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Fulvenes are a group of cross-conjugated compounds that have been of interest due to their 
diverse chemical and physical properties. Since the discovery of fulvenes by Thiele in the 
1900s, and improved synthetic methods, fulvene chemistry has been explored and 
applications in organometallic chemistry and natural product synthesis have been unveiled. 
Herein, we disclose our results on the reactions of fulvenes and 6-vinylfulvenes with 
carbon nucleophiles and reducing agents. For this study, the carbon nucleophiles selected 
includes the carbon acids nitromethane and ethyl nitroacetate, furthermore, the reducing 
agent consists o f UAIH4. Moreover, selective diazene reduction of fulvenes has been 
explored in the hopes o f gaining a convenient access to 1,2-dihydrofulvenes. Nitronate 
anion additions onto regular fulvenes proved to be highly dependent on the C6-substitution 
pattern of the fulvene: 6,6-disubstituted fulvenes gave spiro[2.4]hepta-4,6-dienes whereas 
with 6-monosubstituted fulvenes the cyclopropanation was not completed, giving rise to 1- 
and 2-substituted cyclopentadienes. Due to the improved preparative methods of 6- 
vinylfulvenes, their reactivity was examined with three nucleophiles because 6- 
vinylfulvenes have two electrophilic sites, at the C6 and C8 position. The nucleophilic 
additions onto 6-vinylfulvenes, for the most part, occurred by a 1,4-conjugate addition with 
the carbon nucleophiles and UAIH4, however, 1,2-additions were observed with a few 6- 
vinylfulvene derivatives. In addition, the vinyl cyclopentadiene isomers derived from 6- 
vinylfulvene with UAIH4 were employed towards the synthesis of 2-vinylsubstituted 
fulvenes and isolated in moderate to excellent yields. Moreover, fulvene diazene reduction 
occurred by a mono-selective endocyclic manner and 1,2-dihydrofulvenes were isolated in 
moderate to excellent yields.
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1 Introduction

1.1 Background

The considerable exploration o f fulvenes, since the discovery in the 1900s by 

Thiele, has introduced wide applications o f fulvenes to various fields.1,2’3 The rich fulvene 

chemistry can be attributed to the unique cross-conjugated structure la  which allows for 

the different modes o f reactivity with both nucleophiles and electrophiles. The exocyclic 

double bond is highly polarizable towards the ring which gives rise to a dipole moment and 

aromatic stability, due to the formation of the cyclopentadienyl anion because it is a 6 n 

Huckel system. However, it is important to note that the magnitude o f the dipole moment

R1 ^R2 
[6

v\ / / '

Figure 1. la  The general fulvene structure numbered according to the most common Chemical 
Abstracts numbering system, lb  The most stable fulvene resonance structure features a 
cyclopentadienyl anion. Based on the resonance structure, nucleophilic attacks occur at C6 and 
electrophilic additions at C l (C4).____________________________________________________

and extent o f aromatic character is dependent on the R1 and R2 substituents. The addition

of electron donating C6-substituents such as alkyl and amino groups increases the dipole

moment and aromatic character because the polarization towards the ring would generate

a positive charge at C6 that would be stabilized by electron donating substrates. The most

stable resonance structure lb  exhibits both an electropositive charge and electronegative

charge on the exocyclic position and in the ring, which is consistent with the empirical



2

reactivity of fulvenes with nucleophiles and electrophiles. Experimentally, nucleophilic 

attacks occur at the C6 position whereas electrophilic additions occur at the Cl (C4) 

position. Since the initial publication by Thiele, describing the first syntheses of fulvenes, 

fulvenes have also been of theoretical interest because they are isomers of benzene yet 

exhibit high reactivity and have a chromophore incorporated into the structure. 

Furthermore, there are a variety of methods available to prepare fulvenes in which many 

different substituents and functionalized groups can be incorporate. In addition, fulvenes 

have served as building block in natural product synthesis and are also of importance as 

ligands in organometallic chemistry. 1’2’3

Cycloadditions o f fulvenes have received much attention because they are able to 

act as 271, 4n, or 671 cycloaddends.2,3 With the three potential modes o f cycloaddition, 

fulvenes are excellent candidates to prepare bicyclic and polycyclic compounds. For 

example, the linearly fused tricyc c compound 4 shares structural similarities with 

naturally occurring compounds such as SP 18904 5, treprostinil, and kigelinol was prepared 

from the functionalized fulvene 2 (Figure 2) .2 Under basic reaction conditions, fulvene 2 

isomerizes to the vinyl cyclopentadiene intermediate 3 which undergoes an intramolecular 

[4+2] cycloaddition to form the tricyclic compound 4. Compound 4 is formed in a 

stereoselective manner and should serve as an advanced precursor for naturally occurring 

compunds, such as 5.
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o
Jis

Figure 2. The synthesis of tricyclic compound 4 via intramolecular [4+2] cycloaddition of 
isomerized fulvene 2. The tricyclic compound 4 shares a similar structure with the naturally 
occuring compound 5.

The first natural product synthesis implementing a fulvene as a suitable starting 

material was published by Buchi, in which the formal total synthesis o f P-vetivone 9 was 

accomplished by the preparation of the spiro[4.5]deca-l,3-diene as the key intermediate 8 

(Figure 3).3,30 Taking advantage of the preferred nucleophilic reactivity of fulvenes at the

Figure 3. The spiro key intermediate 8 was reached in one step by nucleophilic attack with 
lithium dimethylcuprate onto fulvene 6. The total synthesis of P-vetivone 9 is reached with an 
additional 5 steps. _____________________________________________________________

C6 position, the functionalized fulvene 6 undergoes a nucleophilic methylation with
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lithium dimethylcuprate giving rise to the cyclopentadienyl anion intermediate 7 followed 

by an intramolecular cyclization leads to the spiro[4.5]deca-l,3-diene compound 8 in a 

stereoselective fashion. An additional five steps were required to complete the total 

synthesis o f B-vetivone 9

In addition, the formal total syntheses o f the iridoid natural products loganin and 

sarracenin were achieved by employing 6-acetoxyfulvene 10 as the starting material 

(Figure 4).2>4 Both iridoids are secondary metabolites utilized for the biosynthesis o f further

Figure 4. The formal total synthesis of loganin and sarracenin was achieved by an initial [2+2] 
ketene cycloaddition between 6-acetoxyfulvene and chloromethylketene followed by additional 
transformation to reach the key intermediate diquinane 13.________________________________

compounds.4 As mentioned earlier, fulvenes are excellent substrates for cycloaddition

reactions, and in this case, 6-acetoxyfulvene was employed as a 2n cycloaddend. The key

diquinane intermediate 13 was obtained over three steps: the reaction sequence was

initiated by the [2+2] ketene cycloaddition reaction o f 6-acetoxyfulvene 10 and

chloromethylketene, prepared in situ, followed by ring expansion of the bicyclic compound

11 with CH2N 2, and concluded by reduction of compound 12 in which an enantiomeric

mixture o f 13 was isolated. Both enantiomers are crucial for the formal total syntheses of

sarracenin
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loganin and sarracenin. The 4S enantiomer was further used for the formal total synthesis 

o f loganin and the 4R enantiomer for the formal total synthesis o f sarracenin. Additional 

examples o f fulvene applications for natural product synthesis are mentioned in review 

articles on fulvenes.1,2,3

In organometallic chemistry, fulvenes have served as useful tools as direct ligands 

and as stable precursors for cyclopentadienyl anion ligands.1,2 As aforementioned, fulvenes 

consist o f a cross-conjugated electronic systems and have the potential for multiple 

coordination modes with metals. As ligands, fulvenes can coordinate with the exocyclic 

double bond, and one or both o f the endocyclic double bonds. But even though the different 

modes for coordination with the metal can be differentiated, most often the coordination 

occurs amongst the different modes. For example, the coordination found in the fulvenyl- 

azulene Cr complex is r|2:ri2:r|2, in which the Cr metal coordinates with the fulvene through 

the three double bonds (Figure 5a). In addition to fulvenes ability to coordinate with

Figure 5. a) An example of t|2:t|2:t|2 coordination of the fulvenyl-azulene Cr complex, b) The 
Titanocene Y complex features two cyclopentadienyl anion ligands derived from fulvenes._____

metals, they are also excellent candidates to prepare cyclopentadienyl anion ligands. The
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cyclopentadienyl anions are easily derived fulvenes with the following reagents LiAIFU, 

organolithium reagents, and strong bases. Both LiAltU and organolithium reagents will 

attack the exocyclic double bond to give cyclopentadienyl anions whereas with strong 

bases the fulvene will isomerize to form vinyl cyclopentadienyl anions. For example, the 

physiologically active Titanocene Y complex coordinates with two cyclopentadienyl anion 

ligands derived from /?-methoxybenzy 1 fulvene (Figure 5b). Fulvenes are important in 

organometallic chemistry due to the ease of synthesis, stability, and facile transformation 

into cyclopentadienyl anions.

A versatile fulvene in terms of diverse reactivity is 6-(chloromethyl)-6- 

methylfulvene 14 and previous work in this area in our research group has unveiled some 

unique reaction pathways (Figure 6).5,6 The three reaction pathways recorded are due to

Figure 6. The three modes of reactivity for the structured of 6-(chloromethyl)-6-methylfulvene 
14 numbered at the exocyclic double bond C6 and chloromethyl group C7

the addition of the chloromethyl C6-substituent. The first reaction pathway consists of

nucleophilic attacks at the C6 positions with methoxide ions and N-isopropenylpyrrolidine.
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Since the 6-(chloromethyl)-6-methylfulvene 14 includes the chloromethyl substituent, a 

potential competing reaction would be an Sn2 substitution at the C7 position, but instead, 

the nucleophilic attack at the C6 position prevails. In the presence o f the methoxide ions, 

the dimethyl acetal of cyclopentadienylpropanone isomers 17 were isolated (Figure 6). 

Two of the important intermediates in the mechanism consist o f the spiro[2.4]hepta-4,6- 

diene 15 which undergoes cyclopropanation by an intramolecular Sn2 substitution of 

alkylchloride, and the oxonium intermediate (CH3 0 +=CRiR2) 16 which is formed by the 

ring opening o f the cyclopropane mediated by the methoxy group. The mechanism is 

completed by an additional two steps to generate the isomer products 17. The C6 

nucleophilic attack with N-isopropenylpyrrolidine (derived in situ from acetone and 

pyrrolidine at 60°C) leads to 1,2-dihydropentalene 18 by a dipolar [6+2] cycloaddition 

reaction after the loss o f pyrrolidine.5,6,7 The second reaction pathway o f 14 is an Sn2 

substitution at the C7 position with pyrrolidine isolated as the major product 19 under the 

reaction conditions o f pyrrolidine and acetone in acetonitrile at room temperature. The third 

reaction pathway recorded of fulvene 14 was an aldol condensation reaction with acetone 

at the C7 position, isolated 20 as the minor product from the same reaction as the Sn2 

substitution with pyrrolidine. The aldol condensation is feasible due to the acidic nature of 

the chloromethyl proton because its allylic8 nature and due to the electron-withdrawing 

effect o f the halogen which promotes deprotonation under basic conditions. The research 

described herein will also constitute an extension of the diversity of 6-(chloromethyl)-6- 

methylfulvene but will be focused on fulvenes and 6-vinylfulvenes.
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1.2 General fulvene synthesis

A variety o f fulvene derivatives can be prepared by the established methods

with ketones or aldehydes under basic conditions (Figure 7). The first synthesis of fulvenes 

published by Thiele consisted of the condensation reaction with two equivalents o f sodium 

ethoxide. Two equivalents o f the base are required because o f the two-fold role in fulvene

Figure 7. The three condensation methods available to prepare a variety of fulvenes with 
cyclopentadiene and ketones or aldehydes as starting materials

synthesis, for deprotonation o f cyclopentadiene and for tne dehydration step. Thiele’s 

method is suitable for fulvene synthesis with aliphatic, alicyclic, and aromatic ketones, 

especially for hindered ketones.

The second method published by Little and Stone significantly improved the yields 

o f fulvenes derived from aldehydes.9 The condensation reaction was mediated by 1.5 

equivalents o f pyrrolidine. The base, in this case, serves the following roles; to deprotonate 

cyclopentadiene, form iminium ions with the carbonyls rendering the species more reactive 

for 1,2 additions, and for the dehydration step. With this method available, 6-

available.3 The classical approach involves the condensation reaction o f cyclopentadiene

ketones and aldehydes

2.5 eq pyrrolidine, 
MeOH

ketones
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monosubstituted fulvenes are isolated in excellent yields and it is most effective for 

aliphatic and aromatic aldehydes or ketones.

The third and most recent method published by Erden at al.10a is a modification of 

the Little and Stone procedure. This method alleviates the use of excess amount of the toxic 

pyrrolidine by employing a catalytic amount o f the base. In addition, excess of 

cyclopentadiene is reduced to preclude the formation o f cyclopentadiene dimer which tends 

to coelute with the fulvenes hampering fulvene purification.

1.3 6-Vinylfulvene synthesis

The synthesis of 6-vinylfulvenes has been challenging due to low yields and 

undesired side reactions with the Little and Stone method and the Thiele method.6 The 

Little and Stone method presented three undesired side reactions limiting the preparation 

of 6-vinylfulvenes. One of the side reactions encountered is the Michael addition of 

pyrrolidine onto 6-vinylfulvenes. The second is a Diels-Alder reaction with certain reactive 

a,p-unsaturated carbonyl dienophiles, sucn as methyl vinyl ketone, instead of undergoing 

the 1,2- addition. The third undesired reaction arises with sterically hindered a,p- 

unsaturated carbonyls, for instance mesityl oxide, in which a 1,4-conjugate addition with 

cyclopentadienyl anion occurs. This 1,4-conjugate addition promotes either 1,2- 

dihydropentalene formation or retro-aldol reaction to form 6,6-dimethylfulvene. With the 

Thiele method, a Diels-Alder undesired reaction prevails with select a,p-unsaturated 

carbonyl dienophiles. Where the Little and Stone method fails, the Thiele method is most
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suitable because using a strong base such as NaOH or NaOMe increases the dehydration 

rate therefore minimizing undesired side reactions.

However, to prepare the parent 6-vinylfulvene and 6-methyl-6-vinylfulvene, 

neither method was ideal. Instead an alternative methods were devised. By means o f the

three-step method was developed to prepare the parent 6-vinylfulvene with an overall 67%

Figure 8. The three-step method to prepare a) 6-vinylfulvene and b) 6-methyl-6-vinylfulvene 

yield (Figure 8a). The approach was to introduce the sulfoxide group (good leaving group) 

to be followed by elimination to yield the 6-vinylfulvene. First, the fulvene caring the 

sulfide moiety was prepared via the Erden fulvene method, followed by sulfide oxidation, 

and then sulfoxide elimination. A similar approach was implemented to prepare 6-methyl- 

6-vinylfulvene by introducing a good leaving group but in this case, a mesylate (Figure 

8b).12 With the three-step approach, 6-methyl-6-vinylfulvene was prepared with an overall 

62% yield. The first step consisted of the preparation o f the alcohol fulvene followed by

Thiele method, the parent 6-vinylfulvene was only isolated in 11% yield because acrolein

favors a Diels-Alder reaction.11 Since the direct condensation reaction was not fitting, a

\\ / /  Me0H/H20  \\  I) 

0°Ca)

i 1. MeS02Cl/NEt3 
OH 0°C,CH2C12

2. DBU, CH2C12 
0°C

b)
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transformation to the mesylate and then E2 elimination. More recently, a general and high- 

yielding method to prepare 6-vinylfulvenes was developed in our research group.13 This 

work is currently being written up for publication. With the addition of the methods 

described in the section 1.2 general fulvene synthesis, a variety o f substituted fulvenes can 

be prepared.

1.4 Proposed research project

The basis o f this research is to explore the reactivity o f fulvenes and 6-vinylfulvenes 

with carbon nucleophiles and as well as reducing agents. We have studied the 

methodologies outlined below also looking for opportunities to implement them in the 

synthesis o f natural products.

a) Nitronate additions: Nitronate anions are readily accessible in situ from the respective 

nitroalkane under basic conditions (Scheme 1). Due to the inductive and resonance effect,

B a s e : H

.O'

Scheme 1.

the nitro group has a strong electron withdrawing effect and as a result, the nitromethyl 

protons are acidic; for example, the pKa value of nitromethane in DMSO is 17.2 whereas 

the pKa value o f methanol in DMSO is 29.0.14 The nitronate anion is an ambident
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nucleophile and has the potential for C-alkylation or O-alkylation. Nitronate anions via C- 

alkylation are suitable sources for C-C bond formation, for example, the Henry reaction 

(Scheme 2a), also referred to as the nitro-aldol reaction. For the Henry reaction, a 1,2- 

nitronate anion addition is observed with ketones or aldehydes to form the 3-nitro alcohol

0, " ^ “  "dehydration.

OH U

21 22

21. From the (3-nitro alcohol 21, the nitro group can be converted to other useful 

'ntermediates, for example, oxidation will yield (3-amino alcohols or dehydration will yield 

nitroalkenes 22. Another prominent nitronate anion reaction is the Michael addition onto 

a,(3-unsaturated carbonyl compounds (Scheme 2b). The reactivity o f the negatively 

charged oxygen of the ambident nucleophile is observed in the nitro group transformation 

of primary or secondary nitroalkanes to aldehydes or ketones named the N ef reaction 

(Scheme 3). Under the standard procedure with a strong acid, the negatively charged 

oxygen is protonated 23 twice followed by hydrolysis to provide the carbonyls.15 In this

r i T  H 2S 0 4{aq)

— *
R2

Scheme 3.

paper, we will explore the nitronate anion nucleophilic attack with 6-mono and 6,6- 

disubstituted fulvenes.

R1

R2

I

23

A

U M
'L u r nCrh N

^  ^ — 7 \\
'q  ketone/ 

"  aldehyde

a

Scheme 2.
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b) 6-Vinylfulvenes: As described in the 1.1 background section o f the introduction, the C6 

position o f fulvenes is reactive towards nucleophilic attacks (e.g, UAIH4, RLi, R^CuLi), 

however, it was unknown whether a vinyi group at the C6 position would impart unique 

reactivity towards nucleophilic attacks akin to the Michael reaction (Figure 8). Therefore,

1,4 additions

Figure 9 6-Vinylfulvenes have the potential for nucleophilic attack at the C6 or C8 position 
and can undergo a 1,2- or 1,4-nucleophilic addition

it was of interest whether nucleophiles would prefer to undergo 1,2- or 1,4- nucleophilic 

additions onto 6-vinylfulvenes. A similar question was asked for the reactivity of 6- 

(chloromethyl)-6-methylfulvene with different nucleophiles.5,6,7 To explore the preferred 

nucleophilic additions onto 6-vinylfulvenes, the proposed study includes two carbon 

nucleophiles, derived from the carbon acids nitronate anions and the conjugate base of 

ethyl nitroacetate. Moreover, the respective reactivities o f C6 and/or C8 in 6-vinylfulvenes 

towards the hydride ion using reducing agent UAIH4 was explored n this project.

c) Diazene reduction: Reductive transformation of fulvenes was explored in hopes of a 

selective mono-reduction o f the endocyclic double bond to prepare 1,2-dihydrofulvenes in 

preparative quantities. Diazene is an excellent non-catalytic reducing agent because it
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selectively reduces alkenes along with alkynes and is unreactive with many functional 

groups.30 In addition, diazene reduction, under certain conditions, selectively reduces the 

least sterically hindered double bond. Here, diazene, HN=NH, generated in situ from 

potassium azodicarboxylate and acetic acid in methanol, was used to develop a general 

entry into 1,2-dihydrofulvenes. The existing methods for the synthesis of 1,2- 

dihydrofulvenes are unsatisfactory and proceed with exceptionally low yields.16,23

2. Results and Discussion

2.1 Nitronate anion additions onto 6-mono and 6,6-disubsituted fulvenes

For the nitronate anion reaction with 6-monosubstituted and 6,6-disubstituted 

fulvenes (Scheme 4), the nitronate anions were derived in situ from nitromethane and

Scheme 4. The general chemical equation for the nitronate anion reaction with 6,6-disubstituted 
fulvenes which lead to spiro[2.4]hepta-4,6-dienes_________________________________________

potassium ferf-butoxide. Considering the electronic properties of fulvenes, the exocyclic

double bond is the most susceptible to nucleophilic attacks. For example, in prior fulvene

studies with nucleophiles have established that indeed the attacks occurs at the exocyclic

double bond, in particular, hard nucleophiles such as organometallic reagents, LiAltU,

cyanide ions, and alkoxide ions.1,5,6 With the exception of the cyanide ions, which gave the
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spiro[2.4]hepta-4,6-diene, substituted cyclopentadiene isomers were isolated. For this 

study as well, the nitronate anion proved to be reactive toward the C6 position based on 

the products isolated as displayed in Table 1. For 6-monosubstituted fulvenes, nitroalkyl- 

substituted cyclopentadiene isomers were isolated (Table 1, 1-4). For 6,6-disubstituted 

fulvenes, on the other hand, the nitronate attacks resulted in nucleophilic cyclopropanation, 

yielding spiro[2.4]hepta-4,6-dienes (Table 1.6-11).

Table 1 Reaction o f 6-mono and 6,6-disubstituted fulvenes with nitronate anions 
Entry Starting material Product

2

+ isomer

+ isomer

3

'CH,
+ isomer

4 HO, HO,

+ isomer



Table 1. (continued)
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The nitroalkyl-substituted cyclopentadiene isomers are derived by a proposed two 

step mechanism (Scheme 5). The mechanism commences with the nitronate anion attack 

at the exocyclic double bond o f the 6-monosubstituted fulvenes, leading to the 

cyclopentadienyl anion intermediate 27. Protonation o f the cyclopentadienyl anion interm-

Scheme 5. Mechanism for 6-monosubstituted fulvenes with nitronate anions 

ediate 27 (the proton is most likely supplied by the conjugate acid, /er/-butanol) proceeds 

to form the nitroalkyl-substituted cyclopentadiene isomers 28. As usual, substituted 

cyclopentadiene isomers were isolated because of the rapid [1,5] hydrogen shift in the ring. 

The 2- and 1-substituted cyclopentadiene isomers were found in an average ratio of 1.4:1 

in which the major isomer consists o f the 2-substituted cyclopentadiene. In addition, the 

analysis o f the methylcyclopentadiene isomers by 'H, l3C, along with 2D NMR, such as 

COSY and HMBC, determined the major isomer consists o f the 2-methylcyclopentadine 

in a similar ratio found in this study.26

28

H

H
27

CM
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For 6,6-disubstituted fulvenes, the mechanism differs after the nucleophilic attack 

in that the cyclopentadienyl anion intermediate 29 follows an intramolecular Sn2 reaction 

to form the spiro[2.4]hepta-4,6-diene 30 (Scheme 6). In the incomplete cyclopropanation 

of the 6,6-diethylfulvene, Table 1 entry 9, both spiro[2.4]hepta-4,6-diene 25 and nitroalkyl- 

substituted cyclopentadiene isomers 26 were isolated, indicating that cyclopentadienyl 

anion intermediate is responsible for the formation o f both products, however, for 6- 

monosubsituted fulvenes the cyclopropanation step is impeded.

withdrawing groups, such carbonyl compounds, on the olefinic carbon have been reported 

by an induced Michael addition with nitronate anions.17,18 Also, spiro[2.4]hepta-4,6-dienes 

have been derived by nucleophilic cyclopropanation of fulvenes with S- and N- ylides, 

such as dimethylsulfoxonium methylide and pyridinium phenacylide.19

The divergence in the reaction pattern between 6-mono and 6,6-disubstituted 

fulvenes is due to steric hindrance that prevents the deprotonation o f the acidic protons on 

the carbon caring the nitro group by the bulky base (potassium tert-butoxide). The pKa

29
Scheme 6. Mechanism for 6.6-disubstituted fulvenes wifh nitronate anions

Similar cyclopropanation of electron deficient alkenes with two germinal electron
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values o f nitromethane and cyclopentadiene are 17.2 and 18 in DMSO,1148,20 so based on 

acidity, potassium /er/-butoxide would have an affinity for the nitromethyl protons. For 6- 

monosubstituted fulvenes, intramolecular Sn2 reaction, from the cyclopentadienyl anion 

intermediate 27, is halted by the formation of the nitronate anion derived from the 

nitroalkyl-substituent of the cyclopentadiene isomers 28. Under the basic reaction 

conditions, the most acidic nitromethyl protons are deprotonated by the bulky base because 

there is no steric hindrance. On the other hand, with 6,6-disubstituted fulvenes, the bulky 

base cannot react with the acidic nitromethyl protons because they are sterically hindered 

by the adjacent quaternary carbon, thus, intramolecular Sn2 reaction prevails to form the 

spiro derivatives.

The series o f alicyclic fulvenes in Table 1 entry 5 ,7  8 were treated under the same 

reaction conditions but the (cyclobutylidene)cyclopentadiene, Table 1 entry 5, did not 

initially lead to the expected spiro[2.4]hepta-4,6-diene, instead, nitroalkyl-substituted 

cyclopentadiene isomers 24 were isolated. For this 6,6-disubsitutued fulvene derivative, it 

is believed that the cyclopropanation is a relatively slow step do to the ring strain of the 4- 

3-5 dispiro system 31 However, cyclopropanation was successfully completed by an 

additional reaction from the isolated substituted cyclopentadiene isomers 24 and potassium 

/er/-butoxide in DMSO (Scheme 7). Therefore, cyclopropanation for 

(cyclobutylidene)cyclopentadiene was carried out in two steps. The same forcing condition 

was explored with the nitoalkyl-substituted cyclopentadiene isomers (Table 1, entry 4) 

derived from 6-(o-hydroxybenzyl)fulvene but proved to be unsuccessful, which supports
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Scheme 7. Cyclopropanation for the isolated substituted cyclopentadiene isomers 

derivates from (cyclobutylidene)cyclopentadiene

the explanation for the divergence in the reactivity pattern because under basic conditions 

the nitronate anion that is formed form the isomers impedes cyclopropanation.

2.2 Nucleophilic additions onto 6-vinylfulvenes

6-Vinylfulvenes are analogous to a,P-unsaturated ketones and aldehydes (Scheme 

8). They both have two electrophilic carbons and as a result they can undergo both 1,2 and

1,4-nucleophilic additions. Not only do they both have a polarized sp2 hybridized bond but 

both the carbonyl oxygen and cyclopentadiene are excellent two electron acceptors. 

Therefore, cyclopentadiene should function as the 1,2- and 1,4-electron acceptor. To the 

1,2 additions 1,2 additions

Scheme 8.
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best o f our knowledge the only reported nucleophilic attack onto 6-vinylfulvenes was the

1,4-conjugate addition o f pyrrolidine.6,108 The 1,4-conjugate addition products, were 

isolated instead o f the desired 6-vinylfulvenes with the Little and Stone fulvene synthesis 

method. The study developed herein will further explore the preferred 1,2- and 1,4- 

additions onto 6-vinylfulvenes with carbon nucleophiles and metal hydride. For the carbon 

nucleophiles, the preferred reactivity was by an initial 1,4-addition, comparable to a 

Michael addition, with a couple o f exceptions. The hydride reduction o f 6-vinylfulvenes 

occurred for the most part with a 1,4-hydride addition, with a couple o f exceptions as well.

2.2.1 6-Vinylfulvene reactions with carbon nucleophiles

The results for the carbon nucleophilic attacks onto 6-vinylfulvenes with the carbon 

acids ethyl nitroacetate and nitromethane are displayed in Table 2. Two 6-vinylfulvene 

examples were selected to examine the 1,2 and 1,4-additions with the carbon nucleophile 

derived from ethyl nitroacetate, under basic conditions (DBU or DABCO). For both of the 

6-substituted (Table 2, entry 4) and 6-unsubstituted (Table 2, entry 5) 6-vinylfulvene 

reactions with ethyl nitroacetate, regardless o f the C6-substitution pattern, the nucleophile 

attack occurred by a 1,4-conjugate addition. Therefore, vinyl cyclopentadiene isomers, 

with an ester moiety, were isolated in an average rai:o o f 2.5:1. In the isomeric mixture, 

the major isomer is the 1-vinyl cyclopentadiene, as displayed in Table 2, entry 4 and 5. The 

major isomer for the vinyl cyclopentadiene isomeric mixture differs from the nitroalkyl- 

substituted cyclopentadiene isomers derived from the nitronate anion reaction with
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Table 2. Reaction o f 6-vinylfulvenes with carbon acids nitromethane and ethyl 
nitoacetate
Entry Starting material Product
1 ■"CHj

\\ h

HjC
CH,

,C H ,

6

35

C H , C H ,
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Table 2. (continued)

Entry Starting material Product

+ isomer (1.3:1)

6-monosubstituted fulvenes. Under those conditions consistently the 2-subsituted 

cyclopentadiene was the major isomer. The selectivity for the 1-vinyl cyclopentadiene 

isomer will be explained in the following section 2.2.2 LiAIRt reduction o f 6- 

vinylfulvenes.

For the most part, the nitronate anion react-on with 6-vinylfulvenes occurred by a 

two-fold nitronate anion attack, with an initial 1,4-conjugate addition followed by the 

second nucleophilic attack with the fulvene intermediate (Table 2, entry 1, 2, and 3). On 

the other hand, the two 6-unsubstituted 6-vinylfulvenes (Table 2, entry 6 and 7) underwent 

a single 1,2-nitronate anion attack. In addition, the nitronate anion reaction with 6- 

vinylfulvenes generated different products depending on the C6-substitution pattern, 6- 

substituted (Table 2, 1 and 2) and 6-unsubstituted (Table 2, 6 and 7) 6-vinylfulvenes, due 

to involvement o f the fulvene intermediate. The reactivity is analogous to 6,6-disubstituted 

and 6-monosubstituted fulvenes when treated with nitronate anions because 

spiro[2.4]hepta-4,6-diene and nitroalkyl-substituted cyclopentadiene isomers were 

isolated.

H jC  C H 3

w
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6-Propenylfulvene (Table 2 entry 3) underwent a twofold nitronate anion attack 

with an initial 1,4-conjugate addition, similar to 6-substituted-6-vinylfulvenes, followed by 

a second nucleophilic attack with the 6-monosubsituted fulvene intermediate. The 6- 

propenylfulvene reaction did not lead the spiro product because the fulvene intermediate is 

6-monosubstituted and instead substituted cyclopentadiene isomers 35 were isolated. The 

2- and 1-substituted cyclopentadiene isomers 35 have two chiral centers therefore the 

mixture consist o f a total o f four diastereomers, two from each double bond isomer, as 

noted by the NMR analysis. Diastereomers can have different physical properties, as 

exhibited by XH and 13C NMR. By 'H  NMR many of the peaks of the four diastereomers 

overlapped but nonetheless all the protons were accounted for. The carbon spectrum was 

useful because the four diastereomers had distinctive carbon signals and the expected 44 

carbon chemical peaks were tallied. For example, in the cyclopentadiene quaternary carbon 

region there was a total four signals corresponding to the four diasteriomers.

Semi-empirical molecular orbital calculations at the AMI level were carried out 

for a select number of 6-vinylfulvenes (Figure 9) to compare the lowest unoccupied

Figure 10. The Py LUMO coefficients of the C6 and C8 carbon for a few 6-vinylfulvenes 
♦LUMO coefficients gathered from the first LUMO______________________________

molecular orbital (LUMO) coefficients o f the electrophilic exocyclic C6 and vinyl C8
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carbons. The LUMO coefficients of the C6 and C8 positions were compared because in a 

reaction, based on frontier orbital theory, the nucleophile should preferentially attack the 

carbon with the LUMO largest with the largest coefficient.24 Fron er molecular orbital 

analysis for the most part supported the empirical 1,2- and 1,4-nitronate anion additions 

for both 6-unsubstituted and 6-substituted 6-vinylfulvenes. For the 6-propenylfulvene 

(Figure 9b) the LUMO coefficient is larger at the vinyl C8 (0.531) than the exocyclic C6 

(0.165) position therefore supporting 1,4-nitronate anion addition. Based on frontier 

molecular orbitals for the 6-vinylfulvene (Figure 9d) one would predict that a 1,4-addition 

would prevail because the LUMO coefficient of the vinyl C8 (-0.507) position is larger 

than the C6 (-0.187) position however only the 1,2-nitrionate anion addition product was 

isolated. In this case the reactivity is not dictated by electronic effects but rather by steric 

effects. The nr-onate anion is a large nucleophile, therefore, due to steric hindrance at the 

C8 position leads to a selective 1,2-addition.

The proposed mechanism siro products derived for 6-subsituded-6-vinylfulvenes consist 

o f a two-fold nitronate anion attack. The mechanism is initiated with a 1,4-conjugate 

addition of the nitronate anion which forms the vinyl cyclopentadienyl anion intermediate 

36 (Scheme 9). For the mechanism to be consistent with the spiro[2.4]hepta-4,6-diene 

results, the fulvene intermediate needs to be generated to follow the second nitronate anion 

attack. It is believed that the fulvene intermediate 37 can be derived because the vinyl 

group of the cyclopentadienyl anion intermediate 36 can be protonated by the conjugate
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acid, ter/-butanol. Upon generation of the fulvene intermediate 37, cyclopropanation 

occurs as with ordinary 6,6-disubsituted fulvenes (vide supro) to yield the spiro[2.4]hepta-

36 37

Scheme 9.

4.6-dienes. The formation of the fulvene intermediate is validated by the isolation of the

6.6-disubstituted fulvene 33 (Table 2, entry 2) due to the incomplete cyclopropanation.

In the 6-methyl-6-propenylfulvene (Table 2, entry 2) reaction with the nitronate 

anion not only was the spiro derivate 32 and the 6,6-disubstituted fulvene 33 isolated but 

also a minor bicyclic product 34 was also isolated. The formation of the bicyclic product 

34 is derived from the vinyl cyclopentadienyl anion intermediate 36, which is also 

responsible for the formation o f the fulvene intermediate 37 The proposed mechanism for 

the minor bicyclic product (Scheme 10) follows an intramolecular deprotonation of the 

nitromethyl proton by the cyclopentadienyl anion 36 to form the nitronate anion 

intermediate 38 which undergoes the observed electrocyclization to produce the bicyclic
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product 34. The formation and isolation o f similar minor bicyciic products were not 

observed with other 6-vinylfulvene reactions with nitronate anions.

A
H-OtBu

2.2.2 LiAlH4 reduction of 6-vinylfulvenes

The UAIH4 reaction o f 6-vinylfulvenes occurred by a 1,4-hydride addition in which

1- and 2-vinyl cyclopentadiene isomers were isolated, as displayed in Table 3. The milder 

reducing agent NaBFU was also explored but, as expected, was found to be unreactive. 

With regular fulvenes, LiA im  follows a 1,2-hydride addition to form alkyl-substituted 

cyclopentadiene isomers (Table 3, entry 7) which has also been reported in literature.2,25

Amongst the 6-vinylfulvenes explored, there were two exceptions to the 1,4- 

hydride addition (Table 3, entry 3 and 4). In the case o f the 6-vinylfulvene 39 (Table 3, 

entry 3) the minor 1,4-hydride addition product 41 was found in a 3:1 ratio and instead the

1,2-hydride addition 40 prevailed. The 1,2-hydride addition is favored because the 

conjugate interaction o f the vinyl and phenyl group is too strong to be interrupted. In 

addition, frontier molecular orbitals analysis o f the 6-vinylfulvene 39 is in agreement with
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the preferred 1,2-addition because the more electrophilic carbon is at the C6 (0.321) 

position as determined by the larger LUMO coefficient. The small orbital at the C8 (0.053)

Table 3. UAIH4 reduction o f 6-vinylfulvenes and one 6,6-disubstituted fulvenes
Entry Starting material Product Ratio

3.1:1
+ isomer

+ isomer ^  .
^ + isomer

2.5:1
+ isomer

+ jomer + isomer
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Table 3. (continued)

Entry Starting material Product Ratio

w

HjC.. -CH,

C H ,

+ isomer

+ isomer

HSC, -C H ,

%
w / /

a. the ratio for 1,2- and 1,4-hydride addition products.

+ isomer

2.5:1

2 .8:1

1.2:1

position is a quantitative expectation because o f the double bond is in conjugation with the 

phenyl group.

For the UAIH4 reaction o f 6-vinylfulvene 42 (Table 3, entry 4) both the 1,2- and 

1,4-hydride addition products 43 and 44 were isolated in a ratio o f 1.2:1. Even though the

1,2-hydride product is preferred because o f the steric hindrance at the C8 position the ratios 

are not significant distinct. This is due to the electronic effects because the most 

electrophilic carbon o f the 6-vinylfulvene 42 is found at the C8 position. This approximate 

ratio o f 1.2:1 incicates a balance between the steric and electronic effects with the hydride
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nucleophile. The balance can be attributed to the small size o f the hydride nucleophile as 

compared to the large size o f nitronate anion which selectively reacted by a 1 ,2 - addition 

with the 6-vinylfulvene 42.

The ratios o f the 1- and 2-vinyl cyclopentadiene isomers isolated were noteworthy 

because the major isomer is the 1 -vinyl cyclopentadiene, similar from the ethyl nitroacetate 

reaction with 6 -vinylfulvenes. The selectivity for the 1-vinyl cyclopentadiene is due to the 

extended degree o f conjugation over a 671 system whereas for the 2 -vinyl cyclopentadiene 

the degree o f conjugation is only over a 471 system (Scheme 11). The isomeric ratios were

6tt 47t

Scheme 11. The rapid [1,5] hydrogen shift equilibrium of 1- and 2-vinyl cyclopentadiene

determined by 'H  NMR integration values. In addition, the ratios along with the major 

isomer determined in this study are consistent with the 1 - and 2 - vinyl cyclopentadiene 

isomers derived from the fulvene reaction with lithium diisopropylamide (LDA) .21

2.2.3 Application of vinyl cyclopentadiene isomers

With the vinyl cyclopentadiene isomers at hand and because they were isolated in 

moderate to excellent yields they were employed for fulvene synthesis. As a result, 6 ,6- 

dimethyl-2 -vinylsubsituded fulvenes were isolated in moderate to excellent yields as
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showed in Table 4. Even though both the 1- and 2-vinyl cyclopentadiene isomers are 

utilized for fulvene synthesis, the vinyl substituent was consistently found at the C2 

position. This observation is in agreement with prior fulvene synthesis with substituted 

cyclopentadiene isomers.27 In addition, the isolation o f one 6,6-dimethyl-2-vinylsubsituded 

fulvene had previously been accomplished by the nucleophilic attack of methoxide anions 

onto 6,6-dimethylfulvene by trapping the cyclopentadienyl anion with acetone and 

followed by elimination of the methoxide.5 The method described herein provides a direct 

and controlled method to prepare 6,6-dimethyl-2-vinylsubsituded fulvenes. A modified 

method o f the Erden and Co§kun was selected for the fulvene synthesis.10

Table 4. Synthesis o f 6,6-dimethyl-2-vinylsubsituted fulvene with vinyl

cyclopentadiene isomers and acetone

Entry Product Yield %a

1975

60.9
CHj
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Table 4. (continued)
Entry Product Yield %

52.8

56.6

39.6

Both of the major and minor 1,2- and 1,4-hydride products 43 and 44 derived from 

the LiAIFU reduction of 6-vinylfulvene 42 (Table 3, entry 4) were employed during fulvene 

synthesis. Even though both the 2-allylsubsituted and 2-vinylsubsituted fulvene derivatives 

were expected, only the 6,6-dimethyl-2-vinylsubsituted fulvene 45 was isolated. Based on 

:H NMR, trace amount of the 6,6-dimethy 1-2-allylsubstituted fulvene derived from the 

major product 43 was isolated in a ratio of 5:1 indicating that indeed the major isomer was
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involved during fulvene synthesis. That begs the question, what happened to the allyl 

substituted cyclopentadiene major product 43 during or after fulvene synthesis? The most 

plausible expiation, under the basic reaction conditions, pointed to a base-catalyzed 

isomerization o f the unconjugated 6,6-dimethyl-2-allylsubstituted fulvene with pyrrolidine 

to give the 6,6-dimethyl-2-vinylsubsituted fulvene 45. Though isomerization of 

unconjugated dienes typically requires strong basic condition, anion-stabilizing groups at 

the allylic center allows for simple isomerization because o f the increased thermodynamic 

stability o f the intermediate.29 For example, the unconjugated triene with an ester 

functionalized group on the allylic center exposed to basic alumina underwent 

isomerization. In this case, the cyclopentadiene, which is an excellent two electron 

acceptor, can stabilize the allylic center and follow base-catalyze isomerization 6,6- 

dimethyl-2-allylsubstituted fulvene.

Fulvene synthesis with the major and minor allyl substituted cyclopentadienes and 

vinyl substituted cyclopentadienes products 40 and 41 followed a similar trend as the 

results previously mentioned. Even though two fulvenes were expected from the major and 

minor cyclopentadienes, only the 6,6-dimethly-2-allylsubstituted fulvene 46 was isolated. 

In this case the 6,6-dimethly-2-vinylsubstituted fulvene undergoes the base-catalyzed 

isomerization to the 6,6-dimethly-2-allylsubstituted fulvene 46 due to the strong 

conjugation o f the double bond and phenyl group. In addition, the methylene bridge protons 

for the 6,6-dimethly-2-vinylsubstituted fulvene are more acidic because they are both 

benzylic and allylic.



34

2.3 Diazene reduction of fulvenes

1,2-Dihydrofulvenes present a class o f compounds that have not been widely 

studied due to the lack o f methods available to prepare them in preparative quantities. In 

connection to the selective endocyclic diazene reduction o f the least hindered double bond 

of a 2-substitued fulvene in our group, the same reaction conditions were selected to 

explore the reactivity with 6-monosubstituted and 6,6-disubstituted fulvenes in hopes of 

isolating 1,2-dihydro fulvenes. Diazene is generated in in situ by decarboxylation of 

potassium azodicarboxylate with acetic acid in methanol. In Table 5, a series o f 1,2- 

dihydrofulvenes derived from the respective fulvenes by mono-selective diazene reduction 

are tabulated.

Table 5. 1,2-Dihydrofulvenes derived by diazene mono-selective endocyclic double 
bond reduction o f fulvenes
Entry Product___________________________ % Yield__________________________

Jj  + isomer (1 1:1)

47
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Table 5. (continued)________________________________
Entry Product Yield %

4 0  
o

5

When the fulvene was unsymmetrical, (Table 5, entry 2, 3, and 5) 1,2- 

dihydrofulvene isomers were isolated, where the major isomer stemmed from the reduction 

o f the double bond distal to the larger C6-substituent. Additionally, the isomeric ratios were 

dependent on bulkiness C6-subsitutent. For 6-methyl-6-ethyl-fulvene 1,2-dihydrofulvene 

isomers 47 derived from 6-ethyl-6-methylfulvene were isolated in a ratio 1.1:1 because this 

unsymmetrical fulvene lack a bulky C6-subsitutent. However, for the 6-monosubsituted
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fulvenes with a bulky C6-substituents, diazene reduction selectivity increased. For 

example, the 1,2-dihydrofulvene isomers 48 were isolated in a ratio o f 1.7:1 because the 6- 

monosubsituted fulvene has a bulky C6-substituent. For unsymmetrical fulvenes, 

increasing the bulkiness of one C6-subsitutent will increase the diazene selectivity to 

reduce the least sterically hindered endocyclic double bond.

With diazene reduction o f fulvenes 1,2-dihydrofulvenes were isolated 30-70% 

yield. For the 1,2-dihydrofulvenes isolated in low yields could be do the volatility of the 

compounds because the rotovap was used to remove the solvent after work up and 

purification. Under more careful considerations the low yielding examples should be 

higher, nonetheless, both fulvenes and potassium azodicarboxylate are simple to prepare 

and the reaction can be scaled up.

To the best o f our knowledge, the two methods available to prepared 1,2- 

dihydrofulvenes include thermal rearrangement of the respective allylallenes and 

palladium catalyzed hydrogenation of 6,6-dimethylfulvene.16,23 Even though it is not a 

synthetic method, thermal rearrangement of the allylallene derives both the 1,2- 

dihydrofulvenes and the 1,4-dihydrofulvene isomer.16 As for the palladium-ferrocene 

catalyzed hydrogenation o f 6,6-dimethylfulvene, the 1,2-dihydro-6,6-dimethylfulvene was 

isolated in 8.9% yield.23 Instead the major product was derived by the hydrogenation of 

both endocyclic double bonds. Diazene hydrogenation of fulvenes serves as a mild and 

catalytic free method to selectivly prepare ,2-dihydrofulvenes in preparative useful yields.
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3. Conclusion

In this thesis, the results from three related projects are described: a) carbanions 

(nitronate anions, ethyl nitroacetate) derived from C-H acid attacks onto 6-monosubsituted 

and 6,6-disubstituded fulvenes and 6-vinylfulvenes, b) selective reduction of 6- 

vinylfulvenes with UAIH4, and c) simple preparation of 1,2-dihydrofulvenes derived from 

fulvenes by selective diazene reductions. We have demonstrated that nitronate anion attack 

onto fulvenes can lead to two products, nitroalkyl-substituted cyclopentadiene isomers or 

spiro[2.4]hepta-4,6-dienes, depending if the starting material was a 6-mono or 6,6- 

disubstituted fulvene. The spiro compounds were derived by an intermolecular Sn2 

cyclopropanation whereas 6-monosubstituted fulvenes gave the nitroalkyl-substituted 

cyclopentadiene somers. The divergence is rationalized in terms of the facile 

deprotonation o f the nitromethyl group from 6-monosusbtituted derivates which impedes 

the cyclopropanation pathway.

The nitronate anion 1,2- and 1,4-additions onto 6-vinylfulvenes was dependent on 

the substitution pattern: for 6-unsubstituted substrate nucleophilic addition occurred by

1,2-addition whereas for 6-substituted derivates the initial nucleophilic addition preferred 

a 1,4-addition. In addition, the reactivity pattern was similar to the nitronate anion reaction 

with regular 6,6-disubstituted fulvenes because 6-substituted-6-vinylfulvenes yielded 

spiro[2.4]hepta-4,6-dienes and those not carrying a C6-substituent gave nitroalkyl- 

substituted cyclopentadiene isomers. Only in the reaction o f 6-methyl-6-propenylfulvene 

with nitronate anions, a bicyclic minor product was isolated by an intramolecular
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electrocyclic reaction. Ethyl nitroacetate invariably gave 1,4-conjugate additions 

regardless o f the substitution pattern. For the most part the 1,2 vs 1,4 additions are in accord 

with the expectations from the HOMO-LUMO interactions with the appropriate orbitals 

on 6-vinylfulvenes.

Next, a simple and convenient method was developed by a novel reduction o f 6- 

vinylfulvene with LiAIFU the synthesis o f 1-vinylcyclopentadiene along with small 

amounts o f 2-vinyl isomer. In the two cases that preferred 1,2-hydride addition to 1,4- 

hydride addition was a due to steric hindrance and the strong conjugation o f the vinyl group 

with the phenyl group (Table 4, entry 4 and 3). The vinyl cyclopentadiene isomers can be 

integrated into organometallic chemistry or can be used as substrates to prepare other 

compounds such as 2-vinylsubstituded fulvenes, as shown in this work.

Finally, we devised an improved and simple method to prepare 1,2-dihydrofulvenes 

in preparative quantities. With this method now available, the chemistry o f 1,2- 

dihydrofulvenes can be studied such as oxidative transformations i.e. singlet 

photooxygenation.

4. Experimental

General: *H and 13C NMR. spectra was recorded on a Burker 500MHz in CDCh solvent 

with TMS as internal standard. Purification was achieved by column chromatography, 

preparative plates (purchased, grade 60 PF254). or with Teledyne ISCO CombiFlash Rf 

system using n-hexane/ethy] acetate mixture as eluent. The purification method selected
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for each compound will be described below. The columns were packed with SilicaFlash 

P60 and the size o f the column was selected according to amount of crude mixture. 

Reactions requiring dry atmosphere were ran under nitrogen gas. Cyclopentadiene, used 

for fulvene synthesis, was cracked, distilled, and stored at 0°C. Pyrrolidine is an 

exceptionally foul-smelling and toxic compound and should be handled with care in a well- 

ventilated hood. Potassium azodicarboxylate was prepared from potassium hydroxide and 

azodicarboxamide.28 The potassium azodicarboxylate reagent is sensitive to moisture and 

bright light therefore it should be dried properly, stored in a desiccator under vacuum that 

is far from constant bright light. THF was dried over sodium with added benzophenone as 

indicator. The isomer ratios were determined by the *H NMR integration values o f the 

cyclopentadiene methylene photons or as otherwise noted below. The exact mass for the 

new compounds were determined by high resolution electrospray ionization mass 

spectrometry (ESI-HRMS) at the San Francisco State University Mass Spectrometry 

Facility.

4.1 Nitronate anion reaction procedures with 6-mono and 6,6-disubstituted

fulvenes (labeled according to Table 1):

General procedure: In a dry Schlenk flask, (1.3 eq) nitromethane is added to a solution of 

(1.1 eq) potassium terf-butoxide in 5 mL anhydrous DMSO under nitrogen gas. The 

mixture is stirred for 15 minutes at room temperature before adding the (1 mmol) fulvene 

in 2 mL anhydrous DMSO. The reaction mixture was stirred for the according time
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reported below (1.5 hr to overnight). The reaction was quenched with water at 0° and 

extracted with diethyl ether (3X). The organic layer was washed with water saturated 

sodium bicarbonate, brine, and dried over magnesium sulfate. The solvent was removed 

by rotary evaporation and the crude mixture was purified by chromatography.

[l-(cydopenta-l,4-dien-l-yl)-2-nitroethyl]benzene and isomer (T1 entry 1). In a dry

Schlenk flask, (1.2 eq, 0.05 mL) nitromethane is added to a solution o f  (1.4 eq, 0.117 g) 

potassium terf-butoxide in 5 mL anhydrous DMSO under nitrogen gas. The mixture is 

stirred for 15 minutes at room temperature before adding (0.11 g, 0.75 mmol) 6- 

phenylfulvene10 in 4 mL anhydrous DMSO. The reaction was stirred for 1.5 hr and 

followed by work up. The crude mixture was purified by CombiFlash Rf («-hexane/ethyl 

acetate) and at 10% ethyl acetate the isomers (47 mg, 30 %) were eluted in a ratio o f 1.4:1 

as a colorless oil. !H NMR (500 MHz, CDCb, signals for both isomers): 8 7.33 (4H, m, 

both isomers), 7.28 (2H, m, both isomers), 7.22 (4H, m, both isomers), 6.44 (2H, m, both 

isomers), 6.36 (IH , dt, J=  2.2 Hz, J  = 1.3 Hz, minor isomer), 6.33 (IH , m, minor isomer), 

6.31 (IH , m), 6.20 (IH , dt , J =  3.4 Hz, J = 1.5 Hz), 4.95 (2H, dd, J  = 12.5 Hz, J=% Hz, 

both isomers), 4.75 (2H, dd, J =  12.4 Hz, J =  8 Hz, both isomers), 4.65 (2H, q, J =  5 Hz, 

both isomers), 3.04 (2H, m), 2.85 (2H, m, minor isomer). 13C NMR (125 MHz, CDCb, 

signals for both isomers): 5 145.97, 144.64, 139.30, 138.39, 135 12, 133.06, 132.91,

131.97, 129.14, 129.10, 128.28, 128.09, 127.87, 127.83, 127.46, 79.51, 79.30, 45.55,

44.69, 42.75, 41.72. HRM (ESI) m/z calculated for Ci3Hi7N202+ (M+NH4)+ 233.1290, 

found 233.1281.

2-(l-nitrononan-2-yI)cyclopenta-l,3-diene and isomer (T1 entry 2). In a dry Schlenk 

flask, (1.1 eq, 0.04 mL) nitromethane is added to a solution o f (1.1 eq, 93 mg) potassium 

tert-butoxide in 5 mL anhydrous DMSO under nitrogen gas. The mixtun is stirred for 15 

minutes at room temperature before adding (0.12 g, 0.75 mmol) 6-heptylfulvene10 in 2 mL 

anhydrous DMSO. The reaction mixture was stirred for 1.5 hr followed by work up. The 

crude mixture was purified by CombiFlash Rf («-hexane/ethyl acetate) and the isomers (13
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mg, 7 %) were eluted at 10% ethyl acetate in a ratio o f 1.5:1 as a colorless oil. 'H NMR 

(500 MHz, CDCb, signals for both isomers): 8 6.48 (lH ,m ), 6.43 (2H, m, both isomers),

6.34 (1H, dd, J =  5.4 Hz, J =  1.3 Hz, minor isomer), 6.30 (1H, s, minor isomer), 6.14 (1H, 

s), 4.42 (4H, dd, J  = 8.2 Hz, J  = 2  Hz, both isomers) 3.35 (2H, sextet, J  -  4 Hz, both 

isomers), 2.98 (2H, m), 2.90 (2H, dd, J=  3.1 Hz, J=  1.5 Hz, minor isomer), 1.24 (24H, m, 

both isomers), 0.87 (6H, t, J =  1 Hz, both isomers). 13C NMR (125 MHz, CDCb, signals 

for both isomers): 8 145.95,144.70,135.02,132 10,132.04,131.55,129.81,128.98,80.46, 

79.79, 41.42, 40.72, 40.02, 39.13, 32.80, 31.78, 31.63, 30.33, 29.37, 29.10, 26.89, 26.78, 

22.64,14.11. not confirmed by ESI-HRMS

2-(3-methyl-l-nitrobutan-2-yl)cycloDenta-l,3-diene and isomer (T1 entry 3). In a dry

Schlenk flask, (1.1 eq, 0.04 mL) nitromethane is added to a solution o f (1.1 eq, 93 mg) 

potassium terf-butoxide in 5 mL anhydrous DMSO under nitrogen gas. The mixture is 

stirred for 15 minutes at room temperature before adding (0.11 g, 0.75 mmol) 6- 

isopropylfulvene10 in anhydrous DMSO (2 mL). The reaction mixture was stirred for 1.5 

hr followed by work up. The crude mixture was purified by CombiFlash Rf (n-hexane/ethyl 

acetate) and at 10% ethyl acetate the isomers (10 mg, 7 %) were eluted in a ratio of 1.5:1 

as a light-yellow oil. 'H NMR (500 MHz, CDCI3, signals for both isomers): 8 6.43 (3H, m, 

both isomers), 6.34 (1H, dd, J =  5.4 Hz, J =  1.3 Hz minor isomer), 6.28 (1H, m, minor 

isomer), 6.12 (1H, m), 4.61 (2H, dd, J -  9 Hz, J =  5.5 Hz minor isomer), 4.50 (2H, dd, J=  

23 Hz, J =  9.5 Hz), 3.19 (2H, m, minor isomer), 2.98 (2H, s), 2.94 (2H, q, J =  23.5 Hz),

1.86 (2H, m, both isomers), 0.96 (6H, d, J=  6.8 Hz, both isomers), 0.89 (6H, d, J=  6.8 Hz, 

both isomers). 13C NMR (125 MHz, CDCI3, signals for both isomers): 8 145.28, 143.75,

134.53, 132.67, 132 19, 132.07, 130.34, 129.72, 78.88, 78.14, 46.57, 45.65, 42.16, 41.45,

31.18, 30.00, 20.43, 19.99. HRM (ESI) m/z calculated for C 10H 16NO2 (M+H)+ 182.1181, 

found 182.1176.

2-(l-(cyclopenta-l,3-dien-l-yl)-2-nitroethyl)phenol and isomer (T1 entry 4). In a dry

Schlenk flask, (1 1 eq, 1.05 mL) nitromethane is added to a solution of (2.5 eq, 4.930 g) 

potassium terf-butoxide in 20 mL anhydrous DMSO under nitrogen gas. The mixture is
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stirred for 15 minutes at room temperature before adding (2.991 g, 17.57 mmol) 6-(o- 

hydroxybenzyl)fulvene10 in 8 mL anhydrous DMSO. The reaction mixture was stirred 

overnight followed by work up. The crude mixture was purified by column 

chromatography (3:1, rt-hexane/ethyl acetate) and (0.694 g, 17 %) the isomers were 

isolated in a ratio o f 1.3:1 (by cyclopentadiene methylene protons 'H  NMR) as a dark 

orange oil. lH NMR (500 MHz, CDCI3, signals for both isomers): 8 7.09 (2H, m), 7.04 

(1H, dd, J =  7.7 Hz, J=  1.5 Hz), 7.05 (1H, dd, J = l . l  Hz, J=  1.5 Hz, minor isomer), 6.85 

(1H, td, J =  7.5 Hz, J =  0.9 Hz), 6.74 (1H, td, J =  7.5 Hz, J =  1 Hz, minor isomer), 6.42 

(2H, m, both isomers), 6.39 (1H, m, minor isomer), 6.36 (1H, dd, J=  5.3 Hz, J =  1.4 Hz), 

6.30 (1H, dd, J  -  5.3 Hz, J  = 1.2 Hz, minor isomer), 6.24 (1H, m), 5.06 (2H, m, both 

isomers), 4.90 (2H, d, J=  7.1 Hz), 4.88 (2H, d J=  7.3 Hz, minor isomer), 2.98 (2H, dt, J=  

6 Hz, J=  1 Hz), 2.87 (2H, broad s, minor isomer). 13C NMR (125 MHz, CDCI3, signals for 

both isomers): 8 173.44, 154.78, 153.42, 153.20, 145.46, 143.93, 134.72, 133.16, 132.50,

131.71, 129.05, 128.85, 128.70, 128.62, 128.35, 127.63, 125.25, 124.30, 120.86, 120.84,

115.90, 115.86, 77.72, 77.41, 42.73, 41.41, 39.43, 38.61. HRMS (ESI) m/z calculated for 

C 13H 12NO2- (M-H)- 230.0817, found 230.0817.

2-(l-(nitromethyl)cyclobutyl)cyclopenta-l,3-diene and isomer (24) (T1 entry 5). In a

dry Schlenk flask, (1.1 eq, 0.07 mL) nitromethane is added to a solution o f (1.3 eq, 0.183 

g) potassium ter/-butoxide in 5 mL anhydrous DMSO under nitrogen gas. The mixture is 

stirred for 15 minutes at room temperature before adding (0.148 g, 1.25 mmol) 

cyclobutylidenefulvene10 in 2 mL anhydrous DMSO. The reaction mixture was stirred for

4.5 hr followed by work up. The crude, lightly yellow oil, did not undergo further 

purification and the isomers (85 mg, 30 %) were determined to be in a ratio o f 1.2:1. *H 

NMR (500 MHz, CDCI3, both isomers): 8 6.49 (1H, m), 6.47 (1H, dd, J  = 5.3 Hz, J=  1.4 

Hz), 6.43 (1H, m, minor isomer), 6.36 (1H, dd, J=  5.3 Hz, J=  1.3 Hz, minor isomer) 6.33 

(1H, m, minor isomer), 6.17 (1H, m), 4.63 (2H, s, minor isomer), 4.60 (2H, s), 3.06 (2H, 

d, J =  1.3 Hz), 2.97 (2H, d, J =  1.3 Hz), 2.32 (8H, t, J =  7.5 Hz, both isomers), 1 99 (4H, 

quintet, J  = 8 Hz, both isomers). 13C NMR (125 MHz, CDCI3 both isomers): 8 150.15,
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148.75,135.30,132.41,132.11,131.27,128.58,127.54, 83.52, 82.98,44.40,43.16,41.59, 

39.94,31.62,30.57,16.03. HRMS (ESI) m/z calculated for CioHi4N02+(M+H)+ 180.1025, 

found 180.1018.

l,l-dimethylspiro[2.4]hepta-4,6-diene (T1 entry 6). In a dry Schlenk flask, (1 eq, 0.16 

mL) nitromethane is added to a solution of (1 eq, 0.183 g) potassium /er/-butoxide in 10 

mL anhydrous DMSO under nitrogen gas. The mixture is stirred for 15 minutes at room 

temperature before adding (0.318 g, 3 mmol) 6,6-dimethylfulvene10 in 4 mL anhydrous 

DMSO. The reaction mixture was stirred overnight followed by work up. The crude 

mixture (0.249 g, 67 %), light yellow oil, was not purified further because it is a known22 

compound and the 'H  NMR were identical.

dispiro[4.1.4.0] undeca-l,3-diene (T1 entry 7). In a dry Schlenk flask, (1.1 eq, 0.07 mL) 

nitromethane is added to a solution o f (1.3 eq, 0.183 g) potassium /er/-butoxide in 5 mL 

anhydrous DMSO under nitrogen gas. The mixture is stirred for 15 minutes at room 

temperature before adding (0.165 g, 1.25 mmol) cycloheptylidenefulvene 10 in 2 mL 

anhydrous DMSO. The reaction mixture was stirred for 4.5 hr followed by work up. The 

crude mixture was purified by CombiFlash Rf (n-hexane) and isolated the (19 mg, 10 %) 

spiro product as a clear oil. *H NMR (500MHz, CDCh): 5 6.48 (2H, m), 6.24 (2H, m), 1.46 

(2H, m), 1.85 (2H, s), 1. 80 (2H, m), 1.73 (2H, m), 1.66 (2H, m). 13C NMR (125MHz, 

CDCh): 5 138.13, 129.07, 35.91, 34.86, 31.76, 22.81, 14.22. HRMS (ECI) m/z calculated 

for C nH i5+ (M+H)+ 147.1174, found 147.1167.

dispiro[4.1.5.0]dodeca-l,3-diene (T1 entry 8). In a dry Schlenk flask, (1.5 eq, 0.08 mL) 

nitromethane is added to a solution of (1.5 eq, 0.16 g) potassium /er/-butoxide in 5 mL 

anhydrous DMSO under nitrogen gas. The mixture is stirred for 15 minutes at room 

temperature before adding (0.14 g, 1 mmol) cycloheptylidenefulvene10 in 2 mL anhydrous 

DMSO. The reaction mixture was stirred overnight followed by work up. The crude 

mixture was purified by CombiFlash Rf (n-hexane) and isolated the spiro product (57 mg, 

35 %) as a clear oil. *H NMR (500MHz, CDCI3): 5 6.52 (2H, m), 6.26 (2H, m), 1.74 (2H, 

s), 1.73 (2H, m), 1.67 (2H, m), 1.56 (2H, m) 1.42 (2H, m), 1.31 (2H, m).13C NMR
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(125MHz, CDCI3): 8 136.92, 128.99, 48.35, 39.60, 35.55, 27.65, 25.74. HRMS (ESI) m/z 

calculated for Ci2Hi7+ (M+H)+ 161.1330, found 161 1326.

l,l-diethylspiro[2.4]hepta-4,6-diene (25) and 2-[3-(nitromethyl)pentan-3- 

yl]cyclopenta-l,3-diene (26) (T1 entry 9). In a dry Schlenk flask, (1 1 eq, 0.06 mL) 

nitromethane is added to a solution o f (1.3 eq, 0.146 g) potassium /er/-butoxide in 5 mL 

anhydrous DMSO under nitrogen gas. The mixture is stirred for 15 minutes at room 

temperature before adding (0.14 g, 1 mmol) 6,6-diethylfulvene l0b in 2 mL anhydrous 

DMSO. The reaction mixture was stirred for 4.5 hr followed by work up. The crude mixture 

was purified by CombiFlash Rf (n-hexane) and isolated the spiro product (15 mg, 10 %) as 

a light-yellow oil. >H NMR (500MHz, CDCI3): 8 6.51 (2H, m), 6.26 (2H, m), 1.76 (2H, 

m), 1.71 (2H, s), 1.63 (2H, m), 0.90 (6H, t, J  = 7.3 Hz). I3C NMR (125MHz, CDCI3): 8 

137.25,128.97.48.93,42.20,28.23,27.51,11.02. HRMS (ESI) m/z calculated for CuH i7+ 

(M+H)+149.1330, found 149.1325. The cyclopentadiene isomers (13 mg, 6 %) were eluted 

at 11 % ethyl acetate and isolated in a ratio o f 1.6:1 as a light-yellow oil. 'H  NMR (500 

MHz, CDCI3, signals for both isomers): 8 6.5 (2H, m), 6.41 (1H, m, minor isomer), 6.37 

(1H, m, minor isomer), 6 19 (1H, m, minor isomer), 5 98 (1H, m), 4.59 (2H, s), 4.56 (2H, 

s, minor isomer), 3.02 (2H, s), 2.92 (2H, s, minor isomer), 1.66 (8H, m, both isomers), 0.83 

(12H, m, both isomers). 13C NMR (125MHz, CDCI3): 8 149.22, 147.73, 134.77, 132.16,

131.71, 131.13, 129.54. 128.01, 80.17, 79.14, 45.33, 44.32, 41.56, 40.17, 28.34, 27.61, 

8.01, 7.94. HRMS (ESI) m/z calculated for CnHigNOf (M+H)+ 196.1338, found 

196.1332.

l-ethyl-l-methylspiro[2.4]hepta-4,6-diene (T1 entry 10). In a dry Schlenk flask, (1.3 eq,

0.43 mL) nitromethane is added to a solution o f potassium /er/-butoxide (1.3 eq, 0.90 g) in 

15 mL anhydrous DMSO under nitrogen gas. The mixture is stirred for 15 minutes at room 

temperature before adding (0.72 g, 6 mmol) 6-ethyl-6-methylfulvene10 in 5 mL anhydrous 

DMSO. The reaction mixture was stirred overnight followed by work up. The crude 

mixture was not further purified and was isolated (0.13 g, 16 %) as a light-yellow oil. 'H  

NMR (500MHz, CDCI3): 8 6.50 (2H, dd, J =  3.5 Hz, 7 =  3 Hz), 6.26 (2H, dd, J = 4 Hz, J
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= 2.5 Hz), 1.77 (IH , dt, J = 14 Hz, J =  7.5 Hz), 1.73 (2H, s), 1.59 (IH , dt, J=  14 Hz, J=

7.5 Hz), 1.37 (3H, s), 0.91 (3H, t, J =  7.5Hz). 13C NMR (125MHz, CDCb): 5 137.94, 

137.24, 129.01, 128.93, 48.73, 36.65, 32.10, 28.91, 21.86, 11.26. HRMS (ESI) m/z 

calculated for C 10H 154 (M+H)+ 135.1174, found 135.1170.

l-methyl-l-phenylspiro[2.4]hepta-4,6-diene (T1 entry 11). In a dry Schlenk flask, (1.1 

eq, 0.06 mL) nitromethane is added to a solution o f (1.3 eq, 0.146 g) potassium tert- 

butoxide in 5 mL anhydrous DMSO under nitrogen gas. The mixture is stirred for 15 

minutes at room temperature before adding (0.168 g, 1 mmol) 6-ethyl-6-methylfulvene10b 

in 2 mL anhydrous DMSO. The crude was purified by CombiFlash Rf (n-hexane) and 

isolated (21 mg, 12 %) as a light-yellow oil. *H NMR (500 MHz, CDCb): 8 7.25 (5H, m), 

6.55 (IH , m), 6.40 (IH , m), 6.40 (IH, m), 6.34 (IH, m), 5.64 (IH , m), 2.34 (IH , d, 4.1 

Hz), 1.96 (1H, d, .7=4.1 Hz), 1.70 (3H,s). 13C NMR (125 MHz, CDCb): 8 145.51,139.07, 

136.47, 130.34, 128.59, 128.37, 128.19, 126.76, 49.26, 39.21, 27.08, 25.59. HRMS (ESI) 

m/z calculated for C 14H 15 (M+H)+ 183.1174, found 183.1166.

dispiro [3.1.4.0] dec-7,9-diene (31). In a dry Schlenk flask, (51 mg, 0.4 mmol) nitro- 

substituted cyclopentadiene isomers 24 were added to a solution o f (1.3 eq, 0.146 g) 

potassium ter/-butoxide in 5 mL anhydrous DMSO under nitrogen gas overnight. After 

work up, the reaction was not purified even though impurities were present (5 mg, 9 %) as 

a yellow oil. *H NMR (500 MHz, CDCb): 8 6.98 (2H, m), 6.07 (2H, m), 2.44 (3H, m), 2.30 

(3H, m), 2.26 (2H, s). 13C NMR (125 MHz, CDCb,): 8 137.57, 135.92, 129.29, 128.40,

41.14,32.07, 31.65,22.84, 21.32. not confirmed by ESI-HRMS

4.2 Nitronate anions and ethyl nitroacetate reaction procedures with 6-

vinylfulvenes (labeled according to Table 2).

l-methyl-l-(3-nitropropyl)spiro[2.4]hepta-4,6-diene (T2 entry 1). In a dry Schlenk 

flask, (1 eq, 0.32 mL) nitromethane is added to a solution of (1 eq, 0.67 g) potassium tert- 

butoxide in 15 mL anhydrous DMSO under nitrogen gas. The mixture is stirred for 15 

minutes at room temperature before adding (0.709 g, 6 mmol) 6-methyl-6-vinylfulvene12
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in 5 mL anhydrous DMSO. The crude was purified by CombiFlash Rf (w-hexane) and 

isolated the product (0.10 g, 9 %) as a light-yellow oil. 'H NMR (500 MHz, CDCh): 8 6.51 

(2H, m), 6.24 (IH, dd, J =  3.8 Hz, J =  2.6 Hz), 6.18 (IH, broad d, J =  3.1 Hz), 4.31 (2H, 

m), 2.10 (IH, m), 1.95 (IH, m), 1.87 (IH, ddd, J =  10.7 Hz, J =  9 Hz, J =  3.1 Hz), 1.74 

(2H, s), 1.62 (IH, ddd, J  = 13.8 Hz, J =  11.1 Hz, J =  5 Hz), 1.40 (3H, s). 13C NMR ;i25 

MHz, CDCh,): 8 136.92,136.72,130.07,129.90, 75.36,48.22,35.87, 33.79,28.35,24.98, 

22.36. no ESI-HRMS data

l-methyl-l-(2-methyl-3-nitropropyl)spiro[2.4]hepta-4,6-diene (32), 6-methyl-6-(2- 

methyl-3-nitopropyl)fulvene (33), and 4,6-dimethyl-7-nitro-5,6,7,7a-tetrahydro-l//- 

indene (34) (T2 entry 2). In a dry Schlenk flask, (1.2 eq, 0.02 mL) nitromethane is added 

to a solution o f (1.2 eq, 40 mg) potassium ter/-butoxide in 5 mL anhydrous DMSO under 

nitrogen gas. The mixture is stirred for 15 minutes at room temperature before adding (50 

mg, 0.3 mmol) 6-methyl-6-propenylfulvene13 in 4 mL anhydrous DMSO. The reaction was 

stirred overnight then worked up. The mixture was purified by CombiFlash Rf (n- 

hexane/ethyl acetate) and the three compounds were eluted in the same written order. 

Spiro compound 32 was isolated (9 mg, 13 %) as a clear oil. 'H  NMR (500 MHz, CDCh): 

8 6.52 (2H, m), 6.49 (IH , d, J =  5.4 Hz), 6.39 (IH, dt, J =  5.2 Hz, J =  1.5 Hz), 4.32 (IH, 

dd, J =  12.1 Hz, J =  6 Hz), 4.22 (IH , dd, J =  12 Hz, J =  8.1 Hz), 2.69 (IH , octet, J =  7.5 

Hz), 2.58 (IH , dd, J =  13 Hz, J =  7 Hz), 2.49 (IH, dd, J =  13 Hz, J =  8.1 Hz), 2.22 (3H, 

s), 1 05 (3H, d , J=  6.7 Hz). HRMS (ESI) m/z calculated for C nH i6N 0 2+ (M+H)+ 194.118 , 

found 194.1174.

Fulvene compound 33 was isolated (2 mg, 3.4 %) as a red oil. 'H  NMR (500 MHz, CDCh): 

8 6.52 (2H, m), 6.49 (IH , d, J =  5.4 Hz), 6.39 (IH, dt, J =  5.2 Hz, J =  1.5 Hz), 4.32 (IH, 

dd, J =  12.1 Hz, J  -  6 Hz), 4.22 (IH, dd, J =  12 Hz, J =  8.1 Hz), 2.69 (IH , octet, J=  7.5 

Hz), 2.58 (IH , dd, J =  13 Hz, J =  7 Hz), 2.49 (IH, dd, J =  13 Hz, J =  8.1 Hz), 2.22 (3H, 

s), 1.05 (3H, d, J=  6.7 Hz). HRMS (ESI) m/z calculated fo rC nH i6N 0 2 (M+H)+ 194.1181, 

found 194.1174. (No carbon data)
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Bicyclic compound 34 was isolated (2 mg, 2 %) as a clear oil. ]H NMR (500 MHz, CDCb): 

8 6.33 (IH , m), 5.97 (IH, m), 4.21 (IH , t, J =  10.8), 3.26 (IH , m), 2.99 (3H, m), 2.28 (IH, 

m), 1.92 (IH , m), 1.70 (3H, s), 1.03 (3H, d, J = 6.1 Hz). 13C NMR (125 MHz, CDCI3): 8

133.98, 129.86, 127.84, 125.66, 94.57, 45.20, 40.10, 35.57, 34.31, 30.43, 17.80. HRMS 

(ESI) m/z calculated for ChH i6N 0 2+ (M+H)+ 194.1181, found 194.1174.

2-(4-methyl-l,5-dinitropentan-2-yl)cyclopenta-l,3-diene (35) (T2 entry 3). In a dry 

Schlenk flask, (1 leq, 0.1 OmL) nitromethane is added to a solution o f (1.3 eq, 0.25 g) 

potassium terf-butoxide in (5 m l ) anhydrous DMSO, in nitrogen gas. The reaction is 

stirred for 15 mins before (1.6 mmol, 0.20 g) 6-propenylfulvene is added in (4 mL) 

anhydrous DMSO. The reaction is stirred overnight followed by work up and purification 

by combiFlash Rf (w-hexane, ethyl acetate). The isomers (9 mg, 2%) were eluted at 20% 

ethyl acetate in a ratio o f 3:1 as a light-orange color. *H NMR (500 MHz, CDCI3, signals 

for both isomers): 8 6.53 (IH , m), 6.41 (3H, m), 6.24 (IH , d, J  = 1.4 Hz), 4.43 (2H, m),

4.35 (IH , ddd, J  = 8.6 Hz, 7 =  6.6 Hz, 7 =  3.7 Hz), 4.22 (2H, tt, J =  8.3 Hz, J =  3.3 Hz), 

3.51 (2H, m), 3.02 (2H, s), 2.25 (2H, m), 1.03 (3H, d, J = 6.7 Hz). 13C NMR 0 2 5  MHz, 

CDCh): 8 144.32,143.56,143.38,142.80,136.13,136.10,133.05,132.77,132.04,131.91,

131.69, 130.99, 130.68, 130.61, 130.59, 130.14, 81.59, 81.46, 80.66, 80.38, 80.32, 80.00,

79.90, 79.34, 41.65, 41.63, 40.58, 40.09, 37.50, 37.47, 36.79, 36.62, 36.61, 36.15, 35.58, 

35.10,30.42,30.32,30.09,30.00,18.16,18.11,16.22,16.05. not confirmed by ESI-HRMS 

(4E)-5-(cyclopenta-l,3 dien-l-yl)-2-nitrohex-4-enoate (T2 entry 4). In a dry Schlenk 

flask, (80 % mol, 0.35 mL) DBU is added to a solution o f (2 eq, 0.80 g) ethyl nitroacetate 

in 30 mL dichloromethane under nitrogen gas. To the reaction mixture, (3 mmol, 0.35 g) 

6-methyl-6-vinylfulvene is added in 5 mL dichloromethane and stirred overnight. The 

mixture was rotovated then purified by CombiFlash Rf (w-hexane/ethyl acetate) and at 14 

% ethyl acetate the isomers (47 mg, 30 %) were eluted in a ratio of 2:1 (by vinyl triplets 

'H  NMR) as a light-yellow oil. 'H  NMR (500 MHz, CDCb, major isomer): 8 6.46 (2H, 

m), 6.29 (IH , m), 5.53 (IH , t, J =  7.4 Hz), 5.13 (IH, dd, J=  9.3 Hz, 5.7 Hz), 4.29 (2H, 

q, J=  7 Hz), 3.17 (IH , ddd, J=  32 Hz, J=  16 H z,7 =  8 Hz), 3.09 (2H, s), 3.01 (IH , ddd, J
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= 28.5 Hz, J =  13.5 Hz, J =  6.8 Hz), 1.92 (3H, s), 3.10 (3H, t , J =  7.1 Hz). 13C NMR (125 

MHz, CDCh both isomers): 8 164.36, 148.85, 146.72, 136.18, 134.17, 132.88, 132.26,

128.83, 116.09, 87.79, 87.72, 63.22, 54.09, 53.56, 40.36, 29.68, 29.41, 14.34, 14.05. 

HRMS (ESI) m/z calculated for CiiHi6N 0 2h (M+H)+ 252.1236, found 252.1230. 

ethyl (4E)-5-(cyclopenta-l,3-dien-l-yl)-3-methyl-2-nitropent-4-enoate (T2 entry 5). In 

a Schlenk flask, (50% mol, 0.15 g) DABCO is added to a solution o f (1.5 eq, 0.54 g) ethyl 

nitroacetate in (10 mL) dichloromethane under nitrogen gas. The reaction was stirred for 4 

days after the addition o f (0.32 g, 2.7 mmol) 6-propenylfulvene in (4 mL) dichloromethane. 

The mixture was rotovaped then purified by combiFlash Rf (n-hexane/ethyl acetate) and at 

15 % ethyl acetate the (72 mg, 11 %) isomers were eluted in a ratio o f 3:1 as a light-yellow 

oil. *H NMR (500 MHz, CDCI3, signals for both somers)’ 8 6.45 (1H, m), 6.38 (1H, broad 

d, J =  4.9 Hz), 6.30 (1H, dd, J =  4.2 Hz, 2.8 Hz), 5.00 (1H, dd, 15.2 Hz, J =  8.4 

Hz), 4.29 (2H, q, J=  7.2 Hz), 3.06 (2H, s), 1.30 (3H, t, J=  7.1 Hz), . 13C NMR (125 MHz, 

CDCI3): 8 163.61,145.36,145.32,133.01,132.97,132.54,132.52,132.30,132.28,129.21,

129.14, 125.63, 125.01, 92.69, 92.44, 63.03, 62.91, 39.78, 39.75, 39.10, 17.25, 17.00,

14.09,14.07. HRMS (ESI) m/z calculated for C26H34N20sNa+ (2M+Na)+ 525.2206, found 

525.2212,

2-[(3E)-3-methyl-l-nitropent-3-en-2-yl]cyclopenta-l,3-diene (T4 entry 6). In a dry

Schlenk flask, (1.6 eq, 0.21 mL) nitromethane is added to a solution o f (1.6 eq, 0.45 g) 

potassium te/?-butoxide in 8 mL anhydrous DMSO under nitrogen. The mixture is stirred 

for 15 minutes at room temperature before adding (0.33 g, 2.5 mmol) 6-((2E)-but-2-en-2- 

yl)fulvene in 5 mL anhydrous DMSO. The reaction was stirred overnight then worked up. 

The crude was purified by CombiFlash Rf (n-hexane/ethyl acetate) and at 10 % ethyl 

acetate the isomers (8 mg, 2 %) were eluted in a ratio o f 1.3:1. lH NMR (500 MHz, CDCI3, 

both isomers): 8 6.44 (1H, m), 6.41 (1H, J=  5 Hz, J =  3.3 Hz, J =  1.6 Hz, minor isomer),

6.36 (1H, dd, J =  5.2 Hz, 1.5 Hz), 6.33 (1H, dd, J=  5.3 Hz, J=  1.3 Hz, minor isomer),

6.06 (1H, dd, J =  3.2 Hz, J=  1.5 Hz), 5.46 (2H, q, J =  5.6 Hz, both isomers), 4.65 (4H, dd, 

J =  11.5 Hz, J =  7.5 Hz, both isomers), 3.95 (2H, t, J =  8 Hz, both isomers), 3.01 (2H, dd,
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J - 3 Hz, J =  1.5 Hz), 2.87 (2H, J=  2.5 Hz, J=  1.5 Hz, minor isomer), 1.62 and 1.61 (6H, 

s), 1.54 and 1.53 (6H, s. minor isomer). 13C NMR (125 MHz, CDCh, both isomers): 8 

145.60, 144.12, 134.60, 133.17, 132.42, 132.04, 128.04, 127.20, 123.70, 123.28, 96.73, 

77.67, 66.01. 49.01,48.18, 42.78,41.82, 29.85,15.43. Not confirmed by ESI-HRMS

2-(4-methyl-l-nitropent-3-en-2-yl)cyclopenta-13-diene (T2 entry 7). In a dry Schlenk 

flask, (1 eq, 0.29 mL) nitromethane is added to a solution o f (1 eq, 0.62 g) potassium tert- 

butoxide in 20 mL anhydrous DMSO under nitrogen. The mixture is stirred for 15 minutes 

at room temperature before adding (0.72 g, 5.5 mmol) 6-(2-methylprop-l-en-l-yl)fulvene 

in 5 mL anhydrous DMSO. The reaction was stirred for 5 hr, then worked up. The mixture 

was purified by CombiFlash Rf («-hexane/ethyl acetate) and at 10 % ethyl acetate the 

isomers (76 mg, 7 %) are eluted and found in a ratio o f 1.5:1. 'H  NMR (500 MHz, CDCh, 

signals for both isomers): 8 6.27 (1H, m), 6.42 (2H, m, both isomers), 6.33 (1H, dd, J=  5.3 

Hz, ,7=1.3 Hz, minor isomer), 6.25 (1H, m, minor isomer), 6.10 (1H, m), 5.12 (1H, d , J  =

9.5 Hz), 5.08 (1H, d, 7 = 9 .5  Hz, minor isomer), 4.57 (2H, td, J =  11.9 Hz, 7 = 6 .8  Hz, both 

isomers), 4.39 (2H, dd, J  = 11.6 Hz, J =  8.7 Hz, both isomers), 4.26 (2H, dt, J  = 15.7 Hz, 

J  = 8.7 Hz, both isomers), 2.98 (2H, m), 2.92 (2H, m, minor isomer), 1.73(3H, d, J  = 0.9 

Hz, minor isomer), 1.72 (6H, d, J = 1.3 Hz), 1.70 (3H, d, J=  1.1 Hz). 13C NMR (125 MHz, 

CDCh): 8 146.30,144.88,136.80,136.23,135.10,132.48,132.23,128.04,127.28,122.35, 

121.46, 79.66, 79.26, 41.93, 41.60, 39.31, 38.58, 25.98, 25.92, 18.16, 18.09. ESI-HRMS, 

no ions were formed

4.3 Procedures for L1AIH4 reduction of 6-vinylfulvenes (labeled according to

Table 3).

General procedures: At 0°C , in a round bottom flask 6-vinylfulvene was added in 

anhydrous THF followed by the addition o f 1.2 equivalence o f 1M LiAlBj in hexanes. The 

reaction was stirred for 30 min to overnight. After, at 0 °C ; water was added drop wise until 

all the excess LiAlHt was quenched and H2(g> was no longer released. The aluminium
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hydroxide (Al(OH)3) precipitate was dissolved with 3M NaOH. The organic layer was 

extracted with diethyl ether (3X); washed with water, brine, and dried over MgS04. Solvent 

was removed under reduced pressure and purified by chromatography (silica gel, hexanes). 

l-[(2E)-but-2-en-2-yl]cyclopenta-l,3-diene (T3 entry 1). At 0°C , in a round bottom 

flask (0.50 g, 4.2 mmol) 6-methyl-6-vinylfulvene was added dropwise in 10 mL dry THF 

to a solution of the (1 1 eq, 4.4 mL, 1M in hexane) LiAlH4 in 30 mL dry THF. The reaction 

was stirred for 30 min at room temperature. After the work up and the crude was purified 

by combiFlash and the isomers were isolated (0.416 g, 82 %) in a ratio o f 3.1:1 as a clear 

oil. 'H NMR (500MHz, CDCb): 5 major product 6.47 (IH , ddd, J =  5.3 Hz, J =  3.6 Hz, J  

= 1.7 Hz), 6.33 (IH , s), 6.23 (IH , d, J =  5.19 Hz), 5.78 (IH , q, J  = 6.9 Hz), 3.14 (2H, s),

1.87 (3H, s), 1.75 (3H, d, J=  7 Hz). ,3C NMR (125MHz, CDCb): 5 major product 150.42, 

132.95, 130.80, 125.95, 120.30, 41.71, 40.31, 13.94, 13.81. HRMS (ESI) m/z calculated 

fo rC 9Hi3+ (M+H)+ 121.1017, found 121.1014

l-[(lZ)-2-methylpent-l-en-l-yl]cyclopenta-l,3-diene (T3 entry 2). At 0°C , in a round 

bottom flask (1.16 g, 7.9 mmol) 6-((2E)-pent-2-en-2-yl)fulvene was dissolved in 30 mL 

dry THF followed by the dropwise addition o f (1.1 eq, mL, 18.7 mL, 1M in hexane) 

LiAlH4. The reaction was stirred for lhr at room temperature. After the work up the crude 

was purified by the combiFlash to isolate the isomers (0.827 g, 71 %) in a ratio o f 2.5:1 as 

a clear oil. *H NMR (500MHz, CDC13): 5 major product 6.53 (IH , m), 6.38 (IH , s), 6.33 

(IH , d, J =  5.2 Hz), 6.13 (IH, s), 3 19 (2H, s), 2.09 (2H, t, J =  7.5 Hz), 1.87 (3H, s), 1.48 

(2H, J =  7.5 Hz), 0.90 (3H, t, J =  7.4 Hz). ,3C NMR [125MHz, CDCB): 5 major product

146.18, 141.06, 133.06, 131.47, 130.21, 121.33, 43.94, 43.72, 21.49, 13.93. HRMS (ESI) 

m/z calculated for C hH i7+ (M+H)+ 149.1330, found 149.1325.

[(lE)-3-(cyclopenta-l,4-dien-l-yl)prop-l-en-l-yl]benzeneand (40) and [(2Z)-3- 

(cyclopenta-l,3-dien-l-yl)prop-2-en-l-yl]benzene (41) (T3 entry 3). At 0°C , in around 

bottom flask (0.72 g, 4 mmol) 6-((lE)-2-phenylethenyl)fulvene 39 was added in 25 mL 

dry THF followed by the dropwise addition o f (1.1 eq, 4.4 mL, 1M in hexane) LiAlH4. The 

reaction was stirred for 4hr at room temperature. After work up and purified by colum
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chromatography both the 1,2- and 1,4-hydride addition products were isolated (88 mg, 11 

%) in a ratio o f 3:1. 1,2 hydride addition found in a ratio o f 3:1- 'H  NMR (500MHz, 

CDCh): 8 major product 7.36 (2H, m), 7.29 (IH , X,J- 7 Hz), 7.21 (2H, m), 6.45 (2H, d, J  

= 1.5 Hz), 6.35 (IH , t, 6.5 Hz), 6.31 (IH, t, can t determine J value), 6.10 (IH , broad s), 

3.29 (2H, d, J  = 6.7 Hz), 2.99 (2H, d , J=  1.5 Hz). 1,4-hydride addition found in a ratio of 

2.5:1-*H NMR (500MHz, CDCh): 8 isomer missing cyclopentadiene and alkene proton. 

5.93 (IH , dt, J =  15.5 Hz, J =  7 Hz), 3.47 (2H, d, J=  7 Hz), 3.09 (2H, broad s). I3C NMR 

(125MHz, CDCI3): 8 all isomers 147.64, 145.17,137.86, 134.73,134.15, 132.64, 131.43,

131.12, 130.90, 129.05, 128.65, 128.62, 128.49, 127.63, 127.18, 126.24, 43.53, 41.56,

34.53, 33.67, 30.50, 29.86. HRMS (ESI) m/z calculated for Ci4H i5+ (M+H)+ 183.1173, 

found 183.U70.

2-(3-methylbut-2-en-l-yl)cyclopenta-l,3-diene (43) and l-[(lE)-3-m ethylbut-l-en-l- 

y l]c y c lo p e n ta - l,3 -d ie n e  (44) (T3 entry 4). At 0°C , in a round bottom flask (0.55 g, 

4.2mmol) 6-((2E)-but-2-en-2-yl l)fulvene 42 was dissolved in 30 mL dry THF followed by 

the dropwise addition o f (1 I eq, 4 4 mL, 1M in hexane) LiAlHt. The reaction was stirred 

for 1 hr. After woke up and purified by column chromatography the isomers were isolated 

(96 mg, 17 %) in a ratio o f 1.2:1 (by alkene *H proton). *H NMR (500MHz, CDCh): 8 

alkene reagon for both. 6.45 (3.5H, m), 6.27 (4.5H, m), 6.14 (0.7H, broad s), 6.00 (0.5H, 

broad s).

allyl cyclopentadiene isomers 43 were was isolated in a ratio of 1.2:1- 5.29 (IH, m), 3.07 

(2H, d, under another peak), 2.88 (2H, broad s), 1.73 (3H, s), 1.66 (3H, s).

1-vinyl cyclopentadiene isomers 44 were isolated in a ratio o f 2:1 - 5.78 (IH , dd, J=  15.8 

Hz, J =  6.8 Hz), 3.06 (2H, broad s), 2.39 (IH , octet, J=  7.5 Hz), 1.04 (6H,d, J =  6.7 Hz). 

I3C NMR '125MHz, CDCI3): 8 both compounds and their isomers 149.05,146.89,138.46, 

136.74, 134.76, 134.16, 133.87, 132.89, 132.49, 130.88, 130.70, 130.50, 129.21, 127.90,

126.29, 125.82, 123.23, 122.63, 122.06, 122.00, 43.31, 41.48,41.22, 39.75, 31.37, 31.32, 

29.58, 28.78,25.74, 25.69, 22.53, 22.47,18.80,17.73,17.66. HRMS (ESI) m/z calculated 

for CioHi5+ (M+H)+ calculated 135.1174, found 135.1169.
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l-[(lE)-but-l-en-l-yl]cyclopenta-l,3-diene (X3  entry 5). At 0°C , in a round bottom 

flask (0.29 g, 2.5mmol) 6-((lE)-prop-l-en-l-yl)fulvene was dissolved in 20 mL dry THF 

followed by the dropwise addition o f (1.1 eq, 2.75 mL, 1M in hexane) LiAlH». After work 

up and purification the isomers (0.169 g, 56 %) were isolated in a ratio o f 2.5:1 as a light- 

yellow oil. 'H  NMR (500MHz, CDC13): 8 major product 6.46 (IH , m), 6.34 (IH , d, J = 15 

Hz), 6.28 (IH , s), 6.24 (IH , d, J =  4.21 Hz), 5.85 (IH , dt, J = 15.6 Hz, J = 6.1 Hz), 3.10 

(2H, s), 2.16 (2H, dq , J=  15.0 Hz, J=  7.4 Hz), 1.05 (3H, t , J=  7.5 Hz). 13C NMR(125MHz, 

CDC13): 8 major product 146.96, 133.02, 131.41, 130.98, 129.14, 125.34, 39.87, 26.05, 

13.88. HRMS (ESI) m/z calculated for C9H.3H (M+H)+ calculated 121.1017, found 

121. 1012.

1-[(lZ)-2-methylbut-l-en-l-yl]cyclopenta-l,3-diene (T3 entry 6). At 0°C , (0.53 g, 4 

mmol) 6-((lE)-l-methylprop-l-en)fulvene was added dropwise in 5 mL dry THF (5 mL) 

to a solution o f (2.5 mmol, 2.5 mL, 1M in hexane) LiAlH» in 30 mL dry THF. The reaction 

was stirred at room temperature 48 hr. At 0°C , the solution was quenched with water and 

the aluminum hydroxide precipitate was dissolved with 10% sulfuric acid. Solvent was 

removed under reduced pressure and purified by combiflash (w-hexanes). The isomers were 

isolated TO. 156 g, 29 %) as a clear oil in a ratio o f 2.8:1. 'H  NMR (500MHz, CDCb): 8 

major isomer 6.53 (IH , ddd, J  = 5.2 Hz, J  = 3.5 Hz, 7 =  1 6 Hz), 6.39 (IH , broad s), 6.33 

(IH , dd, J = 5.3 Hz, J = 1.1 Hz), 6.13 (IH, broad s), 3.19 (2H, broad s), 2.14 (2H, q, J=  8 

Hz), 1.88 (3H, s), 1.06 (3H, t , J = 7 . 5  Hz). I3C NMR (125MHz, CDCI3): 8 both isomer 

146.07,138.47,132.91,131.29,130.06.119.96,43.81,34.12,30.85,18.32,12.91. no ESI- 

HRMS data

2-(butan-2-yl)cyclopenta-l,3-diene (T3 entry 7). At 0°C , (0.66 g, 5 mmol) 6-ethyl-6- 

methylfulvene was added dropwise in 10 mL dry THF to a solution o f (2.5 mmol, 2.5 mL, 

1M in hexane) LiAlH» in 30 mL THF stirred for 48 hr. The crude did not need further 

purification and the isomers (0.368 g, 60 %) were isolated as light yellow oil in a ratio of 

1.2:1. lH NMR (500MHz, CDC13): 8 both isomers 6.49 (IH , dd, J  = 5.22 Hz, J =  1.43 

Hz), 6.42 (2H, m), 6.26 (IH , dd, J= 5 .33 ,7=  1.38), 6.15 (IH , broad s), 5.98 (IH , broad s),
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2.95 (2H, m), 2.88 (2H, dd, J =  6.9 Hz, J=  1.3 Hz), 2.45 (2H, m), 1.56 (2H, m), 1.45 (2H, 

m), 1.13 (6H, dd, J =  6.9 Hz, J=  2.2 Hz), 0.85 (6H, td, J =  7.4 Hz, J =  4.2 Hz). 13C NMR 

(125MHz, CDC13): 8 both isomers 155.26, 152.40, 133.51, 133.47, 132.21, 130.29,

125.30, 124.61, 40.95, 36.75, 35.84, 30.20, 2918, 20.63, 19.67, 11.88, 11.85. Not 

confirmed by ESI HRMS

4.4 Fulvene synthesis of 2-vinylsubsituted fulvenes with vinyl cyclopentadiene

isomers and acetone (labeled according to Table 4).

Work up and purification: The organic layer was extracted with ether (3X); washed with 

water, sodium bicarbonate, brine and dried over MgSC>4. The crude mixture was purified 

by CombiFlash (silica gel, n-hexanes).

6.6-dimethyl-2-((lE)-2-methylpent-l-en-l-yI)fulvene (T4 entry 1). In a round bottom 

flask under nitrogen gas (0.29 g, 4.4 mmol) acetone was dissolved in 20 mL MeOH 

followed by the addition o f the (0.65 g, 4.1 mmol) vinyl cyclopentadiene isomers, Table 3 

entry 2, in 5 mL MeOH. After the addition o f (0.10 mL, 1.2 mmol) pyrrolidine the reaction 

was stirred for 3 hr at room temerature. The crude was purified and isolated the fulvene 

(0.614 g, 79 %) as a yellow oil. >H NMR (500MHz, CDCh): 8 6.58 (1H, d, J =  4.5 Hz), 

6.53 (1H, dd, J =  5.2 Hz, 2.1 Hz), 6.32 (1H, broad s), 6.04 (1H, s), 2.18 (6H, s), 2.12 

(2H, t, J =  7 Hz), 1.93 (3H, s), 1.50 (2H, sextet, J =  7.5 Hz), 0.91 (3H, t, J = 7.3 Hz). 13C 

NMR (125MHz, CDCh): 8 147.80, 142.77, 142.61, 140.23, 133.18, 121.38, 120.79,

116.94,43.58,23.06,21.37,18.95,13.90. HRMS (ESI) m/z calculated for C 14H21' (M+H)+ 

calculated 189.1643, found 189.1639.

6.6-dimethyI-2-((lE)-but-l-en-l-yI)fuIvene (T4 entry 2). In a round bottom flask (0.064 

g, 1.1 mmol) acetone was dissolved in 10 mL MeOH followed by the addition o f the (0.10 

g, 0.8 mmol) vinyl cyclopentadiene isomers, Table 3 entry 5, in 5 mL MeOH. After the 

addition o f (0.02 mL, 0.23 mmol) pyrrolidine the reaction was stirring for 1.5 hr at room 

lemperature. The crude was purified and the fulvene (76 mg, 60 %) was isolated as a yellow

oil. 'H  NMR (500MHz, CDCh): 8 6.68 (1H, d, J=  5.2), 6.57 (1H, dd, J =  5.2 Hz, J =  2.1
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Hz), 6.33 (1H, d, 7  = 15.8 Hz), 6.27 (IH , broad s), 6.05 (1H, dt, 7  = 15.7 Hz, 7  = 6.6 Hz),

2.20 (2H, quintet, 7  = 7 Hz), 2.16 (3H, s), 2.15 (3H, s), 1.06 (3H, t, 7 =  7.5 Hz). 13C NMR 

(125MHz, CDClj): 6 147.15, 143.25, 142.61, 133.27, 128.32, 124.75, 122.63, 116.21, 

30.48, 26.26, 22.97, 22.93, 13.82. HRMS (ESI) m/z calculated for Ci2Hi7+ (M+H)+ 

calculated 161 1330, found 161 1325.

6.6-dimethyl-2-((2Z)-but-2-en-2-yl)fulvene (T4 entry 3). In a round bottom flask (0.22 

g, 3.8 mmol) acetone was dissolved in 15 mL MeOH followed by the addition o f the (0.41 

g, 3.4 mmol) vinyl cyclopentadiene isomers, Table 3 entry 1, in 5 mL MeOH along with 

(0.10 mL, 1.3 mmol) pyrrolidine. The reaction was stirred for 2.5 hr at room temperature. 

The crude was purified and isolated the fulvene (0.28 g, 52 %) as an orange oil.'H NMR 

(500MHz, CDCb): 8 6.73 (1H, dd, 7  = 5.3 Hz, 7  = 1.3 Hz), 6.57 (1H, dd, 7 =  5.4 Hz, 7 =  

2.1 Hz), 6.32 (1H, s), 5.97 (1H, q, 7 =  6.8 Hz), 2.17 (3H, s), 2.17 (3H, s), 1.94 (3H, s), 1.80 

(3H, d, 7 = 6 .9  Hz). 13CNM R ;i25M Hz, CDCh): 8 146.91,146.53,142.69,131.55,128.76, 

122.22, 122 13, 113.41, 22.90, 14.18, 14.06. HRMS (ESI) m/z calculated for Ci2Hi7+ 

(M+H)+ calculated 161.1330, foundl61.1325.

6.6-dimethyl-2-((2E)-but-2-en-2-yl)fulvene (T4 entry 4). In a round bottom flask (46 

mg, 0.8 mmol) acetone was dissolved in 15 mL MeOH followed by the addition o f the (95 

mg, 0.73 mmol) vinyl cyclopentadiene isomers, Table 3 entry 4, in 5 mL CH2CI2. After the 

addition o f pyrrolidine (0.02 mL, 0.24 mmol) the reaction was stirred for 5 hr at room 

temeperature. The crude was purified and the fulvene (72 mg, 56 %) was isolated as a 

yellow oil. *H NMR ^500MHz, CDCI3): 8 6.67 (1H, d, 7  = 5.2 Hz), 6.57 (1H, dd, 7  = 5.1 

Hz, 7 =  1.6 Hz), 6.27 (1H, s), 5.98 (1H, d d ,7 =  15.8 Hz, 7 =  6.8 Hz), 2.42 (1H, octet, 7  =

6.5 Hz), 2.16(3H, s), 2.15 (3H, s), 1.06 (6H, d, 7 =  6.7Hz). 13C NMR (125MHz, CDCb): 8

147.13, 143.29, 142.63, 138.67, 128.31, 122.75, 122.64, 116.39, 31.66, 30.48, 22.97, 

22.94,22.61. HRMS (ESI) m/z calculated for C 13H 19' (M+H)+ calculated 161 1330, found 

161.1325.

6.6-dimethyl-2-((2E)-3-phenylprop-2-en-l-yl)fulvene (T4 entry 5). In a round bottom 

flask (58 mg, 1 mmol) acetone was dissolved in 10 mL MeOH followed by the addition
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of the (88 mg, 0.5 mmol) vinly cyclopentadiene isomers, Table 3 entry 3, in 5 mL CH2CI2 

along with (0.02 mL, 0.17 mmol) pyrrolidine. The reaction was stirred for 2.5 hr at room 

temperature. The crude was purified first by combiFlash (n-hexane) then by column 

chromatography (n-hexane) and the fulvene (44 mg, 39 %) was isolated as an orange 

solid. *H NMR (500MHz, CDCI3): 8 7.37 (2H, d, J =  7.4 Hz), 7.30 (2H, t, J=  7.6 Hz),

7.20 (IH, t, J=  7.3 Hz), 6.54 (IH , dd, J=  5.2 Hz, J=  2.0 Hz), 6.47 (IH , d, J =  15.7 Hz),

6.40 (IH , d, J=  4.6 Hz), 6.34 (IH, dt, J=  15.7 Hz, J=  6.8 Hz), 6.25 (IH , s), 3.32 (2H, d, 

J=  6.4 Hz), 2.17 (3H, s), 2.16 (3H, s). 13C NMR (125MHz, CDCI3): 8 147.77, 144.61, 

142.40, 137.91, 132.48,131.15, 128.61, 128.44, 127.11,126.27, 121.73,116.25, 33.96, 

23.08,22.89. HRMS (ESI) m/z calculated for C nH i9+ (M+H)+ calculated 223.1487, 

found 223.1481.

4.5 Procedures for diazene reduction of 6-mono and 6,6-disubstituted

fulvenes (labeled according to Table 5).

General procedures: In a round bottom flask with anhydrous calcium sulfate, (3 eq) 

potassium azodicarboxylate was added and dissolved in 10 mL MeOH. The (1 eq) fulvene 

was added in 2 mL MeOH followed by (6 eq) glacial acidic acid. The reaction was stirred 

at room temperature then quenched with water. The organic layer was extracted with 

diethyl ether (3X) and washed with sodium bicarbonate, brine, and dried over MgSC>4. The 

solvent was removed under reduced pressure and purified by preparative plate or 

combiflash (n-hexane).

l,2-dihydro-6,6-methylfulvene (T5 entry 1). In a reaction flask, (3 eq, 2.33 g) potassium 

azodicarboxylate was dissolved in 35 mL MeOH followed by the addition of 6,6- 

dimethylfulvene (4 mmol, 0.42 g) in 5 mL MeOH then (24 mmol, 1.37 mL) glacial acetic 

acid. The reaction was stirred for 4hr at room temperature. The crude was purified by 

combiFlash and isolated as the product (0.18 g, 41 %) as a clear oil. 'H NMR '500 MHz, 

CDCI3,): 8 6.37 (IH , m), 5.97 (IH , m), 2.37 (4H, broad d), 1.77 (3H, s), 1.67 (3H, s). ,3C
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NMR (125 MHz, CDCb): 8 140.15, 135.35, 131.22, 120.31, 32.02, 27.59, 21.45, 20.92. 

HRMS (ESI) m/z calculated C8Hi3 (M+H)+ 109.1017, found 109 1014.

1.2-dihydro-6-ethyl-6-methylfulvene (T5 entry 2). In a reaction flask, (3 eq, 2.33g) 

potassium azodicarboxylate was dissolved in 35 mL MeOH followed by the addition of (4 

mmol, 0.48 g) 6-ethyl-6-methylfulvene in 5 mL MeOH (24 mmol, 1.37 mL) then glacial 

acetic acid. The reaction was stirred for 2.5 hr at room temperature. The reaction was 

worked up and purified first by combiFlash then preparative plate («-hexanes) to isolate 

the product (0.144 g, 30 %) as a light-yellow oil in a ratio o f 1.5:1. 'H  NMR (500 MHz, 

CDCb, signals for both isomers): 8 6.38 (2H, m), 5.98 (2H, m), 2.46 (4H, broad m), 2.15 

(IH , q, J =  7.4 Hz), 2.04 (IH , q, J=  7.5 Hz), 1.75 (3H, s major isomer), 1.67 (3H, s, minor 

isomer), 0.99 (3H, t, J  = 7.5 Hz). 13C NMR (125 MHz, CDCb, signals for both isomers): 8 

139.77, 139.61, 135.50, 135.31, 131.51, 130.93, 126.31, 126.17, 32.00, 31.86, 28.63,

28.14, 27.69, 26.89, 18.69, 17.99, 13.41, 12.15. HRMS (ESI) m/z calculated C9H13’ (M- 

H)' 121.1017, found 121 1013.

1.2-dihydro-6-(butan-2-yl)fulvene (T5 entry 3). In a reaction flask, (3 eq., 2.33 g) 

potassium azodicarboxylate was dissolved in MeOH (35 mL) followed by the addition of 

6-( butan-2-yl)fulvene (4 mmol, 0.53 g) in MeOH (5 ml,) and glacial acetic a< a (24 mmol,

1.37 ml). The reaction was stirred for 2 hr at room temperature. The crude was purified by 

preparative plate with «-hexane and isolated the product (0.237 g, 43 %) as a light-yellow 

oil in a ratio o f 1.7:1. 'H  NMR (500 MHz, CDCb, signals for both isomers): 8 6.37 (IH, 

m, minor isomer), 6.10 (IH , m, major isomer), 6.07 (IH , m, minor isomer), 5.96 (IH , m, 

major isomer), 5.10 (IH , d, J  = 9.5 Hz, major isomer), 4.92 (IH , d, J  = 9.8 Hz, minor 

isomer), 2.49 (4H, m), 2.32 (IH , m, minor isomer), 2.15 (IH , m, minor isomer), 1.35 (IH, 

m), 0.96 (3H, d, J  = 6.7 Hz, major isomer), 0.95 (3H, d, J =  6.6 Hz, minor isomer), 0.86 

(3H, t, J =  1A  Hz, major isomer), 0.84 (3H, t, J =  7.4 Hz, minor isomer). 13C NMR (125 

MHz, CDCb, signals for both isomers): 8 145.81,144.27, 137.69, 135.69, 135.01, 130.62, 

126.04,124.69,36.25,35.90,32.08,31.40,30.87,30.57,29.32,25.97,21.52,20.75,12.15. 

HRMS (ESI) m/z calculated for CioHir (M-H)' 135.1174, found 135.1169.
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1.2-dihydro-6-cyclohexylfulvene (T5 entry 4). In a reaction flask, (3.5 eq, 1.36 g) 

potassium azodicarboxylate was dissolved in 20 mL MeOH followed by the addition of (2 

mmol, 0.29 g) 6-cyclohexylfulvene in 5 mL MeOH and (14 mmol, 0.80 mL) glacial acetic 

acid. The reaction was stirred overnight at room temperature. The crude was purified by 

preparative plate and isolated the product (0.228 g, 77 %) as a light-yellow oil. *H NMR 

(500 MHz, CDCh): 5 6.41 (1H, broad d, J=  5.7 Hz), 5.98 (1H, m), 2.48 (4H, s), 2.25 (2H, 

broad t), 2.13 (2H, broad t), 1.54 (6H, broad s). 13C NMR (125 MHz, CDC13): 5 137.11, 

135.49, 130.80, 129.05, 32.11, 31.71, 31.59, 28.19, 27.79, 27.00, 26.95, 26.89. HRMS 

(ESI) m/z calculated for CnHij- (M-H)' 147.1174, found 147.1173.

1.2-dihydro-6-phenylfulvene (T5 entry 5). In a reaction flask, (3 eq, 0.88 g) potassium 

azodicarboxylate was dissolved in 25 mL MeOH followed by the addition of (2 mmol, 0.31 

g) 6-phenylfulvene in 5 mL MeOH and (11 mmol, 0.46 mL) glacial acetic acid. The 

reaction was stirred overnight at room temperature. The crude mixture was purified by 

preparative plate and isolated the product (0.15 g, 48 %) as a light orange oil in a ratio of 

1.6:1 *H NMR (500 MHz, CDCh): 5 major isomer 7.38 (2H, d, J=  7.5 Hz), 7.33 (2H, t, J  

= 8 Hz), 7.11 (1H, t, J =  7.2 Hz), 6.38 (1H, s), 6.33 (1H, m), 6.19 (1H, dt, 5.4 Hz, J  =

2.6 Hz), 2.87 (2H, m), 2.67 (2H, ddd, J =  7.6 Hz, J =  4.9 Hz, J =  2.3 Hz). 13C NMR (125 

MHz, CDCh, signals for both isomers): 5 149.65,142.36,138.91,137.89,136.89, 130.87,

130.83, 128.48, 128.04, 125.82, 119.72, 117.89, 33.45, 31.33, 31.16, 28.98. 157.0352. 

HRMS (ESI) m/z calculated for Ci2H 13+ (M+H)+ 157.1017, found 157.0352.
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