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Abstract: 

This review focus on photolytic reactions of diazo compounds, covering mainly synthetic applications such as 
Wolff rearrangement, 1,2-shift, X-H insertion, cyclopropanation, hydrogen abstraction and reaction with oxygen 
and physical organic studies, with special relevance to mechanistic considerations. 
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1. GENERAL CONSIDERATIONS 

 

During the last two decades carbenes derived from diazo compounds have been widely used as precursors for 

highly valuable synthetic compounds. With the major contribution of metals like rhodium, copper or ruthenium as 

carbene stabilizers, diazo compound reactions have been used as an indispensable synthetic tool for any 

synthetic chemist.[1-4] 

As some examples, dirhodium carbenoids have been used in C-H[5], O-H[6], N-H[7] and Si-H insertions[8], 

ylide chemistry[9] and additions.[10] Furthermore, extremely selective chiral catalysts have been developed and 

excellent results have been reported in the chiral version of such reactions.[11] Free carbene chemistry have 

been abandoned in detriment of the use of such stabilizers that in most cases lead to a more “controlled” 

chemistry, leaving free carbene chemistry forgotten and obscured at the eyes of many synthetic organic chemists. 

Despite the lack of use of free carbene chemistry in organic synthesis, the processes involved in this chemistry 

are amazingly rich regarding the mechanisms and the involved species. Probably, this is the main reason why it 

has been on the focus of so many physical-organic chemists.  

The first aliphatic diazo compound was prepared in the 19th century by Curtius[12] when aminoacetate (1) was 

reacted with nitrous acid affording diazoacetate (2) (Scheme 1). This diazotization procedure can be applied in 
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the synthesis of a diazo compound if loss of a proton from the C()-atom of the primarily formed alkanediazonium 

ion is faster than the loss of dinitrogen, which makes this method almost specific for the case of aliphatic amines 

containing a C()-atom substituted by an acidifying group. Diazo compounds can also be prepared by acylation 

or cleavage of aliphatic diazo compounds containing the structural requirements. For instance, diazo carbonyl 

carbamate 4 can be prepared through the reaction of the carboxylate precursor with a chloroformate and further 

reaction of the anhydride with diazomethane (Scheme 2).[13] Making use of oxidants, diazo carbonyl compounds 

can be prepared by hydrazone oxidation in the presence of mercury oxide and potassium hydroxide.[14]  

 

 
Scheme 1 

 

 
Scheme 2 

 

Diazo-transfer reactions have been widely used since they are a more general method for the preparation of 

diazo compounds. In this reaction, the diazo moiety is transferred from the donor to an acceptor where the donor 

is a sulphonyl azide (6) and the acceptor a carbanion formed after deprotonation (Scheme 3).[3,15] 

 

 
Scheme 3 

 

Diazo compounds can be submitted to several reaction conditions and myriads of compounds can be obtained 

by the proper choice of conditions and reagents. In the absence of a metal catalyst, this decomposition can be 

induced by thermolysis or photolysis, generating a highly reactive intermediate species that, in most cases, 

affords a complex mixture of products. Depending on the diazo compound and the reaction conditions, the 

resulting products can be derived from C-H or X-H insertion, Wolff rearrangement, ylide formation, 

cyclopropanation, ,-substitution reaction, -hydride elimination or even other cycloaddition reactions (Scheme 

4).[3]  
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Scheme 4 

 

Diazo compounds can react by two very distinct pathways, while in the case of some cycloaddition reactions, 

dediazoniation is absent and the diazo moiety is incorporated in the reaction product, the dediazoniation pathway 

leads to a higher degree of possible reactions and hence, to a larger product variety. Despite the interesting 

products that can be obtained by the former pathway, this topic will not be focused in this work (see 

references[16-18] for recent examples on this reaction).  Contrary to aromatic diazonium ions which are stabilized 

by  back-donation, aliphatic diazonium compounds can undergo dediazoniation in very fast reactions. The 

nitrogen extrusion can occur by a bimolecular nucleophilic displacement (SN2), monomolecular dissociation to 

form a carbocation (SN1) or by homolytic electron transfer in a specific case.[19] Despite the use of this process in 

the deamination reactions, by treatment of the starting amine with nitrous acid and protonation of the generated 

diazo compound, this pathway is only possible if a protic and acidic media is available, as in the case of reaction 

with alcohols (Scheme 5).[20,21] In most cases, as a consequence of photolytic irradiation, heating or due to 

presence of a metal, the nitrogen extrusion of aliphatic diazo compounds leads to the formation of a carbene. 

Typically, in the first two cases, the non discriminatory carbene will lead to products emerging from the reaction 

with itself or with the solvent. 

  

 
Scheme 5 

 

In the absence of a metal with the ability to stabilize a carbene, the divalent carbon species can have its 

electrons spinpaired (singlet state carbene) or parallel spin (triplet state carbene).[22] Despite that in the former 
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case the species can decay to the triplet state by intersystem spin crossing (ISC), which in most cases 

corresponds to a lower energy state, it also can be exclusively formed if a triplet sensitizer is used (the most 

common sensitizer being benzophenone[23,24]). In order to determine its multiplicity, the carbene can be reacted 

with double bounds to generate cyclopropane derivatives. The formation of the cyclopropane ring with retention of 

stereochemistry (cis double bound leads to cis cyclopropane rings) should indicate the presence of a singlet 

species, since the movements of both pairs of electrons should occur either simultaneously or in rapid succession 

to the other (Scheme 6). In the case where a triplet carbene is formed, one of the unpaired electrons will form a 

bond with an electron of the double bound that has the opposite spin and the two remaining spin-parallel 

electrons will be waiting for any collision process to invert one of the spins. During this time, there is free rotation 

about the C-C bond and a mixture of both cyclopropane isomers is formed (Scheme 7).[20,25] 

 

 
Scheme 6 

 

 
Scheme 7 

 

Besides the rich chemistry inherent of diazo derived carbenes, diazo compounds can also react before 

dediazoniation occurs in a way that leads to products very similar to the ones obtained through carbene 

chemistry. Through irradiation of diazo compounds with a photons source, a diazo excited state species can be 

generated and it could lead to the formation of free carbene species or can be quenched by reaction with another 

species present in the reaction medium. 

 

2. SINGLET-TRIPLET GAP 

 

In the cases where the formation of a stable free carbene is less energy demanding and/or the diazo excited 

state species is short lived, the -diazo carbonyl photolysis should lead to the formation of a free carbene. In 

these cases, the singlet-triplet energy difference (S-T gap) will be responsible for the ability of its interconversion 

(ISC) and consequently will dictate the product distribution. The S-T gap is strongly related to steric and electronic 

features of the carbene neighborhood substituents.   

 

Since the higher triplet carbene stabilization occurs when its frontier orbitals are degenerate, a linear geometry 

around the carbon atom of the carbene will favour the triplet state. For instance, while the S-T gap of the simplest 

carbene (methylene) was reported to be 9.05 kcal/mol,[26] the introduction of a simple methyl group (ethylidene) 

leads to a decrease of  6 kcal/mol as calculated with ab initio methods[27] and in the case of  dimethylcarbene the 

singlet state stabilization is so accentuated that this species becomes 1.64 kcal/mol more stable than the triplet 

state and possesses a 111º angle on the carbon singlet atom and 131º for the triplet state (Scheme 8).[28-30] 

Despite this energy difference, as we will see whatever its multiplicity nature, the introduction of bulky substituents 

lead to the carbene stabilization.   
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Scheme 8 

 

As a representative case of the inductive effects on the S-T gap, whereas -electron-withdrawing substituents 

are known to be singlet stabilizers, the carbene stability goes from triplet to singlet when the substituents are 

changed from electropositive lithium to hydrogen and to electronegative fluorine (despite the mesomeric 

contribution of this atom).[31-33] In this case, -nonbonding orbital of the carbene has an increased s character 

while the p is left unchanged and the -p gap is thus increased and the singlet state favoured.[27,34] 

The nature of the carbene will be different depending on the substituents attached to the carbon atom. In the 

cases were lone-pair  donor atoms (F, OR, NR2, CR2
-) are directly bonded to the carbon atom, the singlet state 

tends to be more stable than the triplet carbene since the lone pair donation to the carbene will result in a 

polarized four-electron three-centre -system.[35,36] This effect was also observed for the substituted 

phenylcarbene where strong -donors like p-NH2 lead to a S-T gap of 0.7 kcal/mol which can be compared to the 

5.4 kcal/mol of simple phenylcarbene.[37]  

When  electron-withdrawing groups are present as carbenic substituents, the vacant orbitals of the substituent 

tend to interact with the p orbital perpendicular to the valence plane and the p orbitals degeneracy to be undone 

leading to a more stable singlet carbene, despite the general linear geometry assumed by the carbene.[27,34,38-

42] 

In the case where both types of substituents are present,  electron-withdrawing groups together with lone-pair 

 donor atoms, a mixed effect of the above are observed. The singlet carbene is strongly stabilized since the 

vacant py orbital is destabilized by the lone-pair  donor atom while the fully occupied px is stabilized by the 

vacant orbital of the  electron-withdrawing substituent.[41]  

 

 
Scheme 9 
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3. SOLVENT INFLUENCE ON THE STABILITY AND REACTIVITY OF CARBENES 

 

Despite all the effects on the S-T gap already mentioned, there is at least one more that is strongly related with 

the carbene reactivity. The solvent used in the photolytic decomposition of diazo compounds is a determining 

factor in the reaction selectivity, not only because of the possible reactions between the solvent and the photolytic 

generated species but also, because it can affect the interconversion ability of the carbene. One of the major 

conversion pathways is the intersystem spin crossing (ISC) between singlet and triplet states. This phenomena is 

strongly related with the S-T gap (smaller values of S-T gaps will lead to faster ISC) and consequently with the 

solvent nature. Considering that a singlet carbene state is much more polar than the triplet carbene, which in fact 

it can be seen as a zwiterionic species, it is expected that more polar solvents stabilize the singlet more than the 

triplet state. In fact, a strong relation between the solvent polarity and the kISC was observed for diphenylcarbenes 

(8), where more polar solvents like acetonitrile lead to a three-fold decrease on the kISC (s-1) when compared with 

isooctane.[43,44] Recently the 2-naphthyl(carbomethoxy)carbene (9) was analyzed through time-resolved 

infrared and computational methods (B3LYP calculations using polarizable continuum solvation model). In this 

case an inversion of populations between carbene states was observed due to the solvent stabilization of these 

species (approximately 1 kcal/mol). Due to the increased dipole moment in acetonitrile, when compared with 

heptane, a more stable singlet carbene (HST= -0.6 kcal/mol) was observed. Contrarly to this, heptane led to the 

preferential stabilization of the triplet carbene (HST= 1.4 kcal/mol).[45] This aspect was also supported by the 

introduction of electron donor substituents in the ortho and para positions of the aromatic ring of the 

phenyl(carbomethoxy)carbene.[37,46] 

 

 
Scheme 10 

 

As can be learned from any chemistry textbook, the choice of solvent is of pivotal importance for the success of 

a reaction and the main characteristic is to be inert towards the reaction intervenients (starting materials, products 

and intermediaries).[47] Despite the ability of the carbene to have its reactivity tuned by the solvent, this species 

can, in most cases, easily react with any protic or aprotic solvent. For instance, until the 1980’s alcoholic solvents 

were used to quench singlet carbenes and the product distribution analyzed to determine if a singlet free carbene 

was being formed in the reaction which should result in the formation of the ether derived from O-H insertion 

reaction.[48,49] In the case of aprotic solvents, similar aspects can be found. Considering non-functionalized 

alkanes like isobutane or n-pentane, these can react with a singlet carbene via direct C-H insertion[50,51] or with 

a triplet free carbene via abstraction-recombination mechanism, or in some cases via a double hydrogen 

abstraction from the solvent.[52] Another aspect that strongly contributes to the carbene quenching is the 

presence of oxygen, since triplet oxygen can easily react with triplet carbenes to generate oxide 

derivatives.[53,54] Taking this aspect into consideration, the use of water which is known to have a low ability to 

dissolve oxygen,[55] can be a suitable solvent choice in some cases.  

 

4. WOLFF REARRANGEMENT 

 

The Wolff rearrangement consists in the formation of a ketene after an -diazo carbonyl compound 

decomposition (photolytic, thermal or metal catalyzed). This reaction (which was first discovered by Ludwig Wolff 
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in 1902 [56]) has been widely used as a valuable synthetic transformation due to the controlled reactivity of the 

ketene with nucleophiles to yield carboxylic acids derivatives (Scheme 11) or with unsaturated systems to yield 

[2+2] addition products. 

 

 
Scheme 11 

 

Despite the 100 years that passed since the first example described for this reaction, much remains to be 

known about the photolytic mechanistic features of this transformation due to two interconnected aspects. The 

association of this reaction with the rich chemistry of carbenes and photoexcited species, together with a very 

precise conformational control on the starting material that will dictate which of the substituents will suffer the 1,2-

shift (adding to this the migration aptitude of such substituent) difficult the precise mechanism determination.[57] If 

we considerer -diazo diketones, at least three planar relatively stable conformations should be considered 

(Scheme 12):  10 s-Z,s-Z where both carbonyl are oriented to the same side of N2 moiety, 10 s-E,s-Z with a 

carbonyl group on the opposite side of N2-C-C-O  and 10 s-E,s-E where both carbonyls are opposed to the N2 

moiety. Depending on the R substituents, the population distribution can be more pronounced for one or more of 

the three conformations and in some cases different reactivity can arise due to some conformational constraints 

like the lack of resonance in extreme cases.[58] 

 

 
Scheme 12 

 

One of the most interesting aspects on the Wolff rearrangement is its mechanism. There are two hypothesis 

that have been widely studied and are now accepted since the mechanism should be strongly related with the 

substituents and the most stable conformation of the diazo compound. In a very simplified manner, the hypothesis 

relies in the ketene formation through a stepwise mechanism where a free carbene is present or a concerted 

mechanism that bypasses the presence of such species and the reaction occurrence through a ground or singlet 

diazo excited states.   

 

For a concerted pathway to occur, both leaving group (N2) and the migrating groups have to be oriented in an 

antiperiplanar way. For instance, looking at diazomalonic acid esters, in the case where the diazo compound has 

locked s-Z,s-Z conformation, like Meldrum’s acid diazo derivative 11, the Wolff rearrangement product 12 is 

formed in 91 %[59] however, the acyclic homologue 13 decomposition leads only to the formation of carbene 

derived products (Scheme 13).[38] This different reactivity was explained on the basis of the assumption that the 

irradiation of conformationally flexible acyclic -diazoesteres produces the correspondent carbenes, which do not 

rearrange due to the low migratory ability of oxygen, while in the case of conformationally locked Meldrum’s acid 

the excitement of the diazo compound results in a concerted Wolff rearrangement that bypasses the carbene 

formation.[60] 
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Scheme 13 

 

As observed in the case of diazomalonic acid esters where the conformational effect seems to have a strong 

influence on the reaction mechanism, a similar effect can be observed for simpler carboethoxycarbenes but in this 

case, the carbene substituents will strongly dictate the extension of ketene formation. For instance, in a 

remarkable work developed by Platz, it was observed that the photolytic decomposition of the simple ethyl -

diazoacetate[61] 15 (R=Et), and 2-naphthyl(carbomethoxy)carbene[62] (which was also observed by 

Toscano[63]), lead predominantly for the formation of a carbene species that reacts indiscriminately with alcohols, 

ethers, and alkenes. However, in a previous work reported by Tomioka,[64] the photolysis of methyl diazoacetate 

15 (R=Me) was observed to produce an excited singlet state 15* that could suffer Wolff rearrangement competing 

with singlet carbene formation or intersystem crossing to the triplet diazo compound 315* (Scheme 14). 

 

 
Scheme 14 
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In the case of -diazoketones, an excited diazo compound seems to be the major responsible for the formation 

of ketene that will undergo Wolff rearrangement. Through comparison of photosensitized and direct photolysis 

experiments, Tomioka observed that the use of benzophenone as a triplet sensitizer lead to suppression of the 

Wolff rearrangement products 23 and to upraising of double hydrogen abstraction products 25 together with some 

singlet-derived products 24. However, despite the decrease of Wolff rearrangement product 23 in the sensitized 

experiments, it was not completely suppressed which indicates that a free singlet carbene 122 should contribute, 

at some extent, for the formation of such product (Scheme 15).[64] Recently, Platz observed the formation of a 

diazo excited state 126* for the BpCN2COCH3 diazo ketone 26 through the use of femtosecond flash photolysis 

(Scheme 16). Despite the formation of a hot ketene 28# through the concerted extrusion of N2 from the diazo 

excited state, this species should also decay for the ketocarbene species 127 that will also contribute for the 

formation of ketene (despite the slower pathway).[65] The ketene formation from 2-diazo-1,3-diphenyl-1,3-

propanedione has also been assigned to the presence of a diazo excited state which in this case can decay by 

intersystem crossing to the triplet excited state. However, this triplet species does not participate in the ketene 

formation.[66] 

A similar case was observed for 2-diazo-1(2H)-acenaphthylenone. In this case the ketene formation, which 

leads to a ring contracted product, was assigned to a singlet excited state after the photolysis of the ground state 

triplet carbene.[67] 

 

 
Scheme 15 
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Scheme 16 

 

In the continuation of their work, Platz and co-workers compared the ultrafast photolysis of two isomeric diazo 

carbonyl compounds, BpCN2COMe and BpCOCN2Me.[68] Three possible mechanisms were advanced for the 

ketene formation after photolytic decomposition of BpCOCN2Me (Scheme 17). The diazo excited state 
1BpCOCN2Me* can decompose to form the corresponding carbene with substantial excess vibrational energy 

(1BpCOCMe#) which evolves to its 1BpCCOMe isomer. Another advanced mechanism consists in the migration of 

the oxygen atom and loss of the nitrogen molecule that could proceed in one step the diazo excited state of 
1BpCOCN2Me* to form the isomeric carbene 1BpCCOMe. The concerted extrusion of nitrogen and Wolff 

rearrangement to form the ketene was also advanced as a possible decay route. 

 

 
Scheme 17 

 

Recently, Platz and co-workers reported an extensive comparison study of ester BpCN2CO2CH3 and ketone 

BpCN2COCH3 (26) by ultrafast photolysis [69]. The different S-T gap energy values were determined to be in the 

basis of the different reactivity of these two diazo compounds. The stabilization of the filled orbital by the carbonyl 

group diminishes the resonance of the ester moiety, while in the case of the ketocarbene, the carbonyl group can 

better stabilize the carbene filled orbital. This difference between both carbenes leads to a more favored singlet 

ketocarbene when compared with ester carbene. In fact, the triplet was determined to be the ester carbene 

ground state in cyclohexane, and the slow intersystem spin crossing was attributed to the difference in singlet and 

triplet geometries. Despite the triplet nature of the ground state, GST was stated to be within ±1 kcal/mol [69]. 

The different reactivities between ester BpCN2CO2CH3 and ketone BpCN2COCH3, where the ketone leads to 

the formation of Wolff rearrangement product in a good extent and the ester produce no appreciable amount of 
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rearrangement product, were also analyzed. According to the authors, diazo excited states are the responsible 

species for the Wolff rearrangement to occur and the different reactivities between 1BpCN2CO2CH3* and 
1BpCN2COCH3* can not be only due to conformation of the diazo ground state, as previously advanced by Kaplan 

and Meloy [70]. The authors speculate that the loss of ester resonance energy that accompanies the Wolff 

rearrangement of 1BpCN2CO2CH3 is a key factor. The Wolff rearrangement process of the diazo ester excited 

state is less exothermic and slower than that of a diazo ketone homologue [69]. 

 

If a carbene species is an intervenient in the Wolff rearrangement of -diazo carbonyl compounds, an oxirene 

32 might be formed and two structural different carbenes can interconvert by oxirene mediation (31 32 33). 

This topic has been reviewed in a very complete work by Zeller.[71] This interconversion is affected by carbene 

stability, conformational effects, and/or migratory aptitudes of the substituents and has been studied by isotopic 

labeling and intermolecular scavenging of carbonyl carbenes (Scheme 18).[57,71,72]  

 
Scheme 18 

 

Regarding the migratory aptitudes of the substituent on the photochemical induced Wolff rearrangement, it 

should occur in the following order H alkyl aryl  SR  OR  NR2.[57] For instance, while the photolytic 

decomposition of 40 leads to the formation of the Wolff rearrangement product 41 proceeding from hydrogen 

migration in a very good yield,[73] when diazo compound 42 is subjected to photolytic conditions, the Wolff 

rearrangement product was the alkyl migration product 43 instead of the alkoxy migration (Scheme 19).[23]  

 

 

 
Scheme 19 
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Despite the good yields obtained for these two examples, the presence of substituents with less migratory 

aptitude usually leads towards the formation of product mixtures resulting from other kind of reactions like O-H 

and C-H insertion with the solvent.[74-77] 

As a way to apply the -diazo carbonyl photolysis as a synthetic tool, a work by Liao and co-workers compared 

the Rh2(OAc)4 catalyzed decomposition of compounds possessing a free hydroxyl functional group with photolytic 

decomposition. While in the former the expected O-H insertion products were obtained in good yields, the 

photolysis led to the formation of Wolff rearrangement products, tetrahydrofurans derivatives, in reasonable yields 

(33-78 %).[78] 

 

 

5. 1,2-R SHIFT  

 

Depending on the nature and on the substituents of a -diazo compound without the presence of a stabilizing 

carbonyl group, its photolysis can, in most cases, lead to the formation of 1,2-R migration products. Some of the 

best described reactions are 1,2-H migration and 1,2-Ph migration. These reactions consist in the migration of a 

hydrogen atom or a phenyl substituent from the neighbour carbon to the carbon where the nitrogen moiety was 

present (Scheme 20). 

 

 
Scheme 20 

 

Concerning the migration mechanism, two pathways are possible. The first bypasses the formation of carbenes 

while the second, a stepwise mechanism involving carbenes that can be responsible for alkene formation. 

One of the first extensive works with reliable experimental evidences was advanced by Platz. While Tomioka 

presented some evidences that supported the carbocation formation in methanol that would eliminate to yield the 

corresponding alkene,[79] Platz observed that alkyl aryl diazo compounds react via a diazo excited state 144* 

where 1,2-H migration and alkene formation are concerted. However, from ylide detection that derived from the 

reaction of pyridine with singlet carbenic species 145, it was possible to determine that the diazo excited species 
144* decayed towards the singlet carbene 145 formation (Scheme 21).[80] About the 1,2-Ph shift migration 

products, they arise from triplet carbene, as observed for 1,2-diphenyl-1-diazobutane based on kinetic 

measurements, where a bridged spirocyclooctadienyl biradical seems to be present as indicated by 

Garcia.[81,82] 

Recently, Platz studied the ultrafast photolysis of p-biphenylyldiazomethane and p-biphenylyldiazoethane in 

acetonitrile, cyclohexane and methanol. It was seen that the quantum yields for the decomposition of both 

compounds were the same, discarding the hypothesis where internal conversion of the diazo excited state to the 

ground state could be more efficient for p-biphenylyldiazoethane than for p-biphenylyldiazomethane. In the former 

case the hypothesis of a cation species responsible for 1,2-H shift was observed to be only a minor pathway and 

the diazo excited state contributes in ~25 % for the alkene formation.[83,84] 
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Scheme 21 

 

Despite the experimental evidences that demonstrate the contribution of a diazo excited state in the alkene 

formation from alkylphenyldiazomethanes photolysis, in the case where 1-phenylethylidene was studied this 

contribution seems to be diminished, demonstrating the substituents’ influence on the stabilization of a diazo 

excited state. In this case, where a S-T gap of 2.3 kcal/mol was determined in n-heptane, the free singlet carbene 

seems to be the responsible species for the alkene formation since it could be efficiently trapped by pyridine and 

the ylide detected through Laser Flash Photolysis (LFP). Furthermore, the 1,2-hydrogen shift 30-fold increase in 

acetonitrile is in strong accordance with a singlet carbenic species which is known to be more stable in polar 

solvents due to its zwitterionic nature.[85] In some cases where Wolff rearrangement can compete with 1,2-H 

shift, namely in the case of an -oxy--ketocarbene, the use of water as solvent can even suppress the Wolff 

rearrangement product formation to exclusively yield 1,2-H migration product.[86,87] Recently, it was shown that 

the contribution from a free carbene to the alkene formation, which changes with the nature of the substituents, 

ranges from 60 % (R= Me) to 100 % (R=H) for the cases studied, however a dependence on the irradiation 

wavelength was observed.[88]  

 

In regarding to the migratory aptitudes of the substituents, the same trend described for the Wolff 

rearrangement was observed, since the migratory ability of a substituent is an inherent characteristic. Hence the 

migratory ability can be described as H Ph Me.[89] For instance, the percent yields from steady-state 

photodecomposition of aryldiazo compounds 49a-c clearly show this series (Scheme 22).[88] 
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Scheme 22 

 

Despite the importance of the migratory aptitude of each substituent, there is a strong effect raised by the 

substituent (X) and bystander groups (B). Concerning the nature of the substituents it was observed that electron 

donating substituents decreased the electrophilicity of the carbenic p orbital and therefore, raised the activation 

energy of the 1,2-R shifts and the rearrangement velocity decreased. For instance, when one of the bystanders 

groups is OPh a strong relation between the X substituent and the k1,2-H was observed for X = Cl, F (52a, b) and 

the methyl ether (52c, X=OMe) (Scheme 23).[90] 

 

 
Scheme 23 

 

The bystander assistance effect on the 1,2-R shift is better described for the thermolytic decomposition of diazo 

compounds,[89] where the reaction should proceed via a free carbene since the development of excited species 

is unlikely to occur. However, the same effect is expected to be present when the reaction is performed under 

photolytic conditions. This effect is based on the electron donor ability of the bystander substituent which 

“increases” the migrating C-H bond ability and facilitates the hydrogen migration. For instance, Liu reported that 

1,2-H migration of benzylchlorocarbenes (X=Cl, B=X’C6H4, R=H), derived from corresponding diazirines, is 

accelerated by the introduction of electron donating substituents on para position of the aromatic ring in the 

following order MeO> Me> H> Cl> CF3.[91]  This bystander effect, according to the described for thermolysis, is 

responsible for the isomer distribution since the bystander groups should benefit from an anti transition state 

where B is anti-like to the X substituent (Scheme 24). In this case, the anti-like transition state leads to the 

formation of the E-alkene while Z isomer comes from the syn-like conformation.[89,92] 
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Scheme 24 

 

Modarelli reported another aspect concerning the conformation of the reactive species. This author reported 

some evidences that correlate the dihedral angle between the  C-H bond and the diazo group with the 1,2-H 

shift ability. Based on some theoretical calculations, the authors suggest that a better overlap of migrating 

hydrogen with the singly filled orbital of the carbon happens in a pyramidalized geometry of the diazo excited 

state rather than in a planar excited state. This excited state, deriving from the lowest excited state (n*), 

should be formed by a transition state (n*/ n*) corresponding to a conical intersection on the energy 

surface and a second intersection correspondent to a diradicaloid species (1D,) with a pyramidalized geometry 

at the diazo carbon which is ~42 kcal/mol below the n* state (Scheme 25).[93] Furthermore, by performing 

photolysis of diazo compounds in the crystalline state at low temperatures, enhanced stereoselectivities can be 

achieved coming in part from the best alignment of the vacant orbital with the C-H bond.[81] 

 

 
Scheme 25 

 

6. O-H INSERTION 

 

O-H insertion reactions have been used as a powerful tool in the determination of photolytic mechanisms. 

Before the development of laser flash photolysis (LFP), in particular, ultrafast flash photolysis, the chemical 

trapping of intervenient species was one of the principal methods for the determination of a mechanism. Alcohols 

were thought to react selectively with singlet carbenes to generate ethers (Scheme 26).[76,94] Despite the utility 

of this reaction,[95] the mechanism is not yet fully clarified but recent developments have been made on this area. 

 

 
Scheme 26 

 

In a singlet carbene based mechanism, one of two things can occur (Scheme 27). The carbene 157 can 

abstract a proton from the alcohol to form a carbenium ion 58a which can then be attacked by the nucleophilic 

alcohol, or the electrophilic carbene can attack the oxygen atom to generate an intermediate ylide 58b followed 

by a 1,2-proton shift. Alternative to these two mechanisms, a third one based on a concerted step can be 

considered. 
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Scheme 27 

 

The diarylcarbenes, which are represented on Scheme 27 by diphenyl carbene 157, are very different from alkyl 

systems and will be considered separately. These systems have been thoroughly studied and were first reported 

to be protonated by Kirmse since the transient generated by LFP were virtually identical to ones obtained by 

Ar2CHX photoheterolysis in which Ar2CH+ is obtained. In fact Kirmse claimed that this pathway would be the 

major one, competing with the intersystem spin crossing from singlet to triplet carbene.[96] Latter, diphenyl 

carbenes were studied and based on the escape ability of alkoxide anion from the solvent cage together with 

aromatic ring electron rich substituent enhanced effect, a concerted pathway was claimed. According to the 

authors, the 40 fold increase in the carbene protonation when para-chlorines were substituted by methoxy groups 

could only be explained if the O-H insertion occurred via a concerted pathway.[97]  

Recently, Kohler emphasised the mechanism where a carbocation is involved. Through femtosecond transient 

absorption spectroscopy and based on the isotopic effect of methanol, it was observed that the carbocation 

formation was extremely fast since the carbene is highly basic. Furthermore, the rate limiting step was assigned 

to be the nucleophilic attack of the solvent, or the alkoxide. In the case of methanol and ethanol the carbocation 

was observed to react with a solvent molecule by solvolysis while in the case of the worst nucleophile isopropanol 

the carbocation reacts with the formed alkoxide. According to the authors this pathway accounts for the ether 

formation only in 30 % while the predominant pathway was assigned to direct O-H insertion.[98]  

The photolysis of p-biphenylyldiazomethane 60 in methanol was studied by Platz where the formation of the 

methoxyether 62 was observed to occur in 89 % yield after reaction of singlet carbene 61. For this case the 

formation of corresponding carbene was observed to arise from the diazo excited state 60* (Scheme 28).[83] p-

Biphenylyldiazoethane 63 was also studied and in this case the obtained results were seen to be very similar to 

the ones of diphenylcarbene. In this case a transient assigned to be p-biphenylylmethyl cation was observed, 

arising from the abstraction of a proton of methanol by the singlet carbene, but due to the lack of persistence of 

this species it was not possible to determine its yield from the singlet carbene.[84]  

 

 
Scheme 28 

 

The homologue p-biphenyltrifluoromethyldiazo 64 was also studied and interesting results were obtained. For 

this case, by combining the isotopic effect, where it was observed that carbene lifetime increase in MeOD, with 
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the results obtained in 2,2,2-trifluoroethanol where great enhancement of the signal assigned to the cation 

occurred, the principal pathway for the O-H insertion reaction was claimed to be the concerted one. The proton 

transfer pathway seems to be only important in the presence of strongly acidic solvents such as 2,2,2-

trifluoroethanol. It should be noticed that from a series of n-alcohols studied (methanol to n-octanol), the 

appearance of a diazo excited state that decayed to the singlet carbene was observed and that the initial 

absorbance of the carbene is solvent dependent as seen on other solvents.[99] 

 

 
 

Looking at -diazo carboalkoxy compounds, a very different mechanism for the O-H insertion was observed. 

The phenylcarbomethoxycarbene in the singlet state 166 was determined to react with water in a way that the 

carbonyl group is also involved. While in the case where the reaction was performed in Freon 113 (1,1,2-

trichlorotrifluoroethane) saturated air, the derived carbonyl oxide 68 was present due to the triplet carbene 366 

reaction with oxygen,[54] in the case where water was used a enol intermediate 67 is formed (Scheme 29). This 

difference in the product distribution was attributed to the low solubility of oxygen in water and to a shift of the 

carbene singlet-triplet equilibrium more to the side of the singlet carbene in water.[55,100] This enol forms were 

also detected for 2-diazophenylacetic acid and 4-diazo-3-isochromanone.[101] 

Later, Schepp reported the formation of the cation prior to the formation of ethers when -diazo-(4-

methoxyphenyl)methoxycarbonyl was submitted to photolysis. However, the carbene was not detected through 

LFP and the hypothesis that accounted for the direct protonation of the diazo excited state was not 

discarded.[102] 

 

 
Scheme 29 

 

About this class of compounds, an intense work has been done by Tomioka during 1980’s, mainly on the 

neighbouring group participation. For instance, when phenylcarbomethoxycarbene was generated through its 

corresponding diazo compound photolysis in a mixture of 2-methyl-2-butene and methanol a mixture of 

cycloaddition products and O-H insertion products was obtained. However, the decomposition of 2-phenylacetate 

sodium salt yield almost exclusively the ether product derived from O-H insertion. According to this author, this 

effect can be explained by the strong interaction of the neighbouring carboxylate group with the vacant p orbital of 

the singlet carbene.[40] 

2-Diazoethyl acetate 70 was reported to react with iso-propanol via a polar addition of the carbene, in the light 

of what was known in 1960’s (Scheme 30, pathway a).[75,76] Recently, an ylide deriving from the singlet carbene 
171 was assigned to be the intermediary based on kinetic data obtained in Freon 113 photolysis (Scheme 30, 
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pathway b).[61] Furthermore, the methylester analogue was seen to react with iso-propanol to yield the 

corresponding ethers at room temperature while in a rigid matrix the C-H insertion products predominate due to 

the reaction of the triplet carbene (abstraction-recombination mechanism, vide infra) that becomes predominant at 

lower temperatures.[77] 

 

 
Scheme 30 

 

When -diazobenzylphosphonates are decomposed in alcohol, a strong temperature effect is observed. 

Tomioka performed an extensive work on this type of compounds after observing that the O-H insertion product 

formation at room temperature (71 % yield) was suppressed at 77 K, in alcohol matrices, where C-H insertion 

product predominates (70 % yield).[103] This reaction was further studied in other alcohols than methanol and the 

lack of solvation in the matrices, together with the decreased acidity of alcohols at lower temperature, were 

pointed as possible causes for the O-H insertion absence (Scheme 31). While O-H insertion at room temperature 

occurred via singlet carbene, the reaction in alcoholic matrices led to the formation of C-H insertion products 

rising from a triplet carbene where an abstraction-recombination mechanism was suggested.[104] 

 

 
 

Entry R R’ 
Temperature 

(ºC) 
Yield (%)  

Entry R R’ 
Temperature 

(ºC) 
Yield (%) 

77 78  77 78 

a Me CH2 27 98   g Et CH2CH2 -72 48 23 
b Me CH2 3 95   h Et CH2CH2 -196 11 68 
c Me CH2 -72 96   i i-Pr C(CH3)2 27 61 19 
d Me CH2 -196 18 77  j i-Pr C(CH3)2 3 48 18 
e Et CH2CH2 27 84 9  k i-Pr C(CH3)2 -72 7 18 
f Et CH2CH2 3 77 12  l i-Pr C(CH3)2 -196 8 50 

Scheme 31 

 

Similarly to the neighbouring effect observed for the 2-phenylacetate sodium salt where O-H insertion was 

favoured,[40] the same effect was observed for the phosphonate group, making the generated carbene much 

more nucleophilic in the case of the phosphonate anion (Scheme 32).[48] Despite the good selectivities for this 

case, it was later observed that the carbenic substituents also play a determinant role on the product distribution. 

In the case where a methoxycarbonyl moiety is present, instead of the phenyl group (with X=Na), only -
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hydroxyphosphonate is observed (with X=Me), supporting a mechanism where the phosphonate moiety reacts 

with the carbenic centre.[105] 

 

 
Scheme 32 

 

Concerning the photolysis of -diazo acetamides, N-methyldiazoacetamide was reported to react with water to 

yield O-H insertion products together with products derived from rearrangements[74] and N,N-

diethyldiazoacetamide to react with methanol to yield the corresponding ether in 34 %.[106] Despite the low 

selectivity, several -diazo amide photolysis were studied taking in account the C-H vs O-H insertion selectivities 

concerning the amide substituents in tert-butanol (Scheme 33). The influence of the amide substituent was 

determined to be reflected in an increased electrophilic character of the reaction intermediate leading to a more 

favourable O-H insertion products formation.[107] 

 

 
Scheme 33 

 

7. C-H INSERTION 

 

More than 60 years passed since the first report of a photochemically induced C-H insertion reaction 

(irradiation of diazomethane in ethyl ether),[108,109] however, the mechanistic aspects are still open for 

discussion. According to previous reports, C-H insertion of diazo compounds can occur through a free carbene in 

the singlet state,[21,39] or through the triplet carbene via an abstraction-recombination mechanism (typical of 

reaction performed in matrix at low temperatures).[110] 

Starting by intermolecular C-H insertions and concerning the selectivities and reactivities of the species formed 

upon photolysis, Doering reported in early 1960’s that between a series of carbenes, the introduction of electron 

withdrawing substituents led to a more selective species (Scheme 34) and that C-H bonds were more reactive as 

higher the degree of substitution of the carbon atom (3º > 2º > 1º).[42] The C-H insertion reaction of analogues of 

86 on a series of alcohols (MeOH, EtOH, i-PrOH and t-BuOH) was also reported despite the low yields due to the 

formation of rearrangement and O-H insertion products (see above).[75,76] Analogously, -diazoamides 82-84 

were seen to react rather well with the C-H bonds of tert-butanol, despite the better selectivities towards ether 

formation.[107]  
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Scheme 34 

A similar study concerning the C-H bond reactivity was also performed in the case of methyl -diazo malonate 

ester 87. Through sensitized and direct irradiation of malonic ester in 2,3-dimethyl butane the authors pointed the 

singlet carbene as the reactive species towards C-H insertion (88, 89) and the triplet carbene responsible for 

double hydrogen abstraction (90) and dimerization (91) products.[111] 
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Scheme 35 

 

Tomioka performed a study where the structure, temperature and matrix effects on the C-H insertion were 

evaluated. -Diazo methyl acetate 86 and -diazo ethyl malonate were made to react in pentane and iso-butane 

and some interesting selectivities for the acetate derivative were observed. These were explained based on the 

presence of a mixture of carbenes (singlet and triplet). While worst C-H insertion products yields were obtained 

for the direct photolysis of 86, better C-H insertion selectivies were achieved when benzophenone was used as a 

sensitizer, particularly at low temperatures (-196 ºC). Hence, while singlet carbene 192 can react via direct C-H 

insertion, it also can be interconverted to the triplet state 392 and react through an abstraction-recombination (a-r) 

mechanism (via 93) (Scheme 36).[52] 

 

 
Scheme 36 

 

For the case of -diazo ethyl malonate a marked increase on the primary C-H insertion products was observed 

when going from direct to sensitized photolysis. The authors pointed that the intervenient species in this case 

should be the triplet diazo excited state 395* that would abstract a hydrogen atom form the saturated alkane and 

after nitrogen extrusion together with coupling of the resulting radical pairs would then lead to the product 97 ( 
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Scheme 37).[52] 

 

 
Scheme 37 

 

The most recent example on photolytic intermolecular C-H insertion studies relates to 

bis(tolylsulfonyl)diazomethane 98. This compound was described to react with cyclohexane to yield the C-H 

insertion product 99 in 63 % yield and the double hydrogen abstraction product 100 in 23 % yield (Scheme 

38).[112] 

 

 
Scheme 38 

 

As previous referenced, the substituents directly attached to the carbene carbon atom have a strong influence 

on the carbene reactivity. For instance, in studies using alcoholic matrices of diazo methyl acetate 101b and 

diazo methyl phenylacetate 101a photolysis it was observed a completely different reactivity (Scheme 39). While 

the diazo methyl phenylacetate photolysis demonstrated an increased yield of C-H insertion products by lowering 

the temperature, the same was not observed for 101b. This effect, together with sensitized irradiation results, was 

interpreted on the basis of fast singlet-triplet equilibrium of triplet ground-state arylcarbenes, where the C-H 

insertion product should be formed via triplet carbene by an abstraction-recombination (a-r) mechanism. Contrary 

to this, the C-H insertion products derived from diazo methyl acetate should arise via a singlet carbene (which 

was suggested to be the ground-state) while rearrangement products 105-106 come directly from the diazo 

excited state.[77] 

 

 

Entry Compound R Temp (ºC)
Yield (%) 

102 103 104 105 106 107 

1 101a Ph 20 7 67 19 - Trace - 
2 101a Ph -196 14 5 42 - Trace 16 
3 101b H 20 5 35 8 11 33 - 
4 101b H -196 1 28 13 Trace 11 - 

Scheme 39 
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The photolysis of BpCN2CO2CH3 in cyclohexane led to the formation of C-H insertion product in 84 % yield 

together with the double hydrogen abstraction product in 7 %. A kinetic isotope effect of 2.5 observed in a 1:1 

mixture of cyclohexane/cyclohexane-d12 indicated the singlet free carbene as the responsible species. Though 

the 1BpCCO2CH3 decay in cyclohexane and cyclohexane-d12 indicated that the C-H insertion product should be 

formed from the carbene singlet-triplet equilibrium mixture.[69] 

Based on the assumption that at low temperatures the triplet state of the carbene is favored, and together with 

several examples where increased yields of C-H insertion products were observed, a stepwise abstraction-

recombination (a-r) mechanism was suggested for reactions performed in alcoholic96 and alkenic97 matrices for 

the phenyldiazomethane case and in alcoholic matrices for -diazobenzylphosphonates.[103,104] A matrix effect 

has been pointed as the decisive factor for the reactivity of the carbenic species. It was claimed that the singlet 

carbene could be formed on the matrix but, once restricted, it could decay to the triplet state at least as fast as it 

reacts with the matrix.[113] Latter, it was demonstrated that the increased yields of C-H insertion products on 

matrices were due to hydrogen atom tunneling rather than to the carbene multiplicity.[51,114] This means that in 

rigid matrices, triplet carbene abstracts the closest hydrogen atom without any selectivity and depending on its 

mobility on the matrix, O-H insertion or C-H insertion products should arise.[49,114] Based on this, Platz reported 

the C-H insertion of singlet phenylcarbene on cyclohexane and cyclohexene.[51] 

Recently, Platz reported an ultrafast photolysis study of p-biphenylyldiazoethane 63 (page 17) where the 

growth of singlet carbene was seen to accompany the decay of the diazo excited state. When the photolytic 

studies were performed on cyclohexane, C-H insertion products were detected and attributed to the reaction of an 

equilibrium mixture of singlet and triplet carbene since singlet carbenes relax faster to their lower energy triplet 

state than by reaction with cyclohexane.[84] This was seen to be different for the case of p-

biphenylyldiazotrifluoromethane 64 (page 17) where the highly electron withdrawing CF3 increased the 

electrophilicity of the singlet carbene and the C-H insertion was favored.[99] Similarly, the photolysis of 1-

naphthylcarbene in cyclohexane led to the formation of C-H insertion product. The use of a 1:1 

cyclohexane/cyclohexane-d12 mixture as solvent resulted in the formation of C-H insertion products 109-d0 and 

109-d12 while crossover products were not detected (Scheme 40). According to this, the authors claimed that a 

concerted mechanism was the responsible for such reaction, presumably through direct insertion of the singlet 

state carbene [115]. 

 

 
Scheme 40 

 

The first example of a photolytic assisted intramolecular C-H insertion of -diazo amides was reported by 

Corey and Felix[116] in the synthesis of methyl 6-phenylpenicillanate. Later, Lowe and Parker[117] observed that 

photodecomposition of N-[(ethoxycarbonyl)diazoacetyl]piperidine 110 in carbon tetrachloride yielded the 

correspondent -lactam 111 derived from C-H insertion in the -carbon of the piperidine unit while the use of N-

[(ethoxycarbonyl)diazoacetyl]pyrrolidine 112a and N-[(tert-butylcarbonyl)diazoacetyl]pyrrolidine 112b afforded the 

correspondent -lactone 113a, and respectively -lactone 113b, as a result of C-H insertion in the ester alkyl 

chain (Scheme 41). 
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Scheme 41 

 

-Diazo ester decomposition was also experimentally investigated in order to obtain the correspondent lactone. 

However, due to the lack of proximity between the O-alkyl moiety and the reactive intermediate, intermolecular 

reactions were seen to be preferred. For instance, the decomposition of allyl diazoacetate in cyclohexane leads to 

the single formation of allyl cyclohexylacetate,[118] and the decomposition of tert-butyl diazoacetate yields tert-

butyl cyclohexylacetate preferentially and only 9.5% of the desired lactone.[119] In contrast, Rando observed that 

photolytic decomposition of N,N-diethyldiazoacetamide in dioxane, originated the intramolecular C-H insertion 

products - and -lactams (115a, 115b) in 57% and 43% yield, respectively.[106,120] However, the use of protic 

solvents such as methanol had lead to the formation of Wolff rearrangement and O-H insertion products and 

consequently a considerable decrease in the formation of -lactam. At this point, an analogy was made with the 

prior results on the photolysis of ethyl diazoacetate in methanol[74] and in iso-propanol[76] in which 

intermolecular C-H insertion products were suppressed. Due to these observations, it was assumed that the 

formation of the two lactams should arise from different pathways, in which the -lactam transition state originates 

a greater charge separation. Based on these findings, the authors claimed that C-H insertion would be 

circumvented as long as there was water in the aliphatic site vicinity, and the - / -lactam ratio in non-polar 

solvents should be governed by statistics. 

Later, Tomioka et al.[121,122] claimed that the intramolecular C-H insertion process in the decomposition of 

N,N-diethyldiazoacetamide could proceed through singlet carbene or singlet excited-state diazo compound. The 

authors suggested that the excited singlet state of N,N-diethyldiazoacetamide could give rise to the -lactam and 

the Wolff rearrangement product directly or through the dissociation to nitrogen and singlet carbene. This singlet 

carbene could subsequently undergo C-H insertion into the C-H bonds of the methyl group to give the 

correspondent -lactam 115b. Considering two possible conformational isomers of the diazoacetamide, in which 

the carbonyl lays cis (Z) or trans (E) to the diazo moiety, the authors reasonably assumed that there are equal 

populations of both forms. Taking in consideration the reported study on the rotation of internal carbon-carbon 

bonds of diazo-ketones,[123] the Z form of the singlet excited state of the diazo compound was indicated as 

responsible for the formation of the -lactam and Wolff rearrangement product, while the E form was responsible 

for the formation of the -lactam (via direct “perpendicular” insertion) and the O-H insertion products (Scheme 

42).[121,122] This way, the different / ratios in different solvents, was attributed to the solvent influence on the 

E/Z ratio populations. 

The diazo substituents were also studied and compared and a strong effect was noticed. For instance, while in 

the case of N,N-diethyldiazoacetamide (114) the triplet carbene was discarded as a possible intermediate, the 

introduction of an acetyl group as a substituent (116) led to the exclusive formation of -lactam 117 upon 
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sensitised irradiation. This way, the authors suggested that such product would be formed via a triplet free 

carbene (a-r mechanism) that could be stabilized by the neighbouring carbonyl groups (Scheme 43).[122] 

 

 
Scheme 42 

 

 
Scheme 43 

 

Recently, this laboratory reported the photolytic decomposition of several -diazoacetamides in hexane, water 

and a film. Diethoxyphosphoryl and carboethoxy as -carbonyl substituents were used and the corresponding - 

and -lactams were obtained in reasonable yields and good diastereoselectivities in several cases. Even in water, 

O-H insertion products were not observed in most cases. The comparison of the photolysis obtained results with 

dirhodium(II) catalyzed C-H insertion was made and, in some of the cases, better regioselectivities were obtained 

after photolysis. A mechanism based on triplet free carbene, particullarly the abstraction-recombination 

mechanism, was discarded based on a stereospecific C-H insertion. The two enantiomers (119) and meso 

compound (122) of a chiral -diethoxyphosphoryl--diazoacetamide were submitted to photolytic decomposition 

and the formation of -lactams with absolute retention of configuration certified the absence of a triplet carbene 

(Scheme 44).[124]  
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Scheme 44 

 

 

Without any focus on the mechanistic aspects, -(alkoxysilyl)--diazoacetates 125 were reported to react under 

photolytic irradiation in benzene to yield tetrahydro-1,2-oxasiloles 126 by intramolecular C-H insertion. 

Reasonable yields were only obtained when the stationary concentration of the diazo compound was achieved 

and 254 nm monochromatic light used as irradiation source (Scheme 45).[125] 

 

 
Scheme 45 

 

Recently, an intramolecular C-H insertion mechanism based on a free carbene for the formation of -lactone 

129 was proposed. According to the authors, the laser flash photolysis results, where the rate of -lactone 129 

growth was observed to be approximately the same as the rate of carbene 1128 decay, suggested that the 

lactone should be formed entirely from the singlet free carbene 1128 with very little, if any, contribution from the 

diazo excited state 127* (Scheme 46).[63] 

 

Entry Substrate R1 R2 Yield (%)
1 125a H H 39 
2 125b H Me 62 
3 125c Me H 51 
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Scheme 46 

 

 In accordance with the observations of Rando,[106,120] Thornton et al.[126] obtained the intermolecular C-H 

and O-H insertion products when three examples of -diazo acetamides (82-84, page 19) were decomposed by 

photolysis. Through the decomposition of these compounds in binary mixtures of solvents (t-butyl 

alcohol/cyclohexane; t-butyl alcohol/water) a general preference towards O-H insertion was observed. By 

comparing the results of 84 with those of alkyl diazoacetates,[127] the authors claimed that the electronic 

influence of the carboxamide substituent increases the yield of the O-H insertion product when compared with the 

ester group. 

 

8. CYCLOPROPANATION 

 

An early report on the C-C insertion reaction with carbenes was made by Doering in the mid 50’s. At this time, 

the carbene was formed by reaction with chloroform with potassium tert-butoxide which was further reacted with 

cyclohexene to yield the fused ring product.[128] Right after, Skell and Doering observed that the addition of CBr2 

and CH2 carbenes to cis- or trans-butene occurred in a cis-stereospecific manner, keeping the cis relationship of 

the alkene on the product.[25,129,130] This effect has been used as a synthetic valuable tool and also as a 

precious tool for the mechanistic considerations. It is widely known that in reactions where a carbenic species is 

involved its multiplicity state will be reflected on the product stereochemistry. Hence, the formation of a 

cyclopropane ring maintaining the same spatial arrangement of the olefinic starting material indicates the singlet 

carbene as the reactive species whereas the triplet carbene should lead to the indiscernible formation of both 

cyclopropane cis and trans isomers (Scheme 47). This phenomena can be explained by the fact that whereas p- 

and sp2-* orbitals of the singlet carbene overlap synchronously with the alkene, or one rapidly succeeds the 

other, in the case of the triplet carbene the same cannot happen. The two unpaired electrons cannot form a 

covalent bond as they have parallel spins hence, after the formation of the first C-C bond due to reaction of one 

electron with the double bond, one of the electrons has to invert its spin, by collision, and at this stage the 

biradical species can rotate itself around the C-C bond destroying the possibility of a stereospecific formation of 

the cyclopropane ring to occur.[20-22,131] 
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Scheme 47 

 

Concerning -diazo carbonyl compounds reactions with alkenes, methyl diazomalonate irradiation was studied 

and the products stereochemistry analyzed. A very good example of what was previously described about the 

isomeric distribution of the cyclopropanes products can be here observed. The direct and sensitized irradiation of 

methyl diazomalonate 87 in the presence of Z-4-methyl-2-pentene 130 leads to a strong inversion of the isomeric 

distribution (Scheme 48). Since the trans- cyclopropane ring 131 is thermodynamically more stable than its cis- 

counterpart, it is expected that the free rotation around the C-C bound in the species intervenient in a triplet 

carbene mechanism dictates the preferential formation of such product. In fact, this has been observed for this 

case where the cis product 131 was preferentially formed in the direct irradiation and the trans cyclopropane ring 

was formed at higher extent in the photosensitized experiment. When hexafluorobenzene was used in an attempt 

to induce ISC, for the Z olefin, the authors pointed the diazo excited state as a possible intervenient species since 

the cis-cyclopropane product yield slightly increased at low concentrations of hexafluorobenzene.[111] This 

aspect was later referred by Platz in a LFP study, however it was not possible to reach to a solid conclusion due 

to the invisible character of such species.[38] 

A more pronounced example that demonstrates the very different reactivity of singlet and triplet carbenes was 

observed for the case of diazo Meldrum’s acid where no cyclopropanation products were observed upon direct 

irradiation but under photosensitized conditions these were the main products with an isomeric distribution very 

close to the expected.[111] 

 

 

 
 

Olefin Conditions % cis % trans
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Z direct h 92 8 
Z h, Ph2CO 10 90 
E direct h 10 90 
E h, Ph2CO 14 86 

Scheme 48 

 

 Tomioka reported on the neighboring group participation on the carbene reactivity and “philicity”, since any 

carbene can show both electrophilic and nucleophilic characteristics depending on the nature of reagents with 

which the carbene reacts.[40,132] For this, nitrophenyl -diazo esters derivatives 132a-c were photolytic 

decomposed at low temperatures in a mixture of 2-methyl-but-2-ene 134 and chloroacrylonitrile 133.  A strong 

relation between the carbene philicity and the -substituent was demonstrated as in the carboxylate case 132c 

the carbene reaction with the simple alkene 133 was totally suppressed (Scheme 49).[40] 

 

 
 

Entry Substrate X 
Yield (%) 
135 136

1 132a OMe 55 43 
2 132b OH 43 48 
3 132c O- 79 - 

Scheme 49 

 

An example of the conformational effects over the triplet carbene, together with the influence of substituents 

directly attached to the carbene was reported. It was observed that while triplet 2-alkylarylcarbenes tend to 

abstract hydrogen atoms from - or -C-H bonds, triplet carbonylcarbenes 137 tend to react intramolecularly with 

double bonds to generate five- and six-membered rings 138, and the singlet carbene leads to the formation of the 

Wolff rearrangement product. According to the authors, in the majority of the cases, the lifetimes of 

carbonylcarbenes are controlled by the rate of spin inversion rather than by the reactivity of the triplet ground 

state.[23]  

 

 
Scheme 50 

 

This last reaction was studied as model to test the efficiency of a new triplet sensitizer.[24] 2,2’,4,4’-

Tetramethoxybenzophenone (TBMP-139) was successfully applied as triplet photocatalyst. This new sensitizer 

was developed as an alternative to benzophenone since triplet species can abstract hydrogens from the solvent 

resulting in the photosensitizer transformation into benzophenone-derived alcohols and pinacalols. Moreover the 

existence of diazoalkane transitions at longer wavelengths than those of benzophenone were also covered by this 

new triplet photosensitizer.[24] 

 

Entry Substrate n 138 Yield (%)
1 137a 1 88 
2 137b 2 83 
3 137c 3 20 
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In the case of diphenyldiazomethane[113] and methyphenyldiazomethane,[133] pure triplet carbene chemistry 

in olefinic matrices was observed, since cyclopropane rings are formed after decay of the singlet carbene to triplet 

ground state at low temperatures. An abstraction-recombination mechanism was attributed to be in the basis of 

cyclopropane formation.[113] A simillar effect was observed in the case of fluorenylidene. The presence of a 

triplet carbene was responsible for cyclopropanation and at lower temperatures the cyclopropane derivatives yield 

decrease and a-r (abstraction-recombination) based C-H insertion increases.[134] Recently, 

bis(tolylsulfonyl)diazomethane 98 was reported to react with cyclohexene yielding the correspondent 

cyclopropane derivative 139 together with double hydrogen abstraction product 100 (Scheme 51).[112] 

 

 
Scheme 51 

 

9. REACTION WITH MOLECULAR OXYGEN 

 

The photodecomposition of diazo compounds leads, in most cases, to the vestigial appearance of oxide 

products resulting from the reaction of the intervenient carbene with molecular oxygen. The contamination of the 

reaction mixtures (usually due to the use of non-degassed solvents) with oxygen results in the quenching of the 

triplet carbene with triplet ground-state oxygen. In fact, when matrices are used, they can be doped with oxygen 

resulting in the formation of carbonyl products. For instance, Tomioka reported that in Ar matrices doped with 20 

% molecular oxygen at 10 K, benzoylphosphate 142 and benzoylphosphonate 141 were exclusively formed 

(Scheme 52).[135] Oxide products have been detected as contaminants in several other studies due to this same 

reaction of triplet carbene with triplet oxygen.[54,62,136] 

 

 
Scheme 52 

 

However, depending on the solvents, this reaction has a low synthetic impact due to the “indiscriminate” 

character of carbenic species, i. e. several other pathways can contribute to the carbene quenching, like O-H 

insertion, C-H insertion or even double hydrogen abstraction. However, carbonyl oxides can be generated by a 
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singlet oxygen oxidation of diazo compounds in which a singlet oxygen sensitizer such as methylene blue is 

employed. By this way, the singlet oxygen generation and its reaction with singlet carbene have been explored.   

Similarly to the reaction of phenyldiazomethanes with singlet oxygen to the formation of ketones,[137] -diazo-

trifluoroacetophenone 143 has been oxidized with singlet oxygen, produced by the use of methylene blue (MB) as 

sensitizer, where it was exemplified that the use of such sensitizer is crucial to achieve good chemoselectivities. 

Furthermore, the solvent choice has also observed to be of pivotal importance in the case where no sensitizers 

are used. While the reaction between the carbene, via direct irradiation of the reaction mixture containing 

molecular oxygen, led to the formation of a complex mixture of products in benzene or acetonitrile where carbonyl 

compound was not detected, when Freon-113 was used, the ketone 145 was formed in 90 % yield due to the 

longest carbene lifetime. The use of methylene blue allowed the formation of carbonyl oxide 144 that was further 

reacted with sulfoxides to yield sulfides 146 (Scheme 53), as also the formation of styrene oxide in 9 % from 

reaction with styrene.[138] 

 

 
Scheme 53 

 

10. HYDROGEN ABSTRACTION 

 

Due to the biradicaloid nature of triplet carbenes, double hydrogen abstraction products usually arise in diazo 

photolysis.[20,57] However, this process leads to the formation of non-functionalized hydrocarbons and has little 

or no value in synthetic chemistry. A very good example regarding the nature of the intervenient species is the 

photosensitized decomposition with monochromatic light of -diazo ethyl malonate 95 where only double 

hydrogen abstraction product 150 was formed in isopropanol while the direct monochromatic irradiation in 

methanol resulted mostly in the formation of corresponding ether 148 together with some diazirine 149 from 

isomerization of the diazo compound (Scheme 54).[60] Depending on the ground state of the carbene, these kind 

of products can arise also under direct irradiation as in the case of bis(toluenesulfonyl)diazomethane where in 

methanol the double hydrogen abstraction product can be formed in 90 % yield.[112] 

 

 
 

Entry Conditions 
Selectivity 

148 149 150 
1 MeOH, direct 0.9 0.1 >0.01
2 i-PrOH, Ph2CO 0 0 1 

Scheme 54 

 

 

11. Conclusions 
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From all the photolytic decomposition of diazo compounds reported on the open literature, Wolff rearrangement 

reaction is the mostly used on organic synthesis. Probably this is the main reason why so many researches have 

been made in what concerns the reaction mechanism. However, for other reactions mechanism, in particular C-H 

insertion, much still needs to be done in order to clarify the nature of all intervenient species. Reactions with 

molecular oxygen and double hydrogen abstraction continue to be seen as undesired reactions in a synthetic 

point of view. However, reactions with singlet oxygen start to be very attractive as a way to introduce a new 

functional group in the molecule. Concerning cyclopropanation reaction and 1,2-R shifts, the reaction 

mechanisms are now determined for several diazo compounds, while O-H insertion mechanism seems to need 

further investigation. 

With the recent advances of ultra flash photolysis, it is expected that these unclarified topics will attract the 

attention by the physical organic chemists and new developments will arise in the upcoming years. 
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