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ABSTRACI' 

Medium- and large-sized cycloalkanones with adjacent fused cyclopropyl rings are 

excellent substrates for highly diastereoselective reactions. We attribute the high selectivity 

of these reactions to local conformational rigidity around the stereo genic cyclopropane ring 

in these otherwise flexible systems. Addition of a variety of nucleophiles to these 

compounds, where the large ring ranged from eight- to 16-membered, gave cyclopropyl 

carbinols with >20: 1 stereoselectivity. Crystallographic analysis of the products in several 

cases confirmed that the favored approach of the nucleophile is anti to the geometry of the 

ring fusion. 

This ability of the cyclopropyl ring to direct stereoselective reactions at carbonyl 

was extended to carbon atoms further around the parent ring. In initial studies, alkylations 

of bicyclo[6.1.0]nonan-2-one lithium enolate gave single a-alkyl ketone diastereomers. 

These and other bicyclic ketones have been converted to the respective a,p-unsaturated 

ketones and extremely high diastereoselectivity in 1,2-additions to these compounds was 

observed, giving the respective allylic cyclopropyl carbinols. Additionally, Michael and 

cuprate additions to these enones gave 1,4-adducts in good yield, with diastereoselectivity 

dependent on the specific reaction and the ring size. 

Molecular mechanics calculations were performed to model the ground state 

conformations of the starting ketones and enones in these reactions. In the large ensemble 

of conformers found in each ring size, conformers lowest in energy all tended to expose 

one face of the carbonyl to the surroundings. For enones, anchoring of the olefin resulted 

in conformers exhibiting both s-cis and s-trans configurations. For reactions where 

assumption of early transition states is appropriate, ground state conformers can be used as 

general, predictive models for diastereoselection. The generalization of these computational 

results makes our approach to medium and large ring functionalization a powerful tool for 

the synthesis of medium and large carbocyclic natural products. 
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CHAPTER 1. ThITRODUCTION 
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1.1 Stereoselectivity in Medium- and Large-Ring Compounds 

The achievement of stereoselectivity in synthetic transformations is a fundamental 

endeavor in chemistry. Our desire to produce isomerically pure materials is at least as old 

as our understanding of the tetravalent nature of carbon--the very principle which defines 

the stereoisomerism of organic compounds. Research into stereoselective processes has 

been a driving force for advancement in many important areas of chemistry. The 

stereoisomerism of tetrahedral centers was the foundation of our understanding of optical 

activity, and has motivated enormous efforts into the development of enantioselective 

synthesis via naturally occurring substrates as well as via chiral auxiliaries and catalysts. 

The principles of optical isomerism continue to be used at the forefront of research into 

biological and synthetic macromolecular species, many with helical structures, and into 

complex supramolecular assemblies. Geometrical isomerism is the central theme of the 

innumerable scientific techniques for assembling, purifying and analyzing alkenes and 

cyclic compounds. Since the present work is primarily concerned with the geometrical 

isomerism of ring compounds, a more detailed discussion of stereoselective processes in 

cyclic systems is in order. 

Monocyclic structures have two faces, and because methylenes are tetravalent, a 

substituent can be attached to the ring on one or the other face. This is true even in the case 

of large, flexible rings, and is easily recognized since the molecule can be projected in a 

planar form analogous to a Fischer projection. When more than one ring atom bears a 

substituent, as pictured in Figure lA, the relative orientation is termed cis if two 

substituents are on the same side (a and b) and trans if they are on opposite sides(a and c). 
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Figure 1. Cis and Trans Configurational Isomerism 

b 

anti 
A B 

If the adjacent ring substituents a and c are joined to form a fused ring system, as in Figure 

1B, the configuration of the ring fusion is trans. Addition reactions occurring adjacent to a 

ring fusion are said to occur either syn or anti with respect to it. The selective formation of 

cyclic compounds with cis or trans substituents is a question which has challenged the 

synthetic chemist ever since this isomerism was first understood. 

At sp3 hybridized centers in planar ring systems, attached substituents will be 

oriented nearly perpendicular to the plane of the ring (as illustrated in Figure 2), while at 

sp2 centers, the electron density associated with the p-orbitals is perpendicular to the plane 

of the ring. As a consequence, substituents tend to block reactions from occurring on the 

same face of the ring--syn-addition--and favor reaction at the opposite face--anti-addition. 

Figure 2. Configuration of sp2 Centers on Planar Rings 

syn 

n 
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As ring size increases beyond the common sizes, however, an interesting change 

occurs in the disposition of functional groups. The electron density associated with p 

orbitals extends equatorially from the ring as is seen in Figure 3. This results in one face of 

the 1t-system being shielded by the bulk of the molecule and the other face being exposed to 

unhindered peripheral approach of reagents. 

Figure 3. Configuration of sp2 Centers on Medium and Large Rings 
R 

< 

Substituents on such systems exert little direct steric hindrance. Their effect is rather to 

hinder inversion of the ring and exposure of the opposite face of the sp2 center to the 

periphery. The consequences of this tendency of substituted medium and large rings to 

expose a single face of a reactive center to intermolecular reactants can result in extremely 

highly diastereoselective transformations. 

The first recognition of this conformational biasing effect rationalized highly 

diastereoselective manipulations of a 10-membered ring Cl,p-unsaturated ketone by 

examining low-energy conformers of the starting material. 1 Numerous other examples of 

medium and large ring stereocontrol are to be found in the chemical literature: the effect is 

seen in oxidation of 0Iefins,2-12 catalytic reduction of olefins, 13-16 addition of nuc1eophiles 

to carbonyl carbons,3,17-22 alkylation of ketone and ester enolates,1,15,16,23-27 and 

conjugate addition to Cl,P-unsaturated carbonyls.l,16,28 This topic is the subject of several 

reviews. 16,29 
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Traditional conformational analysis of common ring systems relies on a set of 

principles which dictate what conformations are preferred, what directions of attack on 

these conformations will be favored, and what product conformers will be more stable. 

Thus all organic chemists are familiar with, for example, the chair- and boat-cycIohexane 

conformers. The formulation of qualitative rules for conformational analysis of medium 

and large ring-containing compounds is complicated, however, by the high flexibility of 

these structures. There are too many degrees of freedom in even an eight-membered ring to 

give a simple description of all of the possible stable conformers and estimate their relative 

energies. This problem was addressed in the early synthetic work of Still by the use of 

computer modeling to visualize the conformers of substrates. The use of computer 

modeling by Still and others has led to significant developments in the algorithms and force 

fields used to search for and model conformations of highly flexible structures. 16,30-34 

1.2 Stereoselectivity in Medium- and Large-Ring a,~-CycIopropyl Ketones 

The ability to use sp2 centers to achieve high diastereoselectivity in manipulations of 

medium and large cyclic compounds is a consequence of the rigid, planar arrangement of 

this group's substituents. Very nearly the same array of attachment points is seen in the 

cycIopropyl group: 
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Consistent with the well-known analogy between the double bond and the three-membered 

ring, adjacent substituents on a cyclopropane ring are nearly coplanar, and in a 

bicyclo[m.l.0]alkane, tend to be oriented perpendicular to the plane of a medium- or large

sized ring: 

This consequence of the geometry of the three-membered ring makes it a particularly useful 

stereogenic unit in manipulations of bicyclo[m.l.0] systems. The present work 

demonstrates the utility of the cyclopropyl ring conjugated with an adjacent carbonyl in 

synthetically differentiating the faces of the larger ring. 

Stereochemical consideration of bicyclo[m.l.0]alkan-2-ones of general structures 1 

and 2 reveals the following useful characteristics: the ring fusion is a center of asymmetry 

and yet has an olefin-like substituent array; the conjugative overlap between the 

cyclopropane and carbonyl hinders rotation about the single bond connecting them thus 

extending the conformational rigidity of the ring fusion to the carbonyl; finally, both of 

these groups can be functionalized using a wide variety of synthetic transformations. 

o 

1 2 
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1.3 Synthesis and Use of Enantiomerically Pure Bicyc1o[m.l.0]alkan-2-ones 

Extensive work over many years in this laboratory has outlined efficient 

methodology for the preparation of enantiomerically pure bicyc1o[m.l.0]alkan-2-ones with 

both cis- and trans-ring fusions, and in ring sizes where m = 3_14.35,36 The availability of 

these materials in a wide variety of sizes and in either enantiomeric series makes them 

especially useful sources of chirality for enantioselective synthesis. 

An outline of the methodology for their preparation is given in Scheme 1. 

Simmons-Smith cyclopropanation of chiral ene-ketals 3a and 3b gives the corresponding 

cyc1opropyl ketals, 4a and 4b, with high diastereoselectivity. Hydrolysis of these ketals 

gives the desired ketones, 1 and 2, and allows recovery of the C2-symmetric chiral 

auxiliary. 

Scheme 1. Preparation of Enantiomerically Pure Bicyc1o[m.l.0]alkan-2-ones 

R)---(.R 

Q 
3a 

3b 

Zn(Cu), CH~2 

12, K 2C03 
Ether, !J. 

Zn(Cu), CH~2 

12, K 2C03 
Ether, !J. 

• 

R)---(.R 
0 

Q .... HCI, MeOH 
• Q .... ,,' 

" .,." n 
n 

4a 1 

HCI,MeOH 

4b 2 
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These materials have been used as starting materials in syntheses of several natural 

products.37-41 These procedures utilized the cyclopropyl group only as a means to 

introduce an enantiomerically pure methyl or alkyl branch by opening of the three

membered ring immediately after its formation. 

The central thesis of the present work is that a fused three-membered ring strongly 

influences the conformational behavior of medium and large carbocycles, and that this 

conformational anchoring of the intact cyclopropyl ring can be used to effect 

diastereoselective reactions at the carbonyl carbon and at other positions around the ring. 

This proposition was tested by observation of the diastereoselectivity of 1,2-addition 

reactions at the carbonyl carbon of bicyclo[m.1.0]alkan-2-ones, and of 1,2- and 1,4-

addition reactions on bicyclo[m.l.0]alk-3-en-2-ones. The results of these reactions are 

considered in the light of molecular mechanics calculations which model the low-energy 

conformers of the starting materials in these reactions. 
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CHAPTER 2. COMPUTATIONAL MODELING 
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2.1 Introduction to Molecular Mechanics 

The systems we wish to examine in model form are cycloalkanones and 

cycIoalkenones with a cycIopropyl ring adjacent to the carbonyl. The carbocycles of 

interest range in size from five-membered to 16-membered. Because of the large size of 

some of the molecules, and because these are highly flexible--potentially exhibiting 

hundreds of distinct, low-energy conformers--quantum mechanical modeling techniques 

are impractical. The method best suited to this type of study is molecular mechanics. 

Molecular mechanics treats a molecule as a collection of classical forces. Bond 

lengths and bond angles are assigned equilibrium values according to the types of atoms 

involved. The potential energy contribution from each bond or angle is then calculated as a 

function of the deviation from the equilibrium value. Non-bonded interactions (the origin 

of what is thought of as "sterlc repulsion") are handled in a similar fashion, with a potential 

energy contribution calculated according to an appropriate function of the internuclear 

distance and stored van der Waals radii for the atoms involved. One of the most 

challenging problems faced by the mechanics method is treatment of the potential energy 

function for rotating about a bond. The overall torsional potential function, E(6), for a 

bond between two atoms, A and B, equals the sum of potential energy contributions from 

dihedral angles, <1>, from each substituent on A to each substituent on B: 

E(6) = L E( <l>i) (1) 
i 

For each dihedral angle, <l>i. the potential energy contribution is given by the series of 

parameterized cosine terms given in equation 2: 

E( <l>i) = ~1 (1 +cos <l>i) + i (1-cos 2<1>i) + ¥ (1 +cos 3<1>0 + ... (2) 
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where VI, v2, v3, etc. are parameters specific to the set of four atoms defining the 

dihedra1.42 Thus a one-fold torsional potential is characterized by a VI component to 

produce an energy maximum at 0° and minimum at 180°. In cases where a two-fold 

potential is indicated, such as for conjugation between adjacent 1t-systems, parameters are 

dominated by the V2 term--reproducing the expected low energy at dihedral angles close to 

0° and 180°, and high energy around 90°. For two adjacent sp3 centers, there are 9 

contributing dihedral angles. The potential energy function for each dihedral is dominated 

by the V3 term since this function is principally three-fold--high energy at 0°, 120° and 240°, 

and low at 60°, 180°, and 300°. 

Conventional parameters for mechanics calculations on cyclopropane-containing 

molecules consist of equilibrium bond lengths and bond angles for ring components. 

Modified parameters for non-bonded and torsional interactions are not generally needed 

since van der Waals radii are not significantly different in this system, and since bond 

torsions involving the ring atoms are adequately described by generic parameters for sp3 

carbons. The exception to be discussed here is the torsion between a cyclopropane and an 

adjacent 1t-system. The conjugative overlap between these groups results in a two-fold 

barrier to rotation about the bond connecting them, and modified torsional parameters are 

needed to accurately model such compounds. The specific systems considered here are 

cyc1opropyl carbonyls, represented by three model compounds, cyc1opropanecarboxaldyde 

(CC), cyc1opropyl methyl ketone (CMK), and cyc1opropyl vinyl ketone (CVK). The 

parameterization of each torsional function was performed by matching potential energy 

curves from experiment and ab initio calculations with those obtained in the mechanics 

calculation. 
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2.2 Background for Model Studies 

Previous studies of CC have identified two conformational energy minima. The s

cis conformer--wherein the carbonyl symmetrically eclipses the cyclopropane ring--was 

shown by IR and Raman spectroscopy to be lower in energy by 0.17 kcaVmol than the s

trans conformer.43 Experimental observation of torsional transitions in the far IR allowed 

estimation of the barrier between the two conformers at 4.3 kcaVmo1.43 Another report 

gave the barrier as 5.0 kcaVmol based on the electron-vibrational spectrum.44 A later 

computational study, at the RHF level using the 6-31G* basis set, gave a barrier of 5.7 

kcaVmo1.45 

For CMK, IR bands of only the s-cis conformer were observed in the gas 

phase.46,47 From this observation, it was inferred that the energy difference between the s

cis and s-trans conformers for CMK is much larger than for CC. Ab initio calculations at 

the MP2levei using the 6-31G* basis set indicated an energy difference of 3.13 kcaVmol 

between the s-cis and s-trans conformers.48 A lower limit of 2.7 kcaVmol for the barrier 

between the conformers was estimated from the observed torsional transitions.46 

Observations in the UV spectrum gave a range of 3.2-7.9 kcaVmo1.49 . A computational 

study of the saddle point conformation which lies between the s-cis and s-trans conformers 

gave a barrier of 6.54 kcaVmo1.48 

No experimental or theoretical data on the conformational behavior of CVK was 

available. 

2.3 Ab Initio Model Studies 

Ab initio calculations were performed on CC, CMK, and CVK to produce torsional 

energy profiles for use in development of mechanics parameters. All quantum mechanical 
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calculations were performed using Gaussian 9250 on ffiM 590 computers. Torsion driving 

studies were carried out by constraining the cyc1opropyl-carbonyl bond at 10° intervals 

between the s-cis and the s-trans conformers. Each conformer was optimized at the RHF 

level with the 3-21G basis set. The resulting geometries were then reoptimized with the 6-

31 G* basis set with electron correlation at the MP2 level. Results for these calculations are 

shown in Table 1 (in Hartrees). The energies at each torsional step relative to the lowest 

energy conformer are given in Table 2 (in kcaVmol) and are illustrated as potential energy 

curves in Figures 4-6 (A). 

Table 1. Ab Initio Energies for Cyc1opropyl-Carbonyl Torsions (Hartrees) 

CC CMK CVK 
Deg RHF/3-21G MP2I6-31G* RHF/3-21G MP2I6-31G* RHF/3-21G MP2/6-31G* 

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 Cyclopropyl-Carbonyl Torsions (kcallmol) 

CC CMK CVK 
Deg RHF/3-21G MP2I6-31G* RHF/3-21G MP2I6-31G* 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 

1I0 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 
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Figure 6. Parameter Development for CVK 
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As expected, CC has two low energy conformers, s-cis and s-trans. Our 

optimizations using MP2 electron correlation indicate that the energy difference between the 

two is 1.0 kcaVmol. This is 0.83 kcaVmol higher than the reported experimental value, and 

is 0.67 kcallmol higher than the value calculated at the RHF level using the same basis 

set.45 The barrier between the s-cis and the s-trans conformers was found to be 6.9 

kcaVmol, in reasonable agreement with the experimental values (4.0 and 5.3 kcaVmol)43,44 

and somewhat higher than the calculated value found at the RHF level (5.8 kcaVmol).45 

For CMK the calculated energy difference between the s-cis conformer (global 

minimum) and the s-trans conformer (local minimum) was 3.22 kcaVmol. The local energy 

minimum for the s-trans conformer was found by allowing optimization of the cyclopropyl

carbonyl torsion. This local minimum had a torsion angle of 172° rather than 180°. These 

results are in close agreement with previous work (energy difference 3.13 kcaVmol, local 

minimum at approximately 170°).48 The saddle point conformation which lies between the 

s-cis and s-trans conformers was located by a torsion driving study using a 0.5° resolution. 
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This conformation had a torsion angle of 105.5°. The energy of this structure was 7.32 

kcallmol higher than that of the s-cis conformer. 

A major complication in the study of CVK is the simultaneous torsional freedom of 

both the vinyl and cyclopropyl groups. As a simplification in the present work, the 

geometry for the vinyl-carbonyl torsion was initially s-cis. The largest observed torsional 

deviation from this geometry was 13°. This distortion was observed when the cyclopropyl

carbonyl torsion was at its energy maximum, and can be attributed to a repulsive interaction 

between the vinylic a-hydrogen and a ~-hydrogen on the cyclopropane. 

Energy minima for the cyclopropyl-carbonyl torsion of CVK were found at 0° and 

180°. The energy difference between the global minimum s-cis and the s-trans conformers 

of CVK, 2.71 kcaVmol, is lower than that observed for CMK. The barrier for conversion 

of the s-cis conformer to the s-trans conformer for CVK is 6.73 kcaVmol, 0.6 kcallmol 

lower than that for CMK. 

In all three cases, the optimized geometries showed a lengthening (by an average of 

1.3%) of the cyclopropane-carbonyl single bond and a slight shortening (by an average of 

0.3%) of the carbon-oxygen double bond as the torsion is moved from the conjugated 

configuration (9 = 0°) to the unconjugated configuration (9 - 90°). This observation is 

consistent with effects on bond order due to the expected cr-1t* overlap in these systems. 

2.4 Molecular Mechanics Parameterization 

Conventional parameterization of torsional potentials involves dividing the total 

energy up among all contributing dihedral angles. From ab initio calculations on each of 

the model compounds, the potential energy function, E(9), was found to be primarily two

fold. The complications involved in dividing contributions to a two-fold potential among 

the three a-substituents--each out of phase with the others--necessitated a simplification. 
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Only the dihedral angles between the cyclopropyl a-bonds and the carbonyl were used in 

evaluating the total potential. Thus, the mechanics calculation of the total torsional potential 

involves two simultaneous functions, E(<p), each out of phase with the symmetric torsion, 

a, by 36°. Hence E(a) = E(<Pl, cl>2) where <PI = a + 36° and <P2 = a-36°. 

Mechanics calculations were performed on a DECStation 5000/25 using BatchMin 

v.4.0.33 The BatchMin parameter set was first altered to remove any parameters which 

could affect cyclopropyl-carbonyl torsional energy. The resulting parameter set was used 

to calculate optimized energies for CC, CMK, and CVK at the same torsional increments 

used in the ab initio studies. These potential energy curves are shown in Figures 2-4 B. 

These energies were subtracted from the corresponding ab initio energies from Figures 2-4 

A to give the potential energy curves shown in Figures 2-4 C, representing the correction 

needed in the mechanics calculation for each compound. The values in these curves were 

fit to equation 2--the total torsional potential energy--using a nonlinear least squares fitting 

routine.Sl 

E(<pt. <P2) = ~1 (1+ cos <PI) + ~2 (1- cos 2 <PI) + T (1+ cos 3 <PI) 

+ ~1 (1+ cos <P2) + ~2 (1- cos 2 <P2) + i (1+ cos 3 <P2) (3) 
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Final iterative adjustments to the parameters vI, V2 and V3 then gave mechanics 

potential curves which closely fit those produced from ab initio calculations (See Figures 7-

9). The new torsional parameters derived in this manner for CC, CMK and CVK are given 

in Table 3. 

Table 3. 
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Figure 8. Cyclopropane-Carbonyl Torsion Angle vs. Energy for CMK 
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Implementation of these parameters in BatchMin was accomplished by listing the 

modified parameters in separate substructures, one for each different type of carbonyl 

compound. Listings of these substructures are given in Figures 10-12. The linear 

structure notation in the second line defines the substructure and its internal numbering. 

Thus, as an example, the definition of the CMK substructure is described below: 

50 6 

_~ I:f -~CH3 

H~~ 
H 

C3-C3(-C3-1)-C2(=02)-C3 
12345 6 

Atoms 1 and 3 are p-carbons, atom 2 is the a-carbon, and atom 4 is the carbonyl carbon of 

CMK. Parameters are listed according to the parts of the substructure and any attached 

substituents to which they apply. Bare numbers refer to atoms in the substructure, while 

substituents are referred to by element and hybridization. First are listed bond length 

parameters (lines beginning with 1) and angle parameters (lines beginning with 2) for 

typical cyclopropane geometries (taken from the standard parameter set). Repetition of 

some parameters is occasionally necessary to allow all possible mappings of the 

substructure numbering onto a real example. Next are listed torsional parameters (lines 

beginning with 4). Most of these are taken directly from the standard parameter set and are 

applied to dihedrals involving nonconjugated substituents. For example, dihedrals for an 

sp3 carbon attached anywhere on the cyc1opropyl ring are mapped by the first torsional 

parameter lines listed in each substructure: 

4 1 2 C3 H1 
4 1 3 C3 H1 

0.0000 
0.0000 

0.0000 
0.0000 

0.1200 
0.1200 

These are treated as standard sp3-sp3 interactions (V3 = 0.12). The same parameter line is 

repeated under different numbering schemes two times--the first for attachment of the sp3 
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atom at C-2, and the second for attachment at either C-l or C-3. The parameters for the 

cyclopropane-carbonyl torsion are implemented by the line: 

41245 -1.6400 9.7600 -1. 3000 

By means of the ELST command, BatchMin provides a listing of each parameter 

used in any energy calculation. Careful examination of this listing will ensure mapping of 

all interactions in the evaluated structure with the correct parameters from the main 

parameter list and from the appropriate substructure. 
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Figure 10. The BatchMin Cyclopropane Carboxaldehyde Substructure 

C Cyclopropylaldehyde 
9 C3-C3(-C3-1)-C2(=02)-H1 

-2 
1 1 2 1.5010 4.4000 0.0000 
1 1 3 1. 5010 4.4000 0.0000 
1 1 C2 1.4670 4.4000 -0.1500 
1 1 C3 1.5050 4.4000 0.1500 
1 1 H1 1.0860 4.6000 0.0000 
2 1 2 3 60.0000 0.4500 
2 2 3 1 60.0000 0.4500 
2 1 2 H1 119.7000 0.3600 
2 H1 1 2 119.7000 0.3600 
2 H1 1 3 119.7000 0.3600 
2 1 2 C3 118.2000 0.6000 
2 2 1 C3 118.2000 0.6000 
2 3 1 C3 118.2000 0.6000 
2 1 2 C2 118.2000 0.6000 
2 1 2 4 118.2000 0.6000 
2 H1 2 4 118.2000 0.6000 
2 C2 2 1 118.2000 0.6000 
2 H1 1 H1 120.6000 0.3200 
2 C3 1 H1 123.5000 0.3600 
2 C2 2 H1 123.5000 0.3600 
2 C3 1 C3 120.0000 0.4500 
2 1 C3 C3 112.4000 0.4500 
4 1 2 C3 H1 0.0000 0.0000 0.1200 
4 1 3 C3 H1 0.0000 0.0000 0.1200 
4 1 2 C3 C3 0.3000 0.0000 0.4500 
4 1 3 C3 C3 0.3000 0.0000 0.4500 
4 3 1 C3 C3 0.3000 0.0000 0.4500 
4 6 C3 1 3 0.3000 0.0000 0.4500 
4 6 C3 3 1 0.3000 0.0000 0.4500 
4 1 2 4 5 -0.9500 9.5000 -0.6500 
4 1 2 4 6 0.0000 0.0000 0.0000 
4 C3 1 C3 H1 0.0000 0.0000 0.6900 
4 H1 1 C3 H1 0.0000 0.0000 0.6900 
4 C3 1 C3 C3 0.0000 0.0000 0.0000 
4 H1 1 C3 C3 0.0000 0.0000 0.2670 
4 H1 3 C3 C3 0.0000 0.0000 0.2670 
4 6 C3 1 H1 0.0000 0.0000 0.2670 
4 6 C3 3 H1 0.0000 0.0000 0.2670 
4 H1 2 4 5 0.0000 0.0000 0.0000 
4 H1 2 4 6 0.0000 0.0000 0.0000 
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Figure II. The BatclzMin Cyclopropyl Methyl Ketone Substructure 

C Cyclopropylrnethylketone 
9 C3-C3(-C3-1)-C2(=02)-C3 

-2 
1 1 2 1. 5010 4.4000 0.0000 
1 1 3 1. 5010 4.4000 0.0000 
1 1 C2 1. 4670 4.4000 -0.1500 
1 1 C3 1. 5050 4.4000 0.1500 
1 1 H1 1. 0860 4.6000 0.0000 
2 1 2 3 60.0000 0.4500 
2 2 3 1 60.0000 0.4500 
2 1 2 H1 119.7000 0.3600 
2 3 2 4 118.2000 0.6000 
2 1 2 4 118.2000 0.6000 
2 H1 2 4 118.2000 0.6000 
2 H1 1 2 119.7000 0.3600 
2 H1 1 3 119.7000 0.3600 
2 1 2 C3 118.2000 0.6000 
2 2 1 C3 118.2000 0.6000 
2 3 1 C3 118.2000 0.6000 
2 1 3 C3 118.2000 0.6000 
2 1 2 C2 118.2000 0.6000 
2 C2 2 1 118.2000 0.6000 
2 H1 1 H1 120.6000 0.3200 
2 C3 1 H1 123.5000 0.3600 
2 C2 1 H1 123.5000 0.3600 
2 C2 2 H1 123.5000 0.3600 
2 C3 1 C3 120.0000 0.4500 
2 1 C3 C3 112.4000 0.4500 
4 1 2 C3 H1 0.0000 0.0000 0.1200 
4 1 3 C3 H1 0.0000 0.0000 0.1200 
4 2 4 6 H1 0.0000 0.0000 -0.2000 
4 2 4 6 CO 0.0000 0.0000 0.0000 
4 5 4 6 CO -0.9600 1. 0800 -1.0800 
4 5 4 6 H1 0.0000 0.0000 0.0000 
4 1 2 C3 C3 0.3000 0.0000 0.4500 
4 1 3 C3 C3 0.3000 0.0000 0.4500 
4 6 C3 1 3 0.3000 0.0000 0.4500 
4 6 C3 3 1 0.3000 0.0000 0.4500 
4 3 1 C3 C3 0.3000 0.0000 0.4500 
4 1 2 4 5 -1. 6400 9.7600 -1. 3000 
4 1 2 4 6 0.0000 0.0000 0.0000 
4 C3 1 C3 H1 0.0000 0.0000 0.6900 
4 H1 1 C3 H1 0.0000 0.0000 0.6900 
4 C3 1 C3 C3 0.0000 0.0000 0.0000 
4 H1 1 C3 C3 0.0000 0.0000 0.2670 
4 6 C3 1 H1 0.0000 0.0000 0.2670 
4 6 C3 3 H1 0.0000 0.0000 0.2670 
4 H1 3 C3 C3 0.0000 0.0000 0.2670 
4 H1 2 4 5 0.0000 0.0000 0.0000 
4 H1 2 4 6 0.0000 0.0000 0.0000 
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Figure 12. The BatchMin Cyclopropyl Vinyl Ketone Substructure 

C Cyclopropylvinylketone 
9 C3-C3 (-C3-1)-C2 (=02)-C2 

-2 
1 1 2 1. 5010 4.4000 0.0000 
1 1 3 1. 5010 4.4000 0.0000 
1 1 C2 1. 4670 4.4000 -0.1500 
1 1 C3 1. 5050 4.4000 0.1500 
1 1 H1 1. 0860 4.6000 0.0000 
2 1 2 3 60.0000 0.4500 
2 2 3 1 60.0000 0.4500 
2 1 2 H1 119.7000 0.3600 
2 H1 1 2 119.7000 0.3600 
2 H1 1 3 119.7000 0.3600 
2 1 2 C3 118.2000 0.6000 
2 2 1 C3 118.2000 0.6000 
2 3 1 C3 118.2000 0.6000 
2 1 3 C3 118.2000 0.6000 
2 1 2 C2 118.2000 0.6000 
2 1 2 4 118.2000 0.6000 
2 H1 2 4 118.2000 0.6000 
2 C2 2 1 118.2000 0.6000 
2 H1 1 H1 120.6000 0.3200 
2 C3 1 H1 123.5000 0.3600 
2 C2 2 H1 123.5000 0.3600 
2 C3 1 C3 120.0000 0.4500 
2 1 C3 C3 112.4000 0.4500 
4 1 2 C3 H1 0.0000 0.0000 0.1200 
4 1 3 C3 H1 0.0000 0.0000 0.1200 
4 4 6 C2 00 0.0000 15.0000 0.0000 
4 H1 6 C2 00 0.0000 15.0000 0.0000 
4 2 3 C3 CO 0.3000 0.0000 0.4500 
4 1 3 C3 CO 0.3000 0.0000 0.4500 
4 2 1 C3 CO 0.3000 0.0000 0.4500 
4 6 C3 1 3 0.3000 0.0000 0.4500 
4 6 C3 3 1 0.3000 0.0000 0.4500 
4 1 2 4 5 -1. 2700 9.1600 -1.4000 
4 1 2 4 6 0.0000 0.0000 0.0000 
4 2 4 6 H1 0.0000 1.7500 0.0000 
4 5 4 6 H1 0.0000 1.7500 0.0000 
4 2 4 6 CO 0.8300 1. 7500 0.8300 
4 5 4 6 CO 0.8300 1.7500 0.8300 
4 C3 1 C3 H1 0.0000 0.0000 0.6900 
4 H1 1 C3 H1 0.0000 0.0000 0.6900 
4 H1 3 C3 H1 0.0000 0.0000 0.6900 
4 H1 1 C3 co 0.0000 0.0000 0.2670 
4 H1 3 C3 co 0.0000 0.0000 0.2670 
4 6 C3 1 H1 0.0000 0.0000 0.2670 
4 6 C3 3 H1 0.0000 0.0000 0.2670 
4 H1 2 4 5 0.0000 0.0000 0.0000 
4 H1 2 4 6 0.0000 0.0000 0.0000 



37 

2.5 Conformational Analysis 

Computational molecular modeling techniques typically allow some type of 

geometry optimization process to be applied to the model. Iterative changes in structural 

features such as bond lengths, bond angles, and torsions results in a stable, low energy 

conformation. Careful attention must be paid, however, to systems for which more than 

one stable conformer can exist. Optimization will only give the low energy geometry 

nearest to the input geometry. In order to model the conformational hyperspace for a 

flexible molecule, a thorough conformational search algorithm is required. The program 

BatchMin has available a Monte Carlo conformational search module which has been used 

in this study of bicyc10[m.l.0]alkan-2-ones and bicyclo[m.l.0]alk-3-en-2-ones to locate 

complete ensembles of low energy conformers. During each cycle of the search process a 

random conformational change is introduced into the structure, which is then reoptimized to 

a stable conformer using the molecular mechanics force field. Each conformer generated in 

this way is checked against those previously stored. Duplicate conformers are discarded, 

while unique conformers are stored, and the process proceeds from the last stored 

geometry. To avoid missing any significant low energy conformers, jobs are allowed to 

run until significant repetition of low energy conformers is seen. Typical Monte Carlo runs 

for medium-sized rings generate 104 conformers in the process of finding on the order of 

102 unique conformers. 

For any bicyclic ketone of interest, each conformer generated in this way is in 

eqUilibrium with the global minimum conformer: 

Keq ... 
confi 'C confo (4) 

The concentration of each conformer relative to the lowest energy conformer, designated as 

Fj, is given by the equilibrium constant, 



and therefore 

p. _ [confj] _ 1('" __ 

1- [confO] - £""eq 
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(5) 

(6) 

where ~ is the calculated mechanics energy difference between conformer i and the global 

minimum (this assumes AS between conformers is small). The proportion of the total 

sample which is in conformer i at any given time is then found by dividing by the sum over 

all conformers: 

(7) 

Thus, conformational modeling provides structural information about low energy 

conformers, as well as an approximation of the percentage of the total material in each 

conformer. 

2.6 Conclusions 

The results of detailed ab initio calculations on model compounds have provided 

potential energy profiles for rotation about cyclopropane-carbonyl bonds in aldehydes, 

saturated ketones and enones. The interaction of these functional groups is characterized 

by energy minima in the s-cis and the s-trans conformations, and energy maxima between 

these conformations. The energy profiles for these torsions allowed formulation of 

molecular mechanics parameters with which a mechanics calculation can accurately model 

compounds containing cyclopropyl ketones and enones. This modeling tool has been 

applied to the conformers of medium and large carbocyclic (X,~-cyclopropyl ketones52 and 

(X,~-cyclopropyl-(XI,W-unsaturated ketones.53 The results of these studies are discussed in 

Chapters 3-5 in the context of their utility in rationalizing observed reactivity of these 

compounds under a variety of conditions. 
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CHAPTER 3. NUCLEOPHILIC ADDmON TO BICYCLO[M.l.0]ALKAN-2-0NES 
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3.1 Introduction.to Nucleophilic Addition 

The conversion of a ketone into the corresponding metal alkoxide by means of an 

alkyllithium or a metal hydride reagent is a kinetically controlled process.54 

Diastereoselectivity in such systems is determined by the relative energies of diastereomeric 

transition states and not by the stability of the diastereomeric products. The Hammond 

postulate55 confirms that such reactions are irreversible and proceed through relatively 

early, reactant-like transition states. In order to better understand transition states of 

nucleophilic addition reactions of bicyclo[m.l.0]alkan-2-ones, our general knowledge of 

the nature of the relevant transition states can be combined with specific knowledge of the 

conformations of the substrates (as discussed in the previous chapter) to give a qualitative 

picture. Reaction paths for various nucleophilic addition reactions can be approximated by 

the Biirgi-Dunitz angle,56 and applied to entire ensembles of low energy conformers for 

medium and large carbocyclic ketones. This process allows estimation of the relative 

energies of diastereomeric transition states by an easily accessible computational method 

combined with simple visual inspection of models. In this section, the results of the 

addition of nucleophiles to a variety of cyclopropyl ketones are presented in the light of 

selectivity predicted in this way. 

3.2 1,2-Additions to cis-Fused Bicyclo[m.1.0]alkan-2-ones 

Reports in the literature describing diastereoselective 1,2-additions of nucleophiles 

to cis-fused bicyclo[m.1.0]alkan-2-ones where m = 3, 4, 6 and 7, and are outlined in 

Figure 13. 
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Figure 13. Literature Precedents for Diastereoseleetive Nucleophilic Addition 

Reaction 

0 

~ Nu· .. 

.. 

~ Nu· 
~----i"'" 

a ~ 

'. " , .. ,( 

(5H 
III 

"~,I 

& 

& 

& 

(5.: 
" .",( 

N6U~ OH 
• IIII 

",,( 

(5H 
III 

"~,I 

C1
NU""OH 

-; 
" .. , 

Nucleophile Selectivity 

LiAlf457 9:1 

CHBr2Li58 9:1 

3:7 

49:1 

LiAlf462 99:1 

In the current study, addition of methyllithium to bicyclo[ 4.1.0]heptan-2-one gave a 

nearly 1: 1 ratio of the two inseparable diastereomers Sa and 5b as shown in Table 4. 

Modeling of this compound found that there are two conformers, la-I and la-2 (Figure 

14), within 6 kcaVmol. Population of these conformers at -78°C was calculated to be 55% 

and 45% respectively. Both conformers show the six-membered ring to be flattened with 

the cyclopropane ring in a pseudo-axial orientation and the carbonyl in a pseudo-equatorial 

orientation. In these conformers the faces of the carbonyl appear to be comparably 

accessible (double arrows). This leads to prediction of poor selectivity--a conclusion 

consistent with all experimental results for this ring size. 
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Table 4. Additions of Nucleophiles to BicycIo[m.1.0]alkan-2-ones 1a-e 

Reaction Nuel. Product, Ratioa,b 
% Yield 

0 NOH HeS Nu· 6 .... • '" & '" MeLi 5,50c 1:1 ,.( \\,:< \\,:' 
" 

1a Sa 5b 

0 (5H (5 Nu' 6"" • 
II"t 

& '','\ MeLi 6, 88 2:5 " " ..... , .. 
" " 

1b 6a 6b 

0 OH 0" LAH 7, 99 >20:1 
, "" 

" MeLi 8,99 >20:1 Nu· O~ & "I, n-BuLi 9, 92 >20:1 ",,( • ",,( ",,( 
PbMgBr 10, 95 22:1 

Ie 7a-12a 7b-12b VinylMgBr 11, 99 >20:1 
n-BuCECLi 12,98 >20:1 

a Ratio of isolated less polar and more polar diastereomers or limit of detection by 62.9 MHz l3e NMR 
spectroscopy. b Unless noted, all pairs of diastereomers observed were chromatographically separable--see 
Experimental Section. C Ketone la and carbinols Sa and 5b were chromatographically inseparable. 
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Figure 14. Nucleophilic Addition to Bicyclo[4.1.0]heptan-2-one la 

Reactant Conformers Product Diastereomers 

.. 

la-I (55 %) 

x 5a-l E = 17.3 KcaVmol 

.. 

la-2 (45 %) Sb-l E = 17.5 KcaVmol 

Going from la to lb increases the number of conformers within 6 kcallmol of the 

minimum energy conformer from two to 12. The two conformers of lb with the lowest 

energy, lb-l and lb-2 (Figure 15), account for 59% and 32% of the material respectively 

and appear to expose opposite faces of the carbonyl to reagent approach (Le. along the 

double arrows in Figure 15). 
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Figure 15. Nucleophilic Addition to Bicyclo[5.1.0]octan-2-one Ib 

Reactant Conformers Product Diastereomers 

Ib-l (59 %) 6a-l E = 21.0 KcaVmol 

Ib-2 (32 %) 6b-l E = 23.0 KcaVmol 

Nuc1eophile approach to lb-l would preferably be to the si-face of the carbonyl, leading to 

addition syn to the cyclopropane ring. Preferential approach to the re-face of the carbonyl 

of conformer Ib-2 would lead to the anti-adduct. These modeling results lead to the 

prediction that product diastereomer 6b will be formed in preference to 6a--in agreement 

with the 5:2 experimental diastereoselectivity found for methyllithium addition.36 The 

relative configurations of diastereomers 6a and 6b were unambiguously assigned by 

synthesis of (±)-(1R* ,2S*, 7 S*)-2-methylbicyclo[5 .1.0]octan-2-ol, 6a, via directed 

cyclopropanation of 3-hydroxy-3-methylcycloheptene (8):63,64 
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HCSC;OH 
Zn(Cu) CH2I2 "", .' -------------.. ~ 

8 6a 

This reaction gave in 52% yield a single product diastereomer which was identical to minor 

adduct 6a by TLC, IH NMR and 13C NMR. 

From molecular modeling it appears that the lowest energy conformers of the syn

and anti-methyl diastereomers differ in energy by 2 kcallmol (Figure 15). The model of the 

major product of the reaction, 6b, is in fact higher in energy than the minor product, 6a. 

This is consistent with the postulate that methyllithium addition is under kinetic control. 

Literature precedent had established that reaction of hydride nucleophiles with 

bicyclo[6.1.0]nonan-2-one proceeds via addition nearly exclusively anti with respect to the 

cyclopropane substituent.61 However, no generality had been established for addition of 

other nucleophiles to this ketone. Addition of a variety of nucleophiles to (lR,8S)

bicyclo[6.1.0]nonan-2-one (le)36 gave diastereoselectivities greater than 20: 1, the limit of 

detection by 13C-NMR (see Table 4). The major product was the diastereomer arising 

from anti-addition in agreement with literature precedent and with the conformational 

analysis described below. 

Conformational analysis of Ie found two low energy conformers (shown in Figure 

16), accounting for >99% of the occupied conformers, both of which have pseudo

equatorial cyclopropyl groups and pseudo-axial carbonyls and both of which clearly favor 

nucleophile approach to the re-face of the carbonyl, resulting in anti-addition. 
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Figure 16. Nucleophilic Addition to Bicyclo[6.1.0]nonan-2-one Ie 

Reactant Conformers Product Diastereomers 

Ie-I (79 %) 9a-l E =24.5 Kcallmol 

lc-2 (21 %) 9b·l E = 27.9 Kcallmol 

In addition to the nucleophiles listed in Table 4, this substrate was reacted with 

lithiomethylsulfoximine 1465 as is outlined in Table 5. Because the known N,S-dimethyl

S-phenylsulfoximine used in the reaction was 85% enantiomerically pure, it is assumed that 

Table 5. Addition of Lithiosulfoximine 14 to Bicyclic Ketone Ie 

ReactionQ,b Product, RatioC 
% Yield 

0" /.NCH3 
o~ /.NCH3 o~ /.NCH3 
"s ., "s ., 

s" 

crd~ 0"'6" 0 0'" 'CH2U 

14,88%ee & III 
15,97 1:10 C>, ,\,( a ",( ",c 

Ie 15a 15b 
Q The sulfoximine (14) used was ca. 85% ee; b Conditions: 14 (3 eq.), n-BuLi (3 eq.), THF -78°C; 
C Ratio of isolated less polar and more polar diastereomers. 
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the two diastereomers formed in this reaction differ in configuration at sulfur. The relative 

stereochemistry of the major product diastereomer, ISb, was determined by single-crystal 

X-ray analysis. The structure of this compound (see Figure 17) clearly shows the anti 

relationship between the nucleophile-derived substituent and the cyclopropane ring. This 

crystal structure also provides the first unambiguous assignment of the absolute 

configuration of Ic.79 

Figure 17. Ball-and-Stick and ORTEP Drawings of ISb 
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In the addition of phenyl magnesium bromide to Ie (Table 4), the reaction was 

performed on a scale sufficiently large to allow isolation of the minor diastereomer. The 

ratio of the isolated yields of the major, less polar diastereomer, lla, to the minor, more 

polar diastereomer, Ub, was 22:1. These diastereomeric products were readily separable 

from one another by column chromatography (a = 1.8). The large difference in 

chromatographic mobility may be rationalized by analogy to the geometries of the 

diastereomeric methyl adducts9a-l and 9b-l (Figure 16). In the less polar anti-adduct, 

the hydroxyl group is in a pseudo-axial orientation, surrounded by three ring hydrogens 

and the methyl group. The more polar syn-adduct, on the other hand, has the hydroxyl 

extending in a pseudo-equatorial orientation away from the ring, suggesting a greater ability 

to hydrogen bond to a polar chromatographic stationary phase. 
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Additions of nuc1eophiles to several larger cis-fused bicyclic ketones, Id-lg, are 

outlined in Table 6. 

Table 6. Additions of Nuc1eophiles to Bicyc1o[m.l.0]a1kan-2-ones Id-g 

Reaction Nuel. Product, Ratioa,b 
% Yield 

0 

2)" C)U Nu' c) .... I,::C '" ",,( • & ",:( MeLi >20:1 .' 16, 68 
Id 16a 16b 

0 (?&sJ tp> Nu' LiAlH4 17, 88 >20:1 
• 

VinylMgBr 18, 57 1:72 

Ie 17a, 18b 17b,18a 

a~a· 6 LiAU4 19,96 >20:1 

VinylMgBr 20,78 57:1 

If 19a-20a 19b-20b 

0 0: {/ o~ ::::c ",,( ",,,c 
Nu' - & MeLi 21,94 >20:1 

19 21a 21b 
a Ratio of isolated less polar and more polar diastereomers or limit of detection by 62.9 MHz 13C NMR 
spectroscopy. b All pairs of diastereomers observed were chromatographically separable--see Experimental 
Section. 

Treatment of (lR,9S)-bicyclo[7.1.0]decan-2-one (ld) with methyllithium produced 

cyclopropylcarbinol diastereomer 16a exclusively.36 This diastereoselectivity is 

comparable to that reported by Winstein for LiAlH4 reduction of racemic Id.62 The 

calculated ground-state conformers of this ketone were dominated by three geometries 
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(Figure 18), accounting for more than 99% of the material. In all three occupied 

conformers, anti-addition is predicted since adoption of the favored s-cis cyclopropane

carbonyl torsion exposes the re-face of the 7t-system. 

Figure 18. Nucleophilic Addition to Bicyclo[7.1.0]decan-2-one Id 

Reactant Conformers 

Id-l through Id-3 (99 %) 

Treatment of (IS,12R)-bicyclo[1O.1.0]tridecan-2-one (Ie) with LiAIH4 gave a 

single product diastereomer, 17a (see Table 6), tentatively assigned the relative 

configuration shown (from attack anti to the cyclopropane) based on computational 

modeling of the starting material. Reaction of Ie with vinylmagnesium bromide provided 

two diastereomers, separable by column chromatography, in a 72: 1 ratio. Assignment of 

the relative stereochemistry of the minor, less polar diastereomer, 18b, and the major, 

more polar diastereomer, 18a, as shown in Table 6 is tentative, and is based on 

conformational modeling of the starting ketone. The first six calculated low energy 

conformers of Ie are shown in Figure 19. These conformers account for 92% of this 

compound; all six conformers display a nearly symmetrical s-cis cyclopropyl ketone 
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orientation (the average deviation from s-cis is -20°); and all would favor approach to the 

si-face of the carbonyl, anti-to the cyclopropane (double arrow). 

Figure 19. Nucleophilic Addition to cis-Bicyclo[1O.1.0]tridecan-2-one Ie 

Reactant Conformers 

le-l through le-6 (91 %) 

Additions of LiAI14 and vinylmagnesium bromide to (lS,15R)-bicyclo[13.1.0] 

hexadecan-2-one (If) at -78°C were performed and the results are summarized in Table 6. 

These reactions exhibited high selectivity--a single diastereomer was observed in LiAl14 

reduction, and a 51:1 ratio of diastereomers was observed in Orignard addition. The six 

lowest-energy geometries of If (Figure 20) are dominated by the stable s-cis orientation of 
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the cyclopropane-carbonyl torsion (the average deviation from s-cis is 9°). These 

conformers should favor anti-approach in 1,2-addition. In both cases the major product 

(anti-addition) was less polar than the minor product (syn-addition). This is consistent 

with the observation that the product derived from pseudo-equatorial (anti-) addition-

exhibiting a pseudo-axial hydroxyl--will be less polar than product derived from pseudo

axial (syn-) addition--exhibiting a pseudo-equatorial hydroxyl. 

Figure 20. Nucleophilic Addition to cis-Bicyclo[13.1.0]hexadecan-2-one If 

Reactant Conformers 

If-I through If-6 (74 %) 
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In the case of the 16-membered ring, reaction of (IS, 16R)

bicyclo[14.1.0]heptadecan-2-one (lg) with methyllithium (Table 6) gave a single 

diastereomeric product36 which was assigned the relative configuration shown with the 

methyl group anti to the cyclopropane. Six low energy conformers of this material are 

shown in Figure 21, all of which clearly favor pseudo-axial approach to the re-face of the 

carbonyl. 

Figure 21. Nucleophilic Addition to cis-Bicyclo[14.1.0]hexadecan-2-one 19 

Reactant Conformers 

19-1 through 19-6 (74 %) 
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3.3 1,2-Additions to trans-Fused Bicyclo[m.1.0]alkan-2-ones 

There have been no reports in the literature relevant to the diastereoselectivity of 

1,2-addition to trans-fused bicyclo[m.l.0]alkan-2-ones. 

Table 7. 

2a 

0 

6 
2b 

2c 

0 

2d 

Additions of Nucleophiles to Bicyclo[m.l.0]alkan-2-ones 2a-d 

Reactiona 

& 

22a 22b 

HO Nu 

2S {3 
:-

Nu· 
& 

23a-28a 23b-28b 

& 

29a 29b 

& 

30a-35a 30b-35b 

Nuel. 

MeLi 

LAH 
MeLi 

n-BuLi 
PhMgBr 

VinylMgBr 
n-BuC=CLi 

MeLi 

LAH 
MeLi 

n-BuLi 
PhMgBr 

VinylMgBr 
n-BuC=CLi 

Product, Ratiob.c 
% Yield 

22, 99 >20:1 

23, 96 31:1 
24, 87 >20:1 
25, 54 >20:1 
26,97 194:1 
27, 95 43:1 
28, 98 50:1 

29, 90 >20:1 

30,98 36:1 
31,42 58:1 
32, 86 61:1 
33,88 >20:1 
34, 71 >20:1 
35,92 62:1 

a Conditions: Nu· (3 eq.), Et20 or THF, -78°C; Ratio of isolated less polar and more polar diastereomers 
or limit of detection by 62.9 MHz l3C NMR spectroscopy. C All pairs of diastereomers observed were 
chromatographically separable--see Experimental Section. 
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In order to extend our investigations of the stereogenic effect of the fused cyclopropane, a 

series of trans-fused bicyclic ketones, 2a-2d (Table 7), was subjected to a variety of 

nucleophilic additions. 

Addition of methyllithium to (lR,llR)-bicyclo[9.1.0]dodecan-2-one (2a) gave a 

single diastereomeric product (see Table 7).36 Although there is no rigorous proof of the 

relative configuration of the product, it has been tentatively assigned structure 22a, with 

the methyl group anti with respect to the ring fusion. This assignment is based on 

modeling. The first three low-energy conformers of bicyclic ketone 2a are shown in 

Figure 22. The cyclopropane ring is oriented pseudo-equatorially and the carbonyl, 

pseudo-axially in each conformer. The transition state derived by bringing a nucleophile 

close to the re-face of the carbonyl, anti to the ring junction, will clearly be lower in energy 

than the transition state with a nucleophile approaching the si-face, syn to the ring junction. 

Thus the predicted product is the anti-adduct, 22a. 

Figure 22. Nucleophilic Addition to trans-Bicyclo[9.1.0]dodecan-2-one 2a 

Reactant Conformers 

la-I through 2a-3 (96 %) 
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The experimental results for addition of a variety of nucleophiles to (1S,12S)

bicyclo[1O.1.0]tridecan-2-one (2b) are summarized in Table 7. In each case >20:1 

selectivity was observed, and in cases where both diastereomers were isolated, the major, 

less polar product was chromatographically separable from the minor, more polar product. 

The correlation of anti-adducts (23a.28a) with low polarity relative to syn-adducts (23b. 

28b) is again consistent with the assignment of the relative configuration of the products in 

Table 7. The low-energy conformers of 2b are shown in Figure 23. 

Figure 23. Nucleophilic Addition to trans-Bicyclo[1O.1.0]tridecan-2-one 2b 

Reactant Conformers 

2b·l through 2b·6 (81 %) 
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These conformers exhibit highly conjugated cyclopropyl-carbonyl systems (average 

deviation from s-cis configuration was 8°), and are predicted to favor anti-addition. 

Ketone 2b was also reacted with the chirallithiosulfoximine 14, as shown in Table 

8. In this reaction, significant kinetic selection of the major sulfoximine enantiomer over 

the minor enantiomer was seen since only 3% of the minor diastereomer, epimeric at 

sulfur, was formed from the -8% of the minor enantiomer present in the starting reagent. 

Analysis of the major product, 36a, by X-ray crystallography is being pursued in order to 

unambiguously establish both the relative stereochemistry of the addition and the absolute 

configuration of 2b. 

Table 8. Addition of Lithiosulfoximine 14 to Bicyclic Ketones 2b and 2d 

Reactiona,b Product, RatioC 
% Yield 

o~ I/NCH3 o~ ...:NCH3 

o~ ~NCH3 zs··o "s" 
0 s" 

zs~ {) a"" 'CH2LI 
~ ~ 

36,98 32:1 14,88%ee .. 
& 

2b 36a 36b 

0" "NCH3 O~ ,NCH3 
O~ "NCH3 ~s,·,o 's;' 

;.~ 
o····s~ HO FH2 ~ I H PH2 ~ I I CH2U 

.& 

14,88% ee 
& 37, 99 313:1 • 

2d 37a 37b 

a The sulfoximine (14) used was ca. 85% ee; b Conditions: 14 (3 eq.), n-BuLi (3 eq.), THF -78 DC; 
C Ratio of isolated less polar and more polar diastereomers. 
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As shown in Table 7, addition of methyllithium to bicyclo[ 11.1.0]tetradecan-2-one 

(2c) proceeded in excellent yield to give a single diastereomeric product, tentatively 

assigned the relative configuration indicated in 29a. The first six conformers of 2c are 

illustrated in Figure 24. These models indicate a preference for nucleophile approach to the 

re-face of the carbonyl. 

Figure 24. Nucleophilic Addition to trans-Bicyclo[11.1.0]tetradecan-2-one 2c 

Reactant Conformers 

2c-l through 2c-6 (72 %) 
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In like fashion, the variety of additions to bicyc1o[13.1.0]hexadecan-2-one 

presented in Tables 7 and 8 also exhibited high diastereoselectivity. In each case where 

both diastereomers were observed, they were easily separated. Sulfoximine derivative 37a 

was subjected to single crystal X-ray analysis, resulting in the structure80 illustrated in 

Figure 25, and in confirmation that addition of the nucleophile occurred anti to the ring 

fusion. 

Figure 25. Ball-and-Stick and ORTEP Drawings of 37a 
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The preference for addition anti to the ring fusion is predicted by observation that the low 

energy confonners of 2d (as illustrated in Figure 26) all expose the si-face of the carbonyl 

to preferential attack. 

Figure 26. Nucleophilic Addition to trans-Bicyclo[13.1.0]hexadecan-2-one 2d 

Reactant Conformers 

2d-l through 2d-6 (63 %) 

3.4 Conclusions 

Reactions of nucleophiles with the carbonyl carbons of bicyclo[m.l.0]a1kan-2-ones 

were demonstrated to be highly diastereoselective in cases where m > 5. Both cis- and 
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trans-fused medium and large bicyclic systems exhibit the expected biasing of one face of 

the carbonyl due to the strong conformational preference for the s-cis, bisected orientation 

of the carbonyl relative to the cyclopropane ring. The ability to perform accurate molecular 

mechanics calculations on both the starting materials and products of these reactions 

provided evidence that these reactions involve early transition states and permit qualitative 

prediction of the diastereomeric outcome of 1,2-addition reactions. 

These results are an excellent example of the local conformational anchoring effect 

of rigid functional groups in macrocyclic compounds. The potential use of cyclopropyl 

anchoring groups in the synthesis of macrocyclic natural products will depend on our 

ability to predict and execute functionalization at prochiral centers further removed from the 

cyclopropyI. The remainder of this study investigates the stereoselectivity of 

bicyclo[m.l.0]alkan-2-one enolate alkylations and of various manipulations of related a,p

unsaturated ketones. 
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CHAPTER 4. ALKYLATION OF BICYCLO[M.l.0]ALKAN-2-0NE ENOLATES 
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4.1 Introduction to Enol ate Alkylation 

The use of ketone enolates is a powerful tool in synthesis. The regio- and 

stereoselectivity of enolization can often be controlled by selection of kinetic or 

thennodynamic conditions. Furthennore, the resulting enolates can be quenched directly to 

fix stereochemistry at the a-position, or can be used as carbon nucleophiles for a

alkylation. Alkylation or acylation of enolates with electrophilic species is an efficient way 

to fonn carbon-carbon bonds, and is an efficient starting point for construction of bicyclic 

systems via annulation. 

Numerous examples of enolate alkylations in medium and large rings have been 

reported in which stereocontrol was attributed to one or more stereogenic units in the 

substrate.7,lS,16,23-27 This chapter reports the first examples wherein a fused 

cyclopropane ring is the stereogenic unit. Confonnational anchoring by the stereogenic 

cyclopropane could result in exposure of one face of the enol ate to electrophilic attack, 

providing highly diastereoselective alkylation. This section presents the results of 

preliminary investigations into the deprotonation and alkylation of bicyclo[5.1.0]nonan-2-

one, bicyclo[6.1.0]nonan-2-one and bicyclo[10.1.0] tridecan-2-one. 

4.2 Enol ate Alkylations 

Treatment of racemic bicyclo[5.1.0]nonan-2-one (lb) with excess LDA at -78°C, 

followed by addition of the alkyl halides listed in Table 9 gave the corresponding a-alkyl 

ketones, 38·40. In all cases, these alkylations produced only one of the two possible 

diastereomeric products. The relative configuration of these compounds was not 

determined.66 
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Table 9. Alkylation of Cyclopropyl Ketone Enolates 

Reactiona Eleetrophile Product, Ratiob 
% Yield 

0 0 0 
Methyl iodide 38, 80 >20:1 66 

1.illA ED' E",O Oml '1 ""'t Benzyl bromide 39, 75 >20:1 66 ,','II. .... .. "", & ... ", ... 

2.E Allyl bromide 40, 78 >20:1 66 

Ib 38a-40a 38b-40b 

0 

(3", () 
Methyl iodide 41, 81 >20:1 

1. LOA Benzyl bromide 42, 73 >20:1 C)--, .. & 'I, 
"\\( "',( ",( 

Allyl bromide 43, 71 >20:1 2.E 

Ie 41a-44a 41b-44b 
Nonyl iodide 44,29 >20:1 

0 0 0 

6 1. LOA .(j (j & Benzyl bromide 45, 57 1.2:1 
2.E 

2b 45a 45b 
aConditions: LOA (1.1 eq.). THF. Ketone. E; bRatio of isolated less polar and more polar diastereomers or 
limit of detection by 62.9 MHz l3C NMR spectroscopy. 

The solution obtained on deprotonation of (lR,8S)-bicyclo[6.1.0]nonan-2-one (Ie) 

with excess LDA under similar conditions was treated with methyl iodide. Complete 

reaction occurred in 12 hours at -20°C. A single diastereomeric a-methyl ketone, 41, was 

observed. The configuration of the methyl group with respect to the cyclopropane ring 

could not be unambiguously established. Modeling of the two diastereomeric products 

possible for this reaction, however, shed some light on the experimental results. 

Alkylation of the re,re-face of the enolate of Ie produces the 3R product, 41a, 

while alkylation of the si,si-face would give the 3S product, 41b. The first two low 

energy conformers of 41a and 41b, with their respective population percents, are 

illustrated in Figure 27. The H-C-C-H dihedral angles from the a-proton to the two p-
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protons in the eight-membered ring are indicated by curved arrows. The a-proton of 41a-

1 (99%) is gauche to one ~-proton and antiperiplanar to the other, while that of 41b-l 

(77%) is gauche to both ~-protons. 

Figure 27. Projections Down the a,~-Bond of 41a and 41b 

41a-l (99 %) 41b-l (77 %) 

41a-2 (1 %) 41b-2 (23 %) 

Table 10 lists weighted average vicinal IH-IH coupling constants calculated from these 

conformers using a modified form of the empirical Karplus equation.67 



Table 10. 1 H NMR Coupling Constants for the a-Proton of 41 

Calculated <JHH> 
(Hz) 

Observed JHH 
(Hz) 

41a 

2.8 

12.6 

3.7 

10.7 

41b 

4.4 

5.0 

66 

Also listed in Table 10 are the observed coupling constants of the a-methine proton (2.4 

ppm) taken from the IH NMR for compound 41 after decoupling of the methyl proton 

signals (see Figure 28). The appearance of a large and a small coupling constant in the 

spectrum of this compound is consistent only with diastereomer 41a--arising from 

alkylation of the re,re-face of the enolate, and not with that of 41b. 

Figure 28. Partial 1 H NMR Spectrum of 41 

10.~.7Hz 

Methyl Resonance Decoupled 

No Decoupling 

I I I I 
2.4 2.2 

ppm 
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Similar reactions of the enolate of Ie with benzyl bromide, allyl bromide and n

nonyl iodide gave single product diastereomers 42a,43a and 44a respectively. 

Alkylation with benzyl bromide and allyl bromide proceeded in good yield, while the 

reaction with nonyl iodide was extremely slow at -20°C. The low yield is probably due to 

quenching of the anion over the extended reaction time, since a significant amount of 

starting ketone was recovered. At temperatures higher than -20 °C, significant 

decomposition appeared to result. Assignment of the relative stereochemistry of 42a, 43a 

and 44a is made tentatively by analogy to the assignment made for 41a. 

Several attempts were made to effect the deprotonation of benzylated product 42a, 

and to observe diastereoselectivity for alkylation of the resulting a-substituted enol ate. 

However, treatment of 42a in THF with LDA at -78°C apparently did not effect 

deprotonation, as treatment of the resulting solution with methyl iodide for 48 hours at -20 

°C resulted in >90% recovery of unchanged starting material. A small amount (5%) of 

doubly alkylated material was isolated from the aforementioned attempt at a second 

alkylation, but the IH NMR of this compound (46) was consistent with a-alkylation on the 

cyclopropyl carbon (one methyl singlet, two benzylic doublets of doublets, and loss of one 

upfield cyclopropane proton). 

1. LDA, THF, -78 0C Ph~CH3 -------.. ~ U::~( 
2. CH3I 5% 

46 

The resistance of 42a to deprotonation may be due to the inability of the molecule to adopt 

a conformation in which there is favorable overlap between the a-proton and the carbonyl. 
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In support of this assertion, in conformer 41a-l (Figure 27), as a model of 42a, the 

dihedral angle between the a-proton and the carbonyl oxygen is only 3°. 

The potential for diastereoselective alkylation in the trans-fused 12-membered ring 

was investigated by deprotonation of (lS,12S)-bicyclo[1O.1.0]tridecan-2-one (2b) with an 

excess of LDA at low temperature, followed by addition of benzyl bromide. As is 

presented in Table 9, two diastereomers, 45a, and 45b, were isolated in a 1.2: 1 ratio. The 

results of this reaction raise the question of why a mixture of product diastereomers is 

formed. Barring an unanticipated racemization of the a-position during workup, the nearly 

1: 1 ratio of diastereomeric products could have arisen from three possible scenarios: poor 

selectivity in alkylation of a single enol ate conformer, high selectivity in alkylation of a 

mixture of Z- and E-enolates, or poor selectivity in alkylation of a mixture of enolates. 

The first and third seem unlikely given the high 7t-facial selectivity seen in other reactions. 

The second is possible because the 12-membered ring is large enough to accommodate 

formation of either enolate isomer. The structures in Figure 29 illustrate this possibility. 

Selective addition of an electrophile to the si,re-face of enolate A and to the si,si-face of 

enolate B would then lead to a mixture of diastereomers. 

Figure 29. Enolate Geometries in Large Rings 

Z-Enolate 
A 

E-Enolate 
B 
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4.3 Conclusions 

Consistent with literature reports of good selectivity for alkylation of enolates in 

flexible rings, the preliminary work presented here demonstrates selectivity for alkylation 

of medium rings anchored by a cyclopropyl group. Further work is needed to explore the 

feasibility of a-acylation and annulation procedures. In addition, a better model for enol ate 

formation and conformation in large rings is needed. One approach to a further 

understanding of the behavior of enolates would be to trap the enolate intennediates as enol 

ethers and analyze their composition.26 If the mixture of E- and Z-enol ethers obtained can 

be separated, the enolates can be regenerated in pure fonn by treatment with methyllithium. 

Better, enolate geometry can often be controlled by deprotonation under kinetic or 

thennodynamic conditions or by control of the counter-ion. This would then allow not 

only realization of high diasteroselectivity, but also choice of either product geometry. 

Modeling of the conformers of enolates is not yet possible due to the lack of 

molecular mechanics parameters appropriate for enolates adjacent to cyclopropyl rings. 

The torsional potential function between the cyclopropane ring and the enol ate would be 

expected to be significantly different from that between the ring and the carbonyl. This 

dearth of theoretical data merits future study. 
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CHAPTER 5. 1,2- AND l,4-ADDmON TO BICYCLO[M.l.0]ALK-3-EN-2-0NES 
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5. 1 Introduction 

In order to extend the utility of our methodology for diastereoselective manipulation 

of medium and large cyclopropyl ketones, we have begun to[iunctionalize positions on the 

rings further removed from the ring fusion. In the preceding chapter, the chemistry of 

enolates of a limited set of bicyclo[m.l.0]a1kan-2-ones was investigated. Another strategy 

to extend reactivity beyond the carbonyl is to introduce an cx,(3-unsaturation. Such 

bicyclo[m.1.0]a1k-3-en-2-ones are pictured below, and offer the following useful features: 

they are readily prepared from the parent saturated ketones, they are stable, their geometry 

can be easily determined by NMR, and they are useful substrates for a variety of 1,2- and 

1 ,4-addition reactions. 

o o 

47 48 50 

Bicyclo[m.l.0]alk-3-en-2-ones in the common ring sizes are known in the 

literature. Bicyclo[3.1.0]hex-3-en-2-one (47a, n = 0) has been prepared in racemic form 

by cycloreversion of furan- and cyclopentadiene-Diels-Alder adducts 5168 and 5269,70 

(Schemes 2 and 3). Enantiomerically pure 47a was prepared by resolution.1° 



Scheme 2. 

Scheme 3 

Furan-Diels-Alder Cycloreversion 
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NaH 

o 

Cb 
47a 

Me3S(O)I, 

NaH 

o 

Cb 
47a 

Racemic bicyclo[4.1.0]hept-3-en-2-one (47b, n = 1) has been prepared by 

intramolecular displacement of tosylate in 53 as shown in Scheme 4. This bicyclic enone 

was found to be extremely sensitive to a base-induced rearrangement, giving 2,4-

cycloheptadien-l-one.71 
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Scheme 4. Preparation and Rearrangement ofBicyclo[4.1.0]hept-3-en-2-one 47b 

o o Olf (O.9eq.). 
~OTS EtOH 

53 47b 

OIr 
pH8 

47b 

Racemic bicyclo[5.1.0]oct-3-en-2-one (47c, n = 2) has been prepared by 

sulfoxonium methylide cyc1opropanation of 2,6-cyc1oheptadienone as shown in Scheme 

5.72 

Scheme 5 Preparation of Bicyc1o[5.1.0]oct-3-en-2-one 47c 

o 

6 Me3S(O)I, 

NaH 
37% 

47c 

A route used in our laboratory for the preparation of 47 c from the corresponding 

saturated ketal is outlined in Scheme 6. Bromination followed by dehydrobromination 

gave the ene-keta154, which was hydrolyzed to give the desired cyc1opropyl enone.66 
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Scheme 6 Preparation of Bicyclo[S.1.0]oct-3-en-2-one 47c via Ketals 

1\ 1\ 0 

0'" 
o 0 

1. PhNMe3 ~ri O:~' Aq.H2S04 6::·' " • , 
2. NaOMe 

81% 89% 
54 47c 

Because the current study was concerned primarily with medium and large 

carbocycles, we sought a direct route for introduction of unsaturation into ketones of 

general structures 1 and 2. Strategies for cyclopropyl enone synthesis involving (1-

phenylselenation followed by oxidation and thermally induced selenoxide elimination were 

unsuccessful in our lab in the past due to significant errant decomposition of (1-

selenoketones upon oxidation with H202. Re-evaluation of this strategy for introduction of 

unsaturation directly into saturated bicyclic ketones was prompted by our awareness of the 

published report that the ~-keto selenoxide intermediates are subject to Pummerer-type 

rearrangements under acidic conditions.73 The authors reported an improved procedure 

especially effective in the preparation of 2-cyclooctenone. As can be seen in Figure 30, the 

yield for this compound improved greatly in going from oxidation with aqueous H202 to 

oxidation using ozone. 
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Figure 30. Comparison of Selenoxide Formation and Elimination Conditions 73 

o 
cJ~P_h ____ .. 
Conditions % Yield 

H202, AcOH, H20/CH2Ch 16 

1. 03, CH2Cl2 -78°C, 
2. Pyridine, warm to Room Temp 39 

1. 03, CH2Ch -78°C, 
2. i-Pr2NH, add to Refluxing CCl4 67 

The third procedure described in Figure 30 was applied to the preparation of medium and 

large bicyclo[m.l.0]alk-3-en-2-ones. Alkylation of the ketone with phenylselenyl 

bromide, in a manner analogous to alkylations described in the previous chapter, gave, 

after purification, the corresponding ex-phenylselenyl ketone. This was oxidized with 

excess ozone at -78°C, then added directly to refluxing CCl4 containing diisopropylamine 

to ensure rapid thermolysis under non-acidic conditions. The results from the use of this 

procedure in the preparation of E- and Z-bicyclo[m.l.0]a1k-3-en-2-ones are given in Table 

11. 
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Table 11. Synthesis of Bicyclic Enones by SelenationlSelenoxide Elimination 

Reactiona Enone % Yield 

0 

0·' i, ii, iii 
:

hSC:5_ iv, v d·, 47e 58 
", \\'( 

Ie 

2b 

PhS 

i, ii, iii iv, v .. 

2d 

.. 
\\\( 

47e 

49a 

.. 

SOb 

SOa 

49ab 

SOab 

SOb 

aConditions: i) LDA, THF, -78°C; ii) PhSeBr; iii) Purification; iv) 03, CH2Cl2, -78°C; 
v) i-Pr2NH, CCLt, A; b49a and 50a were readily separated by column chromatography 

5.2 1,2-Addition to Bicyc10[m.1.0]alk-3-en-2-ones 

4 

62 

81 

Since it is clear that the conjugation between the cyclopropane and carbonyl 

functional groups of the parent bicyclic ketones produces conformationally anchored 

regions leading to highly selective 1,2-addition reactions in otherwise flexible rings, it is 

important to investigate what effect extension of the unsaturated system in a cross

conjugated fashion might have on this selectivity. Nucleophilic addition of alkyllithium 

reagents 1,2 to enone systems is again a highly irreversible, exothermic process, and, by 

the Hammond postulate, is expected to proceed through an early, reactant-like transition 

state. The ground state conformers of bicyclic enones found using the mechanics 
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parameters developed for cyclopropyl vinyl ketone in Chapter 2 serve as models for the 

transition states in 1,2-addition, and are used to tentatively assign structures to the products 

of 1,2-additions presented in this section. 

Table 12. 1,2-Addition of Butyllithium to Bicyclo[m.l.0]alk-3-en-2-ones 

Reactiona Product, Ratiob 

% Yield 

0 Bu HO 

O"OH O·BU ()< n-BuLi f' I, f' I, 55, 78 46:1 .. \\~( & \\~( \\' 

47c 55a 55b 

0 

2S 2S 6 n-BuLi 56,94 >20:1 .. & 

50a 56a 56b 

n-BuLi 
& 57,74 >20:1 

SOb 57a 57b 
aConditions: n-BuLi (3 eq.), Et20, -78°C; bRatio of isolated less polar and more polar diastereomers or 
limit of detectability by 62.9 MHz 13C NMR spectroscopy 

Reaction of (lR,8S)-bicyclo[6.1.0]non-3-en-2-one (47c) with n-butyllithium at 

-78°C gave two diastereomeric products in good yield in a 46: 1 ratio (see Table 12). While 

the relative configurations of the products have not been unambiguously determined, 

analysis of the ground state conformers by molecular mechanics provides information on 
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the likely facial preference for nucleophilic addition. The two lowest energy conformers of 

bicyclo[6.1.0]non-3-en-2-one are shown in Figure 31. These two conformers represent 

99% of the material. The major reactant conformer (47c-l) is sharply bent, forming a 

convex side and a concave side. Reagent approach from the convex side to the re-face of 

the carbonyl (as indicated by the double arrow) will proceed through a lower energy 

transition state than would approach to the si-face. This interpretation would suggest 

favorable anti-addition. The minor conformer (47c-2), accounting for only 4% of the 

material, does not appear to bias the faces of the carbonyl significantly, and thus reaction 

through this conformer is expected to be non-selective. Figure 31 also shows the lowest

energy conformers of the anti and syn product diastereomers, SSa and SSh. The 

anticipated major product, SSa, is nearly 1 kcaVmol more stable than SSh. 
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Figure 31. 1,2-Addition to Bicyclo[6.1.0]non-3-en-2-one 47c 

Reactant Conformers Product diastereomers 

47c-l (95 %) 
55a-l E = 19.4 kcallmol 

47c-2 (4 %) 55b-l E = 20.3 kcallmol 

Addition of n-butyllithium to E-(1S,12S)-bicyc1o[1O.1.0]tridec-3-en-2-one (50a) 

proceeded in excellent yield to give a single 1,2-adduct. The relative configuration of this 

material can be deduced from the strong conformational biasing in the ground state 

conformers as shown in Figure 32. The first six low-energy conformers all have the 

carbonyl canted into a pseudo-axial orientation with respect to the average plane of the large 

ring. This results in the prediction that pseudo-equatorial approach (double arrow) to the 

si-face of the carbonyl will be favored over the alternative approach to the re-face, and that 

the product of addition anti to the adjacent ring fusion will predominate. 



Figure 32. 1,2-Addition to E-Bicyc10[1O.1.0]tridec-3-en-2-one 50a 

Reactant Conformers 

50a-l through 50a-6 (87 %) 

80 

As was seen in the case of addition to saturated bicyclic ketones, diastereoselectivity 

in enone 1,2-additions extended even to the highly flexible IS-membered ring. Treatment 

of E-(1S,ISS}-bicyc10[13.1.0]hexadec-3-en-2-one (SOb) with n-butyllithium gave rise to a 

single carbinol diastereomer (Table 12). The relative orientation of the nuc1eophile-derived 

butyl group with respect to the ring fusion is tentatively assigned as anti based on the 

calculated low-energy conformers illustrated in Figure 33. Again the cyc1opropyl-carbonyl 

torsions are driven towards the low energy s-cis orientation (average deviation from s-cis is 
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21°), resulting in a pseudo-axial carbonyl which favors addition to the si-face of the 

carbonyl--anti to the cyclopropyl substituent. 

Figure 33. 1,2-Addition to E-B icyclo[ 13.1.0]hexadec-3-en-2-one SOb 

Reactant Conformers 

SOb-l through SOh-6 (83 %) 
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5.3 Michael-type Addition to Bicyclo[m.1.0]alk-3-en-2-ones 

The fact that good selectivity is seen for 1,2-addition to en ones and that, in the 

calculated conformers of enones, the molecule appears as either a relatively rigid, bent 

shape (bicyclo[6.1.0]enone) or as an ensemble of conformers which all exhibit planar, 

conjugated systems (bicyclo[ 10.1.0]- and bicyclo[ 13.1.0]enones), suggests that 

diastereoselectivity may be realized for reaction at atoms other than the carbonyl. The 

ability to perform predictable, diastereoselective 1,4-addition reactions would greatly 

extend the usefulness of these bicyclic ketones as starting points in natural product 

synthesis. In order to assess this possibility, a survey was made of the diastereoselectivity 

for 1,4-addition of dimethylsulfoxonium methylide74 to bicyclic enones. 

The reaction of this ylide with saturated ketones is known to give epoxides via a 

reversible 1,2-addition followed by intramolecular displacement of DMSO by the 

oxyanion. Addition of sulfoxonium ylides to enones, however, proceeds exclusively in a 

1,4-sense via the stabilized betaine B in Scheme 7. Intramolecular displacement ofDMSO 

by the enolate intermediate then follows, to form cyclopropane 58. Evidence in the 

literature suggests that the formation of B is the rate-limiting step in the reaction, and is not 

~ppreciably reversible. 75, 76 As a consequence, diastereoselectivity in this reaction is 

expected to be determined in an early transition state, and starting material conformers will 

be useful models for the outcome of this reaction. 
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Scheme 7. Sulfoxonium Methylide Cyclopropanation 

~ 

4-/ ~ o· 

A 

~ ~o r>-y0 "/S"'~H2· + 

58 
0 hMSO ~ s+ 
?~~. ~~ 

B 

As shown in Table 13, reaction of enone 47c with dimethylsulfoxonium methylide 

gave a single dicyclopropyl ketone diastereomer, 59a, in 80% yield. The observation that 

this compound is optically active (see Experimental Section) established that the 

cyclopropane rings are trans to one another (giving the structure C2-symmetry). 

Considering the conformers of the starting material illustrated in Figure 31, it is notable that 

the lowest-energy conformer, 47c-l, exhibits a convex and a concave side, and addition 

of nucleophiles from the convex side (to the re,re-face of the olefin) is postulated to lead to 

a lower energy transition state than would addition from the concave side. 
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Table 13. Methylide Addition to Bicyclo[m.l.0]alk-3-en-2-ones 47c, 50a and 50b 

Reactiona Product, Ratiob 

% Yield 

0 0 0 

0'" 
(CH3) 2S(O)CH2 U .- t) ... & '" 59, 80 >20:1 .. , .. ' "" 

47c 59a 59b 

0 0 0 

CJ (CH3) 2S(O)CH2 [) [) 60,71 1.2:1 I", .- & 

50a 60a 60b 

0 0 

(CH3hS(O)CH2 61, 86 16:1 .. & 

50b 61a 61h 
aConditions: i) NaH. DMSO. ~; ii) (CH3)3S(O)+I- ; iii) Enone. room temperature; Ratio of isolated less 
polar and more polar diastereomers or limit of detectability by 62.9 MHz l3C NMR spectroscopy 

The same reaction, when performed using E-(1S,12S)-bicyclo[10.1.0]tridec-3-en-

2-one (50a), gave a 1: 1 ratio of chromatographically separable diastereomers, 60a and 

60b. The two-fold symmetry observed for both of these diastereomers by 13C NMR 

established that the newly-formed ring fusion was trans in each. The relative configuration 

of the products was established by observation of no optical activity for meso-60a and 

significant optical activity for c2-symmetric 60b. Consideration is again made of the 

conformers of the starting material in Figure 32. The first two conformers have an s-trans 

enone configuration, while the third has an s-cis. Because of this, 50a·l and 50a·2 
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expose the si,re-face of the olefin to favorable approach, suggesting formation of 60b, 

while SOa-3 exposes the re,si-face, favoring 60a. According to this rationale, the poor 

selectivity in this reaction is due to the existence of both en one configurations among the 

low-energy conformers of the starting material. 

Exposure of E-(lS, 15S)-bicyclo[13. 1.0]hexadec-3-en-2-one (SOb) to the same 

cyclopropanation conditions proceeded cleanly to give a separable mixture of 

diastereomers in a 16: 1 ratio favoring the optically inactive product, 61a. This result 

indicates most importantly that poor selectivity seen in the 12-membered ring case is not 

simply a trend towards poor selectivity with higher ring size. The first five conformers of 

the starting material SOb, illustrated in Figure 33, have s-cis enone configurations and 

expose the re,si-face of the olefin--favoring formation of 61a. The sixth conformer has an 

s-trans en one and favors 61b, but represents only 0.4% of material in the ensemble of 

conformers. The next 12 conformers are again s-cis. It appears that selectivity in these 

l,4-additions is directly linked to enone configuration. Reversal in selectivity from 

favoring the dl-product to favoring the meso-product, seen in going from 8- to 12- to 15-

membered ring substrates, is simply a consequence of switching from a ring size preferring 

s-trans enone configurations, through a size where there is little preference for either 

configuration, to a ring size sufficiently large to favor the s-cis configuration. 

5.4 Dialkyl Cuprate Addition to Bicyclo[m.1.0]alk-3-en-2-ones 

The previous sections have demonstrated that 1,2- and Michael-type l,4-additions 

to bicyclo[m.1.0]alk-3-en-2-ones can exhibit high diastereoselectivity, and that such 

selectivity can be rationalized on the basis of computer-generated models of the starting 

materials. This section describes investigations of the diastereoselectivity of dialkyl cuprate 

addition to the same substrates. Cuprate reagents, prepared by treatment of copper(1) salts 
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with two equivalents of an alkyllithium, are convenient reagents for effecting l,4-addition 

of alkyl groups to a,!3-unsaturated ketones. Several examples of diastereoselective cuprate 

addition to medium or large sized carbocyclic enones have been reported.16,28 The present 

study investigates the use of the cyclopropane group as a stereogenic unit in directing these 

types of reactions. 

The exact mechanism of cuprate addition is not well understood despite much 

effort.77 The conventional understanding of this mechanism involves electron transfer 

from the copper species to the conjugated system resulting in a radical anion-cuprate 

complex (A, Scheme 8). This intermediate then transfers an alkyl group to the substrate to 

give a p-alkyl enol ate which, on workup, gives the product. More recently, evidence 

against a radical anion intermediate has been found, and a d-7t*-complex such as is 

suggested in B is postulated as an intermediate.18 

Scheme 8. l,4-Addition of Dialkyl Cuprates to a.,~-Unsaturated Ketones 

B 

In either case, involvement of the metal center (often formulated as a dimer or higher 

complex in solution) in the reversible first step suggests that kinetic control of this reaction 
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is unlikely. Thus ground state confonners found by molecular mechanics modeling are not 

expected to be particularly good models of transition state confonners. 

The results of a preliminary study of the diastereoselectivity of cuprate addition to 

racemic bicyc10[5.1.0]oct-3-en-2-one (47b) are given in Table 14. Phenyl and methyl 

cuprates gave good yields of single product diastereomers 62 and 63, respectively.66 
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Table 14. Cuprate Addition to E- and Z-Bicyclo[m.l.0]aIk-3-en-2-ones 

Reactiona R Product, Ratiob 

% Yield 

0 0 0 
>20:1 66 6::$ R2CuLi CH3 62,79 D'" & 6'" .. " " " " >20:1 66 R R"" Ph 63,79 

47b 62a-63a 62b·63b 

0 0 0 

C> R2CuLi 

RD'" R .. O CH3 64,84 >20:1 ... & " 
" '" 

"" ",( ",( 
Ph 65,95 >20:1 

47c 64a·65a 64b·65b 

0 0 0 

R2CuLi 8 SJ .. & CH3 66, 86 >20:1 

49a 66a 66b 

0 0 0 

6 R2CuLi 63 & SJ CH3 66, 90 >20:1 .. 
Ph 67,64 >20:1 

50a 66b·67b 66a·67a 

0 0 0 

R2CuLi 
CH3 68,99 1:1.5 .. & 

SOb 68a 68b 

SOb 68a 68b CH3 68,27 1:3 
-78°C 

aConditions: R2CuLi (3 eq.), Et20, 0 DC; bRatio of isolated less polar and more polar diastereomers or 
limit of detectability by 62.9 MHz 13C NMR spectroscopy 
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The two low-energy conformers of 47b, depicted in Figure 34, appear to give preference 

to the face of the olefin opposite to the fused cyclopropyl ring, suggesting tentative 

assignment of the relative configuration of the product as shown in Table 14. 

Figure 34. Low-Energy Conformers of Bicyclo[5.1.0]oct-3-en-2-one 47b 

Reactant Conformers 

Product 

II 
O'U+ 

47b-! (96 %) 
Me 

47b-2 (3 %) 

Cuprate addition to (lR,8S)-bicyclo[6.1.0]non-3-en-2-one (47c) was also highly 

diastereoselective. In order to determine the orientation of the added substituent relative to 

the cyclopropyl ring, an attempt was made to convert l3-methyl ketone 64 into 13,I3'-dimethyl 

ketone 69 by dissolving metal reduction, and to measure its optical rotation. Ketone 64a 

would give an optically active isomer, while ketone 64b would give the optically inactive 
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meso compound. As is shown in Table 15, however, dissolving metal reduction of 64 

resulted exclusively in ring expansion to give 3-methylcyclononan-l-one (70), the absolute 

configuration of which is not in the literature. 

In contrast to Michael-type addition described in the previous section, cuprate 

addition to E-(1 S, 12S)-bicyclo[ 10.1.0]tridec-3-en-2-one (50a) was highly 

diastereoselective, giving a single ~-methyl ketone diastereomer. Likewise, cuprate 

addition to Z-(1S, 12S)-bicyclo[1O. 1.0]tridec-3-en-2-one (49a) proceeded cleanly to give 

one product. The diastereomers produced in these two reactions were easily 

distinguishable from each other by their 13C NMR spectra, and their relative 

stereochemistry was unambiguously shown to be that of 66b and 66a, respectively, by 

conversion of each to the corresponding dimethyl ketones as depicted in Table 15. The 

product of cuprate addition to the Z-enone gave optically active dimethyl ketone 7la, while 

that of addition to the E-enone gave the inactive dimethyl ketone 7lb. The fact that cuprate 

addition to Z- and E-enones gave different diastereomers indicates that addition of methyl 

occurred to the si,si-face of the Z-enone and the si,re-face of the E-enone. 

Again, rationalization of the results of cuprate addition by reference to starting 

material conformers was unproductive. The low-energy conformers of Z-enone 49a, 

illustrated in Figure 35, suggest favorable approach to the re,re-face of the olefin from the 

direction indicated by double arrows, not to the si,si-face as was observed. 



Figure 35. 1,4-Addition to Z-Bicyc1o[1O.1.0]tridec-3-en-2-one 49a 

Reactant Conformers 

49a-l through 49a-6 (99 %) 
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In the case of cuprate addition to E-(1S,15S)-bicyc1o[13.1.0]hexadec-3-en-2-one 

(SOb), a 1:1.5 mixture of the two possible diastereomers was obtained (Table 14). 

Repetition of the reaction at -78°C resulted in little improvement in the ratio of 

diastereomers. The relative configurations of the products were determined by ring 

opening of product diastereomers 68a and 68b to the dimethyl ketones 74a and 74b (see 

Table 15), followed by observation of optical activity. Again, whereas inspection of 

reactant conformers of this compound (Figure 33) had suggested good selectivity--in 

agreement with observed experimental results for Michael addition--cuprate addition 

proceeded with poor selectivity. 



Table 15. 

0 '0 .... \\\\ 

64 

0 

tj 
66a 

0 

tj " 

66b 

0 

68a 

o 

68b 

Dissolving Metal Reduction of Cyclopropyl Ketones 

Reactiona 

1. LilNH3, 
t-BuOH 

2. POC 

1. LilNH3, 
t-BuOH .. 

2. POC 

1. LilNH3, 
t-BuOH .. 

2. PDC 

1. LilNH3, 
t-BuOH .. 

2. PDC 

1. LilNH3, 
t-BuOH .. 

2. PDC 

.. 
0 

CJ '0 ...... & 

69 70 

0 0 

8 & 0 
71a 72 

0 0 

8 & 0 I, " 

71b 73 

& 

74a 75 

o o 

& 

74b 76 

% Yield 

72 

73 

91 

55 

37 

aConditions: i) Li, NH3, -78°C; ii) POC (2 eq.), CH2CI2; bRatio of isolated products 
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Ratiob 

1: >20 

1.1: 1 

10:1 

5:1 

>20:1 
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Finally, it is of interest to note the variability in the ratio of ring opened and ring 

expanded products in the dissolving metal reductions of the different sized bicyclic ketones 

reported in Table 15. Ring opening of cyclopropyl ketones is known to proceed by 

electron transfer to the carbonyl to give a radical anion, followed by subsequent cleavage of 

one of the <x,~-cyclopropane bonds. The cyclopropane bond which breaks is the one with 

greater a-7t* overlap with the carbonyl as indicated below: 

R 

Measurement of cj> Optimal a-7t * Overlap: 
cj>- 90° 

Thus the regioselectivity in this reaction is determined by the dominant conformers of the 

cyclopropyl-carbonyl torsion. Since electron transfer and ring opening, with the 

accompanying release of strain energy, is an extremely fast process, the ground state 

conformers of substrates may well be useful models for predicting the regiochemical course 

of such reactions. As an illustration of this, reduction of 64 proceeded to give exclusively 

ring-expanded product via fission of the internal cyclopropane bond. On consideration of 

the lowest energy conformer, 64·1 in Figure 36, the dihedral angle from the carbonyl to 

the internal cyclopropane bond is 76°--very nearly optimal--while that from the carbonyl to 

the external bond is 7°. 
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Figure 36. Optimal Conformation for Internal Cyclopropane Bond Fission 

64-1 

This simplistic approach to rationalizing dissolving metal reduction regioselectivity 

appears to work in the instance cited above. As noted in Table 15, regioselectivity greater 

than 10: 1 in favor of ~,W-dimethyl ketone formation was achieved on reduction of the C2-

symmetric adducts 66b and 68b, while selectivity no greater than 5: 1 was seen on 

reduction of the meso-adducts 66a and 68a. These results suggest that conformational 

effects are important in the outcome of this reaction on large rings. There are additional 

complications, however, to the use of modeling to predict the outcome of reduction in 

larger rings. In larger, more flexible rings, we noted a trend toward conformers wherein 

the cyclopropane-carbonyl torsion is at its energy minimum--the fully bisected geometry. 

The bisected orientation would be expected to give no regioselectivity in dissolving metal 

reductions, and would make ring-opening of these conformers extremely sensitive to 

factors such as solvent which are not accounted for in the relatively crude mechanics model 

used in this study. 

5.5 Conclusions 

This study has provided a general synthetic methodology for preparation of 

bicyclo[m.l.0]alk-3-en-2-ones in presumably any ring size from the corresponding 
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saturated bicyclic ketones. Additions of nucleophiles in a 1,2 fashion to such enones 

proceed cleanly with >20: I selectivity. The products of these additions were assigned anti 

configurations relative to the adjacent ring fusions based on molecular mechanics modeling 

of the enone conformers. Modeling indicated that these compounds showed a strong 

preference for the fully conjugated s-cis cyclopropane-carbonyl geometry. The a,p

unsaturation also strongly tended to adopt orientations coplanar with the adjacent 1t-system

-the en ones in the eight-membered ring were in the s-trans configuration, the 12-membered 

rings exhibited both s-cis and s-trans en ones, and the 15-membered en ones favored the s

cis. As a consequence of these conformational biases, Michael-type additions to eight- and 

I5-membered rings were highly selective, while addition to the 12-membered ring was 

non-selective. Cuprate addition to the eight- and both the E- and Z-12-membered ring 

enones was selective, but addition to the E-15-membered ring was non-selective. 

The results reported here are indicative of the excellent diastereoselectivity possible 

for 1,2- and 1,4-addition reactions to bicyclo[m.1.0]alk-3-en-2-ones, and of the types of 

reactions which can be modeled using ground-state starting material conformers of them. 

Addition in a 1,2-sense results in the formation of an allylic alcohol which might be used as 

a second stereogenic functional group to direct reactions to the adjacent double bond. The 

enol ate intermediate derived from cuprate addition can be used to introduce an a-substituent 

stereoselectively since the enolate geometry should be controlled by the reactant enone 

configuration. Finally an understanding of cyclopropane ring opening reactions in medium 

and large rings will allow stereoselective functionalization of the a- and p-positions on the 

cyclopropyl side of the carbonyl. These individual processes are, when taken together, a 

promising methodology for building up a synthetic target starting from a single stereogenic 

cyclopropane. 
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CHAPTER6.EXPE~NTALSECTION 
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6.1 General Procedures 

All reactions were performed under a positive pressure of argon. Moisture 

sensitive reactions were performed in glassware flame-dried under vacuum immediately 

before use, and reaction mixtures were stirred magnetically. Hygroscopic liquids were 

transferred via syringe and were introduced into reaction vessels through rubber septa. 

Reaction product solutions were concentrated using a Biichi rotovapor R 110 rotary 

evaporator at 30-150 mm Hg. Diethyl ether and tetrahydrofuran were distilled from 

sodiumlbenzophenone ketyl unless noted otherwise. Dichloromethane and dimethyl 

sulfoxide were distilled from CaH2. Ozonolysis was performed using 03 generated in a 

stream of oxygen gas with an OREC 03V5-0 ozone generator. Analytical thin-layer 

chromatography was performed on Merck pre-coated, glass-backed silica gel 60 F-254, 

0.25 mm plates. Visualization of spots was effected by treatment of the plate with a 2.5% 

solution of anisaldehyde in ethanol containing 6% H2S04 and 2% acetic acid followed by 

charring on a hot plate. Column chromatography was performed using Merck silica gel 

60. Infrared spectra were recorded on a Perkin-Elmer model 983 infrared spectro

photometer. Optical rotations were measured at 589 nm on a Rudolph Research Autopol 

III polarimeter. 1 H magnetic resonance spectra were recorded at 250 MHz on Bruker 

spectrometers with CDCl3 as solvent unless otherwise reported, and used 

tetramethylsilane as an internal standard (0 ppm). 13C magnetic resonance spectra were 

recorded at 62.9 MHz on Brucker spectrometers using the center line of the chloroform-d 

triplet (77.0 ppm) unless noted otherwise. Assignment of peaks in carbon NMR spectra 

was facilitated by performance of attached proton test. Mass spectra were obtained by the 

Nebraska Center for Mass Spectrometry, Lincoln, Nebraska. 
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6.2 Experimental Section 

(±)-2-Methylbicyclo[4.1.0]heptan-2-ols (5a and 5b). To a solution of 

methyllithium (6.4 mL of a 1.4 M solution, 0.90 mmol) in diethyl ether (16 mL) at -78°C 

was added a solution of 1a (510 mg, 4.6 mmol) in diethyl ether (2 mL) via addition 

funnel. The addition funnel was rinsed with diethyl ether (1 mL). After 30 min, the 

reaction was quenched by addition of 600 mg of solid NH4CI and allowed to warm to 

room temperature. Solvent was removed by distillation at atmospheric pressure to give a 

clear, colorless residue. This was chromatographed on 70-230 mesh silica gel (60 g) 

eluted with 30% Et20lhexanes to give a mixture of la, 5a and 5b, Rf 0.17 (30% 

Et20Ihexanes), in approximately a 1:1:1 ratio. 

Spectral data for mixture of starting material 1a and diastereomers 5a and 5b: 1 H 

NMR 0 -0.18 (1, q, J = 4.8 Hz), 0.30 (1, q, J = 5.1 Hz), 0.50-0.73 (2, m), 0.85-1.83 

(31, m), 1.89-2.14 (2, m), 2.30 (1, dt, J = 17.0,4.5 Hz); 13C NMR 0 7.8 (CH2), 10.0 

(CH2), 10.1 (CH), 10.8 (CH2), 12.6 (CH), 17.3 (CH), 17.5 (CH2), 17.6 (CH2), 18.8 

(CH2), 21.0 (CH2), 22.4 (CH2), 22.6 (CH), 22.6 (CH2) 23.1 (CH), 25.6 (CH), 30.3 

(CH3), 30.9 (CH3), 34.5 (CH2), 36.5 (CH2), 36.6 (CH2), 68.7 (C), 209.2 (C). 

(±)-2-Methylbicyclo[5.1.0]octan-2-ol (6a). Freshly prepared Zn-Cu couple (700 

mg, 11 mmol) and potassium carbonate (350 mg, 2.5 mmol) were heated to reflux in 

diethyl ether (3 mL) freshly distilled from P20S. Diiodomethane (700 mg, 2.6 mmol) was 

added dropwise via syringe, and the reaction was stirred for 15 min. A solution of (±)-3-

hydroxy-3-methylcycloheptene,8 (72 mg, 0.57 mmol), in diethyl ether (1 mL) was added 

by pipet. The pipet was rinsed with diethyl ether (1 mL). After 3 h, the reaction was 

cooled to 0 °C and 5% potassium carbonate solution (5 mL) was added. The resulting 
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residue was filtered and evaporated to give a pink oil, This was purified by repeated 

chromatography on 240-400 mesh silica gel (25 g) eluted with 0-30% Et20/pentane to 

give 42 mg (0.30 mmol, 52%) of (±)-6a, Rr 0.32 (40% Et20/pentane), as a colorless 

liquid. 

Spectral data for compound (±)-6a: IR (neat) cm- l 3403 (br), 3070, 2964, 2920, 

2853, 1450, 1390, 1368, 1250, 1219, 1169, 1107, 1083, 1062, 1030, 1006, 967, 948, 

911, 887, 872, 850, 829; IH NMR 00.38-0.56 (2, m), 0.92-1.02 (2, m), 1.14-1.95 (12, 

m); 13C NMR 0 4.6 (CH2), 15.6 (CH), 25.0 (CH2), 26.9 (CH2), 27.3 (CH or CH3), 

28.2 (CH2), 30.4 (CH or CH3), 41.6 (CH2), 73.3 (C); ElMS (70 eV) mlz 140 (M+), 

122, 107, 94, 93, 91, 81, 79 (100), 77, 71, 68, 67, 55, 53; HRMS calcd for C9Hl60 

140.1202, found 140.1200. 

(±)-3-Hydroxy-3-methylcycloheptene (8). To a solution of methyllithium (7.4 

mL of a 1.0 M solution, 7.4 mmol) in diethyl ether (9 mL) at -78°C was added a solution 

of 2-cycloheptenone (270 mg, 2.45 mmol) in diethyl ether (2 mL) via cannula. The 

cannula was rinsed twice with diethyl ether (0.5 mL). The reaction was allowed to warm 

to 0 °C over 2 h and quenched by dropwise addition of saturated aqueous Nli4CI solution 

(10 mL). The mixture was diluted with water (10 mL) and extracted with diethyl ether (3 

x 20 mL). The ether extracts were dried (MgS04), filtered, and concentrated to give a 

colorless oil which was purified by chromatography on 70-230 mesh silica gel (100 g) 

eluted with 40% Et20/pentane to give 170 mg (1.35 mmol, 55%) of (±)-8, RrO.12 (10% 

Et20/pentane), as a colorless liquid. 

Spectral data for (±)-8: IR (neat) cm- l 3358 (br), 3011, 2965, 2924, 2856, 1651, 

1443, 1365, 1246, 1220, 1174, 1114, 1101, 1084, 1046, 1015, 951, 922, 897, 865, 

832, 795, 742, 691; IH NMR 0 1.32 (3, d, J = 2.9 Hz), 1.50-1.90 (6, m), 2.00-2.40 (3, 
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m), 5.64 (2, dm, J = 2.9 Hz); 13C NMR a 24.3 (CH2), 27.3 (CH2), 27.5 (CH2), 28.6 

(CH3), 40.8 (CH2), 74.0 (C), 129.1 (CH), 139.7 (CH). 

(lR,8S)-2-Phenylbieyelo[6.1.0]nonan-2-ols (11a and lIb). To a solution of 

phenylmagnesium bromide (1.6 mL of a 3 M solution, 4.8 mmol) in diethyl ether (2 mL) 

at -78°C was added a solution of Ie (221 mg, 1.6 mmol) in diethyl ether (2 mL) via 

cannula. The cannula was rinsed with diethyl ether (2 x 1 mL). The reaction was warmed 

to 0 °C over one h and quenched by dropwise addition of saturated NI4CI solution (10 

mL). The mixture was diluted with water (5 mL) and extracted with diethyl ether (3 x 30 

mL). The ether phase was dried (MgS04), filtered, and evaporated to give a yellow oil. 

This was purified by chromatography on 70-230 mesh silica gel (25 g) eluted with 5% 

Et20/pentane to give two diastereomers as colorless oils. The yield of diastereomer 11a, 

Rf0.36 (10% EtOAclhexanes), was 310 mg (1.4 mmol, 91 %). The yield of diastereomer 

lIb, Rf 0.20 (10% EtOAclhexanes), was 14 mg (0.066 mmol, 4%). 

Spectral data for 11a: [a]2SD -88.1 ° (c 2.38, CHClJ); IR (neat) cm-l 3559, 3482 

(br), 3056, 2976, 2919, 2858, 1597, 1490, 1458, 1443, 1395, 1283, 1226, 1190, 1148, 

1016,959,925, 868, 852, 751, 732, 699, 650; lH NMR a 0.34-0.54 (2, m), 0.63-0.80 

(1, m), 0.99-1.10 (1, m), 1.28 (1, s), 1.42-2.00 (9, m), 2.09 (1, ddd, J = 13.8, 11.2, 

2.9 Hz), 7.17-7.27 (1, m), 7.27-7.38 (2, m), 7.48-7.56 (2, m); 13C NMR a 4.6 (CH2), 

17.4 (CH), 21.2 (CH2), 24.2 (CH2), 25.1 (CH), 26.1 (CH2), 28.6 (CH2), 44.1 (CH2) , 

74.9 (C), 124.4 (CH), 126.4 (CH), 128.0 (CH), 151.8 (C); ElMS (70 eV) mlz 216 

(M+), 187, 173, 159, 145, 144, 133 (100), 125, 120, 112, 105, 97, 92, 91, 77, 69, 55; 

HRMS calcd for ClSH200 216.1514, found 216.1512. 

Spectral data for lIb: IH NMR a -0.30 to -0.21 (1, m), 0.49-0.60 (1, m), 0.85-

1.02 (1, m), 1.14-1.30 (1, m), 1.35-2.45 (11, m), 7.16-7.36 (3, m), 7.42-7.49 (2, m). 
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(lR ,2S ,8S)-2-[(N -Methyl-S -phenylsulfoximidoyl)methyl]bieyelo[6.1.0] 

nonan-2-0Is (ISa and ISb). To a solution of (S)-N,S-dimethyl-S-phenylsulfoximine 

(382 mg, 2.3 mmol, 85% ee, [a]250 +1160 (c 4.0, MeOH), lit.65 [a]250 -135.90 (c 4.60, 

MeOH) for the R-enantiomer) in THF (4 mL) at 0 DC was added a solution of n

butyllithium in hexanes (1.6 mL of a 1.2 M solution, 1.9 mmol). The solution was 

cooled to -78 DC, and a solution of Ie (103 mg, 0.75 mmol) in THF (2 mL) was added 

via cannula. The cannula was rinsed with THF (2 x 1 mL). After two h, the mixture was 

poured into saturated aqueous Nl4CI solution (15 mL) and extracted with diethyl ether (2 

x 25 mL). The ether was dried (MgS04), filtered, and concentrated to give a yellow oil. 

This was purified by chromatography on 70-230 mesh silica gel (60 g) eluted with 12% 

EtOAclhexanes to give two diastereomers as white crystalline solids. The yield of the less 

polar diastereomer, ISa, Rf 0.11 (10% EtOAclhexanes), mp 108-111 DC, was 21 mg 

(0.07 mmol, 9%). The yield of the more polar diastereomer, ISb, Rf 0.08 (10% 

EtOAclhexanes), mp 111.5-113.5 DC, was 203 mg (0.66 mmol, 88%). 

Spectral data for the less polar diastereomer ISa: [a]240 +3.1 ° (c 1.0, CHC13); IR 

(neat) cm- l 3238 (br), 3021, 2990, 2923, 2860, 1475, 1444, 1234, 1204, 1144, 1105, 

1080, 1023, 977, 955, 945, 920, 868, 829, 783, 767, 743, 686; lH NMR 00.35-0.70 

(4, m), 1.36-1.92 (9, m), 2.60 (3, s), 2.70-2.81 (1, m), 3.02 (1, d, J = 13.8 Hz), 3.50 

(1, d, J = 13.8 Hz), 6.39 (1, s), 7.54-7.68 (3, m), 7.85-7.93 (2, m); l3C NMR 0 4.6 

(CH2), 17.4 (CH), 21.7 (CH2), 24.6 (CH2), 25.5 (CH or CH3), 25.9 (CH2), 28.8 (CH 

or CH3), 29.1 (CH2), 40.9 (CH2), 66.3 (CH2), 74.7 (C), 128.9 (CH), 129.5 (CH), 

133.0 (CH), 139.2 (C). 

Spectral data for the more polar diastereomer ISb: [a]240 +32.60 (c 7.3, CHC13); 

IR(neat) cm- l 3240 (br), 3061, 2919,2801, 1443, 1241, 1151, 1108, 1081, 1035,975, 

871, 854, 781, 742, 689; lH NMR 0 0.57-0.90 (4, m), 1.36-1.65 (6, m), 1.70-1.97 (4, 
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m), 2.61 (3, s), 3.11 (1, d, J = 13.7 Hz), 3.29 (1, d, J = 13.7 Hz), 6.69 (1, s), 7.52-

7.66 (3, m), 7.84-7.91 (2, m); 13C NMR 0 7.9 (CH2), 16.7 (CH), 20.0 (CH2), 22.9 

(CH or CH3), 23.7 (CH2), 26.1 (CH2), 28.5 (CH2), 28.6 (CH or CH3), 44.8 (CH2), 

67.7 (CH2), 73.9 (C), 128.8 (CH), 129.4 (CH), 132.9 (CH), 139.5 (C); ElMS (70 eV) 

mlz 211, 182, 169, 156, 154, 140, 125, 120, 106 (100), 95, 91, 77, 67, 55, 54, 51; 

HRMS calcd for C9H140 (M-CSHllNOS) 138.1045, found 138.1043, calcd for 

CSHllNOS 169.0562, found 169.0559. 

The structure of more polar diastereomer ISb was established by single-crystal x
ray analysis.79 Crystallographic data appears in Appendix C. 

(IS ,12R )-Bicyclo[10.1.0]tridecan-2-ol (17a). To a suspension of lithium 

aluminum hydride (35 mg, 0.92 mmol) in diethyl ether (2 mL) at -78°C was added a 

solution of Ie (88 mg, 0.45 mmol) in diethyl ether (2 mL) via cannula. The cannula was 

rinsed with diethyl ether (3 x 1 mL). After warming to room temperature over 1 h, the 

reaction was cooled to 0 °C, then quenched by successive additions of water (35 J.l.L), 4N 

NaOH (35 ilL), and water (105 ilL). After stirring for 1 h at room temperature, the white 

solid was removed by filtration, and the solvent removed to give a colorless oil which was 

purified by chromatography on 70-230 mesh silica gel (20 g) in 8% EtOAclhexanes to 

give 78 mg (0.40 mmol, 88%) of 17a, RfO.19 (10% EtOAclhexanes), as a colorless oil. 

Spectral data for 17a: [a]2SD +42.7° (c 3.59, CHC13); IR (neat) cm-1 3387 (br), 

3061, 2990, 2921, 2859, 1468, 1442, 1349, 1285, 1132, 1095, 1028, 993, 923, 843, 

755; IH NMR a 0.28-0.37 (1, m), 0.53-0.65 (1, m), 0.72-1.00 (2, m), 2.50-2.82 (19, 

m), 4.04-4.14 (1, m); l3c NMR 06.4 (CH2), 16.7 (CH), 21.9 (CH), 24.2 (CH2), 24.3 

(CH2), 25.4 (CH2), 25.7 (CH2), 26.1 (CH2), 26.4 (CH2), 27.0 (CH2), 27.1 (CH2), 

34.6 (CH2), 69.8 (CH); ElMS (70 eV) mlz 196 (M+), 178, 163, 149, 138, 135, 125, 



103 

121, 111, 109, 107,96,95,82,81, 71 (100),67,58,57,55; HRMS calcd for Cl3H240 

196.1827, found 196.1825. 

(IS ,12R)-2-Ethenylbicyclo[10.1.0]tridecan-2-ols (18a and 18b). To a 

solution of vinyl magnesium bromide (1.3 mL of a 1.0 M solution, 1.3 mmol) in diethyl 

ether (2 mL) at -78°C was added a solution of Ie (67 mg, 0.34 mmol) in diethyl ether (2 

mL) via cannula. The cannula was rinsed with diethyl ether (3 x 1 mL). After warming to 

room temperature over 1 h, the reaction was cooled to 0 °C and was quenched by addition 

of saturated NH4Cl solution (5 mL). The mixture was diluted with water (5 mL) and 

extracted with diethyl ether (3 x 15 mL). The ether phase was dried (MgS04), filtered, 

and evaporated to give an oil. This was purified by chromatography on 70-230 mesh 

silica gel (20 g) in 2% EtOAclhexanes to give two diastereomers as colorless oils. The 

yield of diastereomer 18a, Rr 0.52 (10% EtOAclhexanes) was 0.6 mg (0.003 mmol, ca. 

1%). The yield of diastereomer 18b, Rr 0.45 (10% EtOAclhexanes), was 43 mg (0.19 

mmol,56%). 

Spectral data for 18a: lH NMR B 0.13-0.29 (2, m), 0.35-0.46 (1, m), 0.64-0.82 

(3, m), 1.10-1.92 (17, m), 4.97 (1, dd, J = 10.7, 1.1 Hz), 5.12 (1, dd, J = 17.3, 1.1 

Hz), 6.00 (1, dd, J = 17.3, 10.7 Hz). 

Spectral data for 18b: [a]2SD +64.8° (c 1.96, CHC13); IR (neat) cm- l 3601, 

3492(br), 3059, 2921, 2860, 1634, 1469, 1443, 1408, 1316, 1177, 1065, 1031, 992, 

917, 846, 746; lH NMR S 0.18-0.27 (1, m), 0.51-0.64 (1, m), 0.66-0.82 (1, m), 0.85-

0.95 (1, m), 1.15 (1, s), 1.25-1.84 (18, m), 5.05 (1, dd, J = 10.7, 1.1 Hz), 5.18 (1, dd, 

J = 17.3, 1.1 Hz), 5.99 (1, dd, J = 17.3, 10.7 Hz); 13C NMR S 5.7 (CH2), 18.1 (CH), 

22.9 (CH2), 25.3 (CH), 25.5 (CH2), 25.9 (CH2), 26.2 (CH2), 26.6 (CH2), 27.6 (CH2), 

27.8 (CH2), 39.2 (CH2), 74.4 (C), 111.1 (CH2), 146.4 (CH); ElMS (70 eV) mlz 222 
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(M+),207, 193, 181, 179, 165, 163, 151, 137, 136, 123, 111, 109, 97, 95, 84, 83, 69 

(100),67,55; HRMS calcd for ClSH260 222.1984, found 222.1981. 

(IS,15R)-Bicyclo[l3.1.0]hexadecan-2-ol (19a). To a suspension of lithium 

aluminum hydride (16 mg, 0.42 mmol) in diethyl ether (2 mL) at -78°C was added a 

solution of If (41 mg, 0.17 mmol) in diethyl ether (2 mL) via cannula. The cannula was 

rinsed with diethyl ether (2 x 1 mL). The reaction was warmed to 0 °C over two h, then 

quenched by successive additions of water (16 Ill), 4N NaOH (16 Ill), and water (48 Ill). 

After stirring for 30 min at room temperature, the white solid was removed by filtration, 

and the solvent was evaporated to give a colorless oil. This was purified by 

chromatography on 70-230 mesh silica gel (25 g) eluted with in 8% Et20lhexanes to give 

39 mg (0.16 mmol, 96%) of 19a, RfO.17 (10% EtOAclhexanes), as a colorless oil. 

Spectral data for 19a: [a]2SD +3.7° (c 1.92, CHC13); IR (neat) cm-1 3357 (br), 

3063, 2991, 2927, 2855, 1458, 1443, 1409, 1348, 1287, 1059, 1026, 995, 719; IH 

NMR 0 -0.05-0.08 (1, m), 0.63-0.88 (3, m), 1.10-1.67 (25, m), 3.35-3.48 (1, m); 13C 

NMR 0 8.6 (CH2), 15.0 (CH), 22.3 (CH), 22.6 (CH2), 25.2 (CH2), 25.4 (CH2), 25.9 

(CH2), 26.2 (CH2), 26.3 (CH2), 26.6 (CH2), 26.7 (CH2), 27.0 (CH2), 27.3 (CH2) , 

36.6 (CH2), 69.7 (CH); ElMS (70 eV) m/z 238 (M+), 220, 180, 163, 149, 135, 109,96, 

95, 82, 81, 71, 69, 67, 58, 57, 55 (100); HRMS calcd for C16H300 238.2297, found 

238.2294. 

(IS ,15R)-2-Ethenylbicyclo[l3.1.0]hexadecan-2-o1s (20a and 20b). To a 

solution of vinylmagnesium bromide (0.75 mL of a 1.0 M solution, 0.75 mmol) in THF 

(2 mL) at -78°C was added a solution of If (60 mg, 0.25 mmol) in THF (2 mL) via 

cannula. The cannula was rinsed with THF (2 x 1 mL). After two h, TLC (10% 
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EtOAclhexanes) showed unconsumed starting material. Vinylmagnesium bromide (0.25 

mL of a 1.0 M solution, 0.25 mmol) in THF was added and the reaction was warmed to 

room temperature over six h. The reaction was quenched at 0° by addition of saturated 

NH4CI solution (5 mL). The reaction was diluted with water (5 mL) and extracted with 

diethyl ether (3 x 15 mL). The ether was dried (MgS04), filtered, and evaporated to give 

a colorless oil. This was purified by chromatography on 70-230 mesh silica gel (25 g) 

eluted with 2% Et20lhexanes to give two diastereomers as colorless oils. The yield of 

diastereomer 20a, Rr 0.44 (10% EtOAclhexanes), was 51 mg (0.19 mmol, 76%). The 

yield of diastereomer 20b, RrO.19 (10% EtOAclhexanes), was 0.9 mg (0.003 mmol, ca. 

1%). 

Spectral data for 20a: [a]25D +52.6° (c 2.21, CHClJ); IR (neat) cm- l 3603, 

3488(br), 3059, 2927, 2855, 1637, 1456, 1408, 1350, 1274, 1172, 1069, 1031, 993, 

916, 847, 714; IH NMR ~ 0.18-0.27 (1, m), 0.50-0.61 (1, m),0.70-0.92 (2, m), 1.14 

(1, s), 1.22-1.82 (24, m), 5.06 (1, dd, J = 10.6, 1.1 Hz), 5.19 (1, dd, J = 17.2, 1.1), 

5.98 (1, dd, J = 17.2, 10.6); 13C NMR ~ 5.6 (CH2), 17.5 (CH), 21.0 (CH2), 24.8 

(CH2), 25.0 (CH2), 25.2 (CH2), 25.2 (CH), 25.3 (CH2), 26.5 (CH2), 26.9 (CH2), 27.7 

(CH2), 29.0 (CH2), 39.2 (CH2), 74.1 (C), 111.2 (CH2), 145.8 (CH); ElMS (70 eV) mlz 

264 (M+), 249, 236, 221, 203, 178, 165, 151, 135, 125, 111, 109, 97, 95, 84 (100), 

83,81,69,67,55; HRMS calcd for CIsH320 264.2453, found 264.2457. 

Spectral data for 20b: IH NMR ~ 0.00-0.09 (1, m), 0.19-0.28 (1, m), 0.58-0.92 

(2, m), 1.15-1.70 (25, m), 5.13 (1, dd, J = 10.5, 1.3 Hz), 5.28 (1, dd, J = 17.1, 1.3 

Hz), 5.70 (1, dd, J = 17.1, 10.6 Hz). 

(lS,12S)-Bicyclo[10.1.0]tridecan-2-ols (23a and 23b). To a suspension of 

lithium aluminum hydride (29 mg, 0.77 mmol) in diethyl ether (2 mL) at -78°C was 

added a solution of 2b (75 mg, 0.38 mmol) in diethyl ether (2 mL) via cannula. The 
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cannula was rinsed with diethyl ether (3 x 1 mL). The reaction mixture was allowed to 

warm to room temperature over three h, then was cooled to 0 °C and quenched by 

successive additions of water (30 ilL), 4N NaOH (30 ilL), and water (90 ilL). After 

stirring for 30 min at room temperature, the white precipitate was removed by filtration. 

Volatiles were removed to give a white solid which was purified by chromatography on 

70-230 mesh silica gel (25 g) eluted with 8% EtOAclhexanes to give two diastereomers as 

white crystalline solids. The yield of diastereomer 23a, Rf 0.19 (10% EtOAclhexanes), 

mp 77-78 °C, was 70 mg (0.36 mmol, 93%). The yield of diastereomer 23b, Rf 0.09 

(10% EtOAclhexanes), mp 72-74 °C, was 2 mg (0.010 mmol, 3%). 

Spectral data for 23a: [a]24D -113.4° (c 3.25, CHCh); IR (neat) cm- l 3321 (br), 

2997, 2918, 2844, 1466, 1439, 1348, 1155, 1119, 1091, 1028, 992, 966, 895, 725; IH 

NMR l) 0.08-0.19 (1, m), 0.63-0.87 (4, m), 1.18-1.75 (17, m), 1.91-2.08 (1, m), 3.92-

4.00 (1, m); l3C NMR l) 9.2 (CH2), 11.0 (CH), 21.0 (CH2), 21.5 (CH), 22.4 (CH2), 

23.4 (CH2), 23.9 (CH2), 27.3 (CH2), 27.6 (CH2), 27.8 (CH2), 32.5 (CH2), 36.3 

(CH2), 68.0 (CH); ElMS (70 eV) mlz 196 (M+), 181, 178, 163, 149, 138, 135, 125, 

121, 111, 109, 96, 82, 81, 71 (100), 67, 58, 57, 55; HRMS calcd for Cl3H240 

196.1827, found 196.1823. 

Spectral data for 23b: IH NMR l) 0.22-0.30 (1, m), 0.35-0.44 (1, m), 0.58-0.84 

(3, m), 1.20-1.88 (17, m), 1.95-2.09 (1, m), 2.84-2.94 (1, m); 13C NMR l) 16.9 (CH), 

21.0 (CH2), 23.4 (CH2), 24.1 (CH2), 24.8 (CH2), 25.1 (CH), 27.3 (CH2), 27.6 (CH2), 

28.0 (CH2), 32.7 (CH2), 35.6 (CH2), 77.2 (CH). 

(IS ,12S)-2-Methylbicyclo[10.1.0]tridecan-2-o1 (24a). To a solution of 

methyllithium (2.0 mL of a 0.6 M solution, 1.2 mmol) in diethyl ether (2 mL) at -78°C 

was added a solution of 2b (77 mg, 0.40 mmol) in diethyl ether (2 mL) via cannula. The 

cannula was rinsed with diethyl ether (3 x 1 mL). The reaction was warmed to 0 °C over 
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4 h then quenched by addition of saturated NIf4CI solution (5 mL). The mixture was 

diluted with water (5 mL) and was extracted with diethyl ether (3 x 15 mL). The ether 

phase was dried (MgS04), filtered, and evaporated to give a colorless oil. This was 

purified by chromatography on 70-230 mesh silica gel (25 g) in 5% EtOAclhexanes to 

give 73 mg (0.34 mmol, 87%) of 24a, Rf 0.23 (10% EtOAclhexanes), mp 41-45 °C, as a 

colorless solid. 

Spectral data for 24a: [a]24D -89.1° (c 3.48, CHCh); IR (neat) cm-1 3417 (br), 

2995, 2925, 2848, 1466, 1443, 1368, 1344, 1283, 1221, 1167, 1142, 1075, 1032, 992, 

940, 910, 866, 726; IH NMR S 0.02-0.12 (1, m), 0.58-0.85 (4, m), 0.98 (1, s), 1.20-

1.67 (18, m), 1.70-1.83 (1, m), 1.92-2.06 (1, m); 13C NMR S 8.3 (CH2), 12.9 (CH), 

20.8 (CH2), 22.5 (CH2), 23.5 (CH2), 24.1 (CH2), 26.1 (CH or CH3), 27.3 (CH2), 27.7 

(CH2), 28.0 (CH2), 28.8 (CH or CH3), 32.7 (CH2), 41.8 (CH2), 70.6 (C); ElMS (70 

eV) mlz 210 (M+), 195, 192, 181, 163, 152, 137, 135, 121, 111, 97, 81, 71 (toO), 55; 

HRMS calcd for C14H260 210.1984, found 210.1977. 

(IS ,12S)-2-Butylbicyclo[10.1.0]tridecan-2-o1 (25a). To a solution of n

butyllithium (0.85 mL of a 1.3 M solution, 1.1 mmol) in diethyl ether (2 mL) at -78°C 

was added a solution of 2b (71 mg, 0.37 mmol) in diethyl ether (2 mL) via cannula. The 

cannula was rinsed with diethyl ether (3 x 1 mL). The reaction was wanned to 0 °C over 

4 h and quenched by dropwise addition of saturated ~CI solution (5 mL). The mixture 

was diluted with water (5 mL) and was extracted with diethyl ether (3 x 15 mL). The 

ether phase was dried (MgS04), filtered, and evaporated to give a yellow oil. This was 

purified by chromatography on 70-230 mesh silica gel (75 g) in 4% Et20lhexanes to give 

52 mg (0.20 mmol, 54%) of 25a, Rf 0.37 (10% EtOAclhexanes), as a colorless oil, as 

well as 33 mg (0.13 mmol, 36 %) of 25a contaminated with 9% of 2b). 
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Spectral data for 25a: [a]24D -69.3° (c 2.43, CHC13); IR (neat) cm-1 3474 (br), 

2994, 2928, 2849, 1465, 1443, 1400, 1377, 1345, 1284, 1166, 1140, 1088, 1027, 993, 

905,881,725; IH NMR 00.04-0.16 (1, m), 0.57-1.00 (8, m), 1.18-1.75 (22, m), 1.92-

2.08 (1, m); 13C NMR 09.1 (CH2), 12.0 and 14.1 (CH and CH3), 20.5 (CH2), 22.4 

(CH2), 23.3 (CH2), 24.0 (CH2), 25.4 (CH2), 25.5 (CH), 27.2 (CH2), 27.7 (CH2), 28.1 

(CH2), 32.9 (CH2), 39.5 (CH2), 41.2 (CH2), 72.2 (C); ElMS (70 eV) mlz 252 (M+), 

234, 223, 196, 195 (100), 177, 163, 149, 139, 135, 121, 113, 109, 95, 83, 81, 69, 67, 

57,55; HRMS calcd for C17H320 252.2453, found 252.2458. 

(IS ,12S)-2-Phenylbicyclo[10.1.0]tridecan-2-ols (26a and 26b). To a 

solution of phenylmagnesium bromide (1.0 mL of a 1.1 M solution, 1.1 mmol) in diethyl 

ether (2 mL) at -78°C was added a solution of 2b (71 mg, 0.37 mmol) in diethyl ether (2 

mL) via cannula. The cannula was rinsed with diethyl ether (3 x 1 mL). The reaction was 

warmed to room temperature over 1 h and was found to be incomplete by TLC. The 

reaction was cooled to -78°C and a solution of phenylmagnesiumbromide (0.2 mL of a 3 

M solution, 0.6 mmol was added via syringe. After warming to room temperature over 

one h, the reaction was cooled to 0° and quenched by addition of saturated NH4CI solution 

(5 mL). The mixture was diluted with water (5 mL) and extracted with diethyl ether (3 x 

15 mL). The ether phase was dried (MgS04), filtered, and evaporated to give a yellow 

oil. This was purified by chromatography on 70-230 mesh silica gel (70 g) in 5% 

EtOAclhexanes to give two diastereomers as colorless oils. The yield of diastereomer 

26a, RC 0.30 (10% EtOAclhexanes), was 97 mg (0.37 mmol, 97%). The yield of 

diastereomer 26b, RCO.16 (10% EtOAclhexanes), was 0.5 mg (0.002 mmol, ca. 1%). 

Spectral data for 26a: [a]2SD -38.5° (c 2.50, CHCI3); IR (neat) cm-1 3457 (br), 

3057, 2996, 2925, 2847, 1492, 1465, 1444, 1342, 1248, 1215, 1164, 1133, 1087, 



109 

1053, 1029, 993, 967, 929, 910, 765, 726, 698, 610; IH NMR 0 0.19-0.28 (1, m), 

0.56-0.66 (1, m), 0.74-0.90 (1, m), 0.98-1.71 (17, m), 1.79 (1, td, J = 12.8, 4.1 Hz), 

1.98-2.17 (2, m), 7.20-7.39 (3, m), 7.55-7.62 (2, m); l3C NMR 0 9.3 (CH2), 13.5 

(CH), 20.8 (CH2), 22.8 (CH2), 23.6 (CH2), 24.3 (CH2), 24.7 (CH), 27.4 (CH2), 27.8 

(CH2), 28.0 (CH2), 32.8 (CH2), 42.4 (CH2), 74.2 (C), 125.6 (CH), 126.9 (CH), 128.1 

(CH) , 147.8 (C); EIMS (70 eV) mlz 272 (M+), 254, 215, 197, 195, 187, 181, 173, 163, 

159, 145, 134, 133 (100), 120, 105, 91, 77, 69, 55; HRMS calcd for C19H2S0 

272.2140, found 272.2134. 

Spectral data for 26b: IH NMR 0 0.11-0.19 (1, m), 0.68-0.92 (4, m), 1.15-1.95 

(18, m), 7.20-7.37 (3, m), 7.45-7.50 (2, m). 

(IS ,12S)-2-Ethenylbicyclo[10.1.0ltridecan-2-ols (27a and 27b). To a 

solution of vinylmagnesium bromide (1.4 mL of a 1.0 M solution, 1.4 mmol) in THF (2 

mL) at -78°C was added a solution of 2b (66 mg, 0.34 mmol) in THF (2 mL) via 

cannula. The cannula was rinsed with THF (3 x 1 mL). The reaction was warmed to 

room temperature over 1 h and was quenched by addition of saturated Nf4CI solution (5 

mL). The mixture was diluted with water (10 mL) and was extracted with diethyl ether (3 

x 15 mL). The ether phase was dried (MgS04), filtered, and evaporated to give a yellow 

oil. This was purified by chromatography on 70-230 mesh silica gel (25 g) in 5% 

EtOAclhexanes to give two diastereomers as colorless oils. The yield of diastereomer 

27a, Rf 0.32 (10% EtOAclhexanes), was 69 mg (0.31 mmol, 92%). The yield of 

diastereomer 27b, RfO.19 (10% EtOAclhexanes), was 1.6 mg (0.007 mmol, ca. 2%). 

Spectral data for 27a: [a]240 -65.0° (c 2.45, CHCh); IR (neat) cm-1 3452 (br), 

3081, 2998, 2926, 2848, 1638, 1466, 1443, 1411, 1343, 1305, 1279, 1136, 1090, 

1055, 1024,993,920,887, 808, 728, 703; IH NMR 0 0.09-0.18 (1, m), 0.53-0.62 (1, 



110 

m), 0.66-0.99 (3, m), 1.07 (1, s), 1.21-1.73 (15, m), 1.76-1.93 (1, m), 2.02 (1, ddt, J = 

13.1, 9.6, 3.7 Hz), 5.06 (1, dd, J = 10.8, 1.3 Hz), 5.28 (1, dd, J = 17.4, 1.3 Hz), 6.03 

(1, dd, J = 17.4, 10.8 Hz); 13C NMR .5 8.8 (CH2), 12.7 (CH), 20.5 (CH2), 22.5 (CH2), 

23.5 (CH2), 23.9 (CH), 24.0 (CH2), 27.3 (CH2), 27.8 (CH2), 28.0 (CH2), 32.7 (CH2), 

41.0 (CH2), 72.7 (C), 112.1 (CH2), 145.1 (CH); ElMS (70 eV) m/z 222 (M+), 207, 

193, 179, 165, 161, 151, 147, 136, 123, 111, 109, 97, 95, 84, 83 (100), 81, 70, 69, 

67,55; HRMS calcd for ClSH260 222.1984, found 222.1988. 

Spectral data for 27b: IH NMR.5 0.10-0.19 (1, m), 0.67-0.92 (4, m), 1.15-1.80 

(16, m), 1.93-2.08 (1, m), 2.22-2.35 (1, m), 5.03 (1, dd, J = 10.9, 1.4 Hz), 5.21 (1, 

dd, J = 17.4, 1.4 Hz), 5.99 (1, dd, J = 17.4, 10.9 Hz). 

(lS,12S)-2-(1-Hexynyl)-bicyclo[10.1.0]tridecan-2-ols (28a and 28b). To a 

solution of I-hexyne (128 mg, 1.6 mmol) in diethyl ether (2 mL) at 0 °C was added a 

solution of n-butyllithium (0.9 mL of a 1.3 M solution, 1.2 mmol) via syringe. After 20 

min, the mixture was cooled to -78°C and a solution of 2b (75 mg, 0.39 mmol) in diethyl 

ether (2 mL) was added via cannula. The cannula was rinsed with diethyl ether (3 x 1 

mL), and the reaction warmed to room temperature over 2 h. The reaction was cooled to 0° 

and was quenched by addition of saturated NH4CI solution (5 mL). The mixture was 

diluted with water (5 mL) and extracted with diethyl ether (3 x 15 mL). The ether phase 

was dried (MgS04), filtered, and evaporated to give a yellow oil. This. was purified by 

chromatography on 70-230 mesh silica gel (25 g) eluted with 3-10% EtOAclhexanes to 

give two diastereomers as pale yellow oils. The yield of diastereomer 28a, RrO.37 (10% 

EtOAclhexanes), was 105 mg (0.38 mmol, 97%). The yield of diastereomer 28b, Rr 

0.07 (10% EtOAclhexanes), was 1.2 mg (0.004 mmol, ca. 1%). 
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Spectral data for diastereomer 28a: [a]25D -49.2° (c 4.85, CHCh); IR (neat) cm-1 

3456(br), 2999, 2928, 2850, 2237, 1465, 1443, 1377, 1342, 1326, 1282, 1248, 1202, 

1165, 1147, 1130, 1115, 1092, 1055, 1025, 993, 970, 952, 929, 906, 884, 799, 728, 

709; IH NMR 0 0.16-0.27 (1, m), 0.62-1.05 (7, m), 1.15-2.05 (22, m), 2.21 (2, t, J = 

6.8 Hz); 13C NMR 0: 9.5 (CH2), 12.7 and 13.5 (CH and CH3), 18.3 (CH2), 21.0 

(CH2), 21.9 (CH2), 22.3 (CH2), 23.3 (CH2), 23.7 (CH2), 26.5 (CH), 27.1 (CH2), 27.6 

(CH2), 27.6 (CH2), 30.8 (CH2), 32.3 (CH2), 41.6 (CH2), 68.1 (C), 83.3 (C), 84.4 (C); 

EIMS (70 eV) mlz 276 (M+), 247, 233, 219, 205, 191, 177, 163, 151, 137, 123, 121, 

109, 107,95,91,81, 79, 69, 67, 55 (100); HRMS calcd for C19H320 276.2453, found 

276.2452. 

Spectral data for diastereomer 28b: IH NMR 0 0.08-0.17 (1, m), 0.58-1.03 (7, 

m), 1.22-1.99 (22, m), 2.17 (2, t, J = 6.7 Hz). 

(lS,15S)-Bicyclo[13.1.0]hexadecan-2-ols (30a and 30b). To a suspension of 

lithium aluminum hydride (15 mg, 0.40 mmol) in diethyl ether (2 mL) at -78°C was 

added a solution of 2d (53 mg, 0.22 mmol) in diethyl ether (2 mL) via cannula. The 

cannula was rinsed with diethyl ether (2 x 1 mL). After one h, TLC (10% 

EtOAclhexanes) showed unconsumed starting material. LiAlI4 (15 mg, 0.40 mmol) was 

added and the reaction was warmed to 0 °C over two h, then quenched by successive 

additions of water (30 Ill), 4N NaOH (30 Ill), and water (90 Ill). After stirring for one h 

at room temperature, the white solid was removed by filtration through a short plug of 

silica gel and evaporated to give a colorless oil. This was purified by chromatography on 

70-230 mesh silica gel (25 g) eluted with 8-20% Et20lhexanes to give two diastereomers 

as white solids. The yield of diastereomer 30a, Rf 0.19, 10% EtOAclhexanes, mp 64-
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65°, was 51 mg (0.21 mmol, 96%). The yield of diastereomer 30b, Rf 0.10 (10% 

EtOAclhexanes), was 1.4 mg (0.006 mmol, ca. 3%). 

Spectral data for 30a: [a]250 -69.0° (c 0.21, CHCh); yield; IR (neat) cm-1 3424, 

3340, 3001, 2926, 2850, 1458, 1445, 1347, 1128, 1104, 1087, 1036, 1020, 1005, 

964,936,907, 738; IH NMR a 0.15-0.24 (1, m), 0.54-0.87 (4, m), 1.15-1.56 (23, m), 

1.76-1.90 (1, m), 3.85-3.93 (1, m); 13C NMR a 7.7 (CH2), 12.7 (CH), 23.5 (CH), 23.7 

(CH2), 25.9 (CH2), 26.1 (CH2), 26.3 (CH2), 26.3 (CH2), 27.1 (CH2), 27.1 (CH2) , 

29.2 (CH2), 33.5 (CH2), 36.9 (CH2), 68.8 (CH); ElMS (70 eV) mlz 238 (M+), 220, 

180, 149, 135, 121, 109,96, 95, 82, 81, 71 (100), 69, 67, 58, 57, 55; HRMS cal cd for 

C16H300 238.2297, found 238.2296. 

Spectral data for 30b: IH NMR a 0.29-0.37 (1, m), 0.40-0.49 (1, m), 0.60-0.85 

(3, m), 1.22-1.77 (24, m), 2.76-2.86 (1, m). 

(1S ,15S)-2-Methylbicyclo[13.1.0]hexadecan-2-o1s (31a and 31b). To a 

solution of methyllithium (0.4 mL of a 1.4 M solution, 0.29 mmol) in diethyl ether (2 mL) 

at -78°C was added a solution of 2d (91 mg, 0.38 mmol) in diethyl ether (2 mL) via 

cannula. The cannula was rinsed with diethyl ether (2 x 1 mL). The reaction was warmed 

to 0 °C over two h and quenched by dropwise addition of saturated Nf4CI solution (5 

mL). The mixture was extracted with diethyl ether (3 x 15 mL). The ether phase was 

dried (MgS04), filtered, and evaporated to give a colorless oil. This was purified by 

chromatography on 70-230 mesh silica gel (20 g) eluted with 5% Et20/pentane to give 

two diastereomeric alcohols as colorless oils. The yield of diastereomer 31a, Rf 0.29 

(10% EtOAclhexanes), was 41 mg (0.16 mmol, 42%). The yield of diastereomer 31b, 

RfO.13 (10% EtOAclhexanes), was 0.7 mg (0.001 mmol, ca. 0.3%). 

Spectral data for 31a: [a]24o -33.7° (c 1.92, CHC13); IR (neat) cm-1 3441 (br), 

2923, 2853, 1458, 1370, 1210, 1149, 1085, 1030, 934, 864; IH NMR a 0.05-0.15 (1, 
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m), 0.46-0.60 (2, m), 0.62-0.94 (3, m), 1.10-1.61 (25, m), 1.65-1.81 (1, m); 13C NMR 

5 7.1 (CH2), 14.0 (CH), 22.8 (CH2), 25.7 (CH2), 26.2 (CH2), 26.2 (CH2), 26.3 

(CH2), 26.7 (CH2), 27.0 (CH2), 27.4 (CH2), 27.6 (CH2), 27.8 and 28.2 (CH and 

CH3), 29.2 (CH2), 33.8 (CH2), 43.7 (CH2), 70.2 (C); ElMS (70 eV) mlz 252 (M+), 

237, 223, 205, 194, 149, 135, 121, 111, 97, 82, 71 (100), 55; HRMS calcd for 

C17H320 252.2453, found 252.2450. 

Spectral data for 31b: 1R (neat) cm-1 3413 (br), 2925, 2853, 1458, 1402, 1346, 

1083,914; IH NMR 50.13-0.21 (1, m), 0.50-0.64 (2, m), 0.68-0.93 (6, m), 1.15-1.80 

(22, m), 1.85-1.95 (1, m). 

(IS ,15S)-2-Butylbicyclo[13.1.0]hexadecan-2-ols (32a and 32b). To a 

solution of n-butyllithium (0.57 mL of a 1.3 M solution, 0.74 mmol) in diethyl ether (2 

mL) at -78°C was added a solution of 2d (58 mg, 0.25 mmol) in diethyl ether (2 mL) via 

cannula. The cannula was rinsed with diethyl ether (2 x 1 mL). The reaction was warmed 

to 0 °C over one h and quenched by dropwise addition of saturated NH4CI solution (5 

mL). The mixture was diluted with water (5 mL) and extracted with diethyl ether (3 x 15 

mL). The ether phase was dried (MgS04), filtered, and evaporated to give a colorless oil. 

This was purified by chromatography on 70-230 mesh silica gel (25 g) eluted with 3% 

Et20lhexanes to give two diastereomers as colorless oils. The yield of diastereomer 32a, 

Rf 0.38 (10% EtOAclhexanes), was 61 mg (0.21 mmol, 85%). The yield of diastereomer 

32b, Rf 0.21 (10% EtOAclhexanes), was 1 mg (0.003 mmol, ca. 1 %). 

Spectral data for 32a: [a]24D -14.5° (c 0.61, CHCh); IR (neat) cm-1 3477 (br), 

2994, 2926, 2854, 1458, 1377, 1343, 1293, 1137, 1032, 995, 911, 721; IH NMR 5 

0.09-0.19 (1, m), 0.48-0.60 (2, rn), 0.67-0.82 (3, m), 0.91 (3, t, J = 7.0 Hz), 1.13-1.62 

(28, m), 1.74 (1, dd, J = 16.7, 8.3 Hz); 13C NMR 5 7.6 (CH2), 13.2 and 14.4 (CH and 
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CH3), 22.6 (CH2), 23.4 (CH2), 25.6 (CH2), 25.8 (CH2), 26.1 (CH2), 26.2 (CH2), 26.8 

(CH2), 26.9 (CH2), 27.5 (CH2), 27.6 (CH2), 29.2 (CH2), 33.9 (CH2), 40.4 (CH2), 

41.3 (CH2), 71.8 (C); 13C NMR (C6D6) a 8.1 (CH2), 13.4 and 14.5 (CH and CH3), 

22.9 (CH2), 23.9 (CH2), 26.0 (CH2), 26.2 (CH2), 26.6 (CH2), 26.6 (CH2), 26.7 

(CH2), 27.2 (CH2), 27.3 (CH), 27.4 (CH2), 27.9 (CH2), 28.1 (CH2), 29.7 (CH2), 34.3 

(CH2), 41.0 (CH2), 42.0 (CH2), 71.4 (C); EIMS (70 eV) mlz 294 (M+), 265, 237 (100), 

219, 194, 139, 123, 113, 95, 83, 81, 69, 67, 57, 55; HRMS calcd for C20H3S0 

294.2923, found 294.2924. 

Spectral data for 32b: IR (neat) cm-1 3413 (br), 2925, 2853, 1458, 1402, 1346, 

1083,914; IH NMR a 0.10-0.20 (1, m), 0.50-0.60 (1, m), 0.65-1.60 (36, m). 

(IS ,15S)-2-Phenylbicyclo[13.1.0]hexadecan-2-ols (33a and 33b). To a 

solution of phenyl magnesium bromide (0.27 mL of a 3.0 M solution, 0.81 mmol) in 

diethyl ether (2 mL) at -78°C was added a solution of 2d (64 mg, 0.27 mmol) in diethyl 

ether (2 mL) via addition funnel. The funnel was rinsed with diethyl ether (2 x 0.5 mL). 

The reaction was warmed to 0 °C over 30 min and quenched by drop wise addition of 

saturated NH4CI solution (5 mL). The mixture was diluted with water (5 mL) and 

extracted with diethyl ether (3 x 15 mL). The ether phase was dried (MgS04), filtered, 

and evaporated to give a colorless oil which was purified by chromatography on 70-230 

mesh silica gel (25 g) eluted with in 5% Et20lhexanes to give two diastereomers as 

colorless oils. The yield of diastereomer 33a, Rf 0.35 (10% EtOAclhexanes), was 74 mg 

(0.24 mmol, 88%). The yield of diastereomer 33b, Rf 0.21 (10% EtOAclhexanes) was 

approximately 2-3 mg, contaminated by residue from the commercial phenylmagnesium 

bromide solution. 
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Spectral data for 33a: [a]25D +0.88° (c 2.51, eHCh); IR (neat) cm-1 3470 (br), 

3057, 2995, 2925, 2852, 1598, 1492, 1458, 1444, 1401, 1344, 1165, 1108, 1073, 

1031,960,912, 765, 698; IH NMR 00.18-0.27 (1, m), 0.48-0.58 (1, m), 0.73-0.89 (1, 

m), 0.95-1.62 (23, m), 1.75-2.04 (3, m), 7.18-7.37 (3, m), 7.47-7.53 (2, m); l3e NMR 

o 8.1 (eH2), 14.6 (CH), 22.6 (eH2), 25.7 (eH2), 26.2 (eH2), 26.3 (eH2), 26.4 

(CH2), 27.1 (eH2), 27.2 (eH2), 27.4 (eH2), 27.8 (eH), 29.2 (eH2), 33.8 (eH2), 43.9 

(eH2), 73.9 (e), 125.4 (eH), 126.5 (eH), 128.0 (eH), 147.4 (e); EIMS (70 eV) m/z 

314 (M+), 296, 237, 223, 205, 173, 159, 134, 133 (100), 120, 105, 91, 69, 55; HRMS 

calcd for e22H340 314.2610, found 314.2611. 

Spectral data for the more polar diastereomer 33b: IH NMR 0 -0.06-0.02 (1, m), 

0.09-0.17 (1, m), 0.36-0.50 (1, m), 0.55-0.90 (2, m), 0.99-1.08 (1, m), 1.15-2.16 (23, 

m), 6.80-6.98 (3, m), 7.20-7.36 (2, m). 

(IS ,15S)-2-Ethenylbicyclo[13.1.0]hexadecan-2-o1 (34a). To a solution of 

vinylmagnesium bromide (0.77 mL of a 1.0 M solution, 0.77 mmol) in THF (2 mL) at 

-78°C was added a solution of 2d (91 mg, 0.39 mmol) in THF (3 mL) via addition 

funnel. The funnel was rinsed with THF (2 x 1 mL). After 30 min, vinylmagnesium 

bromide (0.38 mL of a 1.0 M solution, 0.38 mmol) in THF was added via syringe. The 

reaction was warmed to 0 °e over two h and quenched by dropwise addition of saturated 

Nlf4el solution (5 mL). The mixture was diluted with water (15 mL) and extracted with 

diethyl ether (3 x 15 mL). The ether phase was dried (MgS04), filtered, and evaporated 

to give a colorless oil. This was purified by chromatography on 70-230 mesh silica gel 

(25 g) eluted with 3% Et20lhexanes to give 14 mg (15%) recovered starting material and 

73 mg (0.28 mmol, 72%) of 34a, Rr 0.37 (10% EtOAclhexanes), as a colorless oil. 
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Spectral data for 34a: [a]25D -10.4° (c 2.99,CHCI3); IR (neat) cm- l 3472(br), 

3080, 2995, 2925, 2853, 1638, 1459, 1410, 1344, 1205, 1173, 1086, 1031, 993, 919, 

723; IH NMR a 0.09-0.19 (1, m), 0.38-0.48 (1, m), 0.60-0.92 (3, m), 0.98 (1, s), 1.09-

1.49 (21, m), 1.54-1.65 (1, m), 1.66-1.81 (1, m), 5.01 (1, dd, J = 10.7, 1.3 Hz), 5.17 

(1, dd, J = 17.4, 1.3 Hz), 5.91 (1, dd, J = 17.4, 10.7 Hz); 13C NMR a 7.5 (CH2), 13.7 

(CH), 22.4 (CH2), 25.7 (CH2), 26.1 (CH2), 26.2 (CH2), 26.3 (CH2), 26.5 (CH2), 27.1 

(CH2), 27.4 (CH2), 29.2 (CH2), 33.7 (CH2), 42.3 (CH2), 72.5 (C), 111.8 (CH2), 

144.5 (CH); 13C NMR (C6D6) a: 8.0 (CH2), 14.1 (CH), 22.8 (CH2), 26.1 (CH2), 26.6 

(CH2), 26.8 (CH2), 26.9 (CH2), 26.9 (CH), 27.6 (CH2), 27.8 (CH2), 29.7 (CH2), 34.2 

(CH2), 42.8 (CH2), 72.4 (C), 111.5 (CH2), 145.1 (CH); ElMS (70 eV) mlz 264 (M+), 

249, 235, 221, 207, 178, 151, 135, 121, 111, 97, 84, 83 (100), 69, 67, 55; HRMS 

calcd for CISH320 264.2453, found 264.2454. 

(IS ,15S)-2-(1-Hexynyl)-bicyclo[13.1.0]hexadecan-2-o1s (35a and 35b). 

To a solution of I-hexyne (54 mg, 0.66 mmol) in diethyl ether (2 mL) at 0 °C was added a 

solution of n-butyllithium (0.49 mL of a 1.3 M solution, 0.64 mmol) via syringe. After 

10 min, the mixture was cooled to -78°C and a solution of 2d (51 mg, 0.21 mmol) in 

diethyl ether (2 mL) was added via cannula. The cannula was rinsed with diethyl ether (2 

x 1 mL). The reaction was warmed to 0 °C over 1 h and quenched by dropwise addition 

of saturated N14CI solution (5 mL). The mixture was diluted with water (5 mL) and 

extracted with diethyl ether (3 x 15 mL). The ether phase was dried (MgS04), filtered, 

and evaporated to give a pale yellow oil. This was purified by chromatography on 70-230 

mesh silica gel (25 g) eluted with 5-10% Et20lhexanes to give two diastereomers as 

colorless oils. The yield of diastereomer 35a, Rf 0.34 (10% EtOAclhexanes), was 62 mg 
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(0.19 mmol, 90%). The yield of diastereomer 35b, Rf 0.07 (10% EtOAclhexanes), was 

1 mg (0.003 mmol, ca. 1 %). 

Spectral data for 35a: [a]2SD -4.90 (c 3.08, CHClJ); IR (neat) cm-1 3616, 3466 

(br), 3066, 2996, 2927, 2853, 2233, 1458, 1401, 1377, 1346, 1295, 1145, 1105, 1035, 

1017, 963, 921, 803, 742, 726, 685; IH NMR 0 0.20-0.30 (1, m), 0.58-0.75 (2, m), 

0.81-0.97 (5, m), 1.12-1.85 (28, m), 2.21 (2, t, J = 6.9 Hz); 13C NMR 0 7.9 (CH2), 

13.6 and 14.2 (CH and CH3), 18.3 (CH2), 21.9 (CH2), 23.1 (CH2), 25.7 (CH2), 26.2 

(CH2), 26.3 (CH2), 26.4 (CH2), 27.1 (CH2), 27.3 (CH2), 28.6 (CH), 29.2 (CH2), 30.9 

(CH2), 33.5 (CH2), 43.3 (CH2), 68.2 (C), 83.6 (C), 84.0 (C); ElMS (70 eV) mlz 318 

(M+), 303, 289, 276, 275, 262, 261, 233, 207, 205, 191, 177, 165, 163, 151, 137, 

123, 121, 109, 107, 95, 81, 79, 69, 67, 57, 55 (100); HRMS calcd for C22H3S0 

318.2923, found 318.2919. 

Spectral data for the more polar diastereomer 35b: IR (neat) cm-1 3441 (br), 

2925,2853,2230, 1458, 1341, 1075, 1025; IH NMR 0 0.20-0.30 (1, m), 0.75-1.02 (7, 

m), 1.20-1.90 (28, m), 2.15-2.28 (2, m). 

(1S ,2R ,12S)-2-[ (N -Methyl-S -phenylsulfoximidoyl)methyl]bicyclo[1 0.1.0] 

tridecan-2-ols (36a and 36b). To a solution of (S)-N ,S-dimethyl-S

phenylsulfoximine (241 mg, 1.4 mmol, 85% ee) in THF at 0 °C was added a solution of 

n-butyllithium in hexanes (1.0 mL of a 1.2 M solution, 1.2 mmol). The solution was 

cooled to -78 °C, and a solution of ketone 2b (94 mg, 0.48 mmol) in THF (2 mL) was 

added via cannula. The cannula was rinsed with THF (2 x 1 mL). After 90 min, the 

mixture was poured into saturated aqueous NIi4CI solution (15 mL) and extracted with 

diethyl ether (3 x 20 mL). The ether was dried (MgS04), filtered, and concentrated to 

give a yellow oil. This was purified by chromatography on 70-230 mesh silica gel (60 g) 
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eluted with 10% EtOAclhexanes to give two diastereomers as white solids. The yield of 

less polar diastereomer 36a, Rf 0.14 (10% EtOAclhexanes), mp 83-86 °C, was 167 mg 

(0.46 mmol, 95%). The yield of more polar diastereomer 36b, Rf 0.08 (10% 

EtOAclhexanes), mp 110-114 °C, was 5 mg (0.014 mmol, 3%). 

Spectral data for the less polar diastereomer 36a: [a]24D -10.8° (c 8.4, CHCh); IR 

(neat) cm- l 3258 (br), 3061, 2996, 2925, 2848, 2803, 1466, 1443, 1388, 1242, 1215, 

1152, 1108, 1079, 1032, 893, 862, 850, 757, 732, 689; IH NMR 0 -0.14 to -0.05 (1, 

m), 0.43-0.65 (2, m), 0.78-0.88 (1, m), 0.89-1.04 (1, m), 1.12-1.66 (14, m), 1.82-1.98 

(1, m), 1.99-2.09 (2, m), 2.52 (3, s), 3.08 (1, d, J = 13.9 Hz), 3.24 (1, d, J = 13.9 Hz), 

6.47 (1, s), 7.47-7.60 (3, m), 7.79-7.85 (2, m); 13C NMR 0 9.1 (CH2), 12.7 (CH), 21.1 

(CH2), 22.2 (CH2), 23.6 (CH2), 24.0 (CH2), 26.7 (CH), 27.2 (CH2), 27.6 (CH2), 27.8 

(CH2), 28.7 (CH3), 32.4 (CH2), 38.9 (CH2), 62.3 (CH2), 72.6 (C), 128.8 (CH), 129.4 

(CH), 132.9 (CH), 138.9 (C); ElMS (70 eV) m/z 251, 250, 194, 193 (100) 169, 154, 

139, 135, 124, 121, 109, 97, 95, 81, 69, 67, 57, 55; HRMS calcd for Cl3H220 (M

CgHllNOS) 194.1671, found 194.1631, calcd for CgHllNOS 169.0562, found 

169.0557. 

Spectral data for the more polar diastereomer 36b: [a]24D -23.1 ° (c 0.26, CHCh); 

IR (neat) cm- l 3245 (br), 3061, 2998, 2924, 2849, 2803, 1465, 1443, 1235, 1146, 

1107, 1079, 871, 780, 746, 724, 690, 637; IH NMR 0 0.35-0.45 (1, m), 0.70-1.72 (19, 

m), 1.79-2.06 (2, m), 2.63 (3, s), 3.25 (1, d, J = 13.8 Hz), 3.36 (1, d, J = 13.8 Hz), 

6.55 (1, s), 7.52-7.68 (3, m), 7.84-7.92 (2, m); l3C NMR 0 12.3 (CH2), 12.8 (CH), 

19.7 (CH2), 21.8 (CH2), 23.2 (CH2), 23.7 (CH2), 24.0 (CH), 27.0 (CH2), 27.6 

(CH2), 27.8 (CH2), 28.7 (CH3), 32.7 (CH2), 41.7 (CH2), 64.2 (CH2), 72.6 (C), 128.9 

(CH), 129.5 (CH), 133.0 (CH), 139.3 (C). 
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(IS ,2R ,15S)-2-[ (N -Methyl-S -phenylsulfoximidoyl)methyl]bicyclo[13.1.0] 

hexadecan-2-ols (37a and 37b). To a solution of (S)-N,S-dimethyl-S

phenylsulfoximine (198 mg 1.2 rnmol, 85% ee) in THF at 0 °C was added a solution of n

butyllithium in hexanes (0.8 mL of a 1.2 M solution, 0.96 mmol). The solution was 

cooled to -78°C, and a solution of ketone 2d (92 mg, 0.39 rnmol) in THF (2 mL) was 

added via cannula. The cannula was rinsed with THF (2 x 1 mL). After 90 min, the 

mixture was poured into saturated aqueous NI4CI solution (15 mL) and extracted with 

diethyl ether (3 x 20 mL). The ether was dried (MgS04), filtered, and concentrated to 

give a viscous oil. This was purified by chromatography on 70-230 mesh silica gel (60 

g) eluted with 10-20% EtOAclhexanes to give two diastereomers as white crystalline 

solids. The yield of less polar diastereomer 37a, Rf 0.15 (10% EtOAclhexanes), mp 

97.5-99 DC, was 157 mg (0.38 rnmol, 99%). The yield of more polar diastereomer 37b, 

RfO.11 (10% EtOAclhexanes), was 0.5 mg (0.001 rnmol, 0.3%). 

Spectral data for the less polar diastereomer 37a: [a]24o +25.1 ° (c 7.8, CHCh); 

IR (neat) cm- l 3262 (br), 3063, 2923, 2852, 2803, 1458, 1443, 1243, 1215, 1152, 

1107, 1079, 909, 854, 733, 689; IH NMR 00.00-0.10 (1, m), 0.47-0.52 (1, m), 0.64-

0.80 (2, m), 0.99-1.75 (22, m), 1.93 (1, ddm, J = 14.4,9.2 Hz), 2.14-2.28 (1, m), 2.59 

(3, s), 3.14 (1, d, J = 13.9 Hz), 3.27 (1, d, J = 13.9 Hz), 6.52 (1, s), 7.54-7.68 (3, m), 

7.85-7.93 (2, m); l3C NMR 0 7.8 (CH2), 14.1 (CH), 23.4 (CH2), 25.5 (CH2), 25.6 

(CH2), 25.8 (CH2), 26.2 (CH2), 26.4 (CH2), 27.0 (CH2), 27.3 (CH), 27.4 (CH2), 27.6 

(CH2), 28.7 (CH3), 28.8 (CH2), 33.4 (CH2), 41.0 (CH2), 62.3 (CH2), 72.3 (C), 128.8 

(CH), 129.4 (CH), 132.9 (CH), 139.0 (C); ElMS (70 eV) mlz 280,236,221,207, 193, 

178, 169, 154 (100), 141, 135, 125, 121, 111, 106, 105,98,97,95,81,77,70,67, 

55,51; HRMS calcd for Cl6H2S0 (M-CsHllNOS) 236.2140, found 236.2142, calcd for 

CsHllNOS 169.0562, found 169.0560. 



120 

Spectral data for the more polar diastereomer 37b: IH NMR S 0.39-0.48 (1, m), 

0.69-1.80 (27, m), 2.62 (3, s), 3.14 (1, d, J = 13.8 Hz), 3.40 (1, d, J = 13.8 Hz), 6.36-

6.46 (1, m), 7.54-7.65 (3, m), 7.85-7.91 (2, m). 

The structure of less polar diastereomer 37a was established by single-crystal X

ray analysis.80 Crystallographic data appears in Appendix C. 

(IR,8S)-3-Methylbicyclo[6.1.0]nonan-2-one (41a). To a solution of LDA (1.5 

mmol) in THF (2 mL) at -78°C was added a solution of Ie (172 mg, 1.3 mmol) in THF 

(2 mL) via cannula. The cannula was rinsed with THF (2 x 1 mL). After 15 min, methyl 

iodide (368 mg, 2.6 mmol) was added via syringe. The reaction was capped and stored at 

-20°C for 23 h. The mixture was quenched by addition of saturated NI4CI solution (5 

mL) and diluted with water (5 mL). The aqueous layer was extracted with diethyl ether (3 

x 15 mL). The organic phase was dried (MgS04), filtered and evaporated to give a 

yellow oil. This was purified by chromatography on 70-230 mesh silica gel (100 g) 

eluted with 3-5% Et20/pentane to give 8 mg (4.5%) of recovered starting material and 154 

mg (1.0 mmol, 81 %) of 41a, RfO.37 (10% EtOAc/hexanes) as a colorless oil. 

Spectral data for 41a: [a]23D -8.9° (c 6.1, CHCI3); IR (neat) cm-1 3430 (br), 

3000, 2961, 2921, 2853, 1690, 1445, 1389, 1375, 1214, 1167, 1086, 1063, 1039, 

1007, 958, 901, 839; IH NMR S: 0.64-0.84 (2, m), 0.95-1.14 (2, m), 1.19-1.42 (5, m), 

1.57-1.70 (1, m), 1.72-1.96 (3, m), 1.98-2.10 (1, m), 2.18-2.29 (1, m), 2.33-2.50 (1, 

m); 13C NMR S: 9.0 (CH2), 17.6 (CH), 22.3 and 22.6 (CH and CH3), 26.3 (CH2), 28.2 

(CH2), 30.0 (CH2), 35.9 (CH2), 50.2 (CH), 214.6 (C). 

(lR,8S)-3-Benzylbieyclo[6.1.0]nonan-2-one (42). To a solution of LDA (1.1 

mmol) in THF (2 mL) at -78°C was added a solution of Ie (131 mg, 0.95 mmol) in THF 
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(2 mL) via cannula. The cannula was rinsed with THF (2 x 0.5 mL). After 40 min, 

benzyl bromide (195 mg, 1.1 mmol) was added via syringe. The reaction was capped and 

stored at -20°C for 13 h. The mixture was quenched by addition of saturated NH4CI 

solution (5 mL) and diluted with water (5 mL). The aqueous layer was extracted with 

diethyl ether (3 x 15 mL). The organic phase was dried (MgS04), filtered and 

evaporated. The residue was purified by chromatography on 70-230 mesh silica gel (100 

g) eluted with 3% EtOAclhexanes to give 158 mg (0.69 mmol, 73%) of 42a, Rr 0.34 

(10% EtOAclhexanes), mp 50-54°C, as colorless crystals. 

Spectral data for 42a: [a]23o +2.63° (c 7.83, CHCI3); IR (neat) cm-1 3024, 2999, 

2925, 2852, 1689, 1493, 1450, 1389, 1376, 1220, 1147, 1040, 1001, 940, 895, 844, 

761, 744, 699; IH NMR 0: 0.69-0.98 (2, m), 0.94-1.14 (2, m), 1.21-1.43 (2, m), 1.55-

1.78 (1, m), 1.71-1.90 (3, m), 2.03 (1, dm, J = 14.4 Hz), 2.20-2.31 (1, m), 2.55-2.70 

(1, m), 2.81 (1, dd, J = 13.7, 8.0 Hz), 3.05 (1, dd, J = 13.7, 7.4 Hz), 7.13-7.32 (5, m); 

13C NMR 0: 9.4 (CH2), 22.7 (CH), 23.5 (CH), 25.7 (CH2), 28.2 (CH2), 29.9 (CH2), 

33.2 (CH2), 38.6 (CH2), 57.1 (CH), 126.2 (CH), 128.4 (CH), 128.7 (CH), 139.1 (C), 

213.0 (C). 

(IR,8S)-3-(3-Propenyl)-bieyelo[6.1.0]nonan-2-one (43). To a solution of 

LDA (1.2 mmol) in THF (2 mL) at -78°C was added a solution of Ie (156 mg, 1.1 

mmol) in THF (2 mL) via cannula. The cannula was rinsed with THF (2 x 1 mL). Mter 

30 min, allyl bromide (150 mg, 1.2 mmol) was added via syringe. The reaction was 

capped and stored at -20°C for 21 h. The mixture was quenched by addition of saturated 

NR4CI solution (5 mL) and diluted with water (5 mL). The aqueous layer was extracted 

with diethyl ether (3 x 20 mL). The organic phase was dried (MgS04), filtered and 

evaporated to give a yellow oil. This was purified by chromatography on 70-230 mesh 
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silica gel (100 g) eluted with 3-10% Et20lhexanes to give 144 mg (0.81 mmol, 71 %) of 

43a, RfO.39 (10% EtOAclhexanes) as a colorless oil. 

Spectral data for 43a: [a]23D -15.0° (c 5.09, CHCh); IH NMR 0: 0.67-0.86 (2, 

m), 0.96-1.16 (2, m), 1.19-1.43 (2, m), 1.55-1.97 (4, m), 2.04 (1, dm, J = 14.9 Hz), 

2.11-2.22 (1, m), 2.23-2.55 (3, m), 5.02 (1, d, J = 9.4 Hz), 5.07 (1, d, J = 16.3 Hz), 

5.73 (1, ddt, J = 16.3, 9.4, 6.6 Hz); l3C NMR 0: 9.2 (CH2), 22.6 (CH), 23.1 (CH), 

25.8 (CH2), 28.2 (CH2), 30.0 (CH2), 33.5 (CH2), 36.9 (CH2), 55.4 (CH), 116.5 

(CH2), 135.5 (CH), 213.3 (C). 

(IR,8S)-3-Nonylbieyelo[6.1.0]nonan-2-one (44). To a solution of LDA (1.1 

mmol) in THF (2 mL) at -78°C was added a solution of Ie (124 mg, 0.89 mmol) in THF 

(2 mL) via cannula. The cannula was rinsed with THF (2 x 1 mL). After 15 min, 

iodononane (250 mg, 0.98 mmol) was added via syringe. The reaction was capped and 

stored at -20°C for 84 h, and then at 0 °C for 24 h. The mixture was quenched by 

addition of saturated NI4Cl solution (5 mL) and diluted with water (5 mL). The aqueous 

layer was extracted with diethyl ether (3 x 15 mL). The organic phase was dried 

(MgS04), filtered and evaporated to give a yellow oil. This was purified by 

chromatography on 70-230 mesh silica gel (20 g) eluted with 3% Et20lhexanes to give 13 

mg (11 %) recovered starting material and 69 mg (0.26 mmol, 29%) of 44a, Rf 0.50 

(10% EtOAclhexanes), as a colorless oil. 

Spectral data for 44a: [a]24D -5.4° (c 2.70, CHCh); IR (neat) cm-1 3000, 2953, 

2919, 2848, 1681, 1469, 1437, 1394, 1377, 1164, 1141, 1096, 1038, 1009, 934, 894, 

850, 841, 721; IH NMR 0 0.65-0.84 (2, m), 0.87 (3, t, J = 6.6 Hz), 0.97-1.18 (2, m), 

1.18-1.40 (16, m), 1.42-1.94 (6, m), 2.20 (1, dm, J = 14.4 Hz), 2.12-2.36 (2, m); 13C 

NMR 0: 9.1 (CH2), 14.0 (CH), 22.6 (CH2), 22.7 (CH3), 26.2 (CH2), 27.7 (CH2), 28.3 
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(CH2), 29.2 (CH2), 29.4 (CH2), 29.5 (CH2), 29.6 (CH2), 30.2 (CH2), 31.8 (CH2), 

32.9 (CH2), 34.3 (CH2), 56.2 (CH), 214.1 (C). 

(IS ,12S)-3-Benzylbicyclo[10.1.0]tridecan-2-ones (45a and 45b). To a 

solution of LDA (0.53 mmol) in THF (2 mL) at -78°C was added a solution of 2b (86 

mg, 0.44 mmol) in THF (2 mL) via cannula. The cannula was rinsed with THF (2 x 1 

mL). After 30 min, benzyl bromide (83 mg, 0.49 mmol) was added via syringe. The 

reaction was capped and stored at -20°C for 48 h. The mixture was quenched by addition 

of saturated NI4CI solution (5 mL) and diluted with water (5 mL). The aqueous layer 

was extracted with diethyl ether (3 x 15 mL). The organic phase was dried (MgS04), 

filtered and evaporated to give a yellow oil. This was purified by chromatography on 70-

230 mesh silica gel (80 g) eluted with 4-10% Et20lhexanes to give 35 mg (40%) 

recovered starting material and two diastereomeric a-benzyl ketones as white crystalline 

solids The yield of diastereomer 45a, Rf 0.47 (10% EtOAclhexanes), mp 79-80 °C, was 

39 mg (0.14 mmol, 31%). The yield of diastereomer 45b, Rf 0.38 (10% 

EtOAclhexanes), mp 110-111 °C, was 27 mg (0.096 mmol, 26%). 

Spectral data for less polar diastereomer 45a: [a]24D +41.8° (c 1.94, CHC13); IR 

(neat) cm-1 3057, 3022, 3007, 2917, 2855, 1679, 1492, 1463, 1451, 1437, 1404, 1347, 

1126, 1088, 1074, 1038, 934, 857, 736, 698; IH NMR a 0.55-0.78 (2, m), 1.20-1.86 

(17, m), 1.97 (1, ddt, J = 14.4, 9.2, 2.4 Hz), 2.60 (1, dd, J = 13.5, 7.3 Hz), 2.92 (1, 

dd, J = 13.5, 7.6 Hz), 3.11-3.25 (1, m), 7.12-7.31 (5, m); 13C NMR a: 18.7 (CH2), 

24.1 (CH2), 25.1 (CH2), 26.1 (CH2), 26.6 (CH2), 27.1 (CH2), 27.8 (CH), 29.9 (CH2), 

30.2 (CH), 32.5 (CH2), 37.1 (CH2), 54.7 (CH), 125.9 (CH), 128.2 (CH), 128.9 (CH), 

140.4 (CH), 214.0 (C). 



124 

Spectral data for more polar diastereomer 45b: [a]24D +34.9° (c 1.36, CHCI3); IR 

(neat) cm-l 3054,3000,2912,2851, 1674, 1492, 1463, 1455, 1435, 1403, 1355, 1217, 

1169, 1135, 1085,991, 927, 743, 698; lH NMR ~ 0.72-0.90 (2, m), 1.19-1.70 (15, m), 

1.88-2.08 (3, m), 2.55-2.69 (1, m), 2.84 (1, dd, J = 13.7, 7.7 Hz), 3.03 (1, dd, J = 

13.7, 7.7 Hz), 7.13-7.30 (5, m); l3C NMR ~ 19.3 (CH2), 22.4 (CH2), 23.5 (CH), 26.4 

(CH2), 26.5 (CH2), 26.6 (CH2), 27.3 (CH), 28.0 (CH2), 28.4 (CH2), 30.0 (CH2), 32.8 

(CH2), 39.0 (CH2), 58.1 (CH), 126.3 (CH), 128.4 (CH), 128.9 (CH), 139.0 (C), 213.1 

(C). 

(lR,8S)-I-Methyl-3-benzylbieyelo[6.1.0]nonan-2-one (46). To a solution of 

LDA (0.48 mmol) in THF (2 mL) at -78°C was added a solution of 41a (91 mg, 0.40 

mmol) in THF (2 mL) via cannula. The cannula was rinsed with THF (2 x 1 mL). Mter 

2 h, methyl iodide (63 mg, 0.44 mmol), was added via syringe. The reaction was capped 

and stored at -20°C for 48 h. The mixture was quenched by addition of saturated NI4CI 

solution (5 mL) and diluted with water (5 mL). The aqueous layer was extracted with 

diethyl ether (3 x 15 mL). The organic phase was dried (MgS04), filtered and evaporated 

to give a yellow oil. This was purified by chromatography on 70-230 mesh silica gel (20 

g) eluted with 3% Et20lhexanes to give recovered starting material and 5 mg (0.02 mmol, 

5%) of 46, Rr0.40 (10% EtOAclhexanes), as a colorless oil. 

Spectral data for 46: lH NMR ~ 0.78-0.90 (2, m), 1.00-1.15 (1, m), 1.20 (3, s), 

1.39-1.70 (7, m), 2.19-2.32 (1t m), 2.55 (1, dd, J = 12.7, 5.3 Hz), 2.85-3.00 (1, m), 

3.03 (1, dd, J = 12.7, 7.9 Hz), 7.09-7.30 (5, m ). 

(IR,8S)-Bieyelo[6.1.0]non-3-en-2-one (47e). To a solution of LDA (2.2 mmol) 

in THF (5 mL) at -78°C was added a solution of Ie (238 mg, 1.7 mmol) in THF (2 mL) 



125 

via cannula. The cannula was rinsed with THF (2 x 1 mL). A solution of PhSeBr was 

prepared by adding bromine (179 mg, 1.1 mmol) to diphenyldiselenide (354 mg, 1.1 

mmol) dissolved in THF (1 mL). After 30 min, the PhSeBr solution was added to the 

reaction via syringe. The pale blue mixture was poured into 0.5 N HCI (15 mL) and 50% 

Et20/pentane (30 mL). The organic layer was washed with water (20 mL) and saturated 

NaHC03 solution, and then was dried (MgS04), filtered and evaporated to give a yellow 

oil. This was purified by chromatography on 70-230 mesh silica gel (125 g) eluted with 

5% EtOAclhexanes to give 322 mg (1.1 mmol, 64%) of the intermediate a-phenylselenyl 

ketone, Rf 0.20 (5% EtOAclhexanes), as a colorless oil. 

Ozone (g) was bubbled through a solution of the above a-phenylselenyl ketone in 

CH2Cl2 (5 mL) at -78°C until the solution became pale blue. Argon was bubbled into the 

mixture until this color disappeared. Diisopropylamine (110 mg, 1.1 mmol) was added to 

the reaction mixture which was then transferred directly via cannula into a flask containing 

refluxing CCl4 (10 mL) and diisopropylamine (60 mg, 0.55 mmol). The resulting yellow 

solution was washed with 10% HCI (20 mL) and 5% NaHC03 solution (20 mL). The 

organic phase was dried (MgS04), filtered, and evaporated to give a yellow liquid. This 

was purified by chromatography on 240-400 mesh silica gel (100 g) eluted with 0-20% 

Et20/pentane to give 135 mg (1.0 mmol, 58% from Ie) of en one 47e, Rf 0.10 (10% 

Et20/pentane) as a pale yellow oil. 

Spectral data for 47e: [a]24D -73.4° (c 1.66, CHC13); !R(neat) cm-1 2997,2923, 

2858, 1647, 1453, 1396, 1357, 1268, 1202, 1185, 1160, 1066, 1049, 947, 904, 838, 

798; IH NMR 5 0.45-0.55 (1, m), 0.92-1.13 (3, m), 1.40-1.58 (1, m), 1.68-1.97 (2, 

m), 2.08-2.33 (2, m), 3.09-3.28 (1, m), 6.08 (1, dd, J = 11.9, 1.4 Hz), 6.27 (1, dt, J = 

11.9, 8.7 Hz); 13C NMR 5 10.0 (CH2), 16.1 (CH), 23.2 (CH2), 25.0 (CH2), 27.5 

(CH), 133.7 (CH), 142.0 (CH), 201.7 (C); ElMS mlz 136 (M+), 121, 118, 117, 108, 
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107, 95, 81(100), 80, 79, 68, 67, 55, 53; HRMS calcd for C9H120 136.0888, found 

136.0892. 

z- and E-(1S,12S)-Bicyclo[10.1.0]non-3-en-2-ones (49a and 50a). To a 

solution of LDA (3.8 mmol) in THF (3 mL) at -78°C was added a solution of 2b (572 

mg, 2.9 mmol) in THF (2 mL) via cannula. The cannula was rinsed with THF (2 x 1 

mL). A solution of PhSeBr was prepared by adding bromine (305 mg, 1.9 mmol) to 

diphenyldiselenide (608 mg, 2.0 mmol) dissolved in THF (1 mL). After 30 min, the 

PhSeBr solution was added to the reaction via syringe. The pale blue mixture was poured 

into 0.5 N HCI (50 mL) and extracted with 50% Et20/pentane (2 x 50 mL). The organic 

layer was washed with saturated NaHC03 (50 mL) solution, dried (MgS04), filtered, and 

evaporated to give a yellow oil. This was purified by chromatography on 70-230 mesh 

silica gel (100 g) eluted with 3% EtOAclhexanes to give an inseparable mixture of crude 

diastereomeric selenides as a colorless oil. 

Ozone (g) was bubbled through a solution of the above a-phenylselenyl ketones in 

CH2Ch (20 mL) at -78°C until the solution became pale blue. Argon was bubbled into 

the mixture until this color disappeared. Diisopropylamine (160 mg, 1.6 mmol) was 

added to the reaction mixture which was then transferred directly via cannula into a flask 

containing refluxing CCl4 (30 mL) and diisopropylamine (160 mg, 1.6 mmol). After 

stirring for 15 min, the resulting yellow solution was cooled and washed with 10% HCI 

(100 mL) and 5% NaHC03 solution (100 mL). The organic phase was dried (MgS04), 

filtered, and evaporated to give a yellow liquid. This was purified by chromatography on 

70-230 mesh silica gel (100 g) eluted with 7-15% Et20/pentane to give Z- and E-enones 

49a and 50a. The yield of Z-enone 49a, Rf 0.34 (10% EtOAclhexanes), obtained as a 

yellow solid contaminated with approximately 30% 2b, was 27 mg (0.14 mmol, 3% from 
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2b). The yield of E-enone 50a, Rf 0.28 (10% EtOAclhexanes), mp 30-33 °C, obtained 

as a crystalline solid, was 351 mg (1.8 mmol, 62% from 2b). 

Spectral Data for impure Z-enone 49a: IR (neat) cm- l 2923,2851, 1662, 1629, 

1411, 1335, 1199, 1116, 1047, 950, 848; lH NMR 00.70-0.90 (m), 1.05-2.12 (m), 

2.45 (1, mdd, J = 11.4, 5.8 Hz), 5.70 (1, tdd, J = 11.8, 11.8, 5.8 Hz), 6.37 (1, dt, J = 
11.4, 1.3 Hz); 13C NMR 0 19.1 (CH2), 25.4 (CH2), 26.0 (CH2), 26.3 (CH2), 26.7 

(CH2), 28.5 (CH2), 29.6 (CH), 34.2 (CH2), 133.1 (CH), 138.0 (CH), 204.5 (C). 

Spectral data for the E-enone 50a: [a]24D -95.4° (c 0.67, CHCh); IR(neat) cm- l 

2996, 2926, 2853, 1660, 1634, 1458, 1442, 1402, 1350, 1196, 1172, 1069, 990, 907, 

876, 856; IH NMR 00.57-0.67 (1, m), 0.70-1.05 (3, m), 1.20-1.95 (10, m), 2.00-2.39 

(4, m), 6.10 (1, d, J = 16.1 Hz), 7.25 (1, ddd, J = 16.1, 10.3,5.8 Hz); 13C NMR 0 11.9 

(CH2), 24.5 (CH2), 24.9 (CH), 25.4 (CH2), 26.4 (CH), 27.4 (CH2), 27.6 (CH2), 28.8 

(CH2), 32.3 (CH2), 33.5 (CH2), 131.8 (CH), 150.2 (CH), 199.2 (C); ElMS m/z 192 

(M+), 177, 174, 163, 149, 148, 138, 135, 121, 109, 107, 95, 81(100), 79, 68, 67, 55, 

54; HRMS calcd for C13H200 192.1514, found 192.1516. 

(lS,lSS)-Bicyclo[13.1.0]hexadec-3-en-2-one (SOb). To a solution of LDA 

(2.9 mmol) in THF (3 mL) at -78°C was added a solution of 2d (580 mg, 2.5 mmol) in 

THF (2 mL) via cannula. The cannula was rinsed with THF (2 x 1 mL). A solution of 

PhSeBr was prepared by adding bromine (235 mg, 1.5 mmol) to diphenyldiselenide (466 

mg, 1.5 mmol) dissolved in THF (1 mL). Mter 30 min, the PhSeBr solution was added 

to the reaction via syringe. After 15 min, the green mixture was poured into 0.5 N HCI 

(50 mL) and extracted with 50% Et20/pentane (2 x 50 mL). The organic layer was 

washed with saturated NaHC03 (50 mL) solution, dried (MgS04), filtered, and 

evaporated to give a yellow oil. This was purified by chromatography on 240-400 mesh 
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silica gel (100 g) eluted with 4% EtOAclhexanes to give an inseparable mixture of crude 

diastereomeric selenides as a colorless oil. 

Ozone (g) was bubbled through a solution of the above a-phenylselenyl ketones in 

CH2Cl2 (20 mL) at -78°C until the solution became pale blue. Argon was bubbled into 

the mixture until this color disappeared. Diisopropylamine (250 mg, 2.5 mmol) was 

added to the reaction mixture which was then transferred directly via cannula into a flask 

containing refluxing CCl4 (10 mL) and diisopropylamine (250 mg, 2.5 mmol). The 

resulting yellow solution was washed with 10% HCI (50 mL) and 5% NaHC03 solution 

(50 mL). The organic phase was dried (MgS04), filtered, and evaporated to give a yellow 

liquid. This was purified by chromatography on 70-230 mesh silica gel (100 g) eluted 

with 0-20% Et20/pentane to give 467 mg (1.0 mmol, 81 % from 2d) of E-enone SOb, Rf 

0.13 (5% EtOAclhexanes), as a pale yellow oil. 

Spectral data for SOb: [a]24D -58.6° (c 1.99, CHC13); m(neat) cm-1 2997,2927, 

2853, 1682, 1652, 1646, 1626, 1457, 1436, 1403, 1351, 1200, 1115, 1093, 1077, 

1039,981,938, 861; IH NMR 0 0.68-0.87 (2, m), 1.11-1.70 (18, m), 1.95-2.10 (2, m), 

2.15-2.48 (2, m), 6.22 (1, d, J = 15.8 Hz), 6.86 (1, ddd, J = 15.8, 8.2, 6.8 Hz); 13C 

NMR 0 15.9 (CH2), 26.1 (CH2), 26.3 (CH2), 26.6 (CH2), 27.4 (CH2), 27.8 (CH), 28.0 

(CH2), 29.3 (CH2), 31.8 (CH2), 32.7 (CH2), 132.2 (CH), 147.2 (CH), 199.3 (C); 13C 

NMR (C6D6) 0 15.6 (CH2), 26.3 (CH2), 26.5 (CH2), 26.6 (CH), 27.0 (CH2), 27.2 

(CH), 27.6 (CH2), 27.7 (CH2), 28.4 (CH2), 29.7 (CH2), 31.8 (CH2), 32.8 (CH2) , 

132.7 (CH), 146.1 (CH), 197.3 (C); ElMS m/z 234 (M+), 219, 205, 191, 177, 163, 

149, 135, 121, 109, 107, 95, 94, 81, 80, 79, 67(100), 55; HRMS calcd for C16H260 

234.1984, found 234.1985. 

(lR,8S)-2-Butylbicyclo[6.1.0]non-3-en-2-ols (55 a and 55b). To a solution 

of n-butyllithium (0.55 mL of a 1.2 M solution, 0.65 mmol) in THF (1 mL) at -78°C was 



129 

added a solution of en one 47c (30 mg, 0.22 mmol) in THF (2 mL) via cannula. The 

cannula was rinsed with THF (2 x 1 mL). The reaction was warmed to 0 °C over 2 h at 

which time it was quenched by addition of saturated Nl4CI solution (5 mL). The mixture 

was diluted with water (10 mL) and extracted with diethyl ether (2 x 20 mL). The organic 

phase was dried (MgS04), filtered, and evaporated to give a colorless oil. This was 

purified by chromatography on 70-230 mesh silica gel (25 g) eluted with 3% 

Et20lhexanes to give two diastereomers as colorless oils. The yield of less polar 

diastereomer 55a, Rf 0.32 (10% EtOAclhexanes), was 32 mg (0.16 mmol, 76%). The 

yield of more polar diastereomer 55b, Rf 0.27 (10% EtOAclhexanes), was 0.7 mg 

(0.0004 mmol, ca. 2%). 

Spectral data for 55a: [a]2SD -59.1° (c 1.59, CHCI3); IR (neat) cm-l 3465 (br), 

2999, 2953, 2929, 2858, 1652, 1455, 1377, 1339, 1267, 1216, 1187, 1161, 1129, 

1073, 995, 921, 876, 851, 795, 749, 705; lH NMR 0 0.50-0.78 (3, m), 0.91 (3, t, J = 

7.2 Hz), 1.10 (1, dt, J = 9.2, 5.9 Hz), 1.22-1.77 (10, m), 1.89-2.07 (2, m), 2.72 (1, 

tdd, J = 12.5, 7.6, 4.6 Hz), 5.38-5.52 (2, m); 13C NMR 0 7.5 (CH2), 14.1 and 17.5 

(CH and CH3), 23.2 (CH2), 24.5 (CH), 24.6 (CH2), 24.6 (CH2), 26.1 (CH2), 27.1 

(CH2), 46.4 (CH2), 74.1 (C), 126.8 (CH), 137.1 (CH); ElMS mlz 194 (M+), 176, 147, 

137 (100), 126, 119, 109, 105, 93, 91, 79, 67, 57, 55; HRMS calcd C13H220 

194.1671, found 194.1665. 

Spectral data for 55b: lH NMR 0 -0.20 to -0.11 (1, m), 0.69-0.80 (2, m), 0.85-

0.94 (1, m), 0.93 (3, t, J = 7.2 Hz), 1.09-1.20 (1, m), 1.23-1.80 (9, m), 1.90-2.05 (2, 

m), 3.28 (1, dq, J = 12.3, 6.5 Hz), 5.42 (1, td, J = 11.0, 6.5 Hz), 5.68 (1, d, J = 11.0 

Hz). 

(IS ,12S)-2-Butylbicyclo[10.1.0]tridec-3-en-2-o1 (56a). To a solution of n

butyllithium (0.75 mL of a 1.2M solution, 0.90 mmol) in THF (2 mL) at -78°C was 
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added a solution of 50a (58 mg, 0.30 mmol) in THF (2 mL) via cannula. The cannula 

was rinsed twice with THF (1 mL). The reaction was allowed to warm to 0 °C over 2 h 

and was quenched by dropwise addition of saturated aqueous NI4Cl solution (5 mL). 

The mixture was diluted with water (10 mL) and extracted with diethyl ether (2 x 25 mL). 

The ether extracts were dried (MgS04), filtered, and concentrated to give a colorless oil. 

This was purified by chromatography on 70-230 mesh silica gel (25 g) eluted with 5% 

EtOAclhexanes to give 71 mg (0.28 mmol, 94%) of 56a, Rf0.47 (10% EtOAclhexanes), 

as a colorless oil. 

Spectral data for 56a: [a]2So -80.3° (c 3.54, CHCh); IR (neat) cm-1 3614,3491 

(br), 3066, 2992, 2927, 2852, 1456, 1399, 1376, 1341, 1232, 1178, 1081, 1039, 1028, 

971, 906, 891, 792, 743, 722; IH NMR 0 0.12-0.20 (1, m), 0.52-1.92 (26, m), 2.15-

2.29 (1, m), 5.44-5.64 (2, m); 13C NMR 0 9.7 (CH2), 12.1 and 14.0 (CH and CH3), 

23.2 (CH2), 24.4 (CH2), 24.7 (CH2), 25.8 (CH2), 26.5 (CH2), 27.4 (CH2), 27.8 (CH), 

28.6 (CH2), 32.3 (CH2), 33.1 (CH2), 42.3 (CH2), 72.1 (C), 126.7 (CH), 137.3 (CH); 

EIMS m/z 250 (M+), 232, 193 (100), 175, 139, 133, 121, 109, 95, 93, 83, 81, 79, 67, 

57,55; HRMS calcd C17H300 250.2297, found 250.2303. 

(1S ,15S)-2-Butylbicyclo[13.1.0]hexadec-3-en-2-ol (57 a). To a solution of n

butyllithium (0.72 mL of a 1.2 M solution, 0.85 mmol) in THF (1 mL) at -78°C was 

added a solution of enone SOb (67 mg, 0.29 mmol) in THF (2 mL) via cannula, which 

was rinsed with THF (2 x 1 mL). The reaction warmed to 0 °C over 2 h at which time it 

was quenched by addition of saturated NH4Cl solution (5 mL). The mixture was diluted 

with water (20 mL) and extracted with diethyl ether (2 x 20 mL). The organic phase was 

dried (MgS04), filtered, and evaporated to give an oil. This was purified by 

chromatography on 240-400 mesh silica gel (25 g) eluted with 3% EtOAclhexanes to give 



131 

61 mg (0.21 mmol, 74%) of alcohol 57a, Rf 0.42 (10% EtOAclhexanes), as a colorless 

oil. 

Spectral data for 57a: [a]2SD -10.7° (c 3.07, CHClJ); IR (neat) cm-1 3481 (br), 

2992,2925,2853, 1457, 1339, 1030,971, 669; IH NMR a 0.11-0.22 (1, m), 0.55-0.77 

(3, m), 0.90 (3, t, J = 7.2 Hz), 1.00-1.10 (1, m), 1.18-1.65 (24, m), 2.00-2.21 (2, m), 

5.45-5.60 (2, m); 13C NMR a 7.8 (CH2), 13.7 and 14.1 (CH and CH3), 23.2 (CH2), 

25.8 (CH2), 25.9 (CH2), 26.0 (CH2), 26.5 (CH2), 26.5 (CH2), 26.6 (CH2), 27.0 

(CH2), 27.9 (CH2), 28.2 (CH), 28.5 (CH2), 30.9 (CH2), 33.2 (CH2), 42.1 (CH2), 72.6 

(C), 128.0 (CH), 136.9 (CH); ElMS mlz 292 (M+), 245, 235 (100), 217, 192, 161, 139, 

135, 121, 109,95, 86, 84, 83, 81,69,67,55; HRMS calcd C20H360 292.2766, found 

292.2767. 

(lR,3R,5S,9S)-Tricyclo[9.1.0.0S,3]decan-2-one (59a). NaH (15 mg, 80% in 

oil, 0.50 mmol) was washed with pentane, which was removed by decantation. DMSO 

(0.5 mL) was added via syringe and stirred for 30 min. To this was added 

trimethylsulfoxonium iodide (88 mg, 0.40 mmol) while maintaining room temperature. 

After 15 min, a solution of enone 47c (49 mg, 0.36 mmol) in DMSO (1 mL) was added 

via cannula. The cannula was rinsed with DMSO (1 mL), and the reaction heated to 50°C 

for 15 min. The reaction was cooled and quenched with water (10 mL). The aqueous 

phase was extracted with pentane (4 x 20 mL). The organic phase was dried (MgS04), 

filtered, and evaporated. The residue was purified by chromatography on 240-400 mesh 

silica gel (25 g) eluted with 20% Et20/pentane to give 44 mg (0.29 mmol, 80%) of 59a, 

Rr 0.20 (20% Et20/pentane), as a colorless liquid. 

Spectral data for 59a: [a]24D +41 ° (c 2.18, CHCI3); IR(neat) cm-1 3072, 3000, 

2922, 2864, 1661, 1446, 1375, 1239, 1208, 1181, 1087, 1058, 1036, 1011, 964, 932, 
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908, 874, 839; lH NMR 5 1.00-1.42 (8, m), 1.55-1.70 (2, m), 1.79-1.90 (2, m), 2.02-

2.15 (2, m); l3C NMR 5 12.4 (CH2), 18.9 (CH), 24.9 (CH2), 25.5 (CH2), 27.5 (CH), 

209.1 (C); ElMS mlz 150 (M+), 135, 122, 121, 117, 109, 107, 96, 95, 93, 80, 79, 68, 

67,55 (100); HRMS calcd for ClOH140 150.1045, found 150.1045. 

(lS,13S)-Tricyclo[11.1.0.0S,3]tetradecan-2-ones (60a and 60b). NaH (25 

mg, 80% in oil, 0.83 mmol) was washed with pentane, which was removed by 

decantation. DMSO (1 mL) was added via syringe. To this was added 

trimethylsulfoxonium iodide (170 mg, 0.63 mmol) while maintaining room temperature. 

After 30 min, a solution of enone 50a (103 mg, 0.54 mmol), in DMSO (1 mL) was added 

via cannula. The cannula was rinsed with DMSO (1 mL). After 15 min, the reaction was 

quenched with water (15 mL). The aqueous phase was extracted with pentane (2 x 25 

mL). The organic phase was dried (MgS04), filtered, and evaporated to give a colorless 

solid. This was purified by chromatography on 240-400 mesh silica gel (30 g) eluted 

with 10% Et20/pentane to give two diastereomers as colorless solids. The yield of 

diastereomer 60a, Rf 0.36 (10% EtOAclhexanes), mp 76-80 °C, was 42 mg (0.20 mmol, 

38%). The yield of diastereomer 60b, Rf 0.24 (10% EtOAclhexanes), mp 54-58 °C, was 

36 mg (0.17 mmol, 33%). 

Spectral data for 60a: [a]24D -0.10 (c 2.12, CHCI3); IR(neat) cm- l 2994,2910, 

2853, 1669, 1457, 1429, 1341, 1095, 1040, 1000,960, 805, 753; IH NMR 50.62-0.80 

(4, m), 1.07-1.78 (14, m), 2.02-2.18 (4, m); 13C NMR 5 15.8 (CH2), 28.0 (CH2), 28.3 

(CH2), 29.5 (CH), 30.3 (CH), 30.5 (CH2), 33.8 (CH2), 209.8 (C); ElMS mlz 206 

(M+), 191, 178, 177, 163, 151, 149, 137, 134, 123, 121, 109,96,95, 81,67,55 (100); 

HRMS calcd for C14H220 206.1671, found 206.1661. 
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Spectral data for 60b: [a]24D -78.0° (c 1.68, CHCI3); IR(neat) cm- l 2993,2927, 

2853, 1661, 1458, 1438, 1413, 1357, 1307, 1223, 1090, 1063, 1041, 1010, 998, 975, 

953, 905, 866, 848, 747; IH NMR a 0.75-0.93 (4, m), 1.33-1.60 (16, m), 1.85-2.00 (2, 

m); l3c NMR a 15.2 (CH2), 24.8 (CH2), 25.0 (CH), 25.9 (CH2), 26.8 (CH), 28.4 

(CH2), 32.3 (CH2), 208.9 (C). 

(IS ,ISS)-Tricyclo[14.1.0.05,3]tetradecan-2-ones (61a and 61b). NaH (18 

mg, 80% in oil, 0.60 mmol) was washed with pentane, which was removed by 

decantation. DMSO (1 mL) was added via syringe. To this was added 

trimethylsulfoxonium iodide (126 mg, 0.47 mmol) while maintaining room temperature. 

After 20 min, a solution of enone SOb (91 mg, 0.34 mmol), in DMSO (1 mL) was added 

via cannula. The cannula was rinsed with DMSO (1 mL). After 30 min, the reaction was 

quenched with water (15 mL). The aqueous phase was extracted with pentane (3 x 25 

mL). The organic phase was dried (MgS04), filtered, and evaporated to give a white 

crystalline solid. This was purified by chromatography on 70-230 mesh silica gel (110 g) 

eluted with 3-10% EtOAclhexanes to give two diastereomers as colorless solids. The 

yield of diastereome~ 61a, Rf 0.42 (10% EtOAclhexanes), mp 68-70 °C, was 78 mg 
.\ 
I' 

(0.31 mmol, 81 %). 'the yield of diastereomer 61b, Rf 0.29 (10% EtOAclhexanes), was 
~. 

5 mg (0.02 mmol, 5%). 

Spectral data~for 61a: [a]24D +0.3° (c 3.89, CHCI3); IR(neat) cm- l 2993, 2924, 
~ .. 
~-.' 

2851, 1668, 1456, liP5, 1410, 1354, 1121, 1094, 1040, 941, 840, 754; IH NMR a 
t.$.. 
~.~~ 

0.67-0.84 (4, m), l.G5-1.52 (20, m), 1.86-2.02 (4, m); l3c NMR a 17.8 (CH2), 26.4 
~ . ~ 

(CH), 26.5 (CH2), 27.1 (CH2), 27.5 (CH2), 28.8 (CH2), 30.2 (CH), 32.9 (CH2), 209.9 

(C); ElMS mlz 248 (M+), 219, 207,205, 191, 177, 175, 165, 163, 161, 151, 149, 147, 
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137, 135, 123, 121, 109, 96, 95, 94, 83, 81, 80, 67, 55 (100); HRMS calcd for 

C17H2S0 248.2140, found 248.2142. 

Spectral data for 6lb: [cx]24D +20.9° (c 0.23, CHC13); m(neat) cm-l 2997,2922, 

2850, 1655, 1455, 1440, 1406, 1353, 1088, 974, 916, 854, 726; lH NMR 0 0.68-0.94 

(4, m), 1.11-1.64 (22, m), 1.75-1.88 (2, m); l3C NMR 0 16.3 (CH2), 23.6 (CH), 26.3 

(CH2), 26.8 (CH2), 27.0 (CH), 27.4 (CH2), 28.2 (CH2), 32.7 (CH2). 

(lR,8S)-4-Methylbicyclo[6.1.0]nonan-2-one (64a). To a slurry of Cu(!)! (140 

mg, 0.76 mmol) in diethyl ether (2 mL) at 0 °C was added methyllithium (1.0 mL of a 1.4 

M solution, 1.4 mmol) via syringe. After stirring for 15 min, a solution of the enone 47c 

(48 mg, 0.35 mmol), in diethyl ether (2 mL) was added via cannula. The cannula was 

rinsed with diethyl ether (2 x 1 mL). After stirring for an additional 20 min, the reaction 

was quenched by addition of saturated NaHC03 solution (5 mL). The mixture was 

diluted with water (5 mL), and extracted with diethyl ether (3 x 25 mL). The ether layer 

was dried (MgS04), filtered, and evaporated to give a colorless oil. This was purified by 

chromatography on 240-400 mesh silica gel (20 g) eluted with 10% Et20/pentane to give 

45 mg (0.30 mmol, 84%) of 64a, Rr0.31 (10% EtOAclhexanes), as a colorless oil. 

Spectral data for 64a: [cx]23D +136° (c 2.11, CHC13); m(neat) cm-l 2999,2951, 

2920, 2866, 1689, 1450, 1439, 1390, 1371, 1323, 1283, 1270, 1193, 1149, 1118, 

1096, 1083, 1051, 1008,912, 863, 844; lH NMR 00.57-0.83 (2, m), 1.00-1.28 (5, m), 

1.32-1.70 (4, m), 1.78-1.96 (2, m), 2.13-2.25 (1, m), 2.27-2.36 (1, m), 2.43 (1, t, J = 
10.6 Hz); l3C NMR 0 8.1 (CH2), 19.2 (CH), 24.4 (CH2), 25.7 (CH3), 27.5 (CH2) , 

29.2 (CH), 32.4 (CH2), 34.1 (CH2), 59.3 (CH2), 210.4 (C). 
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(lR,8S)-4-Phenylbicyclo[6.1.0]nonan-2-one (65a). To a slurry of Cu(I)I (66 

mg, 0.35 mmol) in diethyl ether (2 mL) at 0 °C was added phenyllithium (0.65 mL of a 

1.4 M solution, 0.91 mmol) via syringe. After stirring for 15 min, a solution of the enone 

47c (31 mg, 0.23 mmol) in diethyl ether (2 mL) was added to the green reaction mixture 

via cannula, which was rinsed with diethyl ether (2 x 1 mL). After 30 min, the reaction 

was quenched by addition of NaHC03 (5 mL). The mixture was diluted with water (5 

mL) and extracted with diethyl ether (3 x 25 mL). The organic phase was dried (MgS04), 

filtered, and evaporated to give a colorless oil. This was purified by chromatography on 

240-400 mesh silica gel (25 g) eluted with 10% Et20lhexanes to give 49 mg (0.22 mmol, 

95%) of a single diastereomer, 65a, Rf0.46 (20% EtOAclhexanes), as white crystals. 

Spectral data for 65a: [a]23D +188° (c 2.34, CHCI3); mp 82-85 °C; IR(neat) cm-1 

3057, 3023, 2999, 2923, 2864, 1687, 1490, 1449, 1389, 1371, 1311, 1238, 1198, 

1180, 1134, 1079, 1049, 1014, 906, 884, 854, 754, 700; IH NMR ~ 0.69-0.88 (2, m), 

1.13-1.35 (2, m), 1.44-1.82 (2, m), 2.00 (2, tm, J = 13.8 Hz), 2.23-2.53 (4, m), 2.89 

(1, t, J = 10.9 Hz), 7.13-7.22 (3,m), 7.25-7.34 (2, m); 13C NMR ~ 8.2 (CH2), 19.5 

(CH), 24.0 (CH2), 27.8 (CH2), 29.5 (CH), 34.1 (CH2), 43.2 (CH), 54.1 (CH2), 126.0 

(CH), 126.3 (CH), 128.6 (CH), 148.8 (C), 209.4 (C); ElMS m/z 214 (M+), 185, 171, 

170, 156, 144 (100), 130, 129, 117, 104,91, 77, 67, 55; HRMS calcd ClSHlSO 

214.1358, found 214.1359. 

(lS,4S,12S)-4-Methylbicyclo[lO.1.0]tridecan-2-one (66a). To a slurry of 

Cu(I)I (93 mg, 0.50 mmol) in diethyl ether (1 mL) at 0 °C was added methyllithium (2.0 

mL of a 0.4 M solution, 0.80 mmol) via syringe. After stirring for 20 min, a solution of 

Z-enone 49a (19 mg, 0.10 mmol contaminated with 8 mg 2b) in diethyl ether (2 mL) was 

added via cannula. The cannula was rinsed with diethyl ether (2 x 1 mL). After stirring 

for an additional 30 min the resulting orange slurry was quenched by addition of saturated 
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NaHC03 solution (5 mL). The mixture was diluted with water (10 mL) and extracted 

with diethyl ether (2 x 25 mL). The ether layer was dried (MgS04), filtered, and 

evaporated to give a yellow solid. This was purified by chromatography on 70-230 mesh 

silica gel (25 g) eluted with 3% Et20lhexanes to give 18 mg (0.090 mmol, 86%) of 66a, 

Rr 0.37 (10% EtOAclhexanes) as a colorless solid. 

Spectral data for 66a: [a]25D -17.1° (c 0.90, CHCI3); IR(neat) cm-1 2993,2923, 

2861, 1675, 1458, 1435, 1402, 1359, 1262, 1214, 1165, 1138, 1107, 1090, 1064, 

1037, 935, 872, 797, 755, 700; IH NMR a 0.70-0.85 (2, m), 0.97 (3, d, J = 6.9 Hz), 

1.19-1.64 (14, m), 1.83 (1, dt, J = 7.7, 4.3 Hz), 1.95-2.18 (2, m), 2.19 (1, dd, J = 

13.5, 3.0 Hz), 2.7 (1, dd, J = 13.5, 10.7 Hz); 13C NMR a 18.7 (CH2), 21.9 (CH3), 

22.8 (CH2), 23.4 (CH2), 25.7 (CH2), 26.0 (CH2), 28.4 (CH), 31.3 (CH), 31.9 (CH2), 

32.0 (CH2), 35.8 (CH2), 51.4 (CH2), 212.6 (C). 

(lS,4R,12S)-4-Methylbicyclo[10.1.0]tridecan-2-one (66b). To a slurry of 

Cu(I)I (199 mg, 1.0 mmol) in diethyl ether (1 mL) at 0 °C was added methyllithium (4.4 

mL of a 0.45 M solution, 2.0 mmol) via syringe. After stirring for 15 min, a solution of 

E-enone 50a (95 mg, 0.50 mmol) in diethyl ether (2 mL) was added via cannula. The 

cannula was rinsed with diethyl ether (2 x 1 mL). After stirring for an additional 30 min 

the resulting orange slurry was quenched by addition of saturated NaHC03 solution (5 

mL). The mixture was diluted with water (10 mL) and extracted with diethyl ether (3 x 25 

mL). The ether layer was dried (MgS04), filtered, and evaporated to give a yellow oil. 

This was purified by chromatography on 240-400 mesh silica gel (25 g) eluted with 10% 

Et20/pentane to give 93 mg (0.45 mmol, 90%) of 66b, Rr 0.38 (10% EtOAclhexanes), 

mp 50-53°C, as a white crystalline solid. 

Spectral data for 66b: [a]23D -57.7° (c 4.64, CHCI3); IR(neat) cm-1 2996,2923, 

2858, 1675, 1439, 1404, 1349, 1291, 1269, 1205, 1172, 1143, 1129, 1095, 1060, 
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1006, 935, 915, 870, 840, 804, 733; IH NMR 0 0.70-0.88 (2, m), 0.98-1.10 (1, m), 

1.01 (3, d, J = 7.2 Hz), 1.23-1.66 (13, m), 1.85 (1, dt, J = 7.9, 3.9 Hz), 1.98 (1, tm, J 

= 12.1 Hz), 2.02 (1, t, J.= 11.9 Hz), 2.25-2.43 (1, m), 2.72 (1, dd, J = 12.1, 3.2 Hz); 

l3C NMR 0 19.4 (CH2), 20.5 (CH3), 22.7 (CH2), 24.6 (CH2), 26.0 (CH2), 26.4 

(CH2), 26.6 (CH), 27.4 (CH), 27.6 (CH2), 28.0 (CH), 33.0 (CH2), 33.4 (CH2), 54.4 

(CH2), 211.1 (C); ElMS m/z 208 (M+), 193, 179, 165, 151, 150, 137, 135, 125, 123, 

121, 111, 109, 98, 97, 95, 84, 81, 69, 67, 55 (100), 54; HRMS calcd for C14H240 

208.1827, found 208.1830. 

(lS,4R,12S)-4-Phenylbicyclo[lO.1.0]tridecan-2-one (67b). To a slurry of 

Cu(I)I (149 mg, 0.78 mmol) in diethyl ether (2 mL) at 0 °C was added phenyllithium (1.1 

mL of a 1.4 M solution, 1.5 mmol) via syringe. After stirring for 15 min, a solution of 

the E-enone 50a (72 mg, 0.37 mmol) in diethyl ether (2 mL) was added via cannula. The 

cannula was rinsed with diethyl ether (2 x 1 mL). After stirring for an additional 1 h, the 

orange slurry was quenched by addition of saturated NaHC03 solution (5 mL). The 

mixture was diluted with water (5 mL) and extracted with diethyl ether (3 x 20 mL). The 

ether layer was dried (MgS04), filtered, and evaporated to give a colorless oil. This was 

chromatographed on 70-230 mesh silica gel (25 g) eluted with 4% EtOAclhexanes to give 

34 mg (0.12 mmol, 33%) of 67b as a white crystalline solid, Rc 0.38 (10% 

EtOAclhexanes), and 33 mg (0.11 mmol, 31 %) of 67b contaminated with traces of 50a. 

Spectral data for 67b: [c:x]23D -90.0° (c 1.69, CHCI3); IR(neat) cm-1 2919,2852, 

1675, 1448, 1435, 1400, 1346, 1193, 1137, 1108, 1084,932878, 760, 699; IH NMR 0 

0.73-0.96 (2, m), 1.14-1.86 (14, m), 1.92-2.13 (2, m), 2.53 (1, t, J = 12.3 Hz), 2.90 

(1, dd, J = 12.3, 3.3 Hz), 3.47 (1, tt, J = 12.0, 3.5 Hz), 7.17-7.38 (5, m); l3C NMR 0 

19.6 (CH2), 22.6 (CH2), 24.9 (CH2), 26.3 (CH2), 26.5 (CH), 27.0 (CH2), 27.7 (CH2), 
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28.0 (CH), 32.5 (CH2), 33.2 (CH2), 39.8 (CH), 54.1 (CH2), 126.5 (CH), 127.3 (CH), 

128.6 (CH), 144.4 (CH), 210.0 (C); ElMS mlz 270 (M+), 252, 246, 227, 213, 200, 

199, 185, 179, 171, 159, 146, 143, 131, 130, 129, 118, 117, 104,91 (100), 81, 67, 55; 

HRMS calcd for C19H260 270.1984, found 270.1983. 

(lS,lSS)-4-Methylbicyclo[13.1.0]hexadecan-2-ones (68a and 68b). To a 

slurry of Cu(I)I (202 mg, 1.1 mmol) in diethyl ether (1 mL) at 0 °C was added 

methyllithium (5.0 mL of a 0.4 M solution, 2.0 mmol) via syringe. After stirring for 30 

min, a solution of the E-enone SOb (103 mg, 0.44 mmol) in diethyl ether (2 mL) was 

added via cannula. The cannula was rinsed with diethyl ether (2 x 1 mL). After stirring 

for an additional 30 min, the orange slurry was quenched by addition of saturated 

NaHC03 solution (5 mL). The mixture was diluted with water (10 mL) and extracted 

with diethyl ether (3 x 25 mL). The ether layer was dried (MgS04), filtered, and 

evaporated to give a gray solid. This was purified by chromatography on 70-230 mesh 

silica gel (60 g) eluted with 3% Et20lhexane to give two diastereomers as white crystalline 

solids. The yield of diastereomer 68a, RcO.50 (10% EtOAclhexanes), mp 51-53 °C, was 

43 mg (0.17 mmol, 39%). The yield of diastereomer 67b, RC 0.43 (10% 

EtOAclhexanes), mp 59-61 °C, was 66 mg (0.26 mmol, 60%). 

Spectral data for 68a: [a]26D +16.60 (c 2.17, CHC13); IR (neat) em-1 2925,2854, 

1683, 1456, 1451, 1436, 1404, 1368, 1147, 1119, 1082, 1034, 923, 846; IH NMR 5 

0.68-0.85 (2, m), 0.98 (3, d, J = 6.8 Hz), 1.09-1.50 (20, m), 1.66 (1, dt, J = 8.0, 4.2 

Hz), 1.82-1.94 (1, m), 2.13-2.30 (2, m), 2.73 (1, dd, J = 17.1, 9.1 Hz); l3C NMR 5 

18.2 (CH2), 21.2 (CH3), 24.2 (CH2), 25.3 (CH2), 26.0 (CH2), 26.2 (CH), 26.4 (CH2), 

27.2 (CH2), 27.3 (CH2), 28.1 (CH), 28.5 (CH2), 29.7 (CH), 32.8 (CH2), 36.3 (CH2), 

51.0 (CH2), 210.4 (C). 
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Spectral data for 68b: [a]26D +26.1 ° (c 3.29, CHCI3); IR (neat) cm-1 2929,2851, 

1674, 1464, 1457, 1439, 1405, 1378, 1348, 1206, 1111, 1083, 1058, 1030, 922; IH 

NMR 0 0.70-0.89 (2, m), 1.00 (3, d, J = 6.6 Hz), 1.09-1.50 (20, m), 1.76 (1, dt, J = 
8.3,4.4 Hz), 1.80-1.92 (1, m), 2.05-2.41 (3, m); 13C NMR 0 17.4 (CH2), 20.9 (CH3), 

25.0 (CH), 25.2 (CH2), 25.2 (CH2), 25.9 (CH2), 26.4 (CH2), 26.8 (CH2), 28.2 (CH2), 

28.5 (CH), 30.2 (CH), 32.7 (CH2), 35.2 (CH2), 50.2 (CH2), 210.6 (C); ElMS m/z 250 

(M+), 235, 221, 192, 179, 165. 149, 135, 121, 109,97,81, 70, 55 (100); HRMS calcd 

for C17H300 250.2297, found 250.2296. 

Addition of Cup rate at Low Temperature: The above procedure was repeated 

except the solution of Me2CuLi in diethyl ether was cooled to -78°C before the enone 

solution was added. After purification, diastereomers 68a and 68b were obtained in a 

1:3 ratio. 

3-Methylcyclononanone (70) and 3,7-Dimethylcyclooctanone (69). To a 

dark blue solution of Li (11 mg, 1.5 mmol) in NH3 (1 mL) at -78°C was added a solution 

of ketone 64a (37 mg, 0.24 mmol) and t-BuOH (36 mg, 0.49 mmol) in diethyl ether (1 

mL) via cannula. The cannula was rinsed with diethyl ether (1 mL). After 45 min, solid 

NH4CI (150 mg, 2.8 mmol) was added, the reaction was diluted with diethyl ether (10 

mL), and allowed to come to room temperature over 1 h. The resulting solution was dried 

(MgS04), filtered, and evaporated to give 41 mg of a mixture of alcohol and ketone as a 

colorless oil. 

This material was dissolved in CH2Cl2 (1 mL), and pyridinium dichromate (91 

mg, 0.24 mmol) was added. After stirring at room temperature for 12 h, the reaction 

mixture was filtered through a plug of silica gel eluted with diethyl ether. The ether was 
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evaporated to give a colorless oil. This was chromatographed on 70-230 mesh silica gel 

(25 g) eluted with 5% Et20/pentane to give 27 mg, (0.18 mmol, 72%) of 3-

methylcyclononanone 70, Rf 0.30 (10% EtOAclhexanes), as a colorless oil contaminated 

by <5% 3,7-dimethylcyclooctanone, 69. 

Spectral data for 70: IH NMR li 1.00 (3, d, J = 6.5 Hz), 1.23-1.66 (8, m), 1.78-

1.89 (2, m), 2.27 (2, ddm, J = 13.2, 2.4 Hz), 2.35-2.49 (3, m); l3C NMR li 23.4 

(CH2), 24.1 (CH3), 24.4 (CH2), 26.2 (CH2), 26.3 (CH2), 31.0 (CH), 35.6 (CH2), 43.6 

(CH2), 51.8 (CH2), 217.3 (C) 

(3R ,IIS)-3,II-Dimethylcyclododecanone (71a) and (3S)-3-

Methylcyclotridecanone (72). To a dark blue solution of Li (8 mg, 1.2 mmol) in 

NH3 (1 mL) at -78°C was added a solution of ketone 66a (21 mg, 0.10 mmol) and t

BuOH (15 mg, 0.20 mmol) in diethyl ether (1 mL) via cannula. The cannula was rinsed 

with diethyl ether (1 mL). After 30 min, solid Nl4CI (90 mg, 0.7 mmol) was added, the 

reaction was diluted with diethyl ether (20 mL), and allowed to come to room temperature 

over 1 h. The resulting solution was dried (MgS04), filtered, and evaporated to give a 

mixture of alcohols and ketones as a colorless oil. 

This material was dissolved in CH2Cl2 (1 mL) and pyridinium dichromate (75 mg, 

0.20 mmol) was added. After stirring at room temperature for 60 h, the reaction mixture 

was evaporated and the residue was chromatographed on 70-230 mesh silica gel (25 g) 

eluted with 3% Et20/pentane to give 8 mg, (0.04 mmol, 40%) of ring-opened product 

71a, Rf 0.49 (10% EtOAclhexanes), mp 34-37 °C, as a crystalline solid, and 7 mg (0.03 

mmol, 33%) of ring-expanded product 72, Rf 0.43 (10% EtOAclhexanes), as a colorless 

oil. 

Spectral data for 71a: [a]24o 0.0° (c 0.31, CHC13); IR (neat) cm-1 2948,2919, 

2860, 1694, 1464, 1414, 1373, 1157, 1141, 1118, 1089, 1089, 1052; IH NMR li 0.99 
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(6, d, J = 6.8 Hz), 1.20-1.38 (14, m), 2.03-2.18 (2, m), 2.29-2.45 (4, m); 13C NMR a 

21.5 (CH3), 23.0 (CH2), 23.4 (CH2), 25.7 (CH2), 29.2 (CH), 32.7 (CH2), 49.8 (CH2), 

204.9 (C); ElMS mlz 210 (M+), 195, 177, 163, 152, 139, 135, 125, 112, 111, 98, 96, 

95,85 (100),69,68,56,55; HRMS calcd Cl4H260 210.1984, found 210.1976. 

Spectral data for 72: IH NMR a 0.96 (3, d, J = 6.8 Hz), 1.15-1.43 (15, m), 

1.56-1.77 (2, m), 1.95-2.60 (6, m); l3C NMR a 21.3, 22.7, 24.0, 24.2, 24.9, 25.4, 

25.9, 26.1, 30.0, 34.1, 42.0, 50.9, 212.2. 

(3R,ttR)-3,tt-DimethylcycIododecanone (7tb). To a dark blue solution of Li 

(28 mg, 4.0 mmol) in NH3 (2 mL) at -78°C was added a solution of ketone 66b (89 mg, 

0.43 mmol) and t-BuOH (63 mg, 0.85 mmol) in diethyl ether (2 mL) via cannula. The 

cannula was rinsed with diethyl ether (2 mL). Mter 30 min, solid NIi4CI (300 mg, 5.6 

mmol) was added, the reaction was diluted with diethyl ether (20 mL), and allowed to 

come to room temperature over 1 h. The resulting solution was dried (MgS04), filtered, 

and evaporated to give 100 mg of a mixture of alcohol and ketone as a colorless oil. 

This material was dissolved in CH2Cl2 (2 mL) and pyridinium dichromate (320 

mg, 0.85 mmol) was added. After stirring at room temperature for 20 h, the reaction 

mixture was filtered through a plug of silica gel eluted with diethyl ether. The ether was 

evaporated to give a colorless oil. This was chromatographed on 70-230 mesh silica gel 

(60 g) eluted with 3% Et20/pentane to give 81 mg of a colorless oil, Rf 0.44 (10% 

EtOAclhexanes). This material was an inseparable mixture determined, by IH NMR, to 

consist of 50 mg, (0.24 mmol, 56%) of 7tb and 31 mg (0.15 mmol, 35%) of 73. 

Partial purification of 7tb was performed by formation of the 2,4-dinitrophenylhydrazone 

derivative which was subsequently recrystallized from hot 60% absolute ethanollEtOAc. 
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Cleavage of the DNP group using catalytic H2S04 in the presence of formaldehyde gave 

71b as pale yellow crystals. 

Spectral data for 71b: [a]23o -40.1 ° (c 1.39, CHClJ); IR (neat) cm- l 2933, 2900, 

2864, 1695, 1466, 140~ 1374, 1367, 1328, 1313, 1293, 1284, 1270, 1204, 1175, 

1139, 1070, 1041, 757; IH NMR l) 0.95 (6, t, J = 6.9 Hz), 1.15-1.44 (14, m), 2.12-

2.30 (4, m), 2.48 (2, dd, J = 11.5,3.9 Hz); 13C NMR l) 20.2 (CH3), 21.0 (CH2), 22.5 

(CH2), 24.3 (CH2), 27.3 (CH), 30.8 (CH2), 48.7 (CH2), 211.6 (C). 

(3R,14S)-3,14-Dimethylcyclopentadecanone (74a). To a dark blue solution of 

Li (11 mg, 1.6 mmol) in NH3 (2 mL) at -78°C was added a solution of ketone 68a (43 

mg, 0.17 mmol) and t-BuOH (25 mg, 0.34 mmol) in diethyl ether (1 mL) via cannula. 

The cannula was rinsed with diethyl ether (1 mL). After 90 min, solid NH4CI (75 mg, 

1.4 mmol) was added, the reaction was diluted with diethyl ether (20 mL), and was 

allowed to come to room temperature over 1 h. The resulting solution was dried 

(MgS04), filtered, and evaporated to give a mixture of alcohols and ketones as a colorless 

oil. 

This material was dissolved in CH2Ch (1 mL) and pyridinium dichromate (195 

mg, 0.52 mmol) was added. After stirring at room temperature for 22 h, the reaction 

mixture was filtered through a plug of silica gel eluted with diethyl ether. The ether was 

evaporated and the residue was chromatographed on 70-230 mesh silica gel (20 g) eluted 

with 1.5% Et20/pentane to give 20 mg, (0.10 mmol, 46%) of 74a, Rc 0.53 (10% 

EtOAclhexanes), as a colorless solid contaminated by ca. 4 mg (0.016 mmol, ca. 9% by 

IH NMR) of 3-methylcyclohexadecanone (75). 

Spectral data for 74a: [a]250 -1.79° (c 0.12, CHClJ); IR (neat) cm-l 2295,2855, 

1709, 1457, 1399, 1368, 1134, 1058; IH NMR l) 0.92 (6, d, J = 6.6 Hz), 1.10-1.44 
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(20, m), 2.02-2.20 (4, m), 2.46 (2, dd, J = 17.6,9.0 Hz); 13C NMR 021.4 (CH3), 24.9 

(CH2), 25.8 (CH2), 26.8 (CH2), 28.2 (CH), 35.9 (CH2), 50.5 (CH2), 211.2 (C). 

(3R,14R)-3,14-Dimethylcyclopentadecanone (74b). To a dark blue solution of 

Li (14 mg, 2.1 mmol) in NH3 (2 mL) at -78°C was added a solution of ketone 68b (62 

mg, 0.25 mmol) and t-BuOH (19 mg, 0.25 mmol) in diethyl ether (1 mL) via cannula. 

The cannula was rinsed with diethyl ether (1 mL). After 90 min, solid Nl4CI (75 mg, 

1.4 mmol) was added, the reaction was diluted with diethyl ether (20 mL), and was 

allowed to come to room temperature over 2 h. The resulting solution was dried 

(MgS04), filtered, and evaporated to give a mixture of alcohols and ketones as a colorless 

oil. 

This material was dissolved in CH2Cl2 (1.5 mL) and pyridinium dichromate (187 

mg, 0.50 mmol) was added. After stirring at room temperature for 14 h, the reaction 

mixture was filtered through a plug of silica gel eluted with diethyl ether. The ether was 

evaporated and the residue was chromatographed on 70-230 mesh silica gel (20 g) eluted 

with 3% Et20/pentane to give 23 mg, (0.09 mmol, 37%) of 74b, Rr 0.53 (10% 

EtOAclhexanes), as a colorless oil. 

Spectral data for 74b: [a]23D -55.9° (c 1.15, CHCh); IR (neat) cm-1 2925,2855, 

1705, 1457, 1404, 1376, 1362, 1311, 1284, 1172, 1138, 1065, 1031; IH NMR 0 0.94 

(6, d, J = 6.7 Hz), 1.09-1.46 (20, m), 1.91-2.06 (2, m), 2.14 (2, dd, J = 14.6, 5.8 Hz), 

2.43 (2, dd, J = 14.6, 7.6 Hz); l3C NMR 0 20.9 (CH3), 24.9 (CH2), 26.0 (CH2), 26.5 

(CH2), 26.8 (CH2), 29.0 (CH), 35.3 (CH2), 49.8 (CH2), 211.6 (C); ElMS m/z 252 

(M+), 235, 223, 209, 194, 163, 149, 139, 135, 125, 124, 123, 121, 111, 95, 85 (100), 

69,68,67,57,55; HRMS calcd C17H320 252.2453, found 252.2456. 
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APPENDIX A COMWUTATIONALPROCEDURES 



145 

A.l Input for Ab Initio Calculations 

All ab initio calculations were perfonned on mM 590 computers under the UNIX 

operating system, using Gaussian92.50 Each Gaussian run was controlled using a 

command file (designated . com). This file contained the specifications for level of theory, 

basis set, optimization strategy, and memory and disk use, as well as the coordinates of the 

compound being modeled in internal coordinates. These input files were set up using the 

"g" output flag of Babel. A sample. com file is given below: 

$RunGauss 
%chk=/scr3/tgregg/temp 
#mp2=full 6-31g* scf=direct opt maxdisk=10000000 

comment line 

o 1 
0 
C 1 r2 
C 2 r3 1 a3 
H 3 r4 2 a4 1 d4 
H 3 r5 2 as 1 d5 
H 3 r6 2 a6 1 d6 
C 6 r7 3 a7 2 d7 
H 7 rS 6 as 3 dS 
H 5 r9 3 a9 2 d9 
C 5 r10 3 a10 2 d10 
C 2 r11 1 all 3 d11 
H 11 r12 2 a12 1 d12 
H 11 r13 2 a13 1 d13 
H 11 r14 2 a14 1 d14 

variables: 
r2= 1.2144 
r3= 1.4S15 
a3= 120.52 
r4= 1. 0700 
a4= 112.20 
r5= 2.2335 
a5= 95.97 
d5= 214.37 
r6= 2.2147 
a6= 13S.77 
d6= 120.27 
r7= 1. 0713 



a7= 37.94 
d7= 54.76 
r8= 1. 0708 
a8= 114.73 
d8= 216.12 
r9= 1.8040 
a9= 65.53 
d9= 158.15 
r10= 1.0709 
a10= 36.88 
d10= 178.91 
r11= 1.5209 
a11= 120.18 
d11= 180.04 
r12= 1. 0775 
a12= 113.98 
d12= 180.33 
r13= 1. 0838 
a13= 108.60 
d13= 302.17 
r14= 1. 0839 
a14= 108.59 
d14= 58.54 
Constants: 
d4= 0.00 

A breakdown of the different lines in the . com file follows: 

Line 1: $RunGauss 

Executes Gaussian. 

Line 2: %chk=/scr3/tgregg/temp 
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Specifies the path name of the checkpoint file (designated. chk) which will be written 

during the run. This file will allow a restart with a minimum of recalculation if the job is 

killed before normal termination. 

Line 3: #mp2=full 6-31g* scf=direct opt maxdisk=10000000 

Route line--lists the control options for the Gaussian run. 

mp2=full 

6-31g* 

scf=direct 

opt 

-level of theory 

-basis set 

-memory usage control 

-optimization strategy 
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maxdisk=10000000 -disk usage control 

These elements can be listed in any order and are case insensitive. Details into the use of 

control options are given in the Gaussian manual. 

Lines 4-7: as given 

Lines 8-21: 0 
C 1 r2 
C 2 r3 1 a3 
H 3 r4 2 a4 1 d4 
H 3 r5 2 as 1 d5 
H 3 r6 2 a6 1 d6 
C 6 r7 3 a7 2 d7 
H 7 r8 6 a8 3 d8 
H 5 r9 3 a9 2 d9 
C 5 r10 3 al0 2 dl0 
C 2 rll 1 all 3 dll 
H 11 r12 2 a12 1 d12 
H 11 r13 2 a13 1 d13 
H 11 r14 2 a14 1 d14 

This is the z-matrix for the compound being modeled. The atoms are listed in order of their 

numbering scheme. After the first atom, each atom is located relative to atoms higher up 

the list. The first column gives the atom type, the second column defines a distance that 

atom is from a previously listed atom, the third column defines an angle relative to two 

previously listed atoms, and the fourth column defines a dihedral relative to three atoms. 

Lines 22-57: Variables: 
r2= 1.2144 
r3= 1. 4815 

These lines give the initial values of the distances, angles, and dihedrals that will be 

allowed to change during the optimization cycle of the job. These values should be setup 

using Babel, but they can be altered manually under very controlled circumstances. 

Lines 58-60: Constants: 
d4= 0.00 
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These lines give the initial values of the distances, angles, and dihedrals that will be fixed 

during the optimization cycle of the run. It is important to include a blank line at the end of 

the file. 

In the example given, the route line specifies MP2level of theory, the 6-31G* basis 

set, optimization to a low energy structure (as opposed to a saddle point/transition state), 

direct calculation of overlap integrals as needed, and maximum scratch disk usage of 107 8-

byte words = 80 Megabytes of scratch disk space. The z-matrix contains the coordinates of 

cyclopropyl methyl ketone in the s-trans configuration, and is set up to optimize all degrees 

of freedom except the O=C-C(cyclopropane)-H torsion since d4 (defined on line 11) is in 

the Constants: section. 

A.2 Output from Ab Initio Calculations 

Gaussian writes all output from ajob to a single log file (designated . log) in the 

working directory. This log file has to be seen to be believed. Results for each RHF 

energy calculation performed in a job will be given on a line such as that shown below: 

SCF DONE: E(RHF) = -268.827314060 A.U. AFTER 11 CYCLES 

The energy is given on this line in Hartrees (1 Ha = 627.5095 kcaVmol). If MP2 

correlation is performed, the final energy will appear further down on a line such as is 

shown below: 

E2 = -.8485386869D+00 EUMP2 = -.26967585274646D+03 

The second number is the corrected energy in Ha. 

Jobs which perform geometry optimization record, in the log file, each iteration in 

the minimization process. The success at each step is evaluated after the energy calculation, 

and is shown in a section similar to that which follows: 

Item 
Maximum Force 

Value 
.000535 

Threshold Converged? 
.000450 NO 



RMS Force 
Maximum DispTacement 
RMS Displacement 

.000169 

.004840 

.001404 

.000300 

.001800 

.001200 

YES 
NO 
NO 
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Until all four items show YES in the Converged column, the optimization process 

continues: 

Item 
Maximum Force 
RMS Force 
Maximum Displacement 
RMS Displacement 

Value 
.000104 
.000048 
.000719 
.000276 

Threshold 
.000450 
.000300 
.001800 
.001200 

Converged? 
YES 
YES 
YES 
YES 

The final, optimized coordinates are the last ones in the file, and can be extracted from the 

. log file automatically using the "gauout" input flag in Babel and specifying <last> 

between the input and output parts of the command line. 

A.3 Ab Initio Modeling of ce, CMK and CVK 

For each of the compounds being modeled, 19 structures were generated specifying 

100 increments around the cyclopropane-carbonyl torsion. These structures were converted 

into separate z-matrix files with Babel. In each . com file, the line which gives the value of 

the cyclopropane-carbonyl torsion (eg. d4= o . 00 00) was manually moved from the 

variables: section to the Constants: section. The resulting files were submitted 

one at a time to Gaussian as is described in section A.t. After termination of each job, the 

final geometry and final RHF and MP2 energies were extracted. The energies for each 

model compound at torsions from 0 to 1800 were compiled into a text file designated with 

the extension. nrg. The energies were converted to kcaVmol and zeroed by subtracting 

from each value the lowest value. This allowed direct comparison with energies from 

literature and molecular mechanics calculations. 
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A.4 Mechanics Modeling of CC, CMK and CVK 

For each of the compounds being modeled, the 19 Gaussian input files used in the 

ab initio torsion driving study in the previous section were converted to macromodel 

filetypes and concatenated into a single file (designated by the extension. dat) for input 

into BatchMin. The mechanics torsion driving study was performed using a command file 

(again designated. corn) such as that shown below: 

crnkrot.dat 
crnkrot.out 

FFLD 1 
BGIN 
READ 
FXTA 1 2 3 

0.0000 0.0000 
MINI 1 0 250 
ELST 1 1 
END 

This file contains the following elements: 

Line 1: crnkrot.dat 

Line 2: cmkrot.out 

4 1000.0000 

Input filename 

Output filename 

500.0000 

Lines 3-9: BatchMin commands as described in this program's documentation. 

The commands listed here specify the MM2 forcefield, a maximum of 250 optimization 

steps with the cyclopropane-carbonyl torsion fixed at the geometry given in the input file, 

and a full listing of the parameters used in the energy calculation. 

BatchMin was run using the . corn and file and the . dat file containing the 19 

structures of the torsion driving study. The program output generated in the course of 

minimizing each structure was directed to a .log file from which could be extracted the 

final energies at each torsional increment. The energies were converted to kcallmol and 

zeroed by subtracting from each value the lowest value. 
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APPENDIXB CRYSTALLOGRAPIflC DATA 
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B. 1 Crystallographic Data for 1Sb. 

A clear irregular crystal of C17H2SNI02S1 having approximate dimensions of 0.47 

x 0.33 x 0.27 mm was mounted on a glass fiber in a random orientation. Preliminary 

examination and data collection were perfonned with Mo Ka radiation (A = 0.71073 A) on 

an Enraf-Nonius CAD4 computer controlled kappa axis diffractometer equipped with a 

graphite crystal, incident beam monochromator. 

Cell constants and an orientation matrix for data collection were obtained from least

squares refinement, using the setting angles of25 reflections in the range 20<28<33°. The 

orthorhombic cell parameters and calculated volume are: a = 8.383(1), b = 10.645(1), c = 

18.445(1) A, V = 1646.0(3) A3. For Z = 4 and F.W. = 307.46 the calculated density is 

1.24 g/cm3. As a check on crystal quality, (1)-scans of several intense reflections were 

measured; the width at half-height was .13°, indicating good crystal quality. From the 

systematic absences of: hOO: h=2n+l, OkO: k=2n+l, 001: 1=2n+l, and from subsequent 

least-squares refinement, the space group was determined to be P212121 (#19). 

The data were collected at a temperature of 23±1 ° using the ro-28 scan technique. 

The scan rate varied from 1 to 7°/min (in omega). Data were collected to a maximum 28 of 

50.0°. The scan range (omega, in deg.) was determined as a function of 8 to correct for 

the separation of the Ka doublet; the scan width was calculated as follows: scan width = 

0.8 +0.340 tan8. Moving-crystal moving-counter background counts were made by 

scanning an additional 25% above and below this range. Thus the ratio of peak counting 

time to background counting time was 2: 1. The counter aperture was also adjusted as a 

function of 8. The horizontal aperture width ranged from 2.4 to 2.9 mm; the vertical 

aperture was set at 2.0 mm. The diameter of the incident beam collimator was 0.76 mm 

and the crystal to detector distance was 21 cm. For intense reflections an attenuator was 

automatically inserted in front of the detector; the attenuator factor was 13.6. 
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DATA REDUCTION 

A total of 3380 reflections were collected, of which 2875 were unique and not 

systematically absent. As a check on crystal and electronic stability 1 representative 

reflection was measured every 60 min. The intensity of this standard remained constant 

within experimental error throughout data collection. No decay correction was applied. 

Lorentz and polarization corrections were applied to the data. The linear absorption 

coefficient is 1.9 cm-1 for Mo Ka radiation. No absorption correction was made. 

STRUCfURE SOLUTION AND REFINEMENT 

The structure was solved by direct methods, all 21 non-hydrogen atoms were 

located from an E-map. Most of the hydrogen atoms were located in succeeding difference 

Fourier syntheses. All of the hydrogen atoms were included in the refinement and all were 

constrained to ride on the atom to which they are bonded except for the cyclopropyl and 

hydroxyl hydrogens, which were refined isotropically. The structure was refined in full

matrix least-squares, where the function minimized was l:w(IFol-IFcJ)2 and the weight w is 

defined as 4F02/cr2(F02). 

Scattering factors were taken from Cromer and Waber. 81 Anomalous dispersion 

effects were included in Fc;82 the values for M and Mil were those of Cromer.83 Only the 

2496 reflections having intensities greater than 3.0 times their standard deviation were used 

in the refinements. The final cycle of refinement included 205 variable parameters and 

converged (largest parameter shift was 0.12 times its esd) with agreement factors of: R = 

0.052, Rw = 0.065, and S = 2.16. There were no correlation coefficients greater than 

0.50. The highest peak in the final difference Fourier had a height of 0.27(7) e-/ A.3;84 the 

minimum negative peak had a height of -0.29(7) e-/A.3. Plots of l:w(lFol-IFcJ)2 versus IFol, 

reflection order in data collection, sin erA., and various classes of indices showed no 

unusual trends. All calculations were performed on a VAX. computer using MolEN. 8S 



A. Crystal Data 

C17H2SNI0 2S1 
F.W. = 307.46 F(OOO) = 664 

crystal dimensions: 0.47 x0.33 xO.27 mm 
peak width at half-height = 0.13° 

Mo Ka radiation (A. = 0.71073 A) 
temperature = 23± 1 ° 

orthorhomoic space group P212121 
a = 8.383 (0) A b = 10.645 (0) A c = 18.445 (0) A 

v= 1646.oA3 

Instrument: 
Monochromator: 
Attenuator: 
Take-off angle: 
Detector aperture: 
Crystal-detector dist.: 
Scan type: 
Scan rate: 
Scan width, deg: 
Maximum 28: 
No. of refl. measured: 
Corrections: 

Z =4 P = 1.24 sUcm3 
J.1 = 1.9 cm-r 

B. Intensity Measurements 

Enraf-Nonius CAD4 diffractometer 
Graphite crystal, incident beam 
Zr foil, factor 13.6 
2.8° 
2.4 to 2.9 mm horizontal, 2.0 mm vertical 
21 cm 
0)-28 
1-7°/min (in omega) 
0.8 + 0.340 tan8 
50.0° 
3380 total, 2875 unique 
Lorentz-polarization 

C. Structure Solution and Refinement 

Solution: 
Refmement: 
Minimization function: 

Least-squares weights: 
Anomalous dispersion: 
Reflections included: 
Parameters refined: 
Unweighted agreement factor: 
Weighted agreement factor: 
Factor including unobs. data: 
Esd of obs. of unit weight: 
Convergence, largest shift: 
High peak in final diff. map: 
Low peak in final diff. map: 
Computer hardware: 
Computer software: 

Direct methods 
Full-matrix least-squares 
l:w(lFol-IFcI)2 

4Fo2/0'2(Fo2) 
All non-hydrogen atoms 
2496 with Fo2>3.00'(Fo2)2 
205 
0.052 
0.065 
0.062 
2.16 
0.120' 
0.27(7)e-/A3 
-0.29 (7)e-/A3 
VAX 
MolEN (Enraf-Nonius) 
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Table of Positional Parameters and Their Estimated Standard Deviations 

Atom x y z B(A2) 

S 0.15106(8) 0.25225(7) 0.66794(4) 3.52(1) 
01 0.0344(3) 0.1884(3) 0.7119(1) 5.17(6) 
02 0.4305(2) 0.4072(2) 0.7450(1) 3.60(4) 
N 0.1609(3) 0.3945(3) 0.6646(2) 4.63(6) 
e1 0.1262(3) 0.1858(3) 0.5796(2) 3.46(6) 
e2 0.1960(4) 0.2445(4) 0.5206(2) 4.44(7) 
e3 0.1753(4) 0.1932(4) 0.4530(2) 5.52(9) 
e4 0.0873(4) 0.0856(4) 0.4442(2) 5.63(9) 
e5 0.0187(4) 0.0284(4) 0.5030(2) 5.17(8) 
e6 0.0382(4) 0.0777 (3) 0.5716(2) 4.33(7) 
e7 0.3501(4) 0.2100(3) 0.6916(2) 3.35(6) 
e8 0.4219(3) 0.2767(3) 0.7586(1) 2.99(5) 
e9 0.3203(3) 0.2440(3) 0.8243(2) 3.44(5) 
e10 0.1834(4) 0.3230(4) 0.8486(2) 4.95(8) 
ell 0.3259(4) 0.3082(4) 0.8971(2) 4.35(7) 
e12 0.4347(4) 0.4145(4) 0.9140(2) 4.81(8) 
e13 0.5938(4) 0.3708(4) 0.9439(2) 5.42(9) 
e14 0.6778(4) 0.2708(4) 0.9000(2) 5.15(8) 
e15 0.7017(4) 0.2988(4) 0.8199(2) 4.44(7) 
e16 0.5933(3) 0.2295(3) 0.7664(2) 3.64(6) 
e17 0.0159(5) 0.4645(5) 0.6460(3) 6.8(1) 

-------------------------------------------------------------------
Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(1,2) 
+ ac(cos beta)*B(1,3) + bc(cos alpha)*B(2,3)] 
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Table of positional Parameters and Their Estimated Standard Deviations 
----------------------------------------------------------------------

Atom x y z B (1.2 ) 

Hl71 -0.034 0.426 0.606 5.0 
Hl72 0.039 0.550 0.635 5.0 
H173 -0.054 0.461 0.687 5.0 
H2 0.256 0.319 0.527 5.0 
H3 0.220 0.234 0.412 5.0 
H4 0.077 0.050 0.397 5.0 
H5 -0.043 -0.046 0.497 5.0 
H6 -0.010 0.040 0.613 5.0 
H 0.342(4) 0.423(3) 0.721(2) 5.0* 
H121 0.385 0.468 0.948 5.0 
H122 0.452 0.460 0.870 5.0 
H131 0.578 0.342 0.992 5.0 
H132 0.662 0.442 0.944 5.0 
H141 0.614 0.197 0.903 5.0 
H142 0.778 0.255 0.922 5.0 
H151 0.809 0.279 0.808 5.0 
H152 0.684 0.386 0.813 5.0 
H161 0.641 0.235 0.720 5.0 
H162 0.590 0.144 0.781 5.0 
H71 0.417 0.229 0.652 5.0 
H72 0.351 0.122 0.700 5.0 
H11 0.297(4) 0.257(4) 0.935(2) 5.0* 
H9 0.299(4) 0.163(3) 0.823(2) 5.0* 
H101 0.086(4) 0.282(3) 0.862(2) 5.0* 
H102 0.171(4) 0.397(3) 0.827(2) 5.0* 

----------------------------------------------------------------
* Starred atoms were refined isotropically. 
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Table of General Displacement Parameter Expressions - U's 

Name U(1,1) 

S 
01 
02 
N 
C1 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
C10 
Cll 
C12 
C13 
C14 
C15 
C16 
C17 

0.0453(3) 
0.053(1) 
0.051(1) 
0.063(2) 
0.040(1) 
0.055(2) 
0.062(2) 
0.065(2) 
0.061(2) 
0.053(2) 
0.050(1) 
0.043(1) 
0.045(1) 
0.039(2) 
0.047(2) 
0.057(2) 
0.057(2) 
0.052(2) 
0.041(1) 
0.047(1) 
0.084(2) 

U(2,2) 

0.0484(4) 
0.094(2) 
0.034(1) 
0.051(1) 
0.050(2) 
0.069(2) 
0.106(3) 
0.095(3) 
0.057(2) 
0.052(2) 
0.038(1) 
0.034(1) 
0.046(1) 
0.095(3) 
0.080(2) 
0.074(2) 
0.096(3) 
0.091(3) 
0.068(2) 
0.050(2) 
0.075(3) 

U(3,3) 

0.0399(3) 
0.050(1) 
0.052(1) 
0.062(2) 
0.042(1) 
0.044(2) 
0.042(2) 
0.055(2) 
0.078(2) 
0.060(2) 
0.040(1) 
0.036(1) 
0.040(1) 
0.054(2) 
0.039(1) 
0.052(2) 
0.052(2) 
0.053(2) 
0.059(2) 
0.042(1) 
0.099(3) 

U(1,2) 

-0.0022(4) 
-0.016(1) 
-0.0031(9) 

0.012(1) 
0.001(1) 

-0.012(2) 
0.007(2) 
0.030(2) 
0.002(2) 

-0.005(2) 
-0.001(1) 
-0.000(1) 
-0.008(1) 

0.000(2) 
-0.009(2) 
-0.003(2) 
-0.012(2) 
-0.000(2) 

0.003(1) 
0.008(1) 
0.025(2) 

U(1,3) 

-0.0000(3) 
0.011(1) 

-0.006(1) 
-0.019(1) 
-0.002(1) 
-0.002(1) 
-0.004(2) 
-0.021(2) 
-0.021(2) 
-0.005(2) 

0.003(1) 
0.002(1) 
0.004(1) 
0.007(1) 
0.009(1) 

-0.001(2) 
-0.005(2) 
-0.009(1) 

0.000(1) 
0.006(1) 

-0.036(2) 

U(2,3) 

-0.0068(4) 
-0.007(1) 

0.0039(9) 
-0.011(1) 
-0.005(1) 
-0.002(2) 
-0.002(2) 
-0.032(2) 
-0.026(2) 
-0.007(2) 
-0.004(1) 
-0.002(1) 
-0.002(1) 
-0.020(2) 
-0.006(2) 
-0.026(2) 
-0.016(2) 

0.006(2) 
0.002(2) 

-0.002(1) 
-0.014(2) 

The form of the anisotropic displacement parameter is: 
exp[-2PI2{h2a2U(1,1) + k2b2U(2,2) + l2c2U(3,3) + 2hkabU(1,2) + 
2hlacU(1,3) + 2klbcU(2,3)}] where a,b, and c are reciprocal lattice 
constants. 
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Table of Bond Distances in Angstroms 
------------------------------------

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
====== ------ =======-== ------ ------ ======== ------ ------ ------
S 01 1.440(3) e7 e8 1.546(4) 
s N 1.517(3) e8 e9 1.521(4) 
s e1 1.788(3) e8 e16 1.529(4) 
s e7 1.783(3) e9 e10 1.492(5) 
02 e8 1.413(4) e9 ell 1.508(5) 
N e17 1.466(5) e10 ell 1.501(6) 
e1 e2 1.385(5) ell e12 1.487(6) 
e1 e6 1.375(5) e12 e13 1.516(6) 
e2 e3 1.372(5) e13 e14 1.511(6) 
e3 e4 1.372(7) e14 e1S 1.520(6) 
e4 es 1.369(7) e1S e16 1.532(5) 
es e6 1.379(6) 
----------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Table of Bond Distances in Angstroms 
------------------------------------

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
------ ------ -------- ------ ------ -------------- ------ -------- ------ ------ --------
02 H 0.89(5) e12 H122 0.950 
e2 H2 0.950 e13 H131 0.950 
e3 H3 0.950 e13 H132 0.950 
e4 H4 0.950 e14 H141 0.950 
es Hs 0.950 e14 H142 0.950 
e6 H6 0.950 e1s H1s1 0.950 
e7 H71 0.950 e1S H1s2 0.950 
e7 H72 0.950 e16 H161 0.950 
e9 H9 0.88(4) e16 H162 0.950 
e10 H101 0.96(4) e17 Hl71 0.949 
e10 H102 0.88(4) e17 Hl72 0.949 
ell Hll 0.92(4) e17 H173 0.952 
e12 H121 0.950 
----------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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Table of Bond Angles in Degrees 
-------------------------------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
------ ------ ------ ------ ------ ------------ ------ ------ ----- ------ ------ ------ -----
01 S N 122.0(2) 02 e8 e9 113.2(3) 
01 S e1 104.3(2) 02 e8 e16 107.0(3) 
01 S e7 112.2(2) e7 e8 e9 108.3(3) 
N S e1 111.4(2) e7 e8 e16 106.8(3) 
N S e7 102.2(2) e9 e8 e16 112.0(3) 
e1 S e7 103.4(1) e8 e9 e10 122.7(3) 
s N e17 118.1(3) e8 e9 ell 126.1(3) 
s e1 e2 119.3(3) e10 e9 ell 60.0(2) 
s e1 e6 119.5(3) e9 e10 ell 60.5(2) 
e2 e1 e6 121.3(3) e9 ell e10 59.5(2) 
e1 e2 e3 118.8(4) e9 ell e12 123.4(3) 
e2 e3 e4 120.5(4) e10 ell e12 122.2(4) 
e3 e4 e5 120.3(4) ell e12 e13 112.5(4) 
e4 e5 e6 120.5(4) e12 e13 e14 115.6(3) 
e1 e6 e5 118.7(4) e13 e14 e15 116.3(4) 
s e7 e8 116.4(2) e14 e15 e16 117.0(3) 
02 e8 e7 109.3(2) e8 e16 e15 117.4(3) 
----------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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Table of Bond Angles in Degrees 
-------------------------------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
------ ------ ------ ----- ====== ------ ====== ----------- ------ ------ ------
CB 02 H 104. (3) C10 C11 H11 10B.(2) 
C1 C2 H2 120.2 C12 C11 H11 117. (3) 
C3 C2 H2 120.9 C11 C12 H121 109.1 
C2 C3 H3 119.4 C11 C12 H122 107.4 
C4 C3 H3 120.2 C13 C12 H121 109.2 
C3 C4 H4 119.4 C13 C12 H122 109.2 
CS C4 H4 120.3 H121 C12 H122 109.5 
C4 CS HS 120.3 C12 C13 H131 10B.4 
C6 CS HS 119.3 C12 C13 H132 106.9 
C1 C6 H6 119.9 C14 C13 H131 109.7 
CS C6 H6 121.4 C14 C13 H132 106.6 
S C7 H71 10B.1 H131 C13 H132 109.5 
S C7 H72 107.2 C13 C14 H141 106.B 
CB C7 H71 107.2 C13 C14 H142 10B.1 
CB C7 H72 10B.4 C1S C14 H141 106.B 
H71 C7 H72 109.5 C1S C14 H142 109.2 
CB C9 H9 lOB. (3) H141 C14 H142 109.5 
C10 C9 H9 114. (3) C14 C1S H1S1 107.4 
C11 C9 H9 119. (3) C14 C1S H1S2 107.1 
C9 C10 H101 119.(3) C16 C1s H1s1 10B.3 
C9 C10 H102 117.(3) C16 C1s H1s2 107.4 
C11 C10 H101 11B.(2) H1S1 C1s H1S2 109.5 
C11 C10 H102 117.(3) CB C16 H161 107.0 
H101 C10 H102 115.(4) CB C16 H162 10B.S 
C9 C11 H11 113.(3) C1S C16 H161 107.5 
C1s C16 H162 106.9 N C17 H173 107.5 
H161 C16 H162 109.5 Hl71 C17 Hl72 109.5 
N C17 Hl71 109.3 Hl71 C17 H173 109.5 
N C17 Hl72 111.6 Hl72 C17 H173 109.5 

----------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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B.2 Crystallographic Data for 37a. 

A colorless monoclinic block-shaped crystal of S102NIC24B39 having approximate 

dimensions of 0.30 x 0.33 x 0.50 mm was mounted on a glass fiber in a random 

orientation. Preliminary examination and data collection were performed with Mo Ka. 

radiation (A. = 0.71073 A) on a Syntex P21 diffractometer, with Crystal Logics computer 

control system. 

Cell constants and an orientation matrix for data collection were obtained from least

squares refinement, using the setting angles of 44 reflections in the range 20<28<30°. The 

orthorhombic cell parameters and calculated volume are: a = 15.742(1), b = 25.096(2), c = 

6.022(1) A, V = 2378.9(6) A3. For Z = 4 and F.W. = 405.65 the calculated density is 

1.13 g/cm3. As a check on crystal quality, O)-scans of several intense reflections were 

measured; the width at half-height was 0.25°, indicating good crystal quality. From the 

systematic absences of: hOO: h=2n+l, OkO: k=2n+l, 001: 1=2n+l, and from subsequent 

least-squares refinement, the space group was determined to be P212121 (#19). 

The data were collected at a temperature of 21±1 ° using the ro-28 scan technique. 

The scan rate was fixed at 3.00 /min. Data were collected to a maximum 28 of 50.0°. The 

scan range was determined as a function of 8 to correct for the separation of the Ka. 

doublet; the scan width was calculated as follows: from (28Ka.l- 1.30) to (28Ka.2+ 1.60). 

The diameter of the incident beam collimator was 0.75 mm. 

DATA REDUCTION 

A total of 6903 reflections were collected, of which 4175 were unique and not 

systematically absent. As a check on crystal and electronic stability 3 representative 

reflections were measured after every 97 reflections. The intensities of these standards 

remained constant within experimental error throughout data collection. No decay 

correction was applied. 
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Lorentz and polarization corrections were applied to the data. The linear absorption 

coefficient is 1.5 cm-1 for Mo Ka radiation. No absorption correction was made. 

Intensities of equivalent reflections were averaged. The agreement factors for the averaging 

of the 3083 observed and accepted reflections was 2.2% based on intensity and 2.1 % 

based on Fo. 

STRUCTURE SOLUTION AND REFINEMENT 

The S-atom was located using the Patterson method. The remaining atoms were 

located in succeeding difference Fourier syntheses. Hydrogen atoms on methylene and 

phenyl carbons were added at idealized positions. The remainder of the hydrogens were 

located from difference map. The methyl group hydrogens were located from a difference 

map and idealized. Hydrogen atoms were included in the refinement but constrained to ride 

on the atom to which they are bonded. The structure was refined in full-matrix least

squares, where the function minimized was Lw(lFol-IFcI)2 and the weight w is defined as 

4F0 2/cr2(F0 2). 

Scattering factors were taken from Cromer and Waber.81 Anomalous dispersion 

effects were included in Fc;82 the values for M and M" were those of Cromer.83 Only the 

2396 reflections having intensities greater than 3.0 times their standard deviation were used 

in the refinements. The final cycle of refinement included 251 variable parameters and 

converged (largest parameter shift was 0.47 times its esd) with agreement factors of: R = 
0.052, Rw = 0.066, and S = 1.73. There were no correlation coefficients greater than 

0.50. The highest peak in the final difference Fourier had a height of 0.39(5) e'/A3;84 the 

minimum negative peak had a height of -0.18(5) e'l A3. Plots of Lw(IFol-IFcI)2 versus IFol, 

reflection order in data collection, sin erA, and various classes of indices showed no 

unusual trends. 

All calculations were performed on a VAX computer using MolEN85. 
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Disorder 
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There is some disorder in the IS-membered ring. Two carbon atorrs were modeled 

with two partially occupied positions; C13/C13B with occupancies of 75% and 25% and 

C23/C23B with occupancies of 70% and 30%. Hydrogens were only added to the 

positions with the higher occupancy. 

There are some anomolous values listed in the distance and angle tables. These are 

due to the disordered C 13/C 13B and C23/C23B positions. 

Absolute configuration 

The dataset included Friedel related reflections which were not averaged. 

Refinement of the enantiomeric coordinates did not show a significant change in the 

refinement indices; RlRw/GOF is .05251.0664/1.732 for the coordinates reported and 

.0528/.0672/1.751 for the enantiomer. The quality of the data and the use of sulfur as the 

heavy anomolous scatterer does not allow us to conclusively assign the absolute 

configuration. 

ORTEP 

The ORTEP diagram (see Figure 22) shows the molecule with 50% ellipsoids. 

C13B and C23B are not shown in the plot. 



A. Crystal Data 

S 1 02N 1 C24li39 
F.W. = 405.65 F(OOO) = 888 

crystal dimensions: 0.30 x0.33 xO.50 mm 
peak width at half-height = 0.25° 
Mo Ka radiation (A. = 0.71073 A) 

temperature = 21±1 ° 
orthorhombic space group P212121 

a = 15.742 (1) A b = 25.096 (2) A c = 6.022 (1) A 
V = 2378.9(6) A3 

Instrument: 
Monochromator: 
Scan type: 
Scan rate: 
Scan width, deg: 
Maximum 28: 
No. of refl. measured: 
Corrections: 

Z=4 P = 1.13 glcm3 

J.1 = 1.5 cm-1 

B. Intensity Measurements 

Syntex P21, Crystal Logics 
Graphite crystal, incident beam 
00-28 
3.00 /min 
from (28Ka1-1.3) to (28Ka2+1.600) 
50.0° 
6903 total, 4175 unique 
Lorentz-polarization 
Reflection averaging (agreement on 1=2.2%) 

C. Structure Solution and Refinement 

Solution: 
Refinement: 
Minimization function: 
Least-squares weights: 
Anomalous dispersion: 
Reflections included: 
Parameters refined: 
Unweighted agreement factor: 
Weighted agreement factor: 
Factor including unobs. data: 
Esd of obs. of unit weight: 
Convergence, largest shift: 
High peak in final diff. map: 
Low peak in final diff. map: 
Computer hardware: 
Computer software: 

Patterson method 
Full-matrix least-squares 
l:w(lFol-IFcI)2 
4F02/0'2(F02) 
All non-hydrogen atoms 
2396 with F02>3.00'(F02)2 
251 
0.052 
0.066 
0.114 
1.73 
0.470' 
0.39(5)e-/A3 
-0. 18(5)e-/A3 
VAX. 
MolEN (Enraf-Nonius) 

164 



165 

Table of positional Parameters and Their Estimated Standard Deviations 

Atom x y z B(A2) 

S 0.80583(6) 1. 21334 (4) 1.1488(2) 3.92(2) 
01 0.8568(2) 1.2282(1) 1.3381(6) 5.72(7) 
02 0.8507(3) 1.1370(1) 0.7268(5) 7.04(9) 
N 0.8246(2) 1.2357 (1) 0.9200(5) 4.22(8) 
C1 0.6979(3) 1.2271(1) 1.2278(7) 4.07(9) 
C2 0.6775(3) 1.2437 (2) 1.4388(7) 5.2(1) 
C3 0.5936(3) 1.2553(2) 1.4834(8) 6.3(1) 
C4 0.5322(3) 1.2500(2) 1.3332(8) 6.0(1) 
C5 0.5523(3) 1.2324(2) 1.1194(8) 5.5(1) 
C6 0.6362(3) 1.2213(2) 1.0664(7) 4.5(1) 
C7 0.8048(3) 1.1431(1) 1.1086(7) 4.15(9) 
C8 0.8684(3) 1.1180(2) 0.9448(8) 4.8(1) 
C9 0.8457(3) 1.0591(2) 0.9439(8) 5.0(1) 
C10 0.7772(3) 1.0399(2) 0.807(1) 7.8(2) 
C11 0.8631(4) 1.0254(2) 0.7451(9) 6.4(1) 
C12 0.8925(4) 0.9667(2) 0.782(1) 9.3(2) 
C13 0.9692(4) 0.9588(3) 0.890(1) 6.6(2)* 
C13B 0.907(1) 0.9392(8) 0.961(4) 6.3(5)* 
C14 0.9914(4) 0.9003(2) 0.948(1) 10.4(2) 
C15 1.0693(5) 0.8989(3) 1.065(1) 11.8(2) 
C16 1.0702(4) 0.9182(3) 1.303(1) 9.1(2) 
C17 0.8191(3) 1.2941(2) 0.8971(8) 5.7(1) 
C18 1.1538 (4) 0.9401(2) 1. 385 (1) 9.5(2) 
C19 1.1706(4) 0.9970(2) 1.321(1) 9.7(2) 
C20 1.1221(4) 1.0386(3) 1.454(1) 8.9(2) 
C21 1.1345(4) 1.0955(2) 1. 384 (1) 8.8(2) 
C22 1.0989(3) 1.1109(2) 1.167(1) 9.3(2) 
C23B 1.035(1) 1.1022(7) 0.991(3) 5.2(3)* 
C23 0.9967(3) 1.1077(3) 1.189(1) 4.4(1)* 
C24 0.9591(3) 1.1268(2) 0.999(1) 7.9(2) 

-----------------------------------------------------------------
Starred atoms were refined isotropically. 
Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos garnrna)*B(1,2) 
+ ac(cos beta)*B(1,3) + bc(cos alpha)*B(2,3)] 
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Table of Positional Parameters and Their Estimated Standard Deviations 
---------------------------------------------------------------------

Atom x y z B(A2) 

H2 0.720 1.247 1.550 5.0* 
H_02 0.859 1.171 0.737 5.0* 
H3 0.579 1.268 1.627 5.0* 
H4 0.475 1.257 1.370 5.0* 
H5 0.510 1.230 1. 008 5.0* 
H6 0.651 1.208 0.923 5.0* 
H7A 0.749 1.134 1. 061 5.0* 
H7B 0.816 1.128 1.249 5.0* 
H9 0.852 1.040 1.112 5.0* 
H10B 0.741 1.012 0.826 5.0* 
H10A 0.737 1.063 0.701 5.0* 
H11 0.921 1.039 0.659 5.0* 
H12A 0.897 0.949 0.642 5.0* 
H12B 0.849 0.951 0.867 5.0* 
H13A 0.967 0.978 1.026 5.0* 
Hl3B 1.014 0.973 0.801 5.0* 
H14A 0.993 0.880 0.815 5.0* 
H14B 0.950 0.886 1.046 5.0* 
H15A 1.105 0.923 0.984 5.0* 
H15B 1.092 0.864 1.059 5.0* 
H16B 1.029 0.946 1.315 5.0* 
H16A 1.054 0.889 1.394 5.0* 
H17A 0.843 1.311 1.025 5.0* 
H17C 0.761 1.304 0.882 5.0* 
H17B 0.850 1.305 0.770 5.0* 
H18A 1.198 0.919 1.323 5.0* 
H18B 1.156 0.938 1.542 5.0* 
H19B 1.229 1.005 1.331 5.0* 
H19A 1.152 1.001 1.172 5.0* 
H20B 1.063 1.031 1.443 5.0* 
H20A 1.140 1.034 1. 602 5.0* 
H21A 1.194 1.102 1.378 5.0* 
H21B 1.110 1.117 1.496 5.0* 
H22A 1.118 1.086 1.059 5.0* 
H22B 1.115 1.146 1.127 5.0* 
H23A 0.978 1.129 1.308 5.0* 
H23B 0.979 1.072 1.214 5.0* 
H24B 0.989 1.109 0.884 5.0* 
H24A 0.970 1.164 0.991 5.0* 

---------------------------------------------------------------
Starred atoms were not refined. 
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Table of GenerarDisplacement Parameter Expressions - U's 
----------------------------------------------------------------

Name U(l,l) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3) 
------ ------ ------ ------ ------ ------

s 0.0431(4) 0.0471(5) 0.0587(5) -0.0007(5) -0.0093(6) -0.0009(6) 
01 0.062(2) 0.073(2) 0.082(2) -0.002(2) -0.030(2) -0.004(2) 
02 0.134(3) 0.052(2) 0.081(2) 0.018(2) 0.029(2) 0.014(2) 
N 0.052(2) 0.041(2) 0.067(2) -0.003(2) 0.003(2) 0.006(2) 
C1 0.055(2) 0.042(2) 0.057(2) 0.012(2) -0.010(2) 0.002(2) 
C2 0.079(3) 0.075(3) 0.044(2) 0.015(3) -0.005(3) -0.012(2) 
C3 0.099(4) 0.091(4) 0.047(3) 0.034(3) 0.022(3) -0.002(3) 
C4 0.066(3) 0.079(3) 0.083(3) 0.026(2) 0.014(3) 0.027(3) 
C5 0.047(2) 0.094(3) 0.068(3) 0.012(2) 0.000(3) 0.018(3) 
C6 0.048(2) 0.068(3) 0.055(3) 0.006(2) -0.006(2) -0.003(2) 
C7 0.049(2) 0.045(2) 0.064(3) 0.005(2) 0.001(2) 0.004(2) 
C8 0.057(3) 0.050(3) 0.076(3) 0.013(2) 0.009(2) 0.008(2) 
C9 0.077(3) 0.045(3) 0.067(3) 0.004(2) 0.013(2) -0.000(2) 
C10 0.090(4) 0.075(3) 0.133(5) -0.016(3) -0.004(4) -0.021(3) 
C11 0.090(4) 0.065(3) 0.091(4) 0.009(3) 0.004(3) -0.007(3) 
C12 0.169(6) 0.081(3) 0.104(4) 0.026(4) 0.003(4) -0.040(3) 
C14 0.221(7) 0.087(4) 0.086(4) 0.071(4) -0.007(4) -0.019(3) 
C15 0.241(7) 0.096(4) 0.110(5) 0.075(4) 0.031(5) 0.012(4) 
C16 0.146(5) 0.082(4) 0.120(5) 0.027(4) 0.019(5) 0.020(4) 
C17 0.065(3) 0.058(3) 0.092(3) -0.008(2) -0.001(3) 0.012(3) 
C18 0.123(4) 0.111(4) 0.128(5) 0.048(3) -0.001(5) 0.011(4) 
C19 0.098(4) 0.122(5) 0.150(6) 0.024(4) 0.001(5) 0.008(5) 
C20 0.094(4) 0.118(5) 0.125(5) 0.018(4) 0.007(4) 0.023(4) 
C21 0.079(4) 0.097(4) 0.158(6) -0.001(3) -0.008(4) -0.000(5) 
C22 0.119(4) 0.067(3) 0.169(6) 0.007(3) -0.049(5) -0.001(4) 
C24 0.060(3) 0.044(3) 0.194(6) 0.009(2) 0.014(4) 0.008(3) 
-----------------------------------------------------------------------
The form of the anisotropic displacement parameter is: 
exp[-2PI2{h2a2U(1,1) + k2b2U(2,2) + l2c2U(3,3) + 2hkabU(1,2) + 
2hlacU(1,3)+ 2klbcU(2,3)}) where a,b, and c are reciprocal lattice 
constants. 
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Table of Bond Distances in Angstroms 
--------------------------------------

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
------ ------ ======== ------ ------ ======== ------ ------ ------ ------
S 01 1.444(4) Cll C12 1.559(9) 
S N 1.516(4) C12 C13 1.38(1) 
S C1 1.797(5) C12 C13B 1.30(3) 
S C7 1.779(4) C13 C13B 1.18(3) 
02 C8 1.425(6) C13 C14 1.55(1) 
N C17 1.475(6) C13B C14 1.66(3) 
C1 C2 1.376(7) C14 C15 1.42(1) 
C1 C6 1.382(6) C15 C16 1.51(1) 
C2 C3 1.379(8) C16 C18 1.51(1) 
C3 C4 1.330(8) C18 C19 1.50(1) 
C4 C5 1.398(8) C19 C20 1.52(1) 
C5 C6 1.387(7) C20 C21 1.50(1) 
C7 C8 1.540(7) C21 C22 1. 47 (1) 
C8 C9 1. 522 (7) C22 C23B 1.48(2) 
C8 C24 1.482(8) C22 C23 1.616(9) 
C9 C10 1.439(8) C23B C23 1.34(2) 
C9 Cll 1.491(8) C23B C24 1.34(2) 
C10 Cll 1.450(8) C23 C24 1.373(9) 
------------------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Table of Bond Distances in Angstroms 
-----------------------------------

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
====== ------ -------- ====== ------ -------------- -------- ------ --------
02 H_02 0.854(4) C16 H16B 0.948(8) 
C2 H2 0.948(6) C16 H16A 0.948(8) 
C3 H3 0.948(6) C17 H17A 0.948(6) 
C4 H4 0.948(6) C17 H17C 0.949(5) 
C5 H5 0.948(6) C17 H17B 0.948(5) 
C6 H6 0.948(5) C18 H18A 0.948(8) 
C7 H7A 0.948(5) C18 H18B 0.948(9) 
C7 H7B 0.948(5) C19 H19B 0.948(8) 
C9 H9 1.131 (6) C19 H19A 0.948(9) 
C10 H10B 0.909(7) C20 H20B 0.948(8) 
C10 H10A 1.071(8) C20 H20A 0.948(8) 
Cll Hll 1.102(7) C21 H21A 0.948(7) 
C12 H12A 0.948(7) C21 H21B 0.948(9) 
C12 H12B 0.948(9) C22 H22A 0.948(8) 
C13 H13A 0.948(9) C22 H22B 0.948(7) 
Cl3 H13B 0.948(9) C23B H24B 0.99(2) 
C13B H12B 1.11(3) C23 H23A 0.948(7) 
C14 H14A 0.948(8) C23 H23B 0.948(7) 
C14 H14B 0.95(1) C24 H24B 0.948(7) 
C15 H15A 0.95(1) C24 H24A 0.948(6) 
C15 H15B 0.948(8) 
----------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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Table of Bond Angles in Degrees 
--------------------------------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
------ ------ ------ ------ ------ ------

01 S N 120.9(2) C9 C10 C11 62.2(4) 
01 s C1 105.5(2) C9 C11 C10 58.6(4) 
01 s C7 111.6(2) C9 C11 C12 118.4(5) 
N s C1 110.7(2) C10 C11 C12 118.5(6) 
N s C7 104.2(2) C11 C12 C13 117.5(7) 
C1 s C7 102.6(2) C11 C12 C13B 132. (1) 
S N C17 116.1(3) C13 C12 C13B 52. (1) 
S C1 C2 121.6(4) C12 C13 C13B 60. (1) 
S C1 C6 117.2(4) C12 C13 C14 116.1(7) 
C2 C1 C6 121.2 (5) C13B C13 C14 73. (1) 
C1 C2 C3 117.9(5) C12 C13B C13 68. (2) 
C2 C3 C4 122.9(5) C12 C13B C14 114.(2) 
C3 C4 C5 119.6(5) C13 C13B C14 64. (1) 
C4 C5 C6 119.4(5) C13 C14 C13B 43.1(9) 
C1 C6 C5 119.1(5) C13 C14 C15 109.5(8) 
S C7 C8 119.1(3) C13B C14 C15 134. (1) 
02 C8 C7 109.0(4) C14 C15 C16 118.2(8) 
02 C8 C9 106.0(5) C15 C16 C18 115.7(9) 
02 C8 C24 110.1(5) C16 C18 C19 114.7(7) 
C7 C8 C9 104.3(4) C18 C19 C20 115.5(7) 
C7 C8 C24 115.0(5) C19 C20 C21 116.0(7) 
C9 C8 C24 111.8(4) C20 C21 C22 116.8(7) 
C8 C9 C10 120.3(5) C21 C22 C23B 149(1) 
C8 C9 C11 120.7(5) C21 C22 C23 107.2(7) 
C10 C9 C11 59.3(4) C23B C22 C23 51.1(8) 
C22 C23B C23 69.5(9) C23B C23 C24 59.2(9) 
C22 C23B C24 121. (1) C8 C24 C23B 141(1) 
C23 C23B C24 61.6(9) C8 C24 C23 123.2(6) 
C22 C23 C23B 59.3(9) C23B C24 C23 59.3(8) 
C22 C23 C24 110.2(6) 

----------------------------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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Table of Bond Angles in Degrees 
------------------------------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
------ ------ ------ ------ ------ ------
C8 02 H_02 103.7(5) C10 C11 H11 144.9(6) 
C1 C2 H2 120.9(6) C12 C11 H11 96.2(6) 
C3 C2 H2 121.3(5) C11 C12 H12A 109.1(7) 
C2 C3 H3 118.5(7) C11 C12 H12B 104.9(6) 
C4 C3 H3 118.6(7) C13 C12 H12A 106.9(7) 
C3 C4 H4 120.9(7) C13 C12 H12B 108.8(8) 
C5 C4 H4 119.6(7) C13B C12 H12A 119. (1) 
C4 C5 H5 120.8(6) C13B C12 H12B 57. (1) 
C6 C5 H5 119.7(6) H12A C12 H12B 109.5(8) 
C1 C6 H6 120.4(5) C12 C13 H13A 107.1(8) 
C5 C6 H6 120.5(5) C12 C13 H13B 109.0(9) 
S C7 H7A 107.4(3) C13B C13 H13A 82. (1) 
S C7 H7B 106.4(4) C13B C13 H13B 167. (2) 
C8 C7 H7A 107.6(4) C14 C13 H13A 106.8(8) 
C8 C7 H7B 106.7(4) C14 C13 H13B 108.3(8) 
H7A C7 H7B 109.5(4) H13A C13 H13B 109.5(8) 
C8 C9 H9 113.4(5) C12 C13B H12B 46. (1) 
C10 C9 H9 115.8(5) C13 C13B H12B 113.(2) 
C11 C9 H9 117.2(4) C14 C13B H12B 142. (2) 
C9 C10 H10B 130.9(8) C13 C14 H14A 109.1(8) 
C9 C10 H10A 126.6(6) C13 C14 H14B 110.6(7) 
C11 C10 H10B 115.3(7) C13B C14 H14A 112. (1) 
C11 C10 H10A 122.2(7) C13B C14 H14B 69. (1) 
H10B C10 H10A 97.3(6) C15 C14 H14A 112.6(8) 
C9 C11 H11 110.9(5) C15 C14 H14B 105.6(8) 
H14A C14 H14B 109(1) C20 C19 H19A 105.2(7) 
C14 C15 H15A 103.5(8) H19B C19 H19A 109.5(8) 
C14 C15 H15B 109(1) C19 C20 H20B 107.9(8) 
C16 C15 H15A 106.4(9) C19 C20 H20A 105.0(7) 
C16 C15 H15B 109.4(8) C21 C20 H20B 108.1(7) 
H15A C15 H15B 109.5(9) C21 C20 H20A 110.2(9) 
C15 C16 H16B 107.5(8) H20B C20 H20A 109.5(8) 
C15 C16 H16A 107.2(8) C20 C21 H21A 107.7(7) 
C18 C16 H16B 107.5(7) C20 C21 H21B 106.6(8) 
C18 C16 H16A 109.4(8) C22 C21 H21A 107.3(7) 
H16B C16 H16A 109.5(8) C22 C21 H21B 108.9(7) 
N C17 H17A 109.6(5) H21A C21 H21B 109.5(8) 
N C17 H17C 109.6(4) C21 C22 H22A 108.3(7) 
N C17 H17B 109.3(5) C21 C22 H22B 111.6(7) 
H17A C17 H17C 109.5(6) C23B C22 H22A 68.4(9) 
H17A C17 H17B 109.4(5) C23B C22 H22B 98(1) 
H17C C17 H17B 109.5(5) C23 C22 H22A 110.2(6) 
C16 C18 H18A 107.6(8) C23 C22 H22B 110.0(6) 
C16 C18 H18B 109.4(8) H22A C22 H22B 109.5(9) 
C19 C18 H18A 108.0(8) C22 C23B H24B 161. (2) 
C19 C18 H18B 107.6(8) C23 C23B H24B 104. (1) 
H18A C18 H18B 109.5(8) C24 C23B H24B 44.9(8) 
C18 C19 H19B 111.1(7) C22 C23 H23A 110.3(6) 
C18 C19 H19A 107.3(8) C22 C23 H23B 110.2(6) 
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C20 C19 H19B 108.0(8) C23B C23 H23A 151. (1) 
C23B C23 H23B 100(1) C23B C24 H24A 107(1) 
C24 C23 H23A 106.8(7) C23 C24 H24B 103.8(5) 
C24 C23 H23B 109.7(6) C23 C24 H24A 108.1(7) 
H23A C23 H23B 109.5(7) H24B C24 H24A 109.5(6) 
C8 C24 H24B 103.9(6) C12 H12B C13B 78. (1) 
C8 C24 H24A 107.8(5) C23B H24B C24 88. (1) 
C23B C24 H24B 47.3(8) 
----------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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