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ABSTRACT

I. DEVELOPMENTS DM THE SYNTHESIS OF STRAINED BUTATRIENES

H. PHOTOGENERATION OF REACTIVE CARBENES BY 
FRAGMENTATION OF CYCLOPROPANATED 

PHENANTHRENES

By

Susana H ernandez 

U niversity of New H am pshire, M ay, 1998

I. The synthesis, trapping , and strain  energy estimates for cyclic 

butatrienes are described. Four fundam ental questions have been 

investigated: kinetic stability  lim itations, m olecular strain, structural 

lim itations, and the developm ent of a general synthetic route applicable to 

different ring sizes.

1,2,3-Cyclooctatriene (29) has been generated by magnesium induced 

1,2-elimination on 2-brom o-3-chloro-l,3-cyclootadiene (64). Synthesis of the 

eight-mem bered ring com pletes the C6-C1Q series of cyclic butatrienes. This

substance shows m oderate kinetic stability, bu t is readily trapped in  a 

[rt2s + 4 ] cydoaddition w ith  diphenylisobenzofuran or 2,5-dimethylfuran.

The total strain energy an d  the strain in  the butatriene moiety in cum ulene 

29 have been assessed by ab initio calculations. The estimates are 17.7

xix
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kcal/m ol and 12.4 kcal/m ol, respectively, a t the M P2/6-31G V /H F/3-21G  

level.

1,2,3-Cyclohepatriene (30) and its isomer cydohepten-3-yne (19) are 

readily accessible by  magnesium induced 1,2-elimination on appropriate  

precursors. The calculated total strain energy in the cyclic butatriene, and  in 

the seven-m em bered enyne are 31.8 kcal/m o l and  30.8 kcal/m ol, respectively, 

a t the M P2/6-31G V /H F/3-21G  level.

5,5-Dim ethyl-l,2,3-cyclopentatriene (85) rem ains elusive. Five likely 

precursors have been prepared and studied; no evidence for the existence of 

this com pound w as found.

Intram olecular vinylidene coupling has been  explored as a possible 

ring-size-independent synthetic route to cyclic butatrienes. In the cases of 

tetrabrom o-olefins 122 and 127 a 1,2-migration occurs faster than  the ring 

closure w hich w ould  give the cum ulene.

II. A general route to cleanly photogenerate reactive carbenes by 

photolysis of cyclopropanated phenanthrenes has been  studied. The adduct of 

dichlorocarbene and  phenanthrene has been m odified to p roduce shelf-stable 

substances that serve as photochemical precursors to vinylcarbene, and  acyclic 

and cyclic vinylidenes.

Low tem perature irradiation of 7-endo-ethylenedibenzo[a;b]bicyclo 

[4.10]heptane (141) a t 254 run cleanly gives phenanthrene (135) and

xx

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vinylcarbene (136); the latter rap id ly  rearranges to cyclopropene. The strained 

alkene is efficiently trapped  by cydoadditions w ith cydopentadiene or 

d iphenylisobenzofuran .

Fragm entation of a C9 vinylidene precursor 158 leads to effiden t

form ation of 1-nonyne (160) by 1,2-shift.

Cyclobutylidenecarbene (163) rearranges readily to cydopentyne (13). 

C ydoalkyne 13 is trapped by cydohexene to give tricydo[6.3.0.02,7]undec-l(8)- 

ene (168) and a cylohexyl derivative 172 w hich has not been  previously  

described.

Rearrangem ents of cydopentylidenecarbene (163) and  

cydohexylidenecarbene (164) are no t observed. These carbenes are trapped  in 

[2 + 1] cydoadditions w ith  cydohexene.

xxi
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GENERAL INTRODUCTION

This dissertation is d ivided into tw o separate chapters:

1) Developm ents in  Synthesis of Strained Cyclic Butatrienes,

2) Photogeneration of Reactive Carbenes by  Fragm entation of 

Cyclopropanated Phenanthrenes. Due to the diverse nature  of the topics 

covered, each chapter is self-contained, complete w ith  its ow n introduction, 

statem ent of the goals, results and  discussion, and conclusions.

1
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CHAPTER I

DEVELOPMENTS IN THE SYNTHESIS OF STRAINED BUTATRIENES

Introduction to Strained Molecules 

One longstanding challenge posed to chem ists th roughout the years 

has been the synthesis and  investigation of strained hydrocarbons. The 

concept of strain in organic chem istry has its foundation in  the 1880s w ith  the 

first synthesis of sm all carbocyclic rings and the enunciation of the Baeyer 

strain  energy theory (Spannungs Theorie). Today, the field of strained 

hydrocarbons presents us w ith examples of organic com pounds w ith striking 

geom etries,1 novel reactive interm ediates w ith unusual bonding,2 processes 

involving no tew orthy  rearrangem ents,3 and reactions of u tility  in synthetic 

organic chem istry.4 The extraordinary ability of the chem ist to create strained 

molecules w ith exceedingly high energies during the last decades has been 

principally due to the  advances in synthetic and  spectroscopic methodologies, 

as well as to developm ents in com puting technology w hich now  allow the 

shapes and energetics of such molecules to be predicted and  probed w ith  

accuracy. In this chapter the results of studies on kinetic stability and 

structural lim itations for strained cyclic butatrienes (cum ulenes) are

2
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presented. For this reason, in the  following paragraphs a brief discussion on 

the origin of m olecular strain a n d  several representative examples are 

included for completeness.

The energy of a molecule depends on its geometry.5 Strain is 

introduced into a m olecule w henever there is a deviation in  one or m ore 

geom etric param eters from  the "norm al" or "ideal" value(s).5 These 

deviations affect their structure, stability, and  reactivity.5 The concept of 

strain  energy (SE) is well illustrated by considering the sm allest sa tu rated  and 

strained carbocycle, cyclopropane.6 The "strain" connotes the fact expressed in 

Eq. (1) that the enthalpy of form ation7 of gaseous cyclopropane is h igher than 

it w ould  have been had  cyclopropane been composed of three "strainless"

C F^ groups

SEtcyclo-CCH^, (g)] = AH^cyclo-CCH^, (g)] - (g)] Eq. (1)

The experim ental strain energy, identified as the enthalpy change in 

this reaction, is obtained from AH °j data on the reacting m olecules.8

Theoretical strain energy, defined as the difference in to tal energy of reactants 

and products, is obtained from calculations of the ground state energy of the 

reactant molecules.8 Accurate prediction  of the strain energy in a m olecule 

can be derived from bond-energy schemes called isodesmic9 and 

hom odesm ic10 reactions. A m ore detail description of these m ethods and

3
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their usefulness in  calculating stra in  energies w ill be covered later in  this 

chapter.

It has been  recognized that stra in  introduced in a m olecule in  any  

fashion tends to be m inim ized by becom ing distributed am ong several 

m odes, such  as angle strain , torsional strain, bond strain and  van  der W aals 

com pressions.11 In detail, the total stra in  energy of the molecule is the  sum  of 

several destabilizing terms: bond  angle-deform ations, bond stretching or 

com pression (sum m ed for all the bonds), changes of torsion angles from  their 

optim al values, nonbonded  repulsion, and electrostatic term s.11

Figure 1. C onform ation of cyclopropane and  cydobutane.

The classical exam ples of strained  com pounds are sm all rings. Three- 

m em ber ed  rings are necessarily p lanar, and  therefore quite highly stra ined

bonds is bonds is 78.8°. This angle (Baeyer) strain  is not the only source of 

destabilization because the p lanar ring necessarily has all the hydrogen atom s 

fully eclipsed and  this causes torsional (Pitzer) strain. The total strain  in 

cyclopropane is only slightly greater than  that in cydobutane (27.5 vs 26.3

(Figure 1). In cydopropane the in tem u d ear angle between the carbon-carbon

4
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k cal/m o l),12 w hich im plies that the angle strain cannot exclusively account 

for the difference. There m ust be an  electronic (orbital) stabilization of 

cyclopropane tha t partially  offsets its greater apparen t strain.50

A four-m em bered ring  can be either planar or puckered. The p lanar 

ring has m inim al angle (Baeyer) strain  b u t will have m axim al torsional 

(Pitzer) strain because of its eight pairs of eclipsing hydrogens. The torsional 

strain  can be reduced by  puckering (at the expense of some increase in angle 

strain). C ydobutane is therefore a w ing-shaped molecule w ith  an "angle of 

pucker" of 28° and  a barrier to ring inversion of 1.45 kcal/m ol.13

M any h ighly  stra ined  com pounds containing small rings in fused 

system s have been  p repared , showing that organic molecules can exhibit 

m uch more stra in  than sim ple cyclopropanes or cyclobutanes. A few o f these 

com pounds are illustrated in  Figure 2. The smallest, and m ost strained of 

fused bicyclic rings is bicydo[1.1.0]butane (1), w ith a strain of 66.5 kcal/m ol.14 

Its puckering angle is 58°, m uch larger than  that of cydobutane and its C-C 

bonds are unusually short (1.498 A). [1.1.1] Propellane (2), synthesized by  

W ilberg and W alker in 1982, is stable enough at room  tem perature to have its

IR spectrum  m easu red .15a The central a  bond in is rather long (1.60 A), and 

its strain  energy exceeds the  sum  of the strain in its three rings (103 

kcal/m ol).15b Rotane (3) (sym m etry D3h) has been recently prepared .16 A

molecular that has aroused  considerable interest in  connection w ith the

5
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2

3

6

Figure 2. Strained saturated-ring  hydrocarbons.

possibility of synthesizing a structure w ith  a p lanar carbon is fenestrane (also 

called w indowpane) b u t only its hom ologue 4 has been prepared by  W ilberg, 

et al. 17

Am ong the m any families of isomeric strained hydrocarbons, the (CH)g 

group is one of the m ost interesting. An intriguing cage structure is cubane 

(5) p repared  by Eaton and Cole in  1964.18 Prior to the synthesis of 5 theoretical 

calculations19 of its strain  energy (160 kcal/m ol) were considered as a contra­

indication for the existence of cubane a t room  tem perature. H ow ever, cubane 

appeared to be surprisingly therm ally stable, decomposing only a t 200 °C. The 

structure as determ ined by electron diffraction shows a bond length of 1.575 

A, longer than that in cydobutane, as w ell as a C-C-H angle of 123-127°
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suggesting a h igh  degree of s character in  the C-H bond concom itant w ith the 

high  degree of p character in  the C-C bonds im posed by the 90° bond  angle. 

M olecular mechanics calculations have been used  extensively to predict 

enthalpies of formation, stra in  energies, and  geom etries of organic 

com pounds, including som e of the hom ocubane series. C uneane (6) is 

another very highly strained molecule like cubane; this substance is stable, 

no t decom posing substantially below  180 °C.21

Not surprisingly, there exist a large collection of small rings whose 

strain  is due to the presence of m ultiple bonds. The following is a brief 

discussion on  the origin of strain  in alkenes, alkynes (small ring size alkynes 

are included in  more detail in  the second chapter of this thesis), and  

cycloalkenynes. Cum ulenes have been  om itted here, as they are the major 

focus of the nex t section.

a)

b)

Figure 3. rc-Orbital distortions caused by  (a) tw isting and (b) bending.

The first type of d istortion in an  alkene is created w hen the fram ew ork

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



exerts a  tw isting action of the 7t-bond, thereby ro tating the p-orbitals in 

opposite directions (Figure 3a).5cd The second type of distortion is one in 

w hich the 7t-bond is bent and  the olefinic carbons becom e pyram idalized

(Figure 3b).22 Distortion of the first type is exem plified by the incorporation 

of a trans-double bond into a ring. Trans-cyclooctene (7) represents the 

sm allest isolable frans-cycloalkene (Figure 4).23 The stra in  energy (SE) in 7 is 

~ 16.5 kcal/m ol, some 11 kcal/m ol less stable than its c/s-isomer, and a 

d ihedral angle across the trans-C-C=C-C unit is 136°. As the ring size is 

decreased in the series, the twisting angle increases, and  the vinyl carbons 

becom e pyram idalized .22 The strain energies of the low er frans-cycloalkenes 

are such  that frans-cycloheptene and trans-phenylcyclohexene exist only as 

reactive in term ediates.24,25 Recently, o u r group has published a 

com putational s tu d y  on conform ational analysis for frans-cyclohexene.26

H

8 1 0

Figure 4. M iscellaneous strained cycloalkenes.

8
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Other Tt-bond deform ations include in-plane bending, such  as occurs

in sm all rings, and pyram idalization.53,22 Pyram idalization of a  trigonal 

center next to a tetrahedral center is caused by the tendency to m inimize 

torsional strain .22 In this deform ation, attached ligands are n o t coplanar w ith

the k bonds, and  the resu lt is significant rehybridization tow ard sp3.22 X-ray 

structural analysis of d iene 8 show s a pyram idalization angle of 27.3°.27 O ther 

representative examples of pyram idalized olefins, are 9 and 10, w hich have 

been of particular theoretical interest.28 Ab initio studies on 9 and  10, a t the 

MP2/6-31G* level, and subsequent vibrational analysis indicated that both 

structures represent local energy m inim a on the C4H 4 and the C6H 6 energy

hypersurface respectively,2813 w ith a  k bond distance C1-C6 in 10 of 1.390 A. 

Olefinic strain  (OS)29 for 9 and 10 have been estim ated to be 58.7 and 66.8 

kcal/m o l respectively.30 These values indicate that 9 and 10 are highly 

destabilized molecules that are no t expected to persist a t room tem perature, 

Their existence has been only proven  by trapping experiments.28,30

Special efforts have been directed tow ard the discovery of small ring 

cydoalkynes (Figure 5).31 A n undistorted  triple bond requires four linearly 

arranged carbon atoms. The incorporation of such an  undistorted  

functionality into a ring system  can only be achieved if the ring size is large 

enough. Otherwise, stra in  is in troduced into the molecule w ith  the 

consequences that bond angles and  bond lengths differ from their "norm al"

9
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1 1  1 2  1 3  1 4

1 5  1 6

Figure 5. Cycloalkyne series

values in  an unstrained com pound.

A. T. Blomquist (1953) reported the first synthesis of cydooctyne (16), 

the sm allest isolable unsubstitu ted  cycloalkyne.32 Part of the strain in 16 is 

attributable to the weak k  bond in this molecule.56 As the groups attached to 

an  acetylenic linkage are deform ed from  their preferred linear arrangem ent, 

the initial degeneracy of the two perpendicular orbitals is lost. While one n

bond rem ains essentially norm al, the other becomes higher in energy;56 k-

bond strain  in 16 is about 10 kcal/m ol.33 In the subsequent years 

the short-lived interm ediates, cydoheptyne (15), cyclohexyne (14) and 

cydopentyne (13) were trapped  by G. W ittig and A. Krebs.34 Cyclohexyne (14) 

has been observed in an argon m atrix and its IR has been recorded.35 The 

interm ediacy of this transient species has been inferred through isolation of 

oligom ers, cycloaddition, and  organom etallic products.36

10
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The sm allest cycloalkyne w hose existence has been unequivocally 

dem onstrated is cyclopentyne (13).34,37 Experim ental studies on cydobutyne 

(12) and its derivatives have p roved  to be incondusive.37b'38 Recently, our 

group has published a complete ab initio s tu d y  for interconversion of sm all 

ring cydoalkynes 11-14 and  their corresponding cydoalkylidenecarbenes.39

These results provide estimates of the  to tal strain  energies and ic-bond stra in

energies for sm all rings cydoalkynes. A ccording to the calculations, 12 is 

predicted to exist in a very shallow  m inim um  and it will rearrange w ith  little 

or no barrier to cydopropylidenecarbene.39 A quite unexpected result in  this

study  w as tha t "cydobutyne and cyclopropyne have 7t-bond strain  energies 

only slightly greater than cydopentyne." This apparen t anomaly has been 

explained in term s of a lim it to the stra in  possible for in-plane bending in 

alkynes, w hich should correspond to the 7C-bond strength of 76 kcal/m ol.39 

Thus, in cyclopentyne, the structure is a lready approaching the m axim um  

stra in  available in the 7C-bond, and  so w ith  11 and 12, only m odest additional 

increases in strain  are possible. In cyclopropyne, the ic-bond is effectively 

broken (Figure 6). These results are in agreem ent w ith previous calculations 

that predicted stability only for the trip let state of l l . 40 The predicted MP2 

vibrational frequency of cydobutyne, 1693 cm '1 , is only slightly above that for 

a double bond.

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



V V
2 1

Figure 6. Biradical character for the in-plane 7C-bond of cyclopropyne.

In the case of strained cyclic enynes, lim itations of structure and 

isolability roughly mimic those of the parent cycloalkyne. The eight ring 

hom ologue 20 (Figure 7) is the sm allest cyclic enyne that is stable at am bient 

tem perature.41 As in the case of cyclooctyne, p a rt of the strain  is attributed to

the w eak rc-bond in this molecule. Distortions of the triple bond  caused by

2 3 2 2

Figure 7. Strained cyclic enynes.

12
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tw isting a n d /o r  in-plane bending , lower the rc-overlap, and  the  bond energy 

is decreased. Enyne 20 undergoes a photochemical rearrangem ent to a

6-m em bered ring (Figure 7).42 A potential intermediate in the reaction 

pathw ay is 1,2-cyclobutadiene structure 22.43 The overall reaction bears strong 

resem blance to the Bergman rearrangem ent of enediynes.44

Redefinition of the struc tu ra l lim itations for cycloenynes was 

accomplished by Shakespeare and  Johnson w ith the synthesis and  trapping of 

cyclohexen-3-yne (18 ), the sm allest cyclic enyne known to date .45 Cycloenyne 

18 is also of particular interest as this represents an isomer o f benzene. 

Cycloenyne 17 has eluded synthesis, b u t presumably can be m ade.

The final source of stra in  in  any molecule to be discussed here is bond 

stretching or compression deform ation  from the "equilibrium " bond length.

It is clear that bond stretching or com pression is expensive in  term s of energy: 

To stretch or compress a C-C bond by 10 ppm  (0.1 A) costs 3.2 kcal/m ol.46 This 

is presum ably the reason for the general near constancy of bond  distances.

The bond stretching is assum ed to follow Hooke's law. Thus, each type of 

bond  has a preferred length an d  force constant. Some of the structures 

presented above e.g., 2 ,4  and  5, are examples of molecules for w hich bond 

length deform ation engenders considerable strain energy.

13
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STRAINED CYCLIC BUTATRIENES

Introduction to Butatrienes

Cum ulenes are a broad class of organic com pounds containing two or 

m ore successive double bonds.47 The archetype cum ulated hydrocarbons are 

allenes (24), butatrienes (25) and higher cum ulenes (26) (Figure 8). Cis-trans

Figure 8. Cum ulenes

isom erism  exists in cumulenes w ith an odd  num ber of double bonds. W hen 

the num ber of double bonds is even, as in  allenes, etc., enantiomeric 

structures can exist. In a "strain free" allene the two planes of the k bonds 

attached to the central carbon m ust be orthogonal (Figure 9a). The synthesis 

and  characterization of allenes has been an  area of extensive research in 

organic chem istry, and  several reviews and  m onographs are  available.48 

In contrast, less is know n about the structure and reactivity of butatrienes and 

h igher cum ulenes. The largest known acyclic cum ulenes w ith  an odd 

num ber of double bonds, octaheptaenes ([7] cumulenes), and  decanonaenes 

([9]cumulenes) polym erize with extreme ease and  are only fleetingly stable in 

d ilu te  solution.49

14
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a b

Figure 9. O rbital overlap for a) allenes; b) butatrienes.

The three cum ulated double bonds in acyclic butatriene com pounds 

constitute an in teresting structural system, containing adjacent C=C bonds of 

different type, i.e. a central sp-sp bond and two term inal sp-sp bonds

(Figure 9b). The successive planes of the k bonds are orthogonal to each 

o ther w ith  the four carbon in  a preferred linear arrangem ent. G undersen and 

coworkers have recently reported  the experim ental gas-phase electron 

diffraction bond distances for tetram ethylbutratriene (25, R = CH3, Figure 8)

and  the corresponding calculated MP2/6-31G* values, along w ith the 

vibrational frequencies.50 The experimental value for the C1-C2 bond

distance is 1.330 A and  for the C2-C3bond this is 1.271 A. The calculated

values found w ere 1.331 A an d  1.274 A respectively. The "norm al" values for 

C=C stretching in the IR spectrum , and the high frequency counterpart are 

found a t 1661 and  2064 cm '1.

For cyclic butatrienes, m olecular m odels suggest that the butatriene 

linkage can be included in only ten-membered or larger rings w ithout severe 

distortions (Scheme 1). The energetic consequences of bending in 1,2,3-

15
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butatriene are modest for the first 10 to 20° of the bending, but rise steeply

H

smaller
r i

smaller(CH-' 11

H

Schem e 1

beyond this point. Therefore, the increased strain  in  cyclic butatrienes is due 

principally  to in-plane bending of the central C2-C3 JC-bond aw ay from

linearity. Bending will be accompanied by rehybridization (Scheme 1) a t C2

betw een strain  and kinetic stability. The first estim ates of the total strain 

energies for the series (Figure 10) w ere reported by Angus and Johnson, who 

em ployed sem iem pirical MNDO theory.51 Strain values of 8.0,14.0, 31.5, 60.5, 

and  130 kcal/m ol, were predicted for 28-32, respectively. The data indicate an 

approxim ate doubling of the strain for each subsequent rem oval of a 

m ethylene group. Recently our group has estim ated strain energies using ab 

initio m ethods w ith  electron correlation.52 The different levels of theory are 

in agreem ent. These results will be discussed later in  this section. The

and  C3 from  sp tow ards sp2. Small ring  butatrienes show  a parallel behavior

16
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MNDO values for the internal C1-C2-C3 bond  angles decrease from  163° to

/ J \
156

2 8 2 9
y

145

3 0 3 1 3 2

Figure 10. M NDO Bending angles of cyclic butatrienes

116° in  going d ow n  the series (Figure 10 ).

Synthesis o f cyclic butatrienes have been accomplished th rough  

various routes. M oore and Ozretich reported the synthesis of 1,2,3- 

cyclodecatriene (27) in 1967 (Scheme 2).53 The authors em ployed a protocol 

used in allene syntheses.54 M ethyllithium  prom oted ring expansion of 

dibrom oadduct 33 yielded triene 27. This butatriene was reported to be a

Br

Br

3 3
Brv .Br

j  T /  MeLi 
C y  -30 °C

3 4

MeU
-30 °C

2 7
Br

CBr,
MeU 
-78 °C

Br

3 5

MeU'
0°C

2 8

Scheme 2
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stable substance, w hich easily polym erized when n o t in solution.

In 1984, Johnson an d  Angus reported the preparation o f 1,2,3- 

cyclononatriene (28) th rough  similar chem istry (Scheme 2).51 G eneration of 

allene 34 at -30 °C, followed by addition of dibromocarbene y ielded 35, which 

ring  opened to 28 w hen treated  w ith m ethyllithium  a t low tem perature  

(Scheme 2). Butatriene 28 proved to be stable at am bient tem perature in 

d ilu te  solution, b u t rap id ly  polym erized upon concentration o r exposure to 

air. 1,2,3-Cyclooctatriene (29) was prepared for the first time in  ou r laboratory 

by Kirchhoff in  1993, bu t its existence and kinetic stability w ere no t completely 

supported .55

Szeimies et at. reported  the truly remarkable synthesis o f the next 

m em ber of the series, 1,2,3-cycloheptatriene (30) (Scheme 3).56 Treatm ent of 

36 w ith  KF in DMSO at 55 °C yielded triene 30 which was trapped  by 

9-m ethoxyanthracene and  anthracene to give adducts 40 and 41 respectively. 

To explain these results, the authors proposed a therm al isom erization of 

bicyclobutene 37 to triene 30, possibly through a carbene pathw ay. Further 

characterization of 30 w as accomplished by formation of its d im er in the 

presence of Nickel catalyst.57

In view of the preceding results, Szeimies attem pted, w ith o u t success 

to synthesize 1,2,3-cyclohexatriene (31) (Scheme 4). T reatm ent o f 42 w ith  

cesium  fluoride in  the presence of diphenylisobenzofuran, in the 

tem perature range of 20-150 °C, afforded only the corresponding Diels Alder

18
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ad d u ct of 43.58 The authors noted that the rearrangem ent of 37 to 30 is 

considerably m uch m ore exothermic than  that of 43 to triene 31, an 

observation consistent w ith  the total strain  estim ates for 30 and  31 w hich 

predict tha t 31 is near twice as strained as 30.51,59

In 1990, Johnson and Shakepeare reported the synthesis and trapp ing  of 

31 (R = H), the sm allest parent cumulated hydrocarbon ever characterized, 

and w hich  also represented a new  isomer of benzene (Scheme 5).45 This 

synthesis em ployed a new  route developed in ou r group. The key 

interm ediate in  the sequence is triflate 47 which is form ed by  kinetic 

depro tonation  of enone 45 w ith LDA, followed by  quenching w ith  N-

phenyltriflim ide. (3-Elimination prom oted by fluoride-ion in  DMSO yielded

31, w hich  w as trapped  by diphenylizobensofuran (DPIBF) and  fur an.

O xidation of 48 afforded the fully aromatic structure 49.

Jones et al. have prepared the transition com plex 50 by  elim ination

reaction on a zirconocene 8 complex (Scheme 5).60 The X-ray crystal structure

of 50 show s a nonplanar 1,2,3-cyclohexatriene w ith  internal bond  angles of 

122.4° and  120.8°. N ot surprisingly, the authors no ted  that these two bond 

angles are v irtually  identical to the corresponding zirconocene complex of 

benzyne.60

Paquette has dem onstrated the synthetic u tility  of cum ulene 31 (R = H) 

as a syn thon  of 1,3-cyclohexadiene.61 There have been  no reports on
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the synthesis of the next m em ber in  the series, 1,2,3-cydopentatriene (32).

From the preceding discussion, it is clear that fundam ental questions 

about kinetic stability lim itations, and  structural lim itations for cyclic 

butatrienes have yet to be answ ered. 1,2,3-Cydononatriene (28) is stable in 

solution, and 1,2,3-cyclohexatriene (31) is a reactive interm ediate. Thus, one

21
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goal of this project was to prepare 1,2,3-cycloocta triene (29). The objectives for 

synthesizing 29 were two-fold. O ur prim ary objective was to confirm  an d  

prove its existence by trapping experiments. Second, we w ished to 

dem onstrate its isolability. A closely related goal of this s tudy  was to redefine 

the current know n structural lim itations of the hom ologous series b y  

generating a 1,2,3-cyclopentatriene. The third fundam ental goal was the  

developm ent of a general synthetic m ethodology that w ould allow access to 

cyclic butatrienes independent of the ring size, based on the fact that rou tes to 

cyclic butatrienes are sparse. Such a m ethodology w ould render cum ulenes 

readily available and increase their use as reactive interm ediates in synthesis.

Results and  Discussion 

Redefining Isolabilitv Lim it for Cyclic Butatrienes 

Experim ental Studies

Synthesis and  Trapping of 1.2.3-Cvclooctatriene (29)

The synthesis of 1,2,3-cyclooctatriene was first investigated by Sw artz.62 

In accordance w ith  m ethodology previously described for the synthesis of

1,2,3-cyclohexatriene, substituted triflate 53 was viewed as the logical 

progenitor to 1,2,3-cyclooctriene (29). Retrosynthetically (Scheme 6), 53 could 

be prepared from  TMS-enone 52 w hich might be synthesized from the 

corresponding ketone 51. Swartz's w ork (Scheme 7), proceeded sm oothly, 

until treatm ent of the protected enone 54 w ith alkyllithium  reagents,
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Schem e 6

followed by  quenching w ith  TMSC1, d id  not give the expected product. 

D egradation of the starting  brom oenone ketal to enone 51 and  ketal 58, in  a 

1:1 ratio, w as observed. This result w as unexpected in view  of previous * 

success of this reaction in  smaller rings, b u t form ation of 51 and  58 was

Br

p-TsOH
Benzene

5 5  1. RLi
2. TMSCI
3. H30 +

LUo  / /

5 4

TMS

5 8 5 65 7 5 2

Schem e 7
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explained in terms of rearrangem ent of the initially form ed an ion  56 to an 

allene, accompanied by ring opening  of the ethylene ketal (Scheme 7).

A n alternate silation route to TMS-enone 52 em ployed by  Swartz is 

outlined in Scheme 8. This m ethod  w as reported by  M orizawa and  coworkers 

for the preparation of sm aller r in g  analogs.64 A lthough slightly longer, this 

route gave 40% of the desired p ro d u c t 52. The final step to vinyl triflate 53 

was accomplished by  kinetic depro tonation  of 52 w ith  LDA, and  quenching of

TMS1. n-BuLi/THFr Br 
OMe OMe-78 °C 

2. TMSCI
6 1

5 9 6 0
1. MeOH/ K2C03
2. H30 +

OTf
TMS

™ S 1. LDA, -78 °C TMS

2. (CF3S02)2NPhsilica

5 25 3

Schem e 8

the enol anion with N-phenyl triflim ide. However, both  Swartz,62 and 

subsequent experiments of Kirchhoff,55 dem onstrated the extreme fragility of 

53. Swartz and Kirchhoff agreed tha t the observed decom position of 53 on 

silica, w as consistent w ith H annack and  Lam parter's solvolytic studies on
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sm all ring size vinyl triflates.65 The authors believe that eight-m em bered 

ring vinyl triflates solvolyze faster, since they are flexible enough to perm it 

stabilization of the vacant p-orbital of the vinyl cation, through interaction 

w ith  the allylic double bond.65 A ccording to Kirchhoff, reaction of im pure 

sam ples of 53 w ith CsF in  the presence of diphenylisobenzofuran did no t 

yield evidences for 1,2,3-cylooctatriene.55

The decom position of 53 on silica suggested that a stable precursor to 

triene 29, had  to be one w ith  a less labile group than  triflate. Kirchhoff w as 

able to prepare precursor 63 from enone 52 by the Axelrad procedure in  24% 

yield.55

.TMS

5 2 63

CsF/DMSO
40 °C, 12; O

2 9

DPIBF

Ph

Schem e 9

Treatm ent of diene 63 w ith CsF/DM SO in the presence of
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diphenylisobenzofuran for 37 hours a t room  tem perature, and  additional 

stirring for 12 h  at 40 °C, successfully yielded 1,2,3-cyclooctatriene adduct 65 

(3.3 mg, 7.3%) w hich was isolated as a pale yellow solid.55

H aving identified the appropriate leaving group to generate triene 29, 

w e turned  ou r attention in  the present w ork to im proving the yield of the 

elim ination step. It became apparen t that brom ochloro diene 64 (Scheme 10) 

m ight generate such com pounds readily. The synthesis of 64 w as then 

undertaken. Enone 51 was prepared according to the procedure of House66 

and brom inated in  a similar m anner to that described by Dipascuo, to yield 

brom oenone 54 in  83% yield (Scheme 10).67 Reaction of 54 w ith a suspension 

of PC15 in CC14 for 48 h, at room  tem perature,68 afforded the desired 1,3-diene

64 in 5.1% yield, following purification by chrom atography (silica gel, hexane). 

T reatm ent of 64 w ith m agnesium  in THF at 35 °C, in  the presence of DPIBF, 

for 2 hours yielded 1,2,3-cyclooctatriene adduct 65 w hich was isolated by 

prepartive TLC as a pale yellow solid in 49% yield. Spectral data for 65 

include a triplet a t 8 5.65 (AA' part of an AA'MM'NN'XX'YY' system), a 

symmetrical m ultiplet at 8 2.22, (M M 'NN' part), and  a m ultiplet a t 8 1.60-1.63, 

(XX'YY' part) in  the !H NMR, 12 resonances (Cg sym m etry) in the 13C NMR,

and  a m olecular ion peak (M+) of m/z 376 in the m ass spectrum . Spectral 

data  w ere com pared w ith Kirchhoff's results.55
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BrBr

6 45 4 THF, 2 h 
35 °C

THF, 20 min

DPIBF

Me

Ph

Ph

6 5

Scheme 10

G eneration of 29 in the presence of 2,5-dimethyl furan resulted in the 

sole isolation of adduct 66 as a yellow oil in  14% yield after flash 

chrom atography (silica gel, 5% EtzO, hexane) (Scheme 10). Spectral data  for 66

included a singlet a t 5 6.12, a triplet a t 5 5.53 (AA' p a rt of an

AA'MM'NN'XX'YY' system), a sym m etrical m ultip let a t 8 2.29 (M M 'N N '

part), a sym m etrical m ultiplet at 8 1.69 (XX'YY' part), and  a singlet for the

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



m ethyl groups a t 8 1.60 in  the *H NMR, 7 resonances (C symmetry) in the  13C

NMR, and a molecular ion peak  (M+) of m/z 203 in  the mass spectrum , 

consistent w ith a m olecular form ula of C14H lgO.

A control experim ent w as perform ed in which diene 64 w as treated 

w ith  m agnesium  in THF a t 35 °C in the absence of DPIBF. After 20 m in, the 

m ixture was quenched w ith  w ater to ensure that no  G rignard reagent 

rem ained. Immediate add ition  of 1 equivalent of DPIBF resulted in a 15% 

yield of adduct 65 (Scheme 10).

In conclusion, experim ental results are consistent w ith a [^2 +

cycloaddition53,56 of butatriene 29 at its m ost strained iz bond to 

diphenylisobenzofuran, and  2,5-dimethyl fur an to form  Diels A lder 

cycloadducts 65 and 66, respectively. The exclusive reaction at the C2-C3 bo n d

is in agreem ent w ith the relief of m odest total strain of ca. 17.7 kcal/m ol, 

m ost of which is due to in-plane bending of the butatriene unit. Strain in  

butatriene 29 w as assessed by  ab initio calculations, and  will be further 

discussed later in this chapter.

The control experim ent is also consistent w ith  the interm ediacy of 

cu m u len e  29, and suggests moderate kinetic stability of triene 29 in solution. 

H ow ever, further experim ents are necessary to prove unam biguously th a t

1,2,3-cyclooctatriene redefines the isolability borderline for cyclic butatrienes. 

To date, cumulene 29 has been trapped only w ith  dienes in  [^2 + re4s]
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Scheme 11. Potential reactions of 1,2,3-cyclooctatriene.

cycloaddition reactions. To completely characterize the chem istry of 29, its 

generation in the presence of acyclic dienes, alkynes,69 and  dipolar species70 

m ust be accomplished (Scheme 11). Jones and  coworkers60 have reported 

the synthesis of zirconocene complexes of a 1,2,3-cyclohexatriene. Through 

sim ilar m ethods, it w ould be of interest to trap  29 w ith transition m etals as 

this m ight yield a photolytic precursor, and m ight serve to "store" the 

butatriene. Additionally, it has been dem onstrated that dim erization of cyclic

29
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butatrienes is facilitated by  the presence of m etal catalysts such nickel, copper, 

and  zinc.57,71 Generation of 29 in the presence of a metal catalyst m ight 

furnish a [4]radialene or a [6]radialene (Scheme 11).

N ew  Route to 1.2.-3-Cycloheptatriene f30l

One fundam ental goal of this project of perhaps equal im portance was 

the developm ent of w hat appeared to be a very  general route to cyclic 

butatrienes from  the corresponding enone.45 Prelim inary w ork  by Sw artz62 

on the synthesis of potential precursors to 1,2,3-cydoheptatriene 30 is outlined 

in Scheme 12. In the belief that the fluoride-induced elim ination m ethod  

em ployed by Shakespeare to generate 1,2,3-cyclohexatriene (31) w ould perm it 

a m ild, general route to cyclic butatrienes, Swartz set out to synthesize TMS- 

enone 70, the expected precursor to the key vinyl triflate 71.45 Silation of the

i— i I— I
O O

Br > < ^ Br
HOCH2CH2OH r  1.RU f

p-TsOH
Benzene

2.TMSCI

TMS

6 9

l ^ T M S

o  * =
70

TMS

7 1

Schem e 12
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brom oketal 68 w as unsuccessful. This resulted  in degradation of the starting 

m aterial, as had been  observed for the eight-m em bered ring brom oketal 55.62

The alternate silation rou te  (Scheme 13) in w hich form ation of the 

TMS-allyl alcohol 75 was expected, gave instead bicyclic 74 (Scheme 13). The

7-exo brom o norcaranyl system  lead to a half-opened cyclopropyl cation 

w hich w as captured by  water.

TMS

1. n-BuLi
Br2. TMSCI

7 2

Half-opened 
cyclopropyl cation

9:1 acetone/ 
waterOH

TMSTMS

OH

7 5  7 4

Schem e 13

O ur earlier w ork  on the synthesis of 1,2,3-cyclooctatriene had  

dem onstra ted  that m agnesium -induced 1,2-elimination on  an appropria te  

substrate, was an alternate pa thw ay  to cylic butatrienes. Thus, a sim ilar
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reaction sequence for the preparation of triene 30 was investigated (Scheme 

14). Bromoenone 76 was prepared  according to the literature procedure in 

95% yield .72 Treatment of 76 w ith  equim olar am ounts of POCl3 and PC15 in

C H 2C12 73 resulted in  the form ation of vinyl chloride 77, vinyl chloride 78 and

BrBr

7 6 7 7 7 8  7 9
1:2.1:3.6 Mixture

H

33% NaOH/PTC 
CH2a 2, 40 °C

7 7

8 0

1:1.2 Mixture

Schem e 14

dichloride 79 in 1:2.1:3.6 ratio, respectively. 1,2-Elimination and 1,4- 

elim ination were induced w ith 30% NaOH and  a phase transfer catalyst 

(PTC), to afford 1:1.2 mixture of the desired diene 77, and  3-bromo-2-chloro-

1,3-diene 80 in 22% overall yield (Scheme 14). Pure sam ples of 77 and 80 were 

isolated by  preparative GC (Scheme 14). Spectral data for 77 included two 

triplets a t 8 6.66 and 5 6.44 in the XH  NMR, seven resonances in the 13C NMR,
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and a molecular ion peak  (M+) of m/z 206 in the mass spectrum .

The conversion of diene 77 to 1,2,3-cydoheptatriene (30) followed the 

sam e protocol for (3-elimination used  in the synthesis of 1,2,3-cyclooctatriene.

Treatm ent of 77 (Scheme 15) w ith  m agnesium  in THF for 2 hours at 35 °C in 

the presence of DPIBF, yielded 1,2,3-cyloheptatriene cydoadduct 81 w hich was 

isolated by preparative TLC (silica gel, 3:2 hexane/C H ^C y  as a bright yellow

solid in 44% yield. Spectral data for 81 ind u d ed  a triplet a t 8 5.86 (AA' p a rt of 

an  AATVIM'NN'XY system ), two sym m etrical m ultiplets a t 8 2.22, (M M 'NN ' 

part), and 1.73 (XX'YY' part) in the NMR, and  12 resonances (Cs sym m etry) 

in the 13C NMR. Chem ical shifts w ere com pared w ith Szeimies's results.56

   ►
THF, 35 °C, 2 h

7 7 3 0

DPIBF

Ph

Ph

Scheme 15
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Literature precedent indicates that d iene 77 undergoes m agnesium - 

prom oted dehalogenation to form 1,2,3-cycloheptatriene (30) w hich is trapped  

in  a ^ 2  + re4s] cydoaddition  w ith diphenylisobenzofuran.38,53'56 Relief of

twice as m uch strain as that in triene 29, ca. 32 kcal/m ol, results in the 

exclusive cydoaddition  reaction at the C2-C3 bond.

In sum m ary, we have found that m agnesium -prom oted 

dehalogenation of vinyl halides provides access to cyclic butatrienes. The 

m ethod dem onstrates its synthetic u tility  by  form ation of tw o novel cyclic 

butatrienes: 1,2,3-cyclooctatriene and 1,2,3-cydoheptatriene. The reaction 

proceeds readily  under m ild conditions, reasonable am ount of time, and  

requires a very  simple experim ental procedure. However, the poor yields in 

the preparation of the vinyl halide precursors are  a major draw back.

Theoretical Studies

Introduction This part of the chapter reviews briefly the isodesm ic9 and  

hom odesm ic10 reactions, two m ethods that prov ide an  alternate basis for 

evaluating strain  energies of cyclic hydrocarbons. The results obtained from  

application of these reaction to estim ate total stra in  and stra in  in  the central it 

bond  in sm all-ring size butatrienes, are also in d u d ed . The concept of bond  

additiv ity56 is described a t the beginning for completeness.
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H om odesm ic and Isodesmic Reaction.

M olecules m ay be hierarchically recognized50 as collections (1) of 

atom s, e.g., C and  H; (2) of bonds, e.g., C-C, C=C and C-H; (3) of groups or 

"superatom s," e.g., CH3-, -CH^-, -CH< and  >C<; or (4) of rings, e.g., a "C3 ring."

The first m em ber of the hierarchy is the traditional basis of chem istry. It is 

tacitly assum ed that the num bers and  types of atom s are unchanged in  any 

given reaction (excepting studies in nuclear chem istry).50 The second 

m em ber of the hierarchy is the basis of the m ethod of bond energies, i.e., of 

bond  additiv ity  schemes. The model describes cyclopropane as com posed of 

three C-C bonds and six C-H bonds. If cyclopropane w ere to lack any 

stabilization or destabilization, then the total bond energy (the atom ization 

energy) w ould  equal the sum  of the indiv idual bond energies. A  major 

am biguity  of bond additivity schemes arises from  the seem ing absence of 

unique bond energies e.g., C-H, C-C, and  C=C.5e For example, the C-H bond 

streng th  in  m ethane exceeds that of propene (104 vs. 85 kcal/m ol) 

because the allyl radical tha t is produced by bond dissociation is stabilized by  

resonance.74

From  the point of view  of therm ochem istry8 the energies of isodesm ic 

reactions m easure deviation from additiv ity  of bond energies. First 

in troduced  by H ehre and Pople in the 70's, isodesmic reactions are exam ples 

of chem ical changes in w hich there is a  retention of the num ber of bonds of a
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CH3 CH2 CH3 + CH4 ------- ►  2C H 3-------CH3 (1)

CH2 CH2 CH2 + 3C H < — * • 3CH3— CH3 (2)

CH2 C H  CH + 3CH4 -------►  2CH3------ CH3 + C H 2 = C H 2

Schem e 16

given form al type (single, double, triple), bu t w ith a change in their structural 

relationship (Scheme 16).9

The hydrocarbons m ethane, ethane or other appropriate  hom ologues 

sim ply serve to establish a reference level from w hich to m easure the overall 

destabilization of the ring.9 For example, reactions (2) and (3) can be used as a 

basis for defining and  evaluating the strain energy of cyclopropane and 

cyclopropene rings respectively.8 The experim ental strain  energy (SE), 

identified as the enthalpy change in the reactions, is obtained from AH°f data

on the reacting molecules, and the corresponding theoretical strain energy, 

defined as the difference in total energy of reactants and  products, is obtained 

from  calculations of the ground state energy of the reacting molecules. This 

procedure is different from tha t of N ew ton and Schulman,8 whose definition 

of ring  strain  involves a hypothetical stra in  free reference molecule. The 

isodesm ic reaction form ulation, which involves no hypothetical structures 

having  averaged group energies or particular bond energy assignm ents, treats
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ring stra in  as a param eter for a real reaction, thus facilitating an unam biguous 

com parison of theory an experiment. H ow ever, these particular isodesm ic 

reactions involve quite profound changes in  the nature of the C-H and  C-C 

bonds. For example, in reaction (2) it is necessary to convert the six secondary 

C-H bonds in cyclopropane and the twelve unique C-H bonds in three 

m ethane molecules into prim ary C-H bonds in ethane.

There is another more conceptually satisfying, bond-energy schem e 

that assesses the strain energy of ring systems: homodesmic reactions. 

In troduced by George et a l8 in the m iddle 70's, these reactions m atch, a) the 

num ber of each type of C-C bonds in their various states of hybridization in 

reactants and  products as closely as possible, and b) the num ber of C atom s 

w ith  zero, one, two, and three hydrogen atom s attached in reactants and  

product. M atching in this way minim izes extraneous energy contributions.10

For example, cyclopropane can, in principle, react w ith ethane to yield 

propane (Scheme 17). All the C atoms are sp 2 hybridized, and  the C-H bonds 

are m atched in that there are equal num bers of C atoms w ith two and three H 

atom s attached.8

CH2 CHz CH2 + 3 CH3 CH3  ►  3 CH3 CH2 CH3 (4 )

Schem e 17
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It is clearly m ore appropriate to base m easurem ents and  calculations 

of the total strain  energy of the cyclopropane ring on reaction (4) rather than 

reaction (2), since reaction (2) requires additional changes in  b inding energy 

w hich are unrelated  to the strain in  the cyclopropane. W hile hom odesm ic 

reactions m ay be regarded as a special case of isodesmic reactions, the 

additional m atching of hybridization and bond ing  characteristics puts them  

in a class of their ow n.10 All hom odesmic reactions are isodesmic, bu t few 

isodesm ic reactions are homodesmic.

Does it m ean that isodesmic reactions are  no t very useful? Of course 

not! L iterature precedent supports9'10 that these reactions serve as useful and 

m eaningful bond-energy schemes in  many cases depending on the specifics of 

the estimate. In the present study w e have adap ted  isodesm ic reactions to 

estim ate strain  energy in the in-plane k bond in  sm all ring  size butatrienes, 

and  hom odesm ic reactions to evaluate total s tra in  energy.

C om putational M ethod

All the structures included in  the p resen t study  w ere fully geom etry 

optim ized using a 3-21G basis set a t the restricted Hartree-Fock (RHF) level.75 

Energies a t the stationary points were calculated using MP2/6-31G* theory.76
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Strain Estimates for 1.2.3-Cyclooctatriene

The hom odesmic reaction (5), designed to estim ate the total strain  in 

butatriene 29 is shown in Scheme 18. Table 1 show s the calculated ab initio 

total energies for the reacting molecules, obtained  according w ith the m ethod 

described earlier. The reaction relates the strained  cyclic butatriene w ith  the 

acyclic butatriene structure. Thus, the absolute enthalpy change of 17.7 

kcal/m ol, corresponds to the total strain energy in  29.

H om odesm ic Estimate of Total Strain energy in  29. AHR = -17.7 kcal/m ol 

Scheme 18

Table 1. Ab initio total energies for selected structures. Homodesmic reaction (5).

o + 5 CH3 CH3 4 CH3 CH2 CH3

H

2 9

Total Energies (hartrees)

Propane

cfs-Dimethyl-l,2,3-butatriene

1,2,3-Cyclooctatriene (29)

Ethane

E(HF)a = - 308.64152 
E(MP2)b = - 309.66518 
E(HF) = - 79.22860 
E(MP2) = - 79.49429 
E(HF) = -118.26339 
E(MP2) = -118.65963 
E(HF) = - 231.76893 
E(MP2) = -232.52632

a HF = HF/6-31G*//HF/3-21G 
b MP2 = MP2/6-31GV/HF/3-21G
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Figure 11. H F/3-21G  O ptim ized 1,2,3-Cyclooctatriene

40
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Figure 11 show s the optim ized structure, which has C2 sym m etry. The

butatriene un it is predicted to be nearly p lanar but is bent a b o u t 23.0° from  

linearity. Thus, ab initio predictions for to ta l strain, and  the  in-plane bending  

angle in  29, are  in good agreem ent w ith previous sem iem pirical calculations 

carried out by Angus and Johnson51 who estim ated a total s tra in  of 14 

kcal/m ol and a  bending angle of 23.7°.

Strain in  the butatriene central it bond  was estim ated from  the 

isodesm ic reaction (6) (Scheme 19). This reaction effectively trades the 

stra ined  it C2-C3 bond for a similar unstrained it bond in the acyclic

2 9

Isodesmic Estim ate of Butatriene Unit Strain Energy AHR = -12.4 kcal/m ol 

Schem e 19

butatriene, w hile leaving the C^-C^ and C3-C4 it bonds m inim ally changed.

The calculated value is 12.4 kcal/m ol, and corresponds to 70% of the total 

strain  in the molecule. Both estimates indicate only m odest levels of strain,

m ost of w hich is attributable to the weak it bonds in 29. This clearly is due  to 

poor orbital overlap caused by in-plane bending distortion of the central it
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Table 2. Ab initio total energies for selected structures. Isodesmic reaction (6).

Total Energies (hartrees)

1,2,3-Cyclooctatriene (29) E(HF)8 = -308.64152
E(MP2)6 = -309.66518

13-Butadiene- gauche conform er E(HF) = -154.91473
E(MP2) = -155.41647

1,3-Cydooctadiene E(HF) = -309.89210
E(MP2) = -310.91726

1,2,3-Butatriene E(HF) = -153.69005
E(MP2) = -154.18409

8 HF = HF/6-31G*/ /HF/3-21G  
b MP2 = MP2/6-31GV/HF/3-21G

bond. It is w orth noting (Table 2) that the reaction includes the gauche 

conform ation of 1,3-butadiene, since the p lanar s-cis conform ation is not a 

m inim um  on the energy hypersurface.77 

Strain Estimates for 1.2.3-Cycloheptatriene f301

The total strain energy in  1,2,3-cycloheptatriene (30) was estim ated 

from  the homodesmic reaction (7) (Scheme 20). Ab initio total energies for 

each structure in the reaction are given in Table 3. The absolute value of 31.8 

kcal/m ol, the enthalpy of reaction, corresponds to the p redicted  total energy 

in 30. As expected, the total stra in  alm ost doubles w ith  rem oval of a 

m ethylene un it from the ring.51

The optim ized C2 structure for butatriene 30 is show n in Figure 12. The

C2-C3 double bond is strongly pyram idalized,56 which m akes it a short-lived
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o + 4 CH3 CH3  ►  3 CH3 CH2 CH3  +

3 0

Hom odesm ic Estim ate of Total Strain in 30. 

Scheme 20

Table 3. Ab initio total energies for selected structures. Homodesmic reaction (7).

Total Energies (hartrees)

1,2,3-Cycloheptatriene (30) E(HF)fl = -269.58124

E(MP2)fc = -270.47736
Ethane E(HF) = - 79.22860

E(MP2) = - 79.49429
Propane E(HF) = -118.26339

E(MP2) = -118.65963
as-dim ethyl-l,2,3-Butatriene E(HF) = -231.76893

E(MP2) = -232.52632

a HF = HF/6-31GV/HF/3-21G
b MP2 = MP2/6-31GV/HF/3-21G

interm ediate, reacting exclusively at the central k bond, consistent w ith  the

experim ental observations. The internal bending angle is estim ated to 

be 34.9° away from  linearity, in  good agreem ent w ith previous semiempirical 

calculations (145.1 vs 140.00).51

The strain energy in the butatriene central k bond  w as estim ated from
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Figure 12. HF/3-21G Optim ized 1,2,3-Cycloheptatriene
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Isodesmic Estimate of Butatriene Unit Strain Energy. AHR = -27.0 kcal/m ol 

Schem e 21

Table 4. Ab initio total energies for selected structures. Isodesmic reaction (8).

Total Energies (hartrees)

1,2,3-Cycloheptatriene (30) E(HF)fl = -269.58124

E(MP2)6 = -270.47736
13-Butadiene- gauche conformer E(HF) = -154.91473

E(MP2) = -155.41647
1,3-Cydoheptadiene E(HF) = -270.86231

E(MP2) = -271.75276
1,2,3-Butatriene E(HF) = -153.69005

E(MP2) = -154.18409

fl HF = HF/6-31G*//HF/3-21G 
b MP2 = MP2/6-31G*/ /HF/3-21G

the isodesmic (8) (Scheme 21) to be 27.0 kcal/m ol. N ot surprisingly, this 

value corresponds to a contribution of 84.9% to the total strain  in the 

molecule. Table 4 includes ab initio total energies for the reacting molecules. 

C onclusion

Structures and strain energies for 1,2,3-cyclooctatriene (29) and
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1,2,3-cycloheptatriene (30) have been predicted using M P2/6-31G *//H F/3-21G  

theory. These results have been used  to interpret the observed chem istry of

these strained hydrocarbons. In-plane bending of the central k bond is show n

to be im portant in explaining the high reactivity at the C2-C3 bond. W e have 

noted a surprisingly good agreem ent between sem iem pirical and  ab initio 

estimates.

Cvcloenvnes

N ew  Route to Cyclohepten-3-vne

In the course of our w ork on  the synthesis of 1,2,3-cycloheptatriene we 

accidentally prepared 2-brom o-l-chloro-cyclohepta-l,3-diene (80), w hich 

appeared to be a logical precursor to cyclohepten-3-yne (19) (Scheme 22). 

A lthough, 19 had been already prepared by Meier from 1,2,3-selenadiazole

o
1 9 8 0

Schem e 22

82 (Scheme 23),78 it w as of interest to generate this novel reactive 

interm ediate from a sim ple m olecular precursor, and u n d e r m ild conditions.
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NH2 NHCONH2  II

A
130° - 180 °C 

-N2; -Se

Se

8 2
Ph

Ph

PhPI Ph
Ph

Ph

Schem e 23

The form ation of enyne 19 from 80 was carried out in a straightforw ard 

m anner following the G rignard protocol em ployed in the synthesis of 

strained  butatrienes, as described above. Diene 80 (Scheme 24) w as treated 

w ith  m agnesium  in THF at 35 °C, in the presence of DPIBF. After 2 h, the 

reaction had  gone to completion, according to TLC analysis. The cydoadduct 

84 w as isolated by  preparative TLC (silica gel, 3:2 h exane/ CH2C12) as a bright

yellow  oil in 24% yield. Spectral data for 84 in d u d e  a broad doublet a t 5 5.95, a
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-MgBrCl

Cl THF, 35 °C 
2 h8 0 1 9

DPIBF

Ph

Ph

8 4

Scheme 24

doublet of triplets a t 5 5.75, two m ultiplets at 8 2.3 and  at 5 1.67 in the 

NMR, 22 resonances in  the 13C NMR (C1 sym m etry), a strong UV absorption

at 239 run, which is characteristic of dienes, and a molecular ion peak (M+) of 

m/z 363, consistent w ith  a m olecular formula of C27H 230 .

Am ple literature precedent supports the conclusion th a t enyne 19 has 

been form ed at the surface of m agnesium  metal.34,78 Initial reduction of the 

carbon-bromine bond (order of reactivity of the halides RI > RBr > RC1) 

results in formation of the G rignard reagent 83, w hich undergoes 1,2- 

elim ination of MgBrCl to give 19. The cyclic enyne 19 reacts in  a [7[2s +

cydoaddition  at its m ost strained triple bond w ith  diphenylisobenzofuran to
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relieve substantial strain energy and generate 84. These results are consistent 

w ith  the ab initio strain  energy estimates, which are discussed below . Perhaps 

of greater significance is the rem arkably m ild conditions under w hich this 

reactive interm ediate has been formed and trapped.

Strain Estimate for Cvclohepten-3-yne (19)

Strain energy in enyne 19 was assessed by ab initio calculations, using 

the m ethod describe for cyclic butatrienes. The hom odesm ic reaction (9) to 

estim ate the total strain  energy in 19 is show n in Scheme 25. Total energies

rs /CH3\ 1  + 4 CH3CH3 ► 3  0H 3 CH2 0H3  + H 3 C — C = C ------c = t ^ H O )

1 9

Hom odesm ic Estimate of Total Strain in 30. AHR = -30.8 kcal/m o l 

Scheme 25

for the reacting molecules are included in Table 5. Reaction (9) relates the 

cyclic enyne to a completely unstrained acyclic enyne structure, m atching the 

num ber of each type of C-C bonds (sp2-sp2, sp2-sp3, etc.). Therefore, 

hom odesm ic reaction (9) should evaluate total m olecular strain  in  19. The 

absolute enthalpy change of 30.8 kcal/m ol corresponds to the calculated total 

strain  energy. O ur results are in  good agreem ent w ith M eier's M NDO 

calculations78 for the total energy in cycloocten-3-yne (20.8 kcal/m ol), the next
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Table 5. Ab initio total energies for selected structures. Homodesmic reaction (9).

Total Energies (hartrees)

Propane

2-Hexen-4-yne

l-Cyclohepten-3-yne (Cx Symmetry)

Ethane

E(HF)fl = -269.60694 

E(MP2)& = - 270.50163 
E(HF) = - 79.22860 
E(MP2) = - 79.49429 
E(HF) = -118.26339 
E(MP2) = -118.65963 
E(HF) = -231.79336 
E(MP2) = -232.54904

a HF = HF/6-31GV/HF/3-21G 
b MP2 = MP2/6-31G*//HF/3-21G

higher hom ologue in the series.

The isodesmic reaction (10) (Scheme 26) estim ates the trip le  bond  strain  

in 19. Table 6 includes the  estim ated total energies for the reacting molecules.

In-plane k triple bond stra in  in enyne 19 w as estim ated from  reaction (10) to

be 23.2 kcal/m ol. This stra in  contributes 75.3% of the total stra in  energy  in

the molecule! Nicolaides and  Borden reported the strength  of the k bond  in

acetylene to be 76 kcal/m ol.79 Com pared w ith our results, this indicates that

the je bond in cyclohepten-3-yne should  have a strength  of only  52.8 kcal/m ol.

The fully optim ized C1 structure of 19 is show n in Figure 13. The angle

bending of the triple bond  is 37.7°, introducing a significant deform ation 

from  linearity.
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1 9

Isodesmic Estimate of Butatriene U nit Strain Energy. AHR = -23.2 kcal/m ol 

Scheme 26

Table 6. Ab initio total energies for selected structures. Isodesmic reaction (10).

Total Energies (hartrees)

Cydohepten-3-yne (CT Symmetry) E(HF)fl = -269.60694
E(MP2)* = - 270.50163

1,3-Butadiene- gauche conformer E(HF) = -154.91473
E(MP2) = -155.41647

1,3-Cycloheptadiene E(HF) = - 270.86231
E(MP2) = -271.75276

2-Buten-4-yne E(HF) = -153.70778
E(MP2) = -154.20234

fl HF = HF/6-31GV/HF/3-21G  
b MP2 = MP2/6-31G*/ /HF/3-21G

In conclusion, the exclusive and exceptional reactivity of cyclohepten- 

3-yne (19) at the triple bond is principally due to a high-energy w eak k bond.

Since, the force constant78 for the angle bending a t the triple bond  is relatively 

low, a significant p a rt of the deform ation in the molecule is localized in  these 

angles, in  good agreem ent w ith  our calculations. The bent trip le  bond is
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Figure 13. HF/3-21G  Optimized Cyclohepten-yne
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capable of initiating some unusual chemistry.

Redefining Structural Limitations for Cyclic Butatrienes 

Introduction to 1.2.3-Cyclopentatriene

With the successful synthesis of 1,2,3-cydohexatriene by  Shakespeare,45 

the next goal in our group was to generate 1,2,3-cyclopentatriene (32). The 

synthesis of butatriene 32 w ould not only redefine the cu rren t know n 

limitations of cyclic butatrienes, b u t w ould also contribute to basic knowledge 

of structural lim itations and chemical reactivity.

Com putational studies at various levels of theory have been carried 

ou t in our group in order to accurately predict the total strain  energy and  

geometric structure in this highly strained hydrocarbon.51,59 The total strain  

energy estimate for 1,2,3-cyclopentatriene (32) a t the M P 4 //M P 2  level is 79.0 

kcal/m ol; this is 29.6 kcal/m ol higher than  the total strain energy in 1,2,3- 

cyclohexatriene (31).59 The butatriene moiety is predicted to deviate from  

linearity 15.9° greater than  that in 31 (internal angles, 113.9° vs 129.8°). The 

central k  bond is 0.016 A longer (1.314A vs 1.298A) than that in  31, and  0.057A

longer than the triple bond in cyclopentyne (1.314A vs 1.257A). These results 

indicate that a trem endous deform ation is in troduced in the molecule by 

bending the butatriene u n it 66.1° aw ay from linearity. Therefore, we should  

expect butatriene 31 to be a short-lived interm ediate, w ith a very  w eak in-
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plane k bond and  biradical-like structure.

Can we m ake and  trap  1,2,3-cyclopentatriene (32) in  solution? The 

unsubstituted cyclic bu tatriene 32 should  resist synthesis because of the low 

barrier for [1,5] hydrogen shifts. Activation barriers for 1,5 hydrogen  shifts, 

estim ated at the MP2/6-31G* level, are in a range of 0.9 - 10.0 kcal/m o l.80 

These therm al rearrangem ents, being suprafadal, are qu ite  com m on in 

cyclopentadienes, and  are  called circumambulatory rearrangements.81 A t the 

sam e time, the acidity of the  m ethylene hydrogens (pKa = 15-18) on an 

unsubstitu ted  diene p recursor m ight also prevent its p reparation . Thus, it 

was proposed that the 5,5-dim ethyl derivative 85 (Figure 14) m ay be m ore 

am enable to synthesis. W e w ould  expect that the to tal s tra in  energy and 

geom etric structure in 85 shou ld  closely resemble those in  the  unsubstitu ted  

cyclic butatriene (32).

r%

Figure 14. Cyclic 1,2,3-cyclopentatrienes

In order to explore several routes to the potential existence of this
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"tru ly  extraordinary hydrocarbon," six different potential precursors w ere 

prepared , and investigated during  the course of this study . Their syntheses, 

and  exploratory chemistry are  described below.

Synthesis o f Potential Precursors for 5.5-D im ethvI-l .2.3- 

cyclopentatriene and their Exploratory Reactions 

Route 1: Synthesis of 5.5.-D im ethyl-3-trifluorom ethanesulfony 1-4-trimethvl 

silyl-1.3-cvclopentadiene C88) and Reaction w ith Cesium Fluoridp

Since a vinylsilane w as the key interm ediate in  the  p reparation  of

1,2,3-cyclohexatriene (31),45 vinylsilane 87 were X is a  good leaving group, was 

view ed as the m ost logical progenitor of 85 (Scheme 27). As described 

previously  for the synthesis of 1,2,3-cylohexatriene, 85 m ay  be accessible by

introduction of the strained k  bond through fluoride-ion induced  1,2-

e lim ination82 of vicinal trim ethylsilyl and  X groups. W e chose this route not 

only because of the previous results in the synthesis of 1,2,3-cyclohexatriene,

TMS

8 6

TMS

8 7 8 5

Schem e 27
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b u t because of the very m ild conditions under which 85 m ight be generated.

Earlier work on this approach was carried out carried by  A ndro w ho 

accom plished the first synthesis of vinyltriflate 88 (Scheme 28), and  a ttem pted  

unsuccessfully to generate 85 from  this precursor. We were hoping  that 

som e variations in the conditions em ployed by  Andro m ight afford 85.

PhN(S02CF3)2

8 6 8 8

Schem e 28

Following the Andro procedure, the synthesis of diene 88 w as 

stra igh tforw ard .83 D eprotonation of TMS-enone 86 (Scheme 28) under 

kinetic conditions w ith lithium  diisoprolpylam ide (LDA), followed by 

addition  of N-phenyltriflim ide gave vinyltriflate 88 in 72.5% yield after 

purification by chrom atography (silica gel, hexane). Spectral data for 88 were 

com pared w ith A ndro's results.83 Diene 88 displays two doublets a t 8 6.46

and  a t 8 6.02 in the XH  NMR and  eight resonances in the 13C NMR.

The first attem pt at the conversion of diene 88 into 5,5-dim ethyl-l,2,3- 

cyclopentatriene (85) followed the desilation protocol employed by
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Shakespeare in  the preparation of 1,2,3-cyclohexatriene.45 Reaction of 88 

(Scheme 29) w ith  CsF in  DMSO at 25 °C, in the presence of DPIBF, gave 

unreacted starting  m aterial. The reaction w as conducted at 30 °C an d  50 °C. 

XH  NM R analysis of the crude m aterial indicated tha t vinyltriflate 88 had  

been com pletely consum ed; however, there w ere no v inyl resonances which 

could result from  adduct form ation in a [ 2s + rc4 ] cycloaddition.53,56

A ttem pts to trap  any volatile products failed. Perhaps m ore disturbing

OTf
Ph

CsF/DMSOTM:
' DPIBF

CH3 Various
Temperatures

Ph

8 8 8 9 CH3

Schem e 29

than ou r apparen t inability to generate 5,5-dimethy 1-1,2,3-cyclopentatriene, is 

the absence of any  isolable products suggesting alternative reactions. By 

NMR analysis, the starting diene 88 was completely consum ed; how ever, it is 

unclear w hat is being generated. Attack by fluoride ion  on  silicon presum ably 

w ould be accom panied by  loss of the triflate group, in  accordance w ith  the E2
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mechanism.84 This suggests that butatriene 85 may be initially formed, but

does no t survive the reaction conditions and  undergoes further chem istry.

Route 2: Synthesis of 2-Bromo-3-chloro-5.5-dimethyl-1.3-cyclopentadiene ('90) 

and Reaction w ith M etals

Vicinal dihalides have been  recognized historically as useful 

interm ediates in the syntheses o f strained cyclic allenes and  alkynes through 

reaction w ith  m etals o r organolith ium  reagents.85 A classic exam ple is the 

pioneering work of W ittig on the  preparation  of strained cycloalkynes 

(Scheme 30).34 Favorski reported  the first attem pts to synthesize stra ined  

cyclic allenes by reaction of a v inylhalide w ith  m agnesium  m etal (Scheme 

30).85a The synthesis of cyclobutabenzyne was reported by V ollhardt in  1976

Cl

n = 2 , 3

Br

O'
BuLi

or Mg°

Scheme 30
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(Scheme 30).85c Thus, another logical precursor to butatriene 85 was thought

to be d iene 90 w hich m ay undergo 1,2-elimination of MBrCl o r LiCl w hen

treated w ith  a m etal or an  alkyllithium  reagent, leaving behind  triene 85 

(Scheme 31).

Scheme 31

The synthesis of 2-brom o-3-chlorodiene 90 was accom plished in a 

single step reaction by treatm ent of brom oenone 91 w ith  a suspension of 

PC15/CC14 at 0 °C (Scheme 32).68 Diene 90 was the major p roduct of this

reaction, and it was isolated in 67% yield after chrom atography (silica gel,

8 5 9 0

O Cl

Br

CCI4  

CH3 o °c

PCI5 Br

c h 3
h3c

9 1

H3C

9 0

Major product

Scheme 32
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hexane). Spectral data for 90 include two doublets at 8 6.40 and at 8 6.18 in the

1H  NMR, seven resonances in the 13C NMR, and a m olecular ion (M+) of m/z 

206 in the mass spectrum . Treatm ent of 90 (Scheme 33) w ith  m echanically 

activated m agnesium  in THF a t 40 °C in  the presence of DPIBF yielded 

substances characterized as dim er 93 and 94 in a ratio of 1:1.4. Spectral data 

for 93 include two doublets a t 8 6.57 and a t 8 6.20, a singlet a t 8 1.21 in the 1H  

NMR, 3 resonances in the DEPT 135, and a molecular ion peak (M+) of m/z 

254 in the mass spectrum . Diene 94 displays three doublets of doublets at

Coupling

THF, 40 - 65 °C 
DPIBF h3'

9 0

Rieke-
Magnesium

THF, 25 °C
HsC *c h 3

9 4
DPIBF

Scheme 33
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8 6.24, 8 6.07 and 5 6.02, and  a singlet at 8 1.21 in  the 1H  N M R  W hen the

reaction was carried ou t in  a m ore dilute solution at 65 °C, vinylchlorodiene 

94 w as the only identified product. These two products probably a re  the result 

of a well docum ented W urtz-type coupling86 between G rignards to give 93, or 

aqueous quenching of the G rignard  to give chlorocydopentadiene 94. 

Remarkable stability of som e vinyl G rignards have been observed and  

reported in the literature.87 In m ost of the cases, this stability has been  

explained in terms of resistance of the molecule to form strained double  or 

triple bonds that w ould resu lt from  an intram olecular elim ination of MgX^

A more active m agnesium  w as next prepared. Diene 90 w as treated  

w ith  Rieke m agnesium 88 in THF a t 35 °C in the presence of DPIBF. NM R 

analysis of the crude m aterial indicated that diene 90 had  been com pletely 

consum ed; however, there w ere no vinyl resonances which could  resu lt from  

adduct formation. Reaction w as then  conducted at 0 °C and 25 °C, 

w hereupon starting m aterial w as recovered unchanged. In the first case, the 

starting diene 90 is com pletely consum ed (Scheme 33); how ever, again  it is 

unclear what is being generated. In the second case, the lack of reactivity of 

diene 90 in the presence of Rieke m agnesium  a t low tem peratures w as 

unexpected. Rieke has dem onstrated  the ability of this active m etal to form  

Grignard reagents from brom obenzene at -78 °C, and from chlorobenzene at 

0 °C.88
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The possibility that 90 w ould eliminate MgBrCl in the p resence of a 

transition  m etal was then explored. Ni(0)-species prepared  in situ  have 

p roved  quite efficient in the p reparation  of acyclic butatrienes (Schem e 34).89

[4]radialene

Schem e 34

The attem pted  1,2-elimination reaction on 90 in the presence of Ni(0) 

follow ed a sim ilar protocol for form ation of acyclic butatrienes. T reatm ent of 

diene 90 w ith  Ni(0) (Scheme 35), generated in situ by reaction of N i(dppe)C l2

w ith  ethyl m agnesium  brom ide,90 in  the presence of DPIBF a t 25 °C gave no 

cycloadduct 89 (Scheme 35). The on ly  observed products of this reaction  were 

56% of m onoalkylated cyclopentadiene 96 (GC, 110 °C, rt 5.1 m in), and  40% of 

d ialkylated cyclopentadiene 97 (GC, 110 °C, rt 5.2 min). C om pounds 96 and 97 

w ere characterized from the crude m aterial by norm al spectroscopic m ethods 

(1H , 13C NMR, GC-MS); they resisted isolation due to polym erization.

Several m echanism s have been proposed  for sim ilar coupling reactions
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Br.

EtMgBr

f  Ni(dppe)Cl2  (cat) 
 ̂ THF, 25 °C 
CHa DPIBF

Ph

8 9

.Cl

+

9 6 9 7
1.4 :1 ratio

Schem e 35

and this topic has excited some debate.86 A likely scenario involves a single 

electron transfer (SET) process in w hich the radical anion 98 gives a vinyl 

radical, which is the direct precursor of 96 (Scheme 36). M any exam ples of 

coupling reactions betw een alkyl G rignard reagents and vinylic halides in  the 

presence of transition m etals have been  reported.86 The form ation of 97 m ay  

be explained through a sim ilar pathw ay. An alternate m echanism  involves 

initial form ation of a nickel carbenoid. Clearly these results suggest that the 

interm ediate form ed in the reaction of nickel zero w ith 90 undergoes a fast 

coupling side reaction.
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Cl Ni+

-NiBr

'c h 3

.c i

j j f  8 9

9 0
9 8

H2CH3C— MgBr

9 6

Schem e 36

Reaction of Diene (90) w ith n-Butvllithium

There are m any examples of transient species which violate Bredt's 

rule or are otherwise strained. Some of these have been generated  by 

halogen-m etal exchange reactions, 1,2-elimination of LiX, and  a re  then 

trapped by an excess of organolithium  reagents.91

We began to explore the utility of this m ethod in the p repara tion  of 

triene 85. Treatm ent of diene 90 w ith 2.0 equivalents of n -bu ty llith ium  in 

tetrahydrofuran a t -78 °C, addition of DPIBF, and w arm ing quickly to room  

tem perature, led only to intractable m aterial (Scheme 37). This resu lt 

questioned the extent of halogen-metal exchange and  the stab lility  of the 

lithium  species 99 at -78 °C. Thus, we sought evidence for form ation of 99 at 

-78 °C. Reaction of 90 (Scheme 37) w ith 2.0 equivalents of n -bu ty llith ium  in
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te trahydrofuran  at -78 °C, followed by addition of chlorotrim ethylsilane gave 

a 79% yield of 100, which thus proved the intermediacy of 99 an d  its stability 

a t -78 °C. This reaction was then  ru n  w ith  a large excess of n -bu ty llith ium

DPIBF
Br,

-78 °C to RT
n-BuLi

TMTHF, -78 °C

-78 °C to RT

1 0  0

Schem e 37

in hopes of obtaining alkylated products 101 and 102 which could  also prove 

the in term ediacy of triene 85 (Scheme 38) .91 Treatment of 90 w ith  5 

equivalents of n-butyllithium  in  tetrahydrofuran at -78 °C, follow ed by 

w arm ing to room  tem perature, gave an  intractable gum. We felt that 

decom position of 99 m ight be prom oted by  excess of organolith ium  reagent.

Lastly, w e attem pted the  intram olecular elimination o f lith ium  

chloride from  99 at higher tem peratures. It is known that l-lith io-2- 

brom ocyclopentene,340 2-lithio-3-chlorobicyclo[2.2.1]hept-2-ene,91a and  1-
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Br

5 equiv. n-BuLi 
THF, -78 °C to RT

9 0
1 0  1

n-BuLi

1 0 2

Schem e 38

9 0
1) n-BuLi

/ -
- 40 °C, 1 h 

2) 95 °C, 5 min
[2 + 2 ]

+

1 0 3

Schem e 39

lithio-2-brom oacenaphthene92 all lose LiX at 25 °C, 45 °C, and 100 °C, 

respectively. Thus, it was of interest to explore the possibility to generating 

and trapp ing  triene 85 by heating  the reaction mixture after lithiation had
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taken place. Reaction was conducted in the presence of spiro d iene 103 

(which m ay give [2 + 2] and [2 + 4] cydoadducts)93 w ith add ition  of 

n-butyllithium  at -40 °C (Scheme 39). After one hour, the reaction w as heated

indicated that diene 90 had been completely consumed. A ttem pts to isolate 

any cydoadduct or other product by preparative GC failed.

In condusion, efforts to generate and trap 85 from diene 90 by 

m etal-induced 1,2-elimination of MgBrCl or loss of lithium  chloride from 99 

w ere unsuccessful.

Route 3: Synthesis of 2-Brom o-5.5-dim ethyl-3-trifluorom ethanesulphonyl-

1.3-cvclopentadiene 1104) and Reaction with n-Butvllithium .

One other potential route to butatriene 85 involves d iene  104

(Scheme 40). The elim ination of OR and halogen from a [3-halo e ther to yield

olefins is called the Boord reaction.94 In prindple, by taking advan tage  of the

a t 95 °C for 5 m in, then quenched. XH  NMR analysis of the c ru d e  m aterial

8 5 1 0 4

Scheme 40
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exceptional leaving group ability of triflates, 104 m ay undergo intram olecular 

elim ination of LiOTf w hen treated w ith  an  alkyllithium  reagent (Scheme 40). 

In view  of our previous problem s elim inating chlorine, w e though t that 

diene 104 m ight be a prom ising precursor to 85.

Synthesis of diene 104 w as accomplished by deprotonation of 

brom oenone 91 under kinetic conditions w ith lithium  diisopropylam ide 

(LDA), followed by addition of N-phenyltriflim ide (Scheme 41).95 Spectral 

data for 104 included doublets a t 8 6.45 and  at 8 6.09, a singlet a t 8 1.26 in  the

1H  NMR, seven resonances in the  13C NMR, and a parent m olecular ion (M+) 

a t m/z ~ 320 in the mass spectrum .

PhN(S02CF3)2

9 1 1 0  4

Schem e 41

The attem pted conversion of diene 104 into 5,5-dim ethyl-1,2,3- 

cyclopentatriene (85) was carried out in THF with n-butyllithium  a t -78 °C in 

the presence of DPIBF (Scheme 42). However, no adduct w hich could be 

attributed to a i]2s + ff4s] cycloaddition betw een butatriene 85 and
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h3Cr 'c h 3 *78 °c  t0 RT
DPIBF

1 0 4

Schem e 42

diphenylisobenzofuran w as observed. TH  NMR analysis of the crude m aterial 

indicated that diene 104 h ad  completely reacted. Preparative TLC of the crude 

p roduct show ed only arom atic resonances. No vinyl resonances were 

present. A ttem pts to isolate any low m olecular com ponent w hich could 

suggest alternative reactions failed.

Route 4: Synthesis of 2.3-Dibromo-5.5-dimethyl-1.3-cyclopentadiene ('105') and  

Reaction w ith  M agnesium  Turnings

A m ong the vicinal dihalides, v inyl dibrom ides have been 

dem onstrated to form strained  bonds quite readily.34 In terms of the 

activation barrier for the elim ination reactions, 1,2-alkenyl-dibromides have 

an  advantage over 1,2-alkenyldichlorides due to the weaker carbon-brom ine 

bond, com pared to the streng th  of the carbon-chlorine bond (66 kcal/m ol vs 

79 kcal/m ol).96

Concerning their lim itations, v inyl dibrom ides are synthetically less
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accessible, and their preparation  often requires m any steps, carefully 

controlled conditions, and the use of expensive reagents.97

During the course of this s tudy  w e prepared  2,3-dibromodiene 105 

(Scheme 43). We envisioned form ation of butatriene 85 th ro u g h

intram olecular (3-elimination o f MgBr2, using sim ilar reaction conditions

Schem e 43

to those employed for the p reparation  of cyclobutatrienes 29 and  30. W ith 

brom ine as the leaving group, w e w ould  have a leaving group w ith 

interm ediate ability betw een chlorine and  triflate, which m ight be im portan t 

in  the form ation of triene 85.

The synthesis of diene 105 is outlined in Scheme 44. 1,3-Benzodioxol 

106 w as prepared according to the literature procedure.98 Cleavage of the ring 

in 106 w ith  a solution of boron tribrom ide in CH2C12 gave tribrom ide 107 in

79% yield. Treatm ent of 107 w ith  33% N aO H  solution under PTC conditions 

afforded 105 in 38% yield. Spectral data  for 105 include two singlets at 8 6.37

8 5 1 05
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and at 8 1.20 in the *H NMR, four resonances in  the 13C NMR, and a p a ren t 

m olecular ion at m/z = 249.8 in the  HRMS.

BrBr Br Br

Br NaOH/ PTC 
Br CH2CI2i 3 days

1 051 0 71 0 6

Scheme 44

The attem pted reduction of 105 to triene 85 followed a similar 

procedure as used for formation of trienes 29 and  30. Treatm ent of diene 105 

w ith  m agnesium  in THF at 40 °C in  the presence of DPIBF resulted in the 

total consum ption of the starting diene, according to TLC and  *H NMR 

analysis of the crude m aterial (Scheme 45). However, preparative TLC

B r Br

Mg°/DPIBF
THF, 40 °C 

2 h

1 05

Scheme 45
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(silica gel, 3:2 h ex an e /C F ^ C y  of the crude product failed to give evidence for

adduct formation. A ttem pts to trap any volatile components w ere once again  

unsuccessful.

Route 5: Synthesis of 2-Chloro-5.5-dimethyl-3-trimethylsilvl-1.3- 

cyclopentadiene (108) and Reaction w ith  Potassium  Fluoride

Since standard reduction m ethods failed in  the preparation of 85, w e 

turned  again to fluoride-induced elim ination of P-substituted silanes.

Fluoride-induced elim ination on  P-halosilanes is an  approach that has 

enjoyed m uch success in the synthesis of strained molecules. Billups has 

em ployed fluoride colum ns to effect elim ination, leading to strained 

cyclopropenes (Scheme 46)."

TMS

Cl
n-Bu4NF 

--------------P
10 microns

Scheme 46

This route explored the potential form ation of triene 85 from p-

chlorosilane 108 (Scheme 47). The advantage of this synthetic m ethod 

appeared to be the m ild conditions for cum ulene formation.
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H3° ' c h 3 h3c t 'ch 3

8 5 1 0 8
Scheme 47

Earlier work on this approach w as due to W instanley.100 The 

p reparation  of diene 108 was accom plished in two steps according to his 

m ethod (Scheme 48). T reatm ent of TMS-enone 86 w ith a suspension of PC15

in at 0 °C gave a substance characterized as dichloride 109 in  84.6%

8 6 1 0  9 1 0  8

Schem e 48

yield. Reaction of 109 on silica afforded diene 108 in 28.6% yield. Spectral 

data  for 108 include two doublets at 8 6.40 and at 8 6.08, two singlets a t 8 1.15 

and  a t 8 0.21 in the 1H NMR, seven resonances in the 13C NMR, an d  a p a re n t 

m olecular (M+) at m/z 200 in the m ass spectrum .
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The conditions employed in ou r first attem pt a t inducing fluoride-ion 

assisted 1,2-elimination on 108 were different from  those used w ith  substrate  

88. A  m ore reactive fluoride ion w ould be generated by addition of 

18-crown-6 e ther to the reaction m ixture. Reaction of 108 (Scheme 49) w ith  

KF, 18-crown-6 in CH^C^ in the presence of 2,5-dimethylfuran gave

TM Me18-crown-6, RT 
2,5-dimethylfuran

Me
CsF/DMSO

2,5-dimethylfuran

Schem e 49

a com plex reaction mixture according to 1H-NM R analysis of the crude 

m aterial. The only identifiable com pound w as unreacted starting m aterial. 

The reaction w as then conducted follow ing the desilyation procedure w hich 

had  been em ployed by Shakespeare in  the synthesis of 1,2,3-cyclohexatriene.45

NM R analysis of the crude indicated that diene 108 had reacted to a 

greater extent than that in the previous run; however, the crude p roduct w as 

only intractable material w ith arom atic resonances! Attempts by 

chrom atography to isolate anything th a t could suggest alternate reaction 

pathw ays w ere unsuccessful.
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Route 6: Synthesis of 2,3-Bis(trimethylsilyD-5.5-dimethyl-1.3-cyclopenta diene 

(116) and  A ttem pted Synthesis of a V invlidonium  Salt Precursor

Recently, W ong and cow orkers101 have reported the generation, 

trapping reactions, and  ab initio s tudy  of 3,4-didehydrothiophene (112). The 

optim ized CASSCF structure for 112 shows a bending angle for the butatriene 

moiety of 116.4°. The occupancies of the S and  A orbitals of the in-plane sp2- 

type orbitals for the C3 and C4 bond  indicate that the in-plane k  bond of 112

has a fairly large degree of biradical character, as expected for a highly bent 

bond. Strain estimates were not reported. In retrospect, it is of interest to 

note that although 112 had been previously m entioned in the literature, its 

existence w as never proved.102 A n earlier a ttem pt to generate this strained 

heterocarbon by pyrolysis of anhydride 111 was unsuccessful (Scheme 50).103

0s
1 1 2

Scheme 50

The precursor for the successful synthesis of 112 was the iodonium  salt
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Ph

,SiMe3 Me3Si, I— OTf

18-crown-6
RT

1 1 3 1 1 4

Anthraceneienzene

Schem e 51

114 (Scheme 50), prepared from 3,4-bis(trimethyIsiIyl)-thiophene (113) an d  

phenyliodonium  tosylate PhI(OTf)2, w hich was generated in situ from

(diacetoxyiodo)benzene (DIB) and  triflurom ethanesulfonic acid in CH 2C12-

1,2-Fluoride-prom oted elim ination on 114 gave 112 which w as trapped  in  

[^2 + tc4s] cycloadditions. Interestingly, the remarkable reactivity of 112 w as

established by its reaction w ith benzene. M any other examples of the 

synthetic utility of polyvalent organic iodine com pounds have been recently 

rev iew ed .104 The best results for benzyne generation have been claim ed from  

fluoride-induced elim ination on an iodonium  salt.
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The method w as appealing and appeared  to present a practical 

advantage over those described above, due  to the h igh nucleofugacity of the 

phenyliodonium  triflate group a t low tem perature. Kinetic s tud ies104 have 

dem onstrated that I(m) salts are som e 106 times m ore reactive than  triflates! 

Thus, w e decided to explore this approach to generate cum ulene 85. W e 

envisioned formation of triene 85 by 1,2-elimination on  v iny lidon ium  sa lt 

115 in  the presence of fluoride ions a t tem peratures low er than  room  

tem peratu re  (Scheme 52).

Ph
I

Me3Si I— OTf

i = \  i  \low temperature

h3c  ''c h 3 h3c  ''c h3

85 1 1 5

Schem e 52

Synthesis of 2,3-bis(trimethylsilyl) diene 116 w as accom plished in  a 

single step process by W urtz-type coupling of 2-brom o-3-chloro-5,5-dimethyl-

1,3-cyclopentadiene (90) w ith chlorotrim ethylsilane (Scheme 53). Reaction of 

90 in EtzO with TMSC1 in the presence of sodium  w ire105 gave 116 in  39%

yield after chrom atography (silica gel, hexane). Spectral data  for 116 include 

three singlets at 8 6.48, a t 8 1.15 and  8 0.17 in  the 1H  NMR, five resonances
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Cl Br M e3f ,SiMe3

1) Na/Et2Q
2) TMSCI

H3C c h 3

9 0 1 1 6

Schem e 53

in  the 13C NMR and a paren t m olecular ion at m/z = 238 in the m ass 

spectrum .

The synthesis of precursor 115 was attem pted by three different 

m ethods (Scheme 54). These m ethods are sum m arized below.

M ethod A: Reaction of (1161 w ith  ('Diacetoxyiodo)benzene (DIB’)101

This method followed the W ong protocol for the preparation  of 114. 

This involved treatm ent of 116 w ith  (diacetoxyiodo)benzene in  the  presence 

of trifluoromethanesulfonic acid in  d ry  CH2C12 at 0 °C.

M ethod B: Reaction of (116) w ith  Lewis Acid-Activated Iodosvlbenzene106 

Iodosylbenzene w as p repared  in 97% yield following the literature 

procedure, and securely characterized by  its IR spectrum  (its low solubility 

precludes characterization by  NM R spectroscopy). The IR absorptions of 

iodosylbenzene include 1568,1377,1303, 410 cm"1. A bsorption bands were 

com pared to the literature values. Diene 116 was treated w ith  iodosylbenzene 

and  triethyloxonium  tetrafluoroborate in CH^C^ at 0 °C.
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M ethod C: Reaction of (108) w ith  (ferf-ButylethynyPphenyliodonium  

T osvlate108

This m ethod followed the  Koser procedure for the p reparation  of 

iodonium  salts. Diene 108 w as reacted sequentially w ith n-butyU ithium  in 

THF a t -78 °C and (ferf-butylethynyl)phenyliodonium  tosylate.

Me3Si SiMe3

H3C* c h3

Ph!(OAc)2
TfOH, ch2ci2, o ^

(Method A)

Phl0/Et30 +BF4- 
CH2CI2, 0 °C

(Method B) t

Me3Si.

H3C 'c h 3

1 1 5

X = OTf, BF4

1) n-BuLi 
THF. -78 °C +OTs

” 3 ^  CH3 (H3C)3C-C= C -l—PhCH3

10 8 (Method C)

Si(CH3)3
Phl0/Et30 +BF4‘
CH2CI2, 0 °C 
(Method B)

1 1 7 

Schem e 54

1 1 5

Ph

1 1 8

Methods A and B yielded no vinylidonium  salt. How ever, NMR
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analysis of the crude material indicated that the starting  bis(trim ethyl)silane 

116 had  been consum ed. The only byproduct from  both  trials w as 

iodobenzene w hich was identified by GC (125°C/ rt 5.2 min) and  1H-NMR.

The retention time and the chemical shifts for iodobenzene w ere com pared to 

an authentic sam ple. The validity of method B w as confirm ed by  preparation 

of phenyl(l-cydohexenyl)iodonium  tetrafluoroborate (118), isolated as white 

crystals in 75% yield (Scheme 54). The NMR spectrum  for 118 included a

m ultiplet at 5 7.05 (vinyl proton), tw o m ultiplets a t 5 2.50 and  5 1.75, two 

m ultiplets a t 5 7.40 - 7.80 (aromatic protons) and 5 7.90 - 8.12 (arom atic 

protons). Chemical shifts were com pared to the literature values.106

Vinylsilanes are know n to react readily w ith  electrophiles.104 

Electrophilic addition  of I(m) to diene 116 w ould result in form ation of 

in term ediate 119 which eliminates Me3SiX, so that the net effect w ould  be the

replacem ent of the silyl group by  I(1H) to form the salt 115 (Scheme 55). The 

form ation of iodobenzene suggests that decom position has occurred, either of 

the salt 115, or an interm ediate during  the addition. Successive 1,2-shifts are 

likely to happen, giving stabilized carbocations w hich are allylic, and  (3 to the 

silyl substituent. If the salt was form ed during the course of the reaction, it is 

not clear w hy it was so labile and resisted isolation.

In m ethod C, NMR analysis of the crude product show ed m ostly 

unreacted starting  m aterial which indicates that halogen-m etal exchange did
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no t occur. Thus, efforts to prepare  vinylidonium  salt p recursor 115 by  

standard  m ethods for preparation  of iodonium  salts w ere unsuccessful.

Me3Si SiMe3 Me3Si Mef  I
Ph

I— XX" Addition H  
I --------►

y  Ph m V
H3(T 'CH3 h3C c h 3

1 1 6

I— X
Me3Si

+ Elimination 

H -Me3SiX

1 1 9

1,2-[SiCH3]shift

H3C 'CH*
1 1 5

Ph

I— X

stable

Me3Si

h 3c  *ch3

stable

997

Schem e 55

Conclusion and Future  W ork

S/S-D im ethyl-l^S-cyclopentatriene (85) rem ains elusive. A lthough 

m any likely precursors were p repared  and  stud ied , none appeared  to provide 

85. The total strain energy of cum ulene 85 has been  predicted to be  75 

kcal/m ol. Because this is so highly strained, it w ould no t be surprising  if 85
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rearranges a t tem peratures above 0 °C via ring opening before reacting w ith 

the trapping  reagent (Scheme 56). However, m any pathw ays to generate

85

Schem e 56

85 have yet to be explored. There are alternate routes which, in  principle, 

m ay yield 5,5-dimethyl-l,2,3-cyclopentatriene. The first entails low  

tem perature photogeneration of 85 in the presence of a suitable trap. As will 

be discussed in chapter II of this thesis, we have cleanly generated 

cydopropene and cyclopentyne by  photochemical reactions. Similarly, a 

retro [2 + 2] to this substance is now  being planned. Fluoride induced 

elim ination on either 86 or 108 in the gas phase m ay give 85. The alternate 

gas phase route will overcome barriers encountered in solution. B illups"  

has developed fluoride coated colum ns which m ay be suitable for vapor 

phase preparation of 85. We can envision the form ation of 85 th rough  the 

loss of LiX from  a lithium  carbenoid. Spontaneous loss of LiX is not likely. 

H ow ever, the use of a transition metal-complex such as nickelocene could 

prove useful in the preparation  of 85. Gassman and co-w orkers91a have 

em ployed this m ethodology to synthesize the trim er of norbom yne.

R

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Form ation of trim ers is catalyzed by  the transition metal-complex, and  has 

been used  as evidence for form ation of strained cycloalkynes.

A ttem pted Synthesis of Cyclic Butatrienes by Intram olecular V invlidene

C oupling

A nother im portant goal of this project was the developm ent of a 

general synthetic methodology th a t w ould allow  access to cyclic butatrienes, 

independent of ring size. The addition  of dibrom ocarbene to cyclic allenes 

followed by  ring opening is suitable for larger systems, however, its adap tion  

in  construction of sm aller hom ologues is foiled by the instability of sm all ring 

allenes.48b The new  route developed in this study  for the synthesis of 1,2,3- 

cyclooctatriene (29) and 1,2,3-cycloheptatriene (30) yields cyclic cum ulenes 

under very  m ild reaction conditions. H ow ever, low yields in the p reparation  

of the dihalo-precursors preclude using this route for synthetic purposes.

Thus, we began to research other general m ethods to obtain cyclic cum ulenes 

in one step and from convenient starting  m aterials, avoiding the m ultistep  

procedures that usually characterize cyclic butatriene syntheses.

The synthesis of acyclic butatrienes by  interm olecular vinylidene 

coupling in  the presence of a transition m etal, is a well docum ented reaction. 

Iyoda and  co-workers have reported the preparation  of several 

acyclic butatrienes by reaction of 1,1-dibromo-alkenes w ith Ni(0) or Cu(I) 

(Scheme 57).89'109
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Scheme 57

It w as proposed tha t the intram olecular version of this reaction may 

give cyclic com pounds (Scheme 58). Since large ring butatrienes are isolable, 

and can be characterized by  comm on spectroscopic m ethods, w e began our 

study  w ith the synthesis of precursors that w ould give kinetically stable 

butatrienes. Synthesis of these potential precursor and  their reaction w ith 

Cu(I) are described below.

Schem e 58

Synthesis of Tetrabrom o-olefin 122 and Reaction w ith CuCN

Reaction of l,9-bis(phenyl)nonane-l,9-dione110 (120) (Scheme 59) with 

the anion of diethyl dibrom om ethanephosphonate 121 (generated by  kinetic
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deprotonation  w ith  LDA)111 afforded tetrabrom o-olefin 122 in  56% yield.

Ph Ph

1 2 0

THF, -78 °C

0  Li+ E tO . II _ Br

BVBr BVBr
Ph"NcH2j/ s'Ph

E t o - p - c ; 1 2 2
Br

1 21

Scheme 59

Spectral data  for 122 include a doublet of doublets a t 8 2.56, tw o m ultiplets at 

8 1.33-1.23 and  8 7.40-7.15 in  the XH  NMR, ten resonances in the 13C NM R and

an absorption at 1609 cm '1 in  its IR spectrum. Treatm ent of 122 w ith 

n-butyllithium  and CuCN  at -90 °C d id  not give the expected product, b u t 

instead 123 was form ed (Scheme 60). Diyne 123 w as isolated by  preparative

BrBr B rB r

1) n-BuLi
cumulene

Ph THF, -90 °C 
2) CuCN 
-80 °C to RT

Ph :c h 2;
migration

PhPh

1 2 3

Schem e 60
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TLC (silica gel, 4% C f^ C ^ , hexane) in  42% yield, and securely characterized by

1H  and  13C NMR, IR and UV spectra. The elapsed time betw een the  addition  

of n-butyllithium  and CuCN w as varied  from 10 to 30 min; how ever, this d id  

no t alter the observed results.

The results obtained in this experim ent are consistent w ith  the 

sim plified mechanistic rationale presen ted  in Scheme 61. Reaction of 

tetrabrom o olefin 122 w ith  n-buty llith ium  results in form ation of the lithium

carbenoid  124 which losses LiBr in  an  a-elim ination process to generate

Li

Br BrCu

cumulene

Ph
Br I

n-BuLi
2 2

Ph -2 LiBr

carbenel ►  1 2 3

lithium carbenoid

Schem e 61

a carbene intermediate which is the precursor of dialkyne 123. Thus, 

vinylidene-acetylene rearrangem ent occurs faster than the form ation of alkyl 

cuprate  125. Therefore, intram olecular coupling is not observed. This 

rearrangem ent has been know n for over a hundred years and has since been
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the subject of m any investigations.109 The poor solubility of tetrabrom o- 

olefin 122 precluded the use  of a constant ultra low tem perature. Any 

increase in  tem perature w ill facilitate the rearrangem ent.

Synthesis of Tetrabrom o-olefin 127 and Reaction w ith  CuCN

W ith the idea of dim inishing problem s encountered w ith  solubility of 

olefin 122, we prepared  a low er molecular weight olefin. Tetrabrom ide 127 

(Scheme 62) was prepared in  43% yield by reaction of subaraldehyde (126)112 

w ith  CBr4 and PPhj in refluxing benzene.113 Treatm ent of 127 w ith

1 2 6

CBr4/Ph3P
H

1 2 7

Benzene, 80 °C ^

Scheme 62

n-butyllithium  and  CuCN a t -90 °C gave no intram olecular coupling product 

(Scheme 63). 13C NMR analysis of the crude material show ed tw o carbons a t 

5 84.7 and  8 68.3, indicating that diyne 128 had been form ed as the major

reaction product. Again, vinylidene-acetylene rearrangem ent occurs faster 

than form ation of the copper carbenoid. This result w as not totally surprising 

since hydrogen m igration is know n to occur faster than  phenyl m igration.80 

Although, w e d id  solve som e solubility problems, the expected
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Br Br

1 2  7

1) n-BuLi
THF, -90 °C 
2) CuCN 
-80 °C to RT

cumulene

1,2-shift

H r  

1 2 8

•H

Schem e 63

intram olecular v inylidene coupling d id  no t occur.

Synthesis of Tetrabrom o-olefin 130 and Reaction w ith  CuCN

In view  of the previous results, w e investigated the potential coupling 

of dim ethyl-tetrabrom o-olefin 130. M ethyl groups are know n to m igrate 

slow er than phenyl and  hydrogen.114 Synthesis of 130 w as accom plished by 

reaction of diketone 129115 w ith  the deprotonated form  of diethyl 

d ibrom om ethanephosphonate  (121) in THF (Scheme 64). C hrom atography

THF, -78 °C

0  Li+ E tO . II _  Br

Br Br. Br
V "

E, o ' p - c ;

ch2;

1 3 0

Me

Br
1 2 1

Schem e 64
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(silica gel, hexane) gave 130 in  23% yield. Spectral data for 130 include a 

doublet of doublets at 8 2.27, a singlet at 8 1.87 and a multiplet a t 8 1.46-1.21 in 

the XH  NMR, and  six resonances in the 13C NMR. Treatment of 130 w ith  

n-butyllithium  and CuCN a t -90 °C yielded no evidence for an intram olecular 

coupling p roduct (Scheme 65). Capillary GC (100 °C) analysis of the crude 

m aterial indicated several com ponents. The m ain com ponent had  reten tion  

tim e of 7.3 m in. According to GCMS, this h ad  a m olecular ion peak  of m /z  = 

162. ER analysis of the crude product in THF gave no absorption band  in  the 

region of 1850-1990 cm '1 w hich is characteristic of butatrienes.30 1H -N M R

Br, Br

1) n-BuLi
cumulene

Me THF, -90 °C 
2) CuCN 
-80 °C to RT

Me'

migration

HgC

1 3 1
Schem e 65

analysis of the crude material w as consistent w ith the complexity detected by 

capillary GC, bu t showed a w ell defined doublet a t 8 5.88 with a /  = 9.6 H z and 

several other resonances betw een 2.10 ppm  and  2.80 ppm  characteristic of 

allylic protons. 13C NMR d id  no t indicate the presence of acetylenic carbons 

of diyne 131. It seems reasonable to propose that reaction of n-butyllithium
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w ith  tetrabromo-olefin 130 gives the corresponding carbenoid, which 

w ould  eliminate LiBr to give carbene 132 (Scheme 66). This carbene could 

undergo 1,5-insertion faster than  form ation of the copper carbenoid, or 

m igration of the m ethyl group, to form  dicyclopentene derivatives 133 w hich 

could be the major reaction products. 1,5-Insertion of this type has been 

previously  reported and has application in  the synthesis of cyclopentene 

derivatives.116 However, isolation of pu re  sam ples of 133 will be necessary

Me

13  0
n-BuLi

Me

1 32

Me

Possible
conformer

Me

1,5-insertion

' r

1 3 3 Me

isomeric
mixture

Schem e 66
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in order to obtain evidence for 1,5-insertion.

C onclusion

O ne im portant goal of this s tudy  w as the developm ent o f a  new  and  

general route to cyclic butatrienes. This p a rt of the project w as exploratory in  

nature  and is by  no means complete. It is clear that many other reactions 

w arran t investigation to explore fully the potential intram olecular 

vinylidene coupling tow ard cyclic butatrienes. In the cases of tetrabrom o- 

olefins 122 and  127 a com peting 1,2-migration reaction occurs faster than the 

ring closure to give the cumulene. It has been recognized that large rings, 

despite their low strain, present synthetic difficulties. A com plicating factor is 

the difficulty of getting the ends of a long chain to approach each other. The 

conform ational entropy117 of a chain com pound is greater than  that of a ring. 

The possibility of rotation about a large num ber of bonds leads to a high 

conform ational entropy in the open-chain precursor, which is largely lost in 

the cyclic product. Thus, their derivatives are relatively difficult to obtain. 

Finn and coworkers have reported the synthesis of macrocyclic allenes from  

condensation of nonenolizable aldehyde w ith  Ti(TV) reagents.118 They found  

tha t yields w ere lower for 11-membered and 19-membered rings. Therefore, 

1,1-dibromides tethered by fewer carbons m ay be better substrates to explore a 

possible intram olecular cyclization. They should  be more soluble a t low 

tem peratures, and  may couple faster w ith  Cu(I) or other transition m etal,

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



thus avoiding com peting reaction. The cyclic butatrienes generated in  this 

fashion can be trapped in a  ^ 2  + cycloaddition with

diphenylisobenzofuran or o th er suitable dienes.
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CHAPTER II

PHOTOGENERATION OF REACTIVE CARBENES BY FRAGMENTATION
OF CYCLOPROPANATED PHENANTHRENES

In tro d u ctio n

D efinitions an d  Nom enclature

Carbenes can be classed w ith carbanions, carbocations, and  carbon- 

centered radicals as am ong the fundam ental interm ediates in the reactions of 

carbon com pounds. Carbenes are neutral, d ivalent derivatives of carbon in 

w hich a carbon atom  has two covalent bonds to other groups and  two non­

bonding  orbitals containing two electrons betw een them . D epending on 

w hether the non-bonding electrons are o f the sam e o r opposite spin, carbenes 

are singlet an d  triplet species. This follows from  the fact that the spin 

m ultiplicity is given by  2S + 1, where S is the total spin. For two spin-paired 

electrons, S = 0 and the carbene is a singlet. If the spins of the electrons are 

parallel, then  the carbene is a triplet.

The possible arrangem ents of two electrons betw een two orbitals of 

different energy are show n in Figure 15. A  carbene in  the lowest singlet state 

resembles a  carbocation as a bent sp2 hybrid  (Figure 16). A  triplet carbene 

resem bles a free radical. An alternative structu re  for the triplet carbene, and
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-  4 
4f 4

Lowest singlet Triplet

f  -tf

Excited singlets

Figure 15. Spin m ultiplicity

for the excited singlet, m ight be a  linear sp hybrid 119

•  •

A.
Lowest singlet (sp2) Triplet (sp2) Triplet (sp) Vinylidene (sp)

Figure 16. Possible carbene hybrids.

The parent species, :CH2 , is usually called methylene, though

derivatives are m ore often nam ed by the carbene nom enclature. Thus, :CC12,

is generally know n as dichlorocarbene, though it can also be called 

dichloromethylene. Cyclic carbenes are m ost conveniently nam ed by  using 

the suffix -ylidenes, e.g., cyclopropylidenes, cydobutylidenes, and so on. 

Vinylidene, also show n in Figure 16, possesses a divalent sp  carbon atom.
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Structure and Reactivity

D epending upon  the m ode of generation, a carbene m ay initially be 

form ed in  either the singlet or trip let state, no  matter which is low er in 

energy. These two electronic configurations possess different geom etries and  

chem ical reactivities. Both theoretical and  experim ental studies have 

p rov ided  m ore detailed inform ation about carbene structures.120 M olecular 

orbital calculations lead to the predictions o f H-C-H angles for m ethylene of 

-135° for the triplet and  -105° for the singlet (Figure 17). The trip let is

Energy

105°

8-10 kcal/mol (gap)

135°

Singlet

Triplet

F igure 17. Singlet-triplet splitting in  m ethylene.

calculated to be about 8 kcal/m ol low er in  energy than the singlet.1203 

E xperim ental determ inations of the geom etry of CH^ tend to confirm  the 

theoretical results. The H-C-H angle of the trip let state, as estim ated from  the 

EPR spectrum , is 125-140 °C.121 The H-C-H angle of the singlet state  is found
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to be 102° by electron spectroscopy. All the evidence is consistent w ith the  

trip let being the ground state.

The fact that substituents on m ethylene perturb  the relative energies of 

the singlet and  triplet states has attracted some interest. The effect of alkyl 

substitu tion  is rather m ild. Therefore, dialkylcarbenes are g round  state 

triplets. Substituents that act as electron-pair donors stabilize the singlet state 

m ore than  the triplet state by  delocalization of an electron pa ir into the em pty 

p-orbital (Figure 18).122 However, there is not a sim ple and obvious w ay of 

predicting the ground state of carbenes. Direct detection of the ground state

Figure 18. Stabilization of singlet carbenes by electron-pair donors.

and  the excited states by spectroscopic m eans have been carried ou t in m any

spectroscopy tool for detecting triplet ground states since triplet species are 

diradicals. EPR m easurem ents cannot be m ade on singlet species, but 

electronic spectra have been used instead.

V arious singlet carbenes have been characterized as nucleophilic, ambiphilic,

R

X = F, Cl, OR, NR2

cases. 123 Electron param agnetic resonance (EPR) is a particularly satisfactory

N um erous studies of carbene relative reactivity have been reported .124
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or electrophilic.124b,c The "phy lid ty"  or selectivity of carbenes is based on the 

relative reactivity tow ard  a series of different alkenes containing both 

nudeophilic  alkenes, such as tetram ethylethylene, and electrophilic ones, 

such as acrylonitrile. The p r in d p a l structure feature w hich determ ines the 

reactivity of the carbene is the ability of the substituent to act as an electron 

donor (Table 7).

Table 7. Classification of Carbenes on  the Basis of Reactivity tow ard Alkenes.124b

Nudeophilic Ambiphilic Electrophilic

CH3 OCOCH3 CH3 OCCI C1CC1

c h 3o c n (c h 3)2 CH3 OCF PhCCl

CH3 CC1

A lthough this chapter deals w ith highly reactive carbenes, practically 

all having short lifetimes, it is im portant to recognize that stable carbenes 

have been prepared,125 and  that divalent carbon ligands can be stabilized by 

coordination to transition m etals (metal-carbenes).126 

The Generation and Reactions of Carbenes

The mechanisms by w hich carbenes are generated from  many 

precursors have not been  fully investigated. How ever, tw o m ain pathw ays 

have been recognized:

1. Direct form ation in an  a  elimination process via a carbanion.127
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This denotes the removal of tw o substituents from the same carbon (Scheme 

67).

R \  /■  .  -  R \

B -  + C BX ♦ + Y
R Y R Y r '

carbanion

Schem e 67

Examples

The reaction of chloroform  w ith  a base to yield dichlorocarbene is one 

of the most thoroughly investigated cases of a-elim ination .128a M any other 

exam ples are known, two of w hich are show n in Scheme 68.128b,c

CI3C— COO

+ Ph— H g - i

:cci2 + co 2 + cr

Nat

no solvent 
80 °C

Schem e 68

2. Structures that fragm ent to give sm all stable molecules provide 

m any im portant ways of form ing rCH^. Pyrolysis or photolysis of a  ketene

or diazom ethane are sources of m ethylene (Scheme 69).129 Alkylcarbenes 

can be generated by photolysis of diazirines .130 In general, these m ethods
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involve unstable substances w hich are difficult to work w ith.

r 2c = z
fragmentation .CR2 + z

Examples
hv

h2c= c = o c h 2 + CO

+  — hv
h 2c = n= n : c h 2 + n2

Pyrolysis

+  — hv
r 2C = N = N ►  : c r 2 + n2

Pyrolysis

hv
• c r 2 + n2

N

Schem e 69

The photolysis or therm olysis of diazoalkanes provides the m ost 

com m on general route to carbenes (Scheme 69). Carbenes formed by 

photolysis of diazoalkanes are h ighly  energetic species, and  their reactions 

m ay be indiscrim inate. For exam ple, the photolysis of diazom ethane 

produces methylene, w hich can insert into prim ary, secondary, and tertiary  

C-H bonds of an alkane w ith alm ost equal ease, as well as adding  to double 

bonds. For this reason, photolysis of the diazoalkane is no t a good w ay of 

generating the carbene for kinetic m easurem ents or synthetic purposes 

involv ing  o ther m olecules.
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The reactions of carbenes are m ore varied than  those of carbanions, 

carbocations, and  radicals:

1. A ddition Of Carbenes to Double and Triple Bonds. O ne of the m ost 

characteristic reactions of carbenes is their addition to olefins to give

1 ' l lcyclopropane derivatives (1 + 2 cycloadditions) (Scheme 70). The reaction,

first reported by  Doering and  H offm ann in  1954, has become a n  im portant 

m ethod of synthesis of cyclopropanes and has been extended to other 

unsaturated system s, including ketenes, allenes, acetylenes, and  aromatic 

com pounds.

Rl R3
: c x y  + ^ = \

r 2 r 4

Scheme 70

M ethylene from diazom ethane adds to ketene to give cyclop ropanones 

(Scheme 71).132 It adds to allenes to yield m ethylenecyclopropane, and to 

m ethylallene to give the tw o possible alkylidenecyclopropanes (Scheme 

71).133

H2C = C = 0  + CH2N2 c h 2 c | 2 i  -78 °C> P > = 0

M e H C = C = C H 2 + I CH2

Scheme 71
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Decomposition of d iazom ethane in acetylenes gives cyclopropenes,134 

b u t only allene and m ethyl acetylene were isolated on irradiation of 

d iazom ethane in acetylene-argon m atrix (Scheme 72).134b Doering repo rted  

the addition  of 2 moles of m ethylene to an alkyne to give a bicyclobutane.135

CH2N2 
hv

H— C = C — H H3C— C = C — H + h2C = C = C H 2
hv

Schem e 72

In general, the cycloadditions of the singlet carbenes are stereospecific 

and  syn.136 Skell rationalized this observation by pointing ou t that a  singlet 

carbene could add to an olefin in a concerted m anner.136,137 Carbenes in  the 

trip let state react nonstereospedfically.138 Free rotation about the C-C bond 

of the diradical can occur faster than  spin inversion.137

Schem e 73

The high reactivity of carbenes is also manifested in their add ition
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reaction, to arom atic systems, to give the products of ring-expansion.139 

M ethylene reacts w ith  benzene to give tropilidene and  toluene in the ratio  of 

-3 .5  (Scheme 73).140

2. Insertion Reactions of Carbenes. A n u n u su a l reaction of carbenes is 

that of insertion into C-H bonds. With m ethylene in  the liquid phase, the 

insertion process is virtually indiscriminate,141 a n d  all types of C-H b o n d  in  a 

substrate are attacked in a nearly  statistical ratio. Singlet m ethylene generated 

by photolysis of diazom ethane is probably the m o st reactive organic species 

known. Triplet m ethylene is som ewhat less reactive, and  o ther carbenes are 

still less reactive. Some examples are given in  Scheme 74. In the gas

h 3c —  c—c h 3 c h ? h 3c —  c - c —  c h 3 + h 3c —  c —  c h 3
ri2 “ 2 M2 |

CH3

Schem e 74

phase, there is som e discrimination in favor of tertia ry  C-H bonds over 

secondary, and of secondary over primary. The selectivity of the carbene has 

been related to the am ount of excess of energy w ith  w hich it is generated, bu t
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also has been connected w ith  the spin state of the carbene.141 The follow ing 

series of carbenes of decreasing reactivity has been proposed on the basis of 

discrim ination betw een insertion and  addition reactions: > HCCOOR >

PhC H  > BrCH = C1CH. Insertion of carbenes into other bonds has been 

reported, including O-H, N-H , C-O, C-Cl, C-Si, though n o t insertion into C-C 

b onds.142

3. Skeletal R earrangem ents. Many of the rearrangem ents tha t have 

been ascribed to carbenes are 1,2-shifts of hydrogen, alkyl o r aryl groups. 

Indeed these rearrangem ents are generally so rapid  that additions to m ultiple 

bonds and insertion reactions are seldom  encountered w ith  alkyl or 

d ialkylcarbenes.143 M ost rearrangem ents of carbenes directly give stable 

molecules.

One im portan t rearrangem ent of carbenes, from the synthetic po in t of 

view , is the W olff rearrangem ent of diazoketones.144 This reaction is the key 

step in  the A m dt-E istert synthesis of aliphatic carboxylic acids (Scheme 75).

p p *  _ M I *
R— c— c = n = n :  V  RJ- C — CH -----► 0 =  C = <

II h ;  o -  » C '
o  ^  o

1 h 2o

Carboxylic acid

Schem e 75
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The initial p roduct of the reaction is thus the ketene, w hich then  reacts with 

w ater to give the carboxylic acid. Some other novel exam ples of skeletal 

rearrangem ent of carbenes will be discussed in the next section of this chapter.

4. Reaction w ith  N ucleophiles. Carbenes can react w ith  a variety  of 

nucleophiles besides the nucleophilic olefins. Exam ples are know n of 

reactions of carbenes w ith  carbon, oxygen, nitrogen, sulfur, and  phosphorous 

nucleophiles.145 This usually  involves a relatively stable carbene, such as 

dichlorocarbene. Scheme 76 show s some of these exam ples.

+  —

P P h3 + :cci2 -►  Ph3P — CCI2

PhCH2NMe2 + iC C b  ---------- ►- PhH2C N — CCI2
Me2

Scheme 76

Results and Discussion 

C yclopropanated phenanthrenes give carbenes on  photolysis. This 

photochemical cycloelim ination [3—> 2 + 1] is usually described as a Griffin 

fragm entation.146 The paren t compound, benzo[a;c]bicyclo[4.1.0]heptane (134), 

w as shown to yield m ethylene efficiently m any years ago (Scheme 77).147

For the past several years our group has been interested in  the 

developm ent of a general route to carbenes from the phenanthrene platform. 

(Scheme 78). The goals of the project were set in the earlier stages of our
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1 3 4

hv
QQQ

+ : c h 2

1 35

Schem e 77

hv
QQ
Q

+ ICAB

Schem e 78

investigation: 1) synthesis of cyclopropanated phenanthrenes as carbene 

precursors and identification of the prim ary photoproducts, and  2) studies on 

carbene kinetics in collaboration w ith the Platz group a t Ohio State. 

Prelim inary work by Kirchhoff and  Abbot resulted in m easurem ent of the 

first absolute kinetics for dichlorocarbene148 and chlorocarbene,149 

respectively. The major advantage of this m ethod is a clean photoextrusion 

w hich is indicated by form ation of the corresponding carbene and  

phenanthrene as the principal products following irradiation. A nother

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



im portant characteristic of this approach is the possibility of generating only 

singlet carbenes.

In the present w ork, vinylcarbene, acyclic and  cyclic vinylidenes were 

photogenerated. A lternative synthetic routes tow ard potential 

photochemical precursors of cyclopropylidenecarbenes w ere explored.

Photochemical G eneration of Vinylcarbene (1361 and T rapping  of 

Cvclopropene (137)

The vinylcarbene (136) - cyclopropene (137) rearrangem ent (Scheme 79) 

is of considerable interest in preparative organic chem istry and therefore this 

reaction has been stud ied  in  som e detail.130

H

1 3  6 1 3  7

Scheme 79

Photolysis of vinyldiazom ethane in a variety of organic glasses at 6 °K 

produced vinylcarbene in its triplet ground state.151 Cis/trans stereoisomers 

have been identified by  EPR spectra (Figure 19); ratios varied from 0.65 to 

0.05. In the dark, the vinylm ethylenes are stable betw een 6° and  15 °K. For
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trans cis
Figure 19. Stereoisomers of vinylcarbene

the cis/trans vinylm ethylenes of the singlet state, the struc tu res represent 

local m inim a on the C3H 4 surface.

C hapm an reported that w hen  n itrogen /argon  m atrices containing the 

stereoisom eric triplet vinylm ethylenes w ere warmed (T° > 10 °K), the ESR 

signals shifted, broadened, and  disappeared. On cooling back  to 10 °K, the ESR 

signals reappeared. This reversible loss was attributed to the  therm al 

population  of the singlet state lying just above the triplet s ta te .153

The activation energy for the cyclopropene-vinylcarbene 

rearrangem ent is on the order of 30-40 kcal/m ol,154 depend ing  on  the degree 

of substitution, and the equilibrium  greatly favors the cyclopropene. W hen 

cyclopropenes are incorporated into sm all fused systems, the  equilibrium  is 

shifted in favor of the vinylcarbene (Scheme 80).155 Thus, 138 and  its 

derivatives open therm ally to give cyclohexylidenes 139 w h ich  have been 

trapped  in solution in several cases.155

Cyclopropene (137) is a potentially explosive gas (bp -36 °C), was first
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Scheme 80

reported  in 1922.156 The length of the double bond  is 1.296 A, and its strain

1 P<T
energy has been estim ated to be 54.5 kcal/m ol. While the increased angle

stra in  of the <j  m olecular fram ework contributes to its destabilization, it  is

release of ring strain  which drives reactions of cyclopropene. A 

m anifestation of this reactivity is seen in  the tendency of the m olecule to 

polym erize w ith  explosive violence at room  tem perature.

O ur interest in vinylcarbene studies led Abbot158 to prepare precursor 

141 from adduct 140 by elimination of HC1 w ith  potassium fert-butoxide in 

DMSO a t 50 °C (Scheme 81). The major p roduct of this reaction is the endo

1 4 0

Scheme 81

BuO'K4

DMSO 
50 °C 
14 h
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vinyl isom er 141 as indicated by the 8.8 H z coupling constant for the 

bridgehead protons. Presum ably, this reaction proceeds by  E2 elim ination,

followed by  isom erization of the double bond.

Low tem perature irradiation of 141 (Scheme 82) in N 2-saturated

cyclopentane (C5H 1Q) for 2 hours, followed by  addition of freshly distilled 1,3-

Cyclopentane 
0 °C, 2 h

hv
13  5 +

1 3 6

1 41

endo

O O

DPIBF

1 45

exo
1 4 6 o 1 4 2

2.3 : 1.0 ratio

1 43

Scheme 82
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cyclopentadiene (142) gives phenanthrene (135) plus the expected endo 

cyclopropene adduct 143.159 A dduc t 143 is formed in 62% yield w ith  respect to 

phenanthrene, as indicated by 1H -N M R integration. Capillary GC 

(T° program , T. = 70 °C, Tf = 200 °C) analysis of the crude mixture indicated  the

presence of three com ponents, endo -adduct 143 (rt 3.0 min), 1,3- 

cyclopentadiene dim er (rt 7.6 m in), an d  phenanthrene (rt 16.9 min). GC 

retention time for 143 was com pared  w ith  an authentic sam ple independently  

synthesized by the Closs procedure.159

W hen a saturated solution o f diphenylisobenzofuran (144) in  toluene 

w as added  after irradiation, exo- a n d  endo-cyloadducts (145 and 146)160 w ere 

form ed in 2.3:1.0 ratio, in 96% yield, w ith  respect to phenanthrene. Spectral 

da ta  for all three cydoadducts w ere com pared to the literature values.159,160

Irradiation of 141 in the presence of cyclohexene did not yield 

[2 + 1] cycloadduct 147 (Scheme 83). N either was there evidence for 

cycloadduct 148, which could have been  form ed by [2 + 2] cycloaddition 

reaction.

These results indicate a clean photoextrusion of vinylcarbene (136) 

from  141, and a rapid rearrangem ent of 136 to cyclopropene (137) w hich  is 

trapped  in + ff4s] cycloaddition reactions to yield adducts 143,145 and  146.

It is known that 137 and  m any  substitu ted cydopropenes161 a d d  to 

d ienes w ith  predom inant endo selectivity  in  agreement w ith A lder's "endo
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hv

Cyclopentane 
0 °C, 2 h

[2 + 2]

1 48

Schem e 83

ru le".162 As W iberg had  reported som e 37 years ago, the reaction of 137 

w ith  cyclopentadiene affords exclusively endo -adduct 143.161c Our results are 

in agreem ent w ith  these previous observations.

The reaction of 137 w ith  diphenylisobenzofuran (DPIBF) had a lready  

been stud ied .160,163 The discrepancies concerning the exclusive form ation of 

endo -adduct 143 and  the p reponderan t form ation of exo -adduct 145

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



have been explained in  terms of possible differences in the  potential energy 

surfaces for the Diels-Alder reactions.160'163

Synthesis of Precursors to Simple Vinvlidenes and Photogeneration of 

1-N onvne

Vinylidene and  related unsaturated carbenes are h ighly  reactive 

ground-state singlet carbenes.164 Lineberg and co-workers observed

(149) spectroscopically, the sim plest unsaturated carbene.165 Vibrational 

structure in  the spectrum  yielded frequencies for the scissors bend and  C-C 

stretch of 1120 and 1650 cm '1, respectively. Singlet vinylidene was calculated 

to be a shallow  m inim um  on the C2H 2 surface.166

Vinylidenes undergo rapid thermal 1,2-shifts to yield  the 

corresponding acetylenes. This reaction determines the lifetime of these 

carbenes in  m any cases. The activation energy for the rearrangem ent of 

vinylidene to acetylene (Scheme 84) is very small. One of the m ost 

recent values obtained by means of high level ab initio theory is 2.16

V1.?'?.!? !£. H— — H

1 50  

Scheme 84
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kcal/m o l w hile the experim ental value is 2 kcal/m ol.167 The energy change 

of the reaction has been estim ated to be -43.9 kcal/m ol.167 Several gas-phase 

studies on  vinylidenes have been published, bu t because of the low  barrier 

tow ard rearrangem ent, m atrix isolation has no t been possible. Due to the  lack 

of appropria te  photochemical precursors, only a few direct experim ental 

observations of vinylidenes have ye t been reported.

We were interested in photochem ical vinylidene precursors tha t m ay 

allow  kinetic studies, detection of the rearranged product in solution phase 

by com m on spectroscopic techniques, and a possible direct observation of 

v inylidenes.

A bbot158 was able to prepare vinylidene precursor 152 by treatm ent of 

adduct 151 w ith potassium  tert- butoxide in DMSO at 50 °C (Scheme 85).

1 5 1

t-BuO'K+  »
DMSO 

50 °C, 1 h

1 5 2

hv

Schem e 85

H- ■H + 1 3 5

not trapped
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Prelim inary photolysis of 152 a t 254 run for 1 hour afforded phenanthrene 

(135). H ow ever, no  evidence for vinylidene form ation was obtained. Thus, it 

w as though t that v inyldene precursors w ith longer alkyl chains m ight 

facilitate identification of the photoproducts, establishing in  this w ay  

v inylidene form ation from  cyclopropanated phenanthrene precursors.

A lkylcydopropane adducts 155 and 156 (Scheme 86) w ere p repared  by 

reaction of dichlorocarbene adduct 153 with n-butyllithium  in  THF a t -78 °C, 

follow ed by  electrophilic quenching of the carbenoid 154 w ith  brom ohexane 

and  brom ooctane, respectively. We found that brom oalkanes effectively gave 

the desired  alkylated products, w hile chloroalkanes or iodoalkanes yielded 

m onochloro adduct 157 as the m ajor reaction product.

Elim ination of HC1 from 156 (Scheme 86) to give the po ten tial 

v inylidene precursor 158 followed a similar protocol to that em ployed by 

A bbot for the p reparation  of 152. Treatment of adduct 156 w ith  ferf-butoxide 

in DMSO at 50 °C for 40 m in afforded 158 as the major reaction product, plus 

the tw o vinyl stereoisom ers in a 3.5:1.1:2 ratio. Preparative TLC gave adduct 

158 in 55% yield (> 95% pure). The IR spectrum of 158 show s strong  

absorptions at 3069, 2930, 2855 cm '1 and a weak band a t 1601 cm '1.

Photolysis of 158 (Scheme 87) in pentane for 2 hours gave a colorless 

solution. Capillary GC (T° program , T. = 80 °C, Tf = 200 °C) analysis of the

photolyzed  solution indicated the presence of 1-nonyne (160, rt, 3.1 min), and  

phenan th rene  (135, rt, 16.5 min). Retention times were com pared w ith
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n-BuLi

THF, -78 °C

RCI or

1 5 6

t-BuO*K+/DMSO 
50 °C, 40 min.

major product

1 5 8

Schem e 86
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35 °C, 2 h
pentane

hv

1 5 9

1,2-[H]-shift

+ 135

1 5 8
H

1 6 0
Schem e 87

authentic samples of 1-nonyne and  phenanthrene. 1H-NM R and  13C-N M R

spectra of the crude m ixture w ere consistent with the GC analysis.

Com parison of the calibrated response (three runs average of 1 (iL) for 1- 

nonyne and phenanthrene in  the irradiated  solution, versus the averaged 

responses for 1-nonyne and phenanthrene in a freshly p repared  standard  

solution, indicated that 1-nonyne (160) and  phenanthrene (135) h ad  been 

form ed in 94% and 98% yield, respectively.

Ample literature supports the conclusion that 1-nonyne (160) is form ed 

from vinylidene 159 by l,2-[H]-shift.164*167 Carbene 159 is generated from  158

by a cycloelimination [3 —> 2 + 1] reaction146 which also gives phenanthrene 

(135) in a nearly quantitative yield.
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Cyclic Vinylidenes

An im portant carbene rearrangem ent th a t has been the subject of 

d iverse experimental an d  theoretical investigations is the 

cycloalkylidenecarbene (161)-cydoalkyne (162) rearrangem ent (Scheme 

88) 37<U39.168 'fhg fxrSt  system atic theoretical study  for interconversions of

1,2-shift
(CH2)n > = :  ►  (CH^n:0 m

1 6  1 1 6 2

Schem e 88

C4 to C6 cycloalkynes w ith  their isomeric cycloalkylidenem ethylenes was

published by our group in 1995.39 This study addressed m any questions left 

unansw ered by previous w ork and provided accurate predictions for 

structures and barrier to rearrangem ents. Some of these results are 

sum m arized in Table 8. Ab initio calculations indicate that the barrier for

1,2-shift should increase w ith ring size. Thus, cydobutylidenecarbene (163) 

shou ld  rearrange readily. Previous experim ental studies have sh ow n  that 

cyclopentylidenecarbene (164) and cydohexyiidenecarbene (180) do  no t 

rearrange as readily as cydobutylidenecarbene, in  agreement w ith 

calculations.37e,168d'169

In order to verify that theory and experiments were looking a t the 

sam e spedes, we carried out a systematic experimental study to investigate
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Table 8. Ab Initio Estimates for Interconversion of Cycloalkylidenes and 
Cycloalkynes. Values are in kcal/mol.39

o=
1 63

(ERei -  0.0)

MCSCF/6-31G*

Transition
State

15.2

O
1 3

-7.81
MP4/6-31G* 4.07 -7.98

^=c: 
1 64

(ERei = 0.0)

MCSCF/6-31G*

Transition
State

23.5

1 4

-14.7
MP4/6-31G* 11.03 -17.7

the reactivity of C5 to C7 cycloalkylidenemethylenes. N o photochem ical

precursors to these im portant vinylidenes are known! The synthesis of 

cyloalkylidenecarbene precursors and their exploratory pho tochem istry  are 

described below.

Synthesis of a Cydobutylidenecarbene Precursor (171) and  T rapping of 

Cvclopentyne (T3).

Cyclopentyne (13) is relatively well known and often is p repared  by the 

interm ediacy of carbene 163 (Table s).34'37̂ ' 169 Fitjer376 found  th a t 13 could be 

generated from dibrom om ethylenecyclobutane 165 (Scheme 89). Instead of
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the  expected 167, thought to be form ed by  [2 + l]-cydoaddition of 

cydobutylidenecarbene (163) w ith  cydohexene, the isomeric tricyclo 

[6.3.0.02,7]undec-l(8)-ene (168) w as isolated. Thus, this work established 

the  therm al interconversion of 163 to 13, b u t it did n o t rule out d irect 

form ation of cydopentyne from  carbenoid 166.

Schem e 89

O ur interest in system atically studying  the rearrangem ent p rom p ted  us 

to p repare  precursor 171 (Scheme 90) w hich was expected to be a potential 

photolytic source of carbene 163, and, therefore, of cydopentyne. The

0
1 3 1 6 8

32%

+

10%
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THF, -78 °C

1 6 9
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THF/pentane 
-95 to -4 °C

P H  Py

TMSCi

1 7 1

1 5 4

PTM S

1 7 0

Schem e 90

synthetic strategy to structure 171, w as based on an  approach reported by 

Seebach for the preparation of m ethylenecyclopropanes.170 Reaction of 

dichlorocarbene adduct 153 w ith  n-butyllithium  gave carbenoid 154 (Scheme 

90). Electrophilic quenching of 154 w ith  cyclobutanone afforded sm all white
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crystals of chlorohydrin 169 in  56% yield after rad ial chrom atography. 

Treatm ent of 169 w ith  TMSC1 in dry pyridine sm oothly gave TMS-ether 170 

in  46% yield (Scheme 90).

1,2-Elimination of TMSOLi was accom plished by reaction of 170 w ith 

tert-butyllithium  a t -95 °C in TH F/pentane, followed by w ann ing  to -4 °C 

(Scheme 90). Purification of adduct 171 proved to be difficult, due in p a rt to 

the rap id ity  w ith  w hich it decomposed a t w arm  tem peratures. However, 

careful preparative TLC of the crude product furnished 171 in  37% yield 

(~ 95% pure). Spectral data for 171 include a narrow  quintet a t 5 3.10 

(bridgehead protons), two symmetrical m ultiplets a t 8 2.79 and  8 2.53 for the 

diastereotopic protons of the cyclobutylidene ring, a sym m etrical m ultiplet a t 

8 1.90, three m ultiplets at 8 7.20-7.27, 8 7.31-7.38 and  8 7.90-8.00 (aromatic 

protons) in  the XH-NMR, 11 resonances in  the 13C-NMR, a w eak  absorption 

band at 1605 cm '1 in the IR for the stretching frequency of the C=C bond, and a 

m olecular ion peak (M+) of m/z 244 in the HRMS, consistent w ith  a 

m olecular form ula of C19H 16.

Irradiation of a pentane solution of 171 and cyclohexene was perform ed 

a t 254 run for 2 hours (Scheme 91). Capillary GC (T° program , T. = 80 °C, Tf =

200 °C) analysis of the irradiated solution indicated the presence of three 

m ajor com ponents, which were identified as 172 (rt 11.92 m in), 168 (rt 11.95 

m in), and  phenanthrene (135, rt 16.5 min). C hrom atography (Florisil,
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171

1Pentane 
35 °C, 2 h

1,2-shift

1 6 3

1 3

o

[2 + 2 ]

1 6  8 1 7 2

Schem e 91

pentane) afforded a 1.2:1.0 m ixture of isomers 168 and 172 as colorless liquids 

in 66% isolated yield. The presence of the [2 + 2] cycloadduct 168 was 

confirm ed by comparison of its 1H-NM R, 13C-NMR, and MS spectral da ta  to 

the literature values.376 1H-NM R/ 13C-NMR spectral data for the other 

isom eric component 172 w as obtained by subtraction of chem ical shifts from  

the know n spectral data of tricyclic 168 and the structure w as assigned by

spectral analysis. The 1H-NM R of 172 shows an  AB system  a t 5 5.69 (two
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vinyl protons in the cyclohexenyl-ring), a  sym m etrical m ultiplet a t 5 5.36 

(vinyl p ro ton  in  the cydopentenyl-ring), four well resolved m ultiplets at 

8 2.88-2.85,2.32-2.23,1.99-1.96, and  1.56-1.49. The 13C-NMR exhibits eleven 

lines (C symmetry) at 8148.3,130.1,127.3,123.5,37.5,33.7, 32.5,28.1,25.4,23.6,

21.2. The DEPT 135 displays ten lines, consistent w ith three CH (sp2 carbons), 

a  CH  (sp3 carbon) and six methylenes (CH^, sp3 carbons). GCMS (El) analysis

of 172 gives m/z = 148 for the m olecular ion  peak (M+), consistent w ith  a 

m olecular form ula of Cn H 16. These data securely characterize the structure

of isom er 172.

These results suggest a clean photogeneration of carbene 163 from  

precursor 171. Cydobutylidenecarbene (163) rearranges readily to 

cydopentyne (13) which undergoes a [2 + 2] cydoaddition with cyclohexene to 

give the know n tricyclic 168. These observations are in  agreem ent w ith  a low 

calculated activation barrier of 4.07 kcal/m ol for the carbene-cydoalkyne

:iqrearrangem ent.

A m ajor second product from photolysis of 171 is isomer 172. This 

isom eric com ponent isolated m ight result from  a concerted, "ene reaction" 

betw een cydopentyne and cyclohexene (Scheme 92). Levin31b has po in ted  out 

the absence of an  ene com ponent in previous reported reactions of 

cydopentyne. This absence was explained in  terms of an  increased biradical 

character of 13, and inversion of the HOMO-LUMO ordering  such th a t the
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antisym m etric A com bination (Figure 20a) is located a t a lower energy than  

the sym m etric S w ave function (Figure 20b), precluding a concerted, 

sup rafada l ene reaction from  taking place. However, this description of 

cydopentyne is inconsistent w ith MCSCF calculations carried o u t in 

our ow n group.

H ene reaction
concerted

1 72

A

H biradica^
stepwise

Scheme 92

An alternative and m ore likely m echanism  for the form ation of 

isom er 172 is a stepwise biradical process (Scheme 92). Stepwise addition 

gives a diradical w hich can undergo intram olecular disproportionation. The
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Figure 20. Proposed antisym m etric/ sym m etric cydopentyne w ave functions

biradical process w ould be a h igher energy pathw ay since form ation of a vinyl 

radical is involved, b u t m ay account for form ation of both  isomers. 

G ilbert37d,168c has proposed antarafadal partidpation  of cydopentyne in  a 

concerted cydoaddition for form ation of the [2 + 2] cydoadducts of 

cydopentyne w ith olefins.

It w ould dearly  be of interest to better understand the structure- 

reactivity relationship of this novel strained hydrocarbon. Only fu rther 

mechanistic studies will e luddate  the origin of 172. Also, it will be necessary 

to carried ou t in our laboratory Fitjer's cydopentyne synthesis,376 before 

reaching any final conclusion about the reactivity of cydopentyne. A n 

independent synthesis of com pound 172 is also highly desirable.

Com parison of the calibrated response (2,7-dim ethylnaphthalene added 

as internal standard) for phenanthrene in  the irradiated  solution versus the 

calibrated response for phenanthrene in a freshly prepared  standard  solution, 

indicated nearly  quantitative form ation of phenanthrene (95.5%), w hich
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supports a clean photodecom position of p recursor 171 to generate 

cydobutylidenecarbene (163).

Synthesis of a Cvclopentylidenecarbene Precursor (178) and 

Photogeneration of a C ^V inylidene.

The next target in the series C5~C? w as cydopentlylidenecarbene (164). 

Carbene 164 has been previously reported  in  several experim ental studies.

Br f-BuO‘K+

1 73

heat

Br Li, THF 

Br

1 6 4

•»))

1]

1 7 5

1 7 4

Schem e 93

In 1965 W olinsky and  co-workers reported form ation of 164, w hen 

brom om ethylenecyclopentane (173) w as heated  w ith strong base (Scheme 

93).171 The [2 + 1] cydoaddition product 175 w as isolated. Brinker p repared  

164 by  ultrasonication of 174 w ith  lithium  (Scheme 93).169 To date, no 

literature reports concerning photochem ical generation or kinetic studies of 

164 have appeared.

W e envisioned photogeneration of cydopentylidenecarbene (164) from  

precursor 178 (Scheme 94). Preparation of 178 w as accomplished following a
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sim ilar protocol for form ation of 171. L ithium -halogen exchange betw een 

dicholoro adduct 153 and  n-butyllithium  yields carbenoid 154 w hich was 

quenched w ith  cyclopentanone to give ch lorohydrin  176 in 53% yield after 

rad ial chrom atography. Deprotonation of 176 w ith  pyridine followed by 

add ition  of TMSC1 furnished TMS-ether 177 as a w hite solid in 62% yield 

(Scheme 94).

(OLc,
u

1 5 3

O

.OH OTMS

TMSQ

1 76 1 7 7

tert -BuLi ------------------
THF/pentane 
-95 to -4 °C

1 7 8
Schem e 94
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Reaction of ferf-butyllithium 170 w ith  substrate 177 in a liquid nitrogen 

cooled m ixture of T H F/pentane, and slow w arm ing to -4 °C gave alkene 178 

in  30% yield after preparative TLC purification (silica gel, hexane) (Scheme 

94). Spectral data for 178 include a narrow  quin tet at 8 3.07 (bridgehead 

protons), tw o pairs of diasterotopic protons w hich appear as symmetrical 

m ultiplets a t 8 2.45, 2.10,1.62 an d  1.53, three m ultiplets at 8 7.20-7.27, 8 7.31- 

7.38 and  8 7.90-8.00 (aromatic protons) in the 1H-NM R spectrum , a weak 

absorption band  at 1601 cm '1 in  the IR for the stretching frequency of the C=C 

bond, and a m olecular ion peak  (M+) of m/z = 258 in the m ass spectrum , 

consistent w ith  a molecular form ula of C2QH lg.

C ontinuing our photochem istry studies on  interconversion of 

cydoalkylidenecarbenes to cyloalkynes, a  pen tane/cydohexene solution of 178 

w as irradiated a t 254 run for 2 hours (Scheme 95). The reaction was 

m onitored by  TLC. Capillary GC (T° program , T. = 120 °C, Tf = 200 °C) analysis

of the irrad iated  solution indicated the presence of two major components; 

these were identified as 7-cydopentylidenebicydo[4.1.0]heptane (175, rt 5.8 

m in), and  phenanthrene (135, r t  14.3 min). Com parison of the calibrated 

response (2,7-dim ethylnaphthalene added as internal standard) for 

phenanthrene in  the irradiated solution versus the  calibrated response for 

phenanthrene in  a freshly p repared  solution, indicated that phenanthrene 

(135) had  been form ed in 94% yield. A dduct 175 was obtained in 62% isolated
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yield as a colorless liquid after chrom atography (Florisil, pentane). Spectral 

data for 175 include four m ultiplets a t 5 2.35-2.28 (allyiic protons), 1.73-1.60,

1.55-1.50 (bridgehead protons) and  a t 5 1.22-1.15 in the 1H-NMR, seven lines 

in the 13C-NMR, a molecular ion peak  (M+) of mfz = 162 and  a base peak  at 

m/z = 91. Spectral data w ere com pared w ith  Brinker's reported values.169

The results of photolysis of 178 (Scheme 95) are in good agreem ent 

w ith expectations based on the calculated activation barrier for 1,2-shift (Table 

8). Substrate 178 undergoes photocydoelim ination [3—>2 + 1] to give 

phenanthrene (135) and carbene 164. Due to a relative high activation barrier
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164 does no t readily rearrange to the strained cylohexyne (14), b u t  is trapped 

instead w ith  cydohexene in a  [2 + 1] cydoaddition to give the know n adduct 

175. The relative rate of this rearrangem ent also agrees w ith  prev ious 

experim ental observation. '

A lthough the predicted total strain energy for cydohexyne is less than  

that for cydopentyne (41 vs 74 kcal/m ol), and the calculated exo therm id ty  of 

the carbene-cydohexyne transform ation is roughly twice as m uch  as that for 

carbene-cylopentyne rearrangem ent, the optim ized geom etry of 1439 show s a 

shorter triple bond (1.231 vs 1.252 A) which m ay contribute to its higher 

rearrangem ent barrier. H ow ever, there m ay be other less obvious factors that 

increase the activation energy for 1,2-shift.

Synthesis of a Cvclohexylidenecarbene Precursor (178) an d  

Photogeneration of a C-.Vinvlidene.

Stang and co-worker reported  a series of unsaturated carbenes from 

prim ary  vinyl triflates some years ago.172 Am ong the vinylidenes, 

cydohexylidienecarbene (180) w as prepared from triflate 179 (Scheme 96). 

Products resulting from  nudeoph ilic  attack of ferf-butoxide on  180, and  the 

[2 + 1] cydoaduct w ith cydohexene 181 were isolated. Recently, Brinker 

reported  generation of 180 by  ultrasonicated reaction of 182 w ith  lithium  w ire 

(Scheme 96).169
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To complete our system atic study  on. the cycloalkylidencarbene- 

cyclohexyne rearrangem ent, p recursor 185 was prepared (Scheme 97). 

Substrate 185 was view ed as a potential photolytic source of 180. The first step 

in  the synthesis as in  all the o ther precursor preparations, involved Hthium- 

halogen exchange betw een dichloroadduct 153 and n-butyllithium  to form  

carbenoid 154. Kinetic quenching of 154 w ith cyclohexanone gave 

chlorohydrin 183 in 33% yield after radial chromatography. D issolution of 

183 in pyridine and subsequent add ition  of TMSC1 furnished TM S-ether 184 

as a  w hite solid in 41% yield (Scheme 97).

ferf-Butyllithium induced 1,2-elimination of TMSOLi on 184 in  a 

m ixture TH F/pentane at -95 °C, an d  slow warming to -4 °C gave 185 as an off 

w hite solid in 55% yield (~ 92% pure) after preparative TLC. The XH -N M R  

spectrum  of 185 shows a broad singlet a t 5 3.14 (bridgehead protons), tw o 

sym m etrical m ultiplets a t 5 2.21 an d  5 1.99, a m utiplet at 5 1.66-1.24, three
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m ultiplets for the aromatic protons at 8 8.01-7.97, 7.46-7.39 and  7.29-7.23. The 

IR spectrum  displays absorption bands at 2933, 2849 and at 1601 cm*1. The 

HRMS gives a paren t m olecular ion (M+ ) of m/z = 272, consistent w ith  a 

m olecular form ula C21H 2Q.
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Photolysis of a N 2 saturated pen tane/cydohexene solution of 185 was

carried ou t at 254 run for two hours (Scheme 98). Capillary GC (T° program , 

Tj = 30 °C, Tf = 200 °C) analysis of the irradiated solution indicated the

presence of phenanthrene (135, r t  18.6 min) as the only m ajor com ponent in 

the photolyzed mixture. How ever, the crude p roduct w as carefully 

concentrated under reduced pressure, and chrom atographed on florisil (1 x 20 

cm, pentane). GC (isotherm al, 120 °C) analysis of the isolated colorless liquid 

indicated the presence o f 7-cyclohexylidenebicyclo[4.1.0]heptane (181, r t 8.7 

min). The 1H-NMR spectrum  for the bicyclic com pound 181 show s three

pentane 
35 °C, 2 h

1,2-shift

1 5

Schem e 98
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unsymmetrical m ultiplets a t 5 2.22,1.75-1.19 and 0.91-0.85. The GCMS gives a 

molecular ion peak (M+) of m/z =179 w ith a relative intensity of 32%. 

Spectral data were com pared to those reported by Stang.172 The isolated yield 

for 181, and  that calculated for phenanthrene from  the  calibrated GC response 

analysis were 58% and  99%, respectively.

The results obtained  in this experim ent are consistent w ith  the 

simplified mechanistic rationale presented in Scheme 98. Substrate 185 

undergoes a clean photoextrusion  to give phenanthrene (135) and  

cyclohexylidenecarbene (180). Carbene 180 does no t readily  undergo 1,2-shift 

to yield the strained cycloheptyne (15). Thus, the lifetim e of 180 is determ ined 

by  its [2 + 1] cycloaddition w ith  cydohexene, which gives adduct 181. These 

results are in agreem ent w ith  previous observations.169,173 The activation 

barrier for the interconversion of 181 to 15 has not yet been calculated. It will 

be of interest to estim ate this value, and compare it to the barriers for 

rearrangem ent of the C4 to C6 series.

A ttem pted Synthesis of Cvclopropvlidene Precursors 

In the course of our synthetic work on  potential carbene precursors 

from phenanthrene, w e investigated the preparation  of cydopropylidene 

precursors. The ultim ate goal of synthesizing these precursors w as to 

photochemical generate cydopropylidenes, another type of carbene whose
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absolute kinetics have never been m easured (Scheme 99).

hv

Schem e 99

The reaction of gem -dihalocyclopropanes w ith  alkyllithium  provides 

access to allenes (Doering-M oore-Skatebol m ethod).54 When this reaction is 

carried ou t in  the presence of an alkene spirocydes can be form ed (Scheme 

100).173

Br

Br

RLi

Schem e 100

In p rin tip le , reaction of dichloro adduct 153 w ith  an alkyllithium  

reagent in the presence of alkenes could give spiro adducts. T reatm ent of 153

135
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w ith  2.5 equivalents of n-butyllithium  in d ry  ether a t -10 °C did  no t yield the 

expected spiro p roduct 186 (Scheme 101). M onoalkylated cyclopropane 187 

w as the major reaction product, as indicated b y  the chemical shifts observed 

in the 1H-NMR, 13C-NMR, and DEPT 135 spectra for the crude reaction

m ixture. The 1H-NM R spectrum  of 187 show s a doublet a t 5 2.36 w ith  a trans 

couple constant of 4.2 H z (bridgehead protons), a  m ultiplet a t 5 1.65-1.41, a 

triplet at 5 1.01, a high field m ultiplet for the m ethyne p ro ton  in the 

cyclopropyl ring at 5 0.31, two set of m ultiplets for the arom atic protons a t 5

8.04 and 7.50-7.21. Isolation of 187 was not carried out. Based on spectroscopic

.Cl
n-BuLi

Cl

1 5 3

1 8 7

Schem e 101
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analysis no evidence of spiropentane product 186 was present.

Kirchhoff attem pted  synthesis of 186 from  153 w ith  n-butyllitium  using 

different sets of reaction conditions. These trials w ere also unsuccessful.55

Based on the above result w e attem pted preparation  of 186 by  reaction 

of the dibrom ocarbene-phenanthrene adduct w ith  lithium  w ire in  refluxing 

ether for 24 hours. 1H-NM R of the crude m ixture indicated unreacted 

starting  m aterial.

The attem pts to p repare  cyclopropylidene precursors via lithium  

carbenoid w ere abandoned. This synthesis rem ains an im portant goal, bu t 

clearly requires a different synthetic approach.

C onclusions

The m ain objective of the presen t study has been to contribute to the 

developm ent of a general route to cleanly photogenerate carbenes. The 

present results suppo rt a previous conclusion th a t phenanthrene provides a 

sim ple platform  for "storing" carbenes. The adduct of dichlorocarbene to 

phenanthrene has been m odified to produce shelf-stable substances that serve 

as photochemical precursors to vinylcarbene, and  acyclic and  cyclic 

v inylidenes.

Evidence for the form ation of vinylcarbene is provided  by the efficient 

trapping  of cydopropene w ith  cyclopentadiene and diphenylisobenzofuran 

after low  tem perature photolysis of a  suitable cyclopropanated phenanthrene 

precursor.
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Photolysis of m ethylenecydopropanes provides evidence for d ean  

form ation of vinylidenes. Fragm entation of a Cg vinylidene leads to effident

form ation of 1-nonyne by 1,2-shift.

Previous calculations and  experim ents indicate that 

cydobuylidenecarbene will rearrange readily to cydopentyne. The present 

results suppo rt this and  provide the first photochem ical route to generate this 

novel strained  hydrocarbon. Interestingly, besides the know n [2 + 2] 

cycloaddition reaction of cydopentyne w ith  olefins, this strained cycloalkyne 

undergoes a m ajor second reaction w ith cydohexene w hich has no t been 

previously described. Only fu rther mechanistic studies will e ludda te  the 

origin of this unprecedented result.

Rearrangem ent of cydopentylidenecarbene and cydohexylidenecarbene 

is not observed, in  agreem ent w ith  previous calculations and  experiments. 

These carbenes are trapped in [2 + 1] cydoadditions w ith cydohexene.

Based on capillary GC calibrated response analysis, photochemical 

form ation of phenanthrene is h ighly  efficient.
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EXPERIMENTAL SECTION

General Experimental

In stru m en ta tio n :

1H N M R Spectra w ere recorded on a Bruker AM-360 FT-NMR spectrom eter 

operating a t 360.134 MHz. All spectra were m easured in CD C^ as solvent and

Me4Si as internal reference unless otherwise noted. Chemical shifts (8) are

reported in parts per million (ppm) relative to Me4Si and coupling constants 

(J values) are in hertz (Hz).

13C NM R Spectra were recorded on a Bruker AM-360 FT-NMR spectrom eter 

operating at 90.556 MHz. All spectra were m easured in CDC13 as solvent and

M e,Si as internal reference unless otherwise noted. Chemical shifts (8) are

reported in parts per m illion (ppm) relative to Me4Si and coupling constants 

(J values) are in hertz (Hz).

31P NM R Spectra were recorded on a Jeol FX-90Q FT-NMR spectrom eter 

operating at 90.556 MHz. All spectra were m easured in CDC13 as solvent and

Me4Si as internal reference unless otherwise noted. Chemical shifts (8) are 

reported in parts per m illion (ppm) relative to Me4Si and  coupling constants 

(J values) are in hertz (Hz).

M elting Points (mp) were recorded on a Thomas H oover capillary
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m elting point apparatus and are uncorrected.

Infrared  Spectra (IR) were recorded on a Nicolet MX-1 FT-IR spectrom eter and 

a Perkin-Elmer 283 B grating spectrometer. Absorptions are reported in 

w avenum bers (cm '1), w ith  polystyrene (1601 cm '1) as the calibration peak. 

U ltraviolet Spectra (UV) were recorded on a  UV/Visible, Hewlett-Packard 

8543, Diode A rray spectrophotom eter.

H igh  R esolution M ass Spectra (HRMS) w ere obtained through the University 

of Califom ia-Riverside Mass Spectrom etry Facility.

Gas C hrom atography M ass Spectra (GCMS) were obtained through the 

U niversity of N ew  H am pshire Instrum entation Center on a Hewlett-Packard 

5988A G C/M S quadropolar spectrom eter equipped w ith a 25 m eter 

crosslinked m ethyl silicone capillary column. Electron im pact (El) mass 

spectra were obtained w ith  an ionization voltage of 70 eV. Chemical 

ionization (Cl) mass spectra w ere obtained w ith  m ethane as ionization gas. 

Analytical Gas C hrom atography (GC) was perform ed w ith a Hewlett-Packard 

5793A or 6890 instrum ent equipped with a flame ionization detector (FID), 

connected to a Hewlett-Packard 3395 integrator. A 25 m eter crosslinked 

m ethyl silicone capillary colum n was used.

Preparative Gas C hrom atography was perform ed w ith a Varian 920 

instrum ent equipped w ith  a therm al conductivity detector (TCD), connected 

to a Fisher Recordall 5000 chart recorder. The following colum ns were used:
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(A) 15% SE-30 20M on Supelcoport 80/100 m esh (10' x 1 /4 ' stainless steel) at 

specified tem peratures. (B) 15% Carbowax 20M on Chrom osorb W-HP 80/100 

m esh (10' x 1 /4 ' stainless steel) a t specified tem peratures.

M olecular M odeling was perform ed using Spartan  Version 4.01 on a Silicon 

G raphics Indigo or 0 2 w ork station.

Photochem ical Experim ents:

In all photochemical experiments, quartz tubes and  spectroquality solvents 

w ere used. All solutions w ere degassed w ith n itrogen  prior to irradiation. 

The light source was a Rayonet RPR-100 reactor fitted w ith  254 run lamps. 

Low tem perature experiments (Rayonet only) w ere perform ed by circulating 

coolant through coils imm ersed in  a quartz D ew ar vessel. The desired 

tem perature was controlled w ith a Lauda RC3 recirculating bath.

S o lv en ts :

n -Pentane, n-hexane and cylopentane used in  photochem ical experiments 

w ere spectroquality grade, purchased from  Fischer Scientific. The following 

chrom atographic solvents (Reagent/A CS grade) w ere obtained from Fischer 

Scientific or VWR Scientific and used  w ithout further purification: ethyl 

acetate, n-pentane, n-hexane, m ethanol and d iethyl ether. The following 

solvents used for experim entation w ere freshly distilled from  sodium  

benzophenone ketyl under a n itrogen atm osphere and  used immediately: 

benzene, diethyl ether (Et20 )  and tetrahydrofuran  (THF). A nhydrous

dim ethyl sulfoxide (DMSO) w as purchased from  Aldrich and  used w ithout
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further purification. A nhydrous m ethylene chloride (CH ^Cy w as d istilled

over phosphorous pentoxide prior to use. A nhydrous ethanol (EtOH) w as 

purchased from  Pharm aco and used w ithout further purification. C arbon 

tetrachloride (CC14) w as purchased from  J.T. Baker Chemical Co. w as used

w ithout further purification. Chloroform  (CHClg) was used as obtained from

Fisher Scientific. D iethylam ine, diisopropylam ine and pyridine w ere distilled  

from  potassium  hydroxide and  stored over 4A molecular sieves prio r to use. 

The following deu terated  solvents for NMR analysis were purchased from  

Cam bridge Isotope Laboratories and stored over 4A molecular sieves: 

chloroform -d (CDC13), benzene-d6 and tetrahydrofuran-dg.

Reagents:

All reagents purchased  were of sufficient quality and used as obtained from  

the following com panies: Aldrich, Lancaster, Fischer (Acros), Farchan and  

Alfa.

C olum n C hrom atography and A dsorbents:

Silica Gel: 60-200 m esh  Fischer Scientific or Davision Chemical silica gel w ere 

used  as obtained from  the company. 200-442 m esh Fischer Scientific "flash" 

silica gel w as used as obtained from the company. Where necessary, the silica 

gel was doped w ith Sylvania 2282 green phosphor to allow observation w ith  

ultraviolet light in quartz  chrom atography columns.

Preparative T h in  Layer C hrom atography (TLC): Silica gel (1 mm) preparative
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TLC plates were purchased from Analtech. Where necessary, these plates 

w ere oven dried for 24 h r prior to use.

A ltunina: 80-200 m esh Fischer Scientific alum ina adsorption w as used  as 

obtained from the company.

Florisil: 100-200 mesh Fischer Scientific w as used as obtained from  the 

com pany.

T h in  Layer Chrom atography (TLC) was perform ed using W hatm an polyester

plates coated with 250 pm  layer silica gel doped with phosphor. V isualization

w as accomplished through the use of ultraviolet light or an iodine vapor 

stain.

R adial C hrom atography was perform ed on  a Chrom atotron apparatus 

purchased from H arrison Research, under a nitrogen atm osphere. The rotors 

(1 mm, 2 m m  and 4 m m  thickness), precoated with gypsum  bound silica 

m ade by Analtech, were purchased from Alltech. W here necessary these 

rotors were oven dried for 24 hours prior to use. The typical chrom atography 

procedure was to dissolve the prepurified  sample in a m inim um  am ount of a 

po lar solvent and then to introduce the solution into a rotor (thickness given 

in following procedures) that had been completed w etted w ith a non  polar 

solvent. Once all the mixture had been introduced and the inlet rinsed w ith  a 

m inim um  am ount of solvent, the n itrogen  flow was increased betw een 1000 

and  1500 m L /m in  and the rotor w as completely dried for 1 to 2 hours. The 

nitrogen flow was then reduced back  to 15 m L/m in and the dried  m ixture
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elu ted  with a solvent com bination w hich provided the best separation  of the 

m ix ture 's components. V isualization was accomplished th rough  the  use of 

u ltraviolet light.

E xperim ental

Synthesis of 2- Bromo-3-chlorocycloocta-1.3-diene (29)

Enone 51 was prepared  according to the procedure of H ouse66 and 

brom inated in a sim ilar m anner to that described by Dipasquo.67 N eat 

brom oenone 54 (1.00 g, 4.95 mmol) was added dropwise to a  stirred  solution 

of PC15 (1.20 g, 5.87 mmol) in CC1468 (7 mL) at room  tem perature u n d e r an

atm osphere of nitrogen. After 48 h, the mixture was poured  over cracked ice 

and  extracted w ith ether (3 x 20 mL). The united organic extracts w ere w ashed 

w ith  5 % N aH C 03 (4 x 10 mL), brine (10 mL), and then dried  (M gS04).

Solvent was rem oved under reduced pressure, and the residue w as purified  

by  flash chrom atography (silica gel/hexane) to afford diene 64 (0.110 g, 0.5 

m m ol, 5.1%) as a colorless oil: XH  NMR (CDC13) 8 6.28 (dd, 1H, J = 8.5 Hz, A-

p a rt of an AB system), 6.03 (dd, 1H, J = 8.5 Hz, B part of an AB system), 2.38 - 

2.27 (m, 2H), 2.00 (symmetrical mult., 2 H), 1.75 (symmetrical m ult., 2H), 1.15

(symmetrical m ult., 2H); 13C NMR (CDC13) 8 173.6,132.9, 128.9,117.3, 29.4, 

28.1,22.7,22.5; DEPT 135 8 (CDC13) 137.6 (CH), 132.9 (CH), 29.4 (CH2), 28.1
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(C H y, 22.7 (CH y , 22.5 (CHy; MS: m/z 220 (M+); HRMS calc for CgH1()BrCl 

219.9654, found 219.9663.

1.23-Cyclooctatriene Adduct w ith D iphenvlisobenzofuran (651

To a three-necked, 15-ml, round  bottom ed flask, equ ipped  w ith  a 

m agnetic stirring  bar and condenser, w as a d d ed  m agnesium  turn ings 

(200 mg, 8.22 mmol) under nitrogen. The flask was dried  w ith  a heat gun  and  

allow ed to cool for 10 min; then it w as charged  w ith d iphenylisobenzofuran 

(200 mg, 0.74 mmol) and dry THF (1 mL). The surface of the m agnesium  

tu rn ing  w as activated by the addition o f 2 drops of ethylene brom ide. The 

reaction w as initiated by adding dropw ise a  solution of diene 64 (76.5 mg,

0.344 mmol) in THF ( 0.5 mL) via syringe. The resulting b row n reaction 

m ixture w as stirred rapidly, diluted w ith  m ore THF (4 mL), an d  w arm ed 

w ith  an oil bath  to 40 °C. Aliquots of the reaction m ixture (ca. 0.05 mL) w ere 

w ithdraw n a t appropriate times by syringe and  added it to a vial containing 

(ca. 0.2 mL) of brine. The ethereal phase containing all the unreacted diene 

w as filtered through a plug of glass wool, d ried  (MgS04) and  analyzed by  TLC

(3:2 hexane/C H ^C iy. After two hours the reaction w as quenched w ith  brine

(1 mL), extracted w ith ether (2 x 10 ml), d ried  (M gS04), filtered and

concentrated to give a bright yellow oil. Preparative TLC (silica gel, 3:2 

h e x a n e /C P ^ C y  Rf = 0.341) yielded 9,10-epoxy-9,10-dihydro-9,10-diphenyl-
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anthracene (65, 64.4 mg, 0.171 mmol, 49 %) as a pale yellow solid, m p 83 - 

85 °C. lH  NMR (CDC13) 8 5.65 ( t, 2H, J = 6.5 Hz, AA' p a rt of an

AA'MM 'NN'XX'YY' system), 2.22 ( sym m etrical m u lt, 4H, M M 'N N ' p a rt of 

AA'MM'NN'XX'YY’'), 1.60 - 1.63 (m, 4H  XX'YY' part of AA'MM 'NN'XX'YY'),

7.88 - 7.15 (m, 14H, aromatic protons); 13C NMR (CDC13) 8 147.3, 141.8,135.8,

128.3,128.0,127.6,126.4,123.8,119.4, 90.4, 27.2,24.7. HRMS m/z (M+) calc for 

C28H 24°  376.1827, found 376.1840.

Control E xperim en t: 1.2.3-Cyclooctatriene Adduct w ith 

Diphenvlisobenzofuran (65)

To a three-necked, 15-ml, round  bottom ed flask, equ ipped  w ith  a 

magnetic stirring bar and condenser, w as added m agnesium  tu rn ings (200 mg, 

8.22 mmol) under nitrogen. The flask w as dried w ith a heat g u n  and allowed 

to cool for 10 min. Dry THF (1 mL) w as added via syringe. The surface of the 

m agnesium  w as activated by the add ition  of 2 drops of ethylene brom ide at 

35 °C. The reaction was initiated by add ing  dropwise a solution of diene 

64 (91 m g, 0.409 mmol) in THF (0.5 mL). The resulting brow n reaction 

m ixture w as diluted with more THF (4 mL), and stirred rapid ly  a t room  

tem perature. After 20 min the reaction w as quenched w ith  brine  (1 mL); the 

organic layer was dried (MgS04), filtered and, added fast to a degassed solution

of diphenylisobenzofuran (200 mg, 8.22 mmol) in THF (1 mL) u n d er an
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atm osphere of nitrogen. After 1,5 h  of stirring at room  tem perature the 

solvent was removed under reduced pressure to give a m ixture of unreacted 

diene plus Diels Alder adduct 65 (9.8 mg, 0.02 m mol 15%) in  a ratio of 1:1.3, 

respectively. The ratio w as determ ined from the crude oil using  XH  NM R 

integration for the vinylic protons.

1.2.3-Cyclooctatriene A dduct w ith 25-Dim ethvlfuran 166)

To a three-necked, 15-ml, round bottomed flask, equ ipped  w ith  a 

m agnetic stirring bar and  condenser, was added m agnesium  turnings (250 mg, 

10.28 mmol) under nitrogen. The flask was dried w ith a heat gun and 

allow ed to cool for 10 m in; then it was charged w ith 2,5 dim ethylfuran 

0.147 g, 1.53 mmol) and d ry  THF (1 mL). The surface of the m agnesium  was 

activated by the addition of 2 drops of ethylene brom ide. The reaction w as 

initiated by adding dropw ise a solution of diene 64 (149 m g, 0.677 mmol) in 

THF (0.5 mL) via syringe. The resulting brown reaction m ixture 

w as stirred rapidly, dilu ted w ith m ore THF (4 mL), and w arm ed w ith  an  oil 

ba th  to 40 °C. Aliquots of the reaction mixture {ca. 0.05 mL) w ere w ithdraw n 

at appropriate times by syringe and added it to a vial containing {ca. 0.2 mL) 

of brine. The ethereal phase containing all the unreacted diene w as filtered 

through a plug of glass wool, dried (M gS04) and analyzed by  TLC (3:2

hexane /C H 2C12). After tw o hours the reaction was quenched w ith  brine

(1 mL), extracted with ether (2 x 10 ml) and dried (M gS04). Solvent w as
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rem oved under reduced pressure, and the organic residue w as purified  by 

flash chrom atography (silica gel, 5 % diethyl e ther/hexane , Rf = 0.117) to yield

adduct 66  (19.2 mg, 0.094 mmol, 14%) as a yellow viscous liquid: 1H  NMR 

(CDC13) 5 6.12 (s, 2H), 5.53 ( t, 2H, J = 6.3 Hz, AA' part of an

AA'MM'NN'XX'YY' system), 2.29 (symmetrical m ult., 4H, M M 'N N ' p a rt of 

AA'MM'NN'XX'YY'), 1.69 (symmetrical mult., 4H, XX'YY' p a rt of

AA'MM'NN'XX'YY'), 1.60 (s, 6 H, m ethy p ro tons); 13C NM R (CDCy 5 142.8,

139.0,120.1,87.8,26.8,25.5,16.0; DEPT 135 5 (CDCy 139.0 (CH),120 .1  (CH), 26.8 

(CH2), 25.5 (CR,), 16.0 (CH3); HRMS (Cl, m/z M +) calc for C14H lgO 203.1435, 

found 203.1431

Synthesis of 2-Bromo-3-chlorocyclohepta-1.3-diene (77): l-Chloro-2- 

bromocyclohepta-1.3-diene (80)

2-Bromocyclohepten-l-one (76) was prepared according to the 

procedure of Garbisch .72 To an equimolar m ixture of PC15 (545 m g, 2.65

mmol) and  POCl3 (408 m g, 2.65 mmol) in 10 mL of CH ^C^ a t 0 °C w as added

dropw ise brom oenone 76 (0.5 g, 2.65 mmol). The m ixture w as stirred  for 48 h 

a t room  tem perature. After this time the brow n m ixture w as recooled to 0 °C 

and added  slow  to a 10 mL of saturated solution of N aH C 0 3 and  extracted

w ith  ether (2 x 15 mL). The extracts were washed w ith  w ater (10 mL), brine
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(10 mL), dried (MgS04) an d  concentrated to give a yellow  oil (654 mg). 1H

NMR of the crude indicated 64% conversion to three m ajor p roducts 

(1:2.1:3.6) characterized as 77, 78,79. D ehydrochlorination w ith  33% NaOH, 

under phase transfer catalyst (PTC, n-hexadecyltrim ethy lam m onium  

bromide) in C ty C ^  at 40 °C for 3 days afforded 1:1.2 m ixture of isom ers 77

and 80 (120 m g, 0.682 m m ol, 22%) as clear oils after preparative  GC

purification (column B, 115 °C). (77): 1H  NMR (CDC13) 8 6.66 (t, 1H, J = 7.3 Hz),

6.44 (t, 1H, J = 7.3 Hz) 2.29 2.09 (unsymmetrical m ult., 6H); 13C NM R (CDC13) 8

138.5,133.6,130.3,118.8,36.0,27.5,26.2; DEPT 135 8 (CDC13) 138.5 (CH), 133.6

(CH), 36.0 (CH ), 27.5 (C H J , 26.2 (CH J; UV (Hexane) X 212 nm  (e 3633), 2432 z  z max

nm  (e 5924); HRMS (El, m /z  M+) calc for C jy B rC l 205.9497, found  205.9497. 

(80): XH  NMR (CDC1J 8 6.11 (bd, 1H, J = 11.6 H z ), 5.93 (dt, 1H, J = 11.7,5.6 Hz),

2.69 (dd, 2H, J = 5.8 Hz), 2.27 (m, apparent q, 2H), 2.04 (m, 2H); 13C NMR 

(CDC13) 8 136.5,134.6,129.8, 116.8,38.4,29.1, 28.8; MS: m/z 206 (M+).

1.2.3-Cvcloheptatriene A d d u c t with D iphenvlisobenzofuran ('81')

To a three-necked, 15-ml, roimd bottom ed flask, equ ipped  w ith  a 

m agnetic stirring bar an d  condenser, was added m agnesium  turn ings (61 mg,

2.5 mmol) under nitrogen. The flask was dried  w ith  a heat gun  and  allowed
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to cool for 10 min; then it w as charged w ith diphenylisobenzofuran 

(35 mg, 0.13 mmol) and  d ry  THF (1 mL). The surface of the m agnesium  was 

activated by the addition of 2 drops of ethylene bromide. The reaction was 

initiated by adding dropw ise a solution of diene 77 (10 m g, 0.05 mmol) in THF 

(0.5 mL) via syringe. The resulting brown reaction m ixture was stirred 

rapidly, diluted w ith m ore THF (4 mL), and warm ed w ith  an oil bath  to 40 °C. 

Aliquots of the reaction m ixture (ca. 0.05 mL) were w ithdraw n a t appropriate 

times by syringe and added it to a vial containing (ca. 0.2 mL) of brine. The 

ethereal phase containing all the unreacted diene was filtered th rough  a p lug  

of glass wool, dried (M gS04) and analyzed by TLC (3:2 hexane/ CH2C12). After

two hours, the reaction w as quenched with brine (1 mL), extracted w ith  ether 

(2 x 10 ml), dried (M gS04), filtered and concentrated to give a bright yellow

solid. Preparative TLC (silica gel, 3:2 h e x a n e /C fy c y  Rf = 0.321) yielded 1,9-

epoxy-9,10-dihydro-9,10-diphenyl-anthracene (81, 7 mg, 0.019 mmol, 44 %) as a 

bright yellow solid. !H  NM R (CDCy 5 5.86 (t, 2H, J = 4.4 H z, AA' part of an

AA'MM'NN'XY system), 2.22 (symmetrical m ult., 4H, M M 'N N ' p a rt of 

AA'MM'NN'XY), 1.73 (symmetrical mult., 2H, XY part of AA'MM'NN'XY),

7.15 - 7.87 (m, 14H, aromatic protons); 13C NMR (CDC13) 8 147.0,140.0, 136.0,

128.2,127.7,126.9,126.5,124.3,119.5,89.5, 30.7,24.3. Chemical shifts were 

com pared w ith the literature values.56

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



l-Cyclohepten-3-vne A dduct w ith Diphenylisobenzofuran f841

To a three-necked, 15-ml, round bottom ed flask, equ ipped  w ith  a 

magnetic stirring bar and  condenser, was added m agnesium  turn ings (61 mg,

2.5 mmol) under nitrogen. The flask was dried w ith a heat g u n  and  allowed 

to cool for 10 min; then it w as charged w ith diphenylisobenzofuran 

(35 mg, 0.13 mmol) and  d ry  THF (1 mL). The surface of the  m agnesium  was 

activated by  the addition of 2 drops of ethylene bromide. The reaction was 

initiated by adding  dropw ise a solution of diene 80 (7 mg, 0.03 mmol) in THF 

(0.5 mL) via syringe. The resulting brown reaction m ixture w as stirred 

rapidly, diluted w ith m ore THF (4 mL) and w arm ed w ith an  oil bath  to 

40 °C. Aliquots of the reaction m ixture {ca. 0.05 mL) were w ithd raw n  at 

appropriate times by syringe and  added it to a vial containing {ca. 0.2 mL) of 

brine. The ethereal phase containing all the unreacted diene w as filtered 

through a plug of glass wool, dried (MgS04) and analyzed by  TLC ( 3:2

hexane/C H 2C12). After tw o hours the reaction was quenched w ith  brine

(1 mL), extracted w ith ether (2 x 10 ml), dried (M gS04), filtered and

concentrated to give a b right yellow solid. Preparative TLC (silica gel, 3:2 

h e x a n e /C ^ C ^ , Rf = 0.321) yielded l,9-epoxy-9,10-dihydro-9,10-diphenyl-

anthracene (84, 3 mg, 0.008 mmol, 24 %) as a bright yellow oil. XH  NM R

(CDC13) 5 5.95 (brd, 1H, J = 11.2 Hz), 5.75 (dt, 1H, J = 11.2,5.6 Hz), 2.30

(m, 4H), 1.67 (symmetrical m ult., 2H), 7.00 - 7.85 (m, 14H, arom atic protons);
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13C NMR (CDC13) 5 154.3,151.4,151.1,145.9,135.6,135.4,134.2,128.6,128.5,

128.2,128.1,127.1,125.1,124.9,120.7,120.0,119.7,93.1,92.2,30.6,30.5,23.9; UV 

(hexane) A. 240 nm  (e6327), 207 nm  (e3091), 296 nm  (e2292); HRMS (FAB,
D13X

m/z MH+) calc for C ^ H ^ O  363.1748, found 363.1759.

A ttem pted Synthesis of 5.5-Dimethyl-1.2.3-cyclopentatriene 

Route 1: Synthesis of 5,5-Dim ethyl-2-trifluorom ethanesulfonyl-3- 

trim ethylsilyl-1.3-cvclopentadiene (881 and Reaction w ith  C esium  Fluoride 

Lithium diisopropylam ide (LDA) was prepared  by the add ition  of n- 

butyllithium  (1.2 ml of a 2.46M /hexane solution, 2.95 mmol) to  

diisopropylam ine (0.24 mL, 1.72 mmol) in dry  THF (10 mL) a n d  HM PA (1 mL) 

at -78 °C. 2-Trimethylsilyl-5,5-dimethyl-2-cyclopenten-l-one83 (86, 0.3 g, 1.65 

mmol) in THF (2 mL) w as then  added slowly, and the resulting  yellow  

solution was stirred  for 2 h  a t -78 °C. N-Phenyl trifluorom ethanesulfonim ide 

(0.64 g, 1.85 mmol) in THF (4 ml) was added dropw ise and the m ixture w as 

w arm ed to 0 °C and m aintained for an additional 3 h. After fu rther w arm ing 

to room tem perature, the resulting  orange solution w as stirred  overnight.

The m ixture w as poured  into w ater (50 mL) and extracted w ith  e ther (3 x 30 

mL). The aqueous and  organic layer were separated, and  the organic layer w as 

washed w ith  w ater (10 mL), dried  (M gS04), filtered, and  concentrated to yield

an  orange oil. Purification b y  chrom atography (silica gel, hexane, Rf = 0.88)
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yielded 88 (188 mg, 0.6 m mol, 72.5%) as a clear oil: *H NMR (CDC13) 8 6.46

(d ,lH , J = 2.5 Hz), 6.02 (d, 1H, J = 2.5 Hz), 1.21 (s, 6H), 0.20 (s, 9H); 13C NMR 

(CDC13) 8 158.4,150.1,136.9,126.5,118.6 (q), 51.9,21.9, -1.47; MS (El) m/z 314

(M+). Chemical shifts w ere com pared to Andro's results.83

Diene 88 (60 mg, 0.19 mmol) was added to d ry  DMSO (2 mL) containing 

CsF (76.5 mg, 0.50 mmol) and DPIBF (51 mg, 0.19 mmol) m aintained at room  

tem perature. The m ixture w as stirred overnight and  quenched by the 

dropw ise addition of w ater (10 mL). The resulting solution w as extracted 

w ith  ether (3 x 10 mL) and  the combined ether extracts were w ashed w ith 

w ater ( 4 x 5  mL), dried (M gS04), filtered and concentrated to give a yellow

solid. TLC (silica gel, 3:2 h e x an e /C F ^ C y  and XH  NMR analysis of the crude

product indicated that no  reaction had taken place.

Similar reactions w ere conducted at 30 °C, and  50 °C. lH  NMR analysis 

of the crude m aterial indicated that 88 had  been com pletely consum ed. 

How ever, there were no  vinyl resonances which w ould  indicate form ation of 

a cycloaddition product.

Route 2: Synthesis of 2-Bromo-3-chloro-5.5-dimethyl-1.3-cylopentadiene (901 

and Reaction w ith  Metals

Bromoenone 91 w as prepared  according to the procedure employed by 

A ndro .83 To a suspension of PC15 (690 mg, 3.3 mmol) in CC14 (10 mL) a t 0 °C
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under n itrogen was added bromoenone 91 (0.5 g, 2.6 mmol) in CC14 (5 mL).

After stirring  a t 0 °C for 48 h the solvent was rem oved under reduced 

pressure and  the residue was poured on ice and  extracted w ith  ether (3 x 15 

mL). The extracts were washed w ith 5 % Na2C 0 3 (3 x 10 mL) water (10 mL),

brine (10 mL), dried  (M gS04) and concentrated to give a yellow oil (480 mg).

Capillary GC (110 °C) analysis indicated the presence of 90 (84.9 %, rt 7.4 min), 

and  the gem inal dicloride (15.0 %, rt 15.4 min). Purification by 

chrom atography (silica gel, hexane, Rf = 0.83) gave 90 (360 mg, 1.74 mmol,

67%) as a pale yellow oil: lH  NMR (CDCy 8 6.40 (d, 1H, J = 2.8 Hz), 6.18 (d, 

1H, J = 2.8 Hz), 1.20 (s, 6H); 13C NMR (CDCy 8 145.6,140.3,130.1,117.8,52.2,

21.9; MS (El) m/z (rel inten) 206 (3.1, M+), 208 (4.6, M ++ 2), 210 (1.5, M + + 4), 

193 (0.20), 127 (36), 112 (16), 92 (15), 91 (100), 77 (11), 51 (18), 39 (13), 36 (0.38), 15 

(4.7).

Reaction of 90 w ith  Magnesium

To a three-necked, 15-ml, round bottom ed flask, equipped w ith a 

m agnetic stirring bar and  condenser, was added m agnesium  turnings (140 mg, 

5.76 mmol) w hich w ere mechanical activated for 24 h, under nitrogen. The 

flask w as heated w ith a heat gun and allowed to cool for 10 min; dry THF 

(1 mL) w as added  via syringe to cover the m agnesium  surface followed by 

addition  of diphenylisobenzofuran (200 mg, 0.74 m m ol), reaction was
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w arm ed to 40 °C. Diene 90 (139 mg, 0.67 mmol) in  THF ( 0.5 mL) was slowly 

added  via syringe. The resulting brow n reaction m ixture was stirred rapidly, 

d ilu ted  w ith  more THF (2 mL), and refluxed. A liquots of the reaction 

m ixture (ca. 0.05 mL) were w ithdraw n a t appropriate times by syringe and 

added  it to a vial containing (ca. 0.2 mL) of brine. The ethereal phase was 

filtered through a p lug of glass wool, dried (M gS04) and analyzed by TLC ( 3:2

hexane / CH 2C12). TLC analysis indicated the presence of three com ponents

w ith  Rf values of 0.89, 0.70 and  DPIBF (Rf = 0.68). After two hours the

reaction w as quenched w ith  brine (1 mL), extracted w ith  ether (2 x 10 ml), 

dried  (M gS04), filtered and  concentrated to give a  m ixture of dim er 93 and

diene 94 in  a ratio of 1:1.4, respectively. The ratio w as determ ined from the 

crude solid using XH  NMR (CDC13) integration for the vinylic protons. (93):

lH  NM R (CDC13) 8 6.57 (d, 2H, J = 2.5 Hz), 6.20 (d, 2H, J = 2.5 Hz), 1.21 (s, 12H); 

DEPT 135 (CDC13) 8 145.0 (CH), 141.0 (CH), 22.3 (CH3); MS (El) m/z 254 (M+), 

256 (M++ 2), 256 (M++ 4). (94): lH  NMR (CDCy 8 6.24 (dd, 1H, J = 5.3,2.5 Hz),

6.07 (dd, 1H, J = 2.5,1.5 Hz), 6.02 (dd, 1H, J = 5.3,1.5 Hz), 1.18 (s, 6H). Based on 

TLC, *H NMR and GCMS analysis, no evidence for a  trapped adduct was 

observed.

In other experiments, the reaction m ixture w as diluted w ith d ry  THF, 

and the tem perature raised to 65 °C, however, diene 94 was the major
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product.

Reaction of 90 w ith Rieke M agnesium 88

Lithium  rod (224 mg, 33 mmol), anhydrous M gC ^ (1.57 g, 16.5 m m ol),

and  naphthalene were placed in  a three-necked round-bottom ed flask 

equipped w ith a magnetic stirring bar, condenser and vacuum  pum p adaptor. 

The system  w as purged  by pum ping it for 5 m in to ensure 0 2 free

atm osphere. THF (10 mL) was added  and  the green solution w as stirred  a t 

room  tem perature. After 24 h  the m agnesium  appeared as a d a rk  gray 

pow der w hich slowly settled w hen stirring  w as stopped. Solvent w as 

rem oved and freshly distilled THF (10 mL) w as added via syringe. A  degassed 

solution of DPIBF (270 mg, 1.0 mmol) in  THF (3 mL) was added  and  m ixture 

w as w arm ed to 35 °C. Diene 90 (180 m g, 0.9 mmol) in THF (0.5 mL) was 

slowly added  which reacted instantly (gas evolution and a developm ent of a 

red brow n color). After stirring a t 35 °C for 2 h, the reaction w as quenched 

w ith  brine (5 mL), extracted w ith ether (2 x 15 ml), dried (MgS04), filtered and

concentrated to give a dark  solid residue. TLC analysis (silica gel, 3:2 

h e x a n e /C f^ C y  show ed only DPIBF (Rf = 0.68). TH  NMR of the crude

m aterial show ed no vinyl peaks.

In other experiments, the reaction tem perature w as varied to 0 °C and  

25 °C, however, diene 90 was found to be unreactive under these reaction 

tem peratures.
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Reaction of 90 with NifOI

A solution of EtMgBr (1.2 mL, 1.2 mmol, 1 M /THF) w as added  to a 

solution of diene 90 (128 mg, 0.62 m m ol), nickel l,4-bis(diphenylphosphino) 

ethane dichloride (n id p p eC y  10 m g, 2xl0 ' 5 mol), fur an  (1 mL) and THF (0.5

mL) a t room  temperature. The o range reaction mixture w as stirred for 1 h, 

quenched w ith brine (10 mL), organic layer dried (MgS04), filtered and

concentrated to give a yellow oil (71 m g) by  capillary GC (110 °C) to contain  a 

m ixture of 96 (56%, rt 5.1 min) and 97 (56%, rt 5.2 min). Pure sam ples of 96 

and  97 w ere not isolated due to the instability  of these com pounds, b u t their 

structures were assigned by spectral analysis obtained from the crude m ixture. 

(96): lH  NMR (CDCy 5 6.09 (d, 1H , J = 2.6 Hz), 5.86 (dt, 1H, J = 2.6,1.7 Hz), 2.24

(qd, 2H, J = 7.4,1.7 Hz), 1.11 (t, 3H, J = 7.4 Hz), 1.15 (s, 6H); MS (El) m/z 156 

(M+), 158 (M+ + 2). (97): lH  NMR (CDCy 5 5.78 (t, 2H, J = 1.2 Hz), 2.18 (qd, 4H,

J = 7.0,1.2 Hz), 1.11 (t, 6H, J = 7.0 Hz), 1.15 (s, 6H); MS (El) m/z 150 (M+).

In other experiments, different trapp ing  reagents were used; how ever, 

this d id  no t alter the above results.

Reaction of 90 w ith n-B utyllithium

To a solution of diene 90 (100 m g, 0.48 mmol), DPIBF (270 mg, 1.0 

m mol) and  THF (5 mL) was added  d ropw ise  rc-butyllithium (0.6 mL, 0.96 

m m ol of a 1.6 M hexane solution) a t -78 °C. The reaction m ixture tu rned
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bright yellow. After stirring for 45 m in a t -78 °C, the reaction w as allow ed to 

w arm  to room tem perature and  w as then quenched w ith  w ater (5 mL), 

extracted with ether ( 2 x 10 ml), dried (M gS04), filtered and concentrated to

give a yellow solid residue. TLC (3:2 hexane /  C f^ C ^ , Rf = 0.89), and  XH  NMR

indicated only intractable m aterial.

In other experiments, the num ber of equivalents of n-buty llith ium  was 

varied to 5 equivalents; how ever, this d id  not significantly alter the above 

results.

Halogen-lithium exchange was examined at -78 °C by quenching the 

reaction m ixture w ith TMSC1 (0.5 mL). After similar w ork up  diene 100 

was isolated by chrom atography (silica gel, hexane) as a yellow oil (93 mg, 0.46 

mmol, 79%). Spectral data of 100 were compared w ith  those of an  authentic 

sample.

Reaction of 90 w ith n-Butvllithium  in the Presence of Spirodiene

(103)93

Diene 90 (122 mg, 0.59 mmol) and spirodiene 103 (1.0 g, 10.9 mmol) 

w ere added to a dry 15-mL flask equipped with stirbar and  reflux condenser 

under nitrogen. The flask w as then immediately cooled in a -40 °C bath, and  

its contents were stirred for 10  min, after which a solution of n -bu ty llith ium  

0.95 mL, 2.36 mmol of a 2.5 M /hexane solution) was added. The resulting 

yellow solution was held a t -40 °C for 1 h, and then heated under reflux (95-
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100 °C) for 5 min. The pale yellow  reaction m ixture tu rned  cloudy (salt 

precipitation). Reaction was quenched with a m ixture of 1:1 pen tane/b rine; 

the organic layer w as dried (M gS04), excess of spirodiene an d  solvent were

evaporated to give a yellow oil (192 mg). Reduced pressure distillation (40 °C, 

0.02 mm) followed by preparative GC (column B, 140 °C) of the crude yielded 

the d im er of 103, as the only identified product of the reaction. Based on 1H  

NM R and GCMS analysis, no evidence for a trapped adduct w as observed.

Route 3: Synthesis of 2-Bromo-5.5-dimethy 1-3-trifluorom ethanesulphonvl- 

1.3-cvclopentadiene ('1041 and Reaction with n-Butvllithium

Lithium  diisopropylam ide (LDA) was prepared by the  add ition  of 

n-butyllithium  (2.6 ml of a 2.46M /hexane solution, 6.34 m m ol) to 

diisopropylam ine (0.81 mL, 5.82 mmol) in dry THF (10 mL) and  HM PA (1 mL) 

a t -78 °C. 2-Bromo-5,5-dimethyl-2-cyclopenten-l-one83 (91, 1.00 g, 5.3 mmol) 

in THF (2 mL) was then added slowly, and the resulting yellow  solution was 

stirred  for 2 h  at -78 °C. N-Phenyl trifhiorom ethanesulfonim ide95 (2.0 g, 5.6 

mmol) in THF (4 ml) was added dropw ise and the m ixture w as w arm ed to 

0 °C and  m aintained for an additional 3 h. After further w arm ing  to room 

tem perature, the resulting orange solution w as stirred  overnight. The 

m ixture was poured  into water (50 mL) and extracted w ith  e ther (3 x 30 ml). 

The aqueous and organic layer w ere separated, and the organic layer w as 

w ashed w ith w ater (10 mL), dried  (M gS04), filtered, and  concentrated to yield
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an  orange oil. Purification by  chrom atography (silica gel, hexane, Rf = 0.82) 

yielded vinyl triflate 104 (906 m g, 2.83 mmol, 53%) as a clear oil: NMR

(CDC13) 8 6.45 (d, 1H, J = 2.8 Hz), 6.09 (d, 1H, J = 2.8 Hz), 1.26 (s, 6 H); 13C NMR

(CDC13) 8  146.3,143.7,129.5,119.0 (q), 111.4,50.4, 21.8; MS (El, m/z) 320 (M+),

322 (M+ + 2).

To a solution of diene 104 (40 mg, 0.125 mmol) in THF (5 mL) a t -78 °C 

under nitrogen w as added  dropw ise n-butyllithium  (0.25 m m ol + 10% excess 

o f a 1.6 M hexane solution). After stirring for 30 min, DPIBF (50 m g, 0.18 

mmol) w as added  in  one portion. The reaction was allow ed to w arm  to room 

tem perature, quenched w ith  w ater (5 mL), extracted w ith  e ther ( 2 x 10 ml), 

d ried  (MgS04), filtered and  concentrated to give a yellow solid residue. TLC

(3:2 h e x a n e /C iy C ^ ) analysis show ed besides DPIBF (Rf = 0.68), two other

spots w ith Rf of 0.31 and  0.12. XH  NMR of the crude p roduct show ed aromatic

resonances, no vinyl peaks betw een 5.10 ppm  and 7.00 ppm , a quarte t a t 5.00 

ppm , two sym m etrical m ultiplets between 3.50 - 4.00 ppm  and  several up field 

singlets. Preparative TLC (silica gel, 3:2 hexane /GrL/Zl^ ) follow ed by XH NMR

analysis of the isolated bands show ed only arom atic resonances.
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Route 4: Synthesis of 2.3-Dibromo-5.5-dimethyl-l .3-cyclopentadiene fl05). 

and  Reaction w ith  M agnesium  T urnings

A m ixture of brom oenone83 91 (2.0 g, 10.5 mmol), trim ethyl 

orthoform ate98 (1.34 g, 12.6 mmol), freshly distilled over C aS 04, m ethanol (10

mL), and  p-toluensulfonic acid (20 mg) was gently heated w hile m ethyl 

form ate was distilled off through a short Vigreux column. The cooled 

reaction m ixture was m ade basic by  addition of few drops of a solution of 10% 

N aO H , and partitioned betw een ether (20 mL) and  w ater (20 mL). The organic 

phase was w ashed w ith brine (5 mL) and  dried (M gS04). Evaporation of the

solvent afforded a yellow oil (2.7 g, 85%) by capillary GC (125 °C, rt 10.2 min), 

w hich was used in  the following step w ithout further purification.

To a solution of catechol (1.32 g, 12 mmol) in benzene98 (20 mL) was 

added  dropw ise the crude mixture of ketone dim ethyl acetal (2.47 g, 10.5 

mmol). Reaction was brought to reflux and p art of the solvent (2.5 mL) was 

distilled through a short Vigreux column. H eating was discontinued, the 

tem perature w as lowered to 60 °C and p-toluenesulfonic acid (20 mg) was 

added. The distillation of the solvent w as slowly continued until pure 

benzene was collected. Triethylamine (0.2 mL) w as added to the cooled 

reaction m ixture, w hich w as then partitioned betw een ether (20 mL) and  

w ater (20 mL). The organic phase was w ashed w ith  w ater (2 x 10 mL), 10% 

N aO H  (10 mL), dried  (M gS04) and concentrated to give a solid residue (2.09 g).
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Chrom atography on silica gel (hexane) afforded 612 m g of a w hite solid which 

w as recrystallized from  m ethanol to give 1,3-benzodioxol 106 (745 m g, 2.7 

mmol) as white pellets, m p  51-54 °C. XH  NMR (CDC13) 8  6.80 (sym m etrical

m ult., 4H, aromatic protons), 6.11 (s, 1H), 2.34 (s, 2H), 1.23 (s, 6H); 13C NMR 

(CDC13) 8 148.2,147.4,124.2,121.2,118.3,107.7,50.0,42.6,28.5.

To a magnetically stirred  solution of 106 (745 mg, 2.7 mmol) in  C f^ C ^  

(5 mL) cooled in an ice-salt bath, w as added dropwise a 1M solution of BBr3 

(3.19 mL, 3.19 mmol) u nder nitrogen. The pale yellow m ixture w as stirred for 

8  h  a t 0 °C, and reaction w as followed by TLC. The reaction w as then 

quenched with cold w ater/hexane  (3 ml:5 mL), the organic phase w as washed 

w ith 10% NaOH (5 mL), brine (5 mL), dried (MgS04) and concentrated to give

tribrom ide 107 (709 mg, 2.09 mmol) as a yellow oil which w as used w ithout 

further purification in the following step: TH  NMR (CDC13) 8  4.58 (br, 1H), 2.69

(br, 1H, J = 16.3 Hz), 2.28 (br, 1H, J = 16.3 Hz), 1.36 (s, 3H), 1.25 (s, 3H).

The crude mixture of 107 (709 mg, 2.09 mmol) in C f^ C ^  (7 mL), 33%

N aO H  (20 mL), and n-hexadecyltrim ethylam m onium  brom ide (10 mg) were 

stirred  for 3 days at 40 °C. The m ixture was partitioned betw een ether (20 mL) 

and ice-water (20 mL). The organic phase washed w ith w ater (2 x 10 ml), dried 

(M gS04) and concentrated. Purification by chrom atography (silica gel,

hexane, Rf = 0.67) yielded 105 (202 m g, 0.80 mmol, 38%) as a colorless oil:
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Capillary GC (125 °C, rt 7.6 min); lH  NMR (CDC13) 8  6.37 (s, 2H), 1.20 (s, 6H); 

13C NMR (CDC13) 5 145.1, 119.4, 53.9, 21.8; HRMS (El, m/z M+) calc for

249.8992, foim d 249.8980.

To a three-necked, 15-ml, round bottom ed flask, equipped w ith  a 

m agnetic stirring bar and condenser, was added  m agnesium  turn ings (2 0 0  mg,

8 .8  mmol) w hich w ere mechanical activated by stirring  for 24 h, u nder 

nitrogen. The flask w as heated  with a heat gun and allow ed to cool for 10 

m in. Dry THF (1 mL) w as added to cover the m agnesium  surface, 

d iphenylisobenzofuran (80 m g, 0.74 mmol) was added  in one portion, and  

reaction w arm ed to 40°C. Diene 105 (30 mg, 0.11 mmol) in THF (0.3 mL) was 

slow ly added  via syringe. The resulting brow n reaction m ixture w as stirred 

rapidly, d ilu ted  w ith  m ore THF (2 mL), and  refluxed. A liquots of the reaction 

m ixture (ca. 0.05 mL) w ere w ithdraw n a t appropriate times by  syringe and 

added  it to a vial containing (ca. 0.2 mL) of brine. The ethereal phase was 

filtered through a p lug  of glass wool, dried (MgS04) and  analyzed by  TLC (3:2

h ex an e /C H 2C12). TLC analysis indicated the presence of several com ponents.

After two hours the reaction w as quenched w ith brine (1 mL), extracted w ith  

ether (2  x 10 ml), dried (M gS04), filtered and  concentrated to give a solid

residue (78 mg). TLC and *H NMR spectroscopy of the crude p roduct 

indicated tha t starting m aterial had reacted. Resonances in the lH  NM R 

show ed a b road singlet a t 5.25 ppm  and two singlets a t 1.45 and 1.46 ppm ,
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respectively. Preparative TLC (3:2 h e x a n e /C ty iy  of the crude m aterial 

followed by  *H NM R analysis of isolated band  (Rf = 0.30) show ed only 

arom atic resonances.

Route 5: Synthesis of 2-Chloro-5.5-dimethyl-3-trimethylsilyI-1.3-cyclo 

pen tad iene CIOS') and  Reaction w ith  Potassium  Fluoride

5,5-Dim ethyl-2-trim ethylsilyl-2-cyclopenten-l-one (8 6 ) w as prepared  

according to the procedure described by A ndro .83 To a suspension of PC15 (690

mg, 3.3 mmol) in CC14 (10 mL) a t 0 °C under nitrogen w as added  enone 86  (0.5

g, 2.7 mmol) in  CC14 (5 mL). After stirring a t 0 °C for 48 h, the solvent was

rem oved xmder reduced pressure and  the residue was poured  on ice and  

extracted w ith  ether (3 x 15 mL). The extracts were w ashed w ith 5 % N a2C 0 3

(3 x 10 mL) w ater (10 mL), brine (10 mL), d ried  (MgS04) and  concentrated to 

give a yellow  oil (850 mg) show n by  capillary GC (110 °C) to contain 109 

(84.6 %, rt 15.4 min) w hich w as used in the following step  w ithout further 

purification .

Purification by  chrom atography (silica gel, hexane, Rf = 0.77) yielded 

chloro vinylsilane 108 (158 mg, 0.79 mmol, 28.6%) as a yellow  oil: 1H  NMR 

(CDC13) 5 6.40 (d, 1H, J = 2.4 Hz), 6.08 (d, 1H, J = 2.4 Hz), 1.15 (s, 6H), 0.21 (s, 9H);

13C NM R (CDC13) 5 158.2,141.6,140.3,133.3, 53.4, 22.2, -0.97; MS (El) m/z 200
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(M+)/ 202 (M+ + 2). Chemical shifts were com pared to the literature values .100

To a solution of diene 108 (108 mg, 0.5 mmol), 18-crown-6 (79 mg, 0.3 

mmol), 2,5-dimethylfuran (1 mL) in  d ry  CH2CL2 (5 mL) at room  tem perature

under a nitrogen atm osphere, was added  KF (87 m g, 1.5 mmol). After 8  h  of 

stirring a t room tem perature, the orange reaction m ixture w as slowly 

quenched w ith brine. The organic phase was w ashed w ith w ater (3 mL), dried 

(M gS04) and  concentrated. NMR analysis of the crude m aterial indicated

a very complex mixture, including arom atic resonances, sets of vinyl 

resonances and some unreacted starting  material. C hrom atography (silica gel, 

5% ether, hexane) of the crude product gave no evidence for a trapped adduct 

of the butatriene.

In other experiment, CsF in  DMSO was used  w ith the sam e trapping 

reagent, w ith  stirring the reaction m ixture for 18 h  a t room tem perature; 

however, even though diene 108 had  reacted to a greater extent, this d id  not 

alter the above results.

Route 6 : Synthesis of 2.3-Bisftrimethylsilvl)-5.5-dimethyl- 1 .3-cvclopentadiene 

(116) and Attem pted Synthesis of a Vinvlidonium  Salt Precursor

To sodium  wire (207 mg, 9 mmol) in dry ether105 (6 mL) stirred under a 

nitrogen atm osphere w as added TMSC1 ( 434 m g, 3.98 mmol) in  one portion. 

After stirring for 15 m in, diene 90 (248 mg, 1.2 mmol) in ether (0.5 mL) w as 

added  over a period of 20 min. D uring the addition, the reaction became
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slightly w arm  and refluxed gently. After refluxing the reaction m ixture for an 

additional 3 h, excess sodium  and solid products were filtered off th rough  a 

p lug  of glass wool and the residue was w ashed w ith ether (2 x 30 ml). The 

filtrate w as carefully washed w ith saturated NaHCOs (50 mL), w ater (2 x 10

mL), brine (15 mL), dried (M gS04) and concentrated to give a yellow o il (216

mg), show n by  capillary GC (110 °C) to contain 116 (62%, rt 15.3 min). 

Purification by  chrom atography (silica gel, hexane, Rf = 0.81) yielded 116 (111

m g, 0.46 mmol, 39%) as a yellow oil: NM R (CDC13) 5 6.48 (s, 2H), 1.15 (s,

6H), 0.17 (s, 18H); 13C NMR (CDCy 5 160.1, 144.9,55.7, 23.1,1.43; MS (El) m/z 

238 (M+).

A ttem pted Synthesis of V invlidonium  Salt precursor 

M ethod A: Reaction of (116) w ith  (Diacetoxyiodo)benzene (DIB)101

To a stirred  suspension of (diacetoxyiodo)benzene (DIB) (128.5 m g, 0.39 

mmol) in d ry  C iy C ^  (1.5 mL) was slowly added  trifluororfiethanesulfonic

acid (0.07 mL, 0.78 mmol) at 0 °C via syringe. The m ixture w as stirred for 1 h  

a t room  tem perature during which time the m ixture became a clear yellow ish 

solution. The solution was then recooled to 0 °C and diene 116 (95 m g, 0.39 

mmol) in  C fy C ^  (0.8 mL) was added drop wise. After addition, the d a rk

purp le  reaction mixture was stirred for 10 m in. After evaporation of the
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solvent Et20  was added to induce recrystallization. After 5 days a pale b lue

solid w as formed w hich was identified by  1H-NM R spectroscopy as unreacted 

(DIB). Decomposition of the (diacetoxyiodo)benzene into iodobenzene w as 

observed as indicated by  com parison to an  authentic sam ple of idobenzene. 

TLC (silica gel, hexane, Rf = 0.64), capillary GC (125 °C, rt 5.2 min) and

AA'BB'C system  in the lH  NMR spectrum . This procedure failed to give 

v iny lidonium  salt.

In  other experiments, the reaction tem perature  w as varied betw een 

-25 °C and  0 °C; however, this did n o t alter the above results.

M ethod B: Reaction of (116) w ith Lewis Acid-Activated lodosvlbenzene106

1H7Iodosylbenzene w as prepared follow ing the literature procedure.

A solution of triethyloxonium  tetrafluoroborate (0.95 mmol, 2.5 equiv) w as 

added  dropw ise to a suspension of diene (92 m g, 0.38 mmol) and  

iodosylbenzene (209 mg, 0.95 mmol) in  C E ^C ^ (5 mL) under nitrogen. The

pale yellow  color of the suspension tu rned  dark  brow n. The reaction m ixture 

was stirred for 1 h at 0 °C, quenched b y  slow addition  of w ater (5 mL), 

extracted w ith  CH^C^ (2 x 10 mL), d ried  (M gS04) and  concentrated to give a

yellow  solid which was w ashed several times w ith  cold hexane. The yellow 

solid w as identified as unreacted iodosylbenzene as confirm ed by  its poor 

solubility in  CDC13. XH  NMR (CDCL3) spectrum  of the hexane w ash show ed
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three sets of resonances a t 8  7.71 (dd, 2H, J = 8.0,1.1 Hz), 7.33 (tt, 1H, J = 7.4,1.0 

Hz), and  7.11 (brt, 2H, J = 7.7 H z) w ich m atched the chemical shifts for 

iodobenzene, consistent w ith TLC (silica gel, hexane, Rf = 0.64) an d  capillary

GC (125 °C, r t 5.2 min). This m ethod  failed to give vinylidoninm  sa lt 115, bu t 

p roved to be successful for p reparation  of vinylidonium  salt 118.

M ethod C: Reaction of (1081 w ith  ftert-ButylethynvD phenyliodonium  

T osvlate108

(ferf-Butylethynyl)phenyliodonium  tosylate was p repared  b y  the Koser 

p rocedu re .108 To a solution of diene 108 (63 mg, 0.31 mmol) in  THF (2 mL) 

u nder nitrogen a t -78 °C was added  dropw ise n-butyllithium  (0.5 m L, 1.25 

m m ol of a 2.5 M /hexane solution). After 2 h  of stirring a t -78 °C, the  tosylate 

(128 mg, 0.28 mmol) was in troduced  in one portion under a positive  nitrogen 

pressure. The resulting m ixture w as stirred for 1 h  a t 0 °C, d u rin g  w hich time 

it became slightly darker, and  w as then quenched w ith w ater (2 mL), extracted 

w ith  CH2C12 ( 2 x 5  mL) and  concentrated to give a colorless liquid. TH  NMR

of the crude m aterial show ed resonances w hich were correlated on ly  to the 

starting  material (diene 108), an d  to the hydrolyzed tosylate: XH  N M R (CDC13)

8  7.69 (d, 2H, J = 8.1 Hz, A ' part of an  AA'BB' system), 7.22 (d, 2H, J = 8.1 Hz, 

p a rt BB' of an AA'BB' system), 2.36 (s, 3H).
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A ttem pted Synthesis of Cyclic Butatrienes by  Intram olecular 

V invlidene Coupling 

Synthesis of BisQ,l-dibromo-2-phenyD-1.10-undecadiene (122). and  Reaction 

w ith  CuCN.

A nhydrous LiBr111 (3.5 g, 0.04 mol) was dissolved under n itrogen in 

THF (100 ml), butyllithium  (0.02 m ol + 10% excess of a 2.46 M /hexane 

solution) was added a t - 10 °C, the m ixture was cooled to -78 °C and  diethyl 

chlorom ethanephosphonate (3.7 g, 0.02 mol) in THF (20 mL) w as added  

dropw ise w ith stirring. After 8  m in of stirring at -78 °C, CBr4 (6 .6  g, 0.02 mol)

in THF (30 mL) w as added dropw ise (solution turned dark). The stirring w as 

continued for 40 min, and w ater (40 mL) was then added. The resu ltan t 

m ixture w as extracted w ith CH^C^ (2 x 50 mL). The extracts w ere dried

(M gS 04 ) and the solvent and tribrom om ethane formed w ere rem oved un d er

vaccum  to leave a crude m ixture of 6 8% of dibrom om ethanephosphonate 

and 18.5% of brom ochlorom ethanephosphonate according to P NMR 

in tegration .

Anhydrous LiBr (3.5 g, 0.04) was dissolved under nitrogen in  THF (100 

mL), diisopropylam ine (2.02 g, 0.02 mol) was added dropwise followed by 

addition  of butyllithium  (0.02 mol + 10% excess of a 2.56 M /hexane  solution) 

a t 0 °C. After 1 h  the prepared crude mixture of phosphonates (0.02 mol) 

dissolved in  THF (30 mL) was added  at -78 °C. After 30 m in dione 1 2 0 110
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(3.08 g, 0.01 mmol) in  THF (10 mL) was slowly added . The m ixture w as stirred 

for 2  h  at -78 °C and allowed to warm to room  tem perature, quenched w ith  

water (40 mL) and extracted w ith ether (3 x 50 mL). The combined extracts 

were dried (M gS04) and  concentrated to give a d a rk  oil. Purification by

chrom atography (alum ina, EtzO) followed by recrystallization from  EtOH

gave 12 2  (3.5 g, 5.7 m m ol, 56%) as white pellets, m p  95-96 °C. NMR

(CDCy 8  2.56 (dd, 4H, J = 6.9 Hz), 1.33 -1.23 (m. 10 H), 7.40 - 7.15 (m, 10H,

aromatic protons); 13C NMR (CDCy 5 147.7,141.0,128.3,127.8,127.6, 87.9,

39.2,28.9,28.8,26.6; IR (KBr, cm '1) 2931,2853,1609,1489,1447,1039, 920, 695,

582.

A solution of 122 (50 mg, 0.08 mmol) in THF (5 mL) was treated w ith  

n-butyllithium  (2 equiv. + 15% excess of a 2.46 M /h ex an e  solution) at -90 °C. 

After the yellow solution was allowed to stir a t -90 °C for 45 m in, CuCN (7.3 

mg, 0.08 mmol) was added  in one portion (a g reen  olive color was developed) 

and the reaction m ixture was stirred at -80 °C for 1 h. The m ixture was 

allowed to w arm  to room  tem perature and  stirred  for 17 h, followed by 

quenching w ith  water (1.5 mL). The organic layer w as dried  (M gS04) and

concentrated in vacuo. *H NMR and 13C NM R analysis of the crude m aterial 

indicated form ation of diyne 123 as the major p ro d u c t of the reaction. Diyne 

123 was isolated by preparative TLC (silica gel, 4% C H ^C ^/ hexane, Rf = 0.10)
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as a clear liquid (10 mg, 0.03 m mol, 42%). 1H  NMR (CDC13) 8 2.40 (t, 4H, J =

Hz), 1.66 - 1.33 (m, 10H), 7.22 - 7.41 (m, 10H, arom atic protons); 13C NMR 

(CDC13) 8131.5,128.1,127.4,124.0,90.3,80.6,28.7,28.6,19.3; IR (neat, cm '1) 3061,

2933, 2857,2230w, 1689br, 1597,1492; UV (hexane) X 214 nm  (el8,607), 237max

nm  (s i8,007).

In other experim ents, the elapsed time betw een add ition  of 

n-butyllithium  and  the C uC N  w as varied from 10 m in  to 30 m in; however, 

this did not change the above results. Furthermore, shorter times e.g., 10 

min, yielded crude m ixtures w ith  the starting m aterial a lm ost unchanged.

Synthesis of Bisfl .l-dibromo~)-l ,9-decadiene (127) and  Reaction w ith  CuCN.

A m ixture of PPhj (9.2 g, 35.2 mmol), CBr4 (5.8 g, 17.6 m mol), and

dialdehyde 126112 (0.5 g, 3.52 mmol) in benzene (80 mL) w as refluxed under 

nitrogen for 14 h. After allow ing the mixture to cool to room  tem perature, 

solid material w as rem oved via vacuum  filtration. The crude p roduct was 

washed w ith 2N  HC1 (200 mL), 5% NaHCOs (50 mL), w ater (20 mL), brine (20

mL), dried (M gS04) and  concentrated. Purification by  chrom atography (silica 

gel, hexane, Rf = 0.60) yielded 127 (612 mg, 1.35 m m ol, 43%) as a clear oil: XH 

NMR (CDC13) 8 6.39 (t, 2H, 7.2 Hz), 2.09 (td, apparent q, 4H, J = 14.3, 7.0 Hz),
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1.45 - 1.33 (unsym m etrical mult., 8H); 13C NMR (CDC13) 8 138.8, 88.4, 33.0,

28.8,27.8; IR (neat, c rn l)) 2931,2853,1630,1454,1264,1145, 779.6.

A solution of 127 (100 m g, 0.22 mmol) in THF (5 mL) w as treated w ith 

n-butyllithium  (0 .2  mL, 2  equiv. + 15% excess of a 2.46 M /hexane  solution) at 

-90 °C. After the yellow  solution was allowed to stir a t -90 °C for 45 min, 

CuCN (20 mg, 0 .22  mmol) was added in one portion (a green olive color was 

developed), and  the reaction m ixture was stirred a t -80 °C for 1 h. The 

mixture was allow ed to w arm  to room tem perature and stirred  for 17 h, 

followed by quenching w ith  w ater (1.5 mL). The organic layer w as dried 

(M gS04), and concentrated in vacuo. 13C NMR analysis of the  crude material

showed two acetylenic carbons a t 84.7 ppm  and 68.3 ppm  w hich w ere assigned 

to diyne 128. Based on  13C NMR analysis there w as no evidence for the 

intram olecular vinylidene coupling product.

Synthesis of Bis(T.l-dibromo-2-dimethy)-1.9-decadiene (1301 and Reaction 

w ith CuCN.

A nhydrous LiBr111 (3.5 g, 0.04 mol) was dissolved under nitrogen in 

THF (100 ml), butyllith ium  (0.02 mol + 10% excess of a 2.46 M /hexane 

solution) was added a t - 10 °C, the mixture was cooled to -78 °C, and  diethyl 

chlorom ethanephosphonate (3.7 g, 0.02 mol) in THF (20 mL) w as added 

dropwise w ith stirring. After 8  m in of stirring at -78 °C, CBr4 (6 .6  g, 0.02 mol)
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in THF (30 mL) w as added  dropw ise (solution turned dark). The stirring was 

continued for 40 m in and w ater (40 mL) w as then added . The resultant 

mixture w as extracted w ith CH ^C^  (2 x 50 mL). The extracts were dried

(M gS04) and the so lvent and the tribrom om ethane form ed were removed

under vacuum  to leave a crude m ixture of 6 8 % of

dibrom om ethanephosponate and  18% of brom ochlorom ethanephosphonate 

according to 31P NM R integration.

Anhydrous LiBr (3.5 g, 0.04) was dissolved under nitrogen in  THF (100 

mL), diisopropylam ine (2.02 g, 0.02 mol) was added dropw ise followed by 

addition of n-butyllithium  (0.02 mol + 10% of a 2.56 M /hexane solution) at 

0 °C. After 1 h  the p repared  crude mixture of phosphonates (0.02 mol) 

dissolved in  THF (30 mL) was added  at -78 °C. After 30 m in  diketone 129 (1.7 

g, 0.01 mmol) in THF (10 mL) was slowly added. The m ixture was stirred for 

2  h  at -78 °C and allow ed to w arm  to room tem perature, followed by  

quenching w ith w ater (40 mL), and extraction w ith ether (3 x 50 mL). The 

combined extracts w ere dried( (M gS04) and concentrated to give a dark  oil.

Purification by chrom atography (silica gel, hexane, Rf = 0.62) yielded 130 (1.02 

g, 2.12 mmol, 21%) as a  clear oil: lH  NMR (CDCy 5 2.27 (dd, 4H, J = 7.4 Hz),

1.87 (s, 6H), 1.46 - 1 .21  (m, 8H); 13C NMR (CDCy 5 142.1, 84.7,38.0, 28.9,26.7, 

22.7.

A solution of 130 (106 mg, 0.22 mmol) in  THF (5 mL) was treated with
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n-butyllithium  (0.2 mL, 2 equiv. +- 15% excess of a 2.46 M /hexane solution) at 

-90 °C. After the yellow solution w as allowed to stir a t -90 °C for 45 min, 

CuCN  (20 mg, 0.22 mmol) w as added  in one portion (a green olive color was 

developed), and the reaction m ixture was stirred a t -80 °C for 1 h. The 

m ixture was allowed to w arm  to room  tem perature and  stirred for 17 h, 

followed by quenching w ith  brine (1.5 mL). The organic layer was quickly 

d ried  (M gS04), and 80% of the solvent was rem oved in vacuo. Capillary GC

(100 °C) analysis of the crude m aterial indicated a complex m ixture with 

three major components: (9.6%, r t  6 .8  min), (34.0%, rt 7.3 min), (14.1%, rt 7.5 

min). GCMS analysis gave a m olecular ion peak (M+) at m/z 162 for the 

com pounds with retention tim es of 7.3 m in and 7.5 min. IR analysis of the 

THF crude solution d id  n o t give an  absorption band in the region of 1850-1990 

cm ' 1 which is characteristic of butatrienes. NMR spectrum  of the crude 

show ed vinyl resonances a t 5.88 (d, J = 9.6 Hz) and several resonances between 

2.10 ppm  and 2.80 ppm . 13C NM R spectrum  of the crude m aterial showed 14 

peaks between 100 ppm  and  156 ppm . Based on XH  NMR, 13C NMR, IR, 

capillary GC and GCMS analysis there w as no evidence for a butatriene.

Synthesis of 7-exo -Hexvl.7-ewdo -chlorodibenzo[a:cjbicyclof4.1.0]heptane ('1551 

To a solution of adduct 153 (250 mg, 0.97 mmol) in dry THF (8  mL) at 

-78 °C was added dropwise n-butyllithium  (1.25 mmol, 1.3 equiv. of a 2.46 

M /hexane solution) resulting in the form ation of a dark  forest green color.
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A fter 1 h, brom ohexane (2.80 g, 17 mmol) w as added  dropw ise and  the yellow 

reaction m ixture was stirred at -78 °C for 2  h, then gradually  w arm ed to room 

tem perature. Stirring w as continued overnight. A fter 20 h, brine (4 mL) was 

injected into the flask. The organic layer w as separated  ou t and  w ashed w ith 

brine ( 2 x 4  mL), dried (M gS04), filtered and  concentrated. The crude m ixture

w as pum ped  u p  overn igh t 1H NMR analysis indicated the presence of 

m onochloroadduct as a m inor byproduct. C hrom atography (silica gel, 

hexane) afforded 630 mg of a yellow solid residue w hich  was dissolved in 

C H 2C12 (1 mL) and  purified further by radial chrom atography (silica gel rotor,

2 m m , 2% ether, hexane) to yield 155 as w hite needles (98 mg, 0.31 m mol, 

32.4%), mp (hexane/ethanol) 82 °C. *H NMR (CDC13) 5 2.69 (s, 2H), 1.92 (m,

2H), 1.71 (symmetrical m u lt, 2H), 1.50-1.23 (m, 6H), 0.93 (t, 3H, J = 6.9 Hz), 8.01 

(d, 2H, J = 8.2 H z, aromatic protons), 7.36-7.22 (m, 6H , arom atic protons); 13C

NMR (CDC13) 8  131.9,130.9,130.3,127.8,127.2,126.7,122.8,43.5,41.6,32.1,31.9,

29.0,26.8 22.8,14.3; IR (KBr, cm '1) 3066,2931,2851,1921w , 1835w, 1486,1446, 

954, 761,729,573.

Synthesis of 7-Cvclooctylidenedibenzo[arclbicvclo[4.1.0jheptane (T581

To a solution of adduct 153 (0.4 g, 1.53 mmol) in  d ry  THF (16 mL) at 

-78 °C was added  dropw ise n-butyllithium (1.98 m m ol, 1.3 equiv. of a 2.46 

M /hexane  solution) resulting in the form ation of a d a rk  forest green color.
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A fter 1 h  of stirring a t -78 °C, brom ooctane (3.2 g, 17 mmol) w as added 

dropw ise and  the deep red reaction m ixture was stirred  a t -78 °C for 2 h, then 

gradually  w arm ed to room  tem perature. Stirring w as continued overnight. 

A fter 20 h, brine (4 mL) w as injected into the flask. The organic layer was 

separated  ou t and  w ashed w ith  brine ( 2 x 4  mL), dried  (M gS04), filtered and

concentrated. The crude m ixture was pum ped up  overnight. 1H  NMR 

analysis indicated the presence of m onochloroadduct as a m inor byproduct. 

C hrom atography (silica gel, hexane, Rf = 0.18) afforded 330 m g of a yellow

solid residue w hich was dissolved in CH^C^ (1 mL) and  purified further by

rad ia l chrom atography (silica gel rotor, 2 mm, 2% ether, hexane) to yield 156 

as w hite crystals (143 mg, 0.42 mmol, 31%), mp 79 °C. 1H  NMR (CDC13) 8 2.73

(s, 2H), 1.97 ( m , 2 H 0 ,1.72 (symmetrical mult., 2H), 0.92 (t, 3H, J = 7.0 Hz), 8.01 

(d, 2H, J = 7.7 H z, aromatic protons), 7.38-7.25 ( m, 6H, arom atic protons); 13C

NM R (CDC13) 8  131.7,130.7, 130.1,127.6,127.0,122.6,43.3,41.4,31.9,31.7,29.6,

29.3,29.1,26.6, 22.6,14.1; IR (KBr, cm*1) 3068,2921,2851,1921w, 1486,1448,964, 

763, 731, 578; HRMS (DEI, m/z) calc for C ^ H ^ C l 338.1801, found 338.1800.

Potassium  ferf-butoxide (62 mg, 0.54 mmol) w as placed in  a d ry  25 mL 

three-necked, round-bottom ed flask outfitted w ith m agnetic stir bar, nitrogen 

inlet, and condenser. Dry DMSO (2 mL) was injected into the flask, and the 

flask w arm ed w ith  a 50-55 °C oil bath. A solution of 156 (93 m g, 0.27 mmol)
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in DMSO (3 mL) was added dropwise via syringe resulting in the formation of 

a dark green color. After 45 m in, the solution was cooled to room  

tem perature, quenched w ith w ater (5 mL), and extracted w ith  ether (3 x 15 

mL). The combined extracts were w ashed w ith w ater ( 3 x 5  mL), dried 

(M gS04), filtered, and concentrated to yield 72 m g of a pale yellow oil.

NMR analysis of the crude m ixture indicated the presence of 158 as the major 

reaction product plus the two vinyl stereoisomers (3.5 vs 1:1.2 ratio). 

Preparative TLC (silica gel, hexane, Rf = 0.21) yielded 158 (45.6 mg, 0.15 mmol,

55%) as a colorless oil (> 95% pure): XH  NM R (CDC13) 8 5.73 (tt, 1H, J = 6.7,

2.0 Hz), 3.15-3.10 (br m, 2H), 2.10-2.0 (symmetrical m ult., 2H), 1.44-1.00 (m,

12H), 0.86 (t, 3H, J = 7.2 Hz); 13C NMR (C D C y 8 133.9,133.8,129.3,129.0,128.9,

127.9.126.2.126.1.125.0.123.4.123.4.118.9.31.9.31.1.29.3.29.1.29.0.22.8.22.2,

22.0.14.3; IR (neat, cm '1) 3069,3026,2930,2855,1948w, 1601 w , 1478,1441,1436, 

1051, 768, 731; HRMS (El, m/z, M +) calc for C ^ H ^  302.2034, found 302.2040.

Synthesis of 7-Cvclobutylidenedibenzo(a:c'|bicyclo[4.1.01heptane (171)

To a solution of adduct 153 (0.5 g, 1.9 mmol) in dry  THF (16 mL) at 

-78 °C w as added dropwise n-butyllithium  (2.5 mmol, 1.3 equiv. of a

2.46 M /hexane solution) resulting in the form ation of a dark  forest green 

color. After 1 h  of stirring at -78 °C, cyclobutanone (469 mg, 6.7 mmol) was 

added dropwise and  the orange reaction mixture w as stirred at -78 °C for 2 h,
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then  gradually  w arm ed to room tem perature. Stirring was continued 

overnight. A fter 20 h, brine (4 mL) was injected into the flask. The organic 

layer w as separated ou t and washed w ith brine ( 2 x 4  mL), dried (M gS04),

filtered and  concentrated. Radial chrom atography (silica gel rotor, 2 mm, 2% 

ether, hexane, the initial polarity of the eluent m ixture was gradually changed 

during  the elution time to 5% ether, hexane) yielded 169 (578.2 mg, 1.95

mmol, 56%) as sm all white pellets, mp 122-124 °C. XH  NMR (CDC13) 5 3.01 (s,

2H), 2.57 (s, 1H), 2.26 (t, 4H, J = 7.5 Hz), 2.02 (symmetrical m ult, 1H), 1.74 

(sym m etrical mult., 1H), 8.03 (d, 2H, J = 7.6 H z, arom atic protons), 7.40-7.20 (m, 

6H, arom atic protons); 13C NMR (CDCy 8 131.8,130.2,129.9,127.7,127.3,122.7,

78.8,49.3,32.7,27.7,12.7; IR (KBr, cm '1) 3310,3062,2960,2987,2936,1939w, 

1609w, 1447,1257, 751,723.

To a solution of adduct 169 (193 mg, 0.65 mmol) in dry pyridine (10 mL) 

under n itrogen at room  temperature was added  dropw ise TMSC1 (3.5 mL). 

After stirring  for 3 h  a t room tem perature, the reaction mixture was slowly 

quenched w ith  cold w ater (5 mL). The organic layer w as separated out and 

the aqueous layer was extracted w ith ether (2 x 15 mL). The extracts and the 

initial organic layer were combined, w ashed w ith  5% NaOH (5 mL), w ater 

(5 mL), brine (5 mL), dried (MgS04), filtered, and  concentrated. The excess of

pyridine w as rem oved by use of the vacuum  pum p to give 233 m g of a pale 

yellow  solid. Radial chrom atography (silica gel rotor, 2 mm, hexane) yielded

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170 (110 mg, 0.29 mmol, 46%) as a w hite solid, m p 106-108 °C. 1H  NM R 

(CDC13) 5 2.92 (s, 2H), 2.36-2.26 (m, 4H), 1.82 (symmetrical mult., 1H), 1.65

(symmetrical m ult., 1H), 0.13 (s, 9H), 7.95 (d, 2H, J = 7.6 Hz), 7.29-7.17 (m, 6H); 

13C NMR (CDC13) 8  132.3,130.9,130.3,127.7,127.3,122.8,80.0,48.1,35.3, 28.1,

13.2,2.32; IR (KBr, cm '1) 3071w, 3001,2959,1925w, 1714,1489,1454,1363,1257, 

1159,1004, 842, 758, 582; HRMS (DCI, m/z M N H4+) calc for C ^H ^C lN O S i

386.1706, found 386.1704.

A solution of silyl ether adduct 170 (185 m g, 0.50 mmol) in 

T H F /pentane (6  mL, 1:1, v:v) im der n itrogen w as cooled (hexane/liqu id  N 2)

to -90 °C. ferf-Butyllithium (1.1 mmol, 2.2 equiv. of a 1.57 M  pentane 

solution) w as added  dropwise resulting in  the form ation of a brig th  yellow  

color. After stirring for 1 h  a t -90 °C, the reaction m ixture was allow ed to 

slowly w arm  to -4 °C and quenched w ith w ater (2 mL). The organic layer w as 

w ashed w ith  brine (3 mL), dried (M gS04), filtered and  concentrated to give

163 m g of a clear oil. Radial chrom atography (silica gel rotor, 1 m m , hexane) 

afforded 37 m g of a white solid which w as further purified by preparative TLC 

(silica gel, hexane, Rf = 0.22) to yield 171 (27 mg, 0.11 m mol, 37%, ~ 95% pure)

as an  off w hite solid, mp 110-112 °C. *H NM R (CDC13) 8  3.10 (p, 2H, J = 2.3 Hz),

2.79 (sym m etrical mult., 2H), 2.53 (sym m etrical m ult., 2H), 1.90 (sym m etrical 

m ult., 2H, diasterotopic protons, XY system), 7.20-7.27 (m, 4H, arom atic
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protons), 7.31-7.38 (m, 2H, arom atic protons), 7.90-8.00 (m, 2H, arom atic 

protons); 13C NMR (CDCy 5 133.7,129.9,129.2,128.8,127.6,125.8,123.2,114.1,

30.6,21.9,17.5; (IR KBr, cm '1) 3064,2984,2947,1947w, 1915w, 1787,1605w, 1482, 

1440,1247, 841, 766, 729; HRMS (El, m/z, M +) calc for C19H 16 244.1252, found 

244.1252.

Synthesis of 7-Cyclopentylidenedibenzo(a:c|bicyclo[4.1.0|heptane (178)

To a solution of adduct 153 (0.5 g, 1.9 mmol) in d ry  THF (16 mL) at 

-78 °C w as added dropwise n-butyllithium  (2.5 mmol, 1.3 equiv. of a 2.46 

M /hexane  solution) resulting in  the form ation of a dark  forest green color. 

After 1 h  of stirring a t -78 °C, freshly distilled cyclopentanone (1.43 g, 17 

mmol) was added dropwise an d  the orange reaction mixture w as stirred  a t -78 

°C for 2  h, then gradually w arm ed to room  tem perature. Stirring was 

continued overnight. After 20 h, brine (4 mL) was injected into the flask. The 

organic layer was separated ou t and w ashed w ith brine ( 2 x 4  mL), dried  

(M gS04), filtered and concentrated. Radial chrom atography (silica gel rotor, 2

m m , 2 % ether, hexane, the initial polarity  of the eluent mixture w as 

gradually  changed during  the elution tim e to 5% ether, hexane) yielded 176 

(319 m g, 1.02 mmol, 53%) as w hite solid: NMR (CDCy 8 2.99 (s, 2H), 2.12

(s, 1H), 1.99-1.55 (m, 8H), 8.01 (d, 2H, J = 7.3 Hz, aromatic protons), 7.41-7.24 (m, 

6H , arom atic protons); 13C NM R (CDCy 5 132.1,130.5,130.4,127.8,127.4,122.8,
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85.6,49.9, 37.8,28.6,42.4; IR (KBr, cm '1) 3557,2960,1632,1492,1443,754.

To a solution of adduct 176 (50 mg, 0.16 mmol) in d ry  pyridine (2.5 mL)

under n itrogen a t room  tem perature was added  dropw ise TMSC1 (1 mL). 

After stirring  for 3 h  at room tem perature, the reaction m ixture was slowly 

quenched w ith  cold w ater (5 mL). The organic layer was separated o u t and 

the aqueous layer was extracted w ith  ether (2 x 10 mL). The extracts an d  the 

initial organic layer w ere combined, w ashed w ith  5% NaO H  (5 mL), w ater 

(5 mL), brine (5 mL), dried (M gS04), filtered and  concentrated. The excess of

pyridine w as rem oved by vacuum  pum p to give 67 mg of a pale yellow oil. 

TLC (silica gel, 10% ether, hexane) analysis of the crude m ixture indicated the 

presence of 177 (Rf = 0.69). Radial chrom atography (silica gel rotor, 1 m m ,

hexane) y ielded pure 177 (38 mg, 0.09 mmol, 62%) as a w hite solid, m p

94-96 °C. lH  NMR (CDCy 5 3.01 (s, 2H), 2.13-1.51 (m, 8H), 0.20 (s, 9H), 8.00 (d,

2H, J = 7.6 H z, aromatic protons), 7.34-7.22 (m, 6H , aromatic protons); 13C 

NMR (CDC13) 8  131.1,130.1,129.1,126.4,125.9,121.5,86.5,47.2,37.2,27.0,23.9,

1.00; IR (KBr, cm '1) 3075w, 3019w, 2962,1952w, 1486,1448,1252,1208,1076, 866 , 

734, 584, 539; HRMS (DCI, m/z M N H4+) calc for C ^ ^ C lN O S i  400.1863, found 

400.1867.

A solution of silyl ether adduct 177 (100 m g, 0.26 mmol) in 

T H F /pen tane  (4 mL, 1:1, v:v) under nitrogen w as cooled (hexane/liqu id  N2)
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to -90 °C. ferf-Butyllithium (0.57 mmol, 2.2 equiv. of a  1.57 M pentane 

solution) was added  dropw ise resulting in  the form ation of a b righ t yellow 

color. After stirring for 1 h  a t -90 °C, the reaction m ixture was allow ed to 

slowly w arm  to -4 °C, and quenched w ith  water (2 mL). The organic layer was 

w ashed w ith brine (3 mL), dried  (M gS04), filtered, and  concentrated to give 80

m g of a yellow oil. Radial chrom atography (silica gel rotor, 1 m m , hexane) 

afforded 18 m g of a  white solid which w as further purified  by preparative TLC 

(silica gel, hexane, Rf = 0.20) to yield 178 (10 mg, 0.03 m m ol, 30%, > 92% pure)

as an  off white solid, m p 80 °C. NMR (CDC13) 8 3.07 (p, 2H, J = 2.1 Hz), 2.45

(symmetrical m ult., 2H) 2.10 (symmetrical multi., 2H), 1.62 (m, 2H), 1.63 (m, 

2H); 13C-NMR (CDC13) 5133.9,133.0,129.2,128.8,127.5,125.7,123.2,114.7, 30.8,

26.3, 22.2; IR (KBr, cm '1) 3064, 2956, 2868,1934w, 1777,1601,1487,1441; HRMS 

(El, m/z, M+) calc for C H  0 258.1408, found 258.1407.2U Is

Synthesis of 7-Cyclohexylidenedibenzo|'a:c|bicyclo[4.1.0]heptane (178)

To a solution of adduct 153 (0.5 g, 1.9 mmol) in  d ry  THF (16 mL) at 

-78 °C was added  dropw ise n-butyllithium  (2.5 mmol, 1.3 equiv. of a 2.46 

M /hexane solution) resulting in the form ation of a d a rk  forest green color. 

After 1 h  of stirring a t -78 °C, freshly distilled cyclohexanone (1.13 g, 11.5 

mmol) was added  dropw ise and the orange reaction m ixture w as stirred  a t
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-78 °C for 2 h, then gradually  w arm ed to room tem perature. S tirring w as 

continued overnight. A fter 20 h, brine (4 mL) w as injected in to  the  flask. The 

organic layer was separated  ou t and  washed w ith brine ( 2 x 4  mL), d ried  

(M gS04), filtered and concentrated. Radial chrom atography (silica gel rotor, 2

m m , 2 % ether, hexane, the in itial polarity  of the eluent m ix tu re  w as 

gradually  changed du ring  the elution time to 5% ether, hexane-) y ielded  183 

(206 mg, 0.63 mmol, 33%) as a yellow solid which w as su itab le  for use w ithout 

further purification: IR (KBr, cm '1) 3561, 3076, 2933, 2858, 2832w, 1628w, 1491, 

1448,975.

To a solution of ad d u c t 183 (179 mg, 0.55 mmol) in  d ry  pyrid ine  (10 mL) 

u n d er nitrogen a t room  tem perature  w as added dropw ise TMSC1 (3 mL).

After stirring for 3 h  a t room  tem perature, reaction m ixture w as slow ly 

quenched w ith cold w ater (5 mL). The organic layer w as separa ted  o u t and 

the aqueous layer was extracted w ith ether (2 x 10 mL). The extracts and  the 

initial organic layer w ere com bined, washed w ith 5% N aO H  (5 mL), w ater 

(5 mL), brine (5 mL), d ried  (M gS04), filtered and concentrated. The excess of

pyrid ine was rem oved by  vacuum  pum p to give 150 m g of a yellow  solid. 

Radial chrom atography (silica gel rotor, 1 mm, hexane) y ie lded  184 (90 mg,

0.22 mmol, 41%) as a w hite solid, m p 132-134 °C. 1H  NM R (CDC13) 5 2.97 (s,

2H), 1.86-1.57 (m, 10H), 0.24 (s, 9H), 7.99 (d, 2H, J = 7.3 Hz, arom atic  protons), 

7.33-7.19 (m, 6H, arom atic protons); l3C NMR (CDCy 5 132.4,131.1,130.3,
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127.7,127.2,122.8, 78.9,49.9,34.3,27.5,25.6,22.0,2.93; IR (KBr, cm '1) 3076w, 

2939,2859,1600w, 1482,1253,1160,1079, 837, 732, 589; HRMS (FAB+, m/z 

MNa+) calc for C24H 29ClNaOSi 419.1573, found 419.1573.

A solution o f silyl ether adduct 184 (90 m g, 0.22 mmol) in  T H F/pentane 

(4 mL, 1:1, v:v) u nder nitrogen was cooled (hexane/liqu id  N2) to -90 °C. tert-

Butyllithiimi (0.50 m m ol, 2.2 equiv. of a 1.57 M pen tane  solution) was added 

dropwise resulting in  the formation of a bright yellow  color. After stirring for 

1 h  at -90 °C, the reaction m ixture was allowed to slow ly w arm  to -4 °C, and 

quenched w ith  w ater (2 mL). The organic layer w as w ashed w ith  brine (3 

mL), dried (M gS04), filtered and concentrated to give 94 m g of a white solid.

Radial chrom atography (silica gel rotor, 1 m m , hexane) afforded 47 mg of a 

white solid w hich w as further purified by preparative TLC (silica gel, hexane, 

Rf = 0.20) to afford 185 (23 mg, 0.09 mmol, 55%, > 92% pure) as an  off white

solid, m p 117-119 °C. NMR (CDC13) 8 3.14 (br s, 2H), 2.21 (symmetrical

mult., 2H), 1.99 (sym m etrical mult., 2H), 1.66-1.24 (m, 6H), 8.01-7.97 (m, 2H, 

aromatic protons), 7.46-7.39 (m, 2H, aromatic protons), 7.29-7.23 (m, 4H, 

aromatic protons); 134.5,130.2,129.3,128.9,127.8,125.8,123.4,116.3, 32.7,27.8, 

26.5,22.1; IR (KBr, cm '1) 3073, 3023,2933,2849,1944w,1601w, 1489,1450,1247, 

1051,837, 730; HRMS (El, m /z , M+) calc for C21H 2Q 272.1565, found 272.1552.
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Reaction of 153 with n-Butvllithium and Cvdootene

A cooled (-10 °C bath) mixture of adduct (200 m g, 0.78 mmol), freshly 

distilled cydooctene (2 mL), and dry ether (3 mL) was treated w ith 

n-butyllithium  (1.95 m m ol, 2.5 equiv. of a 2.46 M  solution in hexane) over a 

period of 10 m in, resulting in the formation of a yellow  color. After 1 h  of 

stirring a t -10 °C, the m ixture was allow to w arm  gradually  to room 

tem perature. Stirring w as continud overnight. After then, the reaction was 

quenched by add ition  of w ater (2 mL). The layers w ere separated and the 

aqueous phase w as extracted with ether ( 2 x 5  mL). The organic layers were 

combined and w ashed w ith  brine (5 mL), dried  (M gS04) and concentrated to

give a yellow oil. 1H  NM R spectrum of the crude  m ixture show ed the

following chemical shifts (5): 2.36 (d, 2H ,J  = 4.2 Hz), 1.65-1.41 (m, 6H), 1.01 (t,

3H, J = 7.1 Hz), 0.31 (m, 1H), 8.04 (m, 2H, arom atic protons), 7.50-7.21 (m, 6H,

aromatic protons); 13C NMR (CDCy 8  136.3,129.3,128.9,127.6,125.8,123.1,

33.1, 31.4,27.0,26.2,22.6,14.2; DEPT 135 (C D C y 8 128.9 (CH), 127.6 (CH), 125.8 

(CH), 123.1 (CH), 33.1 (C ty ,  31.4 (CH,), 27.0 (CH3), 26.4 (CH), 22.5 (CH^, 14.2

(CH), consistent w ith  the monoalkylated p roduct 187, b u t no t further 

characterization of this structure was-undertaken. Based on  TLC (silica gel, 

hexane), XH  NM R and  13C NMR analysis, no evidence for spiropentane 186 

was present.

In o ther experim ent, cydohexene was used  as the reactive olefin;
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however, this did not alter the above results.

Reaction of 153 w ith  L ithium  W ire and Cvclooctene

To a solution of adduct 153 (200 m g, 0.78 m mol), freshly distilled 

cyclooctene (2 mL), and  d ry  ether (5 mL) under nitrogen, w as added, cu t in 

hexane, Li wire (54 m g, 10 equiv.). The reaction m ixture w as refluxed for 24 

hours. After then, the  m ixture w as cooled to room  tem perature and 

quenched w ith w ater (2 mL). The resulting solution w as extracted w ith  e ther 

(2 x 10 mL) and the com bined ether extracts were w ashed w ith brine (5 mL), 

dried (MgS04), filtered, and concentrated under reduced pressure to give a

brow n solid. TH  NM R analysis of the crude m ixture indicated unreacted 

starting material.

Exploratory Photochem istry 

Photolysis of 7-endo -vinyldibenzo[a:c]bicyclor4.1.0]heptane (141). 1.3- 

Cvclopentadiene A dduct (1431.

A solution of 141 (50 m g, 0.23 mmol) in cyclopentane (100 mL) w as 

placed in a quartz D ew ar vessel and  saturated w ith  nitrogen. The solution 

was irradiated in the Rayonet w ith  254 nm  lam ps a t 0 °C for 1 h. An aliquot 

of the photolyzed m ixture (ca. 1.0 mL) w as rem oved by syringe, concentrated 

under reduced pressure, and  analyzed by TLC (silica gel, hexane) w hich 

indicated form ation of phenanthrene (135, Rf = 0.24) and  the presence of
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som e unreacted starting m aterial (Rf = 0.14). Irradiation was continued an

additional hour. A second aliquot w as w ithdraw n (ca. 1.0 mL), concentrated 

under reduced pressure, and  analyzed by  TLC (silica gel, hexane). The 

reaction was judged to be com pleted. Freshly distilled 1,3-cyclopentadiene 

(142,10 mL) was added v ia  syringe. The D ew ar vessel was gently shacked for 

10  m in, clamped in a dark  place and  allow ed to w arm  to room tem perature. 

After 1 h , the solvent and  excess of 13-cyclopentadiene were rem oved in 

vacuo. Capillary GC (T° program , T. = 70 °C, Tf = 200 °C) analysis of the crude

m ixture indicated the presence of three com ponents, endo -adduct (143, r t  3.0 

m in), 1,2-cyclopentadiene d im er (rt 7.6 m in, and  phenanthrene (135, rt 16.9 

min). GC retention tim es w ere com pared  w ith  authentic samples of endo - 

adduct 143, independently  synthesized by  the procedure of Closs,159 1,2- 

cyclopentadiene dim er an d  phenan th rene  purchased  from Aldrich. NM R 

(CDC13) analysis of the crude indicated a m ixture of phenanthrene (135), 8.56

(d, 2H, J = 8.1 Hz), 7.78-7.45 (m, 6H), endo-cyd o ad d u ct (143), 5.72 (t, 2H, J = 2.0 

Hz), 0.60 (symmetrical m ult., 1H), 0.38 (sym m etrical mult., 1H) and 1,3- 

cyclopentadiene dim er w hich  resonances buried  som e of the endo- 

cycloadduct peaks. The yield of endo-cycloadduct (143) respect to 

phenanthrene (135) w as 62%; it w as calculated from  the crude oil using XH  

NM R integration.
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Photolysis of 7-endo -vinvldibenzo [a:cjbicyclof4.1.0]heptane fl41). 

Diphenvlisobenzofuran A dducts 145 and 146.

A solution of 141 (50 m g, 0.23 mmol) in  cydopentane (100 mL) was 

placed in a quartz Dewar vessel and  saturated  w ith  nitrogen. The solution 

was irradiated in the Rayonet w ith  254 nm  lam ps for 1 h , a t 0 °C. An aliquot 

of the photolyzed m ixture (ca. 1.0 mL) w as rem oved by syringe, concentrated 

under reduced pressure, and analyzed by  TLC (silica gel, hexane) which 

indicated formation of phenanthrene (135, Rf = 0.24) and  the presence of

som e unreacted starting m aterial (Rf = 0.14). Irradiation was continued an

additional hour. A second aliquot w as w ithdraw n, concentrated under 

reduced pressure, and  analyzed by  TLC (silica gel, hexane). The reaction was 

judged to be completed. A nitrogen saturated solution of DPIBF (144, 0.5 g,

1.8 mmol) in toluene (10 mL) w as added via syringe. The Dewar vessel was 

gently shacked for 10  min, clam ped in a dark  place and allow ed to stand 

overnight at 14 °C. Solvents w ere rem oved in vacuo to obtain a bright yellow 

solid. TLC (silica gel, 3:2 hexane /C H ^C y  analysis of the crude m ixture

indicated the presence of two com pounds, one of which w as DPIBF (144, Rf =

0.62). XH  NMR (C D C y analysis of the crude indicated a  mixture of

phenanthrene (135), 8.56 (d, 2H, J = 8.1 Hz), 7.78-7.45 (m, 6 H), endo- and  

exo-cycloadducts (146 and 145) in a ratio of 1:2.3. The yields of endo- and  exo- 

cycloadducts respect to phenanthrene (135) w ere 24% and 75%, respectively.
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They were calculated from the crude solid using XH  NM R integration. 

Preparative TLC (silica gel, 3:2 h e x a n e /C f^ C y  yielded exo-la,2,7,7a- 

tetrahydro-2,7-diphenyl-2,7-epoxy-lH-cydopropa[b]naphthaline (145, 2 2  mg, 

0.07 mmol, 31% isolated) as a yellow  solid: 1H  NMR (CfiD6) 8 1.82 (dt, 1H,

= 5.1 Hz, = 3.6 Hz, A part of an A B ^  system) 1.58 (dd, 2H, = 6.7 Hz,

Jtrans=  ^  ^ Z/ ^ 2  Part 311AB)^ system), 0.80 (td, 1H, 1 ^ =  6.7, T  ̂= 5.2 Hz, B 

p a rt of an ABX2 system), 7.75-7.15 (m, 10H, aromatic protons), 6.98-6.73 (m, 4H,

arom atic protons); 13C NMR (CgD6) 8 151.5,137.5,128.5,128.4,128.0, 127.7,

126.3, 119.5, 88.9, 26.0,15.7. Chemical shifts were com pared to the literature 

values where erroneously reported pro ton  B as a doublet of triplet.160

Photolysis of 7-enrfo-vinyldibenzo[a:c|bicyclo[4.1.0|heptane (141) in 

Cvclohexene

A solution of 141 (15 m g, 0.07 mmol) in cyclopentane (10 mL) and 

freshly distilled cyclohexene (5 mL) was placed in a quartz test tube and  

saturated  w ith nitrogen. The solution w as irradiated in  the Rayonet w ith 

254 nm  lamps for 2 h  at 0 °C. The reaction was followed by TLC. The 

resulting photolized m ixture w as cooled in an  ice-water bath  for 30 m in and 

transferred to a 50 mL round-bottom ed flask. The solvent was carefully 

evaporated in vacuo a t 0 °C. Capillary GC (T° program , T. = 70 °C, Tf = 200
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°C) analysis of the crude m ixture indicated the presence of phenanthrene (135, 

r t 17.0 min) and two low boiling p o in t com ponents w ith  retention tim es of 

3.4 m in  and  rt 4.4 min. GCMS analysis d id  no t indicate a m olecular ion  peak  

(M+) a t m/z 122. NMR analysis of the crude m aterial indicated form ation 

of phenanthrene (135), bu t there w ere  no vinyl resonances present. Based on 

GC, GCMS, and NMR, no evidence for a trapped vinylcarbene w as 

obtained.

Photolysis of 7-Cydootylidenedibenzo [a:c]bicyclor4.1.01heptane fl58)

A dduct 158 (8 mg, 26.4 X 10' 3 mol) w as dissolved in  pentane in  a  10 mL 

volum etric flask. The solution was placed in a quartz test tube and sa tu ra ted  

w ith  nitrogen. It was irradiated in  the Rayonet w ith 254 nm  lam ps for 1 h  at 

32 °C. A n aliquot (ca. 0.2 mL) of the photolyzed mixture was rem oved by  

syringe and  analyzed by TLC (silica gel, hexane) which indicated form ation of 

phenan th rene  (135, Rf = 0.24). Irrad iation  w as continued an add itional hour.

A second aliquot was w ithdraw n an d  analyzed by TLC (silica gel, hexane).

The reaction was judged to be com pleted. The irradiated solution w as cooled 

(refrigerator) for 20 min. 2,7-Dim ethylnaphthalene (4.7 mg) w as a d d ed  as an  

internal standard (IS). Capillary GC (T° program , T. = 80 °C, Tf = 200 °C)

analysis of the photolyzed solution indicated the presence of two 

com ponents, 1-nonyne (160, rt 3.1 m in) and  phenanthrene (135, r t  16.5 min).
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GC retention times w ere com pared w ith  authentic samples. The so lution w as 

concentrated under reduced pressure a t 0 °C. XH  NM R of the crude m aterial 

indicated a mixture of phenanthrene (135), 8.56 (d, 2H, J = 8.1 Hz), 7.78-7.45 (m, 

6H), and  1-nonyne (160), 2.18 (td, 2H, J = 7.0,2.6 Hz), 1.92 (t, 1H, J = 2.6 Hz, 

acetylenic proton), 1.57-1.23 (m, 10H), 0.88 (t, 3H, J = 6.2 Hz). Com parison of

the calibrated response (three runs average of 1 |iL sample) for 1-nonyne and  

phenanthrene in the irrad iated  so lu tion  versus the averaged responses for 

1-nonyne and phenanthrene in a freshly prepared  standard  solution gave 

1-nonyne (3.1 mg, 94%) and  phenanthrene (4.6 mg, 98%) yield.

Photolysis of 7-Cvclobutylidenedibenzo \a rclbicyclo [4.1.0] hep tane (171)

A dduct 171 (50 m g, 0.20 m mol), pentane (30 mL) and distilled 

cyclohexene (20 mL) w ere com bined in a 50 mL volum etric flask. The 

solution w as placed in  a quartz tube and saturated w ith  nitrogen. It w as 

irradiated in  the Rayonet w ith 254 nm  lam ps for 1 h  a t 32 °C. An aliquot {ca. 

0.2 mL) of the photolyzed m ixture w as rem oved via syringe and analyzed by 

TLC (silica gel, hexane) w hich indicated form ation of phenanthrene (135, Rf =

0.24). Irradiation w as continued for an  additional hour. A second aliquot was 

w ithdraw n and analyzed by  TLC (silica gel, hexane). The reaction was judged  

to be completed. The irradiated solution w as cooled (refrigerator) for 20 min. 

A n aliquot of 5 m l w as rem oved and  2,7-dim ethylnaphthalene (3.0 mg) w as 

added  as internal standard. The solvent of the rem aining 45 mL solution w as
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evaporated under reduced pressure a t  0 °C. Capillary GC (T. = 80 °C, Tf = 200

°C) analysis of the spiked solution indicated the presence of two m ajor 

com ponents w ith  retention tim es of 11.92 m in and 11.95 min, p lu s 

phenanthrene (135, rt 16.5 min). GC retention time for phenanthrene w as 

com pared w ith  an authentic sam ple. 1H  NMR of the crude m aterial indicated 

a m ixture of phenanthrene (135), 8.56 (d, 2H, J = 8.1 Hz), 7.78-7.45 (m, 6H), and 

constitutional isomers 172 and  168 in  a 1:1.2 ratio. C hrom atography (Florisil, 

pentane) afforded a 1:1.2 m ixture of com pounds 172 and  168 (20 m g, 6 6 %) as 

colorless liquids (172): Capillary GC (70 °C, r t 23.9 min); NMR (CDC13)

5 5.69 (AB system , 2H, = 11.0 Hz), 5.36 (symmetrical mult., 1H) 2.88-285 (m,

1H) 2.32-2.23 (m, 4H), 1.99-196 (m, 2H), 156-1.49 (m, 6H); 13C NMR (CDC13)

8  148.3,130.1,127.3,123.5,37.5,33.7,32.5,28.1,25.4,23.6,21.2; DEPT 135 (CDCy 

8  129.8 (CH), 127.1 (CH), 123.2 (CH), 37.3 (CH), 33.5 (CH2), 32.3 (CH2), 27.9 (CH2), 

25.2 (CH2), 23.4 (CH^, 21.0 (CH ^; MS (El) m/z 148 (M+). (168): Capillary GC 

(70 °C, rt 24.5 min); 1H- NMR (CDCy 8  2.87 (symmetrical mult., 2H), 2.26-2.23 

(m, 4H), 2 .10  -2.04 (m, 2H), 1.70-1.26 (m, 8H); 13C NMR (CDCy 8 153.4,39.4,

30.6, 26.5, 23.6,18.5; MS (El) m/z 148 (M+). Chemical shifts for 168 w ere 

com pared to the literature values.37® Com parison of the calibrated response 

(three runs average of 1 pL sample) for phenanthrene in  the irrad iated
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solution versus the calibrated response for phenanthrene in a freshly 

prepared standard solution gave (34.9 mg, 95.5%) yield.

Photolysis of 7-Cydopentylidenedibenzofa:cjbicyclo[4r.l.0]heptane(T78')

A dduct 178 (8  m g, 0.03 mmol), distilled cydohexene (8  mL) and 

pentane (2 mL) w ere com bined in a 10 mL volum etric flask. The solution 

was placed in a quartz test tube and saturated w ith  nitrogen. It was irradiated 

in the Rayonet w ith  254 rim lam ps for 1 h  at 32 °C. A n aliquot (ca. 0.2 mL) of 

the reaction m ixture w as rem oved by syringe and analyzed by  TLC (silica gel, 

hexane) w hich indicated form ation of phenanthrene (135, Rf = 0.24).

Irradiation was continued for an additional hour. A  second aliquot was 

w ithdraw n and analyzed by TLC (silica gel, hexane). The reaction was judged 

to be completed. The irradiated solution was cooled (refrigerator) for 20 min.

2,7-Dim ethylnaphthalene (5.5 mg) was added as an  internal standard  (IS). 

Capillary GC (T. = 120 °C, Tf = 200 °C) analysis of the photolyzed solution

indicated the presence of two com ponents, 7-

cyclopentylidenebicyclo[4.1.0]heptane (175, rt 5.8 m in) and phenathrene (135, 

rt 14.3 min). GC retention time for phenanthrene w as com pared w ith an 

authentic sample. The solution was concentrated under reduced pressure, 

and chrom atographed o n  florisil (1 x 20 cm, pentane) to yield 175 (3.4 mg, 0.02

mmol, 62%) as a colorless liquid: TH  NM R (CDC13) 5 2.35-2.28 (m, 4H), 1.73-
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1.60 (m, 8H), 1.55-1.50 (m, 2 H), 1.22-1.15 (m, 4H); 13C NM R (CDCy 8  131.0,

120.5, 31.2, 26.6, 22.1,21.4,12.8; MS (El) m/z (%) 162 (M+, 39), 133(27), 119(32), 

105(36), 93(66), 91(100), 79(88), 67(32), 105(36), 93(66); IR (CDCI3, cm '1).

Chemical shifts, and  m ass spectrum  data were com pared  w ith  the  literature 

values .169 C om parison of the calibrated response (three runs average of 1 (iL

sam ple) for phenanthrene in the irradiated solution versus the calibrated 

response for phenanthrene in  a freshly p repared  s tandard  solution gave (5.1 

mg, 94%) yield.

Photolysis of 7-Cyclohexylidenedibenzo[a:c|bicyclor4.1.01heptane (1851 

A dduct 185 (10 m g, 0.03 mmol), distilled cyclohexene (8  mL) and  

pentane (2 mL) w ere com bined in  a 10 mL volum etric flask. The solution 

was placed in a quartz test tube and saturated w ith  nitrogen. It w as irradiated 

in the Rayonet w ith  254 nm  lam ps for 1 h  a t 32 °C. A n aliquot (ca. 0.2 mL) of 

the reaction m ixture was rem oved by syringe and analyzed by TLC (silica gel, 

hexane) w hich indicated form ation of phenanthrene (135, Rf = 0.24).

Irradiation w as continued an additional hour. A second aliquot was 

w ithdraw n and  analyzed by TLC (silica gel, hexane). The reaction w as judged 

to be com pleted. The irradiated solution w as cooled (refrigerator) for 20 min.

2,7-Dim ethylnaphthalene (6.4 mg) was added  as an  in ternal standard  (IS). 

Capillary GC (T. = 30 °C, Tf = 200 °C) analysis of the photolyzed solution
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indicated the presence of phenanthrene (135, r t  18.6 min). GC retention tim e 

for phenanthrene was com pared w ith  an  authentic sample. The so lution w as 

concentrated under reduced pressure, and  chrom atographed on  florisil (1 x 20 

cm, pentane) to yield 7-cyclohexylidenebicydo[4.1.0]heptane (181,3.7 m g, 0.02 

m m ol, 58%) as a colorless liquid: C apillary GC (120 °C, rt 8.7 min); XH  NM R

(CDC13) 8 2.22 (m, 4H), 1.75-1.19 (m, 14H), 0.91-0.85 (m, 2H); MS (El) m/z (%)

176(M+, 32), 133(49), 119(43), 91(87), 79(100), 67(61), 41(54); IR (CDCy cm*1).

Chem ical shifts and mass spectrum  data  w ere com pared w ith the literature

values.172 Comparison of the calibrated response (three runs average of 1 pL

sam ple) for phenanthrene in  the irrad iated  solution versus the calibrated 

response for phenanthrene in a freshly p repared  standard solution gave (6.4 

mg, 99%) yield.
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APPENDIX A  

SPECTRA FOR COMPOUNDS

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



197

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o

(O

199

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



J

M

!in
CO

iI
It

1
t
i
1

I
I

200

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Hdd



_ o
r -

O

(O

201

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



<0
(0

202

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



3

o
<o
<o

203

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



too.

204

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

N
dd



o

205

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission



—©

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

20
0



00

207

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

6.
0 

5.
9 

5.
0 

4.
5 

4.
0 

3.
9 

3.
0 

2.
9 

2.
0

PP
M



o

208

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in

CM

a
in
cn

<M

in

GO

Q
inin

in

in
<0

209

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

PP
M



Q .

-

210

— 2o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



J

o
oo

211

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



J

o

a .

212

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C3

in

o

213

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



eo
OO)

CO

_©

214

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



o

n

215

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2.
9



216

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



CO

m

217

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

H
dd



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o

CO

219

.B 9 3 Z I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

H
dd



CO

<oOCO

220

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



o
o

J

00
o

221

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

<
•9



CO

CO
o

222

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Hdd



co

co

(0

CO

CO

223 T»b33lM

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

7.
0 

6.
9 

6.
0 

S.
 9 

9.
0 

4.9
 

4.
0 

3.
9 

3.
0 

3.
9 

2.
0

PP
H



224

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

16
0 

ISO
 

14
0 

13
0 

12
0 

11
0 

10
0



in

CM
CM

CXI

225

> 'M I

-JEJSL

3E23I
£/ o5

1TB931N1

in
ni

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



226

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



oVi

227

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



228

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



in

o

in

in

co
CNJ

229

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

6.
5 

6.
0 

5.
5 

5.
0 

4.
5 

4.
0 

3.
5

PP
M



CM

230

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



CO

CM O
CO

O
CQ

m 0)

Ip
" to

231
TtW 3AHl L

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



>=v- us1 CJ co

232

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



to

to

CM

to

to

CO

to

to

to

to

233

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o

o

in

m

o
in

in

to

o

oo

234

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o

—I

235

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



c

.in

c

i p

cu

5ZO I

IP

IP

IP

in

id

i p

ID

o

IP

236

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



- t

to
Ui

237

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



tn

m

cu

in

(O
in

* ip 
. ip

ip

ip

238

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



<om

239

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



IP

IP

IP

m ip

in

in

(0

i p

(0

co

240

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CO
U)

241

ajQ-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



m

tn

m
00<D

in

CM

in

242

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



tn

00
<0

IT

ni

At

243

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



■5

in

in

cu

cn

in

in

in

in

to

in
<0

244

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



00
CO

CM

245

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Vryr



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

P
PM



in

in

01

in
cu

in

in

ID

CD

in

CD

OJ

247

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



248

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

PP
M



, t p

i p

cu

if*

in

ir*
in

in

c

in

c
(S

IP

249

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

P
P

M



o

250

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



2 0 2

25232

3 2 0 !

_ ^ 3 B 3 E
SS!.'-EI

"ftU931NX

■ * 1  wo.

251

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



252

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in

t o

CM

in

in

in

253

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in

254

_ ©

xaa

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(

<0f*.

A
J

T5TTT

~S55~5~

i

<<

255
1VU93XN1 _

_in

I P Q .
—Q-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



256

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o

CP

cn

in

cn

i p

in

i p

257

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



tn

in
cu

tn

tn
cn

in

(0

o

259

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C\J

tn
CO

c>

Al

o»

cu

261

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



*

CO

263

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

P
P

M



o

A
V

ip

in

i p

tn

moo ip

ip

264

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PP
M



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



REFERENCES

1. a) W arner, P. M. Chem. Rev. 1989, 89, 1067. b) Borden, W. T. Chem. Rev. 
1989, 89, 1095. c) Kenndoff, J.; Polbom , K.; Szeimies, G. J. /. Am . Chem. 
Soc. 1990, 112, 6117. d) Podlech, J.; Polbom , K.; Szeimies, G. /. Org. Chem. 
1993, 58, 4113. e) Eaton, P. E.; Maggini, M. J. Am. Chem. Soc. 1988, 110, 
7230. f) Lukin, K. Eaton, P. E. J. Am. Chem. Soc. 1995, 117, 7652.

2. a) W arm uth- R. Angew. Chem. Int. Ed. Engl. 1997, 36, 1347. b) N ickon,
A.; Zurer, P. St. J. J. Org. Chem. 1981, 46, 4685. c) Breslow, R.; Goodin. /. 
Am. Chem. Soc. 1976, 98, 6076.

3. a) Zimmerman, H. E.; Robbins, J. D.; McKelve, R. D.; Samuel, C. J.; Sousa, 
L. R. f. Am. Chem. Soc. 1974, 96, 4630. b) Wiberg, K. B.; Szeimies, G. 
Tetrahedron Lett. 1968, 1235. c) van Tamele, E. E.; Pappas, S. P. /. Am. 
Chem. Soc. 1963, 85, 3297. d) Bradley, A. Z.; Johnson, R. P. f. Am . Chem. 
Soc. 1997,119, 9917.

4. a) Dupuis, L.; Pirio, N.; M eunier, P.; Igau, A.; Donnadieu, B.; Majoral, J.
P. Angew. Chem. Int. Ed. Engl. 1997, 36, 987. b) W ender, P. A.;
Eissenstant, M. A.; Filosa, M. P. Fahey, R. C. /. Am. Chem. Soc. 1979,
101, 2196. c) M cPherson, C. A. f. Am. Chem. Soc. 1964, 86, 5035.

5. a) A. Greenberg and J. F. Liebman, "M olecular Structure and Energetics," 
(Eds.), VCH, New York, 1987. b) J.F. Liebman and A. Greenberg,
"Structure and Reactivity", VCH, N ew  York, 1988. c) Liebman, J. F and 
Greenberg, A. Chem. Rev. 1976, 76, 311. d) B. Halton, "Advances in 
Strain in Organic Chem istry," (Eds.), Jai Press, London, 1993. e) A. 
Greenberg and  J. F. Liebman, "Strained Organic Molecules," Academic 
Press, New York, 1978.

6. Skancke, A.; Vechten, D. V.; Liebman, J. F.; Skancke, P. N. /. Mol. Struct., 
1996,376,461.

7. Liebman, J. F and Greenberg, A. Chem. Rev. 1989, 89, 1215.

8. George, P.; Trachtm an, M.; Bock, C. W.; Brett, A. M. Tetrahedron, 1976,
32,317.

9. a) Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople, J. A. /. Am. Chem. Soc. 
1970, 92, 4796. b) Radom, L.; Hehre, W. J.; Pople, J. A. /. Am. Chem. Soc.

266

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1971,93,289.

10. a) George, P.; Trachtm an, M.; Bock, C. W.; Brett, A. M. Theoret. Chim. 
Acta. 1975, 38,121. b) George, P.; Trachtman, M.; Bock, C. W.; Brett, A. M. 
/. Chem. Soc. Perkin I I 1977, 1036.

11. a) Allinger, N. L.; Sprague, J. T. /. Am. Chem. Soc. 1973, 95, 3893. b) 
Allinger, N. L.; Rahman, M.; Lii, J.-H. f. Am. Chem. Soc. 1990, 112, 8293.
c) Allinger, N. L.; Yuh, Y. H .; Lii, J.-H. /. Am. Chem. Soc. 1989, 111, 8551.
d) Allinger, N. L.; Zhu, Z.-q. S.; Chen, K. /. Am. Chem. Soc. 1992, 114, 
6120.

12. TRC Thermodynamic Tables, Hydrocarbons, Vol., VII, The Texas A&M 
U niversty System, TX, 1991.

13. Egawa, T.; Fukuyam a, T.; Yamamoto, S.; Takabayashi, F.; Kam bara, H.; 
Ueda, T.; Kutchitsu, K. f. Chem. Phys. 1987, 86, 6018.

14. Cox, K. W.; H arm ony, M. D.; Nelson, G.; W iberg, K. B. /. Chem. Phys. 
1969,50,1976.

15. a) W ilberg, K. B., Walker, F. H. f. Am. Chem. Soc. 1 9 8 2 ,104, 5239. b) 
Hedberg, L.; H edberg, K. J. Am. Chem. Soc. 1985, 107, 7257.

16. Fitjer, L.; Steeneck, C.; Gaini-R, S.; Schroder, U.; Justus, K.; Puder, P.; 
Dittm er, M.; Hassler, C.; W eiser, J.; Noltemeyer, M.; Teichert, M. f. Am. 
Chem. Soc. 1998, 120, 317.

17. W ilberg, K. L.; Olli, L. K.; Golembski, N.; Adams, R. D. f. Am. Chem. Soc. 
1980,102, 7467.

18. Eaton, P. E.; Cole, T. W. J. Am. Chem. Soc. 1964, 86, 962.

19. W eltner, W., Jr. f. Am. Chem. Soc. 1953, 75, 4224.

20. a) Pilling, W. L. J. Org. Chem. 1993, 58, 5338. b) Engler, E.; Schleyer, P. v. 
R. f. Am. Chem. Soc. 1973, 95, 8005. c) Osawa, E. M; Schleyer, P. v. R.; 
Chang, L. W. K.; Kane, V. Tetrahedron Lett., 1974, 4189.

21. Engler, T. A; Schechter, H. Tetrahedron Lett., 1982, 23, 2715.

22. a) H ouk, K, N.; Rondan, N. G.; Brown, F. K. Isr. J. Chem. 1983, 23, 85. b) 
Borden, W. T. Chem. Rev. 1989, 89, 1095.

267

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23. (a) Traetteberg, M. Acta. Chem. Scand. B. 1975, 29, 29. b) Cope, A. C.; Pike, 
R. A.; Spencer, C. F. J. Am. Chem. Soc. 1965, 87, 934.

24. Squillacote, M.; Bergm an, A.; De Felippis, J. Tetrahedron Lett., 1989, 30, 
6805.

25. (a) Dauben, W. G.; v an  Riel, H. C. A.; H auw , C. Leroy, F.; Joussot-Dubbie, 
J.; Bonneau, R. /. Am . Chem. Soc. 1979, 101, 1901. b) Caldwell, R. A.; 
Goodm an, J. L.; Peters, K. S; M isawa, H. J. Am . Chem. Soc. 1986, 108, 6803.

26. Johnson, R. P.; DiRico, K. f. Org. Chem. 1995, 60, 1074.

27. a) W iberg, K. B.; M atturro , M. G.; Okarm a, P. J.; Jason, M. E. f. Am. Chem. 
Soc. 1984,106, 2194. b) W iberg, K. B.; Adam s, R. D.; Okarma, P. J.; 
M atturro, M. G.; Segm uller, B. f. Am . Chem. Soc. 1984, 106, 2200.

28. a) Kollmar, H., C arrison, F.; Dewar, M. J. S; Bingham, R. B. /. Am. Chem. 
Soc. 1981,103, 5292. b) Hess Jr., B. A.; Michalska, D.; Schaad, L. J. f. Am. 
Chem.Soc. 1981, 103, 1891.

29. M aier, W. F.; Schleyer, P. v. R. f. Am. Chem. Soc. 1987, 109, 7546.

30. H rovat, D. A.; Birden, W. T. J. Am. Chem. Soc. 1988, 110, 4710.

31. a) Gassman, P. G.: Gennick, I. /. Am. Chem. Soc. 1980, 102, 6863. b) Levin, 
R. H.; Jones, M. A nd Moss, R. A. "Reactive Interm ediates," (Eds.), Wiley, 
N ew  York, 1985.

32. Blomquist, A. T.; Liu, L. H. J. Am. Chem. Soc. 1953, 75, 2153.

33. a) Turner, A. T.; Jarratt, A. D.; Goebel, P.; M allon, B. J. J. Am. Chem. Soc. 
1973, 95, 790. b) A llinger, N. L; M eyers, A. Y. Tetrahedron 1975, 31, 1807.

34. a) Wittig, G.; Krebs, A.; Pohlke, R. Angew. Chem. 1960, 72, 324. b) Wittig, 
G.; Krebs, A. Chem. Ber. 1961, 94, 3260. c) W ittig, G.; M ayer, U. Chem. Ber. 
1963,96,329.

35. a) Olivella, S.; Pericas, M. A.; Riera, A.; Sole, A. f. Org. Chem. 1987, 52, 
4160. b) W entrup, C.; Blanch, R.; Briehl, H.; G erhard, G. J. Am. Chem.
Soc. 1988,110,1874.

36. W entrup, K. "Reactive M olecules," John W iley, N ew  York, 1984.

37. a) Chapm an, O. L. Pure Appl. Chem. 1979, 51. 331. b) Montgomery, L. K.;

268

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Roberts, J. D. Am. Chem. Soc. 1960, 72, 4750. c) Chapm an, O. L.; Gano, J.; 
W est, P. R. f. Am. Chem. Soc. 1981,103, 7033. d) Gilbert, J. C.; Baze, M. E. 
/. Am. Chem. Soc. 1983, 105, 664. e) Fitjer, L.; Kliebish, U.; Wehle, D.; 
M odaressi, S. Tetrahedron Lett., 1982, 23,1661.

38. a) W ittig, G.; Wilson, E. R. Chem. Ber. 1965, 98, 451. b) Meier, H.; Schmitt, 
M. Tetrahedron Lett., 1989, 30, 5873.

39. Johnson, R. P.; Daoust, K. J. /. Am. Chem. Soc. 1995, 117, 362.

40. a) Saxe, P.; Schaefer IE, H. F. /. Am. Chem. Soc. 1980, 102, 3239. 
b) Meier, H.; Hanold, H.; Molz, T.; Bissinger, H.-J.; Kolshom, H.
Zountsas, J. Tetrahedron 1986, 42, 1711.

42. Meier, H.; Konig, O. Noav. J. Chim. 1986, 10, 437.

43. Zheng, M.; DiRico, K. J.; Kirchhoff, M. M.; Phillips, K. M.; Cuff, L. M.; 
Johnson, R. P. /. Am. Chem. Soc. 1993, 115, 12167.

44. a) Bergman, R. G. Acc. Chem. Res. 1973, 6, 25. b) Bharucha, K. N.; Marsh, 
R. M.; Minto, R. E.; Bergman, R. G. J. Am. Chem. Soc. 1992, 114, 3120.

45. Shakespeare, W. C.; Johnson, R. P. /. Am. Chem. Soc. 1990, 112, 8578.

46. Engler, E. M.; Andose, J. D.; Schleyer, P. v. P. J. Am. Chem. Soc. 1973, 95, 
8005.

47. Johnson, R. P. In "Advances in  Theoretically Interesting Molecules,"
Vol. 1, JAI Press Inc., N ew  York, 1989.

48. a) Cappola, G. M. "Allenes in Organic Synthesis." John Wiley, New York, 
1984. b) Johnson, R. P. Chem. Rev. 1989, 89, 1111. c) Landor, S. R. (Ed)
"The Chemistry of the Allenes." Vols. 1-3. Academ ic Press, New York, 
1982.

49. a) Bohlmann, F.; Kieslich, K. Chem. Ber. 1954, 87, 1363. b) Rauss- 
G odineau, J.; Chodkiewicz, W.; Cadiot, P. Bull. Soc. Chim. Fr., 1966, 2877.

50. G undersen, G.; Thomassen, H. G.; Aanensen, J. E. J. Mol. Struct. 1995,
346,153.

51. A ngus Jr., R. O.; Johnson, R. P. /. Org. Chem. 1984, 49, 2880.

52. Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618.

269

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53. Moore, W. R.; Ozretich, T. M. Tetrahedron Lett., 1967, 3205.

54. a) Moore, W. R.; Moser, W. R. J. Am . Chem. Soc. 1970, 92, 5469. b)
Moore, W. R.; Moser, W. R. J. Org. Chem. 1970,35, 908.

55. Kirchhoff, M. M. Ph.D. Thesis, The University of New H am pshire, 
D urham , N ew  Ham pshire, 1992.

56. Zoch, H-G.; Szeimies, G. Romer, R.; Schmitt. R. Angew. Chem. Int. Ed. 
Engl. 1981,20,877.

57. Hashm i, S.; Polbom, K.; Szeimies, G. Chem. Ber. 1989, 122, 2399.

58. Schliiter, A.-D.; Hamisch, H.; H am isch , J.; Szeimies-Seebach, U.; 
Szeimies, G. Chem. Ber. 1985, 118, 3513.

59. Estim ated total strain for 31 at the M P 4 / /M P2 level is 49.4 kcal/m ol. 
Daoust, K. J. M. S. Thesis, The U niversity  of New H am pshire, Durham , 
New  Ham pshire, 1996.

60. Yin, J.; Abboud, K. A.; Jones, W. M. J. Am. Chem. Soc. 1993, 115, 8859.

61. Hickey, E. R.; Paquette, L. O. /. Am. Chem. Soc. 1995,117,163.

62. Swartz, S. G. M. S. Thesis, The U niversity  of New H am pshire, D urham , 
N ew  Ham pshire, 1996.

63. M asakazu, O.; T.; N ishida, S. f. Chem. Soc., Chem. Commnn. 1991, 37.

64. M orizawa, Y.; Kanakura, A.; Hajim e, Y.; Tamejiro, H.; Nozaki, H. Bull. 
Chem. Soc. Jpn. 1984, 57, 1935.

65. Lam per, E.; Hanack, M. Chem. Ber. 1973, 106, 3216.

66. House, H.; Sieloff, T. V.; DeTar, M. B. f. Org. Chem. 1980, 44, 1800.

67. Dunn, G. L.; DiPasquo, V. J.; H oover, J. R. E. f. Org. Chem. 1968, 33,1455.

68. a) N ew m an, M. S.; Wood, L. L. /. Org. Chem. 1958, 23, 1236. b) N ew m an, 
S. M.; W ood Jr., L. L. J. Am. Chem. Soc. 1959, 81, 4300. c) N ew m an, M. S.; 
Fraenkel, G.; Kim, W. N. J. Org. Chem. 1963, 28,1851.

69. Ciganek, E.; Tetrahedron Lett., 1967, 3321

270

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70. a) Huisgen, R.; Szeimies, G.; Mobius, L. Chem. Ber. 1967 ,100, 2494. b) 
Padwa, A. Angew. Chem. Int. Ed. Engl. 19 7 6 ,15, 123.

71. a) Iyoda, M.; Otani, H.; O da, M.; Kai, Y.; Baba, Y.; Kasai, N .; f. Chem. Soc. 
Chem. Com. 1986 ,1794. b) Iyoda, M.; M izusuna, A.; K urata, H.; O da, M. /. 
Chem. Soc. Chem. Com. 1989, 1690. c) Hagelle, L.; West, R.; Calabrese, J.; 
N orm ant, J. J. Am. Chem. Soc. 1979, 101, 4888.

72. Garbisch Jr., E. W. f. Org. Chem. 1965, 2109.

73. Banerjee, S.; Engel, R.; Axelrad, G. Phosphorus and Sulfur 1983, 15, 15.

74. Kerr, J. A. Chem. Rev. 1966, 66, 465.

75. Schaefer, H. F. EH.;" Q uan tum  Chemistry." C larendon Press, Oxford, 
1984.

76. a) DeFrees, D. J.; Levi, B. A.; Pollack, S. K.; Hehere, W. J.; Binkley, J. S.; 
Pople, J. A. J. Am. Chem. Soc. 1979, 101, 4085. b) H ariharan, P. C.; Pople,
J. A. Mol. Phys. 1974, 27, 209.

77. a) Breulet, J.; Lee, T. j.; Schaefer, H. F. f. Am. Chem. Soc. 1 9 8 4 ,106, 6250. b) 
Furukaw a, Y.; Takeuchi, H.; H arada, I.; Tasum i, M. Bull. Chem. Soc. fpn. 
1983,56, 392. c) De Mare, G. R. J. Mol. Struct. 1984,107,127.

78. Meier, H.; Hanold, N.; M olz, T.; Bissinger, H. J.; K holshom , H.; Zountsas, 
J. Tetrahedron 1986, 42, 1711.

79. Nicolaides, A.; Borden, W. T. J. Am. Chem. Soc. 1991, 113, 6750.

80. Evanseck, J. D.; Houk, K. N. J. Am. Chem. Soc. 1990, 112, 9128.

81. Childs, R. F. Tetrahedron 1982, 38, 567.

82. a) Chan, T. H.; M assuda, D. J. Am. Chem. Soc. 1977, 99, 936. b) Chan,T. H.; 
M assuda, D. Tetrahedron Lett. 1975, 3383.

83. Andro, T. B. S. Thesis, The University of N ew  H am pshire, D urham ,
N ew  Ham pshire, 1992.

84. a) Chiao, W.-B.; Saunders, W. H. /. Org. Chem. 1980, 45,1319. b) Cope, A.
C.; LeBel, A. A.; Lee, H.-H.; Moore, W. R. J. Am. Chem. Soc. 1957, 79,
4729. c) Brown, K. C.; Saunders Jr., W. H. J. Am. Chem. Soc. 1970, 92,
4292.

271

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



85. a) Favorski, A. E. Bull, Soc. Chim. Fr. 1936,5,1727. b) Dom nin, N. A. /. 
Gen. Chem. USSR (Engl. Transl.) 1945,15, 461. c) H illard EE, R. L.; 
V ollhardt, K. P. C. }. Am. Chem. Soc. 1976, 98, 3579. d) Scardiglia, F.; 
Roberts, J. D. Tetrahedron 1957,13, 343. e) M ontgom ery, L. K.; Roberts, J. 
D. J. Am. Chem. Soc. 1960, 82, 1960.

86. H ayashi, T.; K um ada, M. Acc. Chem. Res. 1982, 15, 395 and  references 
there in .

87. a) G rootveld, H. H.; Blomber, C.; Bickelhaup, F. Tetrahedron Lett. 1971, 
22, 1999. b) Grootveld, H. H.; Blomber, C.; Bickelhaup, F. /. Chem. Soc. 
Chem. Comm. 1973, 542. c) Gassman, P. G.; Genneck, I. J. Am. Chem. 
Soc. 1980, 102, 6863. d) Gronowitz, S.; Petterson, K. f. Heterocycl. Chem. 
1976,13,1099.

88. Xiaomin, W.; Rieke, R. D. J. Org. Chem. 1995, 60, 6658 and references 
there in .

89. a) Scharf, H. -D.; Korte, F. Chem. Ber. 1965, 98, 3672. b) Iyoda, M.; Tanaka,
S.; O tani, H.; Nose, M.; Oda, M. f. Am. Chem. Soc. 1988, 110, 8494.

90. M alanga, C.; Aronica, L. A.; Lardicd, L. Tetrahedron Lett. 1995, 36, 9189.

91. a) Gassm an, P. G.; Proehl, G. S. J. Am. Chem. Soc. 1980, 102, 6863. b) 
H am isch, J.; Baumgartel, O.; Szeimies, G.; Van M eerrssche, M. Germain,
G.; D ederq , J.-P. }. Am. Chem. Soc. 1979, 101, 3370. c) Szeimies, G. 
H am isch, J.; Baumgartel, O. J. Am. Chem. Soc. 1977, 99, 5183.

92. Rasheed, K. Tetrahedron 1966, 22, 2957.

93. Gilbert, J. C.; McKinley, E. G.; Hou, D-R. Tetrahedron Lett. 1997, 53, 9891.

94. Cristol, S. J.; Radem acher, L. E. f. Am. Chem. Soc. 1959, 81, 1600.

95. M cM urry, J. G.; Scott, W. J. Tetrahedron Lett. 1983, 24, 979.

96. Janz, G. J. "Therm odynam ic Properties of Organic C om pounds," 
Academic Press, N ew  York, 1967.

97. a) Sm ithers, R. H. f. Org. Chem. 1978, 43, 2833. b) N eum ann, H.; Seebach,
D. Chem. Ber. 1978, 111, 2785.

98. N apolitano, E.; Fiaschi, R.; M astrorilli, E. Synthesis 1986, 122.

272

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



99. Billups, W. E.; Haley, M. M.; Lee, G.-A. Chem. Rev. 1989, 89,1147.

100. W instanley Jr., J. B. S. Thesis, The U niversity of N ew  Hampshire, 
Durham , N ew  H am pshire, 1992.

101. Ye, X-S.; Li, W-K.; W ong, H. N. C. J. Am. Chem. Soc. 1996, 118, 2511.

102. Wittig, G.; Rings, M. Liebigs Ann. 1968, 719, 127.

103. Reinecke, M. G.; Newsom , J. G.; Chen, L-J. f. Am. Chem. Soc. 1981, 103, 
2760.

104. Stang, P. J. Chem. Rev. 1996, 96,1123.

105. N agendrappa, G. Synthesis 1980, 704.

106. Ochiai, M.; Sumi, K.; Takoaka, Y.; Kunishim a, M.; Nagao, Y.; Shiro, M.; 
Fujita, E. Tetrahedron 1988, 44, 4095.

107. Schardt, B. C.; Hill, C. L. Inorg. Chem. 1983, 22, 1563.

108. M argida, A. J.; Koser, G. F. J. Org. Chem. 1984, 49, 4703.

109. a) Iyoda, M.; Otani, H.; Oda, M./. Am. Chem. Soc. 1986,108,5371. b) Iyoda, 
M.; Otani, H.; O da, M. Angew. Chem. Int. Ed. Engl. 1988, 27,1080. c) Iyoda, 
M.; Sakaitani, M.; Miyazaki, T.; Oda, M. Chem. Lett. 1984, 2005. d) Iyoda, 
M.; N ishioka, K.; Nose, M. Chem. Lett. 1984, 131.

110. Corey, E. J.; Danheiser, R. L.; Chandrasekaran, S. J. Org. Chem. 1976, 41, 
260.

111. Savignac, P. Coutrot, P. Synthesis 1976, 197.

112. Ried, W.; Deuschel, G.; Kotelko, A. Ann. Chem. 1962, 642, 121.

113. Posner, G. H.; Loomis, G. L.; Sawaya, H. S. Tetrahedron Lett. 1975,16,
1373.

114. Saunders, M.; Hage, E. L. /. Am. Chem. Soc. 1968, 90, 2436.

115. Tanaka, K.; M atsui, S.; Kaji, A. Bull. Chem. Soc. fpn. 1980, 53, 3619.

116. a) Gilbert, J. C.; Giamalva, D. H.; W eerasooriya, U. J. Org. Chem. 1983, 48, 
5251. b) Tywinsky, R. R.; W hiteford, J. A.; Stang, P. J. J. Chem. Soc., Chem.

273

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Commun. 1993, 1800. c) Perez-Perez, M. J.; Camarasa, M. J. /. Chem. Soc., 
Chem. Commun. 1992, 1403.

117. DeTar, D. F.; Luthra, N. P. /. Am. Chem. Soc. 1980, 102, 4505.

118. Brody, M. S.; Williams, R. M.; Finn, M. G. f. Am. Chem. Soc. 1997, 119, 
3430.

119. Gilchrist, T. L. and Rees, C. W. "Carbenes, Nitrenes, and Arynes," 
Appleton-Century-Crofts, N ew  York, 1969.

120. a) Sanders, W.; Bucher, G.; W ierlacher, S. Chem. Rev. 1993, 1583. b) 
Brinker, U. H. "Advances in  Carbene Chemistry," Vol. 1, JAI Press, 1994.

121. Zittel, P. F.; G. B. O'Neil, S. V.; H erbst, E.; Lineberger, W. C.; Reinhardt, 
W. P. J. Am. Chem. Soc. 1976, 98, 3731.

122. a) Baird, N. C.; Taylor, K. F. J. Am. Chem. Soc. 1978, 100,1333 and 
references therein.

123. a) W asserman, E.; Hutton, R. S. Acc. Chem. Res. 1977,10, 27. b) 
W asserman, E.; Snyder, L. C.; Yager, W. A. J. Chem. Phys. 1964, 41, 1763.

124. a) Jones Jr., M.; Moss, R. A. Ed., "Carbenes", Vol. 1, Wiley -Interscience, 
N ew  York, 1973. b) Moss, R. A.; M unjal, R. C. Tetrahedron Lett., 1979, 
4721. c) Moss, A. Acc. Chem. Res. 1980,13, 58.

125. a) Alder, R. W.; Allen, P. R.; W illiams, S. J. /. Chem. Soc., Chem.
Commun. 1995, 1267. b) A rduengo, A. J. EL; Harlow, R. L.; Kline, M.
J. Am. Chem. Soc. 1991, 113, 361.

126. Schrock, R. R. Acc. Chem. Res. 1979, 12. 98.

127. Kirmse, W. Angew. Chem. Int. Ed. Engl. 1965, 4, 1.

128. a) Hine, J. /. Am. Chem. Soc. 1950, 72, 2438. b) Hoffmann, W. R. Acc. 
Chem. Res. 1985,18, 248. c) Seyferth, D.; H opper, S. P.; Darragh, V. D.
/. Am. Chem. Soc. 1969, 91, 6536.

129. For reviw, see Regitz, M., and  Mass, G. "Diazo Compounds," Academic 
Press, New York, 1986, pp. 170.

130. Smith, R. A. G.; Knowles, J. R. J. Chem. Soc., Perkin Trans. 2, 1975, 686.

274

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



131. a) Hoffmann, R. W. Angew. Chem. Int. Ed. Engl. 1971, 10, 529. b) Leigh, 
W. J.; Srinivasan, R. Acc. Chem. Res. 1987, 20,107.

132. a) Rothgery, E. F.; H olt, R. J.; McGee, Jr., H. A. /. Am. Chem. Soc. 1975, 97, 
4971. b) Turro, N. J.; H am m ond, W. B; Tetrahedron 1968, 24, 6017.

133. Bertrand, M. M. Bull. Soc. Chim. Fr. 1968, 3044.

134. a) Terao, T.; Sakai, N .; Shida, S. J. Am. Chem. Soc. 1963, 85, 3919. b) Frey,
H. M. Chem. Ind. (London) 1960, 1266.

135. Doering, W. v. E; C obum  Jr., J. F. Tetrahedron Lett., 1965, 991.

136. W oodworth, R. C.; Skell, P. S. J. Am. Chem. Soc. 1959, 81, 3383.

137. Giese, B.; Lee, W-B.; N ew m ann, C. Angew. Chem. Int. Ed. Engl. 1982, 21, 
310.

138. Skell, P. S.; Klebe, J. f. Am. Chem. Soc. 1960, 82, 247.

139. Doering, W. v. E.; Knox, L. H. /. Am. Chem. Soc. 1951, 75, 297.

140. Rubin, M. G. J. Am. Chem. Soc. 1981, 103, 7791.

141. a) Doering, W. v. E.; Buttery, R. G.; Laughin, R. G. C haudhurt, N. /. Am. 
Chem. Soc. 1956, 78, 3224. b) Doering, W. v. E.; Knox, L. H. /. Am. Chem. 
Soc. 1961,83,1989.

142. See, for example: a) Doering, W. v. E.; Knox, L. H. f. Org. Chem. 1959, 24, 
136. b) Tomioka, H.; Ozaki, Y.; Izawa, Y. Tetrahedron 1985, 41, 4987. c) 
Walsh, R.; W atts, I. M. /. Chem. Soc., Chem. Comm un. 1989, 284.

143. a) Sugiyama, M. H.; Celebi, S.; Platz, M. S. /. Am. Chem. Soc. 1992,114,
966. b) Moss, R. A.; H o, G. J.; Liu, W. J. Am. Chem. Soc. 1992, 114, 959.

144. Meir, H.; Zeller, K-P. Angew. Chem. Int. Ed. Engl. 1975,14, 32.

145. a) Ito, Y.; Okano, M.; O da, R. Tetrahedron 1966, 22, 2615. b) W ynberg, H. 
Chem. Rev. 1960, 60, 169.

146. Griffin, G. W. Angew. Chem. Int. Ed. Engl. 1971, 10, 537.

147. Richardson, D. B.; D urrett, L. R.; Martin, J. M., Jr.; Putm an, W. E.; 
Slaymaker, S. C.; D voretzky, I. J. Am. Chem. Soc. 1965, 87, 2763.

275

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



148. Chateauneuf, J. E.; Johnson, R. P.; Kirchhoff, M. M. J. Am . Chem. Soc. 
1990,112,3217.

149. Robert, M.; Toscano, P. P.; Platz, M. S.; Abbot, S. C.; Kirchhoff, M. M.; 
Johnson, R. P. J. Phys. Chem. 1996, 100, 18426.

150. a) Hopf, H.; W achholz, G.; Walsh, R. J. Chem. Soc., Perkin. Trans. 2, 
1986, 1103. b) Hopf, H.; Wachholz, G.; Walsh, R. /. Chem. Ber. 1985, 118, 
3579.

151. H utton, R. S.; M anion, M. L.; Roth, H. D.; W asserm an, E. f. Am. Chem. 
Soc. 1974, 96, 4680.

152. Honjou, N.; Pacansky, J.; Yoshimine, M. /. Am. Chem. Soc. 1984, 106, 
5361.

153. Chapman, O. L. Pure Appl. Chem. 1974, 40, 511.

154. a) Srinivasan, R. /. Chem. Soc., Chem. Commun. 1971, 1041. b) Bucher,
G.; Sander, W.; f. Org. Chem. 1992, 57, 1346.

155. a) Billups, W. E.; H aley, M. M.; Lee, G. -A. Chem. Rev. 1989,1147. b) 
Halton, B.; Bridle, J. H .; Lovett,, E. G. Tetrahedron Lett., 1990, 31, 1313.

156. Demjanov, N. Y.; D oyarenko, M. N. Bull. Acad. Sci. USSR, 1922, 16, 297.

157. Von R.-Schleyer, P.; W illiam s, J. E.; Blanchard, K. R. J. Am. Chem. Soc. 
1970,92,2377.

158. Abbot, S. C. M. S. Thesis, The University of N ew  H am pshire,
Durham, N ew  H am pshire, 1996.

159. Closs, G. L.; Krantz, K. D. J. Org. Chem. 1966, 82, 6375.

160. a) Geibel, K.; H eindl, J. Tetrahedron Lett., 1970, 4661. b) Battiste, M. A.; 
Sprouse Jr., C. T. Tetrahedron Lett., 1970, 4661.

161. a) Binger, P.; Biich, H. M. Top. Curr. Chem. 1987,135, 77. b) Deem, M. L. 
Synthesis 1972, 675. c) Carter, F. L.; Frampton, V. L. Chem. Rev. 1964, 64, 
497. d) W iberg, K. B.; Bartley, W. J. /. Am. Chem. Soc. 1960, 82, 6375.

162. Alder, K.; Stein, G. Angew. Chem. 1937, 50, 510.

276

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



163. a) Apeloig, Y.; M atzner, E. J. Am. Chem. Soc. 1995, 117, 5375. b) Binger, P. 
W edem ann, P.; G oddard, R.; Krinker, U. H. J. Org. Chem. 1996, 61, 6462.

164. a) Maier, G.; Reisenauer, H. P . ; Schwab, W; Carsky, P.; Hess, B. A. J.; 
Schaad, L. J. J. Am. Chem. Soc. 1987, 109, 5183. b) Maier, G.; Reisenauer,
H. P . ; Schwab, W; Carsky, P.; Spirko, V.; Hess, B. A. J.; Schaad, L. J. /. 
Chem. Phys. 1989, 91, 4763.

165. a) Gilles, M. K.; Lineberger, W. C.; Ervin, K. M. J. Am. Chem. Soc. 1993, 
115,1031. b) Burnett, S. M.; Stevens, A. E.; Feigerle, C. S.; Lineberger, W. 
C. Chem. Phys. Lett. 1983,100, 124.

166. a) O sam ura, Y.; Schaefer, H. F., El. Chem. Phys. Lett. 1981, 79,412. b) 
Pople, J. A. Pure Appl. Chem. 1983, 55, 343.

167. Peterson, G. A.; Tensfeld, T. G.; M ontgomery, J. A. f. Am. Chem. Soc. 
1992,114,6133.

168. a) Carlson, H. A.; Quelch, G. E.; Schaefer, H. F. EL, J. Am. Chem. Soc.
1992,114, 5344. b) Dewar, M. J. S.; Gilbert, J. C.; Kirschner, S. /. Chem. Soc., 
Chem. Commun. 1994, 1105. c) Tseng, J.; Mckee, M.; Shevlin, P. B. }. Am. 
Chem. Soc. 1987,109, 5474. d) GEbert, J. C.; Baze, M. E. J. Am. Chem. Soc. 
1984,106,1885. e) M archand, A. P.; Kaipenchery, A.; Rajagopal, D.; 
Eckrich, R.; Bott, S. G. Tetrahedron Lett., 1996, 37, 467.

169. Xu, L.; Lin, G.; Tao, F.; Brinker, U. H. Acta. Chem. Scand. 1992, 46, 650.

170. Hassig, R.; Siegel, H.; Seebach, D. Chem. Ber. 1982,115,1990.

171. Erickson, K. L.; W olinsky, J. f. Am. Chem. Soc. 1965, 87, 1142.

172. Stang, P. J.; M angum , M. G.; Fox, D. P.; Haak, P. /. Am. Chem. Soc. 1974, 
96,4562.

173. Jones, Jr., M.; Petrillo, Jr., E. W. Tetrahedron, Lett., 1969, 45, 3953.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



r

IMAGE EVALUATION 
TEST TARGET (Q A -3 )

✓

✓

4

l . o

l.l

m
l .
|*D

1.25

2.2

2.0

1.8

1.4 1.6

150mm

I I W I G E . I n c
1653 East Main Street 
Rochester, NY 14609 USA 
Phone: 716/482-0300 
Fax: 716/288-5989

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


	University of New Hampshire
	University of New Hampshire Scholars' Repository
	Spring 1998

	New synthetic routes to strained cumulenes and reactive carbenes
	Susana Hernandez
	Recommended Citation


	tmp.1525704849.pdf.hNlwC

