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Abstract

Donor/donor carbenes are relatively new in the field of carbene chemistry; although applications 

in C–H and X–H insertion reactions are few in number, they demonstrate exquisite chemo- and 

stereo-selectivity. Recent reports have shown that C–H, N–H, B–H, O–H, Si–H, Ge–H, Sn–H and 

P–H insertion reactions are feasible with a variety of transition metal catalysts, both inter- and 

intra-molecularly. Furthermore, high degrees of diastereo- and enantioselectivity have been 

observed in several cases. Methods typically involve the formation of a diazo-based carbene 

precursor, but procedures using diazo-free metal carbenes have been developed with significant 

success. This Review covers transition metal catalyzed insertion reactions with donor/donor and 

donor carbenes, providing context for future developments in this emerging field.
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1. Introduction

Metal carbenes are reactive intermediates that are capable of undergoing a wide variety of 

reactions. Selective insertion into both C–H and X–H bonds by these intermediates forms 

the basis for many useful transformations. Foundational work in these fields by Taber, 

Doyle, Davies, and Hashimoto, to name only a few, have brought the chemistry of metal 

carbenes into common and convenient use.[1–5] Variations in the electronic character of 

metal carbenes have been found to drastically change the chemo-, regio-, and stereoselective 

outcome of a given reaction and have been well studied with carbenes appended with 

electron-withdrawing substituents (Figure 1). This review focuses on metal-catalyzed 

insertion reactions with carbenes lacking electron-withdrawing substituents. Most donor/

donor carbenes have two aromatic rings; the corresponding metal carbenes exhibit unique 

reactivity and, importantly, much wider functional group tolerance when compared to the 

more reactive acceptor-substituted carbenes. In some cases, the dihedral angle between one 

of the aryl rings and the carbene center reduces the donor character, exhibiting slight 

electron withdrawing properties, wherein the term ‘diaryl’ carbene is more accurate.[6–8] 

Although the first example of a ‘donor/donor’ carbene was in 1913, their use has been 

infrequent and underdeveloped;[9] a recent review of donor-substituted carbenes by Zhu and 

co-workers highlights the appeal of this upcoming field and discusses the subject as a whole.
[10]
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This review summarizes the catalytic mechanisms and comparitive reactivity of these 

carbenes toward C–H and X–H insertion reactions.

The majority of donor/donor and donor carbene insertion reactions are catalyzed by 

rhodium, ruthenium, or copper catalysts; other transition metals have also been found to be 

proficient, though fewer in number (Figure 2). Similarly, C–H, N–H and Si–H insertion 

reactions have seen prominent development, while carbene insertions into other X–H bonds 

remain a nascent field. Many transition metal catalysts have been demonstrated to be 

effective in C–H insertion reactions, dirhodium paddlewheel complexes have been 

established as a privileged class of catalysts (Figure 5, vide infra).[11–16]

Catalytic reactions via carbene intermediates often employ diazo compounds as precursors 

to metal carbenes. These intermediates can be isolated in some cases or generated in situ; 

when exposed to a catalyst, nitrogen gas is extruded and the metal carbene is formed. In 

most cases of acceptor-substituted carbenes, diazo transfer to a stabilized anion affords the 

carbene precursor. For donor-substituted carbenes, diazo compounds are typically generated 

from hydrazone precursors (Figure 3). Tosylhydrazones require base to form diazo 

compounds, often with heating. This method avoids the use of neat hydrazine, which is toxic 

and unstable, and can be performed as a one-pot procedure from the requisite ketones. As an 

alternative to tosylhydrazones, unsubstituted hydrazones can be chemoselectively oxidized 

with manganese dioxide to form diazo compounds. Although this method requires special 

handling of hydrazine, this method benefits from the use of a heterogenous and 

chemoselective oxidant which operates without base or elevated temperature. In some cases, 

the oxidation can be carried out in the presence of a metal catalyst (e.g. rhodium), enabling 

one-pot conversion of hydrazones to carbene insertion products.

Due to the reactive nature of metal carbenes and their requisite precursors, a variety of 

byproducts may be observed (Figure 4). Tosylhydrazone 2 is known to degrade to sulfone 3 
at the elevated temperatures required to form the diazo compound 4. Once formed, diazo 

intermediates themselves are potentially explosive and are often used on small scale and/or 

at low concentrations (e.g. dilute solutions and/or inverse addition). Donor/donor diazo 

compounds readily form metal carbenes; the process is nearly instantaneous at ambient and 

lower (e.g. −20 °C) temperatures. For hydrazone precursor 1, when oxidation is slower than 

carbene formation, metal carbene 8 can react with hydrazone 1 to form imine 7. This process 

can be avoided by filtering off the oxidant after diazo formation is complete, then adding the 

catalyst. If the insertion reaction is slow, then the diazo 4 can react with the metal carbene to 

form azine 6. Although most intramolecular insertions are fast enough to avoid this process, 

azine formation can be suppressed using inverse addition of the diazo compound to a 

solution of catalyst. Another byproduct of slow insertion reactions is O–H insertion if the 

reaction is not kept sufficiently anhydrous. If MnO2 is present, benzylic alcohol 11 may be 

oxidized to ketone 12. When the carbene is substituted with an alkyl group, β-hydride 

elimination can occur, forming alkene 5 or other degradation products; this byproduct can 

occasionally be suppressed based on the choice of catalyst/ligand and the character of the β-

hydride.[17] Under certain reaction conditions for N–H insertion, imine 10 is observed as the 

byproduct of β-hydride elimination.[18]. Finally, donor/donor carbenes can occasionally 

dimerize to form an alkene 9.
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2. Mechanism

While relatively little is known about the exact mechanism(s) of insertion reactions with 

donor/donor carbenes, they can potentially undergo C–H and X–H insertion by several 

proposed pathways. Although both singlet and triplet carbenes are considered for reactions 

involving free carbenes, transition metals are known to stabilize the singlet carbene to be the 

energetic ground state.[19–22] As such, transition metal catalyzed carbene reactions for C–H 

and X–H are typically considered in the singlet state, supported by experimental selectivity 

and computational data.[23–25] A notable exception to this notion is in the field of 

metalloradical catalysis, where triplet-type metal carbenes can undergo a variety of single 

electron processes. While significant work has been completed in reactions with donor-

substituted triplet-type metal carbenes, such reports fall outside of the scope of this review as 

we are primarily concerned with transition metal- catalyzed insertion reactions that involve 

singlet carbene, two electron processes.[26–30] Some efforts have also been made to 

characterize the steric and electronic factors that influence donor/donor carbene 

stereoselectivity and reactivity, but these examples have primarily been within the context of 

intermolecular cyclopropanation reactions.[6–8,31]

Metal-catalyzed insertions into atoms other than carbon are generally believed to proceed by 

a stepwise mechanism.[32] Interestingly, C–H insertion reactions have been postulated to 

proceed by both concerted and stepwise reactions. A concerted mechanism is proposed in 

analogy to significant previous computational work supporting this pathway for acceptor-

substituted carbenes.[21,33,34] On the other hand, experimental data for reactions with 

acceptor-substituted carbenes have also suggested a potential step-wise mechanism.[35] DFT 

computations support a stepwise mechanism for a singular donor/donor carbene system.[36] 

The potential mechanisms of insertion reactions with donor/donor carbenes can be 

summarized by four catalytic cycles and a non-catalytic pathway unique to Sn–H substrates.

Mechanistic insight into C–H insertion reactions with donor-substituted metal carbenes is 

currently limited to intramolecular reactions. For this process, two mechanistic pathways 

have been proposed (Figure 6). The concerted pathway involves a three-centered transition 

state 47, while the stepwise pathway produces a zwitterionic intermediate 48. In support of 

the mechanism first proposed by Doyle,[21] Nakamura and co-workers performed DFT 

calculations for acceptor-substituted rhodium carbenes, demonstrating a three-center 

concerted transition state.[34] This mechanism is corroborated implicitly or explicitly in 

several investigations into various donor-substituted carbene insertions.[4,37–40] In our 

previous work, the calculated reaction coordinate for a benzodihydrofuran substrate (e.g. 

Table 1) showed two discrete local maxima: one for hydride transfer and one for C–C bond 

formation, indicating the brief existence of an ylide, i.e. a stepwise mechanism (Figure 6, 

48).[36] Given the breadth of intramolecular insertion substrates to date, it is likely that 

changes to the substrate (e.g. substituents at the inserting carbon, the steric and electronic 

character of the carbene, and/or the size of the ring that is formed) can shift the pathway 

from stepwise to concerted. As donor/donor carbenes continue to be studied, additional 

experimental and computational mechanistic data will shed light on the factors that favor 

one pathway or the other.
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N–H and P–H insertions with donor/donor copper carbenes are reported to proceed by 

similar mechanisms (Figure 7).[41–43] Tosylhydrazones react with base to generate diazo 

intermediate 54, which subsequently form metal carbenes in the presence of a copper (I) 

catalyst. The copper (I) catalyst is produced in situ from reduction by the diazo precursor.
[44,45] This metal carbene 57 then undergoes nucleophilic attack by a heteroatom (N or P) to 

produce zwitterionic intermediate 56. Final proton transfer from the heteroatom to carbon 

turns over the copper catalyst and yields the X–H insertion product.

B–H and O–H insertion reactions were suggested to proceed through concerted mechanisms 

similar to those reported for C–H insertion (Figure 8).[46] Rhodium or ruthenium catalysts 

produce metal carbenes from diazo compound 61, which then undergo concerted hydride 

transfer and C–B or C–O bond formation (transition state 62). Due to the strong hydridic 

character of borane hydrogens when coordinated to Lewis bases, B–H insertion proceeds 

intramolecularly by a mechanism that resembles proposed transition states for C–H insertion 

(i.e. explicit concerted asynchronous hydride transfer). It has also been shown that B2Pin2 

and BHpin can also decompose aryl/aryl and aryl/alkyl diazo compounds to afford similar 

products non-catalytically.[47]Although the mechanism for O–H insertion is also proposed to 

be concerted, the reversed polarity of the insertion partner necessitates nucleophilic attack 

by oxygen with concomitant proton transfer.

Palladium-catalyzed Si–H insertion reactions with donor/donor carbenes differ from those 

with rhodium, copper and ruthenium catalysts (Figure 9).[40] Initially, a palladium (0) 

species undergoes oxidative addition with the silane Si–H bond. This intermediate then 

decomposes diazo compound 72 to form metal carbene 70, extruding nitrogen gas. This 

intermediate could then undergo migratory insertion with either Si or H to form either 68 or 

69, respectively. Finally, reductive elimination furnishes the Si–H insertion product 65 and 

regenerates the active catalyst.

3. C–H Insertion

The functionalization of un-activated C–H bonds, namely Csp3–H bonds, has been an 

attractive target in synthetic organic chemistry for decades.[48,49] The ubiquity of the moiety 

in all organic molecules and the potential for dramatic increases in the chemical and 

stereochemical diversity of simple starting materials have placed C–H activation/insertion 

methodology at the forefront of transition metal catalysis. While efforts towards 

intermolecular C–H insertion with acceptor-substituted metal carbenes have seen success, 

examples with donor/donor carbenes are still few in number. Intramolecular C–H insertion 

reactions with donor-substituted carbenes, on the other hand, have been proven to proceed 

with high degrees of selectivity for a broad span of substrate classes.

The most common C–H insertion products are benzene-fused 5-membered ring products, 

frequently generated with excellent stereoselectivity (Table 1). Che and co-workers first 

demonstrated this bond-construction using ruthenium porphyrin catalysts 27 and 28.[50,51] 

Using carbenes generated from tosylhydrazones they achieved the synthesis of 

benzodihydrofurans and one example of an indoline (Table 1, entries 1–2). Notably, no β-

hydride elimination products were reported for acetophenone-derived carbenes, however as a 
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result of the elevated temperatures required, reaction yields and diastereoselectivities were 

variable. Our lab subsequently showed that carbene formation occurred rapidly at ambient or 

reduced temperatures in the presence of dirhodium tetracarboxylates (occasionally referred 

to as paddlewheel complexes).[52] Although initial reactions with achiral rhodium complexes 

showed nominal reactivity and diastereoselectivity, the use of catalyst 17 improved both the 

yield and diastereoselectivity while also enabling high degrees of enantioselectivity (Table 1, 

entry 3). This method was used as the key bond construction for our synthesis of E-δ-

viniferin, representing the first enantioselective synthesis of an oligoresveratrol natural 

product.[52,53] Subsequent studies elucidated the origins of byproducts and computed 

transition state structures that explain the catalyst control of stereochemistry.[36] Solvent 

screens for these systems also demonstrated the reduced electrophilicity of these donor/

donor carbene systems, showing tolerance of Lewis basic solvents, isopropanol, and even 

wet acetonitrile.

Intramolecular insertion reactions with donor/donor carbenes have also lead to the 

stereoselective formation of indanes, benzodihydrothiophenes, and indolines (Table 1, entry 

5).[54] Substrates for indane formation lack the activating heteroatom adjacent to the 

insertion site, reducing reactivity to the point where insertion at a tertiary carbon provided 

the widest substrate scope. Replacement of oxygen with sulfur resulted in comparable 

reactivity and, in some cases, higher stereoselectivity. The expansion of the indoline 

substrate scope from previous studies demonstrated excellent stereocontrol with N–alkyl and 

N–H substrates. Regioselectivity experiments conducted with indolines showed that steric 

and electronic effects can contribute to the regioselectivity of insertion reactions (Table 2). 

With an activated center for insertion (R = Ph) and a catalyst lacking sterically demanding 

ligands (19), insertion at the more substituted/activated carbon dominates. However, with a 

more sterically demanding catalyst 22 and a less activated/bulkier substituent (R = i-Pr), 

insertion at the less activated primary carbon is favored.

Driver and co-workers reported several examples of polycyclic indanes, indolines, and 

benzodihydrofurans using Du Bois’s Rh2(esp)2 catalyst 18 from acetophenone-derived 

tosylhydrazones (Figure 10).[55] This work highlights catalyst control of carbene reactivity: 

while copper (I)-based aryl/alkyl carbenes were previously found to undergo cyclization/

alkyl migrations,[56] rhodium carbenes in this work cleanly furnish allylic insertion products 

80 while avoiding cyclopropanation reactions. Interestingly, when the available bond for 

Csp3–H insertion is at a bridgehead, the preferred pathway is the vinyl Csp2–H insertion 

reaction to afford 84. It is also notable that in all cases the carbene is appended with a 

methyl group, which is capable of undergoing a Bamford-Stevens type elimination that is 

not observed.[57]

The synthesis of saturated monocyclic 5-membered heterocycles is also enabled using 

ruthenium porphyrin catalyst 27 (Figure 11). Che and co-workers demonstrated that 

substituted tetrahydrofurans and pyrrolidines were formed in good yield and, in many cases, 

high diastereoselectivity.[58] Pyrrolidines with a variety of nitrogen substituents (CH3, Ph, 

CBz) were also tolerated, demonstrating the robustness of the catalyst and carbene 

intermediates to Lewis bases. This report further displayed the attenuated reactivity of the 
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system (i.e. catalyst and reaction conditions), given that β-hydride elimination products were 

not observed despite having two potential elimination sites on the dialkyl carbenes.

Although the formation of five-membered rings by intramolecular C–H insertion is most 

common due to kinetic favorability, the formation of six-membered rings is also possible 

using rhodium catalysts. Hashimoto reported a study of acceptor-substituted carbenes 

undergoing 1,6-insertion, where a Stevens-type rearrangement was a competing reaction.[59] 

1,5-Nucleophilic attack on the metal carbene by a heteroatom (i.e. oxygen in this case) and 

subsequent [2,3]-sigmatropic shift, reduced the yield of the insertion product in many cases. 

In contrast, the reduced electrophilicity of donor/donor carbenes enables the formation of 

isochromans in high yield, as a single diastereomer with excellent enantioselectivity, and 

without any Stevens-type rearrangement products (Table 3, entry 1).[60] This methodology 

proved amenable to a broad class of substrates, even tolerating Lewis basic moieties. 1,3-

Diaxial interactions were also investigated, demonstrating that the reaction will produce a 

single diastereomer (with three stereocenters in the cis configuration) from racemic starting 

materials where R3 is a phenyl or methyl substituent (Table 3, entry 2). Moreover, the first 

examples of donor/donor C–H insertion to form nitrogen-based six-membered heterocycles 

were shown to proceed with similarly high levels of stereoselectivity (Table 3, entry 3). 

Under harsher reaction conditions (i.e. electron deficient catalyst 20, elevated temperatures), 

a Stevens rearrangement was observed, and the computed transition state demonstrated a 

polar mechanism involving the dissociation of the rhodium catalyst prior to rearrangement.

Intermolecular Csp2–H insertion reactions with donor/donor carbenes are possible when 

oxazoles, thiazoles, benzoxazoles and benzothiazoles are used as the insertion site (Figure 

12, A). Functionalized benzoxazoles are widely represented in natural products and drug 

targets. Wang and co-workers developed a method for the functionalization of these 

compounds utilizing donor/donor carbenes and copper iodide as a catalyst.[39] The authors 

propose that an aryl copper intermediate, an adduct between the catalyst and deprotonated 

azole-derivative, reacts with a diazo species to form an arylcopper (I) carbene that proceeds 

on to the insertion product. Importantly, substrates containing beta hydrides were tolerated 

well under these conditions making this method superior to other transition metal cross 

couplings. In more recent efforts, the Wang lab has expanded this chemistry to 

intermolecular insertions into oxazole and benzoxazole Csp2–H bonds using 

bis(trimethylsilyl) diazomethane and copper iodide. Using similar reaction conditions, Zou 

and co-workers have demonstrated the use of acetophenone-derived tosylhydrazones in 

insertion reactions with triazolopyridines.[61]

Early work by Che and co-workers with iron and osmium porphyrin bis-diphenyl carbene 

adducts showed the potential for these complexes in intermolecular Csp3–H insertion 

reaction methodology, albeit stoichiometrically.[62,63] Later efforts showed that ruthenium 

porphyrins were efficient in catalytic stereoselective intramolecular insertion reactions as 

well.[51] Most recently, Che and co-workers utilized donor/donor carbenes to study the 

crystallographic and electronic properties of group 8 metal porphyrin-based catalysts.[64] In 

their studies, the Fe(TPFPP)Cl-2-diazoadamantane decomposition adduct (38) was shown to 

be particularly stable, suggesting to them that the catalyst may be proficient in typical C–H 

insertion reaction catalysis. With 2 mol % loading of the iron porphyrin catalyst, they 
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demonstrated that the donor/donor iron-carbenes were able to undergo insertion into allylic 

and benzylic C–H bonds (Figure 12, B). Although these reactions afforded poor to moderate 

yields, this work represents the first instance of catalytic intermolecular Csp3–H insertion 

with donor/donor carbenes. Although this recent publication does not report any diastereo- 

or enantio-selective variants, it does expose fertile ground for future work.

4. N–H Insertion

With attractive applications in the construction of biologically active compounds and natural 

products, there have naturally been many reports of donor/donor N–H insertion reactions 

(Table 3). In the majority of cases, alkyl and aryl tosylhydrazones and copper-based catalysts 

have seen success inserting into N–H bonds to form secondary and tertiary amine and amide 

insertion products. The first example of N–H insertion was reported by Del Zotto and co-

workers using primary amines in the presence of diaryl diazo compounds and ruthenium 

catalyst 29 (Table 4, entry 2).[65] In this case, significant quantities of imine byproduct were 

observed via a β-hydride elimination mechanism. Shortly thereafter, Cu(acac)2 was shown 

to be effective in insertion reactions with imidazoles (Table 4, entry 4).[66] This development 

inspired later methods for inserting into aniline and alkyl N–H bonds (Table 4, entries 1 and 

3). Impressively, Hamze and co-workers demonstrated that their procedure was highly 

chemoselective for N–H insertion over O–H moieties present in the substrate;[18,41] 

Sivasankar and co-workers were able to accomplish a similar result with catalyst 30.[67] Xu 

and co-workers were able to exploit this chemistry for the synthesis of amides (Table 4, 

entries 5–6).[42,68] Unfortunately, in most of these examples using copper catalysts, β-

hydride elimination is common. Most recently, Che and co-workers were able to 

demonstrate N–H insertion reactions with iron porphyrin catalyst 38, affording various 

tertiary and secondary amines in good yields from donor/donor carbenes (Table 4, entries 7–

8).[64] While significant progress has been made in the field of N–H insertion reactions, 

enantioselective variants of these reactions have yet to be successful.

5. B–H Insertion

B–H insertion has emerged as a useful method for the construction of organoboron 

compounds, which have myriad applications in organic synthesis. A variety of donor/donor 

carbenes undergo B–H insertion reactions to form alkylborane-amine complexes (Figure 

13). Zhou and co-workers reported that B–H insertion reactions readily occur between 

borane-Lewis base complexes 109 and metal carbenes 108 (formed in situ from the 

decomposition of tosylhydrazones).[46] As with many C–H insertion reactions with donor/

donor carbenes, phthalimide and triphenyl cyclopropane-derived rhodium carboxylate 

catalysts (i.e. 16 and 24, respectively) provided impressive stereoselectivity. In notable 

contrast to this impressive selectivity, other efforts have shown that B2Pin2 and BHpin can 

also decompose aryl/aryl and aryl/alkyl diazo compounds to afford similar products as 

racemates without a metal catalyst or Lewis base additives.[47] Furthermore, this method was 

observed to be immune to β-hydride elimination despite the presence of β-hydrogen atoms.
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6. O–H/S–H Insertion

Sometimes considered a byproduct in methodologies for C–H insertion reactions, O–H 

insertion reactions with donor/donor carbenes offer unique routes to functionalized ethers. 

Bertani et al. detail the decomposition of 9-diazofluorene with neutral and cationic 

dirhodium carboxylate catalysts, giving poor yields of the O–H insertion product and a 

distribution of azine, ketone, and dimer byproducts.[69] However, when exposed to a 

platinum (II) phosphine catalyst 41, quantitative conversion to the O–H insertion product 

from methanol is observed (Table 5, entry 1). Later work by Barluenga and co-workers 

demonstrated that these substrates were susceptible to thermal decomposition and formal O–

H insertion without a transition metal catalyst, affording a broad variety of ethers.[70] This 

method used tosylhydrazones derived from acetophenones, alkyl aldehydes, and alkyl 

ketones without observing any Bamford-Stevens type elimination byproducts, suggesting 

that O–H insertion is faster than elimination without a metal catalyst. Similar work was 

recently accomplished by Che and co-workers in O–H insertion reactions using phenyl/

phenyl carbenes and iron porphyrin catalyst 38 to insert into phenyl, aryl, and alkyl alcohols 

(Table 5, entry 3).[64] This methodology proved amenable to S–H insertion reactions as well, 

affording phenyl and aryl thioethers in excellent yields and one example of an alkoxy 

thioether in poor yield (Table 5, entry 4). Currently there are no known stereoselective 

variants for O–H or S–H insertion.

7. Si/Ge/Sn–H Insertion

Insertion reactions into Si–, Ge–, and Sn–H bonds are newer entries in the list of donor/

donor insertion reactions, with the first examples in the literature in 2017. Unlike most 

insertion reactions that are catalyzed by rhodium or ruthenium complexes, Si–H and related 

group 14 insertion reactions use several other transition metal catalysts. In the first report of 

donor/donor carbene insertion into a Sn–H bond, Wang and co-workers discovered that the 

reaction did not require any transition metal catalyst (Table 4, entry 3).[71] Of great synthetic 

importance, this method could readily generate reagents to be used in Stille cross-couplings 

in one-pot from aldehyde or ketone precursors. Without the use of a catalyst, the authors 

were interested in the mechanistic pathway (Figure 14). The authors posit that diazo 

compound 115 could be attacked by the alkyl tin hydride, or free carbene 116 forms first and 

is attacked by the tin hydride. The presence of a free carbene was confirmed by adding a 

styrene derivative, which formed the corresponding cyclopropanation product 118.

Concurrently with Wang, Bi reported silver (I) triflate as a catalyst for Si–, Ge–, and Sn–H 

insertion reactions using nosylhydrazones derived from aryl aldehydes and aryl ketones 

(Table 6, entry 4).[72] This process proved to be high yielding and tolerant of a wide range of 

functional groups albeit at a catalyst loading of 30 mol %. Interestingly, nosylhydrazones 

derived from aliphatic aldehydes and ketones did not tolerate this method. In 2018, Che 

demonstrated that iron porphyrins at low catalyst loading (i.e. 2 mol %) could be effective 

catalysts for Si–, Ge–, and Sn–H insertions (Table 6, entry 1).[73] Unlike previous methods, 

this procedure allowed for the ability to insert into 3°, 2°, 1° Si–H bonds. Shortly after Che’s 

publication, Wang established a protocol for Si–H insertion using palladium catalyst 40 
(Table 6, entry 2).[40] Though in all previous reports Si–H insertion into tosyl- or 
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nosylhydrazones derived from aliphatic aldehydes or ketones was inaccessible, Wang and 

co-workers were able to generate several Si–H insertion examples in good yield using these 

intermediates. Impressively, there were no reported instances of β-hydride elimination in 

these systems.

More recently, Franz and co-workers, in collaboration Shaw, developed conditions to 

undergo the first known stereoselective intermolecular Si–H insertion reaction with donor/

donor carbenes to afford chiral-at-silicon products (Table 7, entries 1–2).[74] After 

substantial optimization, this methodology demonstrated moderate to good 

enantioselectivity with catalyst 15 for the chiral silane products from symmetrical diazo 

compounds (Table 7, entry 1). Interestingly, when unsymmetrical, prochiral diazo 

compounds were used, enantioselectivity was more pronounced, giving up to 95:5 er, in 

addition to giving good to excellent diastereoselectivity (Table 7, entry 2).

In another recent publication, Zhou and co-workers show an impressive analysis of 

electronic parameters for diaryl carbenes undergoing enantioselective Si–H insertion 

reactions.[75] The authors posit that a difference in the electronic character of the aryl rings 

of the donor/donor carbene directly impacts the stereochemical outcome of the reaction, 

enhanced by their new class of chiral spirophosphate-based rhodium paddlewheel catalysts 

at very low loadings (i.e. Figure 5, 25, 0.1 mol %). A large number of substrates with varied 

substitution on either aryl ring enabled the extensive Hammett plots which supported their 

mechanistic claims; a handful of useful silanes were also tolerated (Table 7, entry 3).

Although ‘donor substituents’ on a carbene are typically aryl or alkyl, Micouin developed a 

unique donor carbene using alkynyl and trimethylsilyl substituents (Figure 15).[76] Using 

Rh2(esp)2 (18) as catalyst, these carbenes were shown to have excellent selectivity for Si–H 

insertion, though limited to 3° silanes and moderate yields. It was suggested that these donor 

carbenes are among the least electrophilic carbenes and could give very high levels of 

selectivity. To test this, reactions were conducted in phenol, aniline, THF, and dioxane 

without observing any products from O–H, N–H, and C–H insertions. Cyclopropanation 

reactions with rhodium or copper catalysts was also unsuccessful, demonstrating the low 

electrophilicity and concomitant chemoselectivity of these carbenes.

8. P–H Insertion

Alkyl phosphonates are useful as reagents in a variety of synthetic procedures and having 

several methods to generate these reagents increases their accessibility and usefulness. In 

1990, Arbuzov and co-workers reported a method to synthesize dialkyl phosphonates by P–

H insertion from donor/donor copper carbenes and hydrogen phosphites.[77] In this novel 

procedure, aryl/aryl diazo species 131 and hydrogen phosphites 130 were added to a 

refluxing solution of the copper catalyst. This one-pot method afforded 5 examples of 

dialkyl phosphonates in moderate to good yields (Table 8, entry 1). More recently, Wu and 

co-workers expanded upon this concept, utilizing copper carbenes derived from the basic 

decomposition of tosylhydrazones.[43] This work reports the formation of alkylated diaryl 

phosphine oxides and alkylated dialkyl phosphonates in good yields and without any 
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reported Bamford-Stevens type elimination products (Table 8, entry 2). Currently, no 

stereoselective variant is known.

9. Diazo-Free Insertion

Access to donor/donor carbenes without the use of diazo precurors offers an alternative 

method for accessing these ueseful intermediates. Although most donor/donor carbenes are 

derived from diazo compounds, there are implicit risks involved in the generation and 

handling of these potentially explosive molecules, especially at larger scales. Several 

methods have been developed to generate donor-substituted metal carbenes; most 

prominently, enynones, retro-Büchner ring expansion intermediates, and cyclopropenes can 

be manipulated in the presence of a transition metal catalyst to form the reactive carbene 

intermediate (Figure 16). Chelation of the alkyne moiety of an enynone (133) by a suitable 

rhodium or gold catalyst allows for the rearrangement of the structure to form a furyl-

substituted metal carbene (135).[78] Similarly, the alkene moiety of a strained cyclopropene 

(139) can be chelated by a rhodium or zinc catalyst, opening the ring and forming a vinyl 

carbene (141). Additionally, when the retro-Büchner ring expansion intermediate (137) is 

exposed to a rhodium or gold catalyst, the norcaradiene is decomposed to form a metal 

carbene (138) and benzene. These metal carbene species may then be used in further intra- 

or intermolecular insertion reactions.

Recent work by Zhu (South China University of Technology) circumvents potential safety 

issues through a novel diazo-free generation of donor/donor metal carbenes from the 

cyclization of enynones.[79] These metal carbenes then undergo diastereoselective and 

enantioselective C–H insertion to form furyl-substituted dihydroindole and 

dihydrobenzofuran structural cores (Table 9). Entry 1 demonstrates the utility of the 

methodology with a broad variety of both oxygen and N-acyl substrates; nearly all examples 

gave excellent diastereo- and enantio-selectivity at low catalyst loadings (1–5 mol %). Entry 

3 describes the application of this methodology with a furyl/alkyl carbene, affording 

excellent yields of the tetrahydrofuran product but with diminished stereoselectivity 

compared to entry 1.

C–H insertion substrates with allylic or propargylic insertion sites often suffer from 

competing cyclopropanation (and cyclopropenation) reactions. Zhu and co-workers 

expanded upon their diazo-free methodology to include chemoselective reactions with 

allylic and alkyl substrates by using an alternative catalyst.[80] The dirhodium carboxylate 

catalyst used in entries 1 and 3, when applied to allylic insertion sites for N-acyl substrates, 

was found to give tetrahydroquinoline cyclopropanation products with excellent 

stereoselectivity. However, when a ruthenium precatalyst is used with indapybox as the 

ligand (Figure 5, 26, Table 9, L1), the C–H insertion reaction predominates, giving good 

yields of dihydroindolines with excellent stereoselectivity (Table 9, entry 2). Outside of C–H 

insertion reactions, Zhu found that these diazo-free donor and donor/donor carbenes 

generated from enynones are productive in N–H, O–H, and Si–H insertion reactions, in 

addition to cyclopropanation reactions with gold N-heterocylic carbene catalyst 35 (Figure 

17).[81] In a more recent report, Zhu and co-workers (Nankai University) used rhodium 
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paddlewheel complexes with these enynone derived diazo-free carbenes to achieve 

enantioselective Si–H insertion for a wide selection of substrates (Figure 17, 150).[82]

Echavarren and co-workers were able to generate diazo-free donor carbenes through a retro-

Büchner ring expansion (Figure 18). With gold phosphine catalyst 36, intramolecular C–H 

insertion to form an indane was achieved as the minor product, affording mostly 

cyclopropanation products.[83] In more recent efforts, the Echavarren group used dirhodium 

paddlewheel complex Rh2(TFA)4 (20) to better effect, generating numerous intermolecular 

Si–H insertion products (Figure 18).[84]

Another robust method for generating diazo-free donor metal carbenes is by the ring 

opening of substituted cyclopropenes. Early efforts by Cossy and co-workers demonstrated 

an impressive substrate scope using this method for intramolecular C–H insertion (Figure 

19, 157–159). With Rh2(OAc)4 as the catalyst, substituted pyrans (159) were achieved with 

excellent diastereoselectivity at low catalyst loadings (0.5 mol %); a desymmetrization 

experiment furthermore demonstrated excellent stereoselectivity, affording 159 (R2 = 

CH2CH2OR) as a single diastereomer. The authors also offered intriguing stereoselectivity 

models for these novel substrates and produced convincing evidence for a concerted 

mechanism for these insertion substrates via stereospecific deuterium labling experiments.
[37]

Vicente and co-workers also used substituted cyclopropenes as diazo-free donor metal 

carbene precursors with significant success. In a simple and cost-effective system using zinc 

bromide as the metal catalyst, Vicente was able to generate structurally unique allyl silanes 

(26 examples) from a variety of substrates and various silanes/siloxanes (Figure 19, 160–
162).[85] Notably, this method was applied in Ge–H insertion for the first ever zinc-catalyzed 

insertions into germanium hydrides. In a later report by Vicente and co-workers, 

cyclopropene-derived rhodium octanoate (23) carbenes were used to generate a broad scope 

of substrates (>35 examples) via intermolecular Si–H insertion reactions (Figure 19, 163–

165). This method was effective at low catalyst loadings (1 mol %) and tolerated other 

traditionally reactive moieties on the substrate (i.e. phenols, allyl benzyl groups). For a 

specialized class of substrates, intramolecular Si–H insertion reactions were also achieved to 

produce racemic cyclic siloxanes. While these researchers have had considerable success 

with these diazo-free methodologies, there are still many opportunities to expand substrate 

scope, further develop enantioselective variants, and introduce new orthogonal diazo-free 

methods.

10. Summary and Outlook

Donor/donor carbenes exhibit reduced electrophilicity compared to their acceptor-

substituted equivalents; in C–H and X–H insertion reactions, this attenuated reactivity 

provides excellent chemoselectivity, functional group tolerance, and insensitivity to 

adventitious moisture. Traditionally delicate insertion reactions are accessible without 

rigorous drying procedures and can even tolerate Lewis basic or other X–H moieties on the 

substrate without diminished reactivity and/or significant side reactions. In many cases, this 

difference in reactivity can also produce enhanced stereoselective outcomes. While 
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dirhodium carboxylate catalysts remain a privileged class of catalysts for C–H and some X–

H insertion reactions, there are many reports of ruthenium and copper catalyzed reactions 

(among others) that demonstrate equivalent selectivity and orthogonal reactivity to allow 

reactions deemed infeasible with rhodium paddlewheel complexes. Mechanistic proposals 

have suggested that C–H and X–H insertion reactions may proceed by several differing 

pathways depending on the type of catalyst, the accompanying metal-carbene, and the steric 

and electronic properties of the insertion site.

Significant work with dirhodium paddlewheel complexes has shown that intramolecular C–

H insertion reactions with donor/donor carbenes can achieve high degrees of chemo-, regio-, 

and stereo-selectivity. While these insertion reactions remain a hot topic, the field of donor-

substituted carbene insertion chemistry has been expanded in recent years to include N–H, 

B–H, O–H, Si–H, Ge–H, Sn–H and P–H moieties. However, whereas C–H insertion 

reactions have been made stereoselective for many substrate classes, diastereo- and/or 

enantio-selective X–H insertion reactions remain limited. Zhou and co-workers achieved 

excellent enantioselectivity with donor/donor carbenes in intermolecular B–H insertions and 

Franz and Zhu have similarly demonstrated the first catalytic stereoselective intermolecular 

Si–H insertion reactions, but there remains open methodological territory for creating 

stereoselective variants of X–H moieties in insertion chemistry. Concerns over the safety of 

diazo compounds have spawned novel diazo-free procedures that generate unique substrates; 

these methods have been successfully applied not only in C–H insertion reactions, but also 

with N–H, O–H, and Si–H bonds. The volume of work in the field of donor-substituted 

carbene chemistry, while still small compared to acceptor-substituted carbenes, is growing 

and will continue to offer up unique chemical disconnections, opportunities for 

stereoselective transformations, and superb chemoselectivity in complex substrates. With 

these considerations in mind, there is a great outlook for the application of these methods in 

natural product syntheses, which have remained rare in the literature.
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Figure 1. 
Reactivity of metal carbenes
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Figure 2. 
Publication heat map of metals and insertion atoms used in insertion reactions with donor/

donor carbenes
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Figure 3. 
Common methods for diazo formation
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Figure 4. 
Potential byproducts with carbene precursors and intermediates
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Figure 5. 
Catalysts used in donor/donor carbene insertion reactions
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Figure 6. 
C–H insertion reaction mechanism
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Figure 7. 
N–H and P–H insertion reaction mechanism
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Figure 8. 
O–H and B–H insertion reaction mechanism
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Figure 9. 
Palladium catalyzed Si–H insertion reaction mechanism
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Figure 10. 
C–H insertion reactions with rhodium carbenes to form indanes
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Figure 11. 
Ruthenium catalyzed C–H insertion reactions with alkyl carbenes
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Figure 12. 
A, Azole Csp2–H insertion reactions. B, Csp3–H insertion reactions.
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Figure 13. 
B–H insertion reaction scope
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Figure 14. 
Donor/Donor Sn–H insertion and potential mechanis
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Figure 15. 
Si–H insertion reactions with alkyl/silyl carbenes
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Figure 16. 
Donor-substituted metal carbene formation from diazo-free substrates
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Figure 17. 
Diazo-free N–H, O–H, and Si–H insertion reactions with enynone-derived donor carbenes

Bergstrom et al. Page 32

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 18. 
Retro-Büchner ring expansion derived donor carbene insertion reactions
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Figure 19. 
Cyclopropene derived donor carbene insertion reactions

Bergstrom et al. Page 34

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bergstrom et al. Page 35

Table 1.

Synthesis of benzene-fused five-membered rings by C–H insertion

entry R1 R2 R3 X catalyst # examples yield 
(%)

dr (cis.trans) er ref.

1 Ts CH3 PMP O [Ru], 27 1 77 >98:2 NA 50

2 Ts CH3, Ph
Ar,[

a] alkyl, 
CO2CH3

O, NCH2R3, [b] [Ru], 27 8 62–89 34:66 to 99:1
98:2[c] 51

3 H
Ar,[

a] 

alkyl
Ar,[

a] alkyl, H, 

allylic[d]

O, NTs, CH2
[e] [Rh], 17 19 66–99 88:12 to 99:1 68:32 to 

99:1
36,52

4 H
Ar[a] PMP O [Rh], 14 1 87 >95:5 98:2 53

5 H
Ar[a] Ar,[

a] alkyl NR5, [
f] CH2, S

[Rh], 17 22 65–99 80:20 to >95:5 75:25 to 
99.5:0.5

54

[a]
Ar = Ph, substituted Ph.

[b]
one example of R3 = Ph.

[c]
one example with catalyst 28.

[d]
includes one example of R3 = propargylic (76%, 95:5 dr, 68:32 er).

[e]
one example of X = NTs (98%, 95:5 dr, 87:13 er) and one example of X = CH2 (74%, >97:3 dr, 88:12 er).

[f]
R5 = H, Ts, alkyl.
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Table 2.

Indoline regioselectivity

entry R catalyst 77:78

1 Ph [Rh], 19 7:93

2 i-Pr [Rh], 22 95:5
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Table 3.

Synthesis of isochromans and tethrahydroisoquinolines by enantioselective C–H insertion

entry R1 R2 R3 X catalyst # examples yield 
(%)

dr (cis.trans) er ref.

1
Ar,[

a] 

CH3

Ar,[
b] alkyl, 

alkenyl, 
propargyl

H NA [Rh], 17 18 54–98 >95:5 63:37 to 
>99.5:0.5

60

2 Ph PMP, alkenyl Ph, 
CH3

NA [Rh], 22, 15 3 60–70 >95:<1 :<1 :<1 NA 60

3 Ph NA H O, CH2 [Rh], 17 3 54–83 >95:5 94:6 to 99:1 60

[a]
Ar = Ph, substituted Ph, 3-pyridyl.

[b]
Ar = Ph, substituted Ph
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Table 4.

N–H insertion reaction scope with donor/donor metal carbenes

entry[b] R1 R2 R3 catalyst # examples yield (%) ref.

1 aryl H, alkyl H, alkyl, aryl [Cu], 32 40 50–93 18

2 alkyl H, alkyl aryl [Ru], 29 10 10–48 65

3 alkyl H, alkyl H, alkyl, aryl [Cu], 30, 32 23 40–84 18,41,67

4[c] imidazoles H, aryl [Cu], 32 10 50–80 66

5[d] COR H H [Cu], 33 38 33–99 68

6 COR H, alkyl, aryl alkyl/aryl [Cu], 31, 33 38 40–98 42,68

7 imidazole, carbazole, morpholine Ph [Fe], 38 3 86–94 64

8 Ph, Bn H Ph [Fe], 38 2 51–56 64

[a]
includes Ar = 2-pyridyl napthyl (entry 1); Ar/R3 = fluorenyl (entry 2); Ar = napthyl (entries 5 and 6).

[b]
diazo compounds for all entries except 7 and 8 are derived from tosylhydrazones

[c]
includes 2 examples with cyclohexanone-derived tosylhydrazones.

[d]
includes 3 examples with tosylhydrazones derived from alkyl aldehydes.
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Table 5.

O–H and S–H insertion reaction scope

entry[a] X R1 Ar, R2 # examples yield (%) ref.

1[b] O CH3 Ar, R2 = fluorenyl 1 100 69

3[e] O Ph, Ar, 2-napthyl, alkyl Ar, R2 = Ph 5 31–92 64

4[e] S Ph, Ar, 2-pyridyl, alkyl Ar, R2 = Ph 5 33–99 64

[a]
diazo compounds derived from tosylhydrazones for entries 1 and 2.

[b]
cis-[Pt(PPh3)2(CH3CN)2][BF4]2 41 catalyst

[e]
Fe(TPFPP)Ad 38 as catalyst
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Table 6.

Si/Ge/Sn–H insertion reaction scope with donor/donor carbenes

entry X R1, R2, R3 R4 R5 R6 catalyst # examples yield (%) Ref.

1 Si, Ge, Sn H, alkyl, aryl
Ph, Ar[a] H, CH3

[b] Ts [Fe], 37 49 23–99 73

2 Si alkyl, Ph
alkyl, alkynyl, Ph, Ar[a] H, alkyl, aryl Ts [Pd], 40 41 35–98 40

3 Sn alkyl
Ph, Ar[a] H, alkyl Ts NA 40 26–85 71

4 Si, Ge, Sn alkyl,aryl
Alkynyl, Ph, Ar[a] H, alkyl, aryl Ns [Ag], 39 36 37–95 72

[a]
Ar = substituted Ph, napthyl (entry 1); Ar = substituted Ph, ferrocenyl, anthracenyl, napthyl, pyridyl (entry 2); Ar = pyridyl, napthyl (entry 3); Ar 

= napthyl, furyl, thiophenyl, indolyl (entry 4).

[b]
3 examples where X = Sn and Ge (30–44%).
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Table 7.

Stereoselective Si–H insertion reactions with donor/donor carbenes

entry R1 R2 R3 R4 dr er catalyst # examples yield (%) Ref.

1 Ar R1 alkyl, siloxy H NA
50:50 to 86:14[b] [Rh], 15 15 45–91 74

2 Ar Ar ≠ R1 H, alkyl, aryl H 61:39 to 95:5
61:3 to 95:5[b,c] [Rh], 15 9 55–95 74

3 Ar Ar ≠ R1 CH3, Et, siloxy R3 NA
68:32 to 99.5:0.5[c] [Rh], 25 49 36–96 75

[a]
Ar = Ph, substituted Ph, napthyl, indolyl.

[b]
er denotes chirality at silicon.

[c]
er denotes chirality at carbon.
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Table 8.

P–H insertion scope

entry R1 R2 catalyst # examples yield (%) ref.

1 alkoxy Ph, fluorenyl [Cu], 32 5 52–77 77

2[a], [b] aryl, alkoxy H, alkyl [Cu], 34 21 50–82 43

[a]
includes Ar = napthyl

[b]
diazo compounds derived from tosylhydrazones
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Table 9.

Diazo-free C–H insertion reactions with donor/donor and donor carbenes from enynones

entry X R1 R2 R3 catalyst # examples yield 
(%)

dr er ref

1[a] O, NAc alkyl, alkoxy alkyl alkyl, 
alkenyl, 

CO2Et, Ar[b]

[Rh], 17 29 65–99 50:50 to 
>99:1

82:18 to 
99.5:0.5

79

2[c] NAc alkyl,alkoxy, Ph alkyl, Ph alkyl, 

alkenyl, Ar[b]

[Ru], 26 34 43–97 91:9 to 
>99:1

98:2 to 
>99.5:0.5

80

3[a] NA CH3 CH3 alkenyl, Ph [Rh], 17 3 99 77:23 to 
95:5

80:20 to 87:13 79

[a]
reactions run −20 to −30 °C.

[b]
Ar = Ph, substituted Ph, napthyl (entry 1); Ar = Ph, substituted Ph (entry 2).

[c]
reactions run 80–120 °C
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