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Chapter 2. Introduction and Objectives 

2.1 Mayr-Patz Equation 

Combination of a nucleophile with an electrophile is one of the most fundamental reaction types 

in organic chemistry.1 The two terms “cationoid” and “anionoid” were first used by Lapworth in 

19252 to describe the reagents in polar bond-forming processes. Ingold updated the concepts and 

introduced the terms of “electrophiles” and “nucleophiles”,3 which are nowadays generally used.  

In 1953, Swain and Scott4 published a two-parameter equation where k0 is the rate constant of the 

SN2 reaction of alkyl halide with water, k the rate constant of the reaction with other nucleophiles 

than water, s the electrophile-dependent constant (= 1 for methyl bromide in water at 25 °C), and 

n the nucleophile-characteristic parameter (= 0 for water). By this approach, the relative reactivities 

of common nucleophiles in aqueous solution were characterized.  

lg (k/k0) = sn 

For a wider range of applicable reactions, correction factors such as polarizability, basicity and 

solvation were later incorporated by Edwards and Parker.5 Bunnett further detailed 17 aspects 

influential to nucleophilicities.6  

In 1972, Ritchie simplified the model by selecting the reaction partners as covalent bond-forming 

anions and cations including triarylmethyl cations and aryldiazonium ions, which excluded the 

influence of leaving groups on the TS of SN2 reactions.7a In the correlation, lg k0 is electrophile-

specific, while N+ is characteristic of a nucleophile in a certain solvent. Further applicability of the 

approach was also found in the reactions of amines with triarylmethyl cations7b as well as of simple 

anions with substrates containing leaving groups.7c,d  

lg k = lg k0 + N+  

Limited applicability owing to the constraints of the ‘constant selectivity relationship’ used by 

Ritchie was eased when Mayr and Patz extended the correlation by adding an additional parameter 

s representing the sensitivity of nucleophiles to changes in electrophiles.8 Here lg k0, a measure of 

electrophilicity, represents the rate constants for the reactions of electrophiles with 2-methyl-1-

pentene, while nucleophilicity is described by c (= 0 for 2-methyl-1-pentene) and s (= 1 for 2-

methyl-1-pentene).  

lg k = slg k0 + c  

To avoid large uncertainties caused by the parameter s to the rate constants in cases of large 

absolute values of lg k0 for very strong or very weak electrophiles, the equation was slightly 

rearranged as follows. 

lg k20 C = s(E + N)                  eq. (1) 

In eq. (1), k is the second-order rate constant of a polar reaction at 20 °C, E the electrophilicity, N 

the solvent-dependent nucleophilicity, and s the nucleophile-specific sensitivity parameter. 

This linear free energy relationship has so far proven applicable in the quantification of the 
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reactivities of 1251 nucleophiles and 349 electrophiles, covering a scale of more than 30 orders of 

magnitude.9 Generally, eq. (1) applies to polar reactions in which only one new bond is formed in 

the rate-determining step. For the concerted 1,3-DCAs of phenyldiazomethanes with electron-

deficient dipolarophiles, the experimentally derived rate constants are faster than predicted from 

eq. (1), which indicates that these 1,3-DCAs are concerted processes.10 

 

2.2 Nucleophilic Reactions of Diazoalkanes 

2.2.1 Nucleophilic Reactions of Diazoalkanes with Carbonyl Compounds 

Established reaction procedures such as Arndt-Eistert reaction, Buchner-Curtius-Schlotterbeck 

reaction and Roskamp reaction (Scheme 1) involve the nucleophilic reactions of the α-carbon 

atoms of diazoalkanes with carbonyl chlorides, ketones or aldehydes, respectively. 

 

Scheme 1. Reactions of diazoalkanes with carbonyl compounds. 

 

2.2.2 Nucleophilic Reactions of Diazoalkanes with Benzhydrylium Ions 

Product studies and kinetics of the nucleophilic reactions of diazoalkanes with benzhydrylium ions 

Ar2CH+ in anhydrous CH2Cl2 were reported in 2003,11a 201810 and 2022.11b As shown in Scheme 

2, the reactions of acyclic diazoalkanes with benzhydrylium ions generally afford substituted 

ethylenes as the final products. The mechanism for their formation is rationalized as follows. The 

nucleophilic attack of the diazoalkanes at the carbocations yields the diazonium ions, which 

undergo elimination of molecular nitrogen followed by or concomitant with 1,2-hydride transfer12 

or aryl shift and abstraction of proton to give the isolated olefins.  

 

Scheme 2. Proposed mechanism for the reactions of diazoalkanes with benzhydrylium ions.10,11a 





Chapter 2. Introduction and Objectives 

13 

 

carbanions generated from active methylene compounds under base catalysis to afford terminal 

nitrogen functionalized hydrazones.14 Substituted pyrazoles can be obtained when diazoacetates 

react with carbanions generated from malonates. The mechanism of their formation can be 

formulated as in Scheme 4. Azo couplings of diazoacetates with deprotonated malonates give 

anions, which undergo intramolecular addition-elimination processes followed by proton 

abstraction and afford cyclic enolate ions. Protonation of the enolate ions yields the isolated 

pyrazoles.14b 

 

Scheme 4. Reaction of ethyl diazoacetate with diethyl malonate under catalysis of EtONa.14b 

 

2.3.3 Electrophilic Reactions of Diazoalkanes with Sulfonium Ylides and Enamines 

Highly functionalized hydrazones can also be isolated from the electrophilic reactions of 

diazoalkanes with sulfonium ylides.15  

Reactions of diazo esters with cyclopentanone-derived enamines have been reported by Huisgen 

and colleagues to give hydrazonoenamines or hydrolyzed derivatives via the initial electrophilic 

attack of the terminal nitrogens of diazoalkanes to the enamines.16a,b In contrast, reactions of diazo 

esters with cyclohexanone-derived enamines were claimed to yield pyrazolines or pyrazoles via 

concerted 1,3-DCAs.16a,c  

 

2.4 1,3-Dipolar Cycloadditions of Diazoalkanes 

1,3-Dipolar cycloadditions (Huisgen reactions) of diazoalkanes are one of the most fundamental 

approaches to afford N-heterocycles17 such as pyrazoles and indazoles,18 which have been utilized 

in a variety of fields.19-21 1,3-Dipolar cycloadditions (1,3-DCAs) of diazoalkanes have also been 

utilized for the preparation of functionalized cyclopropanes.22 

The concept and mechanism of 1,3-DCAs as well as the models applied for interpreting the 

reactivities of dipolarophiles in their 1,3-DCAs with diazoalkanes will be shortly presented in the 

following sections 2.4.1 to 2.4.4. 

 

2.4.1 Concepts of 1,3-DCAs 

Curtius in 1883 discovered diazoacetic ester.23 Five years later Buchner published the first 

cycloaddition of diazoacetates with dimethyl and diethyl fumarates.24 Smith in 1938 reviewed by 

then the available reactions (quoted as ‘1,3-additions’) of 1,3-dipoles including diazomethane with 

carboxylic acids, aldehydes, ketones, halides and carbon-carbon multiple bond systems.25  
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Huisgen recognized the generality among the reactions of multiple-bond systems with compounds 

bearing similar structures to diazoalkanes and extended in 1961 the scope of 1,3-dipoles up to 18 

types,26 some of which were unknown at that time but successfully synthesized and investigated 

afterwards.27  

Generally, 1,3-dipoles can be categorized into two types, namely, the allyl anion and the 

propargyl/allenyl anion type (Scheme 5). Apart from the three parallel pz orbitals perpendicular to 

the 1,3-dipole plane in the allyl anion type 1,3-dipoles, the propargyl/allenyl anion type dipoles 

have extra π orbitals oriented orthogonal to the 1,3-dipole plane. One example of the 

propargyl/allenyl anion type 1,3-dipole is diazoalkane. 

 

Scheme 5. Allyl anion type and propargyl-allenyl type 1,3-dipoles. 

 

In 1963, Huisgen systematically elaborated the concept of 1,3-DCAs.28a Similar to Diels-Alder 

reaction, 1,3-DCA refers to the pericyclic reaction of a 4π system with an unsaturated system 

providing 2π electrons, namely a dipolarophile, to yield (3+2)-cycloadducts (Scheme 6).  

 

Scheme 6. 1,3-DCA postulated by Huisgen. 

 

2.4.2 Mechanism of 1,3-DCAs 

Huisgen recognized in 1961 and detailed in 1963 the concerted mechanism of 1,3-DCAs based on 

the common features of higher dipolarophilic reactivities of strained-ring systems, 

stereospecificity, low solvent dependence as well as great influence of steric hindrance on reaction 

rates and highly negative entropies of activation.26,28b  

Firestone proposed later an alternative two-step mechanism involving diradical intermediates in 

1,3-DCAs,29 which, on a certain extent, led to Huisgen’s later discovery of the few examples of 

1,3-DCAs with zwitterionic intermediates.30  

 

2.4.3 Models for Interpretation of Structure-Reactivity Relationship in 1,3-DCAs  
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electron-donating groups to the dipolarophiles by increasing the HOMO(dipolarophile). 

In 1,3-DCA of type II, introduction of both electron-attracting and electron-releasing groups to the 

dipolarophiles would facilitate the cycloaddition. While ethylene would be the most unreactive 

dipolarophile. 

According to perturbation theory, the interaction energy of the HOMO(1,3-dipole)-

LUMO(dipolarophile) and the HOMO(dipolarophile)-LUMO(1,3-dipole) as the two addends 

approach each other can be formulated as in eq (2).34 In this equation, EI and EII are the energy 

differences of HOMO(1,3-dipole)-LUMO(dipolarophile) and HOMO(dipolarophile)-LUMO(1,3-

dipole), respectively. Quantities c and c’ are the atomic orbital coefficients of HOMO and LUMO, 

respectively, at the centers where the new bonds are formed. Variable βad is the resonance integral 

of the newly formed δ bond a–d, which is a measure for the strength of the interaction.  

 

In 1977,35 Huisgen, Geittner and Sustmann reported a linear function between the lg k2 of the 1,3-

DCAs of diazomethane with alkenes and the converted HOMO(diazomethane)-LUMO(alkenes) 

distance represented by the quantity D (Figure 3). Under the assumption that only the interaction 

of HOMO(diazomethane)-LUMO(alkenes) matters and that for all olefins the atomic orbital 

coefficients as well as the resonance integrals are constant in the numerator of eq. (2), they derived 

eq. (3). 

 

Ionization potential (IP) of diazomethane was taken as the negative value of 

HOMO(diazomethane) energy according to Koopmans’ theorem.36 And the LUMO(alkenes) 

energies were replaced by electron affinities (EAs) of the double-bond systems, which were 

approximated by the differences between the IPs of the dipolarophiles and their energies of π→π* 

transition Eπ→π* (= ELUMO(alkenes) – EHOMO(alkenes)) as shown in eq. (4). 

D = EHOMO(diazomethane) – ELUMO(alkenes) = –IPdiazomethane + (IP – Eπ→π*)alkenes     eq. (4) 

The correlation between the lg k2 of the 1,3-DCAs of diazomethane with alkenes and the 

approximated HOMO(diazomethane)-LUMO(alkenes) energy intervals roughly illustrates the 

effect of substituents of alkenes on the rates of their 1,3-DCAs with diazomethane. That is, the 

smaller the HOMO(diazomethane)-LUMO(alkenes) energy gap, the faster the 1,3-DCAs. The 

reasons for the large deviations of ethylene, butyl vinyl ether and cyclohexene, however, were not 

clarified. 
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Figure 3. Correlation between the lg k2 of the 1,3-DCAs of diazomethane with alkenes and the 

approximated HOMO(diazomethane)-LUMO(alkenes) energy differences (represented by the quantity D). 

 

In 1979, Huisgen and coworkers reported the kinetic studies of the 1,3-DCAs of diazoacetate, 

diazomalonate and diazo(phenylsulfonyl) acetic ester with multiple-bond systems.37 Based on 

Sustmann’s approach, they plotted the lg k2 of the 1,3-DCAs against the IPs of the dipolarophiles, 

which led to parabolic functions (as exemplified for diazoacetate in Figure 4).  

Introduction of α-ester group to diazomethane lowers its LUMO energy to a bigger extent than to 

the HOMO energy, which renders the 1,3-DCAs of diazoacetate features of type II 1,3-DCAs. 

Namely, both the HOMO(diazoacetate)-LUMO(dipolarophiles) and the HOMO(dipolarophiles)-

LUMO(diazoacetate) interactions control the reactivity. That is, introduction of both electron-

donating and electron-withdrawing groups to the unsaturated systems results in higher reaction 

rates of their 1,3-DCAs with diazoacetate, whereas ethylene should have the lowest reactivity. 

One might have already noticed that instead of plotting lg k2 versus the approximated HOMO-

LUMO energy gaps as in the 1977 publication (Figure 3),35 IPs were directly taken here as the 

measure for HOMO-LUMO energy separation due to the difficulty of obtaining reliable electron 

affnities of the dipolarophiles.  
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Figure 4. Relationship between the rate constants of the reactions of methyl diazoacetate with different 

dipolarophiles and the ionization potentials of the dipolarophiles (Reprinted from ref.37 with permission 

from Elsevier).  

 

2.4.3.2 Quantum Chemical Approach 

Complete Neglect of Differential Overlap (CNDO/2) Method 

Based on the simplified second-order perturbation theory34a,38 (electrostatic interactions, closed-

shell repulsions and steric hindrance were neglected), Houk interpreted in 1973 the regioselectivity 

in the 1,3-DCAs of diazoalkanes with common dipolarophiles by comparing the calculated 

terminal coefficients of the HOMOs and the LUMOs of the two addends by CNDO/239 method. It 

was reported that orbitals with larger coefficients overlap better, thus leading to certain 

regioselectivity. For example, the formation of 3-substituted ∆1-pyrazolines from the 1,3-DCAs of 

diazomethane with electron-deficient dipolarophiles was ascribed to the bigger HOMO coefficient 

on the α-carbon of diazomethane and the greater LUMO coefficients on the unsubstituted carbons 

of the dipolarophiles. The preference for interactions between orbitals with bigger coefficients was 

also proposed to explain the non-synchronicity in the concerted 1,3-DCAs.  

Bastide investigated the regioselectivity in the 1,3-DCAs of diazoalkanes with alkenes and alkynes 

using the similar approach.40 

 

Distortion/Interaction (or activation-strain) model 

The distortion/interaction (or activation strain) model41 provides new interpretation of reactivity 

trends in 1,3-DCAs. 
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Houk and Bickelhaupt applied the distortion/interaction or activation strain model which splits the 

activation energy (∆E‡) of a bimolecular reaction into the destabilizing strain or distortion energy 

(∆Edist, energy required to distort the reactants to their TS geometries) and the stabilizing energy 

of interaction between the distorted fragments (∆Eint).
42,43 ∆Edist is related to two factors, namely, 

the rigidity of the reactants and the reaction mechanism which decides to what extent the starting 

materials are distorted to afford the TS geometries. ∆Eint reflects the bonding capability of the 

distorted reactants. 

FMO approach assumes that the HOMO-LUMO interactions between 1,3-dipoles and 

dipolarophiles control reactivities. In contrast, it was discovered that ∆Edist of 1,3-dipoles were 

generally responsible for exerting reactivity differences in 1,3-DCAs. Only in cases where 

distortion or strain energies were constant within a series of reactants, the interaction energies 

would become significant in affecting reactivities.42  

 

2.5 Objectives 

The reactions of α-diazo esters with cyclopentanone-derived enamines were reported to proceed 

via azo couplings.16b In contrast, the reactions with cyclohexanone-derived enamines were claimed 

to occur via concerted 1,3-DCAs because cycloadducts were isolated from these reactions.16c 

Further experiments should be carried out to examine if preliminary formation of acyclic 

intermediates takes place in cases where pyrazolines or pyrazoles were obtained as final products 

from the reactions of diazo esters with enamines. 

Previous kinetic measurements of the reactions of diazo esters with enamines were performed at 

relatively high temperatures, e.g. at 80.3 or 110 °C. Yet immediate changes of color in some of 

these reactions were generally observed even at –20 °C,16a which indicates that these reactions 

should proceed relatively fast at room temperature. Therefore, kinetics of these reactions should 

be measured at lower temperatures for more reliable data. 

The one-bond nucleophilicities of diazoalkanes have been determined by studying the kinetics of 

their reactions with benzhydrylium ions Ar2CH+ at 20 °C based on the Mayr-Patz equation.10,11 

The one-bond electrophilicities of diazoalkanes should also be quantifiable by measuring the 

kinetics of their reactions with appropriate reaction partners. The thus derived electrophilicity 

parameters of diazoalkanes should provide a rationalization for the reported azo couplings of 

diazoalkanes with nucleophiles. 

Due to the perpendicular orientation of the two sets of MOs in diazoalkanes, it is generally believed 

that the π*N=N MOs do not participate in the 1,3-DCAs of diazoalkanes with dipolarophiles.33b,44 

However, detailed examinations of whether the π*N=N MOs of diazoalkanes participate in their 

reactions with nucleophilic alkenes should be performed.  

FMO theory provides a useful tool in qualitatively analyzing the reactivity sequence of 

dipolarophiles in 1,3-DCAs. However, applications of FMO approach in the quantitative analysis 

of the structure-reactivity relationship in 1,3-DCAs are restricted. That orbital energies control 

reactivity does not necessarily apply to every system. For example, ethylene and acetylene have 
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similar reactivity in 1,3-DCAs despite their different ground state HOMO-LUMO energy gaps.42  

Although the HOMO energies of organic molecules can be replaced by the negative values of 

ionization potentials according to Koopmans’ theorem,36 the approximation of LUMO energies to 

electron affinities is somewhat controversial.45  

Additionally, the drastic simplification of HOMO(diazoalkane)-LUMO(dipolarophile) energy 

gaps as IP values of the dipolarophiles (Figure 4 in Chapter 1) by Huisgen37 assumes constant 

HOMO-LUMO distances for all the dipolarophiles. That is, substituents move the 

HOMO(dipolarophiles) and LUMO(dipolarophiles) energies to the same extent,33b which is not 

necessarily true since electron-donating groups usually raise the HOMO energies higher than the 

LUMO energies, whereas electron-attracting groups lower the LUMO energies more than the 

HOMO energies.46 

The linear free energy relationship lg k20 C = sN(N + E) has been utilized to interpret the relationship 

between the one-bond electrophilicities E of acceptor-substituted ethylenes and the rates of their 

1,3-DCAs with aryldiazomethanes.10 For the reactions of aryldiazomethanes with electron-

deficient dipolarophiles, deviations from the linear correlation of lg k2 versus E were observed. 

The degree of deviation was interpreted as extent of concertedness in the TS and was quantified 

as energy of concert. If the one-bond electrophilicities E of diazoalkanes could be determined, then 

the degree of concertedness in the TS of the 1,3-DCAs of diazoalkanes with weak donor-

substituted ethylenes of known nucleophilicities N could also be quantified. For a given diazo 

compound, when one combines the correlation of lg k2 versus the one-bond E parameters of 

electron-deficient ethylenes with that of lg k2 versus the one-bond N parameters of electron-rich 

alkenes, an intuitive presentation of the reactivity sequence for various dipolarophiles would be 

achieved. By varying the substitutions of the diazoalkanes, it would allow clear comparisons of 

the 1,3-dipole-specific reactivities towards the same series of dipolarophiles.  
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3.2 Supporting Information 

3.2.1 Product Studies 

General procedure A (GP A). Diazo compounds 1 and 1’ were mixed with 2a,b in solvents 

(chloroform, dry diethyl ether) in an oven-dried GC vial (or a round-bottom flask) under argon 

atmosphere at room temperature. The GC vial (or round-bottom flask) was then sealed and the 

reaction mixture was kept till the reactions completed (TLC monitoring). Solvents were then 

evaporated and the resulting crude products were recrystallized or worked up by column 

chromatography on silica gel to give the purified products. 

 

Reaction of methyl diazoacetate (1) with 1-pyrrolidinocyclopentene (2a)  

Methyl (E)-((2-oxocyclopentylidene)amino)glycinate (4a) was obtained from 1 (206 mg, 2.06 

mmol) and 2a (281 mg, 2.05 mmol) according to GP A as gray solid (GC vial, neat, room 

temperature, 1 h, eluent for column chromatography: n-pentane/diethyl ether = 1:1), which was 

further purified by recrystallization (CH2Cl2/hexane): colorless crystals (118 mg, 31%); mp 106.7 

°C. 

 

1H NMR (400 MHz, CDCl3): δ = 2.10 (quint, J = 7.7 Hz, 2 H, Hg), 2.43 (t, J = 7.9 Hz, 2 H, Hh), 

2.54 (t, J = 7.4 Hz, 2 H, Hf), 3.74 (s, 3 H, Ha), 4.28 (d, J = 5.1 Hz, 2 H, Hc), 5.99 (br s, 1 H, NH). 
13C NMR (101 MHz, CDCl3): δ = 17.5 (CH2, C

g), 24.5 (CH2, C
h), 37.7 (CH2, C

f), 51.8 (CH3, C
c), 

52.4 (CH2, C
a), 143.3 (C, Cd), 171.2 (C, Cb), 203.3 (C, Ce). HRMS (ESI+) [M+Na]+: calcd for 

[C8H12N2NaO3]
+: 207.0740, found 207.0738. IR (neat, ATR): 3237, 2988, 2947, 1746, 1698, 

1547, 1458, 1450, 1433, 1393, 1367, 1275, 1190, 1168, 1133, 1118, 1044, 1000, 945, 914, 826, 

702 cm–1. Single crystal X-ray crystallography (4a): C8H12N2O3 (xv798).  

Reissig reported that the reaction of 1 with 2a in chloroform at 0 °C yielded 4a (15%), which was 

isolated after purification on silica as a mixture of E/Z-isomers.1a When the mixture of 1 and 

enamine 2a was heated to reflux in chloroform and subsequently treated with HCl in methanol, 

the pyrazole 3a (15%) furnished.1a 

NMR monitoring of the reaction of 1 with 2a at –20 °C in CDCl3 showed the formation of 

hydrazonoenamines 8* and 8** as intermediates (Figure S1), which were further characterized by 

NMR spectra at +25 °C. 
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1H NMR (400 MHz, CDCl3): δ = 1.76–1.81 (m, 4 H, Ha,i), 2.69 (t, J = 5.8 Hz, 2 H, Hh), 2.74 (t, J 

= 5.8 Hz, 2 H, Hb), 3.89 (s, 3 H, Hf), 11.4 (br s, 1 H, NH). 13C NMR (101 MHz, CDCl3): δ = 21.5 

and 22.6 (2 × CH2, C
b and Ch), 22.0 and 22.9 (2 × CH2, C

a and Ci), 51.7 (CH3, C
f), 119.7 (C, Cc), 

137.5 (C, Cd), 162.9 (C, Ce).2 The signal intensity of Cg was too low to be assigned. The position 

of the proton bound to the nitrogen in 3b was identified by single crystal X-ray analysis (see 

below). HRMS (ESI+) [M+Na]+: calcd for [C9H12N2NaO2]
+: 203.0791, found 203.0791. IR (neat, 

ATR): 3182, 3125, 3079, 2941, 2860, 1730, 1453, 1411, 1353, 1262, 1234, 1193, 1142, 1049, 970, 

932, 852, 812, 786 cm–1.  

NMR spectra of 3b in d6-DMSO solution suggest a mixture of tautomers, presumably 3b and 3b’ 

in a ratio of 2:1. The chemical shifts for Ca’ and Ci’ in 3b’ could not be determined. The partially 

determined NMR data of 3b and 3b’ in d6-DMSO are listed below: 

 

1H NMR (400 MHz, d6-DMSO): δ = 1.68 (br s, 6 H, Ha,i,a’,i’), 2.58 (br s, 6 H, Hb,h,b’,h’), 3.75 (s, 3 

H, Hf), 3.80 (s, 1.4 H, Hf’), 13.0 (s, 1 H, NH3b), 13.4 (s, 0.5 H, NH3b’). 13C NMR (101 MHz, 

CDCl3): δ = 20.5 and 21.2 (2 × CH2, C
b and Ch), 21.9 and 22.6 (2 × CH2, C

a and Ci), 22.7, 22.9 (2 

× CH2, C
b’ and Ch’), 51.0 (CH3, C

f’), 51.6 (CH3, C
f), 117.7 (C, Cc), 119.7 (C, Cc’), 128.6 (C, Cd’), 

139.2 (C, Cd), 139.8 (C, Cg), 149.1 (C, Cg’), 160.0 (C, Ce’), 163.3 (C, Ce). 

To get crystals of 3b for X-ray analysis, the reaction of 1 (20.0 mg) with 2b (30.5 mg) was carried 

out in pentane:diethyl ether = 1:1 (0.2 mL) at –26 °C for a month. Single crystal X-ray 

crystallography of the precipitated crystals showed the formation of 3b (C9H12N2O2), which co-

crystallized with pyrrolidinium chloride in a 1:1 ratio: (C9H12N2O2)·(C4H10N)·(Cl) (yv060). 

Figure S2 shows the NMR spectroscopic monitoring of the reaction of 1 with 2b in CDCl3 at  

–30 °C. As the resonance of the olefinic proton of enamine 2b decreases (δ = 4.22 ppm), the 

resonances of the intermediate(s) at δ = 6.42, 3.78, and 3.75 ppm increase initially, but then the 

resonances of the transient species vanish. Resonances of the intermediate(s) at 2.67 and 2.59 ppm 

appear at later stage of the reaction and keep steadily increasing at –30 °C. Though the structures 

of the intermediates could not be clarified, Figure S2 provides evidence for a stepwise reaction of 

1 with 2b. 
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1H NMR (400 MHz, CDCl3): δ = 1.21–1.38 (m, 2 H, Hb,m), 1.57 (tt, J = 11.9, 3.0 Hz, 2 H, Ha), 

1.69 (t, J = 6.1 Hz, 4 H, He, f), 1.85 (ddd, J = 10.4, 4.9, 2.4 Hz, 1 H, Hb), 2.15 (td, J = 13.6, 5.4 Hz, 

1 H, Hl), 2.47–2.54 (m, 2 H, Hl,m), 2.76–3.10 (br s, 4 H, Hd,g), 3.73 and 3.74 (2 s, 2 × 3 H, Hj), 6.16 

(br s, 1 H, NH). 13C NMR (101 MHz, CDCl3): δ = 22.3 (CH2, C
a), 25.5 (CH2, C

e,f), 26.3 (CH2, 

Cb,l), 35.1 (CH2, C
m), 45.7 (CH2, C

d,g), 52.9 and 53.2 (2 × CH3, C
j), 78.2 (C, Cc), 78.3 (C, Ch), 

156.0 (C, Ck), 168.2 and 169.6 (2 × C, Ci). HRMS (ESI+) [M+Na]+: calculated for 

[C15H23N3NaO4]
+: 332.1581 found 332.1579. IR (neat, ATR): 3353, 3315, 2939, 2863, 1736, 

1720, 1456, 1436, 1429, 1413, 1260, 1227, 1122, 1089, 1038, 985, 933, 913, 788, 782, 704  

cm–1. UV-vis (CH2Cl2): λmax = 230 nm (log ε = 0.83). Single crystal X-ray crystallography (6): 

C15H23N3O4 (wv097). 

NMR monitoring of the reaction of 1’ with 2b in CDCl3 from –20 to +40 °C (Figure S3) showed 

the initial formation of open chain products 5’ and 5, which then slowly transformed to the isolated 

cyclic product 6 at +40 °C. 

 

NMR data of intermediate 5’: 1H NMR (400 MHz, CDCl3, –20 °C): δ = 1.31–1.42 and 1.52–1.54 

(2 m, 2 H, Hf), 1.74–1.75 (m, 5 H, Ha and He), 1.99–2.01 (m, 1 H, He), 2.06–2.11 (m, 2 H, Hg), 

2.87–2.90 (m, 4 H, Hb), 3.75 and 3.77 (2 s, 2 × 3 H, Hk and Hk’), 4.32 (s, 1 H, Hh), 4.43 (dd, J = 

5.0, 2.8 Hz, 1 H, Hd), 11.6 (br, 1 H, NH). 13C NMR (101 MHz, CDCl3): δ = 17.5 (CH2, C
f), 24.0 

(CH2, C
g), 24.4 (CH2, C

a), 30.3 (CH2, C
e), 47.5 (CH2, C

b), 51.8 and 52.2 (2 × CH3, C
k and Ck’), 

58.0 (CH, Ch), 99.1 (CH, Cd), 116.0 (C, Ci), 138.9 (C, Cc), 164.1 and 164.3 (2 × C, Cj and Cj’); 

some of the reported multiplet ranges for 5’ might be inaccurate due to significant superimposition 

with resonances of residual 1’ and 2b. 
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3.2.3 Single Crystal X-ray Crystallography 

Methyl (E)-((2-oxocyclopentylidene)amino)glycinate (4a) 

 
(xv798/CCDC 2102952) 

Crystallographic data. 

net formula C8H12N2O3 

Mr/g mol−1 184.20 

crystal size/mm 0.100 × 0.030 × 0.030 

T/K 102.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system monoclinic 

space group 'P 1 21/c 1' 

a/Å 8.6488(7) 

b/Å 13.5518(10) 

c/Å 7.5975(6) 

α/° 90 

β/° 90.245(3) 

γ/° 90 

V/Å3 890.47(12) 

Z 4 

calc. density/g cm−3 1.374 

μ/mm−1 0.106 

absorption correction Multi-Scan 

transmission factor range 0.93–1.00 

refls. measured 10047 

Rint 0.0356 

mean σ(I)/I 0.0264 

θ range 2.681–26.370 

observed refls. 1727 

x, y (weighting scheme) 0.0253, 0.3880 

hydrogen refinement H(C) constr, H(N) refall 

refls in refinement 1821 

parameters 124 

restraints 0 

R(Fobs) 0.0347 

Rw(F2) 0.0795 

S 1.102 

shift/errormax 0.001 

max electron density/e Å−3 0.163 

min electron density/e Å−3 −0.172 

Pseudomerohedral twin, BASF refined to 0.26. 
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Methyl 4,5,6,7-tetrahydro-1H-indazole-3-carboxylate (3b) 

 
(yv060/CCDC 210798) 

Crystallographic data. 

net formula C13H22ClN3O2 

Mr/g mol−1 287.78 

crystal size/mm 0.080 × 0.040 × 0.030 

T/K 102.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system triclinic 

space group 'P -1' 

a/Å 8.2892(6) 

b/Å 9.0891(7) 

c/Å 10.0072(7) 

α/° 99.156(3) 

β/° 90.021(2) 

γ/° 93.010(3) 

V/Å3 743.29(9) 

Z 2 

calc. density/g cm−3 1.286 

μ/mm−1 0.260 

absorption correction Multi-Scan 

transmission factor range 0.94–0.99 

refls. measured 12989 

Rint 0.0426 

mean σ(I)/I 0.0392 

θ range 3.197–27.482 

observed refls. 2948 

x, y (weighting scheme) 0.0340, 0.4466 

hydrogen refinement H(C) constr, H(N) refall 
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refls in refinement 3373 

parameters 194 

restraints 0 

R(Fobs) 0.0403 

Rw(F2) 0.0998 

S 1.064 

shift/errormax 0.001 

max electron density/e Å−3 0.536 

min electron density/e Å−3 −0.274 

 

Disorder described by a split model, sof ratio refined to 0.81/0.19, disordered 

atoms of minor part refined isotropically. 

 

Dimethyl 3a-(pyrrolidin-1-yl)-2,3a,4,5,6,7-hexahydro-3H-indazole-3,3-dicarboxylate (6)  

 
(wv097/CCDC 2102956) 

Crystallographic data. 

net formula C15H23N3O4 

Mr/g mol−1 309.36 

crystal size/mm 0.090 × 0.060 × 0.040 

T/K 100.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system triclinic 

space group 'P -1' 

a/Å 8.3250(3) 

b/Å 12.1239(5) 

c/Å 15.1683(7) 

α/° 88.910(2) 

β/° 85.091(2) 

γ/° 85.7000(10) 

V/Å3 1520.93(11) 

Z 4 

calc. density/g cm−3 1.351 

μ/mm−1 0.099 

absorption correction Multi-Scan 

transmission factor range 0.92–1.00 
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refls. measured 15740 

Rint 0.0395 

mean σ(I)/I 0.0495 

θ range 3.161–26.370 

observed refls. 5058 

x, y (weighting scheme) 0.0789, 0.7652 

hydrogen refinement H(C) constr, H(N) refall 

refls in refinement 6189 

parameters 419 

restraints 0 

R(Fobs) 0.0513 

Rw(F2) 0.1449 

S 1.020 

shift/errormax 0.001 

max electron density/e Å−3 0.445 

min electron density/e Å−3 −0.297 

 

Disorder in one of the two molecules of the asymmetric unit described by a split model, anisotropic 

refinment, sof ratio 0.7/0.3. 

One of the two molecules (the one without disorder) is depicted above. 
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4.2 Supporting Information 

4.2.1 Product Studies 

General procedure A (GP A). Sulfonium ylides 2a and 2b were generated by adding KOtBu in dry 

DMSO to the vigorously stirred solution of the corresponding sulfonium tetrafluoroborates in 

DMSO under argon atmosphere. Solutions of diazo compounds 1a or 1b in DMSO were then 

immediately added in one portion. After stirring for a certain time, distilled water (300 mL) was 

added to the mixture (about 50 mL brine was also added for better separation) and CH2Cl2 (3 × 

200 mL) was used for extraction. The combined organic layer was washed with distilled water (3 

× 200 mL), brine, and dried over anhydrous MgSO4. Volatiles were removed under reduced 

pressure and the crude products were purified by column chromatography on silica gel (n-

pentane/dichloromethane/ethyl acetate = 4:2:1 ⁓ 4:1:2).  

General procedure B (GP B). Diazo compounds 1a-d were mixed with enamines 3a-e in solvents 

(chloroform, CDCl3, dry diethyl ether, diethyl ether:hexane = 1:1, CH2Cl2 or CD2Cl2) in an oven-

dried GC vial (round-bottom flask or a NMR tube) under argon atmosphere at room temperature 

(cooling or heating also used when necessary). The GC vial (round-bottom flask or NMR tube) 

was then sealed and the reaction mixture was kept for a certain time (till reactions completed or 

reached a certain conversion). Solvents were then evaporated and the resulting crude products were 

filtered, recrystallized (hexane/EtOAc, diethyl ether:hexane = 1:1 or CH2Cl2/hexane), or worked 

up by column chromatography on silica gel (n-pentane/EtOAc = 5:1, n-pentane/diethyl ether = 5:1 

⁓ diethyl ether, or dichloromethane/methanol = 10:1) to give the purified products. 

 

 

Scheme S1. Electrophiles and nucleophiles used in this work. 

 

Reaction of methyl diazoacetate (1a) with sulfonium ylide 2a  

Methyl (2R*, 3R*)-1-((4-cyanobenzylidene)amino)-3-(4-cyanophenyl)aziridine-2-

carboxylate (±)-cis-4a and methyl (2R*, 3S*)-1-((4-cyanobenzylidene)amino)-3-(4-

cyanophenyl)aziridine-2-carboxylate (±)-trans-4a were obtained as a mixture from (4-

cyanobenzyl)dimethylsulfonium tetrafluoroborate (399 mg, 1.51 mmol) in DMSO (5 mL), KOtBu 

(176 mg, 1.57 mmol) in DMSO (2 mL) and 1a (80.2 mg, 0.80 mmol) in DMSO (1 mL) according 

to GP A (reaction time: 3 h, column chromatography: n-pentane/CH2Cl2/EtOAc = 4:1:1): viscous 

yellow oil (98.7 mg, yield 40%); cis/trans-4a = 62:38 (1H NMR spectroscopy). 

Additionally, (E)-4,4’-dicyanostilbene1 (30.2 mg, yield 17%) was isolated: light-yellow crystals. 
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The photolytic decomposition of stabilized sulfonium ylides via carbene intermediates to form 

trans-alkenes has been reported by Trost.2 

 

1H NMR (400 MHz, CDCl3): δ = 7.20 (s, 2 H, Ha), 7.61 (d, J = 8.5 Hz, 4 H, Hc), 7.68 (d, J = 8.5 

Hz, 4 H, Hd).1 13C NMR (101 MHz, CDCl3): δ = 111.8 (C, Ce), 118.9 (C, Cf), 127.4 (CH, Cc), 

130.4 (CH, Ca), 132.8 (CH, Cd), 140.8 (C, Cb). HRMS (EI+·): m/z calcd for C16H10N2
+· (M+·): 

230.0838, found 230.0842. 

 

NMR signals assigned to cis-4a (from NMR spectra acquired at r.t.): 

1H NMR (400 MHz, CDCl3): δ = 3.42 (d, J = 8.2 Hz, 1 H, Hg), 3.59 (s, 3 H, Hi), 3.71 (d, J = 8.2 

Hz, 1 H, Hf), 7.58–7.60 (m, 2 H, Hd), 7.62–7.67 (m, 2 H, Hc, superimposed with resonances of 

trans-4a), 7.68–7.70 (m, 2 H, Hm, superimposed with resonances of trans-4a), 7.76–7.78 (m, 2 H, 

Hl), 8.64 (s, 1 H, Hj). The configuration of cis-4a was derived by a NOESY experiment. 13C NMR 

(101 MHz, CDCl3) δ = 49.2 (CH, Cg), 49.6 (CH, Cf), 52.5 (CH3, C
i), 112.0 (C, Cb), 114.5 (C, Cn), 

118.4 (C, Co), 118.7 (C, Ca), 128.4 (CH, Cl), 128.7 (CH, Cd), 132.1 (CH, Cc), 132.7 (CH, Cm), 

137.2 (C, Ck), 138.9 (C, Ce), 159.6 (CH, Cj), 166.6 (C, Ch). HRMS (ESI+): m/z calcd for 

C19H15N4O2
+ (M+H+): 331.1190, found 331.1189. 

At ambient temperature, 1H and 13C NMR signals of trans-4a are broadened, presumably because 

of the dynamics of the pyramidal inversion at the aziridine nitrogen.3 To achieve better analyzable 

NMR spectra, an independently prepared sample (conditions as described above) was analyzed by 

1D and 2D NMR spectra at –40°C, and a cis/trans ratio of 53:47 was determined for 4a. 

 

For cis-4a one set of resonances was observed at –40 °C. The signals of trans-4a split into two 
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separate sets for the two invertomers (in a 67:33 ratio, 1H NMR spectroscopy). The NMR data at 

hand did not allow us endo-/exo-assignments for the individual sets of signals of trans-4a. 

NMR signals assigned to (±)-trans-4a (major invertomer): 

1H NMR (400 MHz, CDCl3, –40 °C): δ = 3.34 (d, J = 3.5 Hz, 0.6 H, Hg’), 3.79 (s, 1.7 H, Hi’), 

3.82–3.84 (m, 1.4 H, Hf’, superimposed with Hi’ resonances of the minor invertomer), 7.44 (d, J = 

8.0 Hz, 1.2 H, Hd’), 7.58–7.73 (m, 10.7 H, Hc’, Hl’, and Hm’, superimposed with Hc’ and Hm’ 

resonances of the minor isomer and Hc, Hd, and Hm of cis-4a), 8.26 (s, 0.9 H, Hj’, superimposed 

with the Hj’ resonance of the minor invertomer). 13C NMR (101 MHz, CDCl3, –40 °C): δ = 48.6 

(CH, Cg’), 48.89 (CH, Cf’), 53.2 (CH3, C
i’), 111.44 (C, Cb’), 113.3 (C, Cn’), 118.7 (C, Ca’ or Co’), 

118.8 (C, Ca’ or Co’), 127.1 (CH, Cd’), 127.8 (CH, Cl’), 132.47 (CH, Cc’), 132.54 (CH, Cm’, 

superimposed with the Cm’ resonance of the minor invertomer), 137.2 (C, Ck’), 141.2 (C, Ce’), 

155.6 (CH, Cj’), 165.67 (C, Ch’). 

NMR signals assigned to (±)-trans-4a (minor invertomer): 

1H NMR (400 MHz, CDCl3, –40 °C): δ = 3.62 (d, J = 4.5 Hz, 0.3 H, Hg’), 3.82–3.84 (m, 1.4 H, 

Hi’, superimposed with Hf’ resonances of the major invertomer), 3.97 (d, J = 4.6 Hz, 0.3 H, Hf’), 

7.39 (d, J = 8.1 Hz, 0.6 H, Hd’), 7.55 (d, J = 8.1 Hz, 0.6 H, Hl’), 7.58–7.73 (m, 10.7 H, Hc’ and Hm’, 

superimposed with Hc’, Hl’, and Hm’ resonances of the major isomer and Hc, Hd, and Hm of cis-4a), 

8.27 (s, 0.9 H, Hj’, superimposed with the Hj’ resonance of the major invertomer). 13C NMR (101 

MHz, CDCl3, –40 °C): δ = 47.4 (CH, Cg’), 51.1 (CH, Cf’), 53.3 (CH3, C
i’), 111.8 (C, Cb’), 113.8 

(C, Cn’), 118.50 (C, Ca’ or Co’), 118.55 (C, Ca’ or Co’), 127.9 (CH, Cl’), 130.6 (CH, Cd’), 131.9 (CH, 

Cc’), 132.54 (CH, Cm’, superimposed with the Cm’ resonance of the major invertomer), 135.7 (C, 

Ce’), 136.6 (C, Ck’), 159.9 (CH, Cj’), 169.2 (C, Ch’). 

 

Reaction of dimethyl diazomalonate (1b) with sulfonium ylide 2a  

Dimethyl 2-((E)-(4-cyanobenzyl)diazenyl)-3-(4-cyanophenyl)but-2-enedioate (5) was 

obtained from (4-cyanobenzyl)dimethylsulfonium tetrafluoroborate (395 mg, 1.49 mmol) in 

DMSO (8 mL), KOtBu (174 mg, 1.55 mmol) in DMSO (10 mL) and 1b (229 mg, 1.45 mmol) in 

DMSO (1.5 mL) according to GP A (reaction time: overnight, column chromatography: n-

pentane/CH2Cl2/EtOAc = 4:1:2): yellow foam (61.0 mg, yield 21%). 

 

1H NMR (400 MHz, CDCl3): δ = 3.57 and 3.94 (2 s, 2 × 3 H, Hh and Hh’), 4.02 (s, 2 H, Hj), 7.21–

7.23 (m, 4 H, Hd and Hl), 7.48–7.50 (m, 4 H, Hc and Hm). 13C NMR (151 MHz, CDCl3): δ = 53.0 

(CH3, C
h or Ch’), 53.3 (CH2, C

j), 53.8 (CH3, C
h or Ch’), 112.1 (C, Cb and Cn), 118.4 (C, Ca and Co), 
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128.4 (CH, Cd,l), 132.2 (CH, Cc and Cm), 138.2 (C, Ce and Ck), 153.8 (C, Cf and Ci), 160.4 (C, Cg 

or Cg’), 162.3 (C, Cg or Cg’). HRMS (ESI+): m/z calcd for C21H17N4O4
+ (M+H+): 389.1244, found 

389.1247. IR (neat, ATR): 2954, 2227, 1738, 1609, 1506, 1435, 1331, 1256, 1193, 1167, 1085, 

1046, 1019, 831, 804, 762, 726 cm–1. 

 

Reaction of methyl diazoacetate (1a) with sulfonium ylide 2b  

Methyl (2R*, 3R*)-1-((4-nitrobenzylidene)amino)-3-(4-nitrophenyl)aziridine-2-carboxylate 

(±)-cis-4b and Methyl (2R*, 3S*)-1-((4-nitrobenzylidene)amino)-3-(4-nitrophenyl)aziridine-

2-carboxylate (±)-trans-4b were obtained as a mixture (cis:trans = 2:1, NMR integration) from 

(4-nitrobenzyl)dimethylsulfonium tetrafluoroborate (506 mg, 1.78 mmol) in DMSO (5 mL), 

KOtBu (211 mg, 1.88 mmol) in DMSO (2 mL) and 1a (95.0 mg, 0.95 mmol) in DMSO (1 mL) 

according to GP A (reaction time 5 h, column chromatography: n-pentane/dichloromethane/ethyl 

acetate = 4:1:2): yellow foam (144 mg, yield 44%).  

The reaction was repeated, and pure cis-4b was isolated by column chromatography with a long 

column and an eluent of low polarity (n-pentane/CH2Cl2/EtOAc = 4:2:1). The configuration of cis-

4b was derived by a NOESY experiment. 

 

1H NMR (600 MHz, CDCl3): δ = 3.47 (d, J = 8.3 Hz, 1 H, Hf), 3.60 (s, 3 H, Hh), 3.79 (d, J = 8.2 

Hz, 1 H, He), 7.66–7.68 (m, 2 H, Hc), 7.84–7.86 (m, 2 H, Hk), 8.21–8.23 (m, 2 H, Hb), 8.26–8.29 

(m, 2 H, Hl), 8.72 (s, 1 H, Hi). 13C NMR (151 MHz, CDCl3): δ = 49.4 (CH, Cf), 49.5 (CH, Ce), 

52.6 (CH3, C
h), 123.6 (CH, Cb), 124.2 (CH, Cl), 128.7 (CH, Ck), 128.9 (CH, Cc), 138.9 (C, Cj), 

140.9 (C, Cd), 147.8 (C, Ca), 149.5 (C, Cm), 159.4 (CH, Ci), 166.5 (C, Cg). HRMS (ESI+): m/z 

calcd for C17H15N4O6
+ (M+H+): 371.0986, found 371.0988. IR (neat, ATR): 3077, 2924, 2851, 

1742, 1597, 1513, 1438, 1338, 1202, 1174, 1107, 1051, 1013, 853, 833, 749, 739, 690 cm–1. 

At ambient temperature, 1H and 13C NMR signals of trans-4b are broadened, presumably because 

of the dynamics of the pyramidal inversion at the aziridine nitrogen.3 To straighten the 

interpretation of the NMR data for trans-4b, the reaction of 1a with 2b was repeated and worked 

up by column chromatography (conditions as described above) to give a purified mixture of cis- 

and trans-4b. To achieve an enriched content of trans-4b, only those fractions of the column 

chromatographic separation were combined, which were rich of trans-4b. In the finally used NMR 

sample, the cis/trans ratio of 4b was 42:58. After removal of the eluent solvents by evaporation 

(rotary evaporator) and dissolution of the residual in CDCl3, the 1D and 2D NMR spectra of this 

sample were measured at variable temperatures in the range from +50 to –40°C (Figure S1).  
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NMR signals assigned to (±)-trans-4b (major invertomer): 

1H NMR (400 MHz, CDCl3, –40 °C): δ = 3.40 (d, J = 3.5 Hz, 1 H, Hf’), 3.83 (s, 3 H, Hh’, 

superimposed with resonances for He of cis-4b), 3.91 (d, J = 3.5 Hz, 1 H, He’), 7.51–7.54 (m, 2 H, 

Hc’), 7.80–7.83 (m, 2 H, Hk’), 8.19–8.30 (m, 10 H, Hb’ and Hl’ superimposed with resonances of 

the minor invertomer and those for Hb and Hl of cis-4b), 8.34 (s, 1 H, Hi’). 13C NMR (101 MHz, 

CDCl3, –40 °C): δ = 48.8 (CH, Ce’), 48.9 (CH, Cf’), 53.35 (CH3, C
h’), 124.17 (CH, Cb’ or Cl’), 124.21 

(CH, Cb’ or Cl’), 127.4 (CH, Cc’), 128.3 (CH, Ck’), 139.0 (C, Cj’), 143.3 (C, Cd’), 147.2 (C, Ca’), 

148.5 (C, Cm’), 155.4 (CH, Ci’), 165.7 (C, Cg’). 

NMR signals assigned to (±)-trans-4b (minor invertomer): 

1H NMR (400 MHz, CDCl3, –40 °C): δ = 3.70 (d, J = 4.7 Hz, 0.5 H, Hf’), 3.88 (s, 1.2 H, Hh’), 4.06 

(d, J = 4.7 Hz, 0.4 H, He’), 7.48–7.50 (m, 0.8 H, Hc’), 7.63–7.66 (m, 0.8 H, Hk’), 8.19–8.30 (m, 10 

H, Hb’ and Hl’ superimposed with resonances of the major invertomer and those for Hb and Hl of 

cis-4b), 8.38 (s, 0.4 H, Hj’). 13C NMR (101 MHz, CDCl3, –40 °C): δ = 47.8 (CH, Cf’), 50.9 (CH, 

Ce’), 53.44 (CH3, C
h’), 123.4 (CH, Cb’ or Cl’), 124.17 (CH, Cb’ or Cl’), 128.4 (CH, Ck’), 131.0 (CH, 

Cc’), 137.8 (C, Cd’), 138.4 (C, Cj’), 147.3 (C, Ca’), 148.7 (C, Cm’), 159.8 (CH, Ci’), 169.2 (C, Cg’). 

 

Reaction of 1-pyrrolidinocyclopentene (3a) with methyl diazoacetate (1a): see ref.4 

 

Reaction of 1-pyrrolidinocyclopentene (3a) with dimethyl diazomalonate (1b)  

Dimethyl 2-(2-(2-(pyrrolidin-1-yl)cyclopent-1-en-1-yl)hydrazono)malonate (9ba) was 

obtained from 1b (196 mg, 1.24 mmol) and 3a (176 mg, 1.28 mmol) in diethyl ether (2 mL) 

according to GP B (round bottom flask, 0 °C addition, then room temperature 40 min, filtration): 

brick-red needles (329 mg, yield 90%); m.p. 91.2 °C. NMR and UV-vis spectra (Figure S2) of 9ba 

were measured with the temperature strictly controlled at –50 °C. 
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Figure S2. (a) Black curve: UV-vis absorbance of 9ba (9.67 × 10−5 M) in CHCl3 at –50 °C (under a dry N2 

atmosphere, pre-cooled CHCl3 and 9ba were mixed in a volumetric flask at –50 °C and a known volume 

of this chilled 9ba solution was immediately injected into CHCl3 in the flask for the photometric 

measurement at –50 °C); red curve: calculated UV-vis spectrum of 9ba.5 The absorbance of 9ba is 

normalized to 1 A.U. at the λmax = 491 nm. The λmax of the calculated spectrum was matched with the 

experimental spectrum (λ + 29 nm) and a line-broadening function applied (0.3 eV). (b) UV-Vis 

spectroscopic monitoring of 9ba (9.67 × 10−5 M) in CHCl3 at –50 and +20 °C. 

 

 

1H NMR (400 MHz, CDCl3, –50 °C): δ = 1.82–1.89 (m, 2 H, He), 1.91–1.94 (m, 4 H, Ha), 2.65 (t, 

J = 7.4 Hz, 2 H, Hf), 2.77 (t, J = 7.3 Hz, 2 H, Hd), 3.51–3.55 (m, 4 H, Hb), 3.78 (s, 3 H, Hl), 3.80 

(s, 3 H, Hj). 13C NMR (151 MHz, CDCl3, –50 °C): δ = 18.7 (CH2, C
e), 25.7 (CH2, C

a), 29.9 (CH2, 

Cd), 34.2 (CH2, C
f), 50.2 (CH2, C

b), 51.9 (CH3, C
j or Cl), 52.1 (CH3, C

j or Cl), 110.2 (C, Ch), 111.7 

(C, Cg), 136.5 (C, Cc), 165.0 (C, Ck), 166.3 (C, Ci). HRMS (ESI+): m/z calcd for C14H22N3O4
+ 

(M+H+): 296.1605, found 296.1603. IR (neat, ATR): 2942, 2848, 1683, 1652, 1645, 1588, 1506, 

1441, 1418, 1343, 1283, 1224, 1177, 1084, 1021, 982, 948, 932, 842, 785, 744 cm–1. UV-vis 

(CHCl3, –50 °C): λmax = 491 nm (lg ε = 4.49) (Figure S2). Single crystal X-ray crystallography 

(9ba): C14H21N3O4 (vv842).  

When a solution of 9ba in CDCl3 was prepared at –50 °C and then warmed up to +20 °C, 

tautomerization of 9ba led to a mixture of 9ba, 11ba, and 12ba. A tiny resonance at δ 4.26 ppm, 

which appeared during warming up at 0 °C and disappeared at +20 °C, was probably due to traces 

of 10ba (Figure S3).  

As depicted in Figure S2b, the absorbance of 9ba at 491 nm in CHCl3 at –50 °C decreased during 

warming up to +20 °C due to tautomerization, which is consistent with the results of the NMR 

spectroscopic monitoring of a solution of 9ba in CDCl3 in the temperature range from –50 to +20 

°C (Figure S3). 
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Figure S4. Changes in the integrals of 9ba (green curves, 2 hydrogens), 10ba (yellow curves), 11ba (brick-

red curves), and 12ba (blue curve, only at –30 °C) during 1H NMR spectroscopic monitoring of the 

reactions of 1b with 3a at –50, –40 and –30 °C in CDCl3. 

 

Enamines 10ba, 11ba, and 12ba are tautomers of the cystallized 9ba. To elucidate the structures 

of 10ba, 11ba, and 12ba and assign the NMR chemical shifts, different approaches were used: 

The structural characterization of 10ba was based on the NMR spectroscopic investigation of the 

reaction mixture of 1b + 3a in CDCl3 at –50 °C. One-dimensional (1H and 13C{1H}) and two-

dimensional (1H,1H-COSY, 1H,13C-HSQC, and HMBC) NMR experiments were used to assign 

the individual chemical shifts of nuclei in 10ba. Thus, 10ba was characterized in a mixture, which 

also contained the unreacted educts (1b, 3a), other products (9ba and 11ba), the integration 

standard (IS = mesitylene), and traces of decomposition products (cP = cyclopentanone). 

 

Characteristic NMR signals assigned to 10ba: 1H NMR (400 MHz, CDCl3, –50 °C): δ = 1.79–

1.80 (4 H, Ha, superimposed with hydrogens of 3a), 1.94–1.98 (1 H, He, superimposed with 

hydrogens of 3a, 9ba and 11ba), 2.25–2.29 (m, 1 H, Hf, superimposed with hydrogens of 3a), 

2.37–2.41 (1 H, He, superimposed with hydrogens of 3a), 2.46–2.50 (m, 1 H, Hf, superimposed 

with hydrogens of 3a), 2.98–3.01 (m, 4 H, Hb, superimposed with NCH2 of 3a), 3.80 and 3.82 (2 

s, Hj and Hl, superimposed with OCH3 of 1b and 9ba), 4.26 (s, 1 H, Hd), 4.80 (br d, J = 7.8 Hz, 1 

H, Hg), 11.7 (br s, 1 H, NH). 13C NMR (101 MHz, CDCl3, –50 °C): δ = 24.9 (CH2, C
a), 28.0 (CH2, 

Cf), 31.4 (CH2, C
e), 48.6 (CH2, C

b), 52.1 (CH3, C
j or Cl), 52.5 (CH3, C

j or Cl), 68.9 (CH, Cg), 97.7 

(CH, Cd), 115.0 (C, Ch), 145.2 (C, Cc), 164.1 (C, Ci or Ck), 164.6 (C, Ci or Ck). 

The structural characterization of 11ba was based on the NMR spectroscopic investigation of 

the reaction mixture of 1b + 3a in CDCl3 at –30 °C. One-dimensional (1H and 13C{1H}) and 

two-dimensional (1H,1H-COSY, 1H,13C-HSQC, and HMBC) NMR experiments were used to 

assign the individual chemical shifts of nuclei in 11ba. Thus, 11ba was characterized in a 

mixture, which also contained unreacted educts (1b, 3a), other products (9ba, 10ba and 12ba), 

the integration standard (mesitylene), and traces of decomposition products (cP = 

cyclopentanone). 

 

Characteristic NMR signals assigned to 11ba: 1H NMR (400 MHz, CDCl3, –30 °C): δ = 1.87–

2.01 (m, 6 H, Ha and He, superimposed with hydrogens of 9ba and 10ba), 2.66–2.73 (m, 4 H, Hd 
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and Hf, superimposed with Hf of 9ba), 3.53–3.56 (m, 4 H, Hb, superimposed with NCH2 of 9ba), 

3.79 (s, 6 H, Hj, superimposed with OCH3 of 9ba), 5.25 (s, 1 H, Hh). 13C NMR (101 MHz, CDCl3, 

–30 °C): δ = 19.4 (CH2, C
e), 25.8 (CH2, C

a), 28.3 (CH2, C
d), 34.7 (CH2, C

f), 51.1 (CH2, C
b), 52.8 

(CH3, C
j), 79.1 (CH, Ch), 129.8 (C, Cg), 157.4 (C, Cc), 168.6 (C, Ci).  

The structural characterization of 12ba was based on the NMR spectroscopic investigation of 

a sample, which was prepared by dissolving crystalline 9ab in CDCl3 at ambient temperature. 

One-dimensional (1H and 13C{1H}) and two-dimensional (1H,1H-COSY, 1H,13C-HSQC, and 

HMBC) NMR experiments were used to assign the individual chemical shifts of nuclei in 

12ba. In this way, 12ba was characterized in a mixture, which also contained the initially 

dissolved tautomer 9ba, another product (11ba) as well as traces of decomposition products 

(cP = cyclopentanone, DMM = dimethyl malonate) and diethyl ether (residual from the 

crystallization of 9ab). 

 

Characteristic NMR signals assigned to 12ba: 1H NMR (600 MHz, CDCl3, +30 °C): δ = 1.80–

1.82 (m, 4 H, Ha), 2.47–2.49 (m, 2 H, He), 2.52–2.54 (m, 2 H, Hf), 3.19–3.21 (m, 4 H, Hb), 3.79 

(s, 6 H, Hj), 4.86 (d, J = 9.6 Hz, 1 H, Hh), 5.08 (t, J = 2.9 Hz, 1 H, Hd), 5.27 (d, J = 9.5 Hz, 1 H, 

NH). 13C NMR (151 MHz, CDCl3, +30 °C): δ = 24.7 (CH2, C
a), 25.5 (CH2, C

f), 26.3 (CH2, C
e), 

49.8 (CH2, C
b), 53.1 (CH3, C

j), 66.6 (CH, Ch), 112.0 (CH, Cd), 147.1 (C, Cc), 158.6 (C, Cg), 168.4 

(C, Ci).  

 

Reaction of 1-pyrrolidinocyclopentene (3a) with p-nitrophenyldiazomethane (1c)  

1-((E)-5-(E)-4-Nitrobenzylidene)hydrazineylidene)cyclopent-1-en-1-yl)pyrrolidine (14ca) 

was obtained from 1c (193 mg, 1.18 mmol) in dry CH2Cl2 (4.5 mL) and 3a (206 mg, 1.50 mmol) 

in dry CH2Cl2 (0.5 mL) according to GP B (–26 °C, 12 days, low temperature recrystallization 

from CH2Cl2/hexane): red solid (318 mg). The NMR spectra show that the precipitated crystals 

were contaminated with the diazo compound 1c and further unknown impurities. Attempts to 

purify 14ca failed, however, because 14ca decomposed during column chromatography on silica 

gel. 
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1H NMR (400 MHz, CDCl3): δ = 1.88–1.92 (m, 4 H, Ha, 

superimposed with unassigned peaks), 2.50–2.53 (m, 2 H, He), 2.90–

2.93 (m, 2 H, Hf), 3.33–3.37 (m, 4 H, Hb), 5.53 (t, J = 3.2 Hz, 1 H, 

Hd), 7.92–7.96 (m, 2 H, Hj), 8.25–8.28 (m, 2 H, Hk), 8.46 (s, 1 H, Hh); 

the chemical shifts for He/Ce and Hf/Cf were assigned on the basis of the 

HMBC spectrum. 13C NMR (101 MHz, CDCl3): δ = 24.8 (CH2, C
a), 

26.9 (CH2, C
e), 28.4 (CH2, C

f), 50.1 (CH2, C
b), 120.4 (CH, Cd), 124.1 

(CH, Ck), 128.7 (CH, Cj), 141.1 (C, Ci), 147.5 (C, Cc), 148.8 (C, Cl), 

155.5 (CH, Ch), 176.6 (C, Cg). HRMS (ESI+): m/z calcd for 

C16H19N4O2
+ (M+H+): 299.1503, found 299.1505. IR (neat, ATR): 

3067, 2842, 1622, 1589, 1552, 1511, 1419, 1396, 1335, 1300, 1161, 

1138, 1105, 1029, 974, 958, 944, 851, 794, 739, 690 cm–1. 

 

Reaction of 1-pyrrolidinocyclopentene (3a) with diphenyldiazomethane (1d)  

(E)-1-(2-((Diphenylmethylene)hydrazineylidene)cyclopentyl)pyrrolidine (13da) was obtained 

from 1d (488 mg, 2.51 mmol) and 3a (470 mg, 3.42 mmol) without solvent according to GP B 

(round-bottom flask, 40 °C, 2 days, column chromatography: dichloromethane/methanol = 10:1): 

yellow oil (52 mg, yield 6.3%).  

 

1H NMR (400 MHz, CDCl3): δ = 1.63–1.69 (m, 5 H, 4 × Ha and 1 × He), 1.87–2.05 (m, 2 H, Hd 

and He), 2.16–2.24 (m, 1 H, Hd), 2.38 (dt, J = 17.8, 8.4 Hz, 1 H, Hf), 2.67–2.89 (m, 5 H, 4 × Hb 

and 1 × Hf), 3.61 (t, J = 7.8 Hz, 1 H, Hc), 7.20–7.22 (m, 2 H, Ph), 7.32–7.44 (m, 6 H, Ph), 7.62–

7.64 (m, 2 H, Ph). 13C NMR (101 MHz, CDCl3): δ = 21.1 (CH2, C
e), 23.3 (CH2, C

a), 29.4 (CH2, 

Cd), 29.8 (CH2, C
f), 51.2 (CH2, C

b), 65.3 (CH, Cc), 128.3 (CH, Ph), 128.47 (CH, Ph), 128.50 (CH, 

Ph), 128.6 (CH, Ph), 130.3 (CH, Ph), 136.1 (C, Ph), 137.4 (C, Ph), 161.1 (C, Ch), 168.1 (C, Cg). 

HRMS (ESI+): m/z calcd for C22H26N3
+ (M+H+): 332.2121, found 332.2123. IR (neat, ATR): 

3416, 3055, 2962, 2875, 2349, 1741, 1699, 1643, 1557, 1490, 1444, 1415, 1320, 1300, 1074, 1030, 

970, 909, 777, 731, 694 cm–1. 
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Reaction of 1-morpholinocyclopentene (3c) with dimethyl diazomalonate (1b)  

Dimethyl 2-(2-(2-morpholinocyclopent-1-en-1-yl)hydrazinenyl)malonate (9bc) was isolated 

from the reaction of 1b (50.0 mg, 0.32 mmol) and 3c (49.4 mg, 0.32 mmol) in diethyl ether:hexane 

= 1:1 (1 mL) according to GP B (sealed round-bottom flask, –20 °C, 3 weeks): orange needles. 

Crystals of 9bc were isolated from the –20 °C reaction mixture and directly analyzed by low-

temperature single crystal X-ray diffraction. At room temperature and open air, 9bc decomposes 

rapidly. 

 

Single crystal X-ray crystallography (9bc): C14H21N3O5 (wv088). 

Dimethyl (E)-2-(2-(2-morpholinocyclopent-2-en-1-ylidene)hydrazinyl)malonate (12bc) was 

obtained from 1b (27.7 mg, 0.18 mmol) and 3c (26.9 mg, 0.18 mmol) in diethyl ether:hexane = 

1:1 (0.5 mL) according to GP B (sealed vial, –20 °C, 3 weeks, recrystallized with the cap still 

sealed, heating to max. 30 °C): orange-yellow crystals (40.8 mg, yield 72%); m.p. 89.9 °C. 

Spectroscopic data agree with those reported in refs.6a,b 12bc is stable both in solid state and in 

solution (CDCl3) for a couple of months.  

 

1H NMR (400 MHz, CDCl3): δ = 2.45–2.48 (m, 2 H, He), 2.52–2.55 

(m, 2 H, Hf), 3.05–3.07 (m, 4 H, Hb), 3.76–3.78 (m, 4 H, Ha), 3.79 (s, 

6 H, Hj, partially superimposed with Ha), 4.86 (d, J = 9.3 Hz, 1 H, Hh, 

simplifies to a singlet when D2O is added), 5.29 (d, J = 9.3 Hz, 1 H, 

NH, vanishes with added D2O), 5.47 (t, J = 2.9 Hz, 1 H, Hd). 13C NMR 

(101 MHz, CDCl3): δ = 25.5 (CH2, C
f), 26.2 (CH2, C

e), 50.1 (CH2, C
b), 

53.1 (CH3, C
j), 66.4 (CH, Ch), 66.8 (CH2, C

a), 118.9 (CH, Cd), 149.5 

(C, Cc), 157.2 (C, Cg), 168.4 (C, Ci). HRMS (ESI+): m/z calcd for 

C14H22N3O5
+ (M+H+): 312.1554, found 312.1551. IR (neat, ATR): 

3268, 2985, 2958, 2885, 2854, 2822, 1754, 1750, 1732, 1622, 1601, 

1455, 1429, 1383, 1326, 1303, 1242, 1230, 1212, 1190, 1161, 1132, 1115, 1069, 1019, 968, 947, 

922, 889, 762, 692, 667 cm–1. UV-vis (CH2Cl2) λmax = 269 nm (log10 ε = 4.03) (Figure S5). Single 

crystal X-ray crystallography (12bc): C14H21N3O5 (wv086). 

In contrast to 9ba (Figure S2b), the UV-Vis absorbance of 12bc in CH2Cl2 at 20 °C (Figure S5) 

remained constant over a time range of 60 min. This suggests that 12bc is the most stable tautomer. 
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Figure S5. UV-Vis spectrum of 12bc (0.209 mM) in CH2Cl2 at 20 °C. 

 

Reaction of 1-morpholinocyclopentene (3c) with p-nitrophenyldiazomethane (1c)  

4-((5E)-5-((4-Nitrobenzylidene)hydrazineylidene)cyclopent-1-en-1-yl)morpholine (14cc) was 

obtained from 1c (189 mg, 1.16 mmol) in dry CH2Cl2 (4.5 mL) and 3c (207 mg, 1.35 mmol) in 

dry CH2Cl2 (0.5 mL) according to GP B (room temperature for 1 hour, then –26 °C for 39 days, 

low temperature recrystallization: CH2Cl2/hexane): red solid (178 mg, yield 49%); m.p. 170.8 °C 

(dec.). 

 

1H NMR (400 MHz, CDCl3): δ = 2.51–2.54 (m, 2 H, He), 2.93–2.95 (m, 2 

H, Hf), 3.20–3.22 (m, 4 H, Hb), 3.85–3.88 (m, 4 H, Ha), 5.95 (br s, 1 H, Hd), 

7.92–7.96 (m, 2 H, Hj), 8.25–8.29 (m, 2 H, Hk), 8.48 (s, 1 H, Hh). 13C NMR 

(101 MHz, CDCl3): δ = 26.9 (CH2, C
e), 28.4 (CH2, C

f), 50.4 (CH2, C
b), 66.5 

(CH2, C
a), 124.1 (CH, Ck), 128.9 (CH, Cj), 140.7 (C, Ci), 149.0 (C, Cl), 149.2 

(C, Cc, detected only in the HMBC spectrum), 156.5 (CH, Ch), 175.8 (C, Cg); 

the chemical shifts for He/Ce and Hf/Cf were assigned on the basis of the 

HMBC spectrum, Cd could not be detected. HRMS (ESI+): m/z calcd for 

C16H19N4O3
+ (M+H+): 315.1452, found 315.1451. IR (neat, ATR): 3074, 

2963, 2836, 2067, 1625, 1590, 1556, 1514, 1448, 1413, 1384, 1341, 1304, 

1265, 1170, 1146, 1114, 1071, 1026, 989, 954, 898, 881, 850, 839, 795, 772, 

751, 688 cm–1.  

 

Reaction of 1-pyrrolidinocyclohexene (3b) with methyl diazoacetate (1a): See ref.4 
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Reaction of 1-pyrrolidinocyclohexene (3b) with methyl diazoacetate (1b): See ref.4 

 

Reaction of 1-pyrrolidinocyclohexene (3b) with p-nitrophenyldiazomethane (1c)  

3-(4-Nitrophenyl)-4,5,6,7-tetrahydro-1H-indazole (7cb) was obtained from 1c (188 mg, 1.15 

mmol) in dry CH2Cl2 (4.5 mL) and 3b (182 mg, 1.20 mmol) in dry CH2Cl2 (0.5 mL) according to 

GP B (–26 °C, 33 days, low temperature recrystallization: CH2Cl2/hexane): light-yellow solid (172 

mg, yield 62%); m.p. 180.2 °C (reported m.p.: 177–178 °C7a, 183–185 °C7b) 

 

1H NMR (400 MHz, CDCl3): δ = 1.81–1.90 (m, 4 H, Ha and Hk), 2.70 (t, J = 5.8 Hz, 2 H, Hj), 2.76 

(t, J = 5.7 Hz, 2 H, Hb), 5.60 (br s, 2 H, NH, overlapped with resonance of trace water), 7.86–7.90 

(m, 2 H, Hf), 8.23–8.27 (m, 2 H, Hg). 13C NMR (101 MHz, CDCl3): δ = 21.8 (CH2, C
j), 22.21 

(CH2, C
b), 22.23 (CH2, C

k), 23.3 (CH2, C
a), 114.7 (C, Cc), 124.2 (CH, Cg), 127.2 (CH, Cf), 139.4 

(C, Ce), 143.0 (C, Ci), 144.5 (C, Cd), 147.0 (C, Ch). HRMS (EI): m/z calcd for C13H13N3O2
·+ (M·+): 

243.1002, found 243.1002. IR (neat, ATR): 3560, 3193, 3129, 3068, 2922, 2852, 1598, 1510, 

1504, 1445, 1335, 1321, 1274, 1105, 993, 934, 852, 825, 759, 740, 708 cm–1.  

During NMR monitoring of the reaction of 1c with 3b, initial formation of Fcb was observed. 

NMR data assigned to Fcb (in a mixture with 1c and 3b) are listed below: 

 

1H NMR (400 MHz, CD2Cl2, –10 °C): δ = 0.92–1.01 (m, 1 H, Hb), 1.04–1.10 (m, 1 H, Ha), 1.19–

1.37 (m, 3 H, Ha, Hb, and Ho), 1.57–1.64 (m, 1 H, Ho, superimposed with hydrogens of 3b), 1.72–

1.81 (m, 4 H, He and Hf, superimposed with hydrogens of 3b), 1.85–1.94 (m, 1 H, Hn), 2.37–2.45 

(m, 1 H, Hn), 2.61–2.72 (m, 4 H, Hd and Hg), 4.08–4.11 (m, 1 H, Hm), 5.24–5.25 (m, 1 H, Hh), 

7.48–7.52 (m, 2 H, Hj), 8.18–8.21 (m, 2 H, Hk). 13C NMR (101 MHz, CD2Cl2, –10 °C): δ = 19.9 

(CH2, C
a), 22.1 (CH2, C

o), 24.3 (CH2, C
e,f), 24.5 (CH2, C

n), 28.2 (CH2, C
b), 46.4 (CH2, C

d,g), 69.3 

(C, Cc), 85.7 (CH, Ch), 86.0 (CH, Cm), 123.4 (CH, Ck), 129.4 (CH, Cj), 145.2 (C, Ci), 147.2 (C, 

Cl). 

 

Reaction of 1-pyrrolidinocyclohexene (3b) with diphenyldiazomethane (1d)  
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1-(2-((Diphenylmethylene)hydrazineylidene)cyclohexyl)pyrrolidine (13db) was obtained 

from 1d (150 mg, 0.77 mmol) and 3b (155 mg, 1.02 mmol) in CD2Cl2 (0.5 mL) according to GP 

B (NMR tube, 40 °C, 6 days, column chromatography: dichloromethane/methanol = 10:1): yellow 

oil (104 mg, yield: 38%, calculated by considering a 26 mol-% content of MeOH in the sample). 

 

1H NMR (400 MHz, CDCl3): δ = 1.43–1.74 (m, 7 H, He, Hf, and Ha), 1.87 (br s, 3 H, He and Hg), 

2.36–2.57 (m, 6 H, Hd and Hb), 3.03 (br s, 1 H, Hc), 7.14–7.16 (m, 2 H, Ph), 7.29–7.39 (m, 6 H, 

Ph), 7.60–7.63 (m, 2 H, Ph); additional resonance: 3.38 (s, integral: 0.94 for 3 H corresponding to 

a 26 mol-% contamination with MeOH, eluent of the column chromatography). 13C NMR (101 

MHz, CDCl3): δ = 21.4 (CH2, C
e), 23.6 (CH2, C

a), 26.3 (CH2, C
f), 26.9 (CH2, C

d), 32.1 (CH2, C
g), 

51.0 (CH2, C
b), 66.3 (CH, Cc), 128.17 (CH, Ph), 128.18 (CH, Ph), 128.21 (CH, Ph), 128.4 (CH, 

Ph), 128.5 (CH, Ph), 129.9 (CH, Ph), 135.9 (C, Ph), 137.5 (C, Ph), 159.8 (C, Ci), 163.0 (C, Ch); 

additional resonance: 50.4 (MeOH). HRMS (ESI+): m/z calcd for C23H28N3
+ (M+H+): 346.2278, 

found 346.2283. IR (neat, ATR): 3059, 2935, 2858, 2797, 2423, 2201, 1622, 1561, 1490, 1443, 

1349, 1320, 1299, 1074, 1029, 1018, 1000, 970, 907, 775, 726, 692 cm–1. 

During in situ NMR monitoring of the 1d + 3b reaction, 9db was the observed product.7c NMR 

data assigned to 9db (in a mixture with 1d and 3b) are listed below. Upon work up by column 

chromatography on silica gel 9db tautomerized to give 13db. 

 

1H NMR (400 MHz, CD2Cl2): δ = 1.55–1.58 (m, 4 H, Ha), 1.69–1.72 (m, 2 H, Hf), 1.76–1.79 (m, 

2 H, He), 2.06–2.10 (m, 2 H, Hd), 2.52–2.55 (m, 4 H, Hb), 2.64–2.68 (m, 2 H, Hg), 7.28–7.34 (m, 

4 H, Ph), 7.47–7.53 (m, 2 H, Ph), 7.54–7.62 (m, 4 H, Ph), 8.62 (s, 1 H, NH). 13C NMR (101 MHz, 

CD2Cl2): δ = 20.1 (CH2, C
d), 23.0 (CH2, C

e), 23.7 (CH2, C
f), 24.3 (CH2, C

a and Cg), 49.1 (CH2, 

Cb), 117.2 (C, Ch), 126.0 (CH, Ph), 127.0 (CH, Ph), 128.4 (CH, Ph), 128.8 (CH, Ph), 129.6 (CH, 

Ph), 129.8 (CH, Ph), 133.2 (C, Cc), 134.6 (C, Ph), 139.6 (C, Ph), 140.4 (C, Ci). 

 

Reaction of 1-morpholinocyclohexene (3d) with methyl diazoacetate (1a)  

Methyl 4,5,6,7-tetrahydro-1H-indazole-3-carboxylate (7ad = 7ab) was obtained from 1a (209 

mg, 2.09 mmol) and 3d (340 mg, 2.03 mmol) in CDCl3 (250 μL) according to GP B (NMR tube, 

30 °C, 3 weeks, column chromatography: n-pentane/diethyl ether = 1:1 ⁓ diethyl ether): white 
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powder (118 mg, yield 32%). The spectroscopic data of 7ab has been reported in ref.4 for the 

reaction of 1a with 3b. 

 

During NMR monitoring of the reaction of 1a with 3d, initial formation of 10ad was observed, 

and the NMR data assigned to 10ad are listed below: 

 

1H NMR (400 MHz, CDCl3): δ = 1.42–1.49 (m, 2 H, Hf, superimposed with hydrogens of 3d), 

1.74–1.82 (m, 2 H, Hg, superimposed with hydrogens of 3d), 1.99–2.00 (m, 2 H, He, superimposed 

with hydrogens of 3d), 2.80–2.83 (m, 4 H, Hb), 3.61–3.64 (m, 4 H, Ha, superimposed with OCH2 

of 3d),4.11 (q, J = 5.0 Hz, 1 H, Hh), 4.82 (t, J = 4.1 Hz, 1 H, Hd), 6.77 (s, 1 H, Hi), 6.92 (d, J = 5.4 

Hz, 1 H, NH). 13C NMR (101 MHz, CDCl3): δ = 18.3 (CH2, C
f), 24.3 (CH2, C

e), 26.9 (CH2, C
g), 

46.1 (CH2, C
b), 51.7 (CH2, C

h, superimposed), 67.6 (CH2, C
a), 106.3 (CH, Cd), 120.8 (CH, Ci), 

143.2 (C, Cc), 165.1 (C, Cj); an unequivocal assignment of Hk/Ck could not be made. 

 

Reaction of 1-morpholinocyclohexene (3d) with dimethyl diazomalonate (1b)  

Dimethyl 2-(2-(2-oxocyclohexyl)hydrazineylidene)malonate (15bd) was obtained from 1b (194 

mg, 1.23 mmol) and 3d (202 mg, 1.21 mmol) in CDCl3 (200 μL) according to GP B (sealed NMR 

tube, 40 °C, 2 days, conversion 62%, 1,1,2,2-tetrachloroethane as internal standard, column 

chromatography: n-pentane/EtOAc = 5:1): light-orange oil (103 mg, yield 33%). 

 

1H NMR (400 MHz, CDCl3): δ = 1.61–1.81 (m, 3 H, He, Hf, and Hg), 1.96–2.01 (m, 1 H, Hf), 

2.10–2.18 (m, 1 H, Hg), 2.39 (td, J = 13.6, 6.4 Hz, 1 H, Hh), 2.53–2.66 (m, 2 H, He and Hh), 3.80 

(m, 3 H, Ha or Hk), 3.84 (m, 3 H, Ha or Hk), 4.35 (dt, J = 12.1, 6.0 Hz, 1 H, Hd), 11.69 (d, J = 5.0 

Hz, 1 H, NH). 13C NMR (101 MHz, CDCl3): δ = 24.0 (CH2, C
f), 27.5 (CH2, C

g), 35.2 (CH2, C
e), 

41.2 (CH2, C
h), 52.0 and 52.3 (2 × CH3, C

a and Ck), 68.2 (CH, Cd), 118.6 (C, Cc), 163.8 and 164.0 

(2 × C, Cb and Cj), 206.2 (C, Ci). HRMS (ESI+): m/z calcd for C11H16N2NaO5
+ (M+Na+): 279.0951, 

found 279.0956. IR (neat, ATR): 3228, 2952, 2866, 1714, 1673, 1515, 1435, 1332, 1280, 1200, 

1153, 1122, 1084, 841, 802 cm–1.  
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Dimethyl 2-(2-(2-morpholinocyclohex-2-en-1-yl)hydrazineylidene)malonate (10bd) was 

observed and characterized by 2D NMR spectroscopy as the initial product from 1b (79.7 mg, 0.50 

mmol) and 3d (83.5 mg, 0.50 mmol) in CDCl3 (400 μL) at room temperature 1 day after the 

reactants were mixed. Listed NMR chemical shifts were obtained from the crude reaction mixture 

without workup. 

 

1H NMR (400 MHz, CDCl3): δ = 1.39–1.49 (m, 2 H, Hf, superimposed with hydrogens of 3d), 

1.79–1.88 (m, 2 H, Hg), 1.97–2.11 (m, 2 H, He), 2.52 (dt, J = 11.8, 4.7 Hz, 2 H, Hb), 2.76 (dt, J = 

11.8, 4.8 Hz, 2 H, Hb), 3.55 (t, J = 4.7 Hz, 4 H, Ha), 3.66 (s, 3 H, Hm), 3.70 (s, 3 H, Hk), 4.23 (q, J 

= 5.5 Hz, 1 H, Hh), 4.81 (t, J = 4.0 Hz, 1 H, Hd), 11.48 (d, J = 5.4 Hz, 1 H, NH). 13C NMR (101 

MHz, CDCl3): δ = 18.4 (CH2, C
f), 24.2 (CH2, C

e), 29.9 (CH2, C
g), 48.8 (CH2, C

b), 51.4 (CH3, C
m), 

51.7 (CH3, C
k), 55.9 (CH, Ch), 66.6 (CH2, C

a), 106.6 (CH, Cd), 116.3 (C, Ci), 142.9 (C, Cc), 163.8 

(C, Cl), 163.9 (C, Cj).  

In the same NMR sample, dimethyl 2-(2-(2-morpholinocyclohex-1-en-1-yl)hydrazineylidene)-

malonate (9bd) was detected 4 days after the reactants were mixed. Due to the slow formation of 

9bd under the above-mentioned conditions, the experiment was repeated at higher concentrations 

of 1b (284 mg, 1.80 mmol) and 3d (205 mg, 1.23 mmol) in CDCl3 (220 μL) at 50 °C. NMR spectra 

for 9bd were recorded 2 days after the reactants were mixed. Listed NMR chemical shifts were 

obtained from the crude reaction mixture without workup. 

 

1H NMR (400 MHz, CDCl3): δ = 1.31–1.36 (m, 4 H, He and Hf), 1.81–1.86 (m, 2 H, Hg), 2.06 (dt, 

J = 6.3, 3.0 Hz, 2 H, Hd), 2.29–2.33 (m, 4 H, Hb), 3.46 (s, 7 H, Ha and Hm, superimposed with 

hydrogens of 1b and 10bd), 3.49 (s, 3 H, Hk), 13.24 (s, 1 H, NH). 13C NMR (101 MHz, CDCl3): 

δ = 20.1 (CH2, C
g), 20.8 (CH2, C

e), 21.5 (CH2, C
d), 21.8 (CH2, C

f), 49.4 (CH2, C
b), 50.7 (CH3, C

m), 

51.4 (CH3, C
k), 66.4 (CH2, C

a), 115.0 (C, Ci), 130.9 (C, Ch), 131.2 (C, Cc), 163.0 (C, Cl), 163.3 (C, 

Cj).  

 

Reaction of 1-morpholinocyclohexene (3d) with p-nitrophenyldiazomethane (1c)  

4-(6-(2-(4-Nitrobenzylidene)hydrazineyl)cyclohex-1-en-1-yl)morpholine (10cd) and 4-(2-(2-

(4-nitrobenzylidene)hydrazineyl)cyclohex-1-en-1-yl)morpholine (9cd) were observed by 

NMR spectroscopic methods during the reaction 1c (50.8 mg, 0.31 mmol) with 3d (52.4 mg, 0.31 



Chapter 4. Quantification of the Electrophilicities of Diazoalkanes 

78 

 

mmol) in CD2Cl2 (450 μL). The structures of 10cd and 9cd were assigned based on their NMR 

resonances. However, 10cd and 9cd both decomposed upon workup with column chromatography. 

At the beginning of the sluggish reaction of 1c with 3d at room temperature, only the resonances 

of product 10cd (in a mixture with the educts 1c and 3d) were detected. After 11 days at room 

temperature, 9cd became detectable and slowly increased in amount.  

 

1H NMR (400 MHz, CD2Cl2): δ = 1.57–1.60 (m, 2 H, Hf, superimposed with resonances of 3d), 

1.79–1.87 (m, 1 H, Hg), 1.98–2.01 (m, 1 H, Hg, superimposed with resonances of 3d), 2.08–2.20 

(m, 2 H, He), 2.60–2.66 (m, 2 H, Hb), 2.87–2.93 (m, 2 H, Hb), 3.64–3.65 (m, 4 H, Ha, superimposed 

with resonances of 3d), 4.17 (q, J = 4.8 Hz, 1 H, Hh), 4.91 (t, J = 4.1 Hz, 1 H, Hd), 6.38 (d, J = 4.8 

Hz, 1 H, NH), 7.62 (s, 1 H, Hi), 7.62–7.65 (m, 2 H, Hk), 8.12–8.15 (m, 2 H, Hl, superimposed with 

resonances of 1c). 13C NMR (101 MHz, CD2Cl2): δ = 18.6 (CH2, C
f), 25.0 (CH2, C

e), 29.6 (CH2, 

Cg), 49.5 (CH2, C
b), 52.7 (CH, Ch), 67.3 (CH2, C

a, superimposed with resonances of 3d), 106.5 

(CH, Cd), 124.3 (CH, Cl), 125.7 (CH, Ck), 132.0 (CH, Ci), 143.4 (C, Cj), 144.9 (C, Cc), 146.7 (C, 

Cm).  

Analyzing the same sample after 25 days at room temperature made it possible to characterize 9cd 

(in a mixture with 1c, 3d, and 10cd) by NMR spectroscopy: 

 

1H NMR (400 MHz, CD2Cl2): δ = 1.64–1.69 (m, 4 H, He and Hf), 2.10–2.13 (m, 2 H, Hd), 2.46–

2.49 (m, 2 H, Hg), 2.60–2.62 (m, 4 H, Hb), 3.73–3.76 (m, 4 H, Ha), 7.53 (s, 1 H, Hi), 7.58–7.62 (m, 

2 H, Hk), 8.10–8.12 (m, 2 H, Hl), 9.16 (br s, 1 H, NH). 13C NMR (101 MHz, CD2Cl2): δ = 20.0 

(CH2, C
d), 22.5 (CH2, C

f), 23.3 (CH2, C
e), 24.1 (CH2, C

g), 50.3 (CH2, C
b), 67.7 (CH2, C

a), 122.1 

(C, Ch), 124.3 (CH, Cl), 125.4 (CH, Ck), 130.4 (CH, Ci), 132.5 (C, Cc), 143.6 (C, Cj), 146.2 (C, 

Cm).  

 

Reaction of 1-morpholinoisobutene (3e) with methyl diazoacetate (1a)  

Methyl 3,3-dimethyl-3H-pyrazole-5-carboxylate (16) and methyl 5,5-dimethyl-1-(2-

methylprop-1-en-1-yl)-4-morpholino-4,5-dihydro-1H-pyrazole-3-carboxylate (17) were 

obtained from 1a (254 mg, 2.54 mmol) and 3e (359 mg, 2.54 mmol) in CDCl3 (200 μL) according 

to GP B (NMR tube, 50 °C, 3 days, conversion  60%, 1,1,2,2-tetrachloroethane as internal 

standard, column chromatography: n-pentane/diethyl ether = 1:1): white powder (16, 98.1 mg, 
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yield 25%), m.p. 95.4 °C (reported m.p.: 95 °C8c), and yellow crystals (17, 40.0 mg, 11%), m.p. 

103.7 °C. 

 

1H NMR (400 MHz, CDCl3): δ = 1.49 (d, J = 1.1 Hz, 6 H, Ha and Hb), 3.97 (d, J = 1.2 Hz, 3 H, 

Hg), 7.68 (s, 1 H, Hd). 13C NMR (101 MHz, CDCl3): δ = 19.9 (CH3, C
a and Cb), 52.7 (CH3, C

g), 

95.2 (C, Cc), 146.9 (C, Ce), 154.5 (CH, Cd), 161.6 (C, Cf). HRMS (ESI+): m/z calcd for 

C7H10N2NaO2
+ (M+Na+): 177.0634, found 177.0634. Spectroscopic data consistent with those 

reported in ref.6a,8 

 

1H NMR (400 MHz, CDCl3): δ = 1.07 (s, 3 H, Hf or Hg), 1.30 (s, 3 H, Hf or Hg), 1.74 (d, J = 1.4 

Hz, 3 H, Ha or Hb), 1.79 (d, J = 1.4 Hz, 3 H, Ha or Hb), 2.55–2.85 (m, 4 H, Hi and Hl), 3.48 (s, 1 

H, Hh), 3.59–3.67 (m, 4 H, Hj and Hk), 3.84 (s, 3 H, Ho), 5.84 (hept, J = 1.5 Hz, 1 H, Hd). 13C NMR 

(101 MHz, CDCl3): δ = 18.7 (CH3, C
a or Cb), 19.3 (CH3, C

f or Cg), 23.4 (CH3, C
a or Cb), 24.5 

(CH3, C
f or Cg), 50.9 (CH2, C

i and Cl, detected only in the HMBC spectrum), 52.0 (CH3, C
o), 67.7 

(CH2, C
j and Ck), 69.4 (C, Ce), 74.4 (CH, Ch), 119.5 (CH, Cd), 128.6 (C, Cc), 135.6 (C, Cm), 164.8 

(C, Cn). At room temperature, the resonances of Ci and Cl were only detected in the HMBC 

spectrum of 17.  

To support the structural assignment, the NMR spectra of 17 were also recorded at –50 °C in 

CDCl3. 1H NMR (400 MHz, CDCl3, –50 °C): δ = 1.05 (s, 3 H, Hf or Hg), 1.27 (s, 3 H, Hf or Hg), 

1.71 (s, 3 H, Ha or Hb), 1.75 (s, 3 H, Ha or Hb), 2.29 (d, J = 11.6 Hz, 1 H, Hi or Hl), 2.50 (t, J = 

12.1 Hz, 1 H, Hi or Hl), 2.66 (d, J = 11.9 Hz, 1 H, Hi or Hl), 3.15 (t, J = 11.9 Hz, 1 H, Hi or Hl), 

3.47 (s, 1 H, Hh), 3.50–3.59 (m, 2 H, Hj and Hk), 3.67–3.69 (m, 1 H, Hj or Hk), 3.77–3.78 (m, 1 H, 

Hj or Hk), 3.82 (s, 3 H, Ho), 5.83–5.84 (m, 1 H, Hd). 13C NMR (101 MHz, CDCl3,  

–50 °C): δ = 18.7 (CH3, C
a or Cb), 19.1 (CH3, C

f or Cg), 23.3 (CH3, C
a or Cb), 24.0 (CH3, C

f or Cg), 

46.8 (CH2, C
i or Cl), 52.3 (CH3, C

o), 53.8 (CH2, C
i or Cl), 66.8 (CH2, C

j or Ck), 68.2 (CH2, C
j or 

Ck), 69.3 (C, Ce), 73.4 (CH, Ch), 119.2 (CH, Cd), 129.2 (C, Cc), 135.1 (C, Cm), 164.8 (C, Cn). 

HRMS (ESI+): m/z calcd for C15H25N3NaO3
+ (M+Na+): 318.1788, found 318.1787. IR (neat, 

ATR): 2945, 2846, 1676, 1501, 1440, 1395, 1287, 1257, 1215, 1207, 1181, 1115, 1083, 1044, 

1018, 998, 970, 868, 854, 830, 784, 766, 688 cm–1.  

A mechanism for the formation of 17 is shown in Scheme 7 (Chapter 4.1). Alternatively, the 2:1 

product 17 may be formed by stepwise or concerted Diels-Alder reaction of 16 with 3e to give the 

diazobicyclo[2.2.1]heptane (L) followed by ring opening and migration of the morpholino group 

(Scheme S2). Both mechanisms are in line with the observed formation of 17 from isolated 16 and 
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3e (Figure S6). 

When pure 16 was mixed with 3e in CDCl3 and heated at +60 °C, first traces of 17 were observed 

(1H NMR spectroscopy) within a reaction time of less than one day (Figure S6). The concentration 

of 17 further increased at elongated reaction times (CDCl3, 60 °C). 

 

Scheme S2. Alternative mechanism for the formation of 17 from 16 and 3e. 

 

 

Figure S6. Formation of 17 from 16 (c0 = 37.7 mM) and 3e (c0 = 46.6 mM) in CDCl3 at +60 °C with 1,1,2,2-

tetrachloroethane (c = 184 mM) as internal standard monitored by 1H NMR spectroscopy (400 MHz).  
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4.2.2 Kinetics 

Reactions of diazo compounds 1a and 1b with S-ylides 2a or 2b in DMSO 

Table S1. Kinetics of the reaction of 1a with 2a in DMSO at 20 °C (stopped-flow method, detection at 372 

nm). 

kobs = 1.179E+02 [1a] - 6.315E-02
R² = 0.9982
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Table S2. Kinetics of the reaction of 1a with 2b in DMSO at 20 °C (conventional method, evaluated at 518 

nm). 

kobs = 2.171E+00 [1a] + 2.522E-03
R² = 0.9923

0

0.02

0.04

0.06

0.08

0 0.01 0.02 0.03 0.04

k
o
b
s

(s
-1

)

[1a] (M)

 

Table S3. Kinetics of the reaction of 1b with 2a in DMSO at 20 °C (conventional method, evaluated at 372 

nm). 

kobs = 4.221E+01 [1b] + 1.787E-03
R² = 0.9997
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1/[3d] = 1.7965E-06t + 1.2217E+00
R² = 9.5708E-01

0

0.6

1.2

1.8

0 90000 180000 270000

1
/[

3
d

](
L

/m
o

l)

t (s)

final conversion = 24 %

  



Chapter 4. Quantification of the Electrophilicities of Diazoalkanes 

95 

 

Table S16. Second-order rate constant k2
exptl of the reaction of 1d with 3b in CD2Cl2 at +20 °C (1H NMR 

kinetics, dibromomethane as the internal standard IS). Initial reactant concentrations were determined by 

using the integration ranges of the IS at 5.20–4.80 ppm with the reference of IS at 5.00 ppm, of the vinylic 

hydrogen of 3b at 4.42–4.28 ppm, of the aromatic hydrogen of 1d at 7.52–7.45 ppm. Relaxation delay and 

acquisition time are 1.00 and 4.09 s, respectively. 

T (°C) [1d]0 (M) [3b]0 (M) [IS]0 (M) k2
exptl (M-1 s-1) G‡ (kJ mol-1) 

+20 1.08 1.34 1.01 2.89 × 10-6 103 

 

1/[3b] = 2.8903E-06t + 6.8513E-01
R² = 9.7627E-01
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Determination of the electrophilicity parameters E for 1a-c  

Table S17. Determination of the electrophilicity parameter E for 1a. 

 
[a] Optimal E parameter resulting from the least-squares analysis according to the Mayr-Patz equation. [b] 

Calculated by applying N, sN, and E in the equation. [c]  = lg k2
exptl – lg k2

calc. [d] sum = Σ2, to be minimized 

by variation of E in the least-squares analysis. 
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4.2.3 Single Crystal X-ray Crystallography 

Dimethyl 2-(2-(2-(pyrrolidin-1-yl)cyclopent-1-en-1-yl)hydrazono)malonate (9ba)  

 
(vv842/CCDC 2102953) 

Crystallographic data.  

net formula C14H21N3O4 

Mr/g mol−1 295.34 

crystal size/mm 0.070 × 0.050 × 0.030 

T/K 103.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system triclinic 

space group 'P -1' 

a/Å 8.0460(5) 

b/Å 9.3723(6) 

c/Å 10.5732(6) 

α/° 110.359(2) 

β/° 91.662(2) 

γ/° 106.409(2) 

V/Å3 709.85(8) 

Z 2 

calc. density/g cm−3 1.382 

μ/mm−1 0.102 

absorption correction Multi-Scan 

transmission factor range 0.93–1.00 

refls. measured 7335 

Rint 0.0292 

mean σ(I)/I 0.0350 

θ range 3.139–26.362 

observed refls. 2447 

x, y (weighting scheme) 0.0429, 0.2212 

hydrogen refinement H(C) constr, H(N) refall 

refls in refinement 2873 

parameters 201 

restraints 0 

R(Fobs) 0.0371 

Rw(F2) 0.0971 
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S 1.059 

shift/errormax 0.001 

max electron density/e Å−3 0.279 

min electron density/e Å−3 −0.198 

 
Disorder of C8 described in a split model, sof ratio 0.8/0.2. Minor part refined isotropically.  

Indication of an intramolecular hydrogen bond: [N-H 0.97(2) Å, O...H 1.76(2) Å, angle NHO 137.1(15)°, 

the hydrogen atom bound to N has been refined freely]. 

 

Dimethyl 2-(2-(2-morpholinocyclopent-1-en-1-yl)hydrazono)malonate (9bc) 

 
(wv088/CCDC 2102954) 

Crystallographic data.  

net formula C14H21N3O5 

Mr/g mol−1 311.34 

crystal size/mm 0.100 × 0.090 × 0.050 

T/K 100.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system triclinic 

space group 'P -1' 

a/Å 8.1532(4) 

b/Å 9.5318(5) 

c/Å 10.5959(5) 

α/° 113.562(2) 

β/° 99.210(2) 

γ/° 97.431(2) 

V/Å3 727.87(6) 

Z 2 

calc. density/g cm−3 1.421 

μ/mm−1 0.109 

absorption correction Multi-Scan 

transmission factor range 0.88–0.99 

refls. measured 6657 

Rint 0.0264 

mean σ(I)/I 0.0429 
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θ range 3.550–26.366 

observed refls. 2239 

x, y (weighting scheme) 0.0342, 0.5168 

hydrogen refinement H(C) constr, H(N) refall 

refls in refinement 2903 

parameters 205 

restraints 0 

R(Fobs) 0.0435 

Rw(F2) 0.1083 

S 1.061 

shift/errormax 0.001 

max electron density/e Å−3 0.252 

min electron density/e Å−3 −0.258 

Indication of an intramolecular hydrogen bond: [N-H 0.94(2) Å, O...H 1.82(2) Å, angle NHO 135.9(19)°]. 

 

Dimethyl (E)-2-(2-(2-morpholinocyclopent-2-en-1-ylidene)hydrazinyl)malonate (12bc)  

 
(wv086/CCDC 2102955) 

Crystallographic data.  

net formula C14H21N3O5 

Mr/g mol−1 311.34 

crystal size/mm 0.100 × 0.080 × 0.050 

T/K 100.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system monoclinic 

space group 'P 1 21/n 1' 

a/Å 7.9977(4) 

b/Å 14.2996(7) 

c/Å 13.7547(7) 

α/° 90 

β/° 103.142(2) 

γ/° 90 

V/Å3 1531.84(13) 

Z 4 

calc. density/g cm−3 1.350 

μ/mm−1 0.103 

absorption correction Multi-Scan 
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transmission factor range 0.94–0.99 

refls. measured 16896 

Rint 0.0331 

mean σ(I)/I 0.0238 

θ range 3.230–26.366 

observed refls. 2657 

x, y (weighting scheme) 0.0314, 0.9159 

hydrogen refinement H(C) constr, H(N) refall 

refls in refinement 3111 

parameters 205 

restraints 0 

R(Fobs) 0.0382 

Rw(F2) 0.0894 

S 1.058 

shift/errormax 0.001 

max electron density/e Å−3 0.275 

min electron density/e Å−3 −0.233 

 

Methyl 5,5-dimethyl-1-(2-methylprop-1-en-1-yl)-4-morpholino-4,5-dihydro-1H-pyrazole-3-

carboxylate (17) 

 
(yv006/CCDC 2102958) 

Crystallographic data.  

net formula C15H25N3O3 

Mr/g mol−1 295.38 

crystal size/mm 0.100 × 0.080 × 0.040 

T/K 102.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system monoclinic 

space group 'P 1 21/c 1' 

a/Å 15.7536(6) 

b/Å 6.5292(2) 

c/Å 15.7587(6) 

α/° 90 

β/° 100.6290(10) 

γ/° 90 
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V/Å3 1593.10(10) 

Z 4 

calc. density/g cm−3 1.232 

μ/mm−1 0.086 

absorption correction Multi-Scan 

transmission factor range 0.95–1.00 

refls. measured 27593 

Rint 0.0321 

mean σ(I)/I 0.0210 

θ range 3.360–28.282 

observed refls. 3469 

x, y (weighting scheme) 0.0414, 0.6439 

hydrogen refinement constr 

refls in refinement 3955 

parameters 195 

restraints 0 

R(Fobs) 0.0369 

Rw(F2) 0.0957 

S 1.042 

shift/errormax 0.001 

max electron density/e Å−3 0.371 

min electron density/e Å−3 −0.215 
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5.2 Supporting Information 

5.2.1 Additional Figure 

 
Figure S1. 19F NMR spectra (377 MHz) show the conversion of the acyclic compound 6 to the cyclobutane 

3 upon the addition of triethylamine to a mixture of the cyclopropane 4 and the alkylidene malonate 6. 
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5.2.2 Copies of 1H, 13C and 19F NMR Spectra 
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5.2.3 Single Crystal X-ray Crystallography 

Dimethyl 2-(1,3-dimethoxy-1,3-dioxopropan-2-yl)-3-(fluorosulfonyl)-4-

((fluorosulfonyl)methyl)cyclobutane-1,1-dicarboxylate (3) 

 
(xv236/CCDC 2183363) 

Crystallographic data. 

net formula C14H18F2O12S2 

Mr/g mol−1 480.40 

crystal size/mm 0.090 × 0.050 × 0.040 

T/K 107.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system monoclinic 

space group 'P 1 21/n 1' 

a/Å 13.4798(5) 

b/Å 8.5798(3) 

c/Å 16.9534(6) 

α/° 90 

β/° 90.9820(10) 

γ/° 90 

V/Å3 1960.44(12) 

Z 4 

calc. density/g cm−3 1.628 

μ/mm−1 0.353 

absorption correction Multi-Scan 

transmission factor range 0.96–0.99 

refls. measured 35309 

Rint 0.0406 

mean σ(I)/I 0.0269 

θ range 3.070–28.698 

observed refls. 4420 

x, y (weighting scheme) 0.0352, 2.2146 

hydrogen refinement constr 

refls in refinement 5072 

parameters 275 

restraints 0 

R(Fobs) 0.0374 
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Rw(F2) 0.0967 

S 1.047 

shift/errormax 0.001 

max electron density/e Å−3 1.101 

min electron density/e Å−3 −0.776 
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6.1 One-Bond-Nucleophilicity and -Electrophilicity Parameters: An Efficient Ordering 

System for 1,3-DCAs 

Le Li,+ Robert J. Mayer,§ Armin R. Ofial,*,+ Herbert Mayr*,+ 

+ Department Chemie, Ludwig-Maximilians-Universität München, Butenandtstr. 5-13, 81377 München (Germany) 
§ Université de Strasbourg, CNRS, ISIS, 8 Allee Gaspard Monge, 67000 Strasbourg (France) 

ABSTRACT: Diazoalkanes are ambiphilic 1,3-dipoles that undergo fast Huisgen cycloadditions with both electron-rich 

and electron-poor dipolarophiles but react slowly with alkenes of low polarity. Frontier molecular orbital (FMO) theory 

considering the 3-center-4-electron π-system of the propargyl fragment of diazoalkanes is commonly applied to rationalize 

these reactivity trends. However, we recently found that a change in mechanism from cycloadditions to azo couplings takes 

place due to the existence of a previously overlooked lower lying unoccupied molecular orbital. We now propose an 

alternative approach to analyze 1,3-dipolar cycloaddition reactions, which relies on the linear free energy relationship lg 

k2(20 °C) = sN(N + E) (eq. 1) with two solvent-dependent parameters (N, sN) to characterize nucleophiles and one parameter 

(E) for electrophiles. Rate constants for the cycloadditions of diazoalkanes with dipolarophiles were measured and compared 

with those calculated for the formation of zwitterions by equation (1). The difference between experimental and predicted 

Gibbs energies of activation is interpreted as the energy of concert, i.e., the stabilization of the transition states by the 

concerted formation of two new bonds. By linking the plot of lg k2 vs. N for nucleophilic dipolarophiles with that of lg k2 

vs. E for electrophilic dipolarophiles, one obtains V-shaped plots which provide absolute rate constants for the stepwise 

reactions on the borderlines. These plots furthermore predict relative reactivities of dipolarophiles in concerted, highly 

asynchronous cycloadditions more precisely than the classical correlations of rate constants with FMO energies or ionization 

potentials. DFT calculations using the SMD solvent model confirm these interpretations. 

Introduction 

1,3-Dipolar cycloadditions (Huisgen reactions) represent the 

most general approach for the synthesis of five-membered 

heterocycles.1,2 According to Huisgen, “the 1,3-dipole is 

defined as a species that is represented by zwitterionic octet 

structures (top in Scheme 1) and undergoes 1,3-cycloadditions 

to a multiple-bond system, the dipolarophile. The formal 

charges are lost in the [3 + 2  5] cycloaddition”.1c Huisgen 

emphasized that the term 1,3-dipole does not imply a high 

dipole moment and that the resonance structures should not be 

associated with reactivity. A feature shared by all 1,3-dipoles is 

an allyl anion (or propargyl anion)-type π-system, that is, four 

electrons in three parallel atomic p-orbitals. 

 

Scheme 1. General Scheme for 1,3-Dipolar Cycloadditions.a 

 
a The 1,3-dipoles depicted here share an allyl type π-system; 1,3-

dipoles of the propargyl-allenyl type have an additional π-bond 

perpendicular to the allyl anion π-system and are usually linear.  

Since Sustmann’s seminal discovery that a simple Hückel-MO-

perturbational model can qualitatively explain substituent 

effects on the rates of 1,3-dipolar cycloadditions,3 frontier 

molecular orbital (FMO) theory has become the most popular 

method to describe and predict the course of these reactions,4 

though alternative theoretical treatments have also been 

reported.5 As illustrated in Figure 1, Sustmann identified three 

types of 1,3-dipolar cycloadditions which result from the 

energy differences between HOMOs and LUMOs of the 

reactants. 

Cycloadditions of 1,3-dipoles of type I, which are controlled by 

the interaction of ψ2 with ψB, are accelerated by electron-

donating substituents in the 1,3-dipole and electron-accepting 

substituents in the dipolarophile, while the opposite substituent 

effects hold for cycloadditions of 1,3-dipoles of type III. If the 

energy differences ψ2 – ψB and ψ3 – ψA are similar 

(cycloadditions of type II) additional electron-donating and 

electron-accepting substituents in either of the reaction partners 

lead to an increase of the reaction rates. 

Sustmann’s “Paradigmatic Parabola”,4i first reported for 1,3-

dipolar cycloadditions of phenyl azide in 19723b and later 

applied to other cycloadditions, e.g., of diazoalkanes (Figure 2), 

have several limitations, however. Thus, Breugst, Huisgen, and 

Reissig investigated the reactions of diazoalkanes with methyl 

3-(diethylamino)propiolate and concluded, “It is evident that 

the oversimplifying FMO model does not work in this 

borderline case”.6 Liu, Houk, and coworkers recently stated that 

“The reactivity differences between dipoles are often controlled 

by the distortion energies of the 1,3-dipoles …, rather than by 

FMO interactions or reaction thermodynamics”.4i 

Though 1,3-dipolar cycloadditions of diazoalkanes have been 

the most prominent examples for demonstrating the use of FMO 

theory, it is exactly this class of reactions which should not be 

explained by Figure 1, because ψ3 is not the LUMO of 

diazoalkanes. The previously neglected π*N=N, perpendicular to 

ψ3, is lower in energy and thus corresponds to the real LUMO 

of diazoalkanes. As a consequence, the HOMOs of enamines 
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nucleophiles of N = –2.8123c as well as for its reactions with 

electrophiles of E = –18.2. The thus defined crossing point 

of the two correlation lines at lg k = –15.75 allows one to 

merge Figures 7A and 7B to give Figure 7C, which 

resembles Sustmann’s parabola (cf. Figure 2), but provides 

additional information as discussed below. 

A similar situation is observed for the reactions of methyl 

diazoacetate (1a). Due to the almost identical 

electrophilicities of diazoalkanes 1b and 1a, the left parts 

of Figures 8A and 7C are nearly identical. The fact that the 

rate constant for the reaction of 1a with ketene acetal 3a is 

on the green correlation line in Figure 8A suggests the 

occurrence of a stepwise mechanism,24 again in line with 

the DFT calculations discussed below. The cycloaddition 

rate constants of the less nucleophilic dipolarophiles (green 

open circles) are so far above the green correlation line that 

their one-bond nucleophilicities N do not control their 

cycloaddition rates. As in the reactions of diazomalonate 

1b (Figure 7) the high degree of concertedness of the 

reaction with hex-1-ene (3h) explains that the observed 

regioselectivity (formation of 3,5-substituted pyrazoline) is 

not controlled by the polarization of the dipolarophile.  

Due to the significantly higher nucleophilicity of 1a (N = 

4.68) compared to 1b (N = –1.24), the blue part on the right 

of Figure 8A is higher than that in Figures 7B,C (note the 

different benzhydrylium ions used in Figures 7 and 8). 

Whereas in reactions with 1b (Figures 7B,C) only the 

relative reactivities of the highly electrophilic 

dipolarophiles 3i, 3k and 3o are reflected by their one-bond 

electrophilicities E, now the relative reactivities of all 

acceptor-substituted ethylenes are roughly correlated with 

their E parameters. As in Figure 7B, the differences 

between the observed cycloaddition rates and the predicted 

rates for the stepwise processes (expressed by the blue 

correlation line) increase with decreasing electrophilicity 

parameters E of the electron-deficient dipolarophiles 

indicating increasing concertedness of the cycloadditions. 

The trend observed in the change from Figure 7C to Figure 

8A (1b to 1a), i.e., little change in the left part of the graph 

due to comparable electrophilicities of these two 

diazoalkanes and increase of the cycloaddition rates with 

acceptor-substituted ethylenes on the right is continued 

when moving to (4-nitrophenyl)diazomethane 1c (Figure 

8B), which has a similar electrophilicity as 1a and 1b, but 

a much higher nucleophilicity [N(1c) = 7.17]. 

While the rates of the reactions with enamines 2 (azo 

couplings) remained almost unchanged, the rates of the 

reactions of 1c with electron-deficient dipolarophiles are 

much larger than those of the corresponding reactions of 1a 

and 1b (cf. Figure 8B with Figures 7C and 8A). Due to the 

unchanged electrophilicity and higher nucleophilicity of 

1c, all acceptor substituted dipolarophiles (blue circles) 

now react faster than morpholinocyclohexene 2f. The 

relative reactivities of electron-rich and electron-poor 

ethylenes are thus inverted compared to those in Figure 7C. 

While morpholinocyclohexene 2f reacts faster with 

diazomalonate 1b than all electron-deficient dipolarophiles 

3 depicted in Figure 7C, 2f reacts more slowly with 

diazoalkane 1c than all electron-deficient dipolarophiles 3 

depicted in Figure 8B. The relative reactivities of the 

electrophilic dipolarophiles in Figure 8B are even more  

 

Figure 8. Correlations of lg k2(20 °C) for the reactions of (A) 

methyl diazoacetate (1a), (B) 4-nitrophenyl-diazomethane 

(1c), and (C) diphenyldiazomethane (1d) with nucleophilic 

reaction partners versus their N parameters (green part, left) 

and electrophilic reaction partners versus their E parameters 

(blue part, right). – (a) Data from ref. 26. (b) Iminium ion 

derived from cinnamaldehyde and MacMillan type II 

organocatalyst (E = –5.5, from ref. 26). 
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dipolarophiles 3 with (A) the electrophilicities E and (B) gas-

phase LUMO energies εLUMO of 3 (calculated at B3LYP/6-

31G(d,p) level of theory, from ref. 33). Structures of 

dipolarophiles 3 are given in Chart 2. 

Whereas absolute rate constants for concerted 

cycloadditions cannot be derived from these plots, Figure 

15 shows that the rate constants of highly asynchronous 

concerted cycloadditions for a given diazo compound 

correlate much better with the one-bond electrophilicities 

E than with the corresponding frontier orbital energies 

suggesting that the one-bond reactivity indices are suitable 

parameters for predicting relative reactivities of 

dipolarophiles.26 

The analysis of the 1,3-dipolar cycloadditions of 

diazoalkanes on the basis of the one-bond electrophilicity 

and nucleophilicity parameters presented in this work 

should analogously be applicable to other 1,3-dipolar 

cycloadditions as well as to other types of cycloadditions, 

e.g., Diels-Alder reactions. We therefore expect that the 

widened applicability of the one-bond reactivity 

parameters E and N will trigger further activities to explore 

the prediction of these parameters by statistical and 

theoretical methods as recently reported.13 
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6.2 Supporting Information 

6.2.1 General 

Chemicals. Diazo compound 1a (Scheme S1) was synthesized from glycine methyl ester 

hydrochloride based on literature procedure,S1 1b was obtained from N-acetylsulfanilyl chloride 

as described,S2 1c was synthesized from 4-nitrobenzaldehyde as mentioned.S3 ESF (3k) was 

synthesized from 2-chloro-ethanesulfonyl chloride as described.S4 All other compounds were 

purchased and purified by distillation or recrystallization when necessary. 

 

Scheme S1. Nucleophiles 2 and dipolarophiles 3 in this work. 

Analytics. 1H and 13C{1H} NMR spectra were recorded in CDCl3 (δH 7.26, δC 77.16 ppm), CD2Cl2 

(δH 5.32, δC 53.84 ppm) or d6-DMSO (δH 2.50, δC 39.52 ppm) on 400 or 600 MHz NMR 

spectrometers.S5 

The following abbreviations were used for designation of chemical shift multiplicities: br = broad, 

s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m = multiplet. NMR signals were 

assigned by additional 2D NMR experiments (COSY, HSQC, HMBC and NOESY). HRMS were 

recorded on a Thermo Finnigan LTQ FT Ultra (ESI) or a Finnigan MAT 95Q (EI) mass 

spectrometer. Melting points were determined on a Büchi B540 device and are not corrected. IR 

spectra were recorded on a FTIR Spectrometer SPECTRUM BX II (Perkin Elmer).  

The X-ray intensity data were measured on a Bruker D8 Venture TXS system equipped with a 

multilayer mirror monochromator and a Mo Kα rotating anode X-ray tube (λ = 0.71073 Å). The 

frames were integrated with the Bruker SAINT software package.S6 Data were corrected for 

absorption effects using the MultiScan method (SADABS).S7 The structure was solved and refined 

using the Bruker SHELXTL Software Package.S8 The figures have been drawn at the 25% ellipsoid 

probability level.S9 
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Kinetics. The kinetic investigations of the reactions of 1a or 1b with the reference electrophiles 

(ani)(tol)CH+, (ani)2CH+, (fur)2CH+, (mfa)2CH+, (dpa)2CH+, (mor)2CH+ and (dma)2CH+ (Scheme 

S2) were performed in dry dichloromethane at 20 °C by using a diode array spectometer (J&M 

TIDAS). The decrease of the absorbance of the colored reference electrophile solutions in 

dichloromethane was observed by photometric methods.S10a The benzhydrylium triflates 

(ani)(tol)CH+ TfO–, (ani)2CH+ TfO–, and (fur)2CH+ TfO– were freshly prepared by adding a 

solution of TMSOTf (4 equivs) in dry dichloromethane into the solution of (ani)(tol)CHCl, 

(ani)2CHCl, or (fur)2CHCl in dry dichloromethane. The benzhydrylium tetrafluoroborates 

(mfa)2CH+ BF4
–, (dpa)2CH+ BF4

–, (mor)2CH+ BF4
–, and (dma)2CH+ BF4

– were prepared as 

described before.S10b 

 

Scheme S2. Benzhydrylium ions used in this work to determine N and sN parameters of 1a and 1b. 

The kinetic investigations of the reactions of 1c with the Michael acceptors 3n-o, 3r or 3t were 

performed in dry dichloromethane at 20 °C by using a diode array spectometer (J&M TIDAS) and 

evaluating the decrease of the absorbance of 1c.S11 

The kinetics of the reactions of 1a and 1b with the dipolarophiles 3 as well as of 1c with 3d were 

monitored by 1H NMR spectroscopy in well-sealed NMR tubes under argon atmosphere at 

constant temperatures.S12 All online NMR kinetic measurements were performed with internal 

standards (dibromomethane, mesitylene or 1,1,2,2-tetrachloroethane) at variable temperatures 

(over a ΔT range of at least 20 K) by following the integration of a certain hydrogen atom (marked 

red in the NMR kinetic part of this work) to derive the second-order rate constants k2 at +20, +80.3 

or +110 °C based on the Eyring activation parameters ∆H‡ and ∆S‡. Generally, equal initial 

concentrations of the reactants were used in the reactions for NMR kinetic measurements. In the 

kinetics of the reactions of 1b with 3r, 3 equiv. of 1b were used and the second-order rate constants 

of the reactions were obtained from the equationS13 

𝑘2𝑡 =  
1

𝛥
𝑙𝑛

[𝟑𝐫]0 ([𝟑𝐫]𝑡+𝛥)

([𝟑𝐫]0+𝛥) [𝟑𝐫]𝑡
, with ∆ = [1b]0 – [3r]0. 
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6.2.2 Product Studies 

 

Reaction of methyl diazoacetate (1a) with the (dma)2CH+ BF4
– 

Methyl (E)-2,3-bis(4-(dimethylamino)phenyl)acrylate (P1) and methyl 3,3-bis(4- 

(dimethylamino)phenyl)acrylate (P2) were obtained from 1a (239 mg, 2.39 mmol) and 

(dma)2CH+ BF4
– (396 mg, 1.16 mmol) in CH2Cl2 according to a previously reported procedure.S10 

A pure sample of P1 (60.0 mg) was isolated by column chromatography as a yellow solid, and a 

mixture of the isomers P1 and P2 (56.0 mg, ratio P1:P2  5:4 by 1H NMR integration) was also 

obtained as yellow solid. The overall yield of P1 and P2 was 116 mg (31%).  

The 13C NMR spectra of P1 and P2 were measured after repeating of the reaction of 1a and 

(dma)2CH+ BF4
–. The mixture of P1 and P2 isolated the second time gives a ratio of P1:P2  3:5 

by 1H NMR spectroscopy. 

 

P1: 1H NMR (600 MHz, CDCl3): δ = 2.93 (s, 6 H, Ha), 3.00 (br s, 6 H, Hn), 3.76 (s, 3 H, Hi), 6.48 

(d, J = 8.6 Hz, 2 H, Hc), 6.76 (br s, 2 H, Hl), 7.02 (d, J = 8.5 Hz, 2 H, Hd), 7.12 (d, J = 7.4 Hz, 2 

H, Hk), 7.73 (s, 1 H, Hf). 13C NMR (101 MHz, CDCl3): δ = 40.2 (CH3, C
a), 40.6 (CH3, C

n), 52.2 

(CH3, C
i), 111.5 (CH, Cc), 112.8 (CH, Cl), 123.0 (C, Ce), 124.7 (C, Cj), 127.4 (C, Cg), 130.8 (CH, 

Ck), 132.5 (CH, Cd), 140.6 (CH, Cf), 149.8 (C, Cm), 150.6 (C, Cb), 169.7 (C, Ch). HRMS (ESI+): 

m/z calcd for C20H25N2O2
+ (M + H+): 325.1911, found 325.1913. IR (neat, ATR): 2884, 2803, 

1719, 1691, 1609, 1585, 1519, 1482, 1445, 1427, 1354, 1320, 1257, 1220, 1182, 1168, 1153, 1065, 

945, 822, 798, 771, 730 cm–1. mp 194.7 °C. 

 

P2 (based on the NMR spectra of the 3:5-mixture of P1 and P2): 1H NMR (600 MHz, CDCl3): δ 

= 2.99 (s, 6 H, Hn’, partially superimposed with Hn of P1), 3.01 (s, 6 H, Ha’), 3.63 (s, 3 H, Hi’), 

6.12 (s, 1 H, Hg’), 6.62–6.64 (m, 2 H, Hl’), 6.69–6.74 (m, 2 H, Hc’) 7.11–7.15 (m, 2 H, Hd’, 

superimposed with Hk of P1), 7.22–7.25 (m, 2 H, Hk’). 13C NMR (101 MHz, CDCl3): δ = 40.3 

(CH3, C
n’), 40.5 (CH3, C

a’), 51.0 (CH3, C
i’), 110.8 (CH, Cg’), 111.2 (CH, Cc’), 111.5 (CH, Cl’), 

126.7 (C, Ce’), 129.5 (C, Cj’), 130.3 (CH, Ck’), 131.2 (CH, Cd’), 150.6 (C, Cb’), 151.3 (C, Cm’), 

158.8 (C, Cf’), 167.4 (C, Ch’).  
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Reactions of diazo compounds 1 with dipolarophiles 3 

 

General procedure A (GP A). Diazo compound 1a or 1b was added dropwise to dipolarophile 

solution in CHCl3, CDCl3, toluene, d8-toluene, d8-toluene:mesitylene = 1:1 or neat in an oven-

dried vial (a round-bottom flask or a NMR tube) under argon atmosphere. The mixture was kept 

at room temperature or heated (50–90 °C) for a certain time (till reactions completed or reached a 

sufficiently high degree of conversion). The reaction mixture was then concentrated and 

recrystallized or worked up by column chromatography on silica gel (n-pentane/diethyl ether = 2:1 

or n-pentane/EtOAc = 5:1–1:1) to give the purified products. 

 

General procedure B (GP B). Diazo compound 1c were added dropwise to dipolarophile solution 

in dry CH2Cl2 or CD2Cl2 in a round-bottom flask (or a NMR tube) under argon atmosphere. The 

mixture was stirred at room temperature till reaction completed. The resulting mixture was then 

concentrated and worked up by column chromatography on silica gel (n-pentane/diethyl ether = 

5:1 ⁓ diethyl ether or n-pentane/EtOAc = 5:1–2:1) to give the purified products. 

 

Reaction of p-nitrophenyldiazomethane (1c) with styrene (3d) 

1-Nitro-4-((1S*,2S*)-2-phenylcyclopropyl)benzene (±)-trans-(8cd) and 1-nitro-4-((1S*,2R*)-

2-phenylcyclopropyl)benzene (±)-cis-(8cd) were obtained from 1c (508 mg, 3.11 mmol) and 3d 

(388 mg, 3.73 mmol) in CH2Cl2 (1.5 mL) as a mixture (trans:cis = 5:2, NMR integration) 

according to GP B (round-bottom flask, 22 days, n-pentane/diethyl ether = 5:1): light-yellow solid 

(490 mg, yield 66%). 

The trans/cis mixture of 8cd was recrystallized from EtOH (2×) to give pure trans-8cd: white 

crystals (198 mg, yield 27%); mp 88.5 °C (ref.S14a: mp 88.5-89.5 °C). 1H NMR spectral data are 

consistent with those reported in ref.S14b 

 

trans-8cd: 1H NMR (400 MHz, CDCl3): δ = 1.45–1.50 (m, 1 H, Hf), 1.53–1.59 (m, 1 H, Hf), 2.15–

2.22 (m, 2 H, He and Hg), 7.07 (d, J = 7.4 Hz, 2 H, Hi), 7.15–7.17 (m, 3 H, Ha and Hk, superimposed 

with solvent peak), 7.24 (t, J = 7.4 Hz, 2.0 H, Hj), 8.07 (d, J = 8.5 Hz, 2 H, Hb). 13C NMR (101 

MHz, CDCl3): δ = 19.5 (CH2, C
f), 28.2 (CH, Ce), 29.9 (CH, Cg), 123.9 (CH, Cb), 125.9 (CH, Ci), 

126.2 (CH, Ca), 126.5 (CH, Ck), 128.7 (CH, Cj), 141.3 (C, Ch), 146.1 (C, Cc), 150.9 (C, Cd). HRMS 

(EI): m/z calcd for C15H13NO2
+·(M+·): 239.0941; found 239.0939. IR (neat, ATR): 3028, 1593, 

1508, 1494, 1342, 1211, 1111, 1073, 1044, 939, 900, 855, 820, 779, 754, 736, 694 cm–1. 
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cis-8cd (based on the NMR spectra of the 5:2 mixture of trans- and cis-8cd): 1H NMR (400 MHz, 

CDCl3): δ = 1.41–1.53 (m, 2.0 H, Hf’, superimposed with Hf of trans-8cd), 2.46 (td, J = 8.8, 6.3 

Hz, 0.4 H, He’), 2.62 (td, J = 8.9, 6.3 Hz, 0.4 H, Hg’), 6.89–6.95 (m, 1.6 H, Ha’ and Hi’), 6.99–7.06 

(m, 1.1 H, Hj’ and Hk’), 7.83–7.87 (m, 0.8 H, Hb’). 13C NMR (101 MHz, CDCl3): δ = 12.4 (CH2, 

Cf’), 24.1 (CH, Ce’), 26.2 (CH, Cg’), 123.0 (CH, Cb’), 126.5 (CH, Ck’), 128.2 (CH, Cj’), 129.1 (CH, 

Ca’), 129.5 (CH, Ci’), 136.9 (C, Ch’), 146.0 (C, Cc’), 147.4 (C, Cd’).  

NMR monitoring of the reaction of 1c (1.01 M) with 3d (1.07 M) in CD2Cl2 at +6 °C to ambient 

temperature showed the initial formation of diastereomeric pyrazoles 5cd-I and 5cd-II (I:II = 5:4, 

Figure S1B). When the reactions mixture was allowed to warm up from +6 °C to ambient 

temperature, the concentration of 5cd-I decreased while the concentrations of 5cd-II and 

cyclopropane 8cd kept increasing (Figure S1C). When stored at ambient temperature over a period 

of another 12 days, 8cd kept increasing in concentration until the reaction completed (Figure S1D). 

Resonances for 5cd were assigned based on NMR spectra (5cd-I:5cd-II = 5:4 by 1H NMR 

integration) measured for the reaction of 1c (96.3 mg, 0.590 mM) with 3d (65.5 mg, 0.629 mM) 

in CD2Cl2 (400 µL) after 2 days at 6 °C. 

 

5cd-I: 1H NMR (400 MHz, CD2Cl2): δ = 1.46 (dt, J = 12.7, 11.0 Hz, 1 H, Hf), 2.91 (dt, J = 12.8, 

7.9 Hz, 1 H, Hf), 5.38–5.45 m, 2 H, Ha and Hg), 7.64 (d, J = 8.8 Hz, 2 H, Hi), 8.28–8.34 (m, 2 H, 

Hj). 13C NMR (101 MHz, CD2Cl2): δ = 36.1 (CH2, C
f), 90.9 (CH, Cg), 92.5 (CH, Ca), 124.2 (CH, 

Cj), 127.6 (CH, Cc), 128.5 (CH, Ci), 139.0 (C, Cb), 146.6 (C, Ch), 147.80 (C, Ck). The 1H NMR 

signals of protons at the phenyl group superimposed with those of the starting material. The 

resonances of Cd and Ce could not be assigned unambiguously. 

 

5cd-II: 1H NMR (400 MHz, CD2Cl2): δ = 2.15 (ddd, J = 13.4, 9.4, 6.9, Hz, 1 H, Hf’), 2.28 (ddd, J 

= 13.4, 9.4, 5.8 Hz, 1 H, Hf’), 5.98 (m, 2 H, Ha’ and Hg’). 13C NMR (101 MHz, CD2Cl2): δ = 33.8 

(CH2, C
f’), 91.5 (CH, Cg’), 93.1 (CH, Ca’), 124.3 (CH, Cj’), 127.3 (CH, Cc’), 128.4 (CH, Ci’), 138.3 
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(C, Cb’), 146.2 (C, Ch’), 147.76 (C, Ck’). The 1H NMR signals of protons at the phenyl group 

superimposed with those of the starting material. The resonances of Cd’ and Ce’ could not be 

assigned unambiguously. 

 
Figure S1. 1H NMR (400 MHz) monitoring of the reaction of 1c (1.01 M) with 3d (1.07 M) in CD2Cl2 at 

6 °C to ambient temperature over a period of 27 days. 

 

Reaction of methyl diazoacetate (1a) with norbornene (3e) 

Methyl (3aR*,4S*,7R*,7aS*)-3a,4,5,6,7,7a-hexahydro-1H-4,7-methanoindazole-3-

carboxylate (±)-(6ae) was obtained from 1a (202 mg, 2.02 mmol) and 3e (190 mg, 2.02 mmol) in 

CHCl3 (0.5 mL) according to GP A (sealed vial, 50 °C, 4 days, recrystallization: EtOAc/n-

pentane): colorless crystals (310 mg, yield 79%); mp 140.6 °C. Spectroscopic data consistent with 

those reported in ref.S15 
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8be (xv497-1)                                                  7be (xv497-2) 

content in solid material: 91.5%                      content in solid material: 8.5% 

Furthermore, repeating the reaction of 1b (505 mg, 3.19 mmol) with 3e (301 mg, 3.20 mmol) in 

CDCl3 (0.2 mL) according to GP A (sealed NMR tube, 55 °C, 4 months, column chromatography 

on silica gel, n-pentane/EtOAc = 10:1) furnished a 8:1-mixture of 7be and 8be (594 mg, yield 

83%). NMR signal assigmments for 7be were confirmed by the spectral data of this 7be-enriched 

sample. 

The reaction of 1b (182 mg, 1.15 mM) with 3e (111 mg, 1.18 mM) in CDCl3 (350 µL) was repeated 

by mixing the reactants at room temperature (Figure S2). After heating to +55 °C for 2 days, the 

initial product formed in the reaction of 1b with 3e was detected by NMR monitoring to be 

pyrazole 5be, which gave 7be after elimination of N2 during the further progress of the reaction 

(Figure S2). The cyclopropane 8be was not detected in the reaction mixture. Presumably, 8be was 

generated from 5be only during work up by column chromatography on silica gel. 
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Figure S2. 1H NMR (400 MHz) monitoring of the reaction of 1b (1.01 M) with 3e (1.07 M) in CDCl3 at 

55 °C. 

The NMR spectroscopic data for 5be were assigned based on NMR spectra of the reaction mixture 

measured after 8 days at 55 °C (Figure S2C). 

 

5be: 1H NMR (400 MHz, CDCl3): δ = 0.51 (d, J = 11.0 Hz, 1 H, He), 0.80 (s, 1 H, He), 1.08 (dd, 

J = 5.7, 2.7 Hz, 1 H, Hb), 1.20–1.27 (m, 1 H, Hc), 1.33 (ddt, J = 15.6, 11.2, 3.8 Hz, 1 H, Hc), 1.48 

(ddd, J = 9.6, 6.6, 3.7 Hz, 1 H, Hb), 1.78 (d, J = 4.0 Hz, 1 H, Hd), 2.43 (dd, J = 6.5, 1.5 Hz, 1 H, 

Ha), 2.77 (d, J = 4.6 Hz, 1 H, Hf), 3.63 (s, 3 H, Hj or Hk), 3.69 (s, 3 H, Hj or Hk), 4.68 (d, J = 6.5 

Hz, 1 H, Hg). 13C NMR (101 MHz, CDCl3): δ = 24.9 (CH2, C
c), 28.3 (CH2, C

b), 32.2 (CH2, C
e), 

37.5 (CH, Ca), 38.0 (CH, Cd), 43.7 (CH, Cf), 52.3 (CH3, C
j or Ck), 53.3 (CH3, C

j or Ck), 100.1 (CH, 

Cg), 104.5 (C, Ch), 165.0 (C, Ci or Cl), 165.9 (C, Ci or Cl).  

 

Reaction of methyl diazoacetate (1a) with 1-hexene (3h) 

Methyl 5-butyl-4,5-dihydro-1H-pyrazole-3-carboxylate (6ah) was obtained from 1a (257 mg, 

2.57 mmol) and 3h (216 mg, 2.57 mmol) in CDCl3 (200 µL) according to GP A (sealed NMR tube, 

50 °C, 44 days, conversion ratio 68%, mesitylene as internal standard, column chromatography on 

silica gel, n-pentane/diethyl ether = 2:1) as colorless oil (310 mg, 65%). 6ah is unstable upon 

heating or exposure to air.S18 

 

1H NMR (400 MHz, CDCl3): δ = 0.90 (t, J = 6.9 Hz, 3 H, He), 1.32–1.37 (m, 4 H, Hc and Hd), 

1.47–1.62 (m, 2 H, Hb), 2.61 (dd, J = 17.0, 8.8 Hz, 1 H, Hf), 3.01 (dd, 1 H, J = 16.9, 11.0 Hz, Hf), 

3.83 (s, 3 H, Hi) 3.90–3.98 (m, 1 H, Ha). The NH signal was not detectable presumably due to fast 

exchange in CDCl3. 13C NMR (101 MHz, CDCl3): δ = 14.1 (CH3, C
e), 22.7 (CH2, C

d), 28.2 (CH2, 

Cc), 34.7 (CH2, C
b), 36.4 (CH2, C

f), 52.2 (CH3, C
i), 62.4 (CH, Ca), 142.6 (C, Cg), 163.4 (C, Ch). 

HRMS (ESI-): m/z calcd for C9H15N2O2
- (M – H+): 183.1139; found 183.1138.  

 

Reaction of dimethyl diazomalonate (1b) with 1,1-bis(phenylsulfonyl)ethylene (3i) 

Dimethyl 2,2-bis(phenylsulfonyl)cyclopropane-1,1-dicarboxylate (8bi) and dimethyl 2-(2,2-

bis(phenylsulfonyl)ethylidene)malonate (7bi) were obtained from 1b (182 mg, 1.15 mmol) and 

3i (299 mg, 0.97 mmol) in CDCl3 (0.5 mL) according to GP A (sealed NMR tube, 50 °C, 14 days, 
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column chromatography on silica gel, n-pentane/diethyl ether = 2:1): 8bi white powder (87.2 mg, 

yield 21%); mp 58.1 °C and 7bi light yellow oil (300 mg, yield 70%). 

 

8bi: 1H NMR (400 MHz, CDCl3): δ = 2.66 (s, 2 H, Hd), 3.82 (s, 6 H, Ha), 7.55–7.60 (m, 4 H, Hh), 

7.69–7.72 (m, 2 H, Hi), 7.97–8.00 (m, 4 H, Hg). 13C NMR (101 MHz, CDCl3): δ = 21.9 (CH2, C
d), 

46.4 (C, Cc), 54.4 (CH3, C
a), 67.5 (C, Ce), 129.1 (CH, Ch), 129.6 (CH, Cg), 134.8 (CH, Ci), 138.6 

(C, Cf), 163.6 (C, Cb). HRMS (ESI-): m/z calcd for C19H17O8S2
– (M – H+): 437.0370; found 

437.0372. IR (neat, ATR): 3101, 3067, 3010, 2956, 2361, 2339, 1743, 1584, 1448, 1434, 1328, 

1263, 1232, 1152, 1129, 1084, 1062, 798, 743, 683 cm–1.  

 

7bi: 1H NMR (400 MHz, CDCl3): δ = 3.59 (s, 3 H, Ha’ or He’), 3.78 (s, 3 H, Ha’ or He’), 6.19 (d, J 

= 11.4 Hz, 1 H, Hg’), 6.91 (d, J = 11.4 Hz, 1 H, Hf’), 7.55–7.59 (m, 4 H, Hj’), 7.68–7.72 (m, 2 H, 

Hk’), 7.89–7.91 (m, 4 H, Hi’). 13C NMR (101 MHz, CDCl3): δ = 52.9 (CH3, C
a’ or Ce’), 53.2 (CH3, 

Ca’ or Ce’), 81.3 (CH, Cg’), 129.4 (CH, Cj’), 129.6 (CH, Ci’), 132.2 (CH, Cf’), 135.2 (CH, Ck’), 135.7 

(C, Cc’), 137.7 (C, Ch’), 162.9 (C, Cb’ or Cd’), 163.1 (C, Cb’ or Cd’). HRMS (ESI-): m/z calcd for 

C19H17O8S2
– (M – H+): 437.0370; found 437.0364. IR (neat, ATR): 3065, 2957, 1722, 1642, 1583, 

1447, 1437, 1364, 1335, 1313, 1278, 1236, 1152, 1100, 1077, 1051, 911, 805, 726, 683 cm–1. 

 

Reaction of methyl diazoacetate (1a) with ESF (3k) 

Methyl 1H-pyrazole-3-carboxylate (9ak) was obtained from 1a (252 mg, 2.52 mmol) and 3k 

(201 mg, 1.83 mmol) in toluene (5 mL) according to GP A (round bottom flask, room temperature, 

overnight, column chromatography on silica gel, n-pentane/EtOAc = 5:1 ⁓ 1:1): white powder 

(205 mg, yield 89%); mp 142.0 °C (ref.S19a: mp 140-142 °C). Spectroscopic data are consistent 

with those reported in literature.S19 

 

1H NMR (400 MHz, CDCl3): δ = 3.97 (s, 3 H, He), 6.86 (d, J = 2.3 Hz, 1 H, Hb), 7.85 (dd, J = 2.2, 

1.1 Hz, 1 H, Ha), 14.1 (br s, 1 H, NH). 13C NMR (101 MHz, CDCl3): δ = 52.1 (CH3, C
e), 107.8 
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Figure S3. 1H NMR (400 MHz) monitoring of the reaction of 1c (0.233 M) with 3n (0.258 M) in CD2Cl2 

at –40 to 25 °C. 
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NMR monitoring of the reaction of 1c (0.233 M) and 3n (0.258 M) in CD2Cl2 at –40 °C to ambient 

temperature suggested the initial formation of a diastereomeric mixture of the 3H-pyrazoles 5cn-I 

and 5cn-II (I:II = 5:4), which underwent proton shift to give the isolated 1H-pyrazole 4cn as well 

as elimination of N2 to furnish the cyclopropane 8cn (Figure S3).  

The structures of intermediate 5cn-I and 5cn-II were assigned on the basis of additional 2D NMR 

spectra. 

 

5cn-I: 1H NMR (400 MHz, CD2Cl2): δ = 1.79–1.84 (m, 1 H, Hf), 2.38 (dt, J = 13.2, 9.1 Hz, 1 H, 

Hf), 2.70 (s, 3 H, Hi), 5.31–5.37 (m, 1 H, Hg, superimposed with solvent peak), 5.50 (td, J = 9.4, 

3.0 Hz, 1 H, Ha), 7.47 (d, J = 8.4 Hz, 2 H, Hc), 8.23 (d, J = 8.5 Hz, 2 H, Hd, superimposed with 

Hd’). 13C NMR (at –40 °C, 101 MHz, CD2Cl2): δ = 25.9 (CH2, C
f), 30.0 (CH3, C

i), 91.5 (CH, Ca), 

99.9 (CH, Cg), 124.0 (CH, Cd), 128.4 (CH, Cc), 145.6 (C, Cb), 147.2 (C, Ce), 201.6 (C, Ch).  

5cn-II: 1H NMR (400 MHz, CD2Cl2): δ = 1.60 (ddd, = 13.3, 9.7, 7.7 Hz, 0.7 H, Hf’, superimposed 

with resonance of residule H2O), 2.58 (s, 2.2 H, Hi’), 2.61–2.68 (m, 0.8 H, Hf’), 5.65–5.70 (m, 0.7 

H, Hg’), 5.81–5.85 (m, 0.7 H, Ha’), 7.44 (d, J = 8.5 Hz, 1.5 H, Hc’), 8.23 (d, J = 8.5 Hz, 1.4 H, Hd’, 

superimposed with Hd). 13C NMR (at –40 °C, 101 MHz, CD2Cl2): δ = 26.1 (CH2, C
f’), 29.96 (CH3, 

Ci’), 91.3 (CH, Ca’), 99.7 (CH, Cg’), 124.04 (CH, Cd’), 128.1 (CH, Cc’), 145.7 (C, Cb’), 147.1 (C, 

Ce’), 200.1 (C, Ch’). 

 

Reaction of methyl diazoacetate (1a) with diethyl fumarate (3o) 

4,5-Diethyl 3-methyl (4S*,5R*)-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate (±)-trans-(6ao) 

and 3,4-diethyl 5-methyl (4R*,5S*)-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate (±)-trans-

(4ao) were obtained from 1a (202 mg, 2.02 mmol) and 3o (294 mg, 1.71 mmol) in toluene (0.5 

mL) as a mixture (6ao:4ao = 5:2, NMR integration) according to GP A (sealed GC vial, 50 °C, 3 

days, column chromatography on silica gel, n-pentane/EtOAc = 5:1–2:1): white solid (385 mg, 

yield 82%).  

Pure trans-6ao (white needles, 135 mg, yield 13%) was obtained by repeated (6×) recrystallization 

from EtOH of the 937 mg (yield 86%) product isolated from another batch of the reaction of 1a 

(410 mg, 4.00 mmol) and 3o (843 mg, 4.90 mmol) (neat, 50 °C, 44 h, column chromatography on 

silica gel, n-pentane/EtOAc = 2:1). mp 97.9 °C 
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trans-6ao: 1H NMR (400 MHz, CDCl3): δ = 1.26–1.32 (m, 6 H, Hd and Hh), 3.85 (s, 3 H, Hk), 

4.20–4.27 (m, 4 H, Hc and Hg), 4.42 (d, J = 5.3 Hz, 1 H, He), 4.75 (d, J = 5.4 Hz, 1 H, Ha), 6.80 

(br s, 1 H, NH). 13C NMR (101 MHz, CDCl3): δ = 14.1 (CH3, C
h), 14.2 (CH3, C

d), 52.5 (CH3, C
e), 

52.6 (CH, Ck), 62.4 (CH2, C
c), 62.8 (CH2, C

g), 66.3 (CH, Ca), 140.0 (C, Ci), 161.8 (C, Cj), 169.1 

(C, Cb), 169.9 (C, Cf). The structure of 6ao in chloroform solution was assigned on the fundament 

of the correlation of Hk and Ci in HMBC and the low chemical shift of Cj (161.8 ppm) due to 

conjugation with the double bond. HRMS (ESI+): m/z calcd for C11H17N2O6
+ (M + H+): 273.1081; 

found 273.1082. IR (neat, ATR): 3289, 2962, 1732, 1701, 1561, 1447, 1369, 1342, 1313, 1272, 

1222, 1183, 1112, 1030, 981, 866, 820, 765 cm–1. Single crystal X-ray crystallography (trans-

6ao): C11H16N2O6 (av017). 

 

trans-4ao (from the NMR spectra of the 5:2 mixture of 6ao/4ao): 1H NMR (400 MHz, CDCl3): δ 

= 1.26–1.36 (m, 2.6 H, Hd’ and Hh’, superimposed with Hd and Hh of trans-6ao), 3.80 (s, 1.2 H, 

Hk’), 4.20–4.34 (m, 1.7 H, Hc’ and Hg’, superimposed with Hc and Hg of trans-6ao), 4.42 (d, J = 

5.3 Hz, 0.4 H, He’, superimposed with He of trans-6ao), 4.77 (d, J = 6.0 Hz, 0.4 H, Hi’, 

superimposed with Ha of trans-6ao), 6.78 (s, 0.4 H, NH). 13C NMR (101 MHz, CDCl3): δ = 14.1 

(CH3, C
h’, superimposed with Ch of trans-6ao), 14.3 (CH3, C

d’), 52.6 (CH, Ce’), 53.4 (CH3, C
k’), 

61.7 (CH2, C
c’), 62.4 (CH2, C

g’, superimposed with Cc of trans-6ao), 66.2 (CH, Ci’), 140.4 (C, Ca’), 

161.3 (C, Cb’), 169.1 (C, Cf’), 170.5 (C, Cj’). A pure sample of trans-4ao was characterized as 

trans-4as (from the reaction of 1a with 3s, see below).  

 

Reaction of dimethyl diazomalonate (1b) with diethyl fumarate (3o) 

4,5-Diethyl 3,3-dimethyl 2,4-dihydro-3H-pyrazole-3,3,4,5-tetracarboxylate (4bo) was 

obtained from 1b (188 mg, 1.19 mmol) and 3o (244 mg, 1.42 mmol) according to GP A (neat, 

sealed GC vial, 90 °C, 11 days, column chromatography on silica gel, n-pentane/EtOAc = 5:1–

1:1): colorless crystals (282 mg, yield 71%); mp 85.4 °C. 

 

1H NMR (400 MHz, CDCl3): δ = 1.27–1.34 (m, 6 H, Hg and Hk), 3.77 (s, 3 H, Hc or Hc’), 3.85 (s, 

3 H, Hc or Hc’), 4.20 (q, J = 7.1 Hz, 2 H, Hf), 4.27–4.32 (m, 2 H, Hj), 4.87 (d, J = 1.0 Hz, 1 H, Hd), 

7.04 (br s, 1 H, NH). 13C NMR (101 MHz, CDCl3): δ = 14.1 (CH3, C
g or Ck), 14.3 (CH3, C

g or 

Ck), 53.9 (CH3, C
c or Cc’), 54.3 (CH3, C

c or Cc’), 56.3 (CH, Cd), 61.9 (CH2, C
j), 62.4 (CH2, C

f), 

78.9 (C, Ca), 140.9 (C, Ch), 160.7 (C, Ci), 166.80 (C, Cb or Cb’), 166.83 (C, Cb or Cb’), 167.7 (C, 

Ce). HRMS (EI): m/z calcd for C13H18N2O8
+· (M+·): 330.1058; found 330.1055. IR (neat, ATR): 
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3329, 3310, 2983, 2954, 1733, 1708, 1592, 1476, 1437, 1374, 1341, 1284, 1252, 1218, 1178, 1156, 

1133, 1093, 1070, 1039, 1028, 947, 931, 837, 784, 715, 688 cm–1.  

 

Reaction of p-nitrophenyldiazomethane (1c) with diethyl fumarate (3o) 

Diethyl (4S*,5R*)-5-(4-nitrophenyl)-4,5-dihydro-1H-pyrazole-3,4-dicarboxylate (±)-trans-

(4co) and diethyl (4S*,5S*)-5-(4-nitrophenyl)-4,5-dihydro-1H-pyrazole-3,4-dicarboxylate 

(±)-cis-(4co) were obtained from 1c (200 mg, 1.23 mmol) in dry CH2Cl2 (2.5 mL) and 3o (221 

mg, 1.28 mmol) in dry CH2Cl2 (0.5 mL) according to GP B (27 hours, column chromatography on 

silica gel, n-pentane/EtOAc = 5:1–2:1): trans-4co yellow solid (253 mg, yield 61%); mp 113.8 °C 

and cis-4co light-yellow solid (75 mg, yield 18%); mp 117.0 °C.  

 

trans-4co: 1H NMR (400 MHz, CDCl3): δ = 1.29 (t, J = 7.1 Hz, 3 H, Hi), 1.34 (t, J = 7.1 Hz, 3 H, 

Hm), 3.95 (d, J = 10.3 Hz, 1 H, Hf), 4.24–4.35 (m, 4 H, Hh and Hl), 5.36 (dd, J = 10.4 Hz, 1.9 Hz, 

1 H, Ha), 6.64 (br s, 1 H, NH), 7.50–7.53 (m, 2 H, Hc), 8.22–8.26 (m, 2 H, Hd). 13C NMR (101 

MHz, CDCl3): δ = 14.2 (CH3, C
i), 14.3 (CH3, C

m), 58.7 (CH, Cf), 61.8 (CH2, C
l), 62.4 (CH2, C

h), 

69.7 (CH, Ca), 124.5 (CH, Cd), 127.5 (CH, Cc), 139.3 (C, Cj), 146.5 (C, Cb), 148.2 (C, Ce), 161.5 

(C, Ck), 169.9 (C, Cg). HRMS (EI): m/z calcd for C15H17N3O6
+· (M+·): 335.1112; found 335.1111. 

IR (neat, ATR): 3518, 3357, 3110, 3083, 2982, 2940, 1725, 1700, 1605, 1572, 1514, 1428, 1341, 

1290, 1222, 1189, 1136, 1108, 1053, 1027, 981, 921, 858, 844, 756, 724, 710 cm–1.  

 

cis-4co: 1H NMR (400 MHz, CDCl3): δ = 0.86 (t, J = 7.1 Hz, 3 H, Hi), 1.35 (t, J = 7.1 Hz, 3 H, 

Hm), 3.65–3.79 (m, 2 H, Hh), 4.30–4.36 (m, 2 H, Hl), 4.39 (d, J = 13.0 Hz, 1 H, Hf), 5.46 (dd, J = 

13.0, 2.4 Hz, 1 H, Ha), 6.56 (s, 1 H, NH), 7.56 (d, J = 8.7 Hz, 2 H, Hc), 8.21 (d, J = 8.7 Hz, 2 H, 

Hd). 13C NMR (101 MHz, CDCl3): δ = 13.9 (CH3, C
i), 14.4 (CH3, C

m), 55.2 (CH, Cf), 61.5 (CH2, 

Ch), 61.8 (CH2, C
l), 67.5 (CH, Ca), 123.8 (CH, Cd), 128.8 (CH, Cc), 140.3 (C, Cj), 143.3 (C, Cb), 

148.2 (C, Ce), 161.7 (C, Ck), 167.2 (C, Cg). HRMS (EI): m/z calcd for C15H17N3O6
+· (M+·): 

335.1112; found 335.1112. IR (neat, ATR): 3292, 2981, 2940, 1732, 1702, 1607, 1571, 1520, 

1468, 1430, 1343, 1295, 1221, 1200, 1105, 1059, 1020, 914, 871, 852, 822, 775, 753, 734, 693 

cm–1.  

 

Reaction of methyl diazoacetate (1a) with diethyl maleate (3s)  
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Reaction of dimethyl diazomalonate (1b) with diethyl maleate (3s) 

4bs (=4bo) (30.3 mg, yield 11%) was also obtained from 1b (130 mg, 0.82 mmol) and 3s (137 mg, 

0.80 mmol) in d8-toluene:mesitylene = 1:1 (350 μL) according to GP A (sealed NMR tube, 85 °C, 

137 days, conversion ratio 60%, 1,1,2,2-tetrachloroethane as internal standard, column 

chromatography on silica gel: n-pentane/EtOAc = 5:1–1:1).  

 

Reaction of dimethyl diazomalonate (1b) with ethyl acrylate (3r) 

5-Ethyl 3,3-dimethyl 2,4-dihydro-3H-pyrazole-3,3,5-tricarboxylate (4br) was obtained from 

1b (711 mg, 4.50 mmol) and 3r (300 mg, 3.00 mmol) in d8-toluene: mesitylene = 1:1 (200 μL) 

according to GP A (sealed NMR tube, 30 mg hydroquinone, 50 °C, 45 days, column 

chromatography on silica gel, n-pentane/EtOAc = 5:1–1:1): colorless oil (577 mg, yield 74%). 

Isolated 4br decomposed at room temperature upon exposure to air. 

 

1H NMR (400 MHz, CDCl3): δ = 1.33 (t, J = 7.1 Hz, 3 H, Hh), 3.58 (s, 2 H, Hd), 3.81 (s, 6 H, Hc), 

4.29 (q, J = 7.1 Hz, 2 H, Hg), 7.07 (br s, 1 H, NH). 13C NMR (101 MHz, CDCl3): δ = 14.3 (CH3, 

Ch), 39.1 (CH2, C
d), 53.9 (CH3, C

c), 61.7 (CH2, C
g), 75.2 (C, Ca), 116.2 (residule hydroquinone), 

143.0 (C, Ce), 161.5 (C, Cf), 168.6 (C, Cb). HRMS (ESI+): m/z calcd for C10H15N2O6
+ (M + H+): 

259.0925; found 259.0926. IR (neat, ATR): 3338, 2985, 2959, 1736, 1707, 1435, 1288, 1240, 

1153, 1129, 1061, 1046, 828, 778, 751 cm–1.  

 

Reaction of p-nitrophenyldiazomethane (1c) with ethyl acrylate (3r) 

Ethyl 5-(4-nitrophenyl)-4,5-dihydro-1H-pyrazole-3-carboxylate (4cr) was obtained from 1c 

(146 mg, 0.89 mmol) in dry CH2Cl2 (1.5 mL) and 3r (113 mg, 1.13 mmol) in dry CH2Cl2 (0.5 mL) 

according to GP B (21 hours, column chromatography on silica gel, n-pentane/diethyl ether = 1:2–

diethyl ether): yellow solid (156 mg, yield 66%); mp 137.8 °C. 4cr decomposed at room 

temperature upon exposure to air. 

 

1H NMR (400 MHz, CDCl3): δ = 1.36 (t, J = 7.1 Hz, 3 H, Hj), 2.89 (dd, J = 17.3, 10.3 Hz, 1 H, 

Hf), 3.48 (dd, J = 17.3, 11.9 Hz, 1 H, Hf), 4.32 (q, J = 7.2 Hz, 2 H, Hi), 5.13 (dd, J = 11.9, 10.3 Hz, 
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8.7, 7.3 Hz, 1 H, He), 4.19 (q, J = 7.1 Hz, 2 H, Hi), 7.34–7.39 (m, 2 H, Ha, superimposed with Ha’ 

of 8ct-II), 8.15–8.18 (m, 2 H, Hb). 13C NMR (101 MHz, CDCl3): δ = 14.4 (CH3, C
j), 14.6 (CH3, 

Cg), 20.4 (CH2, C
k), 26.1 (C, Cf), 31.1 (CH, Ce), 61.3 (CH2, C

i), 123.6 (CH, Cb), 130.2 (CH, Ca), 

145.2 (C, Cd), 146.9 (C, Cc), 174.8 (C, Ch).  

8ct-II: 1H NMR (400 MHz, CDCl3): δ = 0.90 (t, J = 7.1 Hz, 2.4 H, Hj’), 1.22–1.27 (0.9 H, Hk’, 

superimposed with Hk of 8ct-I), 1.52 (s, 2.4 H, Hg’), 2.00 (dd, J = 7.3, 5.2 Hz, 0.8 H, Hk’), 2.38 (t, 

J = 7.9 Hz, 0.8 H, He’), 3.75–3.87 (m, 1.6 H, Hi’), 7.34–7.39 (m, 1.6 H, Ha’, superimposed with Ha 

of 8ct-I), 8.10–8.13 (m, 1.6 H, Hb’). 13C NMR (101 MHz, CDCl3): δ = 14.1 (CH3, C
j’), 19.6 (CH2, 

Ck’), 21.4 (CH3, C
g’), 28.9 (CH, Cf’), 33.4 (CH, Ce’), 60.7 (CH2, C

i’), 123.2 (CH, Cb’), 130.1 (CH, 

Ca’), 145.4 (C, Cd’), 146.7 (C, Cc’), 171.9 (C, Ch’). 

 

1H NMR (400 MHz, CDCl3): δ = 1.30 (t, J = 7.1 Hz, 3 H, Hd), 1.62 (s, 3 H, He), 2.93 (d, J = 16.7 

Hz, 1 H, Hf), 3.67 (d, J = 16.7 Hz, 1 H, Hf), 4.22 (q, J = 7.1 Hz, 2 H, Hc), 6.57 (br s, 1 H, NH), 

7.75 (d, J = 8.9 Hz, 2 H, Hi), 8.21 (d, J = 8.6 Hz, 2 H, Hj). 13C NMR (101 MHz, CDCl3): δ = 14.2 

(CH3, C
d), 24.4 (CH3, C

e), 42.0 (CH2, C
f), 62.3 (CH2, C

c), 69.3 (C, Ca), 124.0 (CH, Cj), 126.5 (CH, 

Ci), 138.8 (C, Ch), 147.6 (C, Ck), 149.1 (C, Cg), 174.7 (C, Cb). HRMS (ESI+): m/z calcd for 

C13H16N3O4
+ (M + H+): 278.1135; found 278.1136. IR (neat, ATR): 3322, 2974, 2931, 2872, 1720, 

1596, 1564, 1508, 1425, 1342, 1305, 1251, 1201, 1133, 1112, 1069, 1019, 857, 844, 836, 770, 

752, 688 cm–1.  

By NMR monitoring of the reaction of 1c with 3t, formation of a diastereomeric mixture of 5ct 

(major:minor = 5:3) was observed at the initial stages of the reaction, which furnished 8ct by 

elimination of N2 (Figure S4). The 1H-pyrazole 6ct resulted probably from tautomerization of 5ct 

upon work up by column chromatography. The structures of 5ct-major and 5ct-minor were 

assigned on the basis of 2D NMR spectra.  

The NMR spectra for the structural assignment of 5ct were measured for the reaction of 1c (30.0 

mg, 0.184 mM) with 3t (25.0 mg, 0.219 mM) in CD2Cl2 (500 µL) after 5 hours at ambient 

temperature. 

 

 

NMR data assigned to 5ct: 1H NMR (400 MHz, CDCl3): δ = 1.27–1.30 (m, 11.9 H, Hd, Hd’ and 
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Hf’, superimposed with resonances of OCH3 of 3v), 1.54 (s, 3 H, He), 1.80 (s, 1.7 H, He’), 1.97 (dd, 

J = 13.1, 9.0 Hz, 1 H, Hf), 2.21 (dd, J = 13.1, 8.9 Hz, 1 H, Hf), 2.81 (dd, J = 13.2, 8.8 Hz, 0.6 H, 

Hf’), 4.18–4.28 (m, 3.8 H, Hc and Hc’), 5.68–5.74 (m, 1.5 H, Hg and Hg’), 7.48–7.51 (m, 3 H, Hi 

and Hi’), 8.22–8.27 (m, 3 H, Hj and Hj’). 13C NMR (101 MHz, CDCl3): δ = 14.2 (CH3, C
d and Cd’), 

20.9 (CH3, C
e), 22.8 (CH3, C

e’), 36.9 (CH2, C
f), 38.2 (CH2, C

f’), 62.45 (CH2, C
c), 62.48 (CH2, C

c’), 

91.6 (CH, Cg), 92.9 (CH, Cg’), 96.7 (C, Ca), 97.3 (C, Ca’), 124.3 (CH, Cj), 124.4 (CH, Cj’), 128.4 

(CH, Ci’), 128.7 (CH, Ci), 145.9 (C, Ch), 146.4 (C, Ch’), 147.95 (C, Ck’), 147.99 (C, Ck), 169.8 (C, 

Cb’), 171.0 (C, Cb). 

 

 

Figure S4. 1H NMR (400 MHz) monitoring of the reaction of 1c (0.330 M) with 3t (0.393 M) in CD2Cl2 at 

ambient temperature. 

 

Reaction of methyl diazoacetate (1a) with ethyl (E)-crotonate (3v) 

5-Ethyl 3-methyl (4S*,5R*)-4-methyl-4,5-dihydro-1H-pyrazole-3,5-dicarboxylate (±)-trans-



Chapter 6. One-Bond-Nucleophilicity and Electrophilicity Parameters: An Efficient Ordering System for 1,3-DCAs 

164 

 

(6av) and 3-ethyl 5-methyl (4S*,5R*)-4-methyl-4,5-dihydro-1H-pyrazole-3,5-dicarboxylate 

(±)-trans-(4av) were obtained from 1a (207 mg, 2.07 mmol) and 3v (233 mg, 2.04 mmol) in d8-

toluene (250 μL) as a mixture (6av:4av = 5:2, NMR integration) according to GP A (sealed NMR 

tube, 80 °C, 5 days, column chromatography on silica gel, n-pentane/EtOAc = 4:1): colorless oil 

(304 mg, yield 70%).  

 

1H NMR (400 MHz, CDCl3): δ = 1.28 (t, J = 7.1 Hz, 3 H, Hd), 1.32–1.36 (m, 5.6 H, Hf, Hd’and 

Hf’), 3.54–3.60 (m, 1.4 H, He, He’), 3.75 (s, 1.2 H, Hi’), 3.83 (s, 3 H, Hi), 4.00 (d, J = 4.1 Hz, 1 H, 

Ha), 4.02 (d, J = 4.1 Hz, 0.4 H, Hg’), 4.20 (q, J = 7.1 Hz, 2 H, Hc), 4.25–4.33 (m, 0.8 H, Hc’), 6.66 

(br s, 1.2 H, NH). 13C NMR (101 MHz, CDCl3): δ = 14.2 (CH3, C
d), 14.3 (CH3, C

d’), 17.29 (CH3, 

Cf’), 17.34 (CH3, C
f), 43.1 (CH, Ce), 43.2 (CH, Ce’), 52.3 (CH3, C

i), 52.9 (CH3, C
i’), 61.4 (CH2, 

Cc’), 62.2 (CH2, C
c), 68.9 (CH, Cg’), 69.0 (CH, Ca), 146.4 (C, Cg), 146.8 (C, Ca’), 161.8 (C, Cb’), 

162.3 (C, Ch), 171.6 (C, Cb), 172.1 (C, Ch’).  

 

Reaction of methyl diazoacetate (1a) with phenylacetylene (3x) 

Methyl 5-phenyl-1H-pyrazole-3-carboxylate (9ax) was obtained from 1a (208 mg, 2.08 mmol) 

and 3x (218 mg, 2.13 mmol) in d8-toluene (250 μL) according to GP A (sealed NMR tube, 80 °C, 

2 days, filtration then recrystallization: CH2Cl2/hexane): white crystals (243 mg, yield 58%); mp 

184.4 °C (ref.S21a: mp 182-183 °C). Spectroscopic data are consistent with those reported in ref.S21 

 

1H NMR (400 MHz, CDCl3): δ = 3.92 (s, 3 H, Hi), 7.11 (s, 1 H, Hf), 7.35–7.39 (m, 1 H, He), 7.41–

7.46 (m, 2 H, Hd), 7.74 (s, 2 H, Hc), 11.4 (br s, 1 H, NH). 13C NMR (101 MHz, CDCl3): δ = 52.4 

105.8, 125.8, 128.8, 129.1, resonances of further carbon atoms were broadened because of fast 

proton transfer in 9ax. HRMS (ESI+): m/z calcd for C11H11N2O2
+ (M + H+): 203.0815; found 

203.0815. IR (neat, ATR): 3203, 3169, 3137, 3062, 3017, 2982, 2954, 1729, 1491, 1432, 1405, 

1274, 1241, 1194, 1132, 1009, 944, 845, 806, 782, 758, 684, 672 cm–1. 

1H and 13C NMR spectra of 9ax in d6-DMSO suggest a mixture of 9ax with a tautomer, presumably 

9ax’ (9ax:9ax’  2:1).  
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1H NMR (400 MHz, d6-DMSO): δ = 3.82 (s, 3 H, Hi), 3.87 (s, 2.0 H, Hi’), 7.21 (d, J = 1.9 Hz, 1 

H, Hf), 7.31–7.49 (m, 6.0 H, Hd, He, Hd’, He’, Hf’), 7.82 (d, J = 7.4 Hz, 2 H, Hc), 7.88 (d, J = 7.4 

Hz, 1.4 H, Hc’), 14.0 (br s, 1 H, NH of 9ax), 14.1 (br s, 0.7 H, NH of 9ax’). 13C NMR (101 MHz, 

CDCl3): δ = 51.6 (CH3, C
i), 52.1 (CH3, C

i’), 104.9 (CH, Cf), 105.8 (CH, Cf’), 125.3 (CH, Cc’), 

125.4 (CH, Cc), 128.0 (CH, Ce’), 128.4 (C, Cb), 128.7 (C, Ce), 128.8 (C, Cd’), 129.1 (C, Cd), 132.7 

(C, Cb’), 134.5 (C, Cg’), 143.5 (C, Ca), 143.9 (C, Cg), 151.3 (C, Ca’), 159.5 (C, Ch’), 162.5 (C, Ch). 
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Comparison of rate constants k2 with reported k2 values 

 

Table S30. Comparison of the second-order rate constants k2 extrapolated from experimental data (this 

work) with Reissig’s data (ref. S17) for the reactions of 1a with dipolarophiles at 80.3 °C and of 1b with 

dipolarophiles at 110 °C. 

Diazo Compounds Dipolarophiles T (°C) k2(T) 

(M–1 s–1) 

this work 

k2(T) 

(M–1 s–1) 

ref. S17 

Ratio 

1a 3e 80.3 1.29 × 10–4, a 7.46 × 10–5, b 1.7 

1a 3o  80.3 1.66 × 10–3, c 1.23 × 10–3, b 1.4 

1a 3s  80.3 1.81 × 10–4, c 3.05 × 10–4, b 1/1.7 

1a 3v  80.3 1.57 × 10–5, c 1.62 × 10–5, b 1.0 

1a 3x 80.3 3.79 × 10–6, c 3.75 × 10–6, d 1.0 

      

1b 3e 110 2.30 × 10–5, a 3.18 × 10–5, e 1/1.4 

1b 3o 110 1.80 × 10–5, f 9.20 × 10–6, e 2.0 

1b 3s 110 6.37 × 10–7, f 1.50 × 10–6, e 1/2.4 
a Extrapolated from rate constants in CDCl3 at lower temperatures by using the Eyring equation. b In toluene 

at 80.3 °C measured by IR spectroscopy. c Extrapolated from rate constants in d8-toluene at lower 

temperatures by using the Eyring equation.d In toluene at 80.3 °C measured by NMR spectroscopy. e In 

mesitylene at 110 °C measured by IR spectroscopy. f Extrapolated from rate constants in d8-

toluene:mesitylene = 1:1 at lower temperatures by using the Eyring equation.  
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Construction of lg k2 vs. N and E correlations for the reactions of diazo compounds 1 with 

electrophiles, nucleophiles, and dipolarophiles 

 

Methyl diazoacetate (1a) 

 

The lg k2 vs. N and E correlations for methyl diazoacetate (1a) were constructed by using second-

order rate constants k2(20 °C) of the reactions of 1a with reference one-bond nucleophiles 2 (Table 

S32), reference one-bond electrophiles (Ar2CH+, Table S33), and dipolarophiles 3 (Table S34). 

 

Table S32. Second-order rate constants k2(20 °C) for the reactions of 1a with reference one-bond 

nucleophiles 2 and resulting electrophilicity parameter E(1a). 

 
Nucleophiles 2 Solvents k2(20 °C)a/ 

(M–1 s–1) 

lg k2 

2a (N = 21.07, sN = 0.68) DMSO 1.18 × 102 2.07 

2b (N = 18.42, sN = 0.65) DMSO 2.17 0.34 

2c (N = 15.91, sN = 0.86) CDCl3 1.83 × 10–3 –2.74 

2d (N = 14.91, sN = 0.86) CDCl3 4.68 × 10–4 –3.33 

2f (N = 11.40, sN = 0.83) CDCl3 7.03 × 10–7 –6.15 

2g (N = 10.04, sN = 0.82) CDCl3 2.20 × 10–7 –6.66 

    

E of 1a  –18.5  
a From refs S12a and S12b. 

  



Chapter 6. One-Bond-Nucleophilicity and Electrophilicity Parameters: An Efficient Ordering System for 1,3-DCAs 

196 

 

Table S33. Second-order rate constants k2(20 °C) for the reactions of 1a with reference one-bond 

electrophiles Ar2CH+ (counterion: BF4
–) in CH2Cl2 and resulting reactivity parameters N and sN. 

Ar2CH+ a E k2(20 °C)a/ 

(M–1 s–1) 

lg k2 

(mfa)2CH+ –3.85 6.94 0.84 

(dpa)2CH+ –4.72 6.22 × 10-1 –0.21 

(mor)2CH+ –5.53 2.19 × 10-1 –0.66 

(dma)2CH+ –7.02 5.92 × 10-3 –2.23 

     

N (sN) of 1a  4.68 (0.94)  
a This work. 

 

Table S34. Second-order rate constants k2(20 °C) for the reactions of 1a with dipolarophiles 3. 

 

Dipolarophiles 3 Solvents k2(80.3 °C)a/ 

(M–1 s–1) 

k2(20 °C)b/ 

(M–1 s–1) 

lg k2 

3a (N = 9.81) toluene 7.2 × 10–6 5 × 10–8, c –7.3 

3b (N = 3.76) toluene 2 × 10–7 6 × 10–10, c –9.2 

3d (N = 0.78) toluene 1.14 × 10–5 8 × 10–8, c –7.1 

3e (N = –0.25) CDCl3  7.06 × 10–7 –6.2 

3h (N = –2.77) CDCl3  5.96 × 10–9 –8.2 

3x (N = –0.04) d8-toluene  2.48 × 10–8 –7.6 

3k (E = –12.09) d8-toluene  7.92 × 10–4 –3.1 

3o (E = –17.79) d8-toluene  2.78 × 10–5 –4.6 

3q (E = –19.05) toluene 7.22 × 10–4 1 × 10–5, c –5.0 

3s (E = –19.49) d8-toluene  3.21 × 10–6 –5.5 

3t (E = –22.77) d8-toluene  2.85 × 10–6 –5.5 

3v (E = –23.59) d8-toluene  2.07 × 10–7 –6.7 
a Second-order rate constants k2(80.3 °C) from refs S17 and S22. b This work, if not mentioned otherwise. 
c Calculated from k2(80.3 °C) with an assumed ∆S‡ = –150 J mol–1 K–1. 
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Dimethyl diazomalonate (1b) 

 

The lg k2 vs. N and E correlations for dimethyl diazomalonate (1b) were constructed by using 

second-order rate constants k2(20 °C) of the reactions of 1b with reference one-bond nucleophiles 

2 (Table S35), reference one-bond electrophiles (Ar2CH+, Table S36), and dipolarophiles 3 (Table 

S37). 

 

Table S35. Second-order rate constants k2(20 °C) for the reactions of 1b with reference one-bond 

nucleophiles 2 and resulting electrophilicity parameter E(1b). 

 

Nucleophiles 2 Solvents k2(20 °C)a/ 

(M–1 s–1) 

lg k2 

2a (N = 21.07, sN = 0.68) DMSO 4.22 × 101 1.62 

2c (N = 15.91, sN = 0.86) CDCl3 2.59 × 10–2 –1.59 

2d (N = 14.91, sN = 0.86) CDCl3 7.59 × 10–4 –3.12 

2e (N = 13.41, sN = 0.82) CDCl3 9.91 × 10–5 –4.00 

2f (N = 11.40, sN = 0.83) CDCl3 4.81 × 10–6 –5.32 

    

E of 1b  –18.2  
a From ref. S12b. 
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Table S36. Second-order rate constants k2(20 °C) for the reactions of 1b with reference one-bond 

electrophiles Ar2CH+ (counterion: TfO–) in CH2Cl2 and resulting nucleophilicity parameters N (sN) for 1b. 

Ar2CH+ a E k2(20 °C)a/ 

(M–1 s–1) 

lg k2 

(ani)(tol)CH+ 1.48 1.33 0.12 

(ani)2CH+ 0 1.41 × 10–1 –0.85 

(fur)2CH+ –1.36 6.67 × 10–3 –2.18 

     

N (sN) of 1b  –1.24 (0.81)  
a This work. 

 

Table S37. Second-order rate constants k2(20 °C) for the reactions of 1b with dipolarophiles 3. 

 

Dipolarophiles 3 Solvents k2(110 °C)a/ 

(M–1 s–1) 

k2(20 °C)b/ 

(M–1 s-1) 

lg k2 

3a (N = 9.81) mesitylene 1.2 × 10–6 4 × 10–10, c –9.4 

3b (N = 3.76) mesitylene 2 × 10–7 4 × 10–11, c –10.4 

3d (N = 0.78) mesitylene 1.4 × 10–6 5 × 10–10, c –9.3 

3e (N = –0.25) CDCl3  2.44 × 10–8 –7.6 

3h (N = –2.77) mesitylene 1.3 × 10–6 4 × 10–10, c –9.4 

3x (N = –0.04) mesitylene 1.6 × 10–6 6 × 10–10, c –9.2 

3i (E = –7.50) CDCl3  1.94 × 10–6 –5.7 

3k (E = –12.09) T+Md  6.21 × 10–8 –7.2 

3o (E = –17.79) T+Md  2.25 × 10–10 –9.6 

3q (E = –19.05) mesitylene 6.7 × 10–6 4 × 10–9, c –8.4 

3r (E = –19.07) T+Md  1.21 × 10–8 –7.9 

3s (E = –19.49) T+Md  2.76 × 10–10 –9.6 

3t (E = –22.77) mesitylene 6.1 × 10–6, e 3 × 10–9, c –8.5 

3v (E = –23.59) mesitylene 6 × 10–7 2 × 10–10, c –9.7 
a Second-order rate constants k2(110 °C) from refs S17 and S22. b This work, if not mentioned otherwise. c 

Calculated from k2(110 °C) with an assumed ∆S‡ = –150 J mol–1 K–1. d Solvent mixture T+M = d8-

toluene/mesitylene (1/1). e Rate constant k2(110 °C) for the reaction of 1b with methyl methacrylate. 
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(p-Nitrophenyl)diazomethane (1c) 

 

The lg k2 vs. N and E correlations for (p-nitrophenyl)diazomethane (1c) were constructed by using 

second-order rate constants k2(20 °C) of the reactions of 1c with reference one-bond nucleophiles 

2 (Table S38), reference one-bond electrophiles (Ar2CH+, Table S39), and dipolarophiles 3 (Table 

S40). 

 

Table S38. Second-order rate constants k2(20 °C) for the reactions of 1c with reference one-bond 

nucleophiles 2 and resulting electrophilicity parameter E(1c). 

 
Nucleophiles 2 Solvents k2(20 °C)a/ 

(M–1 s–1) 

lg k2 

2c (N = 15.91, sN = 0.86) CD2Cl2 7.20 × 10–3 –2.14 

2d (N = 14.91, sN = 0.86) CD2Cl2 1.93 × 10–3 –2.71 

2e (N = 13.41, sN = 0.82) CD2Cl2 7.59 × 10–5 –4.12 

2f (N = 11.40, sN = 0.83) CD2Cl2 1.80 × 10–6 –5.74 

    

E of 1b  –18.3  
a From ref. S12b. 
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Table S39. Second-order rate constants k2(20 °C) for the reactions of 1c with reference one-bond 

electrophiles Ar2CH+ (counterion: BF4
–) in CH2Cl2 and resulting reactivity parameters N and sN. 

Ar2CH+ a E k2(20 °C)a/ 

(M–1 s–1) 

lg k2 

(dpa)2CH+ –4.72 1.26 × 102 2.10 

(mor)2CH+ –5.53 2.16 × 101 1.33 

(mpa)2CH+ –5.89 9.49 0.98 

(dma)2CH+ –7.02 1.51 0.18 

     

N (sN) of 1c  7.17 (0.83)  
a Data from ref. S11. 

 

Table S40. Second-order rate constants k2(20 °C) for the reactions of 1c with dipolarophiles 3. 

 

Dipolarophiles 3 Solvents k2(20 °C)a/ 

(M–1 s-1) 

lg k2 

3d (N = 0.78) CD2Cl2 1.65 × 10–6 –5.78 

3i (E = –7.5) CH2Cl2 2.16 × 101, b 1.33 

3k (E = –12.09) CH2Cl2 5.82 × 10–2, b –1.24 

3l (E = –14.07) CH2Cl2 1.74 × 10–2, b –1.80 

3n (E = –16.76) CH2Cl2 7.35 × 10–3 –2.13 

3o (E = –17.79) CH2Cl2 1.07 × 10–2 –1.97 

3r (E = –19.07) CH2Cl2 1.37 × 10–3 –2.86 

3t (E = –22.77) CH2Cl2 9.04 × 10-–5 –4.04 
a This work, if not mentioned otherwise. b From ref. S11. 
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Diphenyldiazomethane (1d) 

 

The lg k2 vs. N and E correlations for diphenyldiazomethane (1d) were constructed by using 

second-order rate constants k2(20 °C) of the reactions of 1d with reference one-bond nucleophiles 

2 (Table S41), reference one-bond electrophiles (Ar2CH+, Table S42), and dipolarophiles 3 (Table 

S43). 

 

Table S41. Second-order rate constant k2(20 °C) for the reaction of 1d with the reference one-bond 

nucleophile 2d and resulting electrophilicity parameter E(1d). 

 
Nucleophiles 2 Solvents k2(20 °C)a/ 

(M–1 s–1) 

lg k2 

2d (N = 14.91, sN = 0.86) CD2Cl2 2.89 × 10–6 –5.54 

    

E of 1d  –21.4  
a From ref. S12b. 

 

Table S42. Second-order rate constants k2(20 °C) for the reactions of 1d with reference one-bond 

electrophiles Ar2CH+ (counterion: BF4
–) in CH2Cl2 and resulting reactivity parameters N and sN. 

Ar2CH+ a E k2(20 °C)a/ 

(M–1 s–1) 

lg k2 

(mfa)2CH+ –3.85 2.30 × 101 1.36 

(dpa)2CH+ –4.72 2.93 0.47 

(mpa)2CH+ –5.89 2.88 × 10–1 –0.54 

(dma)2CH+ –7.02 2.71 × 10–2 –1.57 

     

N (sN) of 1d  5.29 (0.92)  
a Data from ref. S10. 
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Table S43. Second-order rate constants k2(20°C) for the reactions of 1d with dipolarophiles 3 as calculated 

from the experimentally determined k2(40°C) in DMF. 

 

Dipolarophiles 3 k2(40 °C)a 

(M–1 s–1) 
ΔS‡ 

(J mol–1 K–1) 

k2(20 °C)b 

(M–1 s–1) 

lg k2 

3c (N = 1.10) 2.85 × 10–6  5 × 10–7 –6.3 

3d (N = 0.78) 1.23 × 10–5  2 × 10–6 –5.7 

3e (N = –0.25) 3.83 × 10–5 –138 ± 4c 7 × 10–6, c –5.2 

3f (N = –0.87) 7.85 × 10–6  1 × 10–6 –6.0 

3g (N = –1.55) 4.45 × 10–7  6 × 10–8 –7.2 

3h (N = –2.77) 6 × 10–7  9 × 10–8 –7.0 

3x (N = –0.04) 1.18 × 10–5  2 × 10–6 –5.7 

II-1 (E = –5.52)   5.54 × 10–1, d –0.3 

II-2 (E = –5.90)   4.73 × 10–1, d –0.3 

II-3 (E = –7.20)   1.48 × 10–1, d –0.8 

II-4 (E = –7.20)   6.48 × 10–2, d –1.2 

II-5 (E = –8.00)   1.76 × 10–2, d –1.8 

3j (E = –11.31) 7.88 × 10–2  3 × 10–2 –1.5 

3m (E = –15.71) 4.02 × 10–3  1 × 10–3 –3.0 

3o (E = –17.79) 2.47 × 10–2  8 × 10–3 –2.1 

3p (E = –18.84) 8.31 × 10–3  2 × 10–3 –2.7 

3q (E = –19.05) 4.74 × 10–3  1 × 10–3 –3.0 

3r (E = –19.07) 8.12 × 10–3 –141 ± 1c 2 × 10–3 –2.7 

3s (E = –19.49) 6.85 × 10–4, e  2 × 10–4 –3.7 

3t (E = –22.77) 5.05 × 10–4  1 × 10–4 –4.0 

3u (E = –23.01) 7.20 × 10–6  1 × 10–6 –6.0 

3v (E = –23.59) 2.46 × 10–5  4 × 10–6 –5.4 

3w (E = –24.52) 1.25 × 10–5  2 × 10–6 –5.7 
a Second-order rate constants k2(40 °C) from refs S23 and S24. b Calculated from k2(40 °C) with an assumed 

∆S‡ = –140 J mol–1 K–1 derived from ref. S23. c Calculated from rate constants reported in ref. S23. d Data 

from ref. S25. e Rate constant k2(40 °C) for the reaction of 1d with dimethyl maleate. 
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6.2.4 Single Crystal X-ray Crystallography 

4,5-Diethyl 3-methyl (4S*,5R*)-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate trans-(6ao) 

 
(av017) 

Crystallographic data.  

net formula C11H16N2O6 

Mr/g mol−1 272.26 

crystal size/mm 0.100 × 0.030 × 0.030 

T/K 173.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system orthorhombic 

space group 'P c a 21' 

a/Å 16.0043(10) 

b/Å 10.5037(8) 

c/Å 7.7419(6) 

α/° 90 

β/° 90 

γ/° 90 

V/Å3 1301.45(16) 

Z 4 

calc. density/g cm−3 1.390 

μ/mm−1 0.114 

absorption correction Multi-Scan 

transmission factor range 0.91–1.00 

refls. measured 6930 

Rint 0.0449 

mean σ(I)/I 0.0514 

θ range 3.200–25.348 

observed refls. 2008 

x, y (weighting scheme) 0.0473, 0.2364 

hydrogen refinement mixed 

Flack parameter 0.5 

refls in refinement 2328 

parameters 179 

restraints 1 

R(Fobs) 0.0417 

Rw(F2) 0.0993 



Chapter 6. One-Bond-Nucleophilicity and Electrophilicity Parameters: An Efficient Ordering System for 1,3-DCAs 

208 

 

S 1.081 

shift/errormax 0.001 

max electron density/e Å−3 0.312 

min electron density/e Å−3 −0.167 

 

All C-bound hydrogen atoms have been calculated in ideal geometry riding on their parent atoms while the 

N-bound one has been refined freely. The structure has been refined as a 2-component perfect inversion 

twin. 

 

 

3,4-Diethyl 5-methyl (4R*,5S*)-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate (±)-trans-4as 

 

(av173) 

Crystallographic data.  

net formula C11H16N2O6 

Mr/g mol−1 272.26 

crystal size/mm 0.120 × 0.090 × 0.060 

T/K 173.(2) 

radiation MoKα 

diffractometer 'Bruker D8 Venture TXS' 

crystal system orthorhombic 

space group 'P 21 21 21' 

a/Å 7.7451(3) 

b/Å 10.1134(4) 

c/Å 17.2325(7) 

α/° 90 

β/° 90 

γ/° 90 

V/Å3 1349.81(9) 

Z 4 

calc. density/g cm−3 1.340 

μ/mm−1 0.110 

absorption correction Multi-Scan 

transmission factor range 0.95–0.99 
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refls. measured 16630 

Rint 0.0293 

mean σ(I)/I 0.0198 

θ range 2.883–26.733 

observed refls. 2722 

x, y (weighting scheme) 0.0559, 0.3942 

hydrogen refinement mixed 

Flack parameter 0.5 

refls in refinement 2848 

parameters 178 

restraints 0 

R(Fobs) 0.0359 

Rw(F2) 0.1057 

S 1.114 

shift/errormax 0.001 

max electron density/e Å−3 0.263 

min electron density/e Å−3 −0.175 

 

All C-bound hydrogen atoms have been calculated in ideal geometry riding on their parent atoms, the N-

bound hydrogen atom has been refined freely. The structure has been refined as a 2-component perfect 

inversion twin.  

The X-ray structure of triethyl trans-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate has previously been 

reported.S26 
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