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ABSTRACT 

 

In this chapter we expand on the propensity of cobalt(III) carbene-radicals to eliminate 

ortho-quinodimethane (o-QDM) intermediates. In Chapter 3 we described that in the 

synthesis of 1,2-dihydronaphthalenes substituents at the allylic position had a large 

influence on the yield of the product. This points to the involvement of o-QDM 

intermediates in the catalytic reactions, rather than a direct radical rebound step. In order 

to further investigate the possible role of such o-QDM intermediates we substituted the 

vinylic position of o-styryl N-tosyl hydrazone substrates. The results are described in this 

Chapter. To our surprise we did not isolate substituted 1,2-dihydronaphthalenes, but 

instead E-aryl dienes were formed in excellent yields. Experiments to investigate the 

scope of this reaction revealed that substituents on the terminal alkene or the aromatic 

ring are well tolerated and in all cases E-aryl dienes were isolated in excellent yields. 

 

In order to shed more light on the mechanism of diene formation DFT calculations were 

performed. This revealed that the products are indeed formed through ortho-

quinodimethane intermediates which undergo an ene-type [1,7]-hydride shift to yield the 

dienes as kinetic products. The anticipated radical rebound pathway would result in the 

substituted 1,2-dihydronaphthalene products, which are thermodynamically more stable 

than the E-aryl diene products. However, the barriers for 1,2-dihydronaphthalene 

formation are significantly higher, and therefore only E-aryl diene formation takes place. 

To explore the reactivity of the thus formed E-aryl dienes, one of the products (2a) was 

combined with several dienophiles in an attempt to obtain the corresponding Diels-Alder 

products. Unfortunately, however, no conversion was observed. This is probably due to 

steric hindrance in the E-aryl diene preventing its rotation to the required s-cis 

configuration. Therefore, the reaction mixture was placed under more forcing reaction 

conditions. At 15 kbar in a high pressure reactor, no conversion of the diene was observed 

at room temperature, while at elevated temperatures the aryl diene participated in 

several unwanted side-reactions. 

To explore the reactivity of the new E-aryl dienes in another synthetically useful reaction, 

we attempted to cyclize the double bonds of the diene moiety in a photochemical 

intramolecular [2+2] cycloaddition reaction to prepare the corresponding aryl 

cyclobutene. After one hour of irradiation of E-aryl diene 2a with (UV/vis) light we 

observed full isomerization of the double bond. This clearly proves that the double bond 

gets excited. Longer irradiation led to some cyclobutene formation. However, when the 

sample was left to react for a longer period, both diene and cyclobutene were converted 

into a complex mixture of unidentified products. The results show the potential for this 

conversion, but the optimal conditions still have to be found. 
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INTRODUCTION 

 

Catalysis is a highly important field of research, since it allows us to improve the 

sustainability of a chemical process. By making reactions more selective, resulting in less 

waste, and more energy efficient, by lowering reaction barriers, catalysis may be the key 

to fulfilling the growing demands of the society.1,2 Since the world population is growing 

and the living standards are increasing all over the world it is essential to produce 

chemicals in the most efficient and cleanest way possible.3–5 

Many of the catalytic systems that are used at the moment revolve around second- and 

third-row metals such as rhodium, platinum or iridium. However, these metals are scarce, 

expensive and generally toxic.6 It would therefore be a step towards a sustainable future 

if it would be possible to use cheap, available and less toxic first-row transition metals 

instead.5 In practice, this is not as easy as it sounds. While the heavier metals react through 

two electron steps, the first-row metals tend to react through single electron steps. These 

radical intermediates formed by one electron reactivity, are often looked upon as being 

too reactive to be selective.7,8 Our view instead is that it provides us with new challenges 

and new opportunities for underexplored reactivity and reactions to be developed. 

Diazo compounds are substrates which are used for the type of radical chemistry 

described above.9–12 Upon interaction with the metal complex dinitrogen is released and 

the resulting carbene interacts with the transition metal. When a diazo compound is 

mixed with a cobalt(II)-complex, the carbene is reduced with one electron resulting in a 

substrate centered radical (Figure 1).13,14 In previous studies these carbene radicals have 

been used in both intramolecular reactivity such as 1,2-dihydronaphthalene15 and 1H-

indene16 synthesis, as well as intermolecular reactions such as 2H-chromene17, 

cyclopropane10,18–20 and polymer formation.21–23 

 

 
FIGURE 1. RADICAL TRANSFER FROM THE COBALT CATALYST TO A CARBENE MOIETY TO PRODUCE 

CARBON-CENTERED RADICALS (‘CARBENE RADICALS’). 
 

In the previous chapter we described the synthesis of 1,2-dihydronaphtalenes by formal 

intramolecular carbene insertion into the allylic C-H bonds of the applied o-styryl N-tosyl 

hydrazone substrates in [Co(TPP)]-catalyzed reactions (Scheme 1, Y = H). Remarkably, 

changing the substituents at the vinyl position of the substrate (R2, Scheme 1) had an 

unexpectedly large influence on the yields of these reactions. We took this as a strong 
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indication for the formation of ortho-quinodimethane (o-QDM) intermediates in the 

mechanistic pathway leading to 1,2-dihydronaphalene formation (Scheme 1, middle). 

However, (stepwise radical-type) carbene insertion into the allylic C-H bond could not be 

fully excluded (Scheme 1, top), as DFT computed pathways of these mechanistic 

alternatives had quite similar global barriers (see Chapter 3). Hence, to gain further 

mechanistic information about these reactions, we decided to introduce an additional 

(alkyl) substituent at the allylic position (Scheme 1, bottom, Y = alkyl). This should have 

little effect on the radical rebound pathway (Scheme 1, top), but was expected to have a 

larger influence on the o-QDM pathway (Scheme 1, bottom). As such, we hoped that the 

results would enable us to distinguish between these alternative pathways. This turned 

out to be a fruitful exercise, as the results clearly pointed to the formation of o-QDM 

intermediates in these [Co(TPP)]-catalyzed reactions. Interestingly, the substrates with 

an alkyl substituent at the allyl moiety led to an entirely different outcome of the reaction. 

Instead of the anticipated 1,2-dihydronapthalenes, formation of E-aryl dienes in high 

yields was observed. The latter are almost certainly formed from o-QDM intermediates.  

The results described in this Chapter do not only confirm the intermediacy of o-QDM 

intermediates in these reaction, but are also of potential synthetic interest.    

 
SCHEME 1. DIHYDRONAPHTHALENE FORMATION (Y = H) VERSUS E-ARYL DIENE FORMATION (Y = 

ALKYL) IN [CO(TPP)] CATALYZED REACTIONS; EVIDENCE FOR INVOLVEMENT OF ORTHO-

QUINODIMETHANE INTERMEDIATES. 

 

Dienes are useful and relevant moieties in chemistry. In general they are not the final 

product, but essential intermediates in synthesis. Amongst others, they can be used for 

polymerizations, epoxidation and [2+2] cycloaddition to give cyclobutadienes.24–29 

Furthermore, dienes are often an essential intermediate in total synthesis. The crucial 

step in those cases is a Diels-Alder reaction where in one step a six-membered ring is 
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formed through the formation of two new σ-bonds. Moreover, since the Diels-Alder 

reaction is regio- and stereospecific the position of the four new stereocenters relative to 

each other can be controled.30–32 In Figure 2 several natural compounds are depicted for 

which the reported synthesis revolves around a Diels-Alder reaction. 

 

 
FIGURE 2. EXAMPLES OF NATURAL COMPOUNDS IN WHICH A DIELS-ALDER REACTION WAS CRUCIAL 

DURING SYNTHESIS.30 

 

Several methods have already been developed to synthesize dienes. However, a drawback 

of many of these reactions is the formation of E/Z mixtures, like for example in the Wittig 

reaction, Julia olefination and Peterson olefination.25 Alternatively, Bellina et. al. 

developed a route in which two consecutive palladium arylations of a 1,2-dihalide olefin 

takes place with organostannanes.33 The Mori group were able to add ethylene to an 

alkyne through cross-metathesis, which has the disadvantage that they can only form 

terminal dienes.34 Mundal and coworkers published an elegant route in which N-

allylhydrazones rearrange under the influence of NBS and DBU to form aryldienes with 

loss of dinitrogen.25 Unfortunately, they only show product diversity by addition of alkyl 

substituents, but other functional moieties were not mentioned.  

Hence, the development of new and simple methods to form E-aryl dienes by procedures 

which avoid the above-mentioned disadvantages is certainly in demand. The result 

described in this Chapter provide a novel route to E-aryl dienes by cobalt(II) 

metalloradical activation of alkyl substituted o-styryl N-tosyl hydrazone substrates 

(Scheme 1, Y = alkyl). The follow-up reactivity of the obtained E-aryl dienes in Diels-Alder 

and intramolecular [2+2] cycloaddition reactions was investigated as well.  

 

RESULTS AND DISCUSSION 

 

In order to explore the influence of alkyl substituents at the allylic position of o-styryl N-

tosyl hydrazone substrates (Scheme 1, bottom; Y = alkyl) on the outcome of the cobalt-

catalyzed reactions, we synthesized the substrates 1a-e, following the synthetic protocol 

described in Scheme 2. Starting from 2-bromobenzaldehyde, the first step is glycol 

protection of the aldehyde. This is followed by conversion of the bromide into an aldehyde 

using n-BuLi and N,N,-DMF. The freshly installed aldehyde was then converted into an 

alkene by the use of an (E-selective) Horner-Wadsworth-Emmons reaction.35,36 For some 

of the substrates the phosphonate for the Horner-Wadsworth-Emmons reaction had to be 
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synthesized as well. This was easily done by deprotonation of the unsubstituted 

phosphonate, followed by an SN2-reaction with an alkyl halide. Finally, deprotection of the 

aldehyde and introduction of the tosylhydrazone gives the desired substrates.  

 

 

 
SCHEME 2. SYNTHETIC PROTOCOL USED TO PREPARE SUBSTRATES 1A-E.  
 

Next, we attempted to cyclize the substrates 1a-e under metalloradical conditions in the 

presence of [Co(TPP)] as the catalysts, initially aiming at the synthesis of 1,2-

dihydronapthales and exploring the effect of the Y = alkyl substituents (Scheme 1) on the 

yields of these reactions. However, when N-tosyl hydrazone 1a was subjected to the 

catalytic conditions (60 °C, 1.2 eq. base, [Co(TPP)] as the catalyst in benzene solvent), we 

unexpectedly isolated E-aryl-diene 2a instead of the anticipated dihydronaphthalene 

(Table 1 entry 1, see also Scheme 1). This surprising outcome proved to be more general, 

and in fact all of the substrates 1a-e led to selective formation of E-aryldienes in high 

yields under similar conditions, catalysed by [Co(TPP)]. Substrate 1b, extended with one 

carbon atom, reacted cleanly to double E diene 2b in excellent isolated yield (95%, entry 

2). Also double alkyl substitution (1c) led to selective E-aryl diene formation (83%, entry 

3). However, while the major E-isomer of 1c transforms selectively to the E-aryl diene 

product, the non-productive Z-isomer of 1c participates in a Buchner-type ring expansion 

of a benzene solvent molecule to produce side product 3 (see Figure 3). As a result, 

product 2c was obtained as a mixture containing ~10% of compound 3, and it proved 

difficult to isolate compound 2c pure without compound 3. 

  

 
FIGURE 3. MIXTURE OF COMPOUNDS OBTAINED FROM SUBSTRATE 1C UPON REACTION WITH 

[CO(TPP)]. 
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TABLE 1. SUBSTRATE SCOPE VARYING THE FUNCTIONAL GROUPS AT THE ALLYLIC POSITION.a 

 

a Reaction conditions: N-tosylhydrazone (1a−e) (0.1 mmol, 1.0 equiv), LiOtBu (0.12 mmol, 1.2 

equiv), [Co(TPP)] (5 mol%), benzene (2 mL), 60 oC, overnight. b Isolated yields after column 

chromatography (average of two separate experiments). c Yields of these three entries based on 

the major E-isomer, using an E/Z-mixture containing 11-25% of the non-productive Z-isomer. d 

Isolated yield of experiment performed at 1 mmol scale. e Product isolated as mixture containing 

10% cycloheptatriene product 3, which is formed from the non-productive Z-isomer of 1c. 

Entry Substrates Products Yieldb (%) 

1 

 
(1a) 

  
(2a) 

85 (89d) 

2 

 
(1b) 

  
(2b) 

95 

3 

 

  
(1c) 

  
(2c) 

83e 

4 

 

  
(1d) 

  
(2d) 

89 

5 

 
(1e) 

  
(2e) 

90 
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Next, we had a look at the influence of the electronic environment by substituting the 

aromatic ring with methoxy substituents (substrates 1d-e). Again, these substrates 

selective produced E-aryldienes 2d-e, in high yields (89-90%, entries 4 and 5, Table 1).  

Formation of E-aryldienes instead of 1,2-dihydronapthalenes actually points directly to 

the formation of o-QDM intermediates. The formation of these products result from a net 

double hydrogen atom transfer to the ‘carbene moiety’; not only from the allylic position, 

but also from the alkyl substituent, thus converting the ‘carbene carbon’ into a methyl 

group and converting the alkyl substituted allyl moiety into a diene.   

The exclusive formation of E-aryldienes instead of 1,2-dihydronapthalenes for substrates 

1a-e strongly suggests that indeed o-QDM intermediates are rapidly formed after the first 

hydrogen atom transfer (HAT) step from the allyl moiety to the ‘carbene carbon’ in all 

cases, also for the reactions of substrates described in Chapter 3 (Scheme 1, Y = H) that do 

produce 1,2-dihydronapthalenes. The most likely reaction explaining the formation of E-

aryldienes for substrates 1a-e (Y = alkyl) is an ene-type [1,7]-hydride shift (Scheme 3). 

This readily explains the observed net transfer of a second ‘hydrogen atom’ to the 

‘carbene carbon’. 

 

 

SCHEME 3. ENE-TYPE [1,7]-HYDRIDE SHIFT REACTION OF O-QDM INTERMEDIATES EXPLAINING THE 

FORMATION OF E-ARYL DIENES.  

 

In order to get a better understanding of the mechanism, we explored the mechanism for 

E-aryl diene formation from allyl radical intermediate B with DFT methods (see Scheme 

4). In line with similar systems that have previously been studied extensively, the 

computations were performed at the BP86 and def2-TZVP level using the non-

functionalised [Co(por)] system (por2- = porphynato; a simplified model of TPP2- without 

meso Ph-subsituents). The choice for this computational method is based on previous 

realistic mechanistic pathways calculated by us for such systems active as catalysts in 

related reactions. We further incorporated Grimme’s dispersion corrections (DFT-D3) for 

these systems.  

Allyl radical intermediate B could in principle undergo a direct radical rebound ring-

closure step (TS1, Scheme 4, similar to TS3 in Scheme 5 of Chapter 3) to produce 3-methyl 

substituted 1,2-dihydronaphthalene product D. This is a strongly exergonic (ΔG°333K = 

+11.0 kcal mol-1) reaction step with a very accessible transition state barrier (TS1: +15.3 

kcal mol-1; comparable to the TS3 barrier fromD: +15.2 kcal mol-1). However, dissociation 

of o-QDM C from B is only slightly endergonic (+7.0 kcal mol-1), and a subsequent ene-

type [1,7]-hydride shift reaction via TS4 (Scheme 4, blue pathway) has a very low barrier 

(+2.0 kcal mol-1 from C). As such, the total TS4 barrier from B of +9.0 kcal mol-1 to form 

E-aryl diene product E is much lower than the TS1 barrier for direct radical-rebound ring 
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closure to form 1,2-dihydronapthalene D (Scheme 4, top red pathway). Alternative o-QDM 

pathways for formation of 1,2-dihydronapthalene D, involving 6-cyclisation of C or C’ 

over TS2 or TS3, are also higher barrier processes than formation of E over TS4 according 

to DFT (Scheme 4, bottom red pathways).   

 

SCHEME 4. COMPUTED MECHANISMS FOR E-ARYL DIENE FORMATION AS COMPARED TO 1,2-

DIHYDRONAPHTHALENE FORMATION FROM ALLYL-RADICAL INTERMEDIATE B.a 

 
a DFT-D3 calculated (Turbomole, BP86, def2-TZVP, disp3) mechanisms for [Co(por)]-catalysed 

1,2-dihydronaphthalene and E-aryl diene formation from B (free energies, ΔG°333K, in kcal mol−1). 

All energies, including the transition states, are reported with respect to species B as the 

reference point. A cobalt-porphyrin complex without meso-substituents was used as a simplified 

model of the actual [Co(TPP)] catalyst. 

 

As such, the experimentally observed (Table 1) formation of E-aryl dienes for substrates 

containing an alkyl substituent at the allylic position instead of the thermodynamically 

favored 1,2-dihydronapthalenes,37,38 must be a kinetically controlled process, dictated by 

the very low TS4 barrier.39 

 

ATTEMPTS TO USE THE E-ARYL DIENES IN SYNTHETICALLY USEFUL FOLLOW-UP REACTIONS 

As described in the introduction, dienes are useful substrates for synthetically useful 

follow-up reactions such as Diels Alder or photochemical intramolecular [2+2] 

cycloaddition reactions. We therefore briefly investigated the reactivity the new E-aryl-

diene 2a formed in the [Co(TPP)-catalyzed reaction described in Table 1. We first 

combined 2a with several dienophiles in an attempt to obtain the corresponding Diels-

Alder products. Since the diene is rather electron-poor, we were most hopeful to react 2a 

with an electron-rich olefin (inverse electron demand Diels-Alder).40 However, 1-

butoxyethene did not participate in the desired Diels-Alder reaction (Scheme 5, left  
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SCHEME 5. USING DIENE 2A AS A SUBSTRATE IN ATTEMPTED DIELS-ALDER REACTIONS. 

 

SCHEME 6. USING DIENE 2A AS SUBSTRATE IN AN ATTEMPTED HIGH-PRESSURE DIELS-ALDER 

REACTION. 

 

arrow) and therefore other dienophiles were investigated as well. Unfortunately, 

however, none of these led to any conversion of 2a. The reason for the poor reactivity of 

2a towards these dieneophiles is likely steric hindrance, preventing its rotation to the 

required s-cis (as drawn in Scheme 5). As such, we argued that more forcing conditions 

might be required to enable the desired Diels-Alder reactions, and the reaction was 

performed in a high pressure reactor at the RU Nijmegen.41–43 However, in chloroform, 

pressed to 15 kbar at room temperature, still no coupling between 2a and 

dimethylacetylenedicarboxylate was observed. When this reaction was repeated at 50°C 

full conversion of the diene substrate was observed in crude NMR, but no desired Diels-

Alder product was found. This indicates that the compound likely decomposes or 

polymerizes under these forcing conditions. Hence, as it turns-out from these 

experiments, substitution pattern of 2a apparently inhibits the s-cis configuration and 

any (inverse electron demand) Diels-Alder reactivity. 

 
SCHEME 7. ATTEMPTED INTRAMOLECULAR [2+2] CYCLOADDITION OF ARYLDIENE 2A BY ACTIVATION 

WITH UV/VIS- LIGHT. 

 

As mentioned in the introduction, an alternative interesting synthetic application of the 

E-aryl dienes described in Table 1 is an intramolecular [2+2] cycloaddition reaction to 

produce cyclobutenes (Scheme 7). We briefly investigated this possibility for E-aryl diene 

2a. Interestingly, upon irradiation of 2a in chloroform with UV/vis-light for one hour we 

observed that isomerization of the double bond had occurred, and both species 2a and 
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2a’ were detected by 1H-NMR spectroscopy in a one to one ratio (Figure 4). Further 

irradiation of the sample resulted in the formation of several new species. Figure 5 shows 

the interpretation of the 1H-NMR spectrum after four hours of irradiation. Clearly dienes 

2a and 2a’ are still present, but small amounts of the desired cyclobutene 4 are observed 

as well.44 Unfortunately, when this sample was left to react overnight, formation of many 

side-products took place and most of the substrate had been converted into polymer. This 

experiment was repeated with benzene as solvent. Figure 6 shows the 1H-NMR spectra 

collected while following the reaction in time. These spectra reveal again that after one 

hour of irradiation full isomerization has occurred of substrate 2a. Longer reaction times 

resulted in formation of several species, among which also the desired cyclobutene 

product 4 (Figure 7). Once again elongated irradiation resulted in polymerization. The use 

of methanol as a solvent has been reported to be beneficial for some intramolecular [2+2] 

cycloaddition reactions.27 However, for the intramolecular reaction of 2a the use of 

methanol as a solvent did not lead to any desired reactivity. 

We have thus shown the potential of aryl-dienes to participate in light activated 

intramolecular [2+2] cycloaddition to give cyclobutenes. The perfect reaction conditions 

still have to be found, which probably involves dilution of the reaction mixture to prevent 

intermolecular coupling reactions. After one hour of irradiation isomerization of the 

double bond has occurred. After several additional hours of irradiation small amount of 

cyclobutene are observed, but further irradiation results in the formation of polymers. 
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FIGURE 4. FOLLOWING THE PHOTOCHEMICAL [2+2] CYCLOADDITION OF 2A IN CHLOROFORM OVER 

TIME BY 1H-NMR AFTER 0 (RED), 1 (LIGHT GREEN), 2 (GREEN), 3 (LIGHT BLUE),4 (BLUE) AND 19 

(PURPLE) HOURS. 

 
FIGURE 5. 1H-NMR SPECTRUM AFTER 4 HOURS OF IRRADIATING 2A IN CHLOROFORM. 
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FIGURE 6. FOLLOWING THE PHOTOCHEMICAL [2+2] CYCLOADDITION OF 2A IN BENZENE OVER TIME 

BY 1H-NMR AFTER 0 (RED), 1 (LIGHT GREEN), 2 (GREEN), 3 (BLUE) AND 5 (PURPLE) HOURS. 

 
FIGURE 7 1H-NMR SPECTRUM AFTER 4 HOURS OF IRRADIATION IN BENZENE OF 2A. 



Chapter 4 

- 102 - 
 

SUMMARY AND CONCLUSIONS 

 
In this chapter we further investigated carbene-reactivity upon activation of a diazo 

compound by a cobalt porphyrin catalyst, with the aim to expand on the propensity of 

cobalt(III) carbene-radicals to eliminate ortho-quinodimethane (o-QDM) intermediates. A 

new range of o-styryl N-tosyl hydrazone substrates was synthesized with alkyl 

substituents on the vinylic position. In Chapter 3 we showed that substituting the allylic 

position has a large influence on the yield, which pointed to a mechanism involving ortho-

quinodimethanes. We anticipated that substitution on the vinylic position should have a 

significant effect on the yields if the reactions would proceed via o-QDM intermediates 

rather than via a radical-rebound pathway. 

To our surprise, when the substrates were submitted to catalytic reaction conditions 

(base and [Co(TPP)] as catalyst in benzene at 60°C) we did not isolate substituted 1,2-

dihydronaphthalenes. Instead, E-aryl dienes were isolated in good to excellent yields. 

Formation of E-aryldienes instead of the initially expected 1,2-dihydronapthalenes points 

directly to the formation of o-QDM intermediates in these reactions. These reactions are 

of interest from a synthetic point of view. Importantly, several substituents on the 

terminal double bond and on the aromatic ring are well tolerated in these catalytic 

reactions.  

In order to shed more light on the mechanism of the catalytic cycle DFT calculations were 

performed. This revealed that the allylic-radical intermediate generated after hydrogen 

atom transfer to the carbon atom of the carbene radical intermediate substantially 

weakens the Co‒C bond, thus facilitating the dissociation of ortho-quinodimethanes upon 

homolysis. Subsequently, the o-QDM intermediate undergoes a low barrier ene-type [1,7]-

hydride shift to yield the E-aryl diene product. A direct radical rebound pathway to 

produce the thermodynamically favoured 1,2-dihydronaphthalene product has a higher 

transition state barrier, thus preventing the formation of 1,2-dihydronaphthalenes for 

kinetic reasons.  

To explore the reactivity of the thus formed E-aryl dienes, one of the products (2a) was 

combined with several dienophiles in an attempt to obtain the corresponding Diels-Alder 

products. Several dienophiles were combined with E-aryl diene 2a, but no conversion was 

observed. To push the reaction, the diene and dienophile were also combined under high 

pressure (15 kbar). However, at room temperature there was still no conversion, while at 

50°C all of the E-aryl diene was converted into other compounds. Unfortunately, the 

terminal dienes described in this chapter do not participate in Diels-Alder reactions. This 

is probably due to steric hindrance around the internal double bond, thus preventing the 

molecule from rotating to the essential s-cis configuration. 

An second potential application of E-aryl dienes was found in the synthesis of 

cyclobutenes. By excitation of the double bonds with light, an intramolecular [2+2] 

cycloaddition reaction can result in cyclobutene formation. After one hour of irradiating 

a solution of E-aryl diene 2a with UV/vis light, full isomerization of the C=C double bond 

was observed. This clearly proves that the double bond is excited and activated. Upon 

further irradiation of the sample some cyclobutene was observed. Prolonged 
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photochemical reaction leads to a complex mixture of unidentified reaction products. 

While the results show the potential for the conversion of E-aryl dienes into cyclobutenes 

by light, the optimal conditions of these conversions still have to be found. 

In conclusion, we have discovered a new way to synthesize aryldienes. Activation of N-

tosyl hydrazones with [Co(TPP)] resulted in formation of carbene-radical intermediates 

which after intramolecular hydrogen atom transfer separate from the catalyst as o-QDM. 

This compound undergoes an ene-type [1,7]-hydride shift resulting in the formation of 

aryldienes, as confirmed by DFT calculations. The substitution pattern does not allow 

these products to participate in a Diels-Alder reaction. Irradiation of the products with 

UV/vis light does activate the double bonds which then react in a [2+2] cycloaddition 

reaction in which cyclobutenes are formed. 
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EXPERIMENTAL 

 
General Considerations 

All manipulations were performed under a nitrogen atmosphere using standard Schlenk techniques. All 

solvents used for catalysis were dried over and distilled from sodium (toluene) or CaH2 (dichloromethane, 

hexane, ethyl acetate, methanol). All chemicals were purchased from commercial suppliers (either from 

Sigma-Aldrich or Fluorochem) and used without further purification. NMR spectra (1H, 13C and 19F) were 

measured on a Bruker DRX 500, Bruker AMX 400, Bruker DRX 300 or on a Varian Mercury 300 spectrometer 

at r.t. unless noted otherwise. Individual peaks are reported as: multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet), integration, coupling constant in Hz. Mass spectra of the newly 

synthesized compounds were recorded on an Agilent-5973 GC-MS spectrometer, and the corresponding 

HRMS data were recorded on a JEOL AccuTOF 4G via direct injection probe using CSI (Cold Spray 

Ionization). EPR spectra were recorded on a Bruker EMXplus spectrometer at room temperature (298 K). 

For the irradiation experiments a 500 W Hg/Xe lamp (Hamatsu Photonics L8288) was used. 

General Procedure A, Horner-Wadsworth-Emmons reaction. 

A Schlenk was charged with NaH (60% in oil, 1.2 eq) and THF was added. After cooling to 0°C the 

phosphonate was slowly added and the mixture was stirred for 30 min. 2-(1,3-dioxolane-2-yl)benzaldehyde 

(1 eq) was then slowly added and the mixture was stirred for another 30 min. Then the mixture was 

extracted with Et2O and sat. NaHCO3, washed with brine and dried over MgSO4. The product was used 

without further purification. 

ethyl (E)-2-(2-(1,3-dioxolan-2-yl)benzylidene)butanoate 

The reaction was performed according to general procedure A. The product was obtained 

as a yellow oil and used without further purification. 
1H NMR (400 MHz, CDCl3) δ 7.89 (s, 1H), 7.60 (dd, J = 7.0, 2.2 Hz, 1H), 7.42 – 7.33 (m, 2H), 

7.21 (dd, J = 6.5, 2.3 Hz, 1H), 5.85 (s, 1H), 4.29 (q, J = 7.2 Hz, 2H), 4.19 – 3.98 (m, 4H), 2.36 

(q, J = 7.4 Hz, 2H), 1.07 (t, J = 7.4 Hz, 3H), 1.00 (td, J = 7.4, 1.0 Hz, 3H). 

ethyl 2-(diethoxyphosphoryl)pentanoate 

Under Schlenk conditions KOtBu (1,1 eq) was added at 0°C to a solution of ethyl 2-

(diethoxyphosphoryl)acetate (1 eq) in DMSO (1.0 M). This mixture was stirred at 

room temperature until the KOtBu was dissolved.  Then 1-bromopropane (1,1 eq) was 

added. Next the solution was stirred for 1 hour at 60°C. Finally the mixture was 

poured into a saturated ammonium chloride solution and extracted with ether. The combined organic layers 

were washed with brine, dried over magnesium sulfate and concentrated to yield the product as a colorless 

liquid (93%). The spectroscopic data are in line with reference 45. 
1H NMR (300 MHz, CDCl3) δ 4.32 – 4.06 (m, 6H), 3.07 – 2.83 (m, 1H), 2.08 – 1.69 (m, 2H), 1.56 – 1.22 (m, 

11H), 0.92 (t, J = 7.3 Hz, 3H). 31P NMR (121 MHz, CDCl3) δ 22.96. HRMS(EI+) calcd. for C9H18O5P [M-Et]+ 

237.08918, found 237.08902. 

ethyl (E)-2-(2-(1,3-dioxolan-2-yl)benzylidene)pentanoate 

The reaction was performed according to general procedure C. The product was obtained 

as a yellow oil and used without further purification. 
1H NMR (400 MHz, CDCl3) δ 7.88 (s, 1H), 7.61 – 7.55 (m, 1H), 7.43 – 7.30 (m, 2H), 7.22 – 

7.14 (m, 1H), 5.83 (s, 1H), 4.27 (q, J = 7.1 Hz, 2H), 4.19 – 3.97 (m, 4H), 2.35 – 2.23 (m, 2H), 

1.51 – 1.40 (m, 2H), 1.34 (t, J = 7.1 Hz, 3H), 0.84 (t, J = 7.4 Hz, 3H). 
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ethyl 2-(diethoxyphosphoryl)-3-methylbutanoate 

Under Schlenk conditions KOtBu (1,1 eq) was added at 0°C to a solution of ethyl 2-

(diethoxyphosphoryl)acetate (1 eq) in DMSO (1.0 M). This mixture was stirred at 

room temperature until the KOtBu was dissolved.  Then 2-iodopropane (1,1 eq) was 

added. Next the solution was stirred for 1 hour at 60°C. Finally the mixture was 

poured into a saturated ammonium chloride solution and extracted with ether. The combined organic layers 

were washed with brine, dried over magnesium sulfate and concentrated to yield the product as a yellow 

oil (95%). The spectroscopic data are in line with reference 46. 
1H NMR (300 MHz, CDCl3) δ 4.32 – 4.02 (m, 6H), 2.69 (dd, J = 20.2, 9.4 Hz, 1H), 2.36 (dq, J = 17.8, 8.1, 7.5 Hz, 

1H), 1.28 (dt, J = 10.2, 6.7 Hz, 9H), 1.12 (d, J = 6.7 Hz, 3H), 0.98 (d, J = 6.5 Hz, 3H). 31P NMR (121 MHz, CDCl3) 

δ 22.60.  

ethyl (E)-2-(2-(1,3-dioxolan-2-yl)benzylidene)-3-methylbutanoate 

The reaction was performed according to general procedure A. The product was obtained 

as a mixture of E and Z isomers in a 2:1 ratio and as a colorless oil and used without 

further purification. 

Z-isomer: 1H NMR (400 MHz, CDCl3) δ 7.74 (s, 1H), 7.61 – 7.50 (m, 1H), 7.37 – 7.31 (m, 

1H), 7.31 – 7.22 (m, 1H), 7.15 – 7.09 (m, 1H), 5.90 (s, 1H), 4.18 – 3.97 (m, 4H), 3.94 (q, J = 

7.1 Hz, 2H), 2.94 – 2.72 (m, 1H), 1.19 (d, J = 6.8 Hz, 6H), 0.87 (t, J = 7.1 Hz, 3H). 

E-isomer: 1H NMR (400 MHz, CDCl3) δ 7.61 – 7.50 (m, 1H), 7.37 – 7.31 (m, 1H), 7.31 – 7.22 (m, 1H), 7.15 – 

7.09 (m, 1H), 6.90 (d, J = 1.3 Hz, 1H), 5.81 (s, 1H), 4.26 (q, J = 7.1 Hz, 2H), 4.18 – 3.97 (m, 4H), 2.94 – 2.72 (m, 

1H), 1.35 (t, J = 7.1 Hz, 3H), 1.16 (d, J = 7.0 Hz, 6H). 

ethyl (E)-2-(2-(1,3-dioxolan-2-yl)-4-methoxybenzylidene)butanoate 

The reaction was performed according to general procedure A. The product was 

obtained as a light yellow oil and used without further purification. 
1H NMR (300 MHz, CDCl3) δ 7.83 (s, 1H), 7.15 (s, 1H), 6.90 (dd, J = 8.4, 2.7 Hz, 2H), 

5.83 (s, 1H), 4.27 (q, J = 7.1 Hz, 2H), 4.18 – 3.96 (m, 4H), 3.84 (s, 3H), 2.37 (q, J = 7.4 

Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H), 1.07 (t, J = 7.4 Hz, 3H). 

ethyl (E)-2-(2-(1,3-dioxolan-2-yl)-4,5-dimethoxybenzylidene)butanoate 

The reaction was performed according to general procedure A. The product was 

obtained as a yellow oil and used without further purification. 
1H NMR (400 MHz, CDCl3) δ 7.82 (s, 1H), 7.11 (s, 1H), 6.72 (s, 1H), 5.78 (s, 1H), 4.28 

(q, J = 7.1 Hz, 2H), 4.20 – 4.10 (m, 4H), 3.92 (s, 3H), 3.87 (s, 3H), 2.39 (q, J = 7.8 Hz, 

2H), 1.35 (t, J = 7.1 Hz, 3H), 1.10 (t, J = 7.4 Hz, 3H). 

General Procedure B, aldehyde deprotection. 

To a solution of ethyl (E)-3-(2-(1,3-dioxolan-2-yl)phenyl)-2-methylacrylate (1 eq) in acetone (0.15 M) FeCl3 

(0.2 eq) was added. The reaction was stirred overnight. Then it was filtered over a plug of silica and eluted 

with EtOAc followed by removal of the solvent in vacuo. The residue was purified by column 

chromatography. 

ethyl (E)-2-(2-formylbenzylidene)butanoate 

The reaction was performed according to general procedure B. The product was 

purified by column chromatography (9:1 hexanes:EtOAc) and obtained as a yellow 

oil (58%). 
1H NMR (300 MHz, CDCl3) δ 10.19 (s, 1H), 8.00 (s, 1H), 7.93 (dd, J = 7.7, 1.5 Hz, 1H), 

7.62 (td, J = 7.5, 1.4 Hz, 1H), 7.55 – 7.42 (m, 1H), 7.29 (ddd, J = 7.7, 1.4, 0.7 Hz, 1H), 

4.31 (q, J = 7.1 Hz, 2H), 2.31 (qd, J = 7.4, 0.6 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H), 1.03 (t, J = 7.4 Hz, 3H). 13C NMR 
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(75 MHz, CDCl3) δ 191.72, 167.43, 139.07, 138.15, 135.75, 133.92, 133.78, 129.93, 129.69, 128.53, 61.10, 

21.21, 14.43, 13.89. 

ethyl (E)-2-(2-formylbenzylidene)pentanoate 

The reaction was performed according to general procedure B. The product was 

purified by column chromatography (9:1 hexanes:EtOAc) and obtained as a yellow 

oil (43%). 
1H NMR (300 MHz, CDCl3) δ 10.19 (s, 1H), 8.01 (s, 1H), 7.93 (dd, J = 7.7, 1.4 Hz, 1H), 

7.61 (td, J = 7.5, 1.5 Hz, 1H), 7.50 (d, J = 7.5 Hz, 1H), 7.28 (d, J = 7.5 Hz, 1H), 4.30 (q, J = 7.1 Hz, 2H), 2.39 – 

2.17 (m, 2H), 1.49 – 1.39 (m, 2H), 1.36 (t, J = 7.1 Hz, 3H), 0.79 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 

191.61, 167.49, 139.08, 136.76, 136.05, 133.78, 133.64, 129.71, 129.61, 128.36, 60.98, 29.66, 22.39, 14.29, 

14.02. IR (neat) ν 2962, 1699, 1225, 1094, 756 cm-1. HRMS(EI+) calcd. for C15H18O3 [M]+ 246.1256, found 

246.1257. 

ethyl (E)-2-(2-formylbenzylidene)-3-methylbutanoate 

The reaction was performed according to general procedure B. The product was purified 

by column chromatography (9:1 hexanes:EtOAc) and obtained as a yellow oil (27%). 

E-isomer: 1H NMR (300 MHz, CDCl3) δ 10.19 (s, 1H), 7.89 – 7.82 (m, 1H), 7.50 (td, J = 7.5, 

1.5 Hz, 1H), 7.44 – 7.33 (m, 1H), 7.30 – 7.17 (m, 1H), 7.06 (s, 1H), 3.92 (q, J = 7.1 Hz, 2H), 

2.89 (pd, J = 6.8, 1.4 Hz, 1H), 1.22 (d, J = 6.9 Hz, 6H), 0.87 (t, J = 7.1 Hz, 3H). 

Z-isomer: 1H NMR (300 MHz, CDCl3) δ 10.20 (s, 1H), 7.93 (dd, J = 7.7, 1.5 Hz, 1H), 7.86 (s, 

1H), 7.60 (td, J = 7.5, 1.5 Hz, 1H), 7.50 (td, J = 7.5, 1.5 Hz, 1H), 7.30 – 7.17 (m, 1H), 4.28 (q, J = 7.1 Hz, 2H), 

2.73 (p, J = 6.9 Hz, 1H), 1.36 (t, J = 7.1 Hz, 3H), 1.15 (d, J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 192.06, 

168.92, 144.77, 140.70, 135.19, 133.95, 133.51, 129.62, 128.15, 127.85, 60.56, 32.44, 21.66, 13.72. IR (neat) 

ν 2966, 1699, 1233, 1056, 756 cm-1. HRMS(FD+) calcd. for C15H18O3 [M]+ 246.1256, found 246.1270. 

ethyl (E)-2-(2-formyl-4-methoxybenzylidene)butanoate 

The reaction was performed according to general procedure B. The product 

was purified by column chromatography (5:1 pet ether 40-60:EtOAc) and 

obtained as a light yellow oil (57%). 
1H NMR (300 MHz, CDCl3) δ 10.19 (s, 1H), 7.98 (s, 1H), 7.44 (d, J = 2.6 Hz, 

1H), 7.23 (s, 1H), 7.19 (d, J = 2.6 Hz, 1H), 4.32 (q, J = 7.1 Hz, 2H), 3.90 (s, 3H), 

2.35 (q, J = 7.4 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H), 1.06 (t, J = 7.4 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 191.34, 

167.53, 159.72, 138.01, 135.07, 134.82, 131.84, 131.04, 121.11, 112.31, 61.03, 55.71, 21.17, 14.42, 13.87. IR 

(neat) ν 2975, 2938, 1694, 1602, 1493, 1229, 1125, 708, 565 cm-1. HRMS(EI+) calcd. for C15H18O4 [M]+ 

262.12051, found 262.12059. 

ethyl (E)-2-(2-formyl-4,5-dimethoxybenzylidene)butanoate 

The reaction was performed according to general procedure B. The product 

was purified by column chromatography (5:1 pet ether 40-60:EtOAc) and 

obtained as a white solid (50%). 
1H NMR (300 MHz, CDCl3) δ 10.06 (s, 1H), 7.95 (s, 1H), 7.44 (s, 1H), 6.72 (s, 

1H), 4.31 (q, J = 7.1 Hz, 2H), 3.95 (s, 3H+3H), 2.34 (q, J = 7.2 Hz, 2H), 1.37 (t, 

J = 7.1 Hz, 3H), 1.06 (t, J = 7.4 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 189.92, 167.34, 153.74, 149.17, 138.73, 

134.94, 134.52, 127.14, 111.34, 109.60, 61.15, 56.35, 56.25, 21.42, 14.44, 13.88. IR (neat) ν 2974, 2937, 

1707, 1682, 1593, 1510, 1278, 1236, 1219, 1071, 1021, 747, 582 cm-1. HRMS(FD+) calcd. for C16H20O5 [M]+ 

292.1311, found 292.1316. 

General Procedure C, tosylhydrazone introduction. 

To benzaldehyde (1 eq) in dry MeOH (1M) p-toluenesulfonyl hydrazide (1.11 eq) was added under rappid 

stirring. If the substrate doesn’t dissolve within 15 min. the reaction was heated to 60°C for 1h, during which 
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the substrate should dissolve quickly followed by precipitation of the product. Next the reaction was 

concentrated and triturated with Et2O. The product was obtained by concentration of the ether solution. 

ethyl 2-((E)-2-((E)-(2-tosylhydrazineylidene)methyl)benzylidene)butanoate (1a) 

The reaction was performed according to general procedure C. The product was 

obtained as a 6:1 mixture of E:Z isomers and as an off white solid (96%). 
1H NMR (400 MHz, DMSO-d6) δ 11.45 (s, 1H), 7.96 (s, 1H), 7.77 – 7.62 (m, 4H), 7.46 

– 7.32 (m, 4H), 7.20 (d, J = 7.3 Hz, 1H), 4.23 (q, J = 7.1 Hz, 2H), 2.35 (s, 3H), 2.10 (q, 

J = 7.3 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H), 0.88 (t, J = 7.4 Hz, 3H). 13C NMR (75 MHz, 

DMSO-d6) δ 166.67, 145.10, 143.48, 136.52, 136.26, 136.04, 134.88, 131.22, 129.77, 129.61, 128.95, 128.43, 

127.17, 126.21, 60.54, 21.00, 20.57, 14.14, 13.32. IR (neat) ν 3186, 2978, 2935, 1707, 1448, 1242, 1168, 

1048, 668, 548 cm-1. HRMS(FD+) calcd. for C21H24N2O4S [M]+ 400.1457, found 400.1426. 

ethyl 2-((E)-2-((E)-(2-tosylhydrazono)methyl)benzylidene)pentanoate (1b) 

The reaction was performed according to general procedure C. The product was 

obtained as a 6:1 mixture of E:Z isomers and as an off white solid (quantitative). 
1H NMR (300 MHz, DMSO-d6) δ 11.46 (s, 1H), 7.95 (s, 1H), 7.81 – 7.56 (m, 4H), 7.49 

– 7.34 (m, 4H), 7.19 (dd, J = 7.1, 1.7 Hz, 1H), 4.22 (q, J = 7.1 Hz, 2H), 3.42 – 3.34 (m, 

2H), 2.35 (s, 3H), 2.12 – 2.04 (m, 2H), 1.29 (t, J = 7.1 Hz, 3H), 0.63 (t, J = 7.3 Hz, 3H). 
13C NMR (101 MHz, DMSO) δ 166.84, 145.09, 143.44, 137.03, 136.07, 135.01, 134.93, 131.21, 129.73, 

129.60, 128.98, 128.36, 127.16, 126.13, 60.53, 29.06, 21.55, 21.00, 14.13, 13.71. IR (neat) ν 3194, 2962, 

2364, 1708, 1227, 1168, 668, 548 cm-1. HRMS(FD+) calcd. for C22H26N2O4S [M]+ 414.1613, found 414.1598. 

ethyl 3-methyl-2-((E)-2-((E)-(2-tosylhydrazineylidene)methyl)benzylidene)butanoate (1c) 

The reaction was performed according to general procedure C. The product was 

obtained as a 2:1 mixture of E:Z isomers and as a white solid (quantitative). 

E-isomer: 1H NMR (400 MHz, DMSO-d6) δ 11.47 (s, 1H), 8.02 (s, 1H), 7.75 (dd, J = 10.2, 

8.1 Hz, 2H), 7.66 – 7.58 (m, 1H), 7.40 (dd, J = 8.0, 6.3 Hz, 2H), 7.35 – 7.26 (m, 2H), 7.08 

– 6.98 (m, 1H), 6.85 (s, 1H), 3.84 (q, J = 7.1 Hz, 1H), 2.81 – 2.66 (m, 1H), 2.37 (s, 3H), 

1.14 (d, J = 6.9 Hz, 6H), 0.79 (t, J = 7.1 Hz, 3H). Z-isomer: 1H NMR (400 MHz, DMSO-d6) 

δ 11.49 (s, 1H), 7.97 (s, 1H), 7.75 (dd, J = 10.2, 8.1 Hz, 2H), 7.71 – 7.67 (m, 1H), 7.57 

(s, 1H), 7.40 (dd, J = 8.0, 6.3 Hz, 2H), 7.35 – 7.26 (m, 2H), 7.16 (d, J = 7.4 Hz, 1H), 4.22 (q, J = 7.1 Hz, 2H), 2.81 

– 2.66 (m, 1H), 2.40 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H), 1.01 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, DMSO) δ 

168.31, 145.37, 143.44, 143.02, 136.58, 136.20, 130.87, 129.65, 129.38, 128.13, 127.77, 127.60, 127.13, 

125.57, 59.88, 31.95, 21.20, 14.11, 13.41. IR (neat) ν 3193, 2964, 2932, 2874, 1710, 1239, 1166, 1053, 668, 

589, 549 cm-1. HRMS(FD+) calcd. for C22H26N2O4S [M]+ 414.1613, found 414.1618. 

ethyl 2-((E)-4-methoxy-2-((E)-(2-tosylhydrazineylidene)methyl)benzylidene)butanoate (1d) 

The reaction was performed according to general procedure C. The product 

was obtained as a 8:1 mixture of E:Z isomers and as a white solid (65%). 
1H NMR (300 MHz, CDCl3) δ 7.94 – 7.76 (m, 4H), 7.63 (s, 1H), 7.36 (d, J = 2.5 

Hz, 1H), 7.30 (d, J = 8.0 Hz, 2H), 7.09 (d, J = 8.5 Hz, 1H), 6.93 (dd, J = 8.5, 2.4 

Hz, 1H), 4.28 (q, J = 6.8 Hz, 2H), 3.85 (s, 3H), 2.40 (s, 3H), 2.23 (q, J = 7.4 Hz, 

2H), 1.35 (t, J = 7.1 Hz, 3H), 0.97 (t, J = 7.4 Hz, 3H). 13C NMR (75 MHz, DMSO) δ 167.31, 159.46, 145.36, 

144.01, 136.62, 136.42, 135.96, 133.17, 131.01, 130.08, 127.70, 127.68, 116.38, 111.11, 60.92, 55.73, 21.47, 

21.00, 14.62, 13.87. IR (neat) ν 3187, 2977, 2937, 1705, 1597, 1562, 1494, 1456, 1236, 1166, 1131, 1046, 

907, 667, 548 cm-1. HRMS(FD+) calcd. for C22H26N2O5S [M]+ 430.1562, found 430.1549. 
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ethyl 2-((E)-4,5-dimethoxy-2-((E)-(2-tosylhydrazineylidene)methyl)benzylidene)butanoate (1e) 

The reaction was performed according to general procedure C. The product 

was obtained as a 7.5:1 mixture of E:Z isomers and as a yellow solid (96%). 
1H NMR (300 MHz, DMSO-d6) δ 11.23 (s, 1H), 7.88 (s, 1H), 7.74 (d, J = 8.1 Hz, 

2H), 7.63 (s, 1H), 7.38 (d, J = 8.1 Hz, 2H), 7.18 (s, 1H), 6.74 (s, 1H), 4.22 (q, J 

= 7.1 Hz, 2H), 3.79 (s, 3H), 3.77 (s, 3H), 2.35 (s, 3H), 2.15 (q, J = 7.2 Hz, 2H), 

1.28 (t, J = 7.1 Hz, 3H), 0.92 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, DMSO) δ 166.73, 149.98, 148.64, 145.07, 

143.41, 136.05, 136.00, 129.52, 128.25, 128.23, 127.25, 123.99, 111.63, 108.02, 60.44, 55.59, 55.44, 20.97, 

20.68, 14.14, 13.24. IR (neat) ν 3194, 2963, 2930, 2360, 2342, 1707, 1595, 1510, 1463, 1343, 1278, 1239, 

1168, 1117, 1046, 668, 549 cm-1. HRMS(FD+) calcd. for C23H28N2O6S [M]+ 460.1668, found 460.1669. 

General Procedure D, catalytic reaction. 

Under Schlenk conditions the tosyl hydrazone (1 eq), LiOtBu (1.2 eq) and [Co(TPP)] (0.05 eq) were put 

together after which the tube was evacuated for 15 min. and then refilled with N2. Next benzene (2 mL) was 

added and the mixture was heated to 60 °C over night in a dark fumehood. The mixture was then filtered 

over a silica plug and eluted with EtOAc. After concentration the product was purified by column 

chromatography. 

ethyl (E)-2-(2-methylbenzylidene)but-3-enoate (2a) 

The reaction was performed according to general procedure D. The product was 

purified by column chromatography (20:1 hexanes:EtOAc) and obtained as a red liquid 

(85%). 
1H NMR (300 MHz, CDCl3) δ 7.64 (s, 1H), 7.37 – 7.16 (m, 4H), 6.51 (dd, J = 17.7, 11.6 Hz, 

1H), 5.87 (dd, J = 17.8, 1.8 Hz, 1H), 5.38 (dt, J = 11.6, 1.6 Hz, 1H), 4.37 (q, J = 7.1 Hz, 2H), 

2.34 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 167.26, 138.54, 136.87, 134.39, 130.83, 

129.96, 129.58, 129.50, 128.41, 125.37, 120.19, 60.83, 19.86, 14.18. IR (neat) ν 3019, 1714, 1242, 1139, 

1063, 923, 794, 748 cm-1. HRMS(FD+) calcd. for C14H16O2 [M]+ 216.1150, found 216.1145. 

ethyl (E)-2-((E)-2-methylbenzylidene)pent-3-enoate (2b) 

The reaction was performed according to general procedure D. The product was 

purified by column chromatography (100:1 hexanes:EtOAc) and obtained as a colorless 

liquid (95%). 
1H NMR (300 MHz, CDCl3) δ 7.42 (s, 1H), 7.34 – 7.16 (m, 4H), 6.32 (dq, J = 15.9, 6.4 Hz, 

1H), 6.18 (d, J = 16.0 Hz, 1H), 4.34 (q, J = 7.1 Hz, 2H), 2.31 (s, 3H), 1.79 (d, J = 6.2 Hz, 

3H), 1.40 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 167.97, 136.93, 135.70, 134.92, 

132.25, 131.09, 130.04, 129.64, 128.17, 125.44, 123.95, 60.89, 20.00, 19.24, 14.32. IR (neat) ν 2929, 1713, 

1446, 1373, 1296, 1238, 1130, 744 cm-1. HRMS(EI+) calcd. for C15H18O2 [M]+ 230.1307, found 230.1315. 

ethyl (E)-3-methyl-2-(2-methylbenzylidene)but-3-enoate (2c) 

The reaction was performed according to general procedure D. The product was 

purified by column chromatography (40:1 hexanes:EtOAc) and isolated containing 

10% cycloheptatriene (vide infra) obtained as a yellow oil (83%). This compound was 

obtained as a mixture of ~90% 2c and ~10% 3. It proved difficult to isolate compound 

2c, free from 3.  
1H NMR (400 MHz, CDCl3) δ 7.72 (s, 1H), 7.38 (d, J = 7.6 Hz, 1H), 7.23 – 7.15 (m, 2H), 

7.12 (td, J = 7.1, 2.3 Hz, 1H), 5.07 (t, J = 1.7 Hz, 1H), 4.85 – 4.71 (m, 1H), 4.29 (q, J = 7.1 Hz, 2H), 2.34 (s, 3H), 

1.91 (d, J = 1.2 Hz, 3H), 1.35 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3, proton coupled) δ 167.39, 138.87 

(d, J = 239.2 Hz), 137.41, 137.03, 135.79, 134.73, 129.93 (d, J = 57.8 Hz), 128.72 (d, J = 12.3 Hz), 128.25 (d, J 

= 11.6 Hz), 125.50 (d, J = 57.2 Hz), 117.90 (t, J = 18.6 Hz), 60.98 (t, J = 5.2 Hz), 22.88 (q, J = 29.8 Hz), 20.02 

(q, J = 23.7 Hz), 14.27 (q, J = 39.1, 38.1 Hz). HRMS(EI+) calcd. for C15H18O2 [M]+ 230.1307, found 230.1315. 
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ethyl (Z)-2-(2-(cyclohepta-2,4,6-trien-1-yl)benzylidene)-3-methylbutanoate (3) 

This compound was characterized from a mixture of ~90% 2c and ~10% 3.  
1H NMR (400 MHz, CDCl3) δ 7.47 (d, J = 7.7 Hz, 1H), 7.34 – 7.28 (m, 1H), 7.24 – 7.07 (m, 3H), 

6.72 (t, J = 3.2 Hz, 2H), 6.61 (s, 1H), 6.25 (d, J = 8.9 Hz, 2H), 5.43 (dd, J = 9.2, 5.5 Hz, 2H), 3.95 

(q, J = 7.2 Hz, 2H), 2.80 – 2.71 (m, 1H), 1.09 (d, J = 6.8 Hz, 6H), 0.90 (t, J = 7.1 Hz, 3H). 

HRMS(EI+) calcd. for C19H18O [M-EtOH]+ 262.1358, found 262.1338. 

 

ethyl (E)-2-(4-methoxy-2-methylbenzylidene)but-3-enoate (2d) 

The reaction was performed according to general procedure D. The product 

was purified by column chromatography (9:1 hexanes:EtOAc) and obtained 

as a red oil (89%). 
1H NMR (400 MHz, CDCl3) δ 7.57 (s, 1H), 7.24 (d, J = 8.4 Hz, 1H), 6.80 – 6.69 

(m, 2H), 6.50 (dd, J = 17.7, 11.6 Hz, 1H), 5.83 (d, J = 17.7 Hz, 1H), 5.34 (d, J = 

11.6 Hz, 1H), 4.32 (q, J = 7.1 Hz, 2H), 3.81 (s, 3H), 2.30 (s, 3H), 1.37 (t, J = 7.1 

Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 167.71, 160.00, 139.28, 138.42, 131.52, 130.08, 129.73, 127.04, 119.99, 

115.82, 110.90, 60.95, 55.35, 20.41, 14.44. IR (neat) ν 2959, 2934, 2360, 1712, 1604, 1495, 1302, 1249, 

1139, 1037, 819, 569 cm-1. HRMS(EI+) calcd. for C15H18O3 [M]+ 246.1256, found 246.1255. 

ethyl (E)-2-(4,5-dimethoxy-2-methylbenzylidene)but-3-enoate (2e) 

The reaction was performed according to general procedure D. The product 

was purified by column chromatography (6:1 hexanes:EtOAc) and obtained as 

a red oil (90%). 
1H NMR (400 MHz, CDCl3) δ 7.58 (s, 1H), 6.85 (s, 1H), 6.71 (s, 1H), 6.60 – 6.42 

(m, 2H), 5.82 (dd, J = 17.8, 1.5 Hz, 1H), 5.36 (dt, J = 11.6, 1.5 Hz, 2H), 4.31 (q, J = 

7.1 Hz, 2H), 3.89 (s, 3H), 3.82 (s, 3H), 2.26 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 167.62, 149.30, 146.53, 138.61, 130.50, 130.13, 129.78, 126.38, 120.17, 113.30, 

113.26, 60.98, 56.18, 55.98, 19.62, 14.43. IR (neat) ν 2934, 2361, 2342, 1714, 1605, 1512, 1465, 1275, 1250, 

1215, 1172, 1109, 1035, 1004, 868 cm-1. HRMS(EI+) calcd. for C16H20O4 [M]+ 276.1362, found 276.1363. 

ethyl 4-(o-tolyl)cyclobut-1-ene-1-carboxylate (4) 

Ethyl (E)-2-(2-methylbenzylidene)but-3-enoate (0.01 mmol) was dissolved in 

degassed deuterated solvent (4 mM) and irradiated in a quartz cuvette with a Hg/Xe 

lamp. Under inert conditions the sample was transferred to an NMR tube to follow 

the reaction. 
1H NMR (400 MHz, CDCl3) δ 7.25 – 7.04 (m, 4H), 7.01 (s, 1H), 4.46 (q, J = 7.1 Hz, 2H), 

4.20 (dd, J = 7.1, 1.7 Hz, 1H), 3.02 (ddd, J = 15.2, 4.6, 1.2 Hz, 1H), 2.33 (s, 3H), 2.23 (dd, J = 15.0, 1.6 Hz, 1H), 
1.30 – 1.21 (m, 3H). 1H NMR (400 MHz, C6D6) δ 7.11 – 7.00 (m, 4H), 6.72 (d, J = 1.3 Hz, 1H), 4.22 (q, J = 7.4 
Hz, 2H), 3.98 (dd, J = 7.1, 2.3 Hz, 1H), 2.48 (ddd, J = 14.9, 4.5, 1.4 Hz, 1H), 2.08 (s, 3H), 1.85 (ddt, J = 15.8, 6.0, 
1.2 Hz, 1H), 1.08 (t, J = 7.1 Hz, 3H). 

General procedure Diels-Alder reaction normal pressure 
Under Schlenk conditions the diene (1 eq) and dienophile (5 eq) were dissolved in benzene (0.05M) and 
heated to 60°C overnight. After cooling down the reaction mixture was concentrated and analysed by 1H-
NMR spectroscopy. 

General procedure of the high pressure Diels-Alder reaction41 
The high-pressure experiments were run in a high-pressure apparatus at the RU Nijmegen, equipped with 

a one-wall-piston cylinder for pressures up to 15 kbar (1.5 GPa) having an initial volume of 70 mL. The 

reaction volume after compression is about 30 mL. The vessel is closed from below with a steel stopper and 

from above with a mobile piston. Heating occurs by pumping oil between the vessel and a second wall. 

Reactions were performed in 8-mL Teflon ampules closed by screwed stainless steel stoppers. Two of these 

ampules can be inserted into the high-pressure vessel filled with hexane and transmission medium. For 
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analytical purposes or orientating experiments ampules of 0.5 mL can be used so that the conversion in five 

different experiments can be followed at the same time. 

Computational details 
 
The mechanism of the [Co(por)]-catalyzed 1,2-dihydronaphthalene formation reaction was explored 

computationally, using DFT. A simplified model porphyrin without meso-substituents was used to reduce 

computation time. Geometry optimizations were carried out with the Turbomole program package47 

coupled to the PQS Baker optimizer48,49 via the BOpt package.50 We used unrestricted ri-DFT-D3 calculations 

at the BP86 level,51,52 in combination with the def2-TZVP basis set,53,54 and a small (m4) grid size. Grimme’s 

dispersion corrections55 (version 3, disp3, ‘zero damping’) were used to include Van der Waals interactions. 

All minima (no imaginary frequencies) and transition states (one imaginary frequency) were characterized 

by calculating the Hessian matrix. ZPE and gas-phase thermal corrections (entropy and enthalpy, 298 K, 1 

bar) from these analyses were calculated. The nature of the transition states was confirmed by following 

the intrinsic reaction coordinate. The relative free energies (ΔG°333K in kcal mol-1) obtained from these 

calculations are reported in the main text.  

DFT calculations without dispersion corrections strongly underestimate the metal-ligand interactions, as 

was clear from a series of test calculations. We therefore employed Grimme’s version 3 (disp3) dispersion 

corrections. Used as such, the computed dispersion corrected metal-ligand association/dissociation 

energies to/from the non-solvated [Co(por)] catalyst A are overestimated though. This is due to neglected 

dispersion interactions between the metal binding site of the catalyst and a solvent molecule in solution. 

We therefore used the Van der Waals -complex between [Co(por)] catalyst A and a discrete toluene solvent 

molecule (interacting with catalyst at the metal binding site) as the energetic reference point in our 

calculations to prevent overestimation of the metal-ligand interactions as a result of such uncompensated 

dispersion forces. However, this approach also leads to an erroneous cancelation of all translational entropy 

contributions to the computed free energies. This is because the translational entropy contributions to 

substrate/product association/dissociation are fully counterbalanced by the translational entropy 

contributions resulting from dissociation/association of the involved solvent molecule in the DFT calculated 

thermodynamics (A-solv + L  
  A-L + solv). This is not realistic in comparison to actual solution phase 

chemistry, for which the translational entropy contributions associated with substrate/product 

association/dissociation steps can of course not be neglected.56 Therefore we applied a translational 

entropy contribution of 20 cal mol-1 K-1 to the computed free energies of all substrate/product 

binding/dissociation steps in the catalytic cycle. 

A separate archive file containing an excel sheet containing the energies and entropies (G333K, G298K, H, 

S, SCF+ZPE, SCF) and negative eigenvalues of the transition states and all optimized geometries (.pdb and 

.xyz format) can be found at the Supporting Info of DOI: 10.1039/C7SC03909C.  

  



Synthesis of E-aryl Dienes by Cobalt-Carbene Radical Catalysis 

 

- 111 - 
 

REFERENCES 

1 R. H. Crabtree, The organometallic chemistry of the transition metals, Wiley, 2009. 

2 E. V. Anslyn and D. A. Dougherty, Modern physical organic chemistry, University Science, 

2006. 

3 V. Lyaskovskyy and B. de Bruin, ACS Catal., 2012, 2, 270–279. 

4 B. Su, Z.-C. Cao and Z.-J. Shi, Acc. Chem. Res., 2015, 48, 886–896. 

5 J. I. Van Der Vlugt, Eur. J. Inorg. Chem., 2012, 363–375. 

6 S. Ge, R. A. Green and J. F. Hartwig, J. Am. Chem. Soc., 2014, 136, 1617–1627. 

7 O. R. Luca and R. H. Crabtree, Chem. Soc. Rev., 2013, 42, 1440–1459. 

8 A. Studer and D. P. Curran, Angew. Chemie Int. Ed., 2016, 55, 58–102. 

9 X. Cui, X. Xu, H. Lu, S. Zhu, L. Wojtas and X. P. Zhang, J. Am. Chem. Soc., 2011, 133, 3304–

3307. 

10 A. Penoni, R. Wanke, S. Tollari, E. Gallo, D. Musella, F. Ragaini, F. Demartin and S. Cenini, 

Eur. J. Inorg. Chem., 2003, 2003, 1452–1460. 

11 X. Cui, X. Xu, L.-M. Jin, L. Wojtas and X. P. Zhang, Chem. Sci., 2015, 6, 1219–1224. 

12 Y. Xia and J. Wang, Chem. Soc. Rev., 2017, 46, 2306–2362. 

13 W. I. Dzik, X. P. Zhang and B. de Bruin, Inorg. Chem., 2011, 50, 9896–9903. 

14 W. I. Dzik, X. Xu, X. P. Zhang, J. N. H. Reek and B. de Bruin, J. Am. Chem. Soc., 2010, 132, 

10891–10902. 

15 C. te Grotenhuis, B. G. Das, P. F. Kuijpers, W. Hageman, M. Trouwborst and B. de Bruin, 

Chem. Sci., 2017, 8, 8221–8230. 

16 B. G. Das, A. Chirila, M. Tromp, J. N. H. Reek and B. de Bruin, J. Am. Chem. Soc., 2016, 8968–

8975. 

17 N. D. Paul, S. Mandal, M. Otte, X. Cui, X. P. Zhang and B. de Bruin, J. Am. Chem. Soc., 2014, 

136, 1090–1096. 

18 A. Nakamura, A. Konishi, R. Tsujitani, M. Kudo and S. Otsuka, J. Am. Chem. Soc., 1978, 100, 

3449–3461. 

19 S. Zhu, X. Cui and X. P. Zhang, Eur. J. Inorg. Chem., 2012, 2012, 430–434. 

20 Y. Wang, X. Wen, X. Cui, L. Wojtas and X. P. Zhang, J. Am. Chem. Soc., 2017, 139, 1049–

1052. 

21 D. G. H. Hetterscheid, C. Hendriksen, W. I. Dzik, J. M. M. Smits, E. R. H. van Eck, A. E. Rowan, 

V. Busico, M. Vacatello, V. Van Axel Castelli, A. Segre, E. Jellema, T. G. Bloemberg and B. de 

Bruin, J. Am. Chem. Soc., 2006, 128, 9746–9752. 

22 E. Jellema, A. L. Jongerius, G. A. van Ekenstein, S. D. Mookhoek, T. J. Dingemans, E. M. 

Reingruber, A. Chojnacka, P. J. Schoenmakers, R. Sprenkels, E. R. H. van Eck, J. N. H. Reek 

and B. de Bruin, Macromolecules, 2010, 43, 8892–8903. 

23 E. Jellema, A. L. Jongerius, J. N. H. Reek and B. de Bruin, Chem. Soc. Rev., 2010, 39, 1706–

1723. 

24 J.-E. Bäckvall, R. Chinchilla, C. Nájera and M. Yus, Chem. Rev., 1998, 98, 2291–2312. 

25 D. A. Mundal, K. E. Lutz and R. J. Thomson, Org. Lett., 2009, 11, 465–468. 

26 P. J. Baldry, J. Chem. Soc. Perkin Trans. 1, 1975, 1913–1920. 

27 P. J. Baldry, J. Chem. Soc. Perkin Trans. 2, 1980, 805–808. 

28 J. M. Um, H. Xu, K. N. Houk and W. Tang, J. Am. Chem. Soc., 2009, 131, 6664–6665. 

29 N. Yayli, S. Ö. Sivrikaya, A. Yaşar, O. Üçüncü, C. Güleç, S. Kolayli, M. Küçük and E. Çelik, J. 

Photochem. Photobiol. A Chem., 2005, 175, 22–28. 

30 K. C. Nicolaou, S. A. Snyder, T. Montagnon and G. Vassilikogiannakis, Angew. Chemie Int. 



Chapter 4 

- 112 - 
 

Ed., 2002, 41, 1668–1698. 

31 K. Takao, R. Munakata and K. Tadano, Chem. Rev., 2005, 105, 4779–4807. 

32 J. Han, A. Jones and X. Lei, Synthesis (Stuttg)., 2015, 47, 1519–1533. 

33 F. Bellina, A. Carpita, M. De Santis and R. Rossi, Tetrahedron, 1994, 50, 12029–12046. 

34 K. Tonogaki and M. Mori, Tetrahedron Lett., 2002, 43, 2235–2238. 

35 J. Boutagy and R. Thomas, Chem. Rev., 1974, 74, 87–99. 

36 W. J. Stec, Acc. Chem. Res., 1983, 16, 411–417. 

37 W. Sieber, H. Heimgartner, H.-J. Hansen and H. Schmid, Helv. Chim. Acta, 1972, 55, 3005–

3026. 

38 H. Heimgartner, J. Zsindely, H.-J. Hansen and H. Schmid, Helv. Chim. Acta, 1973, 56, 2924–

2945. 

39 Heating the kinetic product 2a for a prolonged period does not lead to spontaneous ring-

closure to produce the corresponding thermodynamic 1,2-dihydronaphthalene product. 

Heating 2a in the presence of NaOMe only led to trans-esterification. 

40 Z. M. Png, H. Zeng, Q. Ye and J. Xu, Chem. - An Asian J., 2017, 12, 2142–2159. 

41 R. W. M. Aben, R. Smit and J. W. Scheeren, J. Org. Chem., 1987, 52, 365–370. 

42 D. A. L. Vandenput and H. W. Scheeren, Tetrahedron, 1995, 51, 8383–8388. 

43 H. S. P. Rao, R. Murali, A. Taticchi and H. W. Scheeren, European J. Org. Chem., 2001, 2001, 

2869. 

44 H. Xu, W. Zhang, D. Shu, J. B. Werness and W. Tang, Angew. Chemie Int. Ed., 2008, 47, 

8933–8936. 

45 A. Grün, Z. Blastik, L. Drahos and G. Keglevich, Heteroat. Chem., 2012, 23, 241–246. 

46 A. C. Ferguson, R. M. Adlington, D. H. Martyres, P. J. Rutledge, A. Cowley and J. E. Baldwin, 

Tetrahedron, 2003, 59, 8233–8243. 

47 TURBOMOLE Version 7.0.1 (TURBOMOLE Gmbh, Karlsruhe, Germany). 

48 PQS version 2.4, 2001, Parallel Quantum Solutions, Fayetteville, Arkansas, USA (the Baker 

optimizer is available separately from PQS upon request). 

49 J. Baker, J. Comput. Chem., 1986, 7, 385–395. 

50 P. H. M. Budzelaar, J. Comput. Chem., 2007, 28, 2226–2236. 

51 A. D. Becke, Phys. Rev. A, 1988, 38, 3098–3100. 

52 J. P. Perdew, Phys. Rev. B, 1986, 33, 8822–8824. 

53 F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005, 7, 3297–3305. 

54 F. Weigend, M. Häser, H. Patzelt and R. Ahlrichs, Chem. Phys. Lett., 1998, 294, 143–152. 

55 S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys., 2010, 132, 154104. 

56 In solution the catalyst is completely surrounded by solvent molecules, leading to small 

translational entropy contributions to the toluene molecule association/dissociation 

steps. These are of little influence on the translational entropy contributions associated 

with substrate/product association/dissociation. Hence, the latter are not canceled by the 

former in toluene solution. 

 


