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ABSTRACT 

Medium and large ring bicyclo[m.l.0]alkan-2-ones and bicyclo[m.l.0]alk-3-en-2-

ones are ideal starting materials for stereoselective organic synthesis. Readily available in 

many ring sizes and in enantiomerically pure form, such carbocyclic skeleta provide entry 

into numerous natural products. Reactions such as 1,2-addition, a-alkylation, and 1,4-

addition have been shown to proceed with high diastereoselectivity due to local 

conformational anchoring of the cyclopropyl ketone function. In an effort to elucidate the 

mechanisms of diastereoselectivity and to augment the synthetic utility, computer modeling 

studies have been performed. 

The present work began with development of molecular mechanics parameters for 

the cyclopropyl ketone torsion potential. Cyclopropanes are uniquely composed of sigma 

bonds containing high p orbital character that are capable of conjugation with a,~ pi bonds. 

Appropriate treatment of cyclopropyl ketone conjugation was derived from ab initio torsion 

driving studies. The updated force field was then coupled with Monte Carlo conformation 

searches to explore the three dimensional shapes available to medium and large ring 

cycIopropyl ketones. Rationale for the observed diastereoselectivity was developed from 

the starting material conformational preferences, but a more direct probe of the 

diastereoselectivity of 1,2-asymmetric induction was desired. 

An empirical force field based on ab initio transition state studies has been 

developed to describe kinetically controlled nucleophilic additions of methyllithium to 

cyclopropyl ketones. The developed molecular mechanics model was then applied to 

transition states constructed from starting material conformations and transition state 

geometries identified in the ab initio calculations. Computer modeling studies of starting 

material and transition siate conformations are presented, and diasterioselectivity 

predictions based on the empirical model are compared to experimental results. 
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CHAPTER 1. INTRODUCTION 
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The importance of stereoselective manipulation in synthetic organic chemistry 

cannot be overstated. The ability to control molecular interactions with great precision 

certainly has intellectual appeal, but even in a field rich with elegance necessity cannot be 

discounted as a driving force for the science. Molecular properties are based on their 

constitution and configuration. Covalent connectivity and stereochemistry play important 

roles in determining the attributes of chiral compounds. The challenge to synthetic 

chemists pursuing chiral molecules is the selective manipulation of bonds with particular 

attention paid to absolute configuration within stereogenic units. Without facilities to 

accomplish such tasks the relationship between structure and function cannot be fully 

probed. 

A means of introducing stereogenic cyclopropane functions has been reported 

previously.l,2 This methodology is useful in natural product synthesis for several reasons. 

First, the cyclopropane is formed from a cyclic en one of arbitrary size. Since many natural 

products contain carbocyclic rings any appropriately sized enone can be used as a starting 

material. Second, the introduction of a cyclopropane function proceeds stereoselectively 

through the use of a chiral auxiliary. Third, the cyclopropyl ketone moiety not only 

provides strategic sites for synthetic modification, but also a means of controlling the 

stereochemistry of subsequent reactions at or near the cyclopropyl ketone functional array. 

The preference for conformations that favor conjugative overlap between the cyclopropane 

and ketone moieties apparently provides facial bias of sites on the larger ring which can be 

exploited in stereoselective reactions. A better understanding of the nature of the 

conjugation and the resultant effect on the conformations of cyclopropyl ketones will aid in 

the rational advance of research in this area. The body of work presented herein is directed 

toward the goal of understanding conformations and reaction mechanisms through the use 

of computational methods. 



12 

An accurate description of conformationally flexible systems is best obtained 

through the generation of an ensemble of structures. Modeling the conformation space 

available to molecules, as opposed to a single representative conformer, is closer to the 

reality of vibrational states and thermal motions possible at synthetically useful 

temperatures. The size and flexibility of the system to be modeled then determine the level 

of theory appropriate for ensembles of conformations. In the case of larger ring 

cyclopropyl ketones molecular mechanics (MM) is the only reasonable choice because of 

the tremendous time expenditure that higher levels of theory would require. Energy 

evaluation using MM is entirely dependent on the availability of parameters for describing 

intramolecular interactions. Parameters can, of course, be developed by using higher levels 

of computing theory. In fact, parameter development studies will be presented. A 

secondary matter intrinsic to molecular mechanics will be addressed. The Born

Oppenheimer approximation, where electrons are assumed to be very close to nuclei and 

need not be treated explicitly, is central to the workings of MM. 3,4 For interactions that 

have been well characterized by experimental and computational methods this does not 

require an intellectual "leap of faith". Kinetically controlled nucleophilic additions to 

cyclopropyl ketones require modeling of transition states which evade direct observation. 

The present work addresses a fleeting species whose characteristics are highly dependent 

on electronic character, but in so doing employs a method of energy evaluation which is 

independent of discreet electrons. Electron integrals require long computation times to 

calculate, but an indirect description of their effects by MM is extremely rapid. Modeling 

transition states in this manner will provide a direct and accurate description of the reaction 

mechanism for nucleophilic additions to cyclopropyl ketones. In addition, a quantitative 

model has been developed for predicting product ratios for addition of methyl lithium to 

cyclopropyl ketones. The information gained from these studies will hopefully lead to 
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further insights into reactivity and stereoselectivity for synthetic transformations useful in 

natural product syntheses. 
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CHAPTER 2. PARAMETERIZATION AND STARTING MATERIAL 

CONFORMATIONAL ANALYSIS OF BICYCLO[M.l.O]ALKAN-2-0NES AND 

BICYCLO[M.l.0]ALK-3-EN-2-0NES 
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Conformational Preferences of Cycloalkanes 

Conformations for small cycloalkanes are determined by the geometry necessary to 

form a cycle. For instance, angles in cyclopropane and cyclobutane are distorted from their 

usual tetrahedral arrangement such that a cycle may be formed. A transition occurs in the 

conformational behavior increasing in size from small cycloalkanes through common and 

medium sized rings to large rings where the geometric distortions necessary to achieve ring 

closure are diminished. Ring closure is the condition whereby chemically reasonable bond 

lengths, angles, and dihedrals form a cycle. Common and medium rings strike a balance 

between the necessity of ring closure, and the preference just as in n-butane for torsions to 

be in a gauche+ (g+), gauche- (g-), or anti (a) arrangement (Figure 1). Torsions may also 

be eclipsed if it is necessary to form a cycle, although conformations containing such a 

dihedral are likely to be higher in energy. Of the available torsions, anti is preferred, yet 

geometric constraints in common rings restrict dihedrals of low energy conformations to g+ 

and g-. Vectors representing bonds between members of the ring and exocyclic atoms are 

directed away from the centroid of the ring. 

Figure 1. Gauche, Anti, and Eclipsed Conformations for n-Butane 

gauche- gauche+ 

CH 3 

anti eclipsed 
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In medium and large rings anti torsions are prevalent because they are geometrically 

feasible as well as energetically favorable. The presence of such an entity does not 

preclude standard bond lengths, angles, and dihedrals from forming a cycle. In fact, the 

lowest energy conformations for large ring cycloalkanes are "squarish" in shape with each 

side consisting of contiguous anti dihedrals.5,6 The sides of the square are connected by 

turns composed of either g-g- or g+g+ pairs. The ten lowest energy conformations for 

cyclooctadecane ordered by energy are shown in Figure 2. The first two conformations 

have a definite rectangular or square shape. Even higher energy conformers which appear 

as either irregular rectangles or ovals when projected onto a two dimensional surface still 

contain regions of contiguous anti dihedrals. Large ring cycloalkanes also differ from 

small and common cycloalkanes in that not all of the exocyclic vectors point directly away 

from the ring centroids. In some cases they extend toward the centroid. 

Figure 2. Ten Lowest Energy Conformations for CycIooctadecane5 

Stereoselectivity observed in reactions using functionalized large cycIoalkanes as a 

substrate can be directly related to confOlmational predisposition toward contiguous anti 
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segments. When sp2 hybridized centers are introduced into a large ring the overall 

conformation changes very little. This is due in large part to the anti array being nearly 

coplanar. Converting the geometry of a single sp3 center in a model cyc10alkane to that of 

an sp2 center involves collapsing the exocyclic valences to their average vector, and 

opening the endocyclic angle. Such an operation performed on regions of contiguous anti 

dihedrals to introduce a conjugated system such as a diene or enone requires very little 

conformational change in the remainder of the ring, and the resultant conformer will be 

very low in energy. The plane defined by the conjugated system will be roughly 

perpendicular to the mean plane defined by the ring due to the initial geometry of the anti 

dihedral array. The exocyclic face of sp2 centers in the ring are then more accessible to 

chemical reagents because the endocyclic face is blocked by the remainder of the cycle. 

Numerous examples exist in the literature of stereoselective manipulations on sp2 

hybridized functions within large ring substrates. The selectivity can be attributed to the 

facial bias inherent in low energy conformations of large rings.1,8 

Conformational Preferences of Cyclopropyl Ketones 

Cyclopropanes have interesting bonding properties which allow them to have 

conjugative overlap with 1t systems. The literature is replete with examples of cyclopropyl-

1t bond conjugation.9- 16 Molecular orbital theory provides a simple explanation for the 

conjugative stabilization. The 0' bonds of the cyclopropane have a high degree of p 

character because of the small ring angles. Increasing s character has the effect of opening 

equilibrium angles centered on an atom, conversely raising the amount of p character 

decreases the angle. As p character increases from sp to sp3 hybridized atoms their natural 

angle decreases from 1800 to approximately 109.so. Cyclopropanes have 600 ring angles 

and therefore use a great deal of p character in the 0' bonds. The resultant high p character 0' 
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orbitals of the ring are energetically more similar to 1t orbitals than normal carbon - carbon 

bonds. According to molecular orbital theory, orbitals which are similar in energy and 

have the appropriate symmetry can overlap to form a new pair of bonding and anti-bonding 

molecular orbitals. New molecular orbitals can be formed by mixing the cyclopropyl 0 and 

1t* of the double bond as well as cyclopropyl 0* and double bond 1t. Both of these 

interactions are shown in Figure 3. 

Figure 3. Cyclopropane - Pi Bond Conjugation 

0'* - 1t overlap 0' - 1t * overlap 

Orbital overlap is at a maximum when the double bond bisects the cyclopropane ring, and 

the two functions are oriented s-cis (eclipsed) or s-trans (antiperiplanar). 

A number of studies have been performed on model systems which are relevant to 

the conformational analysis of cyclopropyl ketones. 14-17 Cyclopropane carboxaldehyde 

(CC) provides a measure of the torsional barrier and relative stabilities of s-cis and s-trans 

isomers without the complication of steric interactions. The difference in energy between 

the two conformers was calculated by means of gas phase IR and Raman spectroscopy to 

be 0.17 kcallmol. Cis-to-trans and trans-to-cis interconversion barriers of 5.8 and 5.5 
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kcallmol reported in the same study were calculated using ab initio methods at the 

Restricted Hartree Fock (RHF) level of theory using a 6-31 G* basis set. I6 Experimental 

estimations of the cis-to-trans rotational barrier obtained from the far IR and electron

vibrational spectrum gave 4.3 kcal/mol and 5.0 kcal/mol, respectively. IS, 18 Although s-cis 

is the more stable conformer in the gas phase, s-trans predominates in the liquid and solid 

phases. Cyclopropyl methyl ketone (CMK) and cyclopropyl vinyl ketone (CVK) are better 

model systems for cyclopropane-carbonyl conjugation within a cyclopropyl ketone because 

of the similarity in steric and electronic character. Gas phase IR studies of cyclopropyl 

methyl ketone revealed that the difference in energy for the two most stable conformers was 

much more pronounced than for cyclopropane carboxaldehyde based on the absence of 

absorbtions from the higher energy conformer. I? According to calculations at the MP2/6-

31G* level the difference in energy between the two conformers is 3.13 kcal/mol. The 

barrier to interconversion between the two conformations was estimated to be a minimum 

of 2.7 kcallmol from observed torsional transitions, and within the range of 3.2-7.9 

kcal/mol based on observations of the UV spectrum. 14,19 

No information related to conformer energies or rotational barriers has been 

reported in the literature for CVK. 

Mechanics Parameterization of Cyclopropyl Ketones 

Initial studies into the theoretical treatment of cyclopropane carbonyl torsion rotation 

energies demonstrated that two common molecular mechanics force fields and several semi

empirical Hamiltonians were deficient in their treatment of the conjugative stabilization. 

Rotation driving studies were performed on cyclopropyl methyl ketone using the MNDO, 

AM 1, and PM3 Hamiltonians implemented in Spartan v4.0.20 The MM2 and MM3 

rotational energies reported were taken from BatchMin v4.0.21 Figure 4 shows the results 
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of the torsion versus potential energy curve for all methods studied. Calculations were 

performed by fixing the cyclopropane-carbonyl torsion at ten degree increments and 

optimizing all other degrees of freedom. 

Figure 4. Torsion Potentials Calculated with Mechanics and Semi-Empirical Methods 

12,~------------------------~ 
-B- MM2 -e- MNDO - AM1 

-'i'- MM3 --.- PM3 
10 

8 

..-.. 
0 
E 6 ~ 
CIS 
U 
~ ->. 
e> 4 
Q) 
c 

LU 

2 

o 20 40 60 80 100 120 140 160 180 
Carbonyl- Cyclopropane Dihedral (degrees) 

The lowest energy found in each of the studies was subtracted from all values to shift the 

curve down to its zero point in order to better display the differences in the torsion 

potentials. Dihedral angle values were calculated from the carbonyl to the midpoint of the 
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cyclopropane C~-C~ bond. Zero degrees on the x axis corresponds to an ideal s-cis 

conformer. Each method correctly predicts that the s-cis conformer is more stable than the 

s-trans conformer, however, with the exception of the AMI Hamiltonian no method 

demonstrates the expected conjugative stabilization in the s-trans conformer. Two 

methods, MNDO and MM2, do not even correctly predict that ideal s-cis is the global 

minimum. The molecular mechanics force fields overestimate both the barrier to rotation 

and the difference in energy between the two conformers based on experimental data, while 

the semi-empirical methods underestimate both measures. In addition, the MM methods 

differ significantly from the expected shape of the curve. Clearly a more robust description 

of the conjugative stabilization was needed. Previous work by Durig has shown that ab 

initio calculations match vapor phase experimental data quite well. Electronic structure 

calculations were not considered practical for the molecules of interest because of their size 

and flexibility. Altematively, molecular mechanics torsion potentials were re-parameterized 

based on ab initio data obtained for the model compounds CC, CMK, and CVK. 

Molecular mechanics (MM) is a mathematical model by which the strain energy of 

molecules can be calculated. According to the Bom-Oppenheimer approximation nuclear 

and electronic motions are uncoupled, and therefore may be treated independently. 

Molecular mechanics uses this approximation to its advantage and assumes that electrons 

will achieve their optimum distribution in a molecule which allows MM to focus instead on 

nuclear motions and interactions.3,4 Classical treatment of atomic interactions provides a 

very rapid method for the estimation of strain energies for molecules. The mathematical 

expression used in MM for the total strain energy is Etotal = Estretch + Ebend + Etorsion + 

Evdw., or equivalently the total energy is the sum of energetic contributions from bond 

stretches, angle bends, torsion strain, and van der Waals interactions. The MM2 force field 

available in BatchMin version 4.0 concurrent with the described work was primarily 

deficient in appropriate treatment of cyclopropyl-ketone torsion interactions. New 
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parameter development was therefore concentrated on improving potentials related to 

cyc1opropyl-carbonyl conjugation. 

Torsion potential functions in molecular mechanics are calculated by a cosine series 

summation of the form E = I. V n/2 * (1 + cos(n9». The series used in MM2 is expanded 

to three terms, and the second term is phase shifted by 90· by subtracting the cosine term 

from one instead of adding it. Each component of the series can be correlated to a 

particular type of torsion interaction simply by observing the periodicity. The first cosine 

term, shown in Figure 5, is used to reproduce behavior of dihedrals that would favor an 

anti-periplanar arrangement of atoms. Dipolar repulsion and other torsions with similar 

geometric preferences are accounted for by adjusting the amplitude of the first cosine term. 

The magnitude of V 1 determines the amplitude of the one-fold potential. 
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Figure 5. One-Fold Potential Function 

y = 1/2 * (1+cos8) 

1~~----------------------------~ 

0.5 -1-----\---------/----1 

o~------~------~'-----~------~ 
o 90 180 270 360 

The behavior of torsions having a propensity for either an eclipsed or anti arrangement of 

atoms such as in doubly bonded or conjugated systems is accounted for by the two-fold 

potential. Minima are located at O· and 180· corresponding to geometric arrangements 

which favor 1t orbital overlap. Barriers to rotation for systems of this type are accounted 

for by large V2 parameters. The three fold potential is invoked for rotors which have three 

possible minima and maxima. Any case where the two central atoms of a torsion are sp3 
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hybridized would be predicted to behave in this manner. In addition to reproducing 

potentials for dihedrals centered about sp3-sp3 bonds, the magnitude of V3 can also be 

used for general curve fitting purposes. The high periodicity of the third cosine term makes 

it ideal for fitting potential functions exhibiting complex behavior. 

Figure 6. Two-Fold Potential Function 

y = 112 * (1-cos29) 

1,-------~------------~~----~ 

0.5 -+---I----+-------I----t----1 

o~------~------~------~------~ 
o 90 180 270 360 
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Figure 7. Three-Fold Potential Function 

y = 1/2 * (1 +cos38) 

1~--------~~--------~--------~ 

0.5 -t--t---t---\---jf----;---f--t 

o 90 180 270 360 

Parameter development was begun by performing torsion driving studies on the 

three model compounds using Gaussian 92 on an IBM 590 workstation.22 Cyclopropyl

carbonyl torsions were rotated and constrained in 10° increments between 0° and 180°. By 

symmetry all negative valued dihedrals are equivalent to the positive dihedral angles. Each 

of the rotamers were then geometry optimized at the Restricted Hartree Fock level of theory 

using a 3-21 G basis set. The resultant geometry optimized structures were re-optimized 



26 

with the appropriately constrained torsions using a 6-31 G* basis set and electron 

correlation at the MP2 level. Rotamer energies are listed in Table 1. D orbitals for non

hydrogen atoms were included in the basis set for a better estimate of long range 

interactions. Each energy obtained was also zero point corrected by subtracting the 

smallest value from the series. The zero point corrected values are listed in units of 

kcal/mol in Table 2. Several trends are readily observable from the data. Two minima for 

each model were identified by the calculations. As expected, the minima correspond to the 

rotamers which maximize the overlap between the cyclopropane and carbonyl. The lower 

level calculations give consistently higher energy values for both the barriers to 

interconversion as well as the difference in energy for the s-cis and s-trans conformers. 

Experimental evidence for a larger difference in energy for the two stable conformations of 

CC and CMK was also reproduced in the calculations. 

The difference between the two low energy conformers for CC calculated with MP2 

electron correlation is 1.0 kcallmol. This is 0.83 kcallmol higher than the previously 

reported experimental value, and is 0.67 kcallmol higher than the value calculated at the 

RHF level using the same basis set. 16 The barrier to interconversion between the two 

minima was found to be 6.9 kcal/mol, which is higher than the experimental values (4.0 

and 5.3 kcallmol)14.19 and the previously calculated value found at the RHF level (5.8 

kcal/mol).16 

A difference of 3.22 kcallmol was calculated for the difference in energy between 

the s-cis and s-tram: conformers of CMK. The cyc1opropyl-carbonyl dihedral was found 

with an unconstrained Berny optimization procedure to prefer 172· over the perfectly 

bisecting 180·. Previous calculations at a lower level of theory determined the energy 

difference to be 3.13 kcallmol, with a local minimum at approximately 170 •. 17 The 

transition state between the s-cis and s-truns conformers, located by rotating the 

cyc1opropyl carbonyl torsion in OS increments near the previously determined energy 
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maximum, was found to have a dihedral of 105.5 degrees and an energy 7.3 kcal/mol 

higher in energy than the s-cis conformer. 

As expected from the previous two examples energy minima for the cyclopropyl

carbonyl torsion of CVK were found at 0° and 180°. The energy difference between the 

two stable minima was calculated to be 2.71 kcallmol, which is lower than that observed 

for CMK. The interconversion barrier between s-cis and s-trans for CVK is 6.73 kcal/mol. 

This value is 0.6 kcallmol lower than that for CMK. It is important to note that during 

rotational studies on CVK the input geometry of the enone was entered as s-cis, but 

allowed to rotate unconstrained while the cyclopropane torsion was driven. The largest 

deviation from an ideal s-cis torsion angle was 13°, and was attributed to a repulsive 

interaction between the vinyligous a-hydrogen and a P-hydrogen on the cyclopropane. 
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Table 1. Ab Initio Energies for CycIopropyl-Carbonyl Torsions (Hartrees) 

CC CMK CVK 
Deg RHFI3-21G MP2/6-3IG* RHF/3-2IG MP2/6-3IG* RHF/3-2IG MP2/6-3IG* 

0 -228.4936 -230.4982 -267.3263 -269.6809 -304.9606 -307.6484 

10 -228.4934 -230.4979 -267.3260 -269.6806 -304.9603 -307.6481 

20 -228.4927 -230.4971 -267.3252 -269.6798 -304.9595 -307.6473 

30 -228.4915 -230.4960 -267.3239 -269.6785 -304.9583 -307.6461 

40 -228.4901 -230.4945 -267.3224 -269.6770 -304.9569 -307.6448 

50 -228.4884 -230.4929 -267.3207 -269.6753 -304.9554 -307.6434 

60 -228.4866 -230.4913 -267.3190 -269.6738 -304.9539 -307.6420 

70 -228.4848 -230.4898 -267.3172 -269.6723 -304.9523 -307.6407 

80 -228.4832 -230.4885 -267.3154 -269.6710 -304.9507 -307.6395 

90 -228.4821 -230.4875 -267.3139 -269.6700 -304.9494 -307.6386 

100 -228.4816 -230.4872 -267.3128 -269.6694 -304.9482 -307.6380 

110 -228.4818 -230.4875 -267.3123 -269.6693 -304.9474 -307.6377 

120 -228.4828 -230.4886 -267.3127 -269.6698 -304.9471 -307.6378 

130 -228.4844 -230.4901 -267.3138 -269.6709 -304.9475 -307.6383 

140 -228.4863 -230.4920 -267.3153 -269.6725 -304.9485 -307.6393 

150 -228.4881 -230.4938 -267.3168 -269.6740 -304.9501 -307.6407 

160 -228.4896 -230.4953 -267.3179 -269.6752 -304.9517 -307.6424 

170 -228.4906 -230.4963 -267.3184 -269.6758 -304.9530 -307.6436 

180 -228.4910 -230.4966 -267.3175 -269.6758 -304.9534 -307.6441 
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Table 2. Relative Energies for CycIopropyl-Carbonyl Torsions (kcaI/mol) 

CC CMK CVK 
Deg RHF/3-21G MP2/6-31G* RHF/3-21G MP2/6-31G* RHF/3-21G MP2/6-31G* 

0 0.00 0.00 0.00 0.00 0.00 0.00 
10 0.16 0.18 0.18 0.19 0.18 0.18 
20 0.61 0.67 0.70 0.74 0.69 0.69 
30 1.31 1.41 1.46 1.54 1.42 1.43 
40 2.22 2.31 2.40 2.49 2.28 2.29 
50 3.28 3.31 3.46 3.50 3.22 3.18 
60 4.42 4.33 4.59 4.50 4.20 4.06 
70 5.55 5.29 5.71 5.41 5.20 4.88 
80 6.53 6.12 6.79 6.20 6.16 5.60 
90 7.25 6.69 7.73 6.83 7.02 6.17 

100 7.57 6.90 8.43 7.22 7.74 6.56 
110 7.42 6.69 8.73 7.30 8.23 6.73 
120 6.80 6.05 8.53 6.98 8.41 6.66 
130 5.81 5.07 7.84 6.27 8.20 6.34 
140 4.62 3.91 6.88 5.31 7.55 5.75 
150 3.46 2.77 5.92 4.35 6.58 4.87 
160 2.51 1.83 5.22 3.60 5.55 3.80 
170 1.89 1.21 4.93 3.22 4.77 3.00 
180 1.67 1.00 5.52 3.24 4.48 2.71 

The first step in generating an initial guess of mechanics parameters that would 

reproduce the relative values obtained by ab initio studies at the MP2 level was obtained by 

setting all existing parameters for cycIopropyl carbonyl torsions to zero. Rotation driving 

studies were then carried out with BatchMin version 4.0 on a DECStation™ 5000/25 to 

produce energy profiles for the model compounds. Energies produced in this manner 

reflect primarily non-bonded interactions. The differences between points on the ab initio 

and molecular mechanics curves were then calculated at mUltiple points. Ab Initio, 

molecular mechanics, and difference profiles for the model compounds are shown in 
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Figures 8 through 10. A MM2 cosine series was then fitted using a non-linear least 

squares fitting routine to the difference curve.23 The series included contributions from 

dihedrals from both p cyclopropyl carbons to the carbonyl. Each p carbon is offset by 36° 

relative to the torsion defined by midpoint of the p cyclopropyl carbons to the carbonyl, and 

each torsion used during the fitting stage was adjusted accordingly. 
36° 
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Figure 9. Parameter Development for Cyclopropyl Methyl Ketone 
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Figure 10. Parameter Development for Cyclopropyl Vinyl Ketone 
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After the initial guess was generated a manual trial-and-error method was used to 

optimize the parameters describing the torsion potentials for the model compounds. Final 

parameters obtained are listed in Table 3. Each VI value is less than zero which reflects the 

energetic preference for the s-cis conformer over the s-trans. The high V 2 parameter 

reproduces the barrier to rotation caused by conjugation of the carbonyl and cyclopropyl 

groups. The parameter associated with the three-fold potential was in each case primarily 

used for curve fitting. The offset angle of 36° for the cyclopropyl torsions made this 

necessary because the rotation potentials did not coincide exactly with profiles composed 

purely of the first two cosine terms. 

Table 3. BatchMin Torsion Parameters for Cyclopropyl Carbonyls (kcal/mol) 

Compound 

CC 
CMK 
CVK 

VI 

-0.95 
-1.64 
-1.27 

v2 

9.50 
9.76 
9.16 

-0.65 
-1.30 
-1.40 
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Comparisons of the MM2 potentials and those obtained by ab initio methods are shown in 

Figures 10 through 12. 

Figure 10. Cyclopropane-Carbonyl Torsion Angle vs. Energy for Cyclopropane 

Carboxaldehyde 
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Figure 11. Cyclopropane-Carbonyl Torsion Angle vs. Energy for Cyclopropyl Methyl 

Ketone 
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Figure 12. Cyclopropane-Carbonyl Torsion Angle vs. Energy for Cyclopropyl 

Vinyl Ketone 
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Having developed a better energetic description of conformational preferences for 

cyclopropyl ketones, it was possible to proceed with modeling starting material 

conformations of bicyclo[m.l.0]alkan-2-ones and bicyclo[m.l.0]alk-3-en-2-ones. 

Molecular Modeling of Starting Material Conformations 

Although the conformation space available to small and common rings is rather 

restricted, flexibility increases rapidly with each increment in ring size. Monte Carlo 

conformation searching was chosen for this type of system because it is the most 

appropriate method for thorough search of flexible molecules.24,25 The Monte Carlo 

conformation search routine implemented in BatchMin works by changing a random 
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number of rotatable torsions by random increments to generate new confomlations.21 Each 

new conformation is subjected to molecular mechanics minimization to produce a stable 

conformer. 

Conformation searches were performed for bicyclo[m.l.0]alkan-2-ones and 

bicyclo[m.1.0]alk-3-en-2-ones for which experimental data of 1,2 nucleophilic additions of 

methyl lithium had been obtained.26 Conformation ensembles were generated using 

BatchMin version 4.0 running on a DECStation™ 5000/25. The number of initial 

conformations generated (pre-minimization) ranged from 1 ,000 to 20,000 structures, 

depending on the size and flexibility of the ring, and duplicate conformations were 

automatically removed after each conformer was minimized. 

The results of the conformation searches for the bicyclo[m.l.0]alkan-2-ones, 

shown in Table 4, are entirely predictable based on known behavior of common to large 

ring systems, and conformational preferences of cyclopropyl ketones. The s-trans 

conformation for the cyclopropyl-ketone moiety is observed exclusively for cis

bicyclo[ 4.1.0]heptan-2-one and cis-bicyclo[5.1.0]octan-2-one (la-b) as would be 

expected for rings of that size. The carbonyl in the lowest energy conformer for 

bicyclo[6.1.0]nonan-2-one is canted 43 0 from the s-cis conformation. Clearly, the 

preference for s-cis over s-trans is balanced by strain that would be created in achieving a 

more optimal overlap. In molecules where the largest ring is composed of nine members or 

greater the weighted average dihedral27 does not exceed 340 deviation from the s-cis 

conformation. The weighted average dihedral for trans-bicyclo[13.1.0]hexadecan-2-one 

(lg) approached nearly an ideal angle for overlap at 1780

• Without exception the lower 

energy conformers favor s-cis for the cyclopropyl-ketone moiety as the ring size increases. 

The ensemble size within 20 kJ/mol of the global minimum remains rather small 

(less than 15 conformers) until the largest ring size of the bicyclic system exceeds 9 

members. Forty six conformers were located within the 20 kjlmol cutoff for trans-
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bicyclo[9.1.0]dodecan-2-one (le), and the ensemble size increases sharply with even 

larger ring sizes. It is interesting that more conformers were located for trans

bicyclo[ 13.1.0]hexadecan-2-one (lh) than for cis-bicyclo[ 14.1.0]heptadecan-2-one (li). 

Combining the cyclopropyl-ketone in the s-cis conformation in lh along with an odd sized 

ring disfavored long anti-torsion segments in the lowest energy conformation. In contrast, 

the even member large ring in li follows a path nearly along the diamond lattice, and is 

very low in energy relative to the rest of the population because of the large number of anti

dihedrals. There are other diamond lattice paths available, but none so low in energy 

because of an increased number of gauche-dihedrals in the path. Because the global 

minimum for li is so energetically favorable relative to the rest of the population the total 

ensemble size within 20 kj/mol is smaller than for molecules with a higher relative global 

minimum. 

All examples with rings larger than 7 members display a facial bias of the ketone 

caused by the perpendicular orientation of the carbonyl to the mean plane of the ring. 

Although 1,2-nucleophilic additions to smaller rings might be predicted to be relatively 

unselective, if the preference for attack is based on starting material conformations then 

selectivity should be expected in larger rings. 
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Table 4. Results of the Bicyclo[m.l.0]alkan-2-one Conformation Search 

Bieyclo[m.1.0] 

alkan-2-one 

60 '"'' 
\\\ 

\\ 

la 

6°"", \\ 
\\\ 

lb 

le 

Global Minimum % Popt Pop 
Size§ 

55 2 

59 8 

79 8 



Table 4., continued. 

Bicyclo[m.1.0] 

alkan-2-one 

ld 

Ie 

Global Minimum 

39 

% Popt Pop 
Size§ 

95 13 

72 46 



Table 4., continued. 

Bicyclo[m.1.0] 

alkan-2-one 

o 

1f 

o 

19 

Global Minimum 

40 

% Popt Pop 
Size§ 

30 125 

30 355 



Table 4., continued. 

Bicyclo[m.1.0] 

alkan-2-one 

Ih 

o 

Ii 

41 

Global Minimum % Popt Pop 
Size§ 

26 891 

31 765 

t Percentage of the ensemble calculated to be in the global minimum conformation 
at -78°C. 

§ Number of conformers found within 20 kjlmol 

Similar results were observed in the bicyclo[m.l.0]alk-3-en-2-one cases studied. 

The preference for s-cis cyclopropyl-ketone conformations is significant beginning with Z-

bicyclo[6.1.0]non-3-en-2-one (2b), although the endocyclic olefin appears to have a 

greater preference for conjugation with the ketone than the cyclopropane. The cyclopropyl-
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ketone function in the global minimum conformation for 2b is inclined 76° from s-cis 

geometry, which is a much greater deviation than in the corresponding saturated example. 

Larger ring sizes do accommodate conjugation of both the cyclopropane and olefin with the 

carbonyl. The additional geometric constraint placed on these rings by the preference for 

orbital overlap by two functions drastically reduces the ensemble size within 20 kcal/mol. 

As with the corresponding saturated cases, a pronounced facial bias is exhibited in rings 

with greater than 7 members, and selectivity in 1,2 nucleophilic additions is expected. 

Table 5. Results of the Bicyclo[m.l.0]alk-3-en-2-one Conformation Search 

Bicyclo[m.1.0] 

alk-3-en-2-one 

2a 

2b 

Global Minimum % Popt Pop 
Size§ 

96 3 

95 8 



Table 5., continued. 

Bicyclo[m.1.0] 

alk-3-en-2-one 

2c 

o 

2d 

Global Minimum % Popt 

43 

Pop 
Size§ 

58 135 

55 652 

t Percentage of the ensemble calculated to be in the global minimum conformation 
at -78°C. 

§ Number of conformers found within 20 kj/mol 

Conclusions 

A better model for the conjugation between cyclopropane and carbonyl functions 

has been developed based on ab initio rotational studies. A proper treatment of the relative 

stabilities of s-cis and s-trans cycIopropyl-ketones and barriers to interconversion provide a 
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means of perfonning confonnation searches based on the molecular mechanics model. The 

confonnational preferences for bicycIo[m.l.0]alkan-2-ones and bicycIo[m.l.0]alk-3-en-2-

ones have been probed by modeling ensembles of molecules generated by Monte Carlo 

confonnation searches. A more detailed analysis of the ramifications of these preferences 

will be offered in a later chapter after explicit transition state modeling has been presented. 
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CHAPTER 3. EMPIRICAL MODEL DEVELOPMENT OF METHYLITHIUM 

ADDITION TO CYCLOPROPYL KETONES 
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Background of Stereoselectivity Prediction and Transition State Modeling 

Nucleophilic additions to carbonyls are normally carried out under conditions which 

render the reverse reaction highly improbable. Reactions carried out under irreversible 

conditions are kinetically controlled, therefore the transition state of the reaction is of 

primary importance in governing both the rate of reaction and the products formed. 

Product ratios for reactions which result in diasteriomeric products are regulated by the 

relative rates of product formation. Arrhenius defined the rate constant, k, of a reaction as 

being proportional to the exponent of the energy of activation Ea (1). 

k = Ae-(EafRT) (1) 

The energy of activation is the difference in energy between the starting material and lowest 

energy transition state. If multiple products are possible then the ratios are then determined 

by the relative rates of formation, or equivalently by the quotient of the respective rate 

constants (2). 

= 

(2) 

Since in most cases the pre-exponential factors will be similar, the previous equation can be 

simplified. 

= (E 2-E l)IRT e a, a, 

(3) 

Hence, the product ratios from a stereoselective reaction are proportional to the exponential 

difference in activation energies. The Curtin-Hammett principle states that if the rate of 

conformational interconversion is more rapid than the rates of reaction, then only the 

difference between the transition state barriers needs to be considered, not the activation 

energies.28,29 An example of this type of system is shown in Figure 13. When both 
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~Gl:j: and ~G2:j: are much smaller than ~G3:j: and ~G4:j: then conformers a and b 

interconvert much faster than either conformer can react. The concentrations for both 

conformers would then be proportional to their relative stabilities, yet constant throughout 

the reaction. The difference in energy for the paths from a starting material conformer to 

the products is simply ~G3:j: minus ~G4:j:. This quantity is simply the difference in the 

transition state energies. Equation 3 can therefore be modified to equation 4, where the 

product ratios are solely dependent on the energetic difference between the possible 

transition states. 

kl = (Et2 - Et1)IRT 
e 

(4) 
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Figure 13. Reaction Governed by Curtin-Hammett Principle 

~TS 

product a 

product b 

conformer a 

Numerous qualitative30-37 and quantitative38-40 models have been proposed to 

explain selectivities observed in 1,2-nucleophilic additions to prochiral carbonyl-containing 

compounds. Cram first rationalized selectivities based on characteristics of substituents a 

to the carbonyl.41 Karabotsos later extended an explanation based on conformational 

preferences of starting materials.35 A subsequent publication by Felkin et al. attempted to 

elucidate the mechanistic reasons for selectivity by introducing a model based on steric and 

torsion strain.32,33 Their work was supported later by computations performed by Ahn.31 

Additional publications attempted to rationalize selectivity based on frontier molecular 
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orbital theory. 34,42,43 Crystal structures of carbonyl-containing compounds with 

nucleophiles tethered in close proximity prompted observations of preferred transition state 

geometries by both Burgi and Dunitz.44,45 Quantitative models began to appear shortly 

after Felkin's work, but they were devoid of any description of the starting material 

conformation.38 Instead, stereoselectivities were estimated by relating properties of 

substituents attached a to the carbonyl. Wipke reported an empirical quantitative model 

based on steric congestion and torsion parameters applied to an approximate transition 

state.39 The method accounted for the starting material conformation through the use 

equations similar to molecular mechanics torsion potentials. Houk pioneered force field 

development based on ab initio calculations of transition state structures.40,46,47 Models 

capable quantifying the stereoselectivity for nucleophilic additions to ketones and enones 

were first reported for acyclic systems,40 and later updated for use in cyclic systems.48,49 

The success of Houk's transition state modeling has provided the impetus to conduct a 

similar study into the mechanism of stereoselectivity in the cyclopropyl ketone systems. 

Houk's published parameters could not be extended to the cyclopropane function directly. 

Appropriate parameterization was therefore conducted by performing ab initio transition 

state calculations and modifying a molecular mechanics parameter set based on the results. 

Computing an optimized transition state is performed by locating a stationary point 

with respect to the forces on a molecule while maintaining one negative eigenvalue. 

Eigenvalues, which correspond to vibrational modes of a molecule, are positive when 

geometric perturbations increase the potential energy and negative when the reverse is true. 

First order transition states can then be located by minimizing the forces on a molecule 

while testing the curvature of the hypersurface and following all but one normal mode 

downward in energy. The Berny optimization routine50 in Gaussian 92 can perform this 

process automatically.22 Normal mode analysis can be used to verify that the one negative 



50 

eigenvalue (imaginary mode) corresponding to movement along the reaction coordinate 

exists for the located transition state. The ability to find transition states using ab initio 

methods is time consuming and impractical for a large set of molecules, but such a study 

becomes tractable if an empirical force field can be parameterized with the results of ab 

initio calculations on model compounds. 

The assumption made in the empirical approach to calculating transition states is that 

the TS geometry will be highly conserved independent of starting material constitution. 

The degree of conservation determines the type of model used to represent the transition 

state. A flexible TS model allows some deviation from the optimal transition state, while a 

rigid TS model does not allow deviation. In cases where the TS geometry is in fact 

conserved within the limits of the model, molecular mechanics is able to treat the TS 

geometry as a minimum on the potential energy surface. The hypersurface is effectively 

inverted for the TS and becomes a minimum instead of a maximum. This is accomplished 

by defining an equilibrium geometry and penalizing perturbations from the defined 

optimum. Subsequently, transition states can be calculated with tremendous speed making 

the method ideal for application to examples within a class of molecules or for systems with 

a high degree of conformational flexibility. 

Transition State Modeling in the Literature 

Force field development for methyllithium addition to cyclopropyl-ketones began 

with a survey of similar transition states reported in the literature. Wu and Houk reported a 

four centered transition state for sodium hydride addition to acetaldehyde (TSl) and 

propanal (TS2) shown in Figures 14 and 15, respectively.51 Although there are three 

possible transition state conformations for propanal differing in the orientation of the C3 

methyl (inside, outside, and anti) only the enthalpically favored anti conformer is shown in 
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Figure 15. Both TSI and TS2 are very early transition states based on the minor 

deviation from starting material geometry. The carbonyl-carbons and their attachments 

remain essentially coplanar-planar indicating significant retention of sp2 character in the 

transition states. This agrees well with the Hammond postulate which predicts that for an 

exothermic reaction an early reactant-like transition state should occur. The difference 

between hydride angles of attack in TSI and TS2 is one tenth of a degree. The largest 

deviation observed in bonds being formed or broken is 0.022 A, which occurs in the 

partially formed hydride-carbonyl carbon bond. A slightly earlier transition state occurs for 

propanal than for acetaldehyde. 

Figure 14. Sodium Hydride Addition to Acetaldehyde51 

TSI 
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Figure 15. Sodium Hydride Addition to PropanalSl 

TS2 

Transition states of lithium hydride addition to acetoneSl (TS3, Figure 16) and to 2-

methoxypropanalS2 (TS4 Figure 17) have increasingly earlier transition states than the 

previous examples. The hydride-carbon bond length is a substantial 0.21 A longer in TS4 

than in TS3, the second longest of the series. This bond length increase cannot be 

attributed to effects of the metal cation because the largest deviation would be expected 

between TS2 and TS3 where the metals are different, when in reality it occurs between 

TS3 and TS4. The identity of metal cation does, however, influence the trajectory of 

nucIeophile attack. Lithium is a much smaller ion than sodium, and is expected to have 

shorter bonds to the oxygen and hydride. Both the lithium-oxygen and lithium-hydrogen 

pseudo-bonds are shorter than their sodium counterparts. The decrease in these TS bond 

lengths has an interesting effect on the approach angle of the nucIeophile. The oxygen

carbon-hydride angle in TS4 is more than nine degrees smaller than the corresponding 
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sodium-containing examples. Computed structures are in qualitative agreement with the 

obtuse trajectories predicted by Burgi and Dunitz.44,45,53 

Figure 16. Lithium Hydride Addition to Acetone51 

1.732 

TS3 

Figure 17. Lithium Hydride Addition to 2-Methoxypropanal52 

Li 
1.782 

1.721 
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Care must be taken in the application of empirical models to correctly account for 

functionality expected to perturb the TS geometry. It is clear that metal cations, as well as 

a and ~ substituents, can have a marked affect on the transition state geometry. Models 

developed for one reaction would not be expected to be applicable to transition state models 

for different nucleophiles, or to starting materials with very different electronic character 

near the reactive center. Substitution of a methoxy group for a hydrogen in TS4 caused a 

large enough deviation in the carbon-hydride distance to possibly invalidate direct 

application of Houk's TS parameters to this system. Substitution of carbon for hydrogen 

and vice versa in the substrate appears to have little effect on the TS geometry, but 

interchange of any other atom type of very different electronegativity would require re

validation or modification based on ab initio methods. 

Ab Initio Transition State Studies of Methyllithium Addition to Cyclopropyl Ketones and 

Enones 

Cyclopropyl ethyl ketone (CEK) and cyclopropyl vinyl ketone (CVK) were the 

logical model compounds to use in TS parameter development for methyllithium addition to 

bicyclo[m.1.0]alkan-2-ones and bicyclo[m.1.0]alk-3-en-2-ones. An initial guess for the 

transition state geometry was taken from TS3, but with exaggerated nucleophile carbon

carbonyl carbon and methyllithium ps~udo-bonds. Cyclopropyl methyl ketone (CMK) was 

chosen as an initial model because it has fewer degrees of freedom and would require fewer 

basis functions and less computer time than CEK and CVK. Ab initio constrained 

optimization studies were performed using Gaussian 9222 wherein the developing carbon

carbon bond was varied at 0.1 A intervals between 2.0 A and 3.0 A in an attempt to 

ascertain the point of maximum energy along the reaction coordinate. Studies of this type 

were unsuccessful because the coulombic attractive forces between the lithium and oxygen 
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caused the methyllithium to dissociate. The only reasonable mechanism that could be 

inferred from calculations of this type is a multi-step process whereby methyllithium would 

dissociate, the lithium would associate to the oxygen, and the isolated methyl anion would 

then attack the carbonyl. It was therefore determined that the constraints placed on the 

developing bond were imposing an unreasonable demand on the optimization process to 

reproduce atomic motions in the presence of imaginary forces. The automated TS location 

algorithm incorpor~ted as part of the Berny optimization routine in Gaussian 92 was used 

instead of constrained optimization. The automatic TS location algorithm is capable of 

optimizing geometric parameters associated with the transition state to a stationary point 

simultaneously such that a concerted reaction model could be developed. In order to obtain 

a stationary activated complex geometry it was necessary to modify the default settings for 

the optimization routine. The keywords NOEIGENTEST, CALCFC, and NRSCALE 

were used to achieve convergence. NOEIGENTEST suppresses curvature testing during 

the optimization. Steep hypersurface curvature can cause large step sizes that result in 

inefficient searching. CALCFC causes the force constant matrix to be calculated during the 

first self-consistent field (SCF) calculation. If the force constant matrix is not calculated 

analytically in the initial step then it is estimated from a lower quality calculation. When the 

default method for calculating the force constant matrix was used the optimization simply 

diverged from a stationary point. The NRSCALE keyword reduces the maximum step size 

to prevent oscillation near the saddle point. A transition state of methyllithium addition to 

CMK was located at the restricted Hartree-Fock level (RHF) and 3-21G basis set using the 

modified search options. The TS was verified as a first order saddle point by normal mode 

analysis which yielded one imaginary frequency corresponding to motion along the reaction 

coordinate. In addition, the developing carbon - carbon bond length was perturbed by 0.1 

A toward reactants and products to produce two starting geometries which were subjected 

to full gradient optimization. As expected the structure with the shortened bond length 
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relaxed fully to the lithium alkoxide with a fully developed carbon-carbon bond. The 

structure with the lengthened carbon - carbon relaxed to a coordinated CMK-methyllithium 

complex. These transition state relaxation studies suggest a vapor phase mechanism of 

lithium pre-coordination with the carbonyl which tethers the nucleophile to the starting 

material. When the nucleophile achieves sufficient kinetic energy to swing into position 

near one face of the carbonyl a reaction can occur. Given the geometric similarity to 

literature precedent, successful TS verification studies, and the mechanistic reasonability 

obtained in calculations on CMK, empirical model development for CVK and CEK was 

commenced. 

Calculations on CMK and all other transition states in this study were geometry 

optimized at the 3-21GIRHF level. Energies reported reflect single point calculations 

performed on the resultant stationary structures at the 6-21 +G*/RHF level. The 

polarization function (+) was added to the 6-31 G basis set to account for anionic character 

of the nUcleophile, while the diffuse function (*) loosens spacial restrictions on the electron 

probability. Final geometries were verified to be first order saddle points by normal mode 

analysis. The TS geometry obtained for CMK was used to construct an initial guess for the 

TS of CEK. Optimization using the previously described TS search modifiers produced 

the transition state for methyl lithium addition to CEK (TSS) shown in Figure 18. The 

four center TS has a slightly more obtuse angle of attack than similar examples of lithium 

hydride transition states. This is presumably due to the extended bond length of methyl 

lithium relative to lithium hydride. Lithium-oxygen and oxygen-carbon bond lengths are 

also similar to those reported for lithium hydride transition states. TS5 appears to be an 

early transition state from the lack of rehybridization apparent in the carbonyl carbon, and 

from the maintenance of orbital overlap holding the cyclopropane in an s-cis configuration. 

The transition state shown in Figure 19 (TS6) is further evidence for the remaining 
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conjugation between the cyclopropane and carbonyl functions because of the stable s-trans 

geometry. 

Figure 18. Methyllithium Addition to Cyclopropyl Ethyl Ketone (Conformer 1) 

TS5 

The energy difference between the s-cis and s-trans transition states is 3.75 kcallmol. 

Although not directly comparable, this value is similar to the 3.24 kcal/mol difference 

found for CMK conformers at the fully optimized 6-31 G*IMP2 level. If significant 

rehybridization had occurred, such as would be the case in a later transition state, the s-cis 

and s-trans conformers would be less favorable than a less sterically demanding geometry. 

Both TS5 and TS6 would be considered inside transition states with respect to the methyl 

group, but an additional stationary structure (TS7) corresponding to the anti or "Felkin

type" was found and is shown in Figure 20. TS5 is most similar to the Karabotsos 

transition state model with the methyl group eclipsing the carbonyl function. It is 
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interesting to note that in this case the "Karabotsos-type" activated complex has a lower 

computed enthalpy by 0.48 kcallmol than the "Felkin-type" TS. 

Figure 19. Methyllithium Addition to Cyclopropyl Ethyl Ketone (Conformer 2) 

TS6 

Only minor deviations between the transition state geometries are observed for the three TS 

conformations of CEK. The largest difference in nucleophile-carbon-oxygen angles is 

0.8 0

• The forming carbon-carbon bond is 0.061 A longer in TS7 than in TS6, which is a 

reasonable perturbation for a partially formed bond. CEK transition state geometries 

exhibit the conserved behavior necessary for the development of a valid empirical model for 

bicyclo[m.l.0]alkan-2-ones. 
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Figure 20. Methyllithium Addition to Cyclopropyl Ethyl Ketone (Conformer 3) 

TS7 

A starting geometry for the TS of methyllithium addition to CVK was obtained by 

replacing the ethyl group in TSS with a vinyl group. Transition state optimization 

produced TS8 which is shown in Figure 21. The vinyl and cyclopropane functions are 

both in the s-cis configuration with respect to the carbonyl. Again, further evidence for the 

minimal degree of rehybridization is exhibited by the conjugative stabilization of the enone 

function. Stable structures were located for the s-cis enone TS8 (Figure 21) as well as for 

the s-trans enone TS9 (Figure 22). There is a 1.0 kcal preference for s-cis over the s-trans 

enone transition state conformation. The s-trans enone conformer also shows a greater 

dihedral distortion (27") away from ideal than the s-cis (13°). Distances and angles within 

the CVK transition state were very similar to those found in CEK. A single empirical 
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model would therefore suffice for both en one and ketone type transition states with the only 

difference being torsion parameters covering ex and ~ substituents. 

Figure 21. Methyllithium Addition to Cyclopropyl Vinyl Ketone (Conformer 1) 

TS8 
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Figure 22. Methyllithium Addition to Cyclopropyl Vinyl Ketone (Conformer 2) 

1.738 

TS9 

Calculations performed on CEK and CVK were sufficient to develop an empirical 

model, but additional studies on a system for which experimental data existed were highly 

desirable. The most logical choice was bicyclo[4.1.0]heptan-2-one because of its restricted 

conformational space and the lesser amount of computing time it would require for TS 

optimizations relative to larger bicycles. Four diasteriomeric transition states were 

constructed by taking the two low energy starting material conformations from molecular 

mechanics modeling and building a transition state using the geometry obtained for CEK. 

TS optimizations failed to converge to stationary points with the search modifiers used for 

the previous examples because of oscillatory behavior near the energy maximum. The step 

size of geometric perturbations coincided with the hypersurface curvature such that the 

optimization simply bounced back and forth over the saddle point indefinitely. This 
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behavior was partly due to the force constant estimation process. Convergence was finally 

obtained by replacing the CALCFC keyword which provides an accurate force constant 

calculation only at the first step with the more expensive CALCALL procedure which 

performs the time consuming force constant calculation at every SCF cycle. The resulting 

transition states are depicted in Figures 23 through 25. The reface addition of 

methyllithium TS (TSI0, Figure 23) is only slightly different than that obtained for CEK 

with a more acute angle of attack and a higher degree of pyramidalization of the carbonyl -

carbon indicating a somewhat later transition state. The TS leading to the opposite 

diasteriomer (TSll) obtained from the same starting material conformation is shown in 

Figure 24. TS 10 and TS 11 were the two lowest energy transition states of the four 

possiblilities. The second conformer of bicyclo[4.1.0]heptan-2-one also produced two 

activated complexes, TS12 and TS13 shown in Figure 24, which were slightly higher in 

energy than TSI0 and TSll. All four transition states are within 0.2 kcal/mol of the 

lowest energy TS. 
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Figure 23. MethyIlithium Addition to the ReFace of Bicyclo[4.1.0]heptan-2-one 

TS10 
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Figure 24. MethyIlithium Addition to the SIFace of Bicyc10[4.1.0]heptan-2-one 

TSll 

The small difference in transition state energies suggests that there would be virtually no 

diastereoselectivity observed in a reaction of methyIlithium with bicyc10[4.1.0]heptan-2-

one. The experimental ratio determined for this reaction carried out at -78°C in diethyl ether 

was nearly 1: 1 !26 With the successful prediction of diasteriomer ratios based on electronic 

structure calculations and information about the transition states gleaned from model 

studies, the parameterization of an empirical force field could begin. 
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Figure 25. The Lowest Energy Transition States for Methyllithium Addition to 

Bicyc10[4.1.0]heptan-2-one t 

TSI0 0.00 TS12 +0.17 

TS11 +0.06 TS13 +0.11 

tOifferences in energy are repOited in units of kcal/mol 
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Empirical Transition State Model Development 

The substructure definition facilities in BatchMin v4.0 were used to define the 

atoms in the transition state for the purposes of matching transition state parameters out of 

the force field database. Final parameters and the substructure definition discussed in this 

section are listed in Appendix A. The substructure covered the cyclopropane, carbonyl, 

and nucleophile atoms, but the metal is not modeled explicitly and therefore is not included 

in the substructure. The lithium is modeled implicitly through parameters defining the 

position and orientation of the nucleophile. Based on Houk's development work the 

nucleophile was given a stretch force constant corresponding to 50% the normal value for 

a carbon-carbon bond.46,48 The equilibrium bond length was averaged over the located 

transition states and assigned to 2.41 A. Nucleophile-carbon-attached atom angles were 

again taken from average values found in the various transition states. Two different atom 

types were used to define the hydrogens on the nucleophile in order to reproduce the angled 

geometry. The hydrogens nearest to carbonyl were assigned normal hydrogen types, but 

the distal hydrogen was assigned to be an anionic type hydrogen. This has no effect on the 

non-bonded or bond stretch parameters, but by distinguishing one hydrogen of the three 

allows an angle bend parameter to tilt the methyl group toward the point in space where the 

metal cation would reside, thereby reproducing the appropriate geometry. A dihedral 

parameter was also defined to insure that the unique hydrogen would remain anti-periplanar 

to the carbonyl oxygen pointing the convex face of the methyl group in the correct 

direction. All other torsion parameters were set initially to zero, and then by a trial-and

error method each was fit both to known conformational preferences observed in the 

located transition states and to diastereoselective results obtained from experimental data. 

Torsions in the transition state expected to have little or no variation among different TS 
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conformations were simply set to zero because any other value would have the effect of 

adding a constant to all calculated energies. 

Conclusions 

Numerous quantitative and qualitative models have been proposed to explain 1,2-

asymmetric induction observed in nucleophilic additions to carbonyls. Diastereoselectivity 

in these kinetically controlled reactions is a direct result of differing rates of product 

formation. Reaction rates are determined by relative transition state energies, which 

predictive empirical models attempt to reproduce. Houk has developed a method of 

modeling transition state conformations using traditional molecular mechanics. The rapid 

computation speed afforded by this methodology makes mechanistic studies of 

diasterioselectivity possible for families of similar molecules and conformationally flexible 

systems. A new model has been developed using the same techniques pioneered by Houk 

to parameterize the transition state of methyllithium addition to bicyclo[m.l.0]alkan-2-ones 

and bicyclo[m.l.O]alk-3-en-2-ones. The parameters developed on the basis of ab initio 

studies will allow prediction of 1,2-asymmetric induction in these classes of compounds. 
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CHAPTER 4. TRANSITION STATE MODELING OF METHYLLITHIUM ADDITION 

TO BICYCLO[M.l.0]ALKAN-2-0NES AND BICYCLO[M.l.0]ALK-3-EN-2-0NES 
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Application of the Empirical Transition State Model 

Modeling transition states using traditional molecular mechanics calculations 

provides a method by which the relationship between conformation and diastereoselective 

reactions can be explored for conformationally flexible systems. Assuming the 

conservation ofTS geometry, parameters for methyllithium addition to cyclopropyl ketones 

can be developed such that energies can be computed for any proposed TS geometry. A 

conformational search method that could be coupled with the molecular mechanics energy 

calculation was needed. The starting material conformation searches were performed with 

a torsion based Monte Carlo method. Stochastic searches have the advantage of thoroughly 

sampling possible geometries in a manner independent of the conformational preferences of 

a molecule, but they require a large computational time expenditure. Substantial computer 

resources had been dedicated to the exploration of starting material conformations, and 

more would be required to search the conformation space of transition states using the 

Monte Carlo method. It was decided, however, that a much more rapid means of sampling 

the conformational space was applicable to the problem at hand. 

Conformational search can be performed very quickly by methods which make use 

of previously determined chemical knowledge. Information pertaining to the geometric 

preferences of sub-molecular fragments can be stored and later assembled by a fragment 

assembly algorithm. For instance, conformations of decalin can be obtained by assembling 

cyclohexane fragments in 3 dimensions. Programs such as Wizard and Cobra are capable 

of performing conformational search in this manner, but a new fragment assembly based 

conformational search program called Wizard III had the capabilities and speed necessary 

for the current project. A full description of the algorithms incorporated in Wizard m is 

included in Appendix B. 



70 

The Hammond postulate predicts a very early reactant-like transition state for the 

nucleophilic addition of methyllithium to a ketone. TS conformations would therefore be 

expected to resemble substrate conformers. Starting material conformations of 

bicyclo[m.l.0]alkan-2-ones and bicyclo[m.l.0]alk-3-en-2-ones had already been 

determined by stochastic searches. Transition state geometries had also been explored by 

the ab initio calculations performed on model compounds. All that remained for the 

completion of this work was to make use of the knowledge obtained by the previous 

studies to construct TS conformations for the compounds of interest. If the transition states 

truly resemble starting material conformations then the TS geometry could be combined by 

fragment assembly with the knowledge obtained in the stochastic searches. To this end, 

Wizard III was used to exhaustively combine the starting material conformations and the 

TS geometry to build all possible diasteriomeric transition states. An example of the 

construction process is shown in Figure 26. 

Figure 26. Assembly of a Transition State Conformation 

fragment 
analogy superposition join 

geometry 
optimization 
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Generating transition states is this manner provided a more rapid means of conformation 

search than the time consuming Monte Carlo technique. 

Results of the Transition State Modeling 

Transition state conformations for each bicyclo[m.l.0]alkan-2-one and 

bicyclo[m.l.0]alk-3-en-2-one for which experimental diastereoselectivities. had been 

measured were modeled by the combination of fragment assembly conformational search 

and the developed empirical force field. Selectivities calculated from the resultant ensemble 

of TS conformations are listed in Table 6. 

Table 6. Theoretical and Experimental Diastereoselectivities; 
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Table 6., continued. 
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t Ratio of isolated less polar and more polar diasteriomers or limit of detection by 62.9 MHz 13C NMR 
spectroscopy. § Ratio calculated for methyllithium addition to the substrate. Experimental and calculated 
ratios are not directly comparable for 2a-d. 

The only experimental data available for nucleophilic additions to 

bicyc10[m.l.O]alk-3-en-2-ones involved n-butyllithium. The mechanics model could not 

be extended without revision based on further model studies, but the behavior of the two 

nuc1eophiles is expected to be similar based on previous studies.42 Calculated diasteriomer 

ratios were within 15% for all cyc1opropyl enone examples studied. The ratios are not 

directly comparable because calculations involved addition of methyllithium rather than n

butyllithium. At the time of this writing it is unknown whether the nuc1eophiles have the 

same facial bias, whether the diastereomeric excesses are similar, or if the differences 

predicted by the modeling studies are an artifact of the calculation. Inaccuracies in the 

calculated energies for the diastereomeric transition states are exponentially magnified by 

the equation used to determine the rate constants of formation (Chapter 4, equation 4). The 

similarity between the computed and experimental ratios are certainly within the accuracy 

expected for an empirical model under these circumstances 

The lowest energy diastereomeric transition state conformations for methyllithum. 

addition to substrates la-i and 2a-d are given in Figure 27. All of the structures show a 

high degree of structural similarity to the transition states modeled using ab initio methods. 

The nuc1eophile approaches the carbonyl with a slightly obtuse angle of attack. Minor 

pyramidalization of the C2 position and the long bond length of the developing carbon -

carbon bond are consistent with an early transition state. In all cases the nucleophile is 

pointed toward a phantom lithium atom chelated to the oxygen as in the ab initio TS model 

studies. 
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Addition of methyllithium to bicyclo[4.1.0]heptan-2-one (la) was not 

diastereoselective. This was unremarkable based on the lack of facial bias observed in the 

low energy conformations of the starting material. Facial exposure is not the most 

important factor in diastereoselectivity, but rather the energy difference between the 

diastereomeric transition states. The difference in energy between the empirical TS models 

3a-l and 3b-l is so small that the reaction would also be predicted to be unselective. 

Attack cis to the cyclopropane methylene is preferred by only 0.02 kcallmol. The 

nucleophile is "captured" at sufficient distance from the cyclopropane that an unfavorable 

steric interaction does not develop. This is due in part to the minor pyramidalization of the 

carbonyl - carbon, which allows a more obtuse attack trajectory from the mean plane of the 

larger ring. "Felkin" type torsion strain would be expected to disfavor 3b-l relative to 3a-

1 and therefore must not be a significant contribution to the overall transition state energy. 

Nucleophilic additions to both compounds having a larger ring size of 7 members, 

cis-bicyclo[5.1.0]octan-2-one (lb) and 3Z-cis-bicyclo[5.1.0]oct-3-en-2-one (2a), were 

not highly selective. Of the bicyclo[m.I.0]alkan-2-ones studied, addition of methyllithium 

to la is unique in that attack occurs cis with respect to the cyclopropane methylene. The 

configuration of the product has been unambiguously determined by directed 

cyclopropination of 2-methylbicyclo[5.1.0]octan-2-01. Conformational analysis of the 

starting material showed that the syn-face is exposed in the global minimum conformer 

because of the s-trans configuration of the cyclopropyl ketone. Low selectivity and 

predominant syn-facial attack are correctly predicted by the empirical TS model. Addition 

of methyllithium to 3Z-cis-bicyclo[5.1.0]oct-3-en-2-one is predicted by the empirical TS 

model to be more selective than was observed for n-butyllithium addition, although 

absolute configuration of the n-butyllithium adduct has not been confirmed by experiment. 

The relative configuration of the n-butyllithium adduct has not been unambiguously 

determined, therefore the preferred direction of attack is not known. Empirical modeling 
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predicts that methyllithium would attack anti relative to the cyclopropane methylene, which 

is opposite from the direction of attack found in addition of methyllithium to its saturated 

counterpart. Experiments are cun·ently being performed to establish the stereochemistry of 

these products. 

Addition of methyllithium to cis-bicyclo[6.1.0]nonan-2-one (Ie) and n-butyllithium 

to 3Z-cis-bicyclo[6.1.0]non-3-en-2-one (2b) were highly diastereoselective yielding the 

anti-adduct in both cases. Starting material conformations were strongly biased toward an 

s-cis configuration of the cyclopropyl - ketone, exposing primarily a single face to an 

attacking nucleophile. Transition state conformers confirmed the preference for attack at 

the exposed carbonyl face. A high degree of structural similarity exists between TS 

conformers of Ib and 2a, yet the empirical model is able to correctly predict the 

diastereoselectivity of methllithium additions to these substrates. Addition of n

butyllithium to 3Z-cis-bicyclo[6.1.0]non-3-ene-2-one (2b) was more selective than 

predicted for the addition of methyllithium. It is not known whether methyllithium is less 

selective, or if the empirical model underestimates the difference in energy between the 

diastereomeric transition states. 

1,2-Additions of methyllithium to bicyclo[m.l.0]alkan-2-ones where the largest 

ring is between 9 and 16 members are all highly diastereoselective. A single face of the 

carbonyl is exposed. Facial exposure in the low energy starting material conformations is 

independent of the type of cyclopropane ring fusion (cis or trans). The major 

diastereomeric transition states have in common an s-cis conformation of the cyclopropyl -

ketone, while the lowest energy transition state leading to the minor diasteriomer is 

configured s-trans in all cases except cis-bicyclo[14.1.0]heptadecan-2-one. The total 

number of stable conformers found within a 10 kcal/mol window of the global minimum 

TS gets larger as the ring sizes and subsequent flexibility increases. Contributions to the 

final product mixture from the global minimum TS do not, however, increase smoothly as 
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a function of ring size. More than 80% of the final product mixtures would be predicted to 

arise from the most energetically favorable transitions states of cis-bicyc10[7.1.0]decan-2-

one (ld), trans-bicyc10[9.1.0]dodecan-2-one (Ie), and trans-bicyc10[11.1.0]tetradecan-2-

one (lg). Less than 62% of the final product mixture is predicted to proceed through the 

lowest energy transition states of trans-bicyc1o[ I 0.1.0]tridecan-2-one (If), trans-

bicyc1o[ 13.1.0]hexadecan-2-one (lh), and cis-bicyc1o[l4.1.0]heptadecan-2-one (li). 

Although 1f would be expected to be less flexible than 19 because it has one less 

methylene unit in the larger ring, 1f has a smaller contribution to the final product mixture 

than the larger example. This fact is not contradictory to the behavior of two systems with 

differing flexibility. Greater flexibility can only be directly related to greater population 

sizes within a energy window of 5 kcaUmol or greater above the global minimum. 

Populations of conformers and contributions from transition states to product mixtures are 

exponentially related. The exponential relationship obviates significant contributions from 

structures greater than 2.0 kcal (less than I % populated at -7SQC) above the global 

minimum. More flexible structures will not necessarily have many stable conformers 

within such a small window of the global minimum. When a less flexible molecule has 

more conformers within a small energy window of the global minimum, the total 

contribution from the global minimum is small. This behavior is observed in the transition 

states of methyllithium addition to 1f and 19. 1f is less flexible and has a smaller total 

population size, but has IS conformers within 2 kcallmol of the global minimum. 19 on 

the other hand is more flexible and has a larger total population size, but it only has 10 

stable conformers within 2 kcallmol of the lowest energy conformation. 

The most favorable TS of methyllithium addition to 1i leading to the minor 

diasteriomer product CUb-I) is unique in that it is the only example of the lowest energy 

minor diastereomeric TS with the cyc1opropyl - ketone in the s-cis conformation. 

Sufficient flexibility exists in this larger ring to allow the carbonyl to lay roughly parallel to 
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the mean plane of the ring, and the oxygen carbon bond is pointed toward the centroid. 

This conformation exposes both faces of the carbonyl to nucleophilic attack perpendicular 

to the mean plane of the ring. Attack leading to the major diasteriomer is not highly 

favorable in this conformation relative to other transition states leading to the major 

product, but approach of the nucleophile to the opposite face is favorable relative to the TS 

conformations leading to the identical product. It is clear that the transition state 

conformation llb-l is favorable because of the flexibility of the larger ring. 

Conformational behavior of methyllithium addition to the large ring enones, trans

bicyclo[ 1 O.1.0]tridec-3-en-2-one (2c) and trans-bicyclo[13.1.0]hexadec-3-en-2-one (2d), 

was very similar to the behavior of their saturated counterparts. The reaction is predicted 

on the basis of modeling studies to proceed with high diastereoselectivity. Addition of 

butyllithium to these substrates was highly selective, and addition of methyllithium would 

be predicted to have similar specificity. Major and minor diastereomers of 2c are predicted 

to arise from attack at the exposed face of the carbonyl when the cyclopropyl - ketone is in 

the s-cis (14a-l) and s-trans (14b-l) conformations, respectively. The a, ~- unsaturation 

limits the local conformations possible for the cyclopropyl- enone moiety, and causes the 

polymethylene chain of the larger ring to span a longer distance than would be necessary 

for its saturated counterpart. The major diastereomer formed by addition of methyllithium 

to 2d is predicted to form from attack at the face exposed when the cyclopropyl ketone is in 

the s-cis conformation. The minor diasteriomer, however, can be formed from attack at the 

carbonyl facing the polymethylene chain (ISb-I). The carbonyl group is projected far 

enough above the mean plane of the larger ring to prevent steric interference of nucleophile 

approach by the polymethylene chain. A side-on view of ISb-l, Figure 28, clearly shows 

that the endocyclic face of the carbonyl is exposed to attack. 
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Figure 27. Empirical Transition State Models of Bicyclo[m.1.0]alkan-2-ones and 

Bicyclo[m.l.0]alk-3-ene-2-ones 

3 a-1 3b-1 

4 a-1 4b-1 

5 a-1 5 b-1 
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Figure 27., continued. 

6 a-1 6 b-1 

7a-1 7b-1 

8a-1 8b-1 
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Figure 27., continued. 

9a-1 9b-1 

IOa-1 IOb-1 

lla-l llb-l 
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Figure 27., continued. 

12a-l 12b-l 

13a-l 13b-l 

14a-l 14b-l 



83 

Figure 27., continued. 

15a-l 15b-l 

Figure 28. Alternate Views of ISa-1 and ISb-1 

15a-1 ISb-l 

The validity of generating TS conformations from the starting material ensembles 

was tested by structure superposition. If the conformational behavior of the transition 

states was similar to the starting materials, as predicted by the Hammond postulate, then a 

high degree of structural similarity would be expected between TS and starting material 
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conformations. RMS superpositions of Sa-I, 5b-l, 8a-l, 8b-l, 13a-l, 13b-l, 14a-

1, 14b-l and their corresponding starting material ensembles were performed with the 

BESTFIT54 program. In all cases there existed at least one member of the starting material 

population which had an optimal non-hydrogen atom superposition of less than 0.1 A. As 

an example of the typical superposition the best fits for 8a-l and 8b-l are shown in 

Figure 29. Structural similarity indicates that the assumption of starting material like 

transition states is indeed valid, and fragment assembly was correctly applied to the TS 

modeling. 

Figure 29. Superposition of Diastereomeric Transition States and Starting Material 

Conformations of Bicyc1o[1 0.1.0]tridecan-2-one 

8a-l 8b-l 

Utility of Empirical Transition State Modeling 

As with any computer modeling studies, empirical transition state models have a 

limited utility. Errors in the enthalpies calculated with any computational method are 

exponentially multiplied when determining the relative rate constants for product formation. 
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Molecular mechanics calculations are only capable of reproducing enthalpies within the 

accuracy of the parameters used. In addition, empirical calculations have an anticipated 

inherent error because a finite series of expansions is used to estimate potential functions 

that may only be reproducible by a large to infinite series. Conclusions based on very 

small differences in energy between structures ( < 1-2 kcal) may therefore be valid, but 

questionable within the confidence limit of the calculations. When the difference in energy 

exceeds this threshold the correlation between theory and experiment is expected to be 

substantially less suspect. Structures optimized with the empirical force field, however, are 

quite reliable independent of the energy. Conformations produced by empirical calculations 

accurately reproduce geometries obtained from ab initio calculations a vast majority of the 

time because optimized structures are not highly dependant on small perturbations in the 

parameter set. 

Conclusions 

Transition state modeling of methyllithium addition to bicyclo[m.1.0]alkan-2-ones 

and bicyclo[m.1.0]alk-3-en-2-ones allows predictions of diastereoselectivity to be made 

based on substrate composition. The mechanism for diastereoselectivity has also been 

elucidated by the TS model. Facial bias is created by the conformational preference for 

cyclopropyl ketones to maximize orbital overlap. The major diasteriomer in all examples of 

nucleophilic addition to bicyclo[m.1.0]alkan-2-ones and bicyclo[m.1.0]alk-3-en-2-ones 

where m > 7 arises from exocyclic attack of the face of the carbonyl exposed when the 

cyclopropyl ketone is in the s-cis configuration. Poor selectivity in the smaller ring sizes is 

caused by ring constraints that prevent moieties from achieving the desired geometry. The 

disfavored diasteriomer may be formed by a number of transition state classes. When m is 

between 8 and 13 the nucleophile can attack the exocyclic face of the carbonyl when the 
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cyc1opropyl ketone is s-trans. For larger ring sizes (m = 13 or 14) both carbonyl faces may 

be accessible to attack by a canted cyc1opropyl ketone relative to the plane of the ring. Such 

transition states, however, are not energetically favorable. Exocyc1ic attack is heavily 

favored for all cases, but a high degree of conformational flexibility in the larger ring 

systems can make endocyclic attack possible. 
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APPENDIX A 

C TS for MeLi addition to a cyc1opropyl ketone xxx 
9 C3-C3( -C3-1 )-C2(*02)-CM 
-2 
1 4 5 1.2800 5.3600 0.0000 
1 4 6 2.3900 2.0000 0.0000 
1 6 HI 1.0800 4.4000 0.0000 
1 6 H5 1.0800 4.4000 0.0000 
2 4 6 HI 120.0000 0.3000 
2 4 6 H5 90.0000 0.2500 
2 HI 6 HI 105.0000 0.3600 
2 HI 6 H5 107.5000 0.3600 
2 6 4 5 103.4000 0.2500 
2 6 4 2 96.3000 0.2500 
2 5 4 2 119.3000 0.4500 
2 5 4 C3 119.2000 0.4500 
2 2 4 C3 118.3000 0.4500 
2 6 4 C3 92.8000 0.2500 
2 5 4 C2 119.2000 0.4500 
2 2 4 C2 118.3000 0.4500 
2 6 4 C2 92.8000 0.2500 
4 5 4 C2 C2 0.0000 0.0000 0.0000 
4 5 4 C2 HI 0.0000 0.0000 0.0000 
4 2 4 C2 C2 0.0000 0.0000 0.0000 
4 HI 2 4 C2 0.0000 0.0000 0.0000 
4 1 2 4 C2 0.0000 0.0000 0.0000 
4 6 4 00 00 0.0000 0.0000 0.0000 
4 6 4 C3 C3 1.1000 0.0000 0.1000 
4 6 4 C2 C2 0.0000 0.0000 0.0000 
4 6 4 C3 HI 0.0000 -0.2000 0.0000 
4 6 4 2 1 -0.3000 0.0000 1.2000 
4 6 4 2 3 -0.3000 0.0000 1.2000 
4 6 4 2 HI -0.6000 0.0000 1.0000 
4 5 4 00 00 0.0000 0.0000 0.0000 
4 1 2 4 5 -0.5000 6.0000 -0.1000 
4 3 2 4 5 -0.5000 6.0000 -0.1000 
4 1 2 4 C3 -0.1000 0.0000 0.1000 
4 3 2 4 C3 -0.1000 0.0000 0.1000 
4 1 2 4 C2 0.2000 0.0000 0.0000 
4 3 2 4 C2 0.2000 0.0000 0.0000 
4 2 4 C3 C3 0.0000 2.0000 -0.2000 
4 2 4 C3 HI 0.0000 0.0000 1.1000 
4 HI 2 4 5 -0.2000 0.0000 0.8000 
4 H5 6 4 C2 0.0000 0.0000 0.0000 
4 HI 6 4 00 0.0000 0.0000 0.0000 
4 00 4 6 HI 0.0000 0.0000 0.0000 
4 5 4 6 H5 10.0000 0.0000 0.0000 
4 H5 6 4 5 10.0000 0.0000 0.0000 
4 H5 6 4 2 0.0000 0.0000 0.0000 



4 
5 
5 
5 

H5 6 4 
00 00 00 
00 00 6 
00 6 00 

C3 0.0000 
5 0.0000 
5 0.0000 
5 0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
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0.0000 
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APPENDIXB 

Introduction 

The chemist attempts to comprehend dynamic molecular structure through 

molecular modeling. Flexible molecules may have many energetically accessible 

conformations, so a comprehensive search of the available conformational space is required 

for accurate modeling. Finding all of the conformers of a molecule is a formidable task due 

to the combinatorial nature of the problem. A number of conformational search methods 

which seek to reduce the search space and sample it efficiently have been reported. 1-3 

Conformational search requires extensive computational resources for all but the most 

restricted molecules. 

Fragment assembly methods have the capability to search conformational space 

more rapidly and effectively than many other methods. The use of chemical knowledge 

derived from conformational analysis limits the search space to combinations of subunits 

likely to be energetically reasonable. Both long and short range interactions may be 

considered in order to increase the quality of the generated structures.4 Conformations 

produced using model building methods are frequently close enough to a minimum on the 

potential energy surface that the need for subsequent minimization is reduced. 

A major drawback of previous model building approaches such as AIMB5, Cobra, 

and Wizard4,6-9 is the inability to handle structural and topological features which are not 

described within the knowledge base. Conformational behavior of unusual functional 

groups for which no exact match exists in the information library must be handled by using 

generalized units. The quality of the resultant structures is highly dependent on the rules 

used in the generalization process. Medium and large ring systems are usually not included 

in the knowledge library. The amount of disk space required to appropriately describe 
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conformational space for saturated systems alone would be prohibitive. In addition, the 

possible permutations of unsaturated functionality storage impossible. 

Highly strained molecules also present difficulties because of the internal criticism 

that takes place during and after the construction process. The heuristic evaluations, or 

"critics", that are used to determine how well subunits fit together must be adjusted to allow 

inherently strained conformations to be generated. The critics force combinations of 

subunits that result in a strained structures to be discarded. No conformations would be 

generated for strained polycyclic systems if the critics were set to values expected for 

"unstrained" molecules. Adjusting critics is a subjective process which is performed 

manually by a trial and error method. The ability to handle challenging ring systems has 

been addressed through the combination of fragment assembly and distance geometry ,9 but 

a novel and rapid approach based only on template joining has been developed here. 

The third installment in the Wizard series of programs was designed to overcome 

the limitations of previous versions. Wizard I and II were slow because of the declarative 

language implementation, and they lacked the generality to handle a wide range of chemical 

functionality. Wizard III has overcome these deficiencies through the use of updated 

algorithms coded in a procedural language. Wizard III is capable of performing 

conformational searches up to an order of magnitude faster than stochastic methods. This 

is the first in a series of papers that discuss algorithms, search strategy, and performance of 

Wizard III. 

The Paradigm 

This is an overview of the entire process to help give context to perception, 

mapping, and assembly. A block diagram description is given in Figure 1. Wizard III 
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uses a fragment assembly method to perform conformational search.lO,11 The program 

first identifies topological patterns in a molecule, then 

Figure 1. Program overview. Internally represented data is blocked. Processes are 

indicated by arrows. 

molecule 

1 perception 

features 

1 mapping 

patterns 

1 
retrieval from 
library 

templates I 

1 assembly 

conformations 

retrieves structural information about the pattems from a knowledge base, and finally 

assembles conformations based on the stored information. As an example the case of 

cyclazocine is considered. Wizard m begins by identifying eight overlapping patterns, of 



92 

which three are topological duplicates, in the input structure. A graphical representation of 

this is shown in Figure 2. 

Figure 2. Topological recognition of patterns contained in cyclazocine. 

Each pattern has a number of corresponding 3-dimensional representations, called 

templates, stored in the knowledge base. Template conformations are taken from Monte 

Carlo conformational searches with molecular mechanics minimization and from 

conformations observed in the Cambridge Structural Database. 12 The pattern-template 

correlation for cyclohexane is shown in Figure 3. 
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Figure 3. Templates used to define the conformers of cyclohexane. 

twist boat + chair twist boat- boat 

After the templates have been retrieved from the knowledge base they are joined by 

overlapping and averaging atomic positions to define a larger unit. An example of this 

process is given in Figure 3, in which a benzene template and cyclohexene template are 

joined by superimposing atomic positions and assigning coordinates. 

Figure 3. Assembly of benzene and cyclohexene templates. 
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Conformational search is achieved by joining different combinations of templates. This can 

either be done in an exhaustive or directed manner depending on the type of results that are 

desired. 

Perception 

In the perception phase of Wizard ill rings are identified and stereochemistry is 

defined from the input structure. This stage is necessary for proper recognition of 

molecular subunits from which conformations should be constructed. 

Discovery of the smallest set of smallest rings (SSSR) facilitates both mapping and 

assembly. Simple ring systems can easily be described by patterns of the same size and 

constitution. Polycyclic ring systems can always be constructed from their SSSR. This 

approach eliminates redundancy and insures complete description of the system using 

cyclic units, given an appropriate knowledge base. 

Information about the sizes of rings can be used as a screen during the mapping 

process. If a pattern in the knowledge base contains a ring size other than what is 

perceived to be present in the target then a substructure search with the pattern will not be 

attempted. Efficiency is therefore enhanced by contraceptively pruning the number of 

substructure searches to be performed during the mapping process. 

Although it is possible to search the conformational space of a ring system by 

building up acyclic fragments, this process amounts to a rediscovery of chemical 

knowledge. Using cyclic units to describe the conformers of rings increases the efficiency 

of the search process. 

The SSSR algorithm in Wizard ill is based on the methods reported by Leach 7 and 

Jorgensen. 13 All ring detection algorithms, including that of Wizard III, are designed to 

perceive rings in a single contiguous spanning graph, or equivalently a connection table of 

a single molecule. If an input file contains non-covalently connected stlUctures (a 
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disconnected graph) such as a host-guest complex or salt, it must be separated into a 

number of distinct, fully connected graphs prior to ring perception. In order to insure 

flexibility in future versions of Wizard ill, each isolated molecule within an input file is 

separated out such that rings may be detected. 

The relative spatial orientation of valences about atoms which have at least one non

rotatable bond, and also about centers which have a valence of 3 or greater must be 

defined. Recognition of absolute configuration is unnecessary because the relative 

orientation is sufficient to define the correspondence between atoms in the target molecule 

and the atoms in the templates from which conformations will be constructed. If the input 

contains coordinates, then the necessary information is perceived from geometry. In the 

absence of such information all possible configurational isomers are generated. 

The representation of stereochemical information in Wizard ill is only dependent on 

the relative numbering system of the input file. For each atom in the target with a valence 

of 3 or greater, an integer which represents the "handedness" is assigned to every unique 

tripodal array substituents. For each non-rotatable bond, relative cis or trans configurations 

are also represented by integers. Figure 4 is a pictorial definition of the descriptions. 
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Figure 4. a) A trigonal pyramid oriented with the concave face toward the viewer. The 

numbering system of the substituents increases in the clockwise direction. b) The 

numbering system increases in the counter-clockwise direction. c) 4 coplanar atoms are 

numbering system independent. d) The 4 numbered atoms are cis. e) The 4 numbered 

atoms are trans. 

1 1 1 

aA , A A 
2 3 3 2 

a) stereo_center = 1 b) stereo_center = -1 c) stere03enter = 0 

/2-3\ 
4 

d) cis_trans_ value = 1 

Detecting from topology which atoms and bonds require stereochemical definition 

is dependent on the ability to recognize non-equivalent atoms in a graph theoretical sense. 

This is necessary given an input file which has only connectivity and atom types defined. 

Although a number of algorithms have been proposed for the detection of topological 

equivalence,14-17 the method reported by Golender18 was chosen because it is one of the 

few that are non-iterative and therefore can provide faster calculations. A set of "potentials" 

or graph invariants are derived from the inversion of a matrix which has valence, 

connectivity, and atom type information. The following set of rules are then applied to the 

graph to identify atoms and bonds which have two possible unique stereochemical 

definitions. 



1. Any atom having four attachments of different potentials. 

2. Any sp3 hybridized atom (except nitrogen) with a valence of three and 

having three potentially inequivalent positions. 

3. Any sp3 hybridized atom in a ring with at least 3 non-hydrogen atoms 

attached. 

4. Any non-rotatable bond (bond order = 2) with attachments at each end 

which have different potentials. 

5. Any non-rotatable bond in a ring size greater than seven. 
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Some of these rules may produce redundant configurations because of symmetry, but 

duplicates can be detected automatically through the use of coordinate comparison routines 

after the structures have been built. 

Mapping 

Substructure search is the basic engine on which the mapping process is based. 

Wizard III uses an atom by atom breadth first search algorithm adapted from Dengler and 

Ugi .19 Breadth first searches in general will locate correspondence failures faster than 

depth first approaches. Less time is then spent pursuing a substructure search which will 

not succeed. Only non-hydrogen (heavy) atoms and their connectivity and stereochemistry 

are considered during this process. Hydrogens are handled after all heavy atoms have been 

located. For the purposes of efficiency the substructure search is directed by logic which 

eliminates redundancy while insuring continuity of subunit mapping onto the target. 

The mapping process begins by attempting to locate cyclic patterns for all rings in 

the target. Pseudo-C code for the ring mapping process is given in algorithm 1. 



Algorithm 1. Ring mapping algorithm. 

for (all levels of generalization of atoms) 

for (all rings in the target) 

for (all atoms in the target ring) 

for (all cyclic patterns) 

if (current ring has not been mapped) 

if (cyclic pattern ring size == target ring size) 

if (current target atom type == central atom of pattern type) 

commence substructme search; 
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Bond orders are not checked for rings that have less than 8 members. In most 

cases when two sp2 centers are adjacent in a ring the surrounding atoms are coplanar. An 

example is given in Figure 5. Mapping small rings based on atom type instead of bond 

order reduces the total number of patterns that need to be stored in the knowledge base, and 

it speeds up the mapping process because fewer substructure searches are be performed. 

In many cases only a subset of templates for a single pattern are used to build 

conformations for a molecule. The bond order array of the target compound is mapped 

onto the template coordinates. Subsequent energy evaluation of the templates with the 

imposed bond orders will detect mismatches and exclude improbable geometries. 
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Figure 5. The same pattern is used to describe both cyclohexene and 1,2 dimethylenyl 

cyclohexane. The corresponding set of templates covers conformations for both 

compounds. 

o 

It is important to note that if a pattern for a ring does not exist in the knowledge 

base the program will not exit, but rather attempt to create the ring from acyclic units. 

Because of the efficient search algorithms implemented in Wizard ill it is possible to 

discover ring conformations by assembling acyclic templates. Constructing larger cycles in 

this manner was not possible with previous model building programs. An example of how 
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this works in shown in Figure 6. Cyclooctanone 4-phenylsemicarbazone contains an 8 

membered ring with a single sp2 center. 

Figure 6. Mapping acyclic units onto a ring of cyclooctanone 4-phenylsemicarbazone 

CH3CH3 ~N 
CH 3CH 3 I 

, , , , , ___ ~ ___ (N 
CH 3CH 3 -----

CH 3CH 3 
CH3CH3 

CH3CH 3 

The knowledge base does not contain a cyclic pattern which describes this moiety. A 

conformational search was performed with Wizard ill where the 8-membered ring was 

necessarily constructed by joining acyclic templates. An overlay of one of the 

conformations produced by Wizard ill and the conformation determined by single crystal 

X-ray crystallography20 is shown in Figure 7. 
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Figure 7. Superposition of the crystal structure of cyclooctanone 4-phenylsemicarbazone 

and one the conformations generated by Wizard III. The rms fit between the heavy atoms 

of the two structures is 0.31 A. 

Locating the optimal set of acyclic patterns is accomplished by an indirect approach. 

Previously described mapping algorithms were designed to exit upon complete description 

of the molecule thereby reducing the time expenditure? Because fragment assembly 

requires more CPU time than the topological identification process, the algorithm in Wizard 

III is designed to find a set of patterns which will potentially shorten assembly time. 

Finding a set of patterns which completely describes the molecule, yet which has minimal 

overlap (sparse mapping) has proven to work well. A sparse mapping pattern set cannot 

be determined without first finding all possible acyclic patterns. The complete set of acyclic 

patterns are located by applying algorithm 2 to the target. 



Algorithm 2. Acyclic mapping algorithm. 

for (all levels of generalization of atoms) 

for (all non-hydrogen atoms) 

for (all acyclic patterns) 

if (current target atom type == central atom of pattern type) 

commence substructure search; 
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Once all reasonable mappings have been identified, the sparse mapping algorithm 

identifies a set of patterns which completely describes the target and has minimal overlap. 

This is accomplished by iteratively scoring and adding maps to the final mapping list. Each 

map is scored according to the number of target atoms not described by any other map in 

the final mapping list divided by the total atoms covered in the map. Low scores for maps 

indicate a high degree of redundancy and are therefore undesirable. Maps are added to the 

final map list until all atoms are covered. An additional check is performed to insure that 

adequate overlap between patterns has been found. All bonds which have a valence greater 

that one at both termini must be completely described by at least one map. If this condition 

is satisfied then mappings will have the required 3 atom overlap necessary for assembly. 

Algorithm 3. Sparse mapping algorithm. 

if (any cyclic patterns mapped) 

add all cyclic patterns to final list; 

else 

find most central acyclic unit and add to final list; 

while (!target completely mapped) 

score all maps; 



add map with best score to final list; 

while (all target bonds are not completely described) 

{ 

find a map which covers the bond; 

add map to final list; 

Assembly 
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Once a target has been completely described by a set of patterns an assembly plan is 

developed. The assembly plan is a tree which describes the connectivity of patterns that 

cover the target. The tree is built by instantiating the most centrally located map as the root 

node and adding connected maps in a breadth first manner as branches of the tree. Two 

maps are said to be "connected" if they both cover 3 common atoms of the target. When a 

spanning graph containing all patterns is identified the corresponding templates are 

extracted from the knowledge base and prepared for assembly. 

The process of constructing a conformation by joining templates is based on atomic 

superposition. An example of how templates are joined is shown in Figure 8. Before 

templates are joined, all of their monovalent atoms are extended to the equilibrium bond 

length defined by the type observed in the target molecule. Extending vectors which define 

a bonding direction provides a more optimal atomic overlap. The extensions are applied to 

all appropriate templates a single time before the assembly process begins. 

A quaternion based superposition algorithm is used in Wizard III. A simple 

weighting scheme based on template atom types is employed. All overlapping pairs of 

non-hydrogen atoms are given a priority or "weight" of 100 times that of any pair which 

contains at least one hydrogen. The weighting scheme is simply a method of insuring 
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correct heavy atom positions in cases where bonding direction place holders do not overlap 

well. 

After two templates are superimposed, coordinates for the new conformation must 

be instantiated based on the superimposed templates. In cases where the overlapped pair is 

either hydrogen-hydrogen or heavy atom-heavy atom the target coordinates are taken as an 

average of the atomic positions. In cases where the overlapped pair is heavy atom

hydrogen the target coordinates are assigned to the heavy atom position. 

Figure 8. Assembly of bicyclo[3.2.1 ]octane. Template vectors are extended to the 

equilibrium length of a carbon-carbon single bond, templates are superimposed, and 

coordinates are instantiated based on the overlap. 
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Conformation generation is necessarily directed by a search algorithm. There must 

be logical control of the combination of subunits to be assembled. Wizard III includes 

implementations of the previously reported depth first and A * search methods, as well as 

Monte Carlo, genetic algorithm (GA), and simulated annealing (SA). A description of the 

available-search options is the subject of a subsequent paper. 

Deterministic algorithms used in model building programs have necessarily used 

tree pruning methods to limit potentially massive searches. Wizard and Cobra use 

heuristics or "critics" to determine profitable avenues for searching a tree. If two structural 

units do not fit together well or if they produce energetically unfavorable conformations 

then the join will not pass the critical evaluation criteria. The critics are based on 

observations of unstrained and slightly strained molecules. No conformations would be 

produced for highly strained molecules using the default critics, and empirical 

determination of critics which would allow construction of such systems is a challenging 

process. Critics are not necessary in a non-deterministic search such as GA or SA. These 

methods simply seek the best possible solutions. Highly strained molecules such as diethyl 

tetracyclo[2.2.1.03,5.02,6]heptane-2,3-dicarboxylate can be assembled from the optimal 

combination of templates (Figure 9). 
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Figure 9. One conformation of diethyl tetracyclo[2.2.1.03,5.02,6]heptane-2,3-

dicarboxylate produced by Wizard III. The tetracycle was constructed from cyclopentane, 

cyclobutane, and two cyclopropane templates. 

Implementation and Testing 

Wizard III is written in ANSI C and has been tested on a variety of Unix TM and 

Macintosh TM platforms. It has a simple command line interface, and processes input and 

output files via routines linked in directly from the Babel program, 21 a file format 

conversion utility. Although input files have been restricted to those containing explicit 

bond order information, no such limitation has been placed on output formats. 
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Conformations generated by Wizard can be written out in any format supported by the 

Babel program. 

An evaluation of Wizard's performance on a benchmark set of compounds will be 

communicated in a future publication. 

Summary 

A new model building conformational search program, Wizard III, is described. 

The perception and mapping algorithms are capable of describing molecular systems that 

previous model building programs could not. The use of non-deterministic search 

algorithms to direct the assembly process has provided a means of constructing highly 

strained molecules. 
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