs were located. (The
TSs geometries are given in full in the Supplementary
Material.) The T'Ss found using QUEST and full ab initio
methods are compared in Figures 10 and 11. The bond
lengths, angles, and dihedral angles found are similar re-
gardless of the method or level used. The strained TS
relieves stress through a twist motion about the forming

bonds which is consistent with the low-energy vibrational
modes found for the intermolecular TS.!7 The twist for
the nonatriene systems is 8-15° and the twist for the de-
catriene systems is 1-3°.

The AE for the 6-5 and 6-6 systems at the STO-3G,
3-21G, and 6-31G* levels are given in Table II. The usual
basis set dependence found for the accuracy of the acti-
vation energies are reflected in the AE found for these
systems. At the lowest level of theory, the AE is only in
qualitative agreement with experiment, but at the higher
levels of theory, the AE is in excellent agreement with
experiment. Again, the AEs should be interpreted in view
of the experimental data, no significant selectivity in the
decatriene system, and a strong preference for the cis
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Table II. Relative Energies® (kcal/mol) of the QUEST and
ab Initio Intramolecular Transition Structures of
1,3,9-Decatriene and 1,3,8-Nonatriene

1,3,9-decatriene 1,3,8-nonatriene

basis set endo (cis) exo (trans) endo (cis) exo (trans)
QUEST 0.0 0.18 0.0 1.07
STO-3G 0.24 0.0 0.0 0.17
3-21G 0.0 0.04 0.0 0.70
6-31G*//3-21G*  0.18 0.0 0.0 0.99
AM1//3-21G¢ 1.39 0.0 0.0 0.40
PM3//3-21G¢ 1.26 0.0 0.0 0.17
experimental 0.0 0.10 0.0 1.03

¢The error limits associated with these relative energies for the
QUEST, semiempirical, and ab initio calculations are £0.5, £0.1,
and 0.1 kcal/mol, respectively. ®This calculation represents a
single-point calculation at the 6-31G* level for the geometry found
for the 3-21G TS. ¢This calculation represents an optimized sta-
tionary point calculation using AM1 fixing the forming bonds to
that found for the 3-21G TS. ¢This calculation represents an op-
timized stationary point calculation using PM3 fixing the forming
bonds to that found for the 3-21G TS.

isomer in the nonatriene system. These preferences can
be alter dramatically based on the substitutions as indi-
cated in Table I.

Semiempirical TS. The structures were optimized
employing both AM1!2 and PM3" holding the forming
bond lengths fixed to those found for the authentic ab
initio structures for all cases. The resulting structures were
nearly identical to those determined by the ab initio
methods. However, these stationary points had two neg-
ative eigenvalues. A local transition structure search was
carried out both by automated procedures found in MO-
PAC and by a systematic variation of the forming bonds.

No transition structures resembling the ab initio structures
were found. The systematic procedure indicated that a
very unsymmetrical structure was favored. The AE for the
IDA systems, constrained to the ab initio forming bond
lengths, was quite inaccurate. This is reminiscent of
semiempirical calculations on the intermolecular systems,
where constrained symmetric geometries are reasonable
but the energies are not.t

Conclusion

These studies provide evidence that the QM /MM me-
thod correctly predicts structural features found in the ab
initio T'S. The good agreement between the full ab initio
and QUEST structures demonstrates that a highly coupled
and highly strained system can be qualitatively studied
using the combined gradient method in QUEST.
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Ab initio molecular orbital calculations are reported for methanes, methyl radicals, and methy! anions CH,,F,,
and CH,,Cl,, where n takes values from 0 to 3, and for mixed halides CH,,,F,,CI}7 where (p + n) takes values from
1 to 3. Structures were optimized at HF/6-31++G(d,p), and single-point calculations are reported at
MP4SDTQ/6-31++G(d,p) and, for the smaller molecules, at MP4SDTQ/6-311++G(2df,p). For methyl anions
containing chlorine atoms optimization at the Hartree-Fock level gave unrealistically long bond lengths, and
more satisfactory structures were obtained by including correlation energy in the optimization calculations
(MP2/6-31++G(d,p)). Stabilization energies for isodesmic reactions of the type X,CH,, + (n - 1) CH,,,., =~
nXCH;,,+n-1) show geminal interactions to be largest between F atoms in methyl anions (in CFy, 43.1 kcal/mol),
somewhat smaller between F atoms in methanes and methyl radicals (in CHF;, 26.7 keal/mol; in CFy, 16.6 keal/mol),
very small between Cl atoms in anions (in CCly", 5.3 kcal/mol) and negligible in chloromethanes (in CHCl;, 0.7
kcal/mol). The acidity of methane increases by approximately 19 kecal/mol for every additional Cl substituent;
i.e., the effect of multiple substitution is roughly additive. One F atom increases the acidity of methane by only
10.4 kcal/mol, two by an additional 14.9 keal/mol, and three by a further 21.7 kcal/mol; i.e., in the fluoromethanes,
F-F interactions have a synergistic effect. Electron affinities evaluated from isodesmic reactions using energies
from MP4SDTQ/6-311++G(2df,p) molecular orbital calculations are within 0.03 eV of the experimental values
for CH3 and CH,Cl. This same level of theory gives calculated electron affinities for CHF, of 0.79 eV and for

CH,F of 0.27 eV.

In organic molecules, halogens function as powerful
c-acceptors and somewhat weaker z-donors.’? In car-

banions, o-withdrawal to the halogen assists in delocalizing
the negative charge onto the more electronegative sub-
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