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Chapter 1. Summary

Chapter 1. Summary
1.1 An Overlooked Pathway in 1,3-Dipolar Cycloadditions of Diazoalkanes with Enamines

Reactions of methyl diazoacetate with enamines derived from five- and six-membered cyclic
ketones were studied and the reaction mechanism was clarified.

Kinetics of the reactions of methyl diazoacetate with enamines were measured by time-resolved
'H NMR spectroscopy in CDCl; at low temperatures (range > 20 K) by following the decrease of
the integral for the vinylic hydrogens of enamines (Figure 1A) relative to an internal standard
(1,1,2,2-tetrachloroethane). Equimolar amounts of diazoacetate and enamines were used and the
second-order rate constants k» were derived from the slopes of the plots of 1/[enamine]; versus
time ¢ according to 1/[enamine]; = k> + 1/[enamine]o (Figure 1B). Eyring plots of In(k2/T) versus
1/T gave the activation parameters AH* and AS*, from which the second-order rate constants 4 at
20 °C were calculated (Figure 1C).
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Figure 1. (A) Reaction of methyl diazoacetate (0.399 M) with enamine 2¢ (0.371 M) monitored by the
decrease of the integral for the vinylic H of 2¢ vs. 1.1.2.2-tetrachloroethane (0.276 M) as internal standard
in CDCl; at —40 °C. (B) Plot of 1/[2c]; vs. time 7 for the determination of the second-order rate constant k»
of the reaction of methyl diazoacetate with 2¢ at —40 °C. (C) Eyring plot for the reactions of methyl
diazoacetate with 2¢ at —40 to —10 °C.

'H NMR spectroscopic monitoring of the reaction of methyl diazoacetate with
pyrrolidinocyclopentene 2¢ confirmed the preliminary formation of the hydrazonoenamine and
tautomers (Figure 1, top). They were generated presumably via the zwitterionic intermediate
formed by azo coupling of enamine 2c¢ to diazoacetate. Aqueous workup of the hydrazonoenamine
and tautomers gave the final product.

Although 1,3-dipolar cycloadducts were obtained as the final products from the reactions of o-
diazo esters with pyrrolidinocyclohexene, 'H NMR monitoring of these reactions in CDCl; at low
temperatures proved that the heterocycles were formed at later stage of the reactions.
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The rate-determining step for both the azo coupling and the 1,3-dipolar cycloadditions (Huisgen
reactions) of enamines with o-diazo esters can thus be confirmed as the formation of the
zwitterionic intermediates. Proton shifts of the zwitterions afford the hydrazonoenamines and
tautomers, which may hydrolyze during aqueous workup or regenerate the zwitterions to give
pyrazolines via cyclization (Scheme 1).

EorZ
Q(CH:):- qz)n / (CH2)n
~ N co,Me N, N _COMe
+ Ny COMe — NTB N
N Y N R AN R
Q R ® Q + tautomers

- y i
concerted n 1 I aq workup

CNH O C% Q COMe

N MeO;!
pyrazoline hydrolyzed product

MeO,C

Scheme 1. Mechanism for the reactions of diazo esters with cyclopentanone- and cyclohexanone-derived
enamines.
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1.2 Quantification of the Electrophilicities of Diazoalkanes

Reactions of methyl diazoacetate, dimethyl diazomalonate, p-nitrophenyl diazomethane and
diphenyldiazomethane with sulfonium ylides and enamines were investigated. And the one-bond
electrophilicities of the diazoalkanes were determined.

Kinetics of the reactions of dimethyl diazomalonate with sulfonium ylide 2a were investigated
photometrically by monitoring the decay of the absorbance of 2a at 372 nm in DMSO at 20 °C
under pseudo-first-order conditions (Figure 2A).
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Figure 2. (A) UV-Vis spectroscopic monitoring of the reaction of dimethyl diazomalonate (2.26 x 107> M)
with sulfonium ylide 2a (8.32 x 10~ M) at 372 nm in DMSO at 20 °C. (B) Mono-exponential decay of the
absorbance A4 at 372 nm vs. time for the reaction of diazomalonate with sulfonium ylide in DMSO at 20 °C.
(C) Linear correlation of the observed first-order rate constants kops With [diazomalonate] for determining
the second-order rate constant k, = 42.2 M~! s7* at 20 °C. (D) Plots of (Ig k»)/sn vs. N for the reactions of
diazomalonate with sulfonium ylide (in DMSO) and enamines (in CDCls) at 20 °C.

By following the mono-exponential decay of the absorbance of sulfonium ylide 2a the observed
first-order rate constants kops Of its reactions with diazomalonate were derived (Figure 2B). The
slope of the linear plot of &obs Versus the concentrations of diazomalonate gave the second-order
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rate constant k> of the reaction of diazomalonate with sulfonium ylide 2a at 20 °C (Figure 2C).
The k> values of the reactions of diazoalkanes with enamines in CDCl3 or CD>Cl, at 20 °C were
obtained using similar approach as described in the first part of this Summary chapter.

The equation 1g k2o c=sn(NV + E) [eq. (1)] was applied to determine the electrophilicity parameters
E of the diazoalkanes. The linear correlation of (lg &)/sx with the NV parameters of sulfonium ylide
and enamines indicated the common nature of the rate-determining steps in the reactions of
diazomalonate with sulfonium ylide 2a and enamines (Figure 2D). The one-bond electrophilicity
parameters £ of the diazoalkanes were derived from least-squares analysis according to eq. (1).

a-Ester substitutions have only limited influence on the one-bond electrophilicities of diazoalkanes,
as indicated by the similar £ parameters of diazoacetate (£ = —18.5) and diazomalonate (£ = —
18.2). This can be explained by the limited interactions between the m orbitals of the a-ester
substituents and the w*n=n orbitals of the diazo compounds.

The thus obtained E parameters of diazoalkanes can be used to rationalize reported azo couplings
of diazoalkanes with other nucleophiles. As indicated by their N parameters (about 14 to 16),

carbanions derived from active methylene compounds react with diazo esters (£ = —18) smoothly
as reported (Figure 3).
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Figure 3. Potential nucleophilic reaction partners for diazoalkanes.

In contrast, ordinary alkenes such as styrene, cannot be expected to react with diazoalkanes via
azo couplings at room temperature due to their weak nucleophilicities. The fact that these reactions
have been observed suggests that the reaction mechanism has switched from polar to concerted
processes.
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1.3 Cyclobutane Formation by the Reaction of Ethenesulfonyl Fluoride with Dimethyl
Diazomalonate

Reaction of dimethyl diazomalonate with ethenesulfonyl fluoride was studied and the mechanism
for the formation of the cyclobutane product was investigated.

A highly functionalized cyclobutane and a cyclopropane were isolated from the reaction of
ethenesulfonyl fluoride (ESF) with diazomalonate in toluene after 3 days at 100 °C (Scheme 2 left,
A). While column chromatographic workup of the reaction of ESF with diazomalonate in toluene
after 9 days at 85 °C led to the isolation of the cyclobutane and a A2-pyrazoline (Scheme 2 left, B).
'H NMR spectroscopic monitoring of the reaction of ESF with diazomalonate in ds-toluene after
3 days at 100 °C detected the formation of a alkylidene malonate and the cyclopropane (Scheme
2 left, C), from which the cyclobutane and the cyclopropane were isolated by column
chromatographic workup on silica gel.
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Scheme 2. Left: Reactions of ESF with dimethyl diazomalonate under different conditions. Right: Proposed
reaction mechanism for the formation of the cyclobutane.

"H NMR monitoring of the solution of the isolated A>-pyrazoline in ds-toluene at 95 °C confirmed
that both the alkylidene malonate and the cyclopropane were generated from thermolysis of the
pyrazoline. Integration of the respective 'H NMR signals suggested that the ratio of the alkylidene
malonate and the cyclopropane remained constant after 72 h at 95 °C, which indicated that no
mterconversion occurred between the olefin and the cyclopropane.

After adding triethylamine to the mixture, the alkylidene malonate disappeared and transformation
of it to the cyclobutane was detected by °F NMR spectroscopy (see Chapter 5). The cyclopropane
remained inert under these conditions.

The mechanism for the formation of the cyclobutane can thus be proposed as in Scheme 2, right.
1,3-Dipolar cycloaddition of ESF with diazomalonate gives the Al-pyrazoline, which is in fast
equilibrium with its thermodynamically more favorable A%-pyrazoline tautomer. Under heating,
the Al-pyrazoline extrudes molecular nitrogen and generates the alkylidene malonate and the
cyclopropane. The strong electron-withdrawing SO>F substituent facilitates deprotonation of the
CH> group in the alkylidene malonate under base catalysis. The thus formed carbanion undergoes
a Michael addition to another alkylidene malonate furnishing the cyclobutylmalonyl anion after
an intramolecular Michael addition. Protonation of the anion then yields the final cyclobutane.
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1.4 One-Bond-Nucleophilicity and -Electrophilicity Parameters: An Efficient Ordering
System for 1,3-Dipolar Cycloadditions

One-bond nucleophilicities of methyl diazoacetate and dimethyl diazomalonate were determined.
Reactions of methyl diazoacetate, dimethyl diazomalonate, p-nitrophenyl diazomethane and
diphenyldiazomethane with nucleophilic and electrophilic dipolarophiles were studied.

The equation 1g k2 ¢ = sn(N + E) [eq. (1)] was applied to investigate the one-bond electrophilicities
(as 1n the second part of this Summary chapter) and the one-bond nucleophilicities of ambiphilic
diazoalkanes. The one-bond nucleophilicities of a-diazo esters were determined by measuring the
kinetics of their reactions with benzhydrylium ions Ar,CH" in CH>Cl; at 20 °C. By plotting the Ig
k> of these reactions versus the known E parameters of Ar,CH", the nucleophilicity parameters N
and sy of the diazo compounds were derived according to eq. (1) (Figure 4).
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Figure 4. Plots of 1g k» of the reactions of a-diazo esters with benzhydrylium ions Ar,CH* (in CH>Cl, at 20
°C) versus their electrophilicity parameters E.

Kinetics of the 1,3-dipolar cycloadditions (1,3-DCAs) of diazoalkanes with nucleophilic and
electrophilic dipolarophiles (structures as exemplified in Figs SA & 5B) were investigated by time-
resolved '"H NMR spectroscopy and conventional UV-Vis spectroscopy. The second-order rate
constants k> of these reactions at 20 °C were obtained either from the activation parameters derived
from Eyring plots of the k> values measured at various temperatures or from the plots of observed
first-order rate constants kobs vs. the concentrations of the excessive diazoalkanes at 20 °C (see
Chapter 6). Previously reported kinetic data of the 1,3-DCAs of diazoalkanes with additional
dipolarophiles were collected and transformed to k> values at 20 °C by assuming appropriate
entropies of activation (Chapter 6).

Product analyses for the 1,3-DCAs of diazoalkanes with donor- and acceptor-substituted ethylenes
were performed. In most cases A2-pyrazolines, cyclopropanes and/or ethylene derivatives were
isolated as the final products. 'H NMR spectroscopic monitoring of some of the 1,3-DCAs
confirmed the initial formation of the Al-pyrazolines, which underwent proton shifts or extrusion
of molecular nitrogen to yield the isolated products.
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Figure 5. Correlation of 1g k»(20 °C) for the reactions of diazoacetate 1a with (A) nucleophilic reaction
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Figure 5B plots the lg k> for the reactions of diazoacetate 1a with benzhydrylium ions Ar,CH" and
acceptor-substituted ethylenes 3 against their one-bond electrophilicity parameters £. The blue
correlation line is derived from the reactions of diazoacetate with Ar,CH" and is the same as the
linear plot in Figure 4 for determination of the one-bond nucleophilicity parameters N and sy of
diazoacetate.
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The acceptor-substituted ethylenes 3 should also lie on the blue correlation line if they would react
as one-bond electrophiles with 1a with rate-determining formation of zwitterions. Figure 5B
shows, however, that the measured rate constants for the cycloadditions of all acceptor-substituted
ethylenes lie above the linear correlation for one-bond electrophiles, indicating that the transition
states (TS) of these reactions are more stable than those leading to zwitterions. The separation of
the rate constants from the blue line increases with decreasing electrophilicities £ of the
dipolarophiles 3 due to increasing synchronicity of the formation of the two d-bonds. Additionally,
the one-bond electrophilicity parameters £ of the electrophilic ethylenes 3 reflect their relative
reactivities towards diazoacetate, 1.e., the lower the E parameters of the dipolarophiles 3, the slower
their cycloadditions with diazoacetate.

This observation can be illustrated in more detail as in Figure 6. The blue line in the left part of
Figure 6 shows Gibbs activation energies derived from rate constants 42(20 °C) calculated by eq.
(1) for the hypothetical formation of zwitterions by attack of the nucleophilic carbon of 1a at the
B-position of the acceptor-substituted ethylenes 3 (structures in Figure 6, right). The orange
correlation line plots experimental Gibbs activation energies AG*(exp) for the concerted
cycloadditions of diazoacetate with dipolarophiles 3 against their one-bond electrophilicities E.
The linear plot of AG#*(exp) vs. E indicates that relative Gibbs activation energies for the concerted
cycloadditions are identical with those for the hypothetical stepwise processes.

The two correlation lines intersect at £ = —6, which implies that the reactions of diazoacetate with
one-bond electrophiles of £ > —6 will give zwitterions as intermediates. As the electrophilicity
parameters E decline from the right to the left of the abscissa, the two linear correlations separate
from each other and the zwitterionic character of the TS diminishes. Accordingly, the extent of
concertedness in the reaction TS increases and the synchronicity of the formation of the two bonds
improves as the one-bond electrophilicities £ become smaller.

COoMe Me0,C~ Moy
Nz_/ + 7 TACC == Products Electrophilic Dipolarophiles
1a 3 5 Acc —
SO,Ph
2 s0,F 04}0

SO,Ph b

(eq1) AG concert 3l 3k 3l

E= -7.50 -12.09 -14.07
E!
Zcome 0N coet N Acoset
3n 30 3q 3r
-16.76 -17.79 —19.05 -19.07

7 coskt )\ NN
0,Et
CO,Et CO,Et €0,
ccccc t= 3s 3t 3v

(69 1)=AG' (exp) _19.49 2277 -23.59

Figure 6. Left: Correlation of Gibbs energies AG for the 1,3-DCAs of diazoacetate 1a with Michael
acceptors 3Kk, 30, 3q, 3s-t and 3v at 20 °C vs. their electrophilicities E. — AG*(eq 1): Gibbs activation energy
calculated from eq. (1): AG*(exp): Gibbs activation energy measured experimentally: AGeoncen: €nergy of
concert, i.e., stabilization of the concerted TS relative to the transition state yielding a zwitterion. Right:
Structures of the electrophilic dipolarophiles 3 used in this section.



Chapter 1. Summary

The difference of the blue and the orange lines, thus, is a measure of the energy of concert, as
shown by the green line in Figure 6. The Gibbs activation energy of the concerted cycloaddition
can formally be regarded as the gap between the activation energy for formation of zwitterion and
the energy of concert (the box in the middle of Figure 6).

Figure 5A plots the rate constants of the reactions of diazoacetate 1a with sulfonium ylides 2a-b,
enamines 2c-g and weak donor-substituted ethylenes 3 against the corresponding one-bond
nucleophilicity parameters N. The green linear correlation of lg 42 for the reactions of diazoacetate
with sulfonium ylides and enamines versus their N parameters is established based on the fact that
these reactions proceed via azo couplings and the sy parameters [according to eq. (1)] of these
nucleophiles are similar. In contrast to other dipolarophiles, which are far above the green
correlation line, ketene acetal 3a and enol ether 3b are on or very close to the green linear
correlation, which indicates that their reactions with diazoacetate proceed via stepwise mechanism.
On the other hand, the large positive deviation of lg 4> for the reactions of diazoacetate with
nucleophilic dipolarophiles except from 3a and 3b indicates concerted processes. This explains
the experimentally observed regioselectivity that cannot be rationalized by polarization of ordinary
alkenes 1n their 1,3-DCAs with diazoalkanes.

If diazoacetate would react as a one-bond nucleophile with another diazoacetate, Ig k> = —13.0
would be derived from the one-bond nucleophilicity parameters N, sy and the one-bond
electrophilicity parameter £ of diazoacetate as pointed out by the horizontal arrows in Figures 5A
& 5B. By linking the two correlation lines at 1g k> = —13.0, Figure 5C can be derived. Although
this approach cannot predict the absolute rate constants for the concerted cycloadditions of
diazoalkanes, Figure 7 shows, however, that the experimental 1g k> values correlate much better
with the one-bond electrophilicity parameters £ than with the LUMO energies of the acceptor-
substituted ethylenes 3 for their 1,3-DCAs with diazoacetate 1a (black lines) and 4-nitrophenyl
diazomethane 1c¢ (red lines).
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Figure 7. Correlation of Ig & for the reactions of the diazo compounds 1a (in black) and 1¢ (in red) with
electrophilic dipolarophiles 3 with (A) the electrophilicities E and (B) gas-phase LUMO energies €rumo
(eV) of 3 (from ref.* in section 6.1). Structures of dipolarophiles 3 are given in Figure 6, right.
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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.! 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”,® which are nowadays generally used.

In 1953, Swain and Scott* published a two-parameter equation where k° 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.

Ig (k/k% =sn

For a wider range of applicable reactions, correction factors such as polarizability, basicity and
solvation were later incorporated by Edwards and Parker.®> Bunnett further detailed 17 aspects
influential to nucleophilicities.®

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.” In the correlation, lg ko 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 cations™ as well as of simple
anions with substrates containing leaving groups.’®<

lg k=1g ko + 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.? Here Ig ko, a measure of
electrophilicity, represents the rate constants for the reactions of electrophiles with 2-methyl-1-
pentene, while nucleophilicity is described by ¢ (= 0 for 2-methyl-1-pentene) and s (= 1 for 2-
methyl-1-pentene).

lgk=slgko+c

To avoid large uncertainties caused by the parameter s to the rate constants in cases of large
absolute values of Ig ko for very strong or very weak electrophiles, the equation was slightly
rearranged as follows.

Ig koo c=s(E + N) eg. (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.® 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.°

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

Arndt-Eistert reaction

i i) SOCl, o H,0 0
—_— N — R
[ ~=N2
R” "OH ii) H,C—N=N -N, OH
Buchner-Curtius-Schlotterbeck reaction
0] Nz%\RS o R' O
A , R + ZA R
R "R? Ny R R R
R2
Roskamp reaction
i i) Lewis Acid L
Acc
R "H iy N# SNacc R

Scheme 1. Reactions of diazoalkanes with carbonyl compounds.

2.2.2 Nucleophilic Reactions of Diazoalkanes with Benzhydrylium lons

Product studies and kinetics of the nucleophilic reactions of diazoalkanes with benzhydrylium ions
Ar,CH* in anhydrous CHCl, were reported in 2003,'2 2018° and 2022.1** 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 transfer'?
or aryl shift and abstraction of proton to give the isolated olefins.

® R R R RZ H R?
NEN‘<@2 CH,Cl, % CNpy~H R —H R1§\\
_ A P B
R AP AH GAr A
® r Ar Ar
Ar u

Ar/\

1 pR2 1 R!
@.R R R'H
N;\' =Ny, ~ Ar Ar;ﬁ —H* Ar—g\M
— - Ar
< Ar R2=H o H H
Ar H Ar

Scheme 2. Proposed mechanism for the reactions of diazoalkanes with benzhydrylium ions. 10112
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The nucleophilicities of diazoalkanes were quantified according to the Mayr-Patz equation. As
indicated in Figure 1, the N parameter of diazomethane is close to that of enamines. Whereas o-
diazo ketones, a-diazo esters and aryldiazomethanes have nucleophilic reactivities similar to those
of silylated enol ethers and allylsilanes. Diethyl diazomalonate has the lowest nucleophilicity,
which 1s slightly weaker than those of 1,1-dialkylethylenes and styrene.

N
12 4 (ncHCl)
Q—N 0 — H
/ 11 =+ N :<
1048~ 7 _
OSiMes 10 H N, Br
/\oph _/suue3 9.35/
9 - 897 - Np= 887
Z/ \S \_ / \ Nz=
N 8 T _ ) 1ss SN
Q S S
No=
OSiMey 6 -4 2 NO,
)\/S_M x 5.29
iVies 5 4+ Ast CO,Et  4.84
N 491 Ny
ﬂ\ 4 | 396 N2=
o) T —
OMe 3 4 \ Nz:/com NF@
— 7

OMe

I E Np=(
)\/\/_ 'ﬂ/ CO,Et

Z>ph

.

Figure 1. Nucleophilicity parameters N of diazoalkanes (N in CH2Cl from ref.?).

2.3 Electrophilic Reactions of Diazoalkanes

Since the Mayr-Patz equation is applicable to polar reactions with at least one reaction center being
a carbon atom, in this work only the electrophilic reactions of diazoalkanes with carbon
nucleophiles will be discussed.

2.3.1 Electrophilic Reactions of Diazoalkanes with Organometallic Compounds

The terminal N-electrophilic reactions of diazoalkanes with organometallic reagents generally give
hydrazones as final products (Scheme 3).13

COR'
COR' THF AcOH R

R/\n’ + PhLi Aol /jr
N,

68 °C, 20 min &th

Scheme 3. Reactions of o-diazo esters with phenyllithium.

2.3.2 Electrophilic Reactions of Diazoalkanes with Carbanions

Diazoalkanes substituted with electron-withdrawing groups are capable of reacting with
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carbanions generated from active methylene compounds under base catalysis to afford terminal
nitrogen functionalized hydrazones.** 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.**

CO,Et

o o EtO,C N EtO,C NH
, EtO.C EtONa/EtOH o )l\\! SN | N L | /\N
EtO  CO,Et =N2  sealed, 4h N — 70 HO
EtO COEt CO,Et

COzEt yield 25%

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

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.'®

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.%2? In contrast, reactions of diazo
esters with cyclohexanone-derived enamines were claimed to yield pyrazolines or pyrazoles via
concerted 1,3-DCAs.1%3¢

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-heterocycles!’ such as pyrazoles and indazoles,'® which have been utilized
in a variety of fields.!®>% 1,3-Dipolar cycloadditions (1,3-DCAs) of diazoalkanes have also been
utilized for the preparation of functionalized cyclopropanes.??

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.?® Five years later Buchner published the first
cycloaddition of diazoacetates with dimethyl and diethyl fumarates.?* 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.?
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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,?® some of which were unknown at that time but successfully synthesized and investigated
afterwards.?’

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 p; orbitals perpendicular to
the 1,3-dipole plane in the allyl anion type 1,3-dipoles, the propargyl/allenyl anion type dipoles
have extra m orbitals oriented orthogonal to the 1,3-dipole plane. One example of the
propargyl/allenyl anion type 1,3-dipole is diazoalkane.

allyl anion type propargyl-allenyl type

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

In 1963, Huisgen systematically elaborated the concept of 1,3-DCAs.?% Similar to Diels-Alder
reaction, 1,3-DCA refers to the pericyclic reaction of a 4 system with an unsaturated system
providing 27 electrons, namely a dipolarophile, to yield (3+2)-cycloadducts (Scheme 6).

@ .o
1,3-dipole  4n a//j’\c © by

N (
dipolarophile 2n d=e

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.26.2

Firestone proposed later an alternative two-step mechanism involving diradical intermediates in
1,3-DCAs,% which, on a certain extent, led to Huisgen’s later discovery of the few examples of
1,3-DCAs with zwitterionic intermediates.

2.4.3 Models for Interpretation of Structure-Reactivity Relationship in 1,3-DCAs
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Due to limited space, only frontier molecular orbital (FMO) theory, complete neglect of
differential overlap (CNDO/2) method and the distortion/interaction (or activation-strain) model
will be discussed here.

2.4.3.1 FMO Approach

Conservation of orbital symmetry developed by Woodward and Hoffmann provides a useful tool
for the understanding of the concertedness of 1,3-DCAs.?! What also needs to be mentioned is
Fukui’s frontier molecular orbital (FMO) theory,? which focuses on the interactions of the frontier
orbitals, namely the HOMOs and LUMOs of the reactants.

Based on the FMO model, Sustmann presented in 1971°3* and 1974 three types of 1,3-DCAs
(Figure 2) according to the HOMO-LUMO energy differences of 1,3-dipoles and dipolarophiles.
Specifically, 1,3-DCA of type I 1is characteristic of smaller HOMO(1,3-dipole)-
LUMO(dipolarophile) energy separation, type III lower HOMO(dipolarophile)-LUMO(1,3-
dipole) energy interval, while type II similar energy difference of HOMO(1,3-dipole)-
LUMO(dipolarophile) and HOMO(dipolarophile)-LUMO(1,3-dipole). The interaction of HOMO
and LUMO with smaller energy gap leads to stronger overlap and therefore better stabilized TS.

Type | Type Il Type lll

1,3-dipole dipolarophile 1,3-dipole dipolarophile 1,3-dipole dipolarophile

000

V3 a—b—c

00
0 0

VY2 a—b—c

000

V1 a—p—c

000

HOMO(1,3-dipole)-LUMO(dipolarophile) HOMO(1,3-dipole)-LUMO(dipolarophile) HOMO(dipolarophile)-LUMO(1,3-dipole)
controlled or controlled
HOMO(dipolarophile)-LUMO(1,3-dipole)
controlled

Figure 2. Sustmann’s classification of three types of 1,3-DCAs.

In 1,3-DCA of type I, where the reaction is HOMO(1,3-dipole)-LUMO(dipolarophile) controlled,
mtroduction of electron-withdrawing groups to dipolarophiles would accelerate the reaction by
lowering the LUMO(dipolarophile), thus leading to a more narrow HOMO(1,3-dipole)-
LUMO(dipolarophile) distance. Accordingly, electron-releasing substituents on 1,3-dipoles would
also increase the reaction rate by raising the HOMO(1,3-dipole).

In contrast, the reactivities of dipolarophiles in 1,3-DCA of type III would be enhanced by adding
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electron-donating groups to the dipolarophiles by increasing the HOMO(dipolarophile).

In 1,3-DCA of type I, 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).3* In this equation, E; and E are the energy
differences of HOMO(1,3-dipole)-LUMO(dipolarophile) and HOMO(dipolarophile)-LUMO(1,3-
dipole), respectively. Quantities ¢ and ¢’ are the atomic orbital coefficients of HOMO and LUMO,
respectively, at the centers where the new bonds are formed. Variable faq is the resonance integral
of the newly formed 6 bond a-d, which is a measure for the strength of the interaction.
(CaC'afad * CcClofce)? (C'aCafad * C'sColice)?

AE = + eq. (2)
E E

E, = Ey, — Eyg = HOMO(1,3-dipole) — LUMO(dipolarophile)
E\ = Eya — Ey3 = HOMO(dipolarophile) — LUMO(1,3-dipole)

In 1977,%° Huisgen, Geittner and Sustmann reported a linear function between the g 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).

kp?
AE = eq. (3)
EHoMo(diazomethane) — ELUMO(alkenes)

lonization potential (IP) of diazomethane was taken as the negative value of
HOMO(diazomethane) energy according to Koopmans’ theorem.*® 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 =—n*
transition Eqx—z+ (= ELuMO(alkenes) — EHOMO(alkenes)) @S shown in eq. (4).

D= EHOMO(diazomethane) - ELUMO(aIkenes) = —lpdiazomethane + ('P - Enan*)alkenes eq- (4)

The correlation between the Ig ko 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 Ig k. 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.®” Based on
Sustmann’s approach, they plotted the 1g ko 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 a-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 1l 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 Ig k. versus the approximated HOMO-
LUMO energy gaps as in the 1977 publication (Figure 3),% 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.3” 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 theory®*3¢ (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/2% method. It
was reported that orbitals with larger coefficients overlap better, thus leading to certain
regioselectivity. For example, the formation of 3-substituted Al-pyrazolines from the 1,3-DCAs of
diazomethane with electron-deficient dipolarophiles was ascribed to the bigger HOMO coefficient
on the a-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.*

Distortion/Interaction (or activation-strain) model

The distortion/interaction (or activation strain) model** provides new interpretation of reactivity
trends in 1,3-DCA:s.
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Houk and Bickelhaupt applied the distortion/interaction or activation strain model which splits the
activation energy (AE*) of a bimolecular reaction into the destabilizing strain or distortion energy
(AEdist, energy required to distort the reactants to their TS geometries) and the stabilizing energy
of interaction between the distorted fragments (AEint).**® AEqis 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. AEin 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 AEgist 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.*?

2.5 Objectives

The reactions of a-diazo esters with cyclopentanone-derived enamines were reported to proceed
via azo couplings.*® In contrast, the reactions with cyclohexanone-derived enamines were claimed
to occur via concerted 1,3-DCAs because cycloadducts were isolated from these reactions.6¢
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,'® 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 Ar,CH* at 20 °C based on the Mayr-Patz equation.%!
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 m*n=n MOs do not participate in the 1,3-DCAs of diazoalkanes with dipolarophiles.®4
However, detailed examinations of whether the n*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.*

Although the HOMO energies of organic molecules can be replaced by the negative values of
ionization potentials according to Koopmans’ theorem,* the approximation of LUMO energies to
electron affinities is somewhat controversial.*®

Additionally, the drastic simplification of HOMO(diazoalkane)-LUMO(dipolarophile) energy
gaps as IP values of the dipolarophiles (Figure 4 in Chapter 1) by Huisgen®” assumes constant
HOMO-LUMO distances for all the dipolarophiles. That is, substituents move the
HOMO(dipolarophiles) and LUMO(dipolarophiles) energies to the same extent,* 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.*®

The linear free energy relationship Ig koo 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.!® For the reactions of aryldiazomethanes with electron-
deficient dipolarophiles, deviations from the linear correlation of Ig k. 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 Ig ka versus the one-bond E parameters of
electron-deficient ethylenes with that of Ig ko 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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Abstract:  Methyl  diazoacetate  reacts  with  1-(N-
pyrrolidino)cycloalkenes to give products of 1,3-dipolar
cycloadditions and azo couplings. The kinetics and mecha-
nisms of these reactions were investigated by NMR spectro-
scopy and DFT calculations. Orthogonal n-systems in the 1,3-
dipoles of the propargyl-allenyl type allow for two separate
reaction pathways for the (3+42)-cycloadditions. The com-
monly considered concerted pathway is rationalized by the
interaction of the enamine HOMO with LUMO +1, the
lowest unoccupied orbital of the heteropropargyl anion frag-
ment of methyl diazoacetate. We show that HOMO/
LUMO(n*y_y) interactions between enamines and methyl
diazoacetate open a previously unrecognized reaction path
for stepwise cycloadditions through zwitterionic intermediates
with barriers approximately 40 kJmol™" lower in energy in
CHCI; (DFT calculations) than for the concerted path.

Huisgen (3+42)-cycloadditions can be considered to be the
most general synthesis for five-membered heterocycles.!"!
They usually proceed via concerted mechanisms, which are
rationalized by interactions of the frontier orbitals of the
heteroallyl or heteropropargyl anion fragments of the 1.3-
dipoles with the frontier orbitals of the dipolarophiles.””
Whereas interactions of v>(1.3-dipole) with
LUMO(dipolarophile) are considered to control the reac-
tions of electron-rich 13-dipoles with electron-poor
dipolarophiles, the interactions of HOMO(dipolarophile)
with w;(1,3-dipole) have been assumed to be dominating in
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reactions of electron-rich dipolarophiles with electron-
deficient 1,3-dipoles (Figure 1).

In diazoalkanes, however, y; does not correspond to
LUMO, but to LUMO + 1, since the perpendicular n*y y is
lower in energy (Figure 1). Hamlin and co-workers have
already reported this ordering of orbitals in diazomethane
and stated that in the reaction of diazomethane with
cthylene “the orientation of the LUMO of diazomethane,
being perpendicular to the HOMO(ethylene), prevents it
from overlapping in a favorable manner and thus the
HOMO(ethylene)-LUMO + 1(diazomethane)  interaction
dominates”.”™ Chen, Hu, and Houk also reported that the
lowest unoccupied orbital of the heteropropargyl fragment
(y3) does not correspond to the LUMO of diazomethane.
They did not comment, however, why the interaction with
the LUMO of diazomethane was neglected in their
analysis.”) We now report that the 1,3-dipolar cycloadditions
of methyl diazoacetate (1) with electron-rich dipolarophiles
may proceed via different pathways arising from interactions
of the enamines” HOMO with either LUMO or LUMO +1
of the diazoalkane.

Reissig obtained 15% of pyrazole 3a when methyl
diazoacetate (1) and pyrrolidinocyclopentene (2a) were
heated under reflux in chloroform and subsequently treated
with HCI in methanol (Scheme 1).**! The formation of a
mixture of (E/Z)-isomers of 4a was reported, when the
same experiment was carried out at 0°C and worked up by
chromatography."™ Since cyclization was not observed when
the hydrazonoenamine obtained from 1 and 1-(N-
morpholino)eyclopentene (that is, the non-hydrolyzed pre-
cursor of 4a) was treated with acid, the direct formation of
3a through concerted cycloaddition was postulated.™ X-ray

1,3-dipole

E LUMO H
Wapropangy) - LUMOM
0 8 X

dipolarophile

iz 2\Po< Lumo
NN J\IJ = <

9 0
Waipropargyl) N-N-C== =i
09 oMo

Figure 1. Qualitative description of orbital interactions of electron-rich
dipolarophiles with acceptor-substituted diazoalkanes.
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Scheme 1. Products of the reactions of methyl diazoacetate (1) with
enamines 2a and 2b.

analysis and NMR spectra of 4a, which we obtained by
combining 1 and 2a without solvent at room temperature,
showed the presence of a single isomer of 4a (Supporting
Information).

The formation of 82 % of pyrazole 3b by the reaction of
1 with 2b at room temperature was reported by Huisgen
and Reissig."! While our experiments confirmed the for-
mation of 3b, NMR monitoring of this reaction showed
signals of unidentified intermediates before the appearance
of the signals of 3b (Supporting Information, Figure S2). In
order to elucidate the nature of the unidentified intermedi-
ates we investigated the analogous reaction of diazomalo-
nate 1" with 2b by NMR spectroscopy (Scheme 2).

N'N COMe
N " Come

1 week 3
COMe ¢ oromc §' (identified by NMR)
+ N,=( ks & - N
o

—
,Me d‘)”c{ ‘N
s MeO,C7 -
201040°C u"“\ COMe Meo.C N
2 8 N COMe 6 (65 %, Xeray)
5 (identified by NMR)

Scheme 2. NMR monitoring of the reaction of 1 with enamine 2b ('H
NMR spectra are shown in Supporting Information, Figure S3).
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Scheme 3. Proposed mechanism for the reactions of 1 with enamines
2a,b.
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When Huisgen and Reissig kept a solution of 2b and 1’
in diethyl ether for four days at room temperature, they
obtained the bicyclic pyrazoline 6 in 73 % yield."*¢ Accord-
ingly, in this work, 6 was isolated in 65 % yield (Et,0, one
week at room temperature) and characterized by X-ray
analysis (Scheme 2). Monitoring this reaction by 'H NMR
spectroscopy in CDCl; showed that initially the reactants
were quantitatively converted into a mixture of hydrazo-
noenamines 5 and §', which subsequently underwent cycliza-
tion with formation of 6 (Supporting Information, Fig-
ure $3). We, therefore, suggest that all reactions in
Schemes 1 and 2 proceed by the mechanism illustrated in
Scheme 3 and disagree with earlier conclusions that pyrazo-
lines 6 and 9 are formed via concerted 13-dipolar
cycloadditions.'!

Electrophilic attack of the diazo ester 1 at the enamines
2 yields zwitterions 7, which may undergo proton shifts to
yield 8 or several other tautomers whose hydrolyses give
hydrazonocyclopentanone 4a. Pyrazoline 9, the supposed
precursor of 3, is formed in a subsequent process by
cyclization of zwitterions 7, which may be regenerated
through proton shifts from 8 or its tautomers. The reason
why this cyclization is more favorable in the reaction with
2b than with 2a is discussed in the computational section
below.

The kinetics of the reactions of methyl diazoacetate (1)
with the enamines 2a and 2b were investigated by time-
resolved '"H NMR spectroscopy. following the decrease of
the vinylic hydrogens of the enamines 2 relative to an
internal standard (1.1,2.2-tetrachloroethane) in CDCI; at
low temperatures. Equimolar amounts of 1 and 2 were used,
and the second-order rate constants k, were obtained as the
slopes of plots of 1/[2], versus time ¢ according to 1/[2], =kt
+1/[2], (Figure 2a).1!

Plots of In(ky/T) versus /T provided the Eyring
activation parameters AH" and AS® in CDCl; (Figure 2b),
from which the second-order rate constants &, at +80.3°C
were extrapolated that gave values 3 and 12 times higher
than reported™ for this temperature in toluene (Table 1).
Table 1 shows that both reactions 1+ 2a,b are characterized
by highly negative activation entropies, again demonstrating
that highly negative activation entropies cannot be used as a
criterion for the occurrence of multicenter processes.'”!

(@) (b)
6 [ 1]2a)=1.44 x 1041+ 263 12
0993 __F

T(C) kM's")
40  144x10%
-0 246x10*
=20 340x10*

@

E‘ 43 -10 25x10*
£ S
=3 ) 40°c
& E i
T2 44
1
final conversion: 49%
[ 45
° 5000 10000 15000 20000 37 30 41 43 45
t(s) AT (1000 X 1/K)

Figure 2. a) Kinetics of the reaction of 1 (0.399 M) with 2a (0.371 M)
monitored by the decrease of the NMR signals of the vinylic H of 2a
vs. 1,1,2,2-tetrachloroethane (0.276 M) as internal standard in CDCl, at
~40°C, b) Eyring plot for the reactions of 1 with 2a at —~40 to —10°C.
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Table 1: Second-order rate constants k, in CDCl for the reactions of 1
with 2a,b at various temperatures, and k, at +25 and +80.3°C
calculated from the Eyring activation parameters AH" and AS'.

Enamine T k; AH" AS*
[ M7sT kmol  pmolK)
2a —40 1.44x10°*
-30 2.46x10"
-20 3.40x10 ¢
-10 6.25%10 * 220£21 ~222£9
+25 217x107°
+80.3 1.03x10°%M
+803  8.28x10°‘M
2b -30 5.46x10°°
20 8.48x10°°
-10 1.43x10°* 235+1.8 228+7
+25 5.59%10 ‘!
+803  291x10*"
+80.3  8.90x10*H

[a] Extrapolated from rate constants at lower temperatures in this table
by using the Eyring equation. [b]k, in toluene, as reported in
refs. [3a,d].

After an extensive conformational search” the geo-
metries of all structures were optimized at the B3LYP-
D3BJ/def2-SVP!" level of theory considering solvation with
the SMD model™ for chloroform within the Gaussian set of
codes.”! For improved accuracy, the thermal corrections at
this level were combined with single-point energies using the
(SMD = CHCl;)/MN15/def2-TZVPD method.""”! Lastly, the
Gibbs energies of all conformers were Boltzmann weighted.

Let us first consider the reaction of methyl diazoacetate
(1) with pyrrolidinocyclopentene (2a). Diazoacetate 1 exists
as two almost isoenergetic conformers which interconvert
via a rotational barrier of 522kJmol™' (at 25°C) as
determined by NMR spectroscopy and confirmed by DFT
calculations (Figure 3a)."!!

Figure 3b replaces the qualitative orbital representations
of LUMO and LUMO + 1 for 13-dipoles in Figure 1 by the
calculated images of these two orbitals for 1" As expected,
. n(LUMO) is significantly lower in energy than LUMO

(a Lhs
O, CHs 4430s! o}
I B
Np= 5210s' N,=
Tos at25°c Vrans

LUMO (N=N)
-0.95eV

LUMO+1 (heteropropargyl anion)
-0.37 eV

Figure 3. a) Conformational equilibrium of methyl diazoacetate (1)
experimentally determined by dynamic '"H NMR spectroscopy in
CDCI,."" b) Lowest unoccupied molecular orbitals of 1 and their
energies at the (SMD = CHC,)/MN15/def2-TZVPD//(SMD = CHCl,)/
B3LYP-D3B)/def2-SVP level of theory.
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+ 1, independent of the computational method and basis set
(see Supporting Information for a systematic investigation).
Interaction of the enamine HOMO with LUMO +1 of
1, directly leads to the (3+2)-cycloadduct as illustrated in
Figure 4a. For the location of the transition state of this
trajectory, the C-N and C-C bonds of the cycloadduct were
simultaneously elongated. The structure lying at the saddle
point of the resulting three-dimensional energy surface was
further optimized to give a transition state, where the
formation of the new C-N bond (1.85 A) is much further
advanced than that of the new C-C bond (2.77 A).

The intrinsic reaction coordinate (IRC) shows that after
passing the transition state, the C-N bond continues to
shorten much faster than the C-C bond. Though the
resulting structures closely resemble a zwitterion, a local
minimum for an intermediate is not involved, and the C-C
bond is formed without additional barrier.

A slightly more favorable concerted pathway arises from
interaction of HOMO(2a) with LUMO+1 of 1,. The
corresponding transition state shows a higher degree of
asynchronicity (Figures S8 and S9; C-N bond: 1.73 A, C-C
bond: 3.14 A) and the reaction might be considered as a
two-step no-intermediate process. Detailed discussions of
the concerted mechanisms are shifted into the Supporting
Information, because none of them is followed in reality.

The actually occurring reaction pathway (Figure 4b'")
arises from the interaction of the HOMO(enamine) with
¥y x. that is, the LUMO of 1, as substantiated by analysis
of the overlap integrals of the involved orbitals."*' This
pathway leads to the formation of zwitterion 7, faster than
to its isomer 7, despite the higher thermodynamic stability
of the latter (for geometries and charges of zwitterions 7, see
Figure S11). Transition state TS, which is 51 and
42 kJmol ™" lower in Gibbs energy than the transition states
TS, Of the two concerted cycloadditions, was located by
stepwise elongation of the C-N bond in the zwitterion 7,
and optimization of the structure at the energetic maximum
of the resulting pathway on the potential energy surface. As
cyclization of 7, occurs with a smaller barrier (AE,,=7.7,
AG*=26kJmol ') than the retroaddition regenerating the
reactants, the formation of 7, via TS, corresponds to the
rate-determining step of the stepwise cycloaddition (Fig-
ure 5a)."" Thus, the stepwise cycloaddition in Figure 4b is
highly preferred over the concerted pathway in Figure 4a.

However, the isolation of hydrazonocyclopentanone 4a,
a hydrolysis product of 8 in the reaction of 1 with 2a, implies
that proton shifts in the zwitterion 7, or 7, must be even
faster than cyclization. Since calculations revealed a high
barrier for the intramolecular 1,2-proton shift from 7 to 8"
intermolecular processes must account for these tautomeri-
zations, as previously reported for the 1,2-proton shifts
generating Breslow intermediates from the zwitterions
initially formed from aldehydes and NHCs."" Because of
the manifold of potential intermolecular proton shifts, we
have not tried to calculate barriers for these proton shifts, at
least one of which must be even smaller than the low
barriers calculated for the cyclizations of 7.

Comparison of the two Gibbs energy profiles in Figure 5
shows close similarity for the reactions of 1 with the
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Figure 4. 3D potential energy surfaces at the (SMD = CHCI;) /B3LYP-D3B)/def2-SVP level for the reaction of methyl diazoacetate (1,,,,) with
pyrrolidinocyclopentene (2a) for (a) the concerted pathway (for the related surface with 1, see Figure 59b) and (b) the stepwise pathway. All
energies E,, (in k) mol ') are given relative to the reactants and are scaled identically for both pathways. Isolines are drawn at an energy difference
of 25 k) mol". Black lines connect the reaction pathway derived from IRC calculations starting from the respective transition states. Note: Since
zwitterion 7; is located on a flat region of the potential energy surface, relaxation of TS, by means of an IRC calculation did not end up exactly at
7z, but stopped in close vicinity to 7z due to the low gradient in the sur

B

For7,8/8".9 e r~ For7,8/8",9
with 1 = 1 (Scheme 3) ,kjm with 7 = 2 (Scheme 3)
g C I

8

concerted stepwise concerted stepwise

Figure 5. Comparison of the Gibbs activation energies AG (k) mol ") of the concerted and stepwise cycloadditions of 1 with 2a (a) and 2b (b) as
computed at the (SMD = CHCl,)/MN15/def2-TZVPD//(SMD = CHCl;)/B3LYP-D3B| /def2-SVP level of theory. In 9, cis and trans refer to the relative
ori ion of the pyrrolidine and ester moieties. Less fz ble TS, are shown in Figures $7 and $10.

enamines 2a and 2b. In both cycloadditions, the stepwise is highly favored over the concerted processes. The agree-
process with rate-determining formation of the zwitterion 7 ment of the experimentally determined activation Gibbs
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energies AG', (298K) of 88 (1+2a) and 92 kimol |
+2b) with the calculated barriers for the formation of the
zwitterions 7 (93 and 98 kImol ', respectively) leads to the
conclusion that zwitterions 7 are common intermediates for
cycloadditions (—9) and azo couplings (—8).

A distortion/interaction analysis™ for the reaction 1+
2a shows that the higher activation barrier for the concerted
pathway is predominantly caused by the higher distortion
energy of methyl diazoacetate 1 (Figures S12 and S13). The
differences of the interaction energies are much smaller but
are also in favor of the stepwise pathway. Further energy
decomposition analysis of the interaction energies with the
SAPT method™ shows that in addition to its higher steric
constraints, it is predominantly Pauli repulsion that disfavors
the concerted pathways (Figures $14 and $15).17"!

Figure 5 rationalizes why the azo-coupling products
initially formed from aminocyclohexene 2b cyclize under
the reaction conditions, while those obtained from amino-
cyclopentene 2a do not. Since the proton shifts in the
zwitterions 7 (—8 or 8') were experimentally found to be
faster than their cyclizations, one can conclude that the
equilibration of 8 and 8" with 7; and 7, is faster than the
cyclizations. Thus the Curtin-Hammett principle applies,
and one can calculate barriers of 113.6 (Figure 5a) and
101.2 kJmol ' (Figure 5b) for the formation of 9 from the
more stable of the azo coupling products 8 or 8 (difference
between 8 or 8 and TS). The differences of the Gibbs
energies in FiguresS5a and b are thus in line with the
observation of different types of products in reactions of
diazoalkanes with five- and six-membered enamines, but
cannot be considered as definite proof because of the error
limits of the computed energies. Since the pyrazolines 9
undergo further stabilization by elimination of the amines
and proton shifts, the relative Gibbs energies of 8/8 and 9
do not account for the different behavior of 5- and 6-
membered enamines. Formation of 9 via electrocyclization
of an N-alkenyl azomethine imine, a tautomer of 8, was
calculated to have a much higher barrier than the pathway
via cyclization of 7 (Supporting Information, p $37).

What is the link between the two trajectories depicted in
Figures 4a and b? Rotation around the red C-N bond in
TS, of the stepwise process (while the C-N bond length is
constrained 1o 1.83 A and the C—C bond length to 3.03 A)
transforms TS, (Figure 4b) into a structure similar to the
structure of TS, the transition state of the concerted
cycloaddition in Figure 4a. In the initial phase of this
rotation, which corresponds to a change of the N=N-C-C
dihedral angle from 180° (in TS,) to roughly 260° or 100°,
the potential energy increases by 55-58 kJmol ' due to loss
of the partial double-bond character of the red bond.
Further rotation leads to a decrease of energy by approx-
imately 11 kJmol ' due to interaction of the termini of the
incipient zwitterion. This barrier accounts for the existence
of separate concerted and stepwise trajectories, as quantita-
tively described in Figure $16.*

The question whether 1,3-dipolar cycloadditions proceed
by concerted (Huisgen)™™** or stepwise mechanisms
(Firestone)™ has been a long-lasting controversy. While
Huisgen rejected Firestone’s diradical hypothesis in
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general ™ in 1986 Huisgen, Mloston, and Langhals re-
ported the first nonstereospecific 1,3-dipolar cycloadditions
in reactions of thiocarbonyl ylides with electron-acceptor
substituted ethylenes, which they interpreted by stepwise
processes via intermediate zwitterions.” Nevertheless, the
concerted mechanism of most 1,3-dipolar cycloadditions is
now well established, and their rates are commonly rational-
ized by the interactions of the frontier orbitals of the allyl/
propargyl fragment of the 1.3-dipoles with the frontier
orbitals of the dipolarophiles.”!

Reaction rates of acceptor-substituted diazoalkanes,
such as 1 and 1', have been the preferred examples to
illustrate this FMO model,”) probably because these 13-
dipoles display the most spectacular variations of reactivity
— fast reactions with electron-deficient dipolarophiles
(acrylic esters) as well as with electron-rich dipolarophiles
(enamines), and slow reactions with alkyl- and alkoxy-
substituted ethylenes (Figure 3 in ref. [3d]). Our work has
shown, however, that these ex [ itable for

ples are not
demonstrating the dependence of cycloaddition rates on the

interactions of the frontier orbitals of the dipolarophiles with
the frontier orbitals of the 3-center/4-electron n-systems in 1,3-
dipoles, because (1) the measured rate constants with
enamines refer to azo-couplings, not to cycloadditions, and
(2) the reactions with enamines are not controlled by
HOMO(dipolarophile)-¥y(1,3-dipole) interactions, but by
interactions of HOMO(enamine) with n*y_y, the LUMO of
methyl diazoacetate, an orbital whose role has so far been
neglected.

We now found that the availability of two perpendicular
low-lying unoccupied molecular orbitals in acceptor-substi-
tuted diazoalkanes (e.g. 1 and 1') opens the possibility for
nucleophilic attack at two different orbitals. Interaction of
the enamines” HOMO with LUMO + I(diazoacetate) is
calculated to result in concerted (3+2)-cycloadditions
through transition states which are considerably higher in
energy than the experimentally observed stepwise processes
with formation of the zwitterions 7, which proceed by attack
of the enamines at LUMO(n*y_y) of the diazoalkanes. This
situation thus differs from most other concomitant concerted
and stepwise cycloadditions, where both pathways are
controlled by the interactions of the same orbitals and only
differ by unlike orientations of the reactants (cyclic vs
stretched).

We are presently investigating the switch from stepwise
cycloadditions (attack at LUMO of diazoalkane) to con-
certed cycloadditions (attack at LUMO+1 of diazoalkane),
which is expected to take place when enamines are replaced
by less nucleophilic dipolarophiles. Furthermore, we are
exploring the role of the two perpendicular n-orbitals in (3
+2)-cycloadditions of other 1,3-dipoles of the propargyl/
allenyl type (e.g., azides).
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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 (CH2Clz/hexane): colorless crystals (118 mg, 31%); mp 106.7

°C
g h
H
N
f i N \lc R
(0]

COzMe
4a b

IH NMR (400 MHz, CDCls): & = 2.10 (quint, J = 7.7 Hz, 2 H, H9), 2.43 (t, J = 7.9 Hz, 2 H, H"),
254 (t,J=7.4Hz, 2 H, H", 3.74 (s, 3H, H%, 4.28 (d, J = 5.1 Hz, 2 H, H%), 5.99 (br s, 1 H, NH).
13C NMR (101 MHz, CDCls): § = 17.5 (CH2, C9), 24.5 (CH_, C"), 37.7 (CH,, Cf), 51.8 (CHs, C°),
52.4 (CH2, C?), 143.3 (C, C%, 171.2 (C, CY), 203.3 (C, C?). HRMS (ESI*) [M+Na]*: calcd for
[CsH12N2NaOs]*: 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 cmL. Single crystal X-ray crystallography (4a): CsH12N203 (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.’* When the mixture of 1 and
enamine 2a was heated to reflux in chloroform and subsequently treated with HCI in methanol,
the pyrazole 3a (15%) furnished.'?

NMR monitoring of the reaction of 1 with 2a at —20 °C in CDCls showed the formation of
hydrazonoenamines 8* and 8** as intermediates (Figure S1), which were further characterized by
NMR spectra at +25 °C.

e f ; j e’ f H i J
-N COo,Me ¢ X, N CO,Me
cDCl dQ\N ~ Y2 Q,\N ~ : H
; + Na=\ 3 el 9 ; o] 9 b hydrolysis \N/chone

N CO,Me N +

o N
-20°C b< 7 b’< 7 5
a a'

2a 1 8 8** 4a
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NMR data assigned to 8*: 'H NMR (400 MHz, CDCls, +25 °C): § = 1.75-1.82 (m, 1.8 H, H?,
superimposed with H* in 8**), 1.86-1.90 (m, 3.4 H, H¢, superimposed with unassigned peaks),
2.64 (dt,J=12.7,7.7 Hz, 2.3 H, H% and HY), 3.04 (s, 1.4 H, H®), 3.69 (s, 1.5 H, ', superimposed
with ' in 8*%), 4.51 (s, 1 H, H?). 13C NMR (101 MHz, CDClL): § = 19.5 (CHa, C°), 25.1 (CHa,
C?), 28.7 (CHa, C%), 34.8 (CHa, C%), 46.1 (CHa, C®), 51.9 (CH3, C, superimposed with C'" in 8*%),
67.1 (CHa, C®), 129.6 (C, C®), 155.0 (C, C°), 171.5 (C, C¥).

NMR data assigned to 8*=: TH NMR (400 MHz, CDCls, +25 °C): § = 1.75-1.82 (m, 4 H, H*,
superimposed with H?* in 8%), 2.38-2.50 (m, 4 H, H® and HY), 3.18-3.21 (m, 4 H, H®), 3.69 (s, 3
H, B, superimposed with H' in 8*), 3.94 (d, J=5.6 Hz, 2 H, H"), 4.87 (t, /= 5.8 Hz, 1 H, NH),
5.02 (t,J=2.3Hz, 1 H, H?). 3C NMR (101 MHz, CDCls): § = 24.6 (CH,, C*), 25.2 (CH,, CY),
26.2 (CHa, C%), 49.7 (CH,, C®), 51.9 (CH3, C’, superimposed with CJ in 8%), 52.6 (CH,, Cb),
111.1 (CH, C%), 147.3 (C, C%), 156.8 (C, C®), 172.7 (C, C").

8 8*

N

6004

5004
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|

XX
xx*

3004
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°
2004 o
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|
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e — T T T T T T T T T T T
I\ 0 1000 2000 3000 4000 5003 6000 7000 8000 9000 10000
S

T T T T T T
51 50 49 48 47 46 45 44
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Figure S1. Kinetic monitoring of the reaction of 1 with 2a in CDCls at —20 °C: increase of the resonances
assigned to 8* (4.50 ppm, resonance and time-dependent integral marked in green color) and 8** (5.04
ppm, resonance and time-dependent integral marked in red color).

Reaction of methyl diazoacetate (1) with 1-pyrrolidinocyclohexene (2b)

Methyl 4.5.6,7-tetrahydro-1H-indazole-3-carboxylate (3b)'*? was obtained from 1 (203 mg,
2.03 mmol) and 2b (304 mg, 2.01 mmol) in chloroform (1 mL) according to GP 4 (GC vial, room
temperature, 9 days, eluent for column chromatography: n-pentane/diethyl ether = 1:1 ~ diethyl
ether, recrystallization from CH>Cly/hexane): white powder (165 mg, 46%); mp 128.9 °C (lit.!*:
mp 127-128 °C)

33



Chapter 3. An Overlooked Pathway in 1,3-Dipolar Cycloadditions of Diazoalkanes with Enamines

1H NMR (400 MHz, CDCl3): § = 1.76-1.81 (m, 4 H, H'), 2.69 (t, J = 5.8 Hz, 2 H, H"), 2.74 (t, J
=5.8 Hz, 2 H, H"), 3.89 (s, 3 H, H"), 11.4 (br s, 1 H, NH). 3C NMR (101 MHz, CDCls): § = 21.5
and 22.6 (2 x CHa, CPand C"), 22.0 and 22.9 (2 x CH, C? and C'), 51.7 (CH3s, Cf), 119.7 (C, C°),
137.5 (C, CY), 162.9 (C, C®).2 The signal intensity of C? 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 [CoH12N2NaO.]*: 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 2.

NMR spectra of 3b in ds-DMSO solution suggest a mixture of tautomers, presumably 3b and 3b’
in a ratio of 2:1. The chemical shifts for C* and C" in 3b’ could not be determined. The partially
determined NMR data of 3b and 3b” in de-DMSO are listed below:

f
MGOZC ~ “NH MBOZC
B d6 -DMSO B
i

(3b:3b" = 2:1)

H NMR (400 MHz, ds-DMSO): § = 1.68 (br s, 6 H, H*""), 2.58 (br s, 6 H, H>"*M") 3,75 (s, 3
H, Hf), 3.80 (s, 1.4 H, Hf), 13.0 (s, 1 H, NH3P), 13.4 (s, 0.5 H, NH3). 3C NMR (101 MHz,
CDCl3): 6 =20.5 and 21.2 (2 x CH,, C’and C"), 21.9 and 22.6 (2 x CH,, C*and C'), 22.7, 22.9 (2
x CH,, C*"and C), 51.0 (CHs, CF), 51.6 (CH3, C"), 117.7 (C, C°), 119.7 (C, C*), 128.6 (C, C%),
139.2 (C, C%), 139.8 (C, C9), 149.1 (C, C®), 160.0 (C, C*), 163.3 (C, C°).

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 (C9H12N202), which co-
crystallized with pyrrolidinium chloride in a 1:1 ratio: (CgH12N202)-(C4H1o0N)-(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 (6 = 4.22 ppm), the
resonances of the intermediate(s) at 6 = 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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Figure S2. 'H NMR spectroscopic monitoring of the initial phase of the reaction of 1 with 2b in CDCl; at
—30 °C: decay of 2b (4.22 ppm, resonance and time-dependent integral marked in red color) and emergence
of unknown intermediates (6.42 ppm, resonance and time-dependent integral marked in magenta color, 3.78
ppm, resonance and time-dependent integral marked in yellow color, 3.75 ppm, resonance and time-
dependent integral marked in lime color, 2.67 and 2.59 ppm, resonance and time-dependent integral marked
in orange color).

Reaction of dimethyl diazomalonate (1’) with 1-pyrrolidinocyclohexene (2b)

Dimethyl 3a-(pyrrolidin-1-yl)-2.3a.4,5,6,7-hexahydro-3H-indazole-3,3-dicarboxylate
(6)'*<3* was obtained from 1° (548 mg, 3.47 mmol) and 2b (509 mg, 3.37 mmol) in diethyl ether
(2 mL) according to GP A (round-bottom flask, room temperature, 1 week, recrystallization:
hexane/EtOAc): colorless crystals (677 mg, 65%); mp 92.7°C. Spectroscopic data agree with those
reported in refs. 134
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MeO,C H
M602C % N
b 1
e d

'H NMR (400 MHz, CDCl3): § = 1.21-1.38 (m, 2 H, H®>™), 1.57 (tt, J = 11.9, 3.0 Hz, 2 H, H?),
1.69 (t, J=6.1 Hz, 4 H, H® "), 1.85 (ddd, J = 10.4, 4.9, 2.4 Hz, 1 H, H"), 2.15 (td, J = 13.6, 5.4 Hz,
1H, HY, 2.47-2.54 (m, 2 H, H'™), 2.76-3.10 (br s, 4 H, H%9), 3.73 and 3.74 (2 s, 2 x 3 H, H)), 6.16
(brs, 1 H, NH). 13C NMR (101 MHz, CDCl3): § = 22.3 (CHz, C%), 25.5 (CH2, C®"), 26.3 (CH_,
CP, 35.1 (CHa, C™), 45.7 (CHz, C%9), 52.9 and 53.2 (2 x CHs, Cl), 78.2 (C, C°), 78.3 (C, C"),
156.0 (C, C¥), 168.2 and 169.6 (2 x C, C'). HRMS (ESI*) [M+Na]*: calculated for
[C1sH23N3NaO4]*: 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
cmt. UV-vis (CH2Cl2): Amax = 230 nm (log € = 0.83). Single crystal X-ray crystallography (6):
C15H23N304 (Wv097).

NMR monitoring of the reaction of 1> with 2b in CDCIs 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°: *H NMR (400 MHz, CDCl3, —20 °C): § = 1.31-1.42 and 1.52-1.54
(2m, 2 H, H", 1.74-1.75 (m, 5 H, H? and H®), 1.99-2.01 (m, 1 H, H¢), 2.06-2.11 (m, 2 H, H9),
2.87-2.90 (m, 4 H, HY), 3.75 and 3.77 (2 s, 2 x 3 H, H* and H¥"), 4.32 (s, 1 H, H"), 4.43 (dd, J =
5.0, 2.8 Hz, 1 H, HY), 11.6 (br, 1 H, NH). 3C NMR (101 MHz, CDCls): § = 17.5 (CH2, C), 24.0
(CHa, C9), 24.4 (CHz, C?, 30.3 (CHa, C°), 47.5 (CHa, C®), 51.8 and 52.2 (2 x CHa, CX and C¥),
58.0 (CH, C"), 99.1 (CH, C%), 116.0 (C, C"), 138.9 (C, C°), 164.1 and 164.3 (2 x C, Cl and C/");
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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Figure S3. The reaction of 1’ (co = 0.480 M) with 2b (co = 0.465 M) in CDCl3 at —20 to 40 °C with 1,1,2.2-
tetrachloroethane (c = 0.340 M) as internal standard monitored by "H NMR spectroscopy (400 MHz).
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3.2.2 Kinetics

In the NMR kinetic measurement of the reactions of 1 with 2a and 2b, two sets of resonances for
both the Me and the CH hydrogens in 1 were detected (Figure S4, at —40 and —30 °C), which are
caused by conformers of 1, due to hindered rotation around the C—C bond.

To measure the rotation barrier of the C-C bond in 1 (Figure S4a), the 'H NMR spectra (400 MHz)
of 1 (¢ = 0.424 M solution) were measured in CD2Cl» at various temperatures (—50 ~—4 °C, Figure
S4b). Line shape analysis of the a-hydrogen resonances of 1 was performed by fitting the
experimental measurements by the programm DNMRS5 software (Figure S4¢)**® to determine the
exchange rate constants ke (s!) in the temperature range between —50 and —4 °C (Figure S4d).
Then, an Eyring plot (Figure S4e) was used to determine the rotation barrier AG* of 52.2 kJ mol™
(= 12.5 kcal mol™), consistent with reported value.>

@ N PH ()
OMe! —— 0o
N i ~—— N
] OMe!
s-cis s-trans
(b)
L 5.06 495 484 473 462 451
' i -4°C
i : e @ mc keds'  TPC kgls
: i : A i -50 233 18 102
: -18°c ; 45 415 -6 123
i i : -40 948  -14 150
M : A : -35 172 -2 183
7 : -24°C : T -30 313 10 22
; i : : -26 462 -8 269
: : A -24 56.5 -8 331
-30°C -22 68.8 -4 414
-20 86.1
-35°C —/JL (e) 20
’\ J 0.0
—40°C -
320
s
40 [ AH* =529 £ 0.38 kJ mol”!
ASt =2.3311.53 Jmol" K
-50°C LIV i oo AG*=52.2 kJ mor'/12.5 keal mol™!
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1 (ppm) 1 (ppm) 1T (1000 X 1/K)

Figure S4. (a) S-cis and s-trans rotamers of 1. (b) Stack of the 'H NMR spectral sections (400 MHz) with
resonance for the o-CH hydrogen and the methyl group hydrogens, respectively, of 1 (c = 0.424 M) in
CDCl, at —50 ~ —4 °C. (c) Experimental (above) and DNMRS5 fitted resonances of the a-CH hydrogen in
1 at—26 °C. (d) Temperature-dependent DNMR exchange rate constants kex (s?) of 1 in CD,Cl,. (¢) Eyring
plot for the exchange rate constants kex (s?), at —50 ~ —4 °C.
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In Figure S5, the two resonances of the CH group in 1 (at 4.90 and 4.64 ppm, cis/trans = 1/0.9)
decay equally fast during the kinetic measurement of the reaction of 1 with 2b at —30 °C (see Table
S1). At each of the relevant temperatures, the rotation in 1 occurs faster (on the second to
millisecond time scale) than the reaction with the enamines 2a or 2b (hours time scale).
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Figure S5. 'H NMR spectroscopic monitoring of the initial phase of the reaction of 1 with 2b in CDCl; at
—30 °C: the decrease of both resonances assigned to the CH groups of the 1 conformers is equally fast.
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Table S1. /™" of the reactions of 1 with 2a in CDCls at —40 (A). =30 (B). —20 (C). —10 °C (D) (‘H NMR
kinetics, 1,1,2,2-tetrachloroethane as the internal standard IS). Activation parameters from Eyring plot (E)
were used to calculate AG*(25°C) and k» at +25 and +80.3 °C. Initial reactant concentrations were
determined by using the integration ranges of the IS from —40 °C to —10 °C at 6.05-5.85, 6.05-5.85, 6.00—
5.89, 6.05-5.85 ppm, respectively, of the vinylic hydrogen of 2a at 4.02-3.955, 4.02-3.955, 4.02-3.94,
4.04-3.95 ppm, respectively, of the CHs hydrogen of 1 at 40, —20 and —10 °C at 3.76-3.64, 3.745-3.67,
3.74-3.68 ppm, respectively. The integration range of the a-CH hydrogen of 1 at —30 °C is 4.98—4.54 ppm.
Relaxation delay and acquisition time are always 0.10 and 3.65 s, respectively.

-140

-15.0
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3.70 390 4.10 430
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Table S2. Kinetics of the reactions of 1 with 2b in CDCls at —30 (A). —20 (B). —10 °C (C) (*H NMR kinetics,
1.1,2.2-tetrachloroethane as the internal standard IS). Activation parameters from Eyring plot (D) were used
to calculate AG*(25°C) and k» at +25 and +80.3 °C. Initial reactant concentrations were determined by using
the integration ranges of the IS from —30 °C to —10 °C at always 6.08—5.80 ppm, of the vinylic hydrogen
of 2b at always 4.29—4.16 ppm, of the CH; hydrogen of 1 at 3.75-3.63, 3.745-3.63, 3.75-3.66 ppm.
Relaxation delay and acquisition time are always 0.10 and 3.65 s, respectively.

T(°C) [1]o M) [2blo M) [IS]o (M) Bt (M1 s k, M 1sT AG*(kJ mol™)

-30 3.64 x107  352x107 249 x 10! 5.46 x 10°
-20 4.65x 107 444 x107 276 x 107 8.48 x 107
-10 411 x107  3.84x107  3.16x 107 1.43 x 10
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3.2.3 Single Crystal X-ray Crystallography

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

N0
A
i |
@)
(xv798/CCDC 2102952)
Crystallographic data.

net formula CsH12N203
M:/g mol™! 184.20
crystal size/mm 0.100 x 0.030 x 0.030
T/IK 102.(2)
radiation MoKa
diffractometer '‘Bruker D8 Venture TXS'
crystal system monoclinic
space group P121/c T
a/A 8.6488(7)
b/A 13.5518(10)
c/A 7.5975(6)
a/° 90
B/° 90.245(3)
v/° 90
VIA3 890.47(12)
z 4
calc. density/g cm™ 1.374
wmm! 0.106
absorption correction Multi-Scan
transmission factor range 0.93-1.00
refls. measured 10047
Rint 0.0356
mean o(l)/I 0.0264
0 range 2.681-26.370
observed refls. 1727

X, y (weighting scheme)
hydrogen refinement

refls in refinement
parameters

restraints

R(Fobs)

Rw(F?)

S

shift/errormax

max electron density/e A=
min electron density/e A=

Pseudomerohedral twin, BASF refined to 0.26.

0.0253, 0.3880
H(C) constr, H(N) refall
1821

124

0

0.0347

0.0795

1.102

0.001

0.163

-0.172
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Methyl 4,5,6,7-tetrahydro-1H-indazole-3-carboxylate (3b)

Crystallographic data.
net formula
M//g mol™!
crystal size/mm
T/IK
radiation
diffractometer
crystal system
space group
alA
b/A
c/A
o/°
pre
v/°
VIAZ
Z
calc. density/g cm™
wmm'!
absorption correction
transmission factor range
refls. measured
Rint
mean o(1)/1
0 range
observed refls.
X, ¥ (weighting scheme)
hydrogen refinement

cn

(yv060/CCDC 210798)

C13H22CIN3O2

287.78

0.080 x 0.040 x 0.030
102.(2)

MoKa

'‘Bruker D8 Venture TXS'
triclinic

p .1

8.2892(6)

9.0891(7)

10.0072(7)

99.156(3)

90.021(2)

93.010(3)

743.29(9)

2

1.286

0.260

Multi-Scan

0.94-0.99

12989

0.0426

0.0392

3.197-27.482

2948

0.0340, 0.4466

H(C) constr, H(N) refall
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refls in refinement 3373
parameters 194
restraints 0
R(Fobs) 0.0403
Ruw(F?) 0.0998
S 1.064
shift/errormax 0.001
max electron density/e A 0.536
min electron density/e A~ -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)

|

o8, o
Y /
% :
\ ‘\NZ 51(/
23 ¥ ¥ \9\11
- 03
c
c12

transmission factor range

) 7
Y \,°
(wv097/CCDC 2102956)
Crystallographic data.
net formula CisH23N304
M:/g mol™! 309.36
crystal size/mm 0.090 x 0.060 x 0.040
T/IK 100.(2)
radiation MoKa
diffractometer '‘Bruker D8 Venture TXS'
crystal system triclinic
space group P-1
a/A 8.3250(3)
b/A 12.1239(5)
c/A 15.1683(7)
a/° 88.910(2)
/e 85.091(2)
v/° 85.7000(10)
VIA3 1520.93(11)
z 4
calc. density/g cm™ 1.351
wmm! 0.099
absorption correction Multi-Scan

0.92-1.00
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refls. measured 15740

Rint 0.0395

mean o(l1)/1 0.0495

0 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(F?) 0.1449

S 1.020
shift/errormax 0.001

max electron density/e A~ 0.445

min electron density/e A~ -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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Abstract: Kinetics and mechanism of the reactions of methyl
diazoacetate, dimethyl diazomalonate, 4-nitrophenyldiazome-
thane, and diphenyldiazomethane with sulfonium ylides and
enamines were investigated by UV-Vis and NMR spectroscopy.
Ordinary alkenes undergo 1,3-dipolar cycloadditions with
these diazo compounds. In contrast, sulfonium ylides and
enamines attack at the terminal nitrogen of the diazo alkanes
to give 2zwitterions, which undergo various subsequent
reactions. As only one new bond is formed in the rate-

1gk,(20°C) = sy(N+E) could be used to determine the one-
bond electrophilicities £ of the diazo compounds from the
measured second-order rate constants and the known
reactivity indices N and s, of the sulfonium ylides and
enamines. The resulting electrophilicity parameters (—21<
E< —18), which are 11-14 orders of magnitude smaller than
that of the benzenediazonium ion, are used to define the
scope of one-bond nucleophiles which may react with these
diazoalkanes.

determining step of these reactions, the correlation
J
= Azo coug of ions with J:
Introduction
] /;i;‘ @
A—N=N = AN
Diazoalkanes are versatile reagents for organic synthesis. They
are widely used 1,3-dipoles that react with dipolarophiles to ivity of
give five-membered heterocycles (Huisgen reactions)." As o) i P 5
3 ® E 0 ® Nu NG
ambiphilic reagents they have the ability to react with electro RaC-NEN R,C-NEN v RoC N

philes as well as with nucleophiles (Scheme 1). While electro-
philes attack at the carbon atom to yield diazonium ions,
nucleophiles attack at the terminal nitrogen to yield azo
compounds.”’ Mechanistically, the attack of a nucleophile at the
terminal nitrogen of the diazoalkane parallels the well-known
azo couplings of diazonium ions."”
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diazonium ions azo couplings

Scheme 1. Reactions of diazoalkanes with electrophiles and nucleophiles
and mechanistically analogous azo couplings with diazonium ions.

Kinetic investigations of the reactions of diazoalkanes with a
series of benzhydrylium ions (Aryl,CH') of known electro-
philicity £ have previously been performed to characterize the
nucleophilicities of diazoalkanes, which are described by the
parameters N and s, in Equation (1))

Ig kyo-c = su(N +E) (1)

In this way, diazoalkanes have been integrated in the
currently most comprehensive nucleophilicity scales”' showing
that diazomethane has a nucleophilic reactivity comparable to
enamines, whereas stabilized diazoalkanes, such as diazoace-
tates and diphenyldiazomethane, have nucleophilic reactivities
similar to silylated enol ethers and allylsilanes (Figure 1). The
least nucleophilic diazoalkanes characterized so far were
diazomalonates with N parameters slightly lower than those of
1,1-dialkylethylenes and styrene. Based on these comparisons it
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Figure 1, C of the nucleophilicity p s N of di kanes (N

in CH,Cl, from Ref, [4a]) with those of other 7. _~nucleophiles (N in CH,CI,
from Ref, [5f]).

was possible to derive a general ordering principle for the
reactions of diazoalkanes with electrophiles.*”

We have now complemented this work by an analogous
quantification of the electrophilicities £ of the a-diazoesters 1a
and 1b, p-nitrophenyldiazomethane (1¢), and diphenyldiazo-
methane (1d) (Figure 2) by studying the rates of their reactions
with the sulfonium ylides 2a-b and the enamines 3a-e as
reference nucleophiles. The nucleophile-specific reactivity de-
scriptors N and sy of 2 and 3, needed for these derivations by
Equation (1), have previously been derived from the rates of

Diazoalkanes
NO;
CO;Me CO;Me Ph
= N &y N
H COMe = Ph
Ny=
1a 1b 1c 1d
Reference Nucleophiles
Sulfonium Yiides  * Enamines
Qe
O 00 00
NC H
2a H 3a b
N(sy)= 21.07 (0.68) 16.91 (0.86) 14.91 (0.86)

ot A -~
O 00O OO Ao
o : —/ N 5,
{ 3d

2b 3¢ 3¢
N(sy)= 18.42(0.65) 13.41(0.82) 11.40 (0.83) 10.04 (0.82)

Figure 2. Diazoalkanes 1 and nucleophiles (N and s, parameters of 2 in
DMSO™ and of 3 in dichloromethane'™ ') used in this work for determining
the electrophilicities £ of 1a-d.
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their reactions with benzhydrylium ions and structurally related
quinone methides (Figure 2).

Prerequisite for the applicability of Equation (1) is a reaction
mechanism, in which one, and only one, new o-bond is
generated in the rate-determining step.” Though earlier work
had claimed concerted 1,3-dipolar cycloadditions of diazoace-
tate 1a and diazomalonate 1b with pyrrolidinocyclohexene
3b,"*< we have recently demonstrated that these reactions
proceed via rate-determining formation of azo coupling prod-
ucts, which undergo subsequent cyclizations.” Thus, the
measured rate constants for these reactions reflect the one-
bond electrophilicities of the diazoalkanes, as needed for our
analysis.

Herein, we report on the reactions of the diazoalkanes 1
with sulfonium ylides 2 and enamines 3. The second-order rate
constants of these reactions are used for determining the one-
bond electrophilicities E of diazoalkanes 1a-d. By demonstrat-
ing that the E values thus obtained allow one to rationalize
previously reported azo couplings of diazoalkanes, it is shown
that these parameters reflect the electrophilic potential of
diazoalkanes and enable synthetic chemists to predict the
scope of nucleophiles accessible for azo couplings with 1.

Results and Discussion

Product analysis of the reactions of 1 a-b with the sulfonium
ylides 2 a-b

Methyl diazoacetate 1a reacts with two equivalents of the
sulfonium ylides 2a and 2b in DMSO to give mixtures of cis/
trans aziridines 4 with a total yield of about 40% (Scheme 2).
Their formation can be explained by attack of 2 at the N

od H
KOmBu A~ A=A
=N e - -
A’)s? _tt):o,w DMSO AN PR L B
‘ rL,35n COsMe COMe
2:HBF, 1a cis-4 trans-4
(2 equiv) 4a, Ar = 4-NC-CoHy (40%, cisitrans = 62/38)
4b, Ar = 4-0,N-CgH, (44%, cisltrans = 2/1)
KOBu
Corey-
! c,..;mm R=H
Aziridination | =MezS
£.COMe
o R R R @
SMe.
R G-coMe  )-come , M) S
+) — - N.N - NO A
e ® ) -Mes f N
ef s 4 4
Mo Mo ﬂN N2 &N
H A B c
KOfBu 1,2Ester | R = COMe
Migration | - Me;S
CN

~H' _ N__COMe
.N-,N\‘,co,m -— AT NTS
Me0,C” TAr
overnight MC"Q < h
2a HBF, 5(21%) N o

(2 equiv)

Scheme 2. Reactions of diazoalkanes 1 with sulfonium ylides 2.
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terminus of 1a (—A) followed by elimination of Me;,S to give a
2,3-diazabuta-1,3-diene (B), which reacts with a second equiv-
alent of 2 to yield C. An intramolecular nucleophilic substitution
eventually furnishes the aziridines 4 (Scheme 2). An analogous
Corey-Chaykovsky reaction of electrophilic 2,3-diazabutadienes
affording aziridines has previously been reported.”’

The formation of the azo compound 5 from 1b with 2a
(Scheme 2) can analogously be explained by attack of a second
equivalent of 2a at the intermediate B. The resulting zwitterion
C (R=CO,Me) does not cyclize as in the case of R=H, but
undergoes 1,2-ester migration concomitantly with or after Me,$S
elimination to form D which gives 5 by a proton shift
(Scheme 2). Related reactions of diazoalkanes with sulfonium
ylides giving 2:1-products have recently been reported."”

Products of the reactions of diazoalkanes with
1-(dialkylamino)cycloalkenes 3(a-d)

In recent work, we have confirmed the formation of 6aa, 7ab
and 8bb by the reactions of diazoacetate 1a and diazomalo-
nate 1b with pyrrolidinocyclopentene 3a and pyrrolidinocyclo-
hexene 3b (Scheme 3).”*

In contrast to earlier statements” we found, however, that
the heterocycles 7ab and 8bb are not formed via concerted
1,3-dipolar cycloadditions, but via azo couplings to give
hydrazonoenamines 9 and other tautomers of the initially
formed zwitterions E¢ and E, which undergo subsequent
cyclizations (Scheme 4). We now report that Scheme 4, which
has been shown to rationalize the mechanisms of the formation
of 6aa, 7ab, and 8bb can also be used to explain the products
and mechanisms of other combinations of the diazoalkanes 1a-
d with enamines 3a-e.

Reactions of diazoalkanes 1 with the
1-(dialkylamino)cyclopentenes 3a and 3¢

In line with an earlier report by Huisgen, Bihimaier, and
Reissig,” combination of diazomalonate 1b with pyrrolidinocy-
clopentene 3a in Et,0 at 0°C resulted in the precipitation of

Q 1)20°C, H

without solvent _N. _CO.Me
+ N7 COMe —— = \[(?\‘N oy R
N 2) Chromatography o

1a on S0, 6aa (31%, X-ray)

3a

+ NZ COMe
1a
N
COCly
7 COMe  291040°C [ N
v N= \

b CO;Me MeO,CT N
1b MeOC | 8bb (65%, X-ray)

20°C, CHCl =

=,
Me0,c~ N 7ab (46%, X-ray)

Scheme 3. Products of the reactions of diazoacetate 1a and diazomalonate
1b with the enamines 3a and 3b.
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R’ y 1
In Na=( % Q :_N\?,R'
4 R WY
NR, —_— NR; R
3 © g
R‘
Nz l fast
| e oo
b fast hn
Ns ~H v NG ZRY
H No, = N
MRy e R NR; R?
" g 9
+ tautomers.
\ 1013
slow
lH;O
In )
H
RN \ @% _N_ _R'
1 AN N
RRZ\ N o R?
F 6 (or tautomer 15)
R?=H cH
- HNR,
iy o
= RN
RIS NH R"/\N-N
N RrR? H
7 8

Scheme 4. Mechanism for the reactions of diazoalkanes 1 with enamines 3.
Note: In designating specific reaction products, the first letter refers to the
diazoalkane precursor, and the second letter specifies the enamine
precursor; thus product 9 ba refers to structure 9 formed from diazoalkane
1b and enamine 3a.

brick-red needles (yield: 909%). The identity of the precipitated
material was attributed by Huisgen etal. to the zwitterionic
structure Eba.”™ However, when we analyzed the precipitate by
NMR and UV-Vis spectroscopy as well as by single crystal X-ray
crystallography, we identified the red needles as the hydrazo-
noenamine 9ba (Figure 3; UV-vis spectrum in Supporting
Information: Figure S2a, black curve). From the electron den-
sities calculated using X-ray diffraction data, a hydrogen bond
from N2 to O4 (Figure 3a) was derived.

When isolated 9ba was dissolved in CDCl, at —~50°C, only
the signals of 9ba were seen in the 'H and ’C NMR spectra (pp.
$58-559, Supporting Information). When this sample was
warmed up to 20°C, tautomerization led to a 2:3:5 mixture of
9ba, 11ba, and 12ba, the ratio of which was derived from the
'H NMR signals at & = 2.77 (t, 9ba), 5.25 (s, 11ba), and 4.86
ppm (d, 12ba). A signal of low intensity at & = 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 S2a, the UV-vis spectrum of the red needles (9ba)
measured at —50°C in CHCl, showed an absorption maximum
at =491 nm which is close to that reported in Ref. [7b] (L=
477 nm). The shape of the experimental spectrum is in agree-
ment with the calculated spectrum for 9ba (Supporting
Information: Figure S2a, red curve). The originally suggested
zwitterionic structure Eba"™™ for the red needles must, therefore,
be revised. The decrease of the absorbance at 491 nm (9ba)
during warming up (Figure S2b) is in line with the NMR-
spectroscopically observed tautomerization of 9ba (Figure S3).

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. (a) Crystal structure of hydrazonoenamine 9ba. (b) 'H and "’C NMR
chemical shifts of the azo coupling products 9ba, 10ba, 11ba, and 12ba.

When the reaction of 1b with 3a in CDCl; at —50°C was
followed by 'H NMR spectroscopy, the simultaneous formation
of 9ba, 10ba and 11ba was observed (Figure S4). Whereas 9ba
and 10ba are directly generated from zwitterion Eba, it is not
clear whether 11ba is directly formed from Eba or through
tautomerization of 10ba. NMR monitoring of the reaction at
~30°C showed that the concentration of 10ba (Figure S4),
originally formed from Eba, decreases at longer reaction times
due to tautomerization, predominantly into 11ba. At 20°C,
hydrazonoenamine 12ba is the most stable tautomer. Of all the
tautomers formed in the reaction of 1b with 3a, 12ba is
formed most slowly, which can be explained by the fact that in
12ba, like in the tautomer 11ba, a new C-H bond is generated,
which has a higher intrinsic barrier than proton transfer to
nitrogen.

The reaction of diazomalonate 1b with morpholinocyclo-
pentene 3c in Et,O/hexane at —20°C proceeded analogously
(Scheme 5), and an orange needle formed in the reaction
mixture was characterized as 9bc by X-ray crystallography.
Attempts to recrystallize 9bc from Et,O/hexane led to tautome-
rization and formation of 12bc (72 %), which was unequivocally
identified by X-ray crystallography. In contrast to the equili-
brium mixture of 12ba/11ba/9ba, 12bc appears to be the
most stable tautomer, as it is the only species observed by NMR

Chem. Eur. J. 2022, 28, €202201376 (4 of 13)
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Scheme 5. Reactions of diazoalkanes 1b-d with the cyclopentanone-derived
enamines 3aand 3¢.

spectroscopy (pp. $79-580, Supporting Information). Hydrazo-
noenamine 12bc has previously been obtained from 1b and 3¢
in 66% yield in Et,0 at —30°C,”” and the reported "“C NMR
spectra are in accord with our spectra. The close analogy of the
C NMR spectra of 12bc and 12ba (pp. $70-574, Supporting
Information) is another confirmation of the structure of 12ba.
When the reaction of 1b with 3¢ in CDCl; was followed by 'H
NMR spectroscopy at 20 to 40°C, 12bc was generally observed
as the predominant species.

Combination of p-nitrophenyldiazomethane (1¢) with the
aminocyclopentenes 3a and 3c furnished compounds 14ca
and 14cg, respectively. It is not clear, why neither 9ca, 9cc, nor
any of their tautomers were detectable, and only the oxidized
products 14 ca and 14 cc were observed.

Heating of diphenyldiazomethane (1d) with pyrrolidinocy-
clopentene 3a without solvent for two days at 40°C yielded
13da in very poor yield (6%).

Reactions of diazoalkanes 1 with the
1-(dialkylamino)-cyclohexenes 3b and 3d

While cyclization products have not commonly been observed
in the reactions of 1 with the cyclopentenyl amines 3a and 3¢
(Schemes 1 and 5),"" pyrazole 7ad (=7ab, Scheme 6) was the
only product obtained in moderate yield from the reaction of
methyl diazoacetate (1a) with pyrrolidinocyclohexene 3b
(Scheme 3) and morpholinocyclohexene 3d (Scheme 6), in
agreement with a previous report of Reissig and Huisgen who
obtained 82% of 7ab by the reaction of 1a with 3b in
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Scheme 6. Reactions of diazoalk 1 with the cycloh
enamines 3b and 3d (framed: intermediates detected by NMR spectroscopic
monitoring).

chloroform at ambient temperature.” '"H NMR monitoring of
this reaction in CDCly showed the initial formation of the azo
coupling product 10ad (pp. $95-598, Supporting Information),
followed by the appearance of other tautomers and eventual
cyclization with formation of 7ad by elimination of morpholine
and proton migration.

The initial formation of 10bd followed by occurrence of
9bd (pp. S101-5106, Supporting Information) was observed by
'H NMR spectroscopy in the reaction of 1b with morpholinocy-
clohexene 3d at 20 to 40°C, in analogy to the reaction of 1b
with 3b, which initially gave a mixture of 9bb and 10bb. While
the hydrazonoenamines 9bb and 10bb underwent ring closure
and eventually gave 8bb,”™ the hydrazonoenamines 9bd and
10bd did not cyclize, and the cyclohexanone derivative 15bd
was isolated in 33% yield after chromatography on silica gel."”

The '"H NMR spectroscopic monitoring of the reaction of 1¢
with 3b at —10°C allowed to identify the 1-pyrazoline Fcb (pp.
$85-588, Supporting Information) as an intermediate, before it
underwent elimination of pyrrolidine and proton shift to give
62% of 7cb.

The reaction of p-nitrophenyldiazomethane (1¢) with
morpholinocyclohexene 3d yields enamine 10cd initially (pp.
$109-S110, Supporting Information), which also does not
cyclize, but tautomerizes with formation of 9cd. A plausible

Chem. Eur. J. 2022, 28, €202201376 (5 of 13)

reason why only azo coupling products generated from cyclo-
hexanone-derived enamines can undergo subsequent cycliza-
tion is given below.

While mainly decomposition of pyrrolidinocyclopentene 3a
took place when treated with diphenyldiazomethane (1d,
Scheme 5), we observed the formation of compound 9db (pp.
$91-594, Supporting Information) in the reaction of 1d with
3b, as previously reported by Bettinetti and co-workers." In
repeating this reaction several times, we could not reproduce
this result and instead isolated 13db, a tautomer of 9db.

Reactions of diazoalkane 1a with 1-morpholinoisobutene
(3e)

The reaction of 1-morpholinoisobutene (3 e) with 1a in the dark
(3 days at 4 50°C)"" furnished a mixture of the 1:1-product 16
and 2:1-product 17, which was separated by column chroma-
tography. In analogy to the reactions described in Scheme 4 we
assume that the A'-pyrazoline G is formed via stepwise Huisgen
cycloaddition, followed by morpholine elimination, either
directly or via tautomer |, to yield the isolated pyrazole 16,
which has previously been obtained by the reaction of 1a with
1-pyrrolidinoisobutene.” The 2:1 product 17, whose structure
was characterized by NMR spectroscopy and X-ray crystallog-
raphy (Scheme 7), may be formed through proton transfer from
G or | to enamine 3e to give H, which may collapse with
formation of J, the precursor of 17. An alternative mechanism
for the formation of 17 is suggested in Scheme S2. Both
mechanisms are in line with the observed formation of 17 from
isolated 16 and 3 e (Figure S6).

Kinetics of the reactions of 1 a-d with 2 and 3
The reactions of diazoalkanes 1 with sulfonium ylides 2 were

studied photometrically by monitoring the decay of the UV-Vis
absorbances of the sulfonium ylides in DMSO at 20°C (Fig-

7'{ ' <\"z RAitaq
3e l 1a
o COMe
Rl /{cozue i cOMe | - HN o- .
T — oy ¥
~N N /TN 16
S 1

Scheme 7. Products and suggested mechanism for the reaction of 1a with
3e.
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ure 4a). Due to the slow decomposition of the sulfonium ylides
2 (product formed by decomposition: p. S5, Supporting
Information), they were generated in the flask used for the
kinetic experiments by treating the solution of 2(H)BF, in DMSO
with KOtBu (1.03-1.15 equiv) immediately before adding the
diazoalkanes 1 (Figure 4b). In order to achieve pseudo-first-
order kinetics, more than 9 equivalents of the diazoalkanes
were used. The mono-exponential decays of the absorbances of
the sulfonium ylides indicate that the reactions proceed with
first-order in sulfonium ylides. The first-order in diazoalkanes 1
is indicated by the linear correlations of the pseudo-first-order
rate constants k., with [1] (Figure 4c).

As previously reported,” the kinetics of the reactions of the
diazoalkanes 1 with enamines 3 were investigated by time-
resolved 'H NMR spectroscopy, following the decrease of the
vinylic hydrogens of the enamines 3 relative to an internal
standard (mesitylene, dibromomethane, or 1,1,2,2-tetrachloro-
ethane) in CDCl;, CD,Cl, or ds-toluene/mesitylene (1:1) at
various temperatures. Usually equimolar amounts of 1 and 3
were used, and the second-order rate constants k, were
obtained as the slopes of plots of 1/(3], versus time t according
to 1/[3],=k;t+1/[3],; in some cases 2 equivalents of 1 were
used and evaluated as described on p 5S4 (Supporting
Information)."* Plots of In(k,/T) versus (1/7) provided the Eyring
activation parameters AH® and 4$*, from which the second-
order rate constants k, at 20 °C were calculated (Table 1).

Kinetics of some of these reactions, which were measured
by us between —50 to +50°C in CDCl; had previously been
studied by Reissig and Huisgen at +80.3°C in toluene or at
+110°C in mesitylene.” In order to compare these data with
our results, we used the Eyring activation parameters in Table 1
to calculate rate constants at the higher temperatures of the
previous studies (Table S20). Due to the highly negative
activation entropies and the small activation enthalpies, the
rates of these reactions are not strongly affected by variation of
temperature. Extrapolation of our previously reported rate
constants for the reactions of methyl diazoacetate 1a with 3a
and 3b in CDCl; at —40 to —10°C*® by the Eyring equation
gave values on average one order of magnitude greater than

those reported at 80.3°C in toluene.”® Analogous extrapolation
of the rate constants in Table 1 (CDCl; and CD,Cl,, —50 to
+50°C) by the Eyring equation led to values, generally one
order of magnitude higher, in the case of 1b+3a 500 times
higher than previously measured at +110°C in mesitylene
solution (Supporting Information).”*? Solvent effects can only
partially account for this discrepancy because our NMR studies
showed that the reactions of 1b with 3b and 3c are 3 and 6
times faster in CDCl, than in dy-toluene/mesitylene=1:1 (v/v)
(Table $20).

Quantum chemical calculations

Quantum chemical calculations have been performed in order
to examine our conclusion that zwitterions E are common
intermediates of all reactions of the diazoalkanes 1a-d with the
enamines 3, as depicted in Scheme 4. For that purpose, a
conformational sampling was performed for all structures using
the OPLS3 force field as implemented in Macromodel."®
Subsequently, the geometries were optimized at the
B3LYP-D3BJ/def2-SVP"" level of theory considering solvation
with the SMD model"® for chloroform within the Gaussian set
of codes."” For improved accuracy, the thermal corrections at
this level were combined with single-point energies using the
(SMD =CHCI,)/MN15/def2-TZVPD method.”” Eventually, the
Gibbs energies of all conformers were Boltzmann weighted.

As previously reported for diazoacetate 1a,® the lowest
unoccupied orbital of the heteropropargyl system (1) does not
correspond to LUMO of 1a, but to LUMO + 1. Figure 5 shows
that the situation is similar in 1b-1d. In all cases, the previously
neglected wt*,_, is significantly lower in energy than v, and
generally corresponds to the LUMO. Only in 4-nitrophenyldiazo-
methane (1¢), there is an even lower lying unoccupied
molecular orbital which is largely localized at the nitro group.
Since it is not relevant for the reactivity of 1¢, it is not depicted
in Figure 5, but shown in Figure $10 (Supporting Information).

As reported for 13" two separate trajectories have also
been identified for the reactions of 1b-d with enamines 3a and

(a) 24 () A4 p Sestanof infoctn ) 02
KOsy of 1b ~
yiga | genecation of 2a) _reaction of 1b win 2a i Koo ';’2‘_2;:;]9‘70'002
18 2a(H)BF4 9P
1 | soluton
— n DMSO U
372 nm (2a) Eos =042
<12t | N b
Ll
‘ P 008
08 / 04
0.04
02
0 0 0 - =
240 290 340 390 440 0 50 100 150 200 0 0001 0002 0003 0004
A (nm) - time (s) - - [1b] (M)

Figure 4. (a) UV-Vis spectroscopic monitoring of the reaction of 1b (2.26x 10" M) with 2a (8.32x 10* M) generated from a KOtBu solution (1.14 equiv) and a
2a(H)BF, solution in DMSO at 20°C. (b) Mono-exponential decay of the absorbance A at 372 nm vs. time for the reaction of 1b with 2a in DMSO at 20°C. (¢)
Linear correlation of k.., with [1b) for determining the second-order rate constant k,=422M's ™' at 20°C.

Chem. Eur. J. 2022, 28, €202201376 (6 of 13)

© 2022 The Authors. Chemistry - A E

Journal published by Wiley-VCH GmbH

53

1755 TP SuLt

3
€
£
4
g
]
g
i
z
5
g
2
g
3
8

pee

) Snpu) pae suiss] 3 |

avmaar] svomno) auneny aqeoidde ) £g pousasad are L YO 0 Jo sajns og reagry duneg Ko



Chapter 4. Quantification of the Electrophilicities of Diazoalkanes

Chemistry—A European Journal

Research Article

doi.org/10.1002/chem.202201376

r

Chemistry
Europe

European Chamicsl
Societies Publishing

Table 1. Second-order rate constants k, and Eyring activation parameters AH" and AS* for the reactions of 1a-d with 2 and 3.

Diazoalkanes Nucleophiles (solvents) TI'C) kM's] AH® (k) mol '] 28" Pmol 'K ']
Reactions with 1a
1a 2a (DMSQ) +20 1.18%10°
1a 2b (DMSO) +20 217
1a 3a (CDCly) +20 (1.8340.30) x 10 '™ 220421 ~22249
1a 3b (CDCly) +20 (4.6840.56) x 10~**"! 235418 -22847
1a 3d (cocly) +50 482x10°"
+40 275%10°"
+30 1.38x10°°
+20 (7.03+0.38) x10°7% 48421 —198+7
1a 3e(CDCIy) +50 1.97x10°¢
+40 1.01%10°¢
+30 477x107
+20 (22040.05) x 107" 552+09 —~184+3
Reactions with 1b
1b 2a (DMSO) +20 422x10'
1b 3a(CDCly) ~50 6.96x10 *
~40 140%10°
~30 238x10°
+20 (2.5940.42) x 10 ** 258415 ~18747
1b 3b (CDCIy) -50 8.98x10°°
~40 1.40x10°¢
-30 184x10°¢
+20 (7.5941.50) x 107 143418 ~25648
1b 3c(CoCly) 440 192x10°*
+30 147%10°*
+20 9.71%10°*
+20 (9.91£0.37) x107*™ 236+28 -241%9
1b 3d(cocly) +40 7.25%10°¢
+30 6.19%10 ¢
+20 4.74x10°°
+20 (4.81+0.13) x10°°™ 137+2. -300+7
Reactions with 1¢
1c 3a (CDCL) ~40 1.03x10°*
~30 147x10°°
~20 218x10°
420 (7.20£0.59) x 10 > 164£1.0 ~23044
1c 3b (CD,CL) -30 287x10°¢
~20 461x10 ¢
-10 663x10 ¢
+20 (1.9340.15) x10°*™ 202412 ~22845
1c 3¢ (CD,CL) +20 7.59x10°°
1c 3d (CD,Cly) +20 1.80x10°°
Reactions with 1d
1d 3b (CD,CL) +20 2.89x10°"

(a] Extrapolated from rate constants at other temperatures by using the Eyring equation; [b] Data from Ref. [8].

3b. In all cases, the stepwise process, which involves rate-
determining formation of the intermediate zwitterions Eg or E;

by attack of the enamine at 7% _,, proceeds via considerably

lower barriers than the concerted pathway (Table 2). For details
of the non-occurring concerted pathway, which involves the

Table 2, Comparison of experimental and calculated activation Gibbs energies at 25°C (in kJ mol ', at the (SMD = CHCI,)/MN15/def2-TZVPD//(SMD = CHCl,)/

B3LYP--D3BJ/def2-SVP level of theory), - See text for the g of the color g

Entry AG' AG':  AG'; AGE) AGE) AG(F) AG'9) AG(10)  AG(11)  AG(12)  AG'yy  AG o
1 1a+3a 99.7 _ 314 57.6 ~242 =301 ~27.0 ~343 ~45.0 1353
2 1b+3a 109.6 426 il s ~306 174 -195 ~318 1168
3 1c+3a 1046 [BOEW 219 49.0 -269  -329  -337 ~393 435 729 =
4 1d 432" - 1086 1243 420 117102 20 ~359 ~355 ~365 ~435 " 151.0
skl 1a+3b 99.2 346 655 -246  —243 256 -218 —289 | 756 1445
6 1b+3b 116.6 482 1832 24 —205 -19.7 88 -15.2 - 1199
7 1¢+3b 1074 US55 280 -329 =375 341 -285 -289 676" 1454
8 1d+3b 126.5 512 | 33 ~409 ~353 ~234 -270 ~& 1738

[a] From Ref. [8]. [b] TS could not be localized. [c] In CD,Cl,. [d) AG°(13da) = —37.3 kimol . [e] Calculated from k,(20°C) with an estimated AS* =

-230Jmol 'K,

Chem. Eur. J. 2022, 28, €202201376 (7 of 13)

© 2022 The Authors. Ct

54

y-AE

Journal published by Wiley-VCH GmbH

55 Qe suLiist

WP PR U3 S 2§ (TTOTONNT) B0 Lrrigry dunug) A Wi sasm)-sueiu ey -Suapay £Q 945 10TTIT W01 D10y S jiw L

)

avaor] swomn2) Ay gEdde 24 Kg prasad are S v S o sapn sos Lreagr] sueg A



Chapter 4. Quantification of the Electrophilicities of Diazoalkanes

Chemistry
Europe

European Chemical
Societies Publishing

s

‘ Research Article
Chemistry—A European Journal doi.org/10.1002/chem.202201376

) e.bé =

LUMO (N=N) LUMO+1 (heteropropargyl anion) HOMO
-0.37 v

~7.68 eV

-0.95eV
a i : COMe
.K !
qp CO2Me

LUMO (N=N) LUMO+1 (heteropropargyl anion) HOMO
-127 eV -0.83 eV -8.10 eV

. =
b,-% -

LUMO+1 (N=N) LUMO+2 (heteropropargyl anion) HOMO
-0.94 eV -0.26eV

LUMO (N=N)

LUMO+1 (heteropropargyl anion) HOMO
-0.76 8V -030 0V

-6.17 &V

Figure 5. Lowest unoccupied molecular orbitals of 1a-d and their energies
at the (SMD = CHCI,)/MN15/def2-TZVPD//(SMD = CHCI,)/B3LYP-D3BJ/def2-
SVP level of theory. Orbital energies of 1a were reported in Ref. [8].

lowest unoccupied orbital of the propargyl system (i) see
ref.¥ and Supporting Information (Figures S11 and 512).

All zwitterions E¢ are more stable than E; (structures in
Scheme 4), in line with the well-known higher stability of (£)-
azo compounds relative to their (Z)-isomers.” The energy
difference [AGY(E) - AG°(Eg)] increases with increasing steric
effects and is largest for R'=R*=Ph (~60kJmol ', Table 2,
entries 4 and 8) and smallest for R?=H, R' =aryl (~27 kimol ',
entries 3 and 7). However, the less-stable cis-isomers (E;) are
generally formed faster if one of the substituents (R' or R?,
Scheme 4) equals hydrogen (exception 1a+3b). Coulomb
interactions between the two termini, which give rise to the
second bond in the corresponding 1,3-dipolar cycloadditions,
may account for the faster formation of E; in these cases. If
none of the substituents R' and R? is hydrogen, this stabilization
of the transition state is overruled by steric effects, which
account for the higher stability of the trans zwitterions Eg
compared to E; (Table 2).

Chem. Eur. J. 2022, 28, €202201376 (8 of 13)

The barriers for cyclization of the zwitterions E; are
calculated to be very low (reactions of 1a and 1c¢) or cannot be
calculated at all, because attempts to localize transition states
for the cyclizations of E, (reactions of 1b and 1d) led to
collapse of the selected structures into the cycloadducts F
(Figures 6 and 512). However, since in all reactions of the
diazoalkanes 1 with the enamines 3, tautomers of the
zwitterions E¢ and E; (i.e.,, 9-13) were observed as intermediates
or final products, proton shifts must generally be faster than
cyclization. As discussed for the reactions of 1a with 3a and
3b, the proton shifts in the zwitterions E/E; proceed by
intermolecular processes, which we could not describe
computationally.”

Anyway, since the proton shifts are faster than the
cyclizations, Figures 6, S11, and $12 imply that the formation of
the zwitterions E¢ or E; corresponds to the rate-determining
step of all reactions. This conclusion is supported by the
excellent agreement between the experimentally determined
activation Gibbs energies AG",,, and the calculated barriers for
the rate-determining step (smaller value of AG'¢ and AG"; in
Table 2). The green marked values in Table 2 show that the
calculated barriers are generally 1-7 kJmol™" (11 kimol™" for
1b+3a) higher than the experimental values, whereas the
calculated barriers AG' . for the concerted processes (last
column in Table2) are 29 to 70kJmol ' larger than the
experimental numbers.

Figure 6 depicts the calculated Gibbs energy profiles for the
reactions of 1b with 3a and 3b (entries 2 and 6 of Table 2).
Analogous illustrations for the reactions of enamines with 1a
(entries 1 and 5) are shown in Ref. [8], those for the reactions of
enamines with 1c and 1d (entries 3, 4, 7, 8) in the Supporting
Information (Figures $11 and $12).

In our recent analysis of the reaction of 1a with the
enamines 3a and 3b, we have discussed that cyclization of the
initially formed azo coupling products proceeds via the (2)-
zwitterion E,. The course of the reactions of 1b-1d with 3a and
3b can now be rationalized analogously. Since the interconver-
sions of the tautomers 9, 10, 11, and 12 are faster than the
cyclizations, the Curtin-Hammett principle applies, and the rate
of cyclization depends on the difference of the Gibbs energies
of the most stable of these tautomers (marked by yellow
background in Table 2) and the Gibbs energy of the cyclization
step (AG', in Table2). If a barrier between E, and the
cycloadduct F could not be localized (as in the reactions with
1b, Figure 6), AG" ., can be replaced by AG’(E,). The barrier for
cyclization can, therefore, be derived from the difference of the
grey highlighted energies [AG", or AG(E,)] in Table 2 and the
yellow marked values (most stable tautomers). One can see that
for all reactions with pyrrolidinocyclopentene 3a (entries 1-4 in
Table 2), as well as for the reaction of diphenyldiazomethane
1d with 3b (entry 8), these differences are greater than
110kJmol ', in accord with the observation that cyclized
products are not commonly observed for these reactions. On
the other hand, the corresponding energy differences are
smaller than 105 kJmol ' in entries 5-7, in accord with the
observation that in these reactions with pyrrolidinocyclohexene
3 b, formation of the pyrazolines has been observed. Because of
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Figure 6. Gibbs energy profiles for the concerted and stepwise cycloadditions of 1b with (a) 3a and (b) 3b as computed at the (SMD = CHCI,)/MN15/def2-
TZVPD//(SMD = CHCI,)/B3LYP-D3B)/def2-SVP level of theory. Analogous illustrations for the reactions of enamines with 1a are shown in Ref. [8] and for 1¢ and

1d in Figures S11 and $12 (Supporting Information).

the error limits of these calculations, illustrated by the
observation of 11ba in equilibrium with 9ba and 12ba
(Scheme 5) despite its calculated 12 kJ/mol higher Gibbs energy
(Table 2), this analysis should be considered as a plausible
rationalization for the different behavior of 3a and 3b, but not
as an unequivocal proof.

Table 2 (entries 1 & 2 and 5 & 6) shows that the calculated
activation Gibbs energies for the reactions of both enamines 3a
and 3b to give the (E)-zwitterions E¢ (AG'() are only 6 kimol '
lower for diazomalonate 1b than for diazoacetate 1a. Intui-
tively, one might explain this small difference by the fact that
the additional ester group in 1b has little effect on n*, -
(LUMO), because this orbital is not in conjugation with the -
system of the ester group. On the other hand, conjugation of
the t-system of the ester group with 1; of the heteropropargyl
anion system (LUMO+ 1) might account for the fact that the
transition states for the concerted cycloadditions (AG”,..,) are
lowered by 19 to 25 kimol ' by the additional ester group in
1b (Table 2, entries 1 & 2 and 5 & 6).

This rationalization is not explicitly supported by the
calculated orbital energies. Figure 5 shows that 1, of the
heteropropargyl anion system (LUMO + 1), which is in conjuga-
tion with the m-system of the ester group is only slightly more
lowered in energy by the additional ester group in 1b
(-046eV) than n*,_ (—032eV). While we find a good
agreement between calculated and experimental activation
energies, the calculated orbital energies of the reactants
correlate only poorly with the observed reactivity ordering of
the diazo compounds.

Chem. Eur. J. 2022, 28, €202201376 (9 of 13)

Determination of the Electrophilicity Parameters E of the
Diazoalkanes 1

Experimental studies and quantum chemical calculations thus
agree that azo couplings as well as 1,3-dipolar cycloadditions of
1a-1d with the enamines 3 proceed by rate-determining
electrophilic attack of the diazoalkanes at the enamines yielding
zwitterions E as short-lived intermediates (Scheme 4). These
reactions thus fulfill the criteria for the applicability of
Equation (1), in particular formation of one and only one new
bond in the rate-determining step. Since solvent effects on rate
constants are included in the nucleophile-specific parameters N
and sy in Equation (1), it is possible to use rate constants in
different solvents for determining the solvent-independent
electrophilicity parameters E.

Accordingly, Figure 7 shows linear correlations of (Ig k,)/sy
versus the 1-bond nucleophilicity parameters N of sulfonium
ylides 2 and enamines 3 (Figure 2). The common nature of the
rate-determining step in the reactions of diazoalkanes 1 with
sulfonium ylides 2 and enamines 3 is thus confirmed. Least-
squares analysis according to Equation (1), enforcing a slope of
1.00, yields the electrophilicity parameters E of 1a-c, which are
given in Figure 7. Slopes between 0.93 and 1.04 are obtained
when the correlations in Figure 7 are performed without
restrictions of the slopes. Assuming that Equation (1) also holds
for the reactions of diphenyldiazomethane 1d with enamines,
E(1d) = —~21.4 is derived from the second-order rate constant k,
for the reaction of 1d with 3b.

As shown in Figure 8, the electrophilicities of diazoalkanes
1a-d (E=-214 to —18.2) are much smaller than those of
aryldiazonium ions (E=—10.4 to —2.5 in acetonitrile),”"" which
can be rationalized by the electron-donating effect of the
formal negative charge on the carbon adjacent to the N, group
expressed by the ylide structures of 1a-d (Scheme 1). The
similar electrophilicities of 1a-c as well as the three orders of

© 2022 The Authors. Chemistry - A Europ:
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Figure 7. Plots of (Ig k,)/s, vs. N for the reactions of (a) 1a with 2a-b (in
DMSO) and 3a-e (in CDCl,), (b) 1b with 2a (in DMSO) and 3a-d (in CDCl,),
and (c) 1¢ with 3a-d (in CD,Cl,); electrophilicity parameters E of 1a-1¢ were
calculated by the method of least-squares th iterati inimization of
A?=13(lg ky,~s{E +N)), which implies enforcing a unity slope in the (Ig k,)/
sy vs N plots.

magnitude lower electrophilicity of diphenyldiazomethane (1d)
are in good agreement with the quantum chemically calculated
Gibbs activation energies for their reactions with enamines,
while a consistent rationalization by FMO analysis failed (see
above).
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to CH,CL, (if not mentioned otherwise) and were taken from Ref. [Sf].

In previous work we have reported that the reactivity
parameters £ and N can be used for a first guess whether
certain reactions of electrophiles with nucleophiles can be
expected to take place at room temperature. When electro-
philes and nucleophiles are arranged as in Figure 8, where E +
N=—5 for reactants on the same level, Equation (1) predicts Ig
k,(20°C)=—5s, for reactions of electrophiles with nearby
nucleophiles. Since sy is close to 1 for most 7. nucleophiles,”
one can expect that the diazonium ions and diazo compounds
in Figure 8 will undergo azo couplings with substrates on the
same horizontal level with second-order rate constants of
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approximately 10°M™'s™' at 20°C, corresponding to half-
reaction times of about 1day for 1M solutions. As a
consequence, azo couplings at ambient temperature can be
expected with all nucleophiles, which are positioned below the
corresponding electrophiles in Figure 8, but not with those
nucleophiles located at significantly higher positions.

The suitability of this rule of thumb as an ordering principle
for the reactions of diazonium ions with aromatic and aliphatic
n-systems has already been demonstrated in refs,”"* Let us
now consider literature reports on reactions of diazoalkanes
with C-centered nucleophiles.

In Figure 8, arenes are positioned at significantly higher
positions than the diazo compounds 1a-d. Accordingly, azo
couplings of the diazoalkanes 1a-d with arenes have to our
knowledge not been reported. While diazodimedone (1e) was
found to react readily with phloroglucine under alkaline
conditions (Scheme 8), an analogous reaction of diazoacetate
was also mentioned in ref”* without giving details. Ciganek's
report?’ that dicyanodiazomethane undergoes azo coupling
with N,N-dimethylaniline indicates an electrophilicity level of
this diazoalkane that is higher than that of 1a-d.

In line with the relative position of 1a and enamine 3e in
Figure 8, their combination required heating at 50°C for 3 days
(Scheme 7). Since enamines are among the strongest neutral C-
nucleophiles, the electrophilic character of diazoalkanes has
predominantly been observed in reactions with the more
nucleophilic carbanions.”

Klages reported the formation of a pyrazoline, when ethyl
diazoacetate (1f) was combined with 1,3-diketones and
aqueous NaOH, as depicted for the reaction with pentane-24-

dehydration. Since the enolates derived from pentan-2,4-dione
and diethyl malonate have nucleophilicities in water compara-
ble to enamines, we consider the formation of the pyrazoles via
concerted 1,3-dipolar cycloaddition across the C=C bond of the
enolates unlikely.

An analogous reaction of ethyl diazoacetate (1f) with
diethyl malonate catalyzed by sodium ethoxide has been
reported by Bertho and Niissel in 1927 (Scheme 10).*™ In line
with the relative position of 1a and the anion of diethyl
malonate (in H,0: N = 16.15) in Figure 8, this reaction can again
be rationalized by initial azo coupling of the diazo ester with
the malonate anion, followed by cyclization.

Assuming that structurally related diazoketones and diazo-
esters will also have similar electrophilicities as the diazoalkanes
1a-c, one can analogously interpret the reactions of the diazo
compounds 1€ 19”7 and 1h"’® (Scheme 11) with CH
acidic compounds by initial electrophilic attack of the diazo
compounds at the corresponding carbanions, followed by
proton shifts or cyclization. The most comprehensive studies in
this field have been performed by Regitz and coworkes, as
depicted in Scheme 1247

Azo couplings of CH acidic compounds have also been
observed with the parent diazomethane under neutral
conditions,”® which has been suggested to proceed via
protonation of diazomethane and attack of the resulting
methyldiazonium ion at the simultaneously formed
carbanion.”™ ¥ Analogous reactions of diazonium ions are
known as Japp-Klingemann reactions.””

Alkyllithium and aryllithium, as well as the corresponding
magnesium reagents are among the strongest C-centered

1755 TPC SuLiizs

way

adana-£

i
H
[;;
1
a
8
53
]
g
H
]
=
i
§
4
H
¥
z
5
g
K
F
£
8

ped

%
dione in Scheme 9.”%' Its formation can be rationalized by initial  nucleophiles. Though their nucleophilicities have so far not 7
electrophilic attack of the diazoester 1f at the anion of the  been quantified, they can be expected to be located at the very g’
diketone (in H,0: N=1373), followed by cyclization and  bottom of Figure 8, in line with the long-known reactions of E
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Scheme 9. Reaction of ethyl diazoacetate (1f) with pentane-2,4-dione.™
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Scheme 10. Reaction of ethyl diazoacetate (1) with diethyl malonate,
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Scheme 12. Reactions of diazodimedone (1 e) with C—H acids under catalysis
of potassium ethoxide,”™
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Scheme 14. Synthesis of an «-azo ester by sequential reaction of butyl
lithium and methyl iodide with a-diazoester 20.""
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Scheme 15. Reactions of Grignard reagents with diphenyldiazomethane
(‘ d).lll)

Electrophilic amination of butyl lithium combined with
subsequent trapping of the resulting azo-substituted carbanion
by methyl iodide was used by Takamura and Yamada to
introduce two different alkyl groups at both reactive sites of the
diazoalkane functionality in the diazoester 20 (Scheme 14).""

The three orders of magnitude less electrophilic diphenyl-
diazomethane (1d) reacted with Grignard reagents, such as
phenylmagnesium bromide, benzyl magnesium chloride or
methylmagnesium iodide within 30 min at room temperature
to yield N-substituted hydrazones (Scheme 15)."

As mentioned at the beginning of this paragraph, 1a-d
have not been reported to react with the arenes depicted in
Figure 8. As expected, no reaction was observed when 1,3-
dimethoxybenzene (N=2.48) was heated with 1b for 2 days in
CDCl, at 55 °C. The fact that ordinary alkenes, which have similar
nucleophilic reactivity as 1,3-dimethoxybenzene, react with
diazoalkanes indicates a change of mechanism (see below).

Conclusions

Nucleophilic attack of sulfonium ylides 2 and enamines 3 at the
terminal nitrogen of the diazoalkanes 1a-d yields transient
zwitterions, which undergo various subsequent reactions. NMR
spectroscopic monitoring of the reactions with enamines
showed that the pyrazoles 7 and pyrazolines 8 are formed by
stepwise processes via intermediate hydrazonoenamines
(Scheme 4) and not via concerted 1,3-dipolar cycloadditions, as
previously postulated.”

Chem. Eur. J. 2022, 28, €202201376 (12 of 13)

For all reactions of the diazoalkanes with enamines
investigated in this work, the experimentally determined
activation Gibbs energies agreed well with the quantum-
chemically calculated values for the formation of the zwitter-
ions, which arise from the interaction of the HOMO(enamine)
with %, _y(diazoalkane), i.e, LUMO(diazoalkane). The alterna-
tive concerted 1,3-dipolar cycloadditions, arising from the
interaction of the HOMO(enamine) with 1, of the heteropro-
pargyl fragments of the diazoalkanes were calculated to have
29-70 kJmol™" higher Gibbs activation energies (Table 2) and
did not occur.

Since only one new bond is formed in the first, rate-
determining step of all reactions described in this article,
Equation (1) applies and was used to calculate the electro-
philicity parameters £ of the diazoalkanes 1a-d from the
measured second-order rate constants k, in Table 1 and the
known nucleophile-specific parameters N and s, of sulfonium
ylides and enamines in Chart 1. Earlier studies'*”’ have shown
that the nucleophilicity of diethyl diazomalonate is five orders
of magnitude lower than that of ethyl diazoacetate. Experimen-
tal investigations and quantum chemical calculations now
concordantly show that the electrophilicities of 1a, 1b, and 1¢
are almost the same, while diphenyldiazomethane (1d) has a
three orders of magnitude lower electrophilicity. This observa-
tion can be rationalized by the fact that the x-acceptor orbitals
of the substituents are in direct conjugation with the
nucleophilic reaction center of diazoalkanes but perpendicular
to w*,.y which accounts for the electrophilic reactivity of
diazoalkanes.

In accord with the E parameters of the diazoalkanes 1a-d,
which are 8 to 19 orders of magnitude smaller than those of
diazonium ions, azo couplings of diazoalkanes with arenes do
usually not occur and have only been observed in rare cases.
The well-known azo couplings of diazoalkanes with 1,3-
diketones, 1,3-dicarboxylates, and related CH-acidic compounds
under basic conditions can be rationalized by the high
nucleophilicities of the corresponding enolates.

Figure 8 suggests that azo couplings of 1a-d with ordinary
alkenes, styrene, or phenylacetylene cannot be expected to
take place at room temperature. Equation (1) predicts reaction
times of billions of years for these reactions. The fact that these
reactions have actually been observed,” indicates a different
mechanism. In a subsequent paper we will discuss the change
from stepwise processes to concerted 1,3-dipolar cycloadditions
when the enamines described in this article are replaced by less
nucleophilic 7. systems.

Experimental Section
For experimental details please see Supporting Information.

CCDC 2102953 (9ba, vv842), 2102954 (9bc, wv088), 2102955 (12bc,
wv086), and 2102958 (17, yv006) contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by The Cambridge Crystallographic Data Centre.
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Chapter 4. Quantification of the Electrophilicities of Diazoalkanes

4.2 Supporting Information
4.2.1 Product Studies

General procedure A (GP A). Sulfonium ylides 2a and 2b were generated by adding KO'Bu 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 CH2Cl (3 x
200 mL) was used for extraction. The combined organic layer was washed with distilled water (3
x 200 mL), brine, and dried over anhydrous MgSOa. 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, CDCls, dry diethyl ether, diethyl ether:hexane = 1:1, CH2Cl> or CD>Cl) 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 CH2Cl./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.

Qo 9@
CO,Me S S

CO,Me _ PefieNO
N,=/ 2 N2:< N,/ 6H4-NO2 (p) N2:< /©/\\ /©/\\
CO,Me

1a 1b 1c

Me

@G@G EV“@“M )

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 (x)-trans-4a were obtained as a mixture from (4-
cyanobenzyl)dimethylsulfonium tetrafluoroborate (399 mg, 1.51 mmol) in DMSO (5 mL), KO'Bu
(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 (*H NMR spectroscopy).

Additionally, (E)-4,4’-dicyanostilbene® (30.2 mg, yield 17%) was isolated: light-yellow crystals.
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Chapter 4. Quantification of the Electrophilicities of Diazoalkanes

The photolytic decomposition of stabilized sulfonium ylides via carbene intermediates to form
trans-alkenes has been reported by Trost.

N~ O\ o= ¢
b e
CN

1H NMR (400 MHz, CDCl3): 6 =7.20 (s, 2 H, H%), 7.61 (d, J = 8.5 Hz, 4 H, H®), 7.68 (d, J = 8.5
Hz, 4 H, HY).! 13C NMR (101 MHz, CDCls): § = 111.8 (C, C®), 118.9 (C, C"), 127.4 (CH, C°),
130.4 (CH, C?), 132.8 (CH, CY), 140.8 (C, C). HRMS (EI*"): m/z calcd for CisH1oN2* (M*):
230.0838, found 230.0842.

a a'
NC b CN

c

7 H H
d e;—.g NOESY e
/ I

k. N—=H KA. N

m i N” 9 ' "N

n/©/J\N Co,Me ,©/1\N
o ho i o'n
NC NC

()-cis-4a (x)-trans-4a

S=H
CO,Me
h' i'

cis:trans = 62/38
NMR signals assigned to cis-4a (from NMR spectra acquired at r.t.):

1H NMR (400 MHz, CDCls): § = 3.42 (d, J = 8.2 Hz, 1 H, H9), 3.59 (s, 3 H, H"), 3.71 (d, J = 8.2
Hz, 1 H, HY), 7.58-7.60 (m, 2 H, HY), 7.62-7.67 (m, 2 H, H, superimposed with resonances of
trans-4a), 7.68-7.70 (m, 2 H, H™, superimposed with resonances of trans-4a), 7.76-7.78 (m, 2 H,
H"), 8.64 (s, 1 H, HY). The configuration of cis-4a was derived by a NOESY experiment. 3C NMR
(101 MHz, CDCls) & = 49.2 (CH, C9), 49.6 (CH, C"), 52.5 (CH3, C"), 112.0 (C, CY), 114.5 (C, C"),
118.4 (C, C°), 118.7 (C, C¥), 128.4 (CH, C"), 128.7 (CH, CY), 132.1 (CH, C°), 132.7 (CH, C™),
137.2 (C, CY), 138.9 (C, C®), 159.6 (CH, C)), 166.6 (C, C"). HRMS (ESI*): m/z calcd for
C19H15N4O2" (M+H™): 331.1190, found 331.1189.

At ambient temperature, *H and **C NMR signals of trans-4a are broadened, presumably because
of the dynamics of the pyramidal inversion at the aziridine nitrogen.® 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.

NC b CN

c
2 H H

d e~ L
f.g \NOESY ’ e

|
m k j\N,N B H o k /‘\N’N B H
@/\ CO,Me @/\ CO,Me
° h " 07 n
NC NC

(t)-cis-4a (t)-trans-4a

cis:trans = 53/47
At -40 °C, two invertomers (67/33 ratio) of trans-4a are detected.

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, *H 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 (z)-trans-4a (major invertomer):

'H NMR (400 MHz, CDCls, 40 °C): 6 = 3.34 (d, J = 3.5 Hz, 0.6 H, H?), 3.79 (s, 1.7 H, H"),
3.82-3.84 (m, 1.4 H, H", superimposed with H" resonances of the minor invertomer), 7.44 (d, J =
8.0 Hz, 1.2 H, HY), 7.58-7.73 (m, 10.7 H, H, H", and H™, superimposed with H® and H™
resonances of the minor isomer and HE¢, HY, and H™ of cis-4a), 8.26 (s, 0.9 H, H'’, superimposed
with the H’ resonance of the minor invertomer). 13C NMR (101 MHz, CDCls, —40 °C): § = 48.6
(CH, C®), 48.89 (CH, C), 53.2 (CH3, C"), 111.44 (C, C"), 113.3 (C, C"), 118.7 (C, C* or C°),
118.8 (C, C¥ or C°), 127.1 (CH, C%), 127.8 (CH, C"), 132.47 (CH, C%), 132.54 (CH, C™,
superimposed with the C™ resonance of the minor invertomer), 137.2 (C, C¥), 141.2 (C, C®),
155.6 (CH, C"), 165.67 (C, CM).

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

'H NMR (400 MHz, CDCl3, —40 °C): § = 3.62 (d, J = 4.5 Hz, 0.3 H, H?), 3.82-3.84 (m, 1.4 H,
H, superimposed with H resonances of the major invertomer), 3.97 (d, J = 4.6 Hz, 0.3 H, H"),
7.39(d,J=8.1Hz, 0.6 H, H"), 7.55 (d, J=8.1 Hz, 0.6 H, H"), 7.58-7.73 (m, 10.7 H, H® and H™,
superimposed with H®', H", and H™ resonances of the major isomer and H¢, HY, and H™ of cis-4a),
8.27 (s, 0.9 H, H’', superimposed with the H' resonance of the major invertomer). 3C NMR (101
MHz, CDCls, —40 °C): & = 47.4 (CH, C¥), 51.1 (CH, CF), 53.3 (CHs, C"), 111.8 (C, C"), 113.8
(C,C"), 118.50 (C, C* or C*), 118.55 (C, C* or C°), 127.9 (CH, C"), 130.6 (CH, C¥), 131.9 (CH,
C%), 132.54 (CH, C™, superimposed with the C™ resonance of the major invertomer), 135.7 (C,
C*%), 136.6 (C, C¥), 159.9 (CH, C'), 169.2 (C, C™).

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), KO'Bu (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/CH.CIo/EtOAC = 4:1:2): yellow foam (61.0 mg, yield 21%).

!H NMR (400 MHz, CDCl3): 6 =3.57 and 3.94 (2 s, 2 x 3 H, H" and H"), 4.02 (s, 2 H, H)), 7.21—-
7.23 (m, 4 H, H and H'), 7.48-7.50 (m, 4 H, H® and H™). 13C NMR (151 MHz, CDCls): § = 53.0
(CHs, C"or CM), 53.3 (CH,, C!), 53.8 (CH3, C" or C"), 112.1 (C, C" and C"), 118.4 (C, C*and C°),
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128.4 (CH, C%"), 132.2 (CH, C®and C™), 138.2 (C, C® and C), 153.8 (C, C"and C'), 160.4 (C, C¢
or C%), 162.3 (C, C%or C&). 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™*.

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

Methyl (2R*, 3R*)-1-((4-nitrobenzylidene)amino)-3-(4-nitrophenyl)aziridine-2-carboxylate
(x)-cis-4b and Methyl (2R*, 3S*)-1-((4-nitrobenzylidene)amino)-3-(4-nitrophenyl)aziridine-
2-carboxylate (x)-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),
KO'Bu (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.

O,N

a

b

/ H
¢ d;.g NOESY
k
i, N—=H
/ i°N” f-
@ §OMe
ON

2 (£)-cis-4b

!H NMR (600 MHz, CDCls3): & = 3.47 (d, J = 8.3 Hz, 1 H, Hf, 3.60 (s, 3 H, H"), 3.79 (d, J = 8.2
Hz, 1 H, H®), 7.66-7.68 (m, 2 H, H°), 7.84-7.86 (m, 2 H, H¥), 8.21-8.23 (m, 2 H, HP), 8.26-8.29
(m, 2 H, H'), 8.72 (s, 1 H, H"). 13C NMR (151 MHz, CDCls): § = 49.4 (CH, C'), 49.5 (CH, C?),
52.6 (CHs, C"), 123.6 (CH, CP), 124.2 (CH, C), 128.7 (CH, C¥), 128.9 (CH, C°), 138.9 (C, C)),
140.9 (C, CY), 147.8 (C, C¥), 149.5 (C, C™), 159.4 (CH, C"), 166.5 (C, C%. HRMS (ESI*): m/z
calcd for C17H1sN4Og" (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™*.

At ambient temperature, *H and **C NMR signals of trans-4b are broadened, presumably because
of the dynamics of the pyramidal inversion at the aziridine nitrogen.® 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 CDClIs, 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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Heating to +50 °C did not lead to full coalescence of the broadened signals of trans-4b. However,
at —40 °C the signals of trans-4b split into two separate sets for the two invertomers (in a 70:30
ratio, 'H NMR spectroscopy). The NMR data at hand did not allow us endo-/exo-assignments for
the individual sets of signals of frans-4b.

NO,
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H — .
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Figure S1. Temperature-dependent 'H NMR spectra of a 42:58 cis/trans-mixture of 4b in CDCls.

For cis-4b, only one set of resonances was observed in the temperature range from +50 to —40 °C.
This indicates a high energetic barrier for the pyramidal inversion at the aziridine nitrogen of cis-
4b, which may prefer to exist in the more stable endo-form.
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At —40 °C, two invertomers (70/30 ratio) of trans-4b are detected.

NMR signals assigned to (x)-trans-4b (major invertomer):

IH NMR (400 MHz, CDCls, —40 °C): § = 3.40 (d, J = 3.5 Hz, 1 H, HF), 3.83 (s, 3 H, H",
superimposed with resonances for He of cis-4b), 3.91 (d, J = 3.5 Hz, 1 H, H%), 7.51-7.54 (m, 2 H,
H), 7.80-7.83 (m, 2 H, H¥), 8.19-8.30 (m, 10 H, H® and H" superimposed with resonances of
the minor invertomer and those for H® and H' of cis-4b), 8.34 (s, 1 H, H). 13C NMR (101 MHz,
CDCls, —40 °C): 5 = 48.8 (CH, C), 48.9 (CH, C"), 53.35 (CHs, C"), 124.17 (CH, C® or C"), 124.21
(CH, C* or C'), 127.4 (CH, C*), 128.3 (CH, C¥), 139.0 (C, C'), 143.3 (C, C%), 147.2 (C, C*),
148.5 (C, C™), 155.4 (CH, C'), 165.7 (C, C¥).

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

!H NMR (400 MHz, CDCl3, —40 °C): § =3.70 (d, J = 4.7 Hz, 0.5 H, Hf), 3.88 (s, 1.2 H, H"), 4.06
(d, J=4.7 Hz, 0.4 H, H), 7.48-7.50 (m, 0.8 H, H*), 7.63-7.66 (m, 0.8 H, H¥), 8.19-8.30 (m, 10
H, H and H" superimposed with resonances of the major invertomer and those for H and H' of
cis-4b), 8.38 (s, 0.4 H, H"). 3°C NMR (101 MHz, CDCls, —40 °C): 5 = 47.8 (CH, C"), 50.9 (CH,
C*%), 53.44 (CH3, CM), 123.4 (CH, C® or C"), 124.17 (CH, C" or C"), 128.4 (CH, C¥), 131.0 (CH,
C%), 137.8 (C, C%), 138.4 (C, C), 147.3 (C, C%), 148.7 (C, C™), 159.8 (CH, C"), 169.2 (C, C?).

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

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.

66



Chapter 4. Quantification of the Electrophilicities of Diazoalkanes

< 08

0.4

0

200 250 300 350 400 450 500 550

_— AMnm ——

Figure S2. (a) Black curve: UV-vis absorbance of 9ba (9.67 x 103 M) in CHClsat -50 °C (under a dry N
atmosphere, pre-cooled CHCI; and 9ba were mixed in a volumetric flask at —50 °C and a known volume
of this chilled 9ba solution was immediately injected into CHCIs in the flask for the photometric
measurement at —50 °C); red curve: calculated UV-vis spectrum of 9ba.> The absorbance of 9ba is
normalized to 1 A.U. at the Amax = 491 nm. The Amax Of the calculated spectrum was matched with the
experimental spectrum (A + 29 nm) and a line-broadening function applied (0.3 eV). (b) UV-Vis
spectroscopic monitoring of 9ba (9.67 x 107> M) in CHCl; at —50 and +20 °C.
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1H NMR (400 MHz, CDCl3, 50 °C): § = 1.82-1.89 (m, 2 H, H®), 1.91-1.94 (m, 4 H, H?), 2.65 (t,
J=7.4Hz, 2H, H", 277 (t, J = 7.3 Hz, 2 H, HY), 3.51-3.55 (m, 4 H, HP), 3.78 (s, 3 H, H'), 3.80
(s, 3 H, H)). 3C NMR (151 MHz, CDCls, 50 °C): & = 18.7 (CHp, C®), 25.7 (CH,, C%), 29.9 (CH_,
CY), 34.2 (CH, Cf), 50.2 (CHz, C"), 51.9 (CHs, Cl or C'), 52.1 (CHs, Clor C'), 110.2 (C, CM), 111.7
(C, C9), 136.5 (C, C°), 165.0 (C, C), 166.3 (C, C"). HRMS (ESI*): m/z calcd for C14H2N304*
(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™. UV-vis
(CHCI3, —50 °C): Amax =491 nm (Ig € = 4.49) (Figure S2). Single crystal X-ray crystallography
(9ba): C14H21N304 (vv842).

When a solution of 9ba in CDCIs 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 ¢ 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 CHCI3 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 S3. 'H NMR (400 MHz) spectroscopic monitoring of the tautomerization of 9ba (2.98 x 10~ mol)
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'"H NMR spectroscopic monitoring of the reactions of 1b with 3a in CDCl3 at —50 °C and —40 °C
suggests the simultaneous formation of 9ba and 10ba, accompanied by a subsequent formation of
11ba. Species 12ba appears with the lowest growth rate and was observed only in the kinetics at

—30 °C (Figure S4).
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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 *H NMR spectroscopic monitoring of the
reactions of 1b with 3a at —50, —40 and —30 °C in CDCls.

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 CDCl; at -50 °C. One-dimensional (*H and C{*H}) and two-
dimensional (*H,'H-COSY, H,3C-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).
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Characteristic NMR signals assigned to 10ba: *H NMR (400 MHz, CDClIs, —50 °C): 6 = 1.79—
1.80 (4 H, H? superimposed with hydrogens of 3a), 1.94-1.98 (1 H, H®, 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, H®, superimposed with hydrogens of 3a), 2.46-2.50 (m, 1 H, H, superimposed
with hydrogens of 3a), 2.98-3.01 (m, 4 H, H®, superimposed with NCH: of 3a), 3.80 and 3.82 (2
s, H and H', superimposed with OCHjs of 1b and 9ba), 4.26 (s, 1 H, HY), 4.80 (brd, J=7.8 Hz, 1
H, H9), 11.7 (br s, 1 H, NH). 3C NMR (101 MHz, CDCl3, —50 °C): § = 24.9 (CH2, C?), 28.0 (CHz,
Cf), 31.4 (CH, C®), 48.6 (CH2, CP), 52.1 (CHs, Cl or C'), 52.5 (CHs, C! or C'), 68.9 (CH, C9), 97.7
(CH, €%, 115.0 (C, CM), 145.2 (C, C°), 164.1 (C, C' or C¥), 164.6 (C, C' or C“).

The structural characterization of 11ba was based on the NMR spectroscopic investigation of
the reaction mixture of 1b + 3a in CDCls at —30 °C. One-dimensional (*H and *C{*H}) and
two-dimensional (*H,*H-COSY, H,**C-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).
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Characteristic NMR signals assigned to 11ba: 'H NMR (400 MHz, CDCls, —30 °C): § = 1.87—
2.01 (m, 6 H, H? and H®, superimposed with hydrogens of 9ba and 10ba), 2.66-2.73 (m, 4 H, H¢
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and H, superimposed with Hf of 9ba), 3.53-3.56 (m, 4 H, H®, superimposed with NCH; of 9ba),
3.79 (s, 6 H, H, superimposed with OCHjs of 9ba), 5.25 (s, 1 H, H"). 13C NMR (101 MHz, CDCls,
—30 °C): & = 19.4 (CHa, C®), 25.8 (CHa, C), 28.3 (CH,, C%), 34.7 (CH_, C), 51.1 (CH2, C"), 52.8
(CHs, CY), 79.1 (CH, C"), 129.8 (C, C9), 157.4 (C, C°), 168.6 (C, C').

The structural characterization of 12ba was based on the NMR spectroscopic investigation of
a sample, which was prepared by dissolving crystalline 9ab in CDClIz at ambient temperature.
One-dimensional (*H and BC{*H}) and two-dimensional (*H,'H-COSY, H,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).

e f

g H i )
d =, -N.n COMe
Qc Y

N CO,Me
b

a 12ba

Characteristic NMR signals assigned to 12ba: *H NMR (600 MHz, CDCls, +30 °C): § = 1.80—
1.82 (m, 4 H, H), 2.47-2.49 (m, 2 H, H?), 2.52-2.54 (m, 2 H, Hf), 3.19-3.21 (m, 4 H, HY), 3.79
(s,6 H, H), 4.86 (d, J = 9.6 Hz, 1 H, H"), 5.08 (t, J = 2.9 Hz, 1 H, HY), 5.27 (d, J = 9.5 Hz, 1 H,
NH). 13C NMR (151 MHz, CDCls, +30 °C): § = 24.7 (CHg, C?%), 25.5 (CH_, C"), 26.3 (CH,, C?),
49.8 (CH,, C), 53.1 (CHs, CY), 66.6 (CH, C"), 112.0 (CH, C%), 147.1 (C, C°), 158.6 (C, CY), 168.4
(C, C.

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 CH2Cl> (4.5 mL) and 3a (206 mg, 1.50 mmol)
in dry CH2Cl. (0.5 mL) according to GP B (-26 °C, 12 days, low temperature recrystallization
from CH2Cly/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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IH NMR (400 MHz, CDCls): & = 1.88-1.92 (m, 4 H, H, — * i
superimposed with unassigned peaks), 2.50-2.53 (m, 2 H, H®), 2.90—- __J [+
2.93 (m, 2 H, H"), 3.33-3.37 (m, 4 H, H"), 553 (t, J = 3.2 Hz, 1 H, hea tiEc |,
HY), 7.92-7.96 (m, 2 H, H}), 8.25-8.28 (m, 2 H, H¥), 8.46 (s, L H, H"); —  CPCh)  Lq

the chemical shifts for H®/C® and H/C" were assigned on the basis of the
HMBC spectrum. *C NMR (101 MHz, CDCls): § = 24.8 (CHa, C?), :
26.9 (CHz, C®), 28.4 (CHz, C"), 50.1 (CHg, C?), 120.4 (CH, C%), 1241 — = ¢ = [

100

1 (ppm)

(CH, C¥), 128.7 (CH, C!), 141.1 (C, C"), 147.5 (C, C°), 148.8 (C, C", 140

1555 (CH, C"), 176.6 (C, CY%. HRMS (ESI*): m/z calcd for c 160
CisH1sN4Oz* (M+H*): 299.1503, found 299.1505. IR (neat, ATR): 4 w o . [,
3067, 2842, 1622, 1589, 1552, 1511, 1419, 1396, 1335, 1300, 1161, 75 5o 7a
1138, 1105, 1029, 974, 958, 944, 851, 794, 739, 690 cm™. 7 (o)

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%).

!H NMR (400 MHz, CDCls): § = 1.63-1.69 (m, 5 H, 4 x H*and 1 x H®), 1.87-2.05 (m, 2 H, H¢
and H®), 2.16-2.24 (m, 1 H, HY), 2.38 (dt, J = 17.8, 8.4 Hz, 1 H, H), 2.67-2.89 (m, 5 H, 4 x HP
and 1 x HY), 3.61 (t, J = 7.8 Hz, 1 H, H%), 7.20-7.22 (m, 2 H, Ph), 7.32-7.44 (m, 6 H, Ph), 7.62—
7.64 (m, 2 H, Ph). 3C NMR (101 MHz, CDCls): § = 21.1 (CHy, C®), 23.3 (CH2, C?), 29.4 (CH,,
CY), 29.8 (CH, C"), 51.2 (CH,, CP), 65.3 (CH, C°), 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, C"), 168.1 (C, C9).
HRMS (ESI): m/z calcd for CoHa6N3* (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™.
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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.
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Single crystal X-ray crystallography (9bc): C14H21N30s (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.®® 12bc is stable both in solid state and in
solution (CDCls) for a couple of months.
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!H NMR (400 MHz, CDCl3): 8§ = 2.45-2.48 (m, 2 H, H®), 2.562-2.55 —

(m, 2 H, H"), 3.05-3.07 (m, 4 H, H°), 3.76-3.78 (M, 4 H, H), 379 (S, — 1200, imBC |
6 H, H, partially superimposed with H?), 4.86 (d, J = 9.3 Hz, 1 H, HY (40‘”;)*/;0200MCHL 5
simplifies to a singlet when D20 is added), 5.29 (d, J = 9.3 Hz, 1 H, CDCL) Lo -

NH, vanishes with added D,0), 5.47 (t, J = 2.9 Hz, 1 H, HY). 13C NMR
(101 MHz, CDCl3): § =25.5 (CHg, C'), 26.2 (CH_, C?), 50.1 (CH2, CP), ,
53.1 (CHs, C'), 66.4 (CH, C"), 66.8 (CH,, C?), 118.9 (CH, CY), 149.5
(C, C°, 157.2 (C, C9), 168.4 (C, C"). HRMS (ESI*): m/z calcd for  — co
C1aH2N30s* (M+H*): 312.1554, found 312.1551. IR (neat, ATR):

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

1455, 1429, 1383, 1326, 1303, 1242, 1230, 1212, 1190, 1161, 1132, 1115, 1069, 1019, 968, 947,
922, 889, 762, 692, 667 cm . UV-Vis (CH2Cl2) Amax = 269 nm (logao € = 4.03) (Figure S5). Single
crystal X-ray crystallography (12bc): C14H21N305 (wv086).

— 120

L 160

In contrast to 9ba (Figure S2b), the UV-Vis absorbance of 12bc in CH2Cl> 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 CHCl; 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 CH2Cl. (4.5 mL) and 3c (207 mg, 1.35 mmol) in
dry CH2Cl, (0.5 mL) according to GP B (room temperature for 1 hour, then —26 °C for 39 days,
low temperature recrystallization: CH2Clz/hexane): red solid (178 mg, yield 49%); m.p. 170.8 °C

(dec.).
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IH NMR (400 MHz, CDCl3): & = 2.51-2.54 (m, 2 H, H¢), 2.93-2.95 (m, 2
H, Hf, 3.20-3.22 (m, 4 H, HY), 3.85-3.88 (m, 4 H, H%), 5.95 (br s, 1 H, HY), .
7.92-7.96 (M, 2 H, H)), 8.25-8.29 (m, 2 H, H¥), 8.48 (s, L H, H"). BC NMR  —{ joo Ao
(101 MHz, CDCls): & = 26.9 (CHa, C®), 28.4 (CHa, Cf), 50.4 (CHz, C?), 66.5 — cbcly) - |,
(CHz, C%), 124.1 (CH, C¥), 128.9 (CH, C), 140.7 (C, C'), 149.0 (C, C"), 149.2 -
(C, C°, detected only in the HMBC spectrum), 156.5 (CH, C"), 175.8 (C, C9); ‘
the chemical shifts for H/C® and HY/C" were assigned on the basis of the ’
HMBC spectrum, CY could not be detected. HRMS (ESI*): m/z caled for — :
C16H19N4O3" (M+H*): 315.1452, found 315.1451. IR (neat, ATR): 3074, .« o =
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™™. T R T

Hf He
M o

—f ©

=

QC

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

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 CH.Cl (4.5 mL) and 3b (182 mg, 1.20 mmol) in dry CH2Cl, (0.5 mL) according to
GP B (-26 °C, 33 days, low temperature recrystallization: CH2Clz/hexane): light-yellow solid (172
mg, yield 62%); m.p. 180.2 °C (reported m.p.: 177-178 °C"? 183185 °C"™)

'H NMR (400 MHz, CDCls): & = 1.81-1.90 (m, 4 H, H#and H¥), 2.70 (t, J = 5.8 Hz, 2 H, H)), 2.76
(t, J=5.7 Hz, 2 H, HP), 5.60 (br s, 2 H, NH, overlapped with resonance of trace water), 7.86—7.90
(m, 2 H, HY, 8.23-8.27 (m, 2 H, HY). 13C NMR (101 MHz, CDCls): § = 21.8 (CHz, C)), 22.21
(CHa, C), 22.23 (CH,, C¥), 23.3 (CH2, C?), 114.7 (C, C°), 124.2 (CH, C9), 127.2 (CH, C'), 139.4
(C, C%), 143.0 (C, C'), 144.5 (C, CY), 147.0 (C, C". HRMS (EI): m/z calcd for C13H13N302* (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 L,

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:

H NMR (400 MHz, CD,Clz, —10 °C): § = 0.92-1.01 (m, 1 H, H"), 1.04-1.10 (m, 1 H, H?), 1.19—
1.37 (m, 3 H, H3, H®, and H°), 1.57-1.64 (m, 1 H, H°, superimposed with hydrogens of 3b), 1.72—
1.81 (m, 4 H, H¢ and H', superimposed with hydrogens of 3b), 1.85-1.94 (m, 1 H, H"), 2.37-2.45
(m, 1 H, H"), 2.61-2.72 (m, 4 H, HY and H9Y), 4.08-4.11 (m, 1 H, H™), 5.24-5.25 (m, 1 H, H"),
7.48-7.52 (m, 2 H, H)), 8.18-8.21 (m, 2 H, H¥). 3C NMR (101 MHz, CD:Cl,, —10 °C): 5 = 19.9
(CHz, C?), 22.1 (CHa, C°), 24.3 (CHa, C®"), 24.5 (CH2, C"), 28.2 (CH>, CP), 46.4 (CH2, C%9), 69.3
(C, C°, 85.7 (CH, CM), 86.0 (CH, C™), 123.4 (CH, CX), 129.4 (CH, C)), 145.2 (C, C"), 147.2 (C,
ch.

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 CD2Cl; (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).
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!H NMR (400 MHz, CDCls3): § = 1.43-1.74 (m, 7 H, H¢, H', and H?), 1.87 (br s, 3 H, H® and H9),
2.36-2.57 (m, 6 H, HY and H®), 3.03 (br s, 1 H, H°), 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). **C NMR (101
MHz, CDCls3): 8 =21.4 (CHa, C®), 23.6 (CHa, C?), 26.3 (CH2, C"), 26.9 (CH3, CY), 32.1 (CH, C9),
51.0 (CHz, C), 66.3 (CH, C°), 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, C'), 163.0 (C, C";
additional resonance: 50.4 (MeOH). HRMS (ESI"): m/z calcd for Ca3H2sN3* (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™™.

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

o

'H NMR (400 MHz, CD,Cly): § = 1.55-1.58 (m, 4 H, H?), 1.69-1.72 (m, 2 H, Hf), 1.76-1.79 (m,
2 H, H®), 2.06-2.10 (m, 2 H, HY), 2.52-2.55 (m, 4 H, H), 2.64-2.68 (m, 2 H, HY), 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,
CD:Cly): § = 20.1 (CHaz, C%), 23.0 (CHz, C®), 23.7 (CH2, C), 24.3 (CH., C? and C9), 49.1 (CH_,
CP), 117.2 (C, C"), 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, C°), 134.6 (C, Ph), 139.6 (C, Ph), 140.4 (C, C).

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 CDCls (250 pL) 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.* for the
reaction of 1a with 3b.

CO,Me
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7ab

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:

'H NMR (400 MHz, CDCls): § = 1.42-1.49 (m, 2 H, H', superimposed with hydrogens of 3d),
1.74-1.82 (m, 2 H, HY, superimposed with hydrogens of 3d), 1.99-2.00 (m, 2 H, H®, superimposed
with hydrogens of 3d), 2.80-2.83 (m, 4 H, HP), 3.61-3.64 (m, 4 H, H?, superimposed with OCH;
of 3d),4.11 (9, J=5.0 Hz, 1 H, H"), 4.82 (t, J = 4.1 Hz, 1 H, HY), 6.77 (5, 1 H, H"), 6.92 (d, J = 5.4
Hz, 1 H, NH). 3C NMR (101 MHz, CDCl3): § = 18.3 (CHz, C"), 24.3 (CHz, C?), 26.9 (CH2, C9),
46.1 (CH2, CP), 51.7 (CH2, C", superimposed), 67.6 (CH2, C?%), 106.3 (CH, C%), 120.8 (CH, C",
143.2 (C, C°), 165.1 (C, C); an unequivocal assignment of H¥/CX 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 puL) 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%).
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'H NMR (400 MHz, CDCl3): § = 1.61-1.81 (m, 3 H, H¢, Hf, and H9), 1.96-2.01 (m, 1 H, H),
2.10-2.18 (m, 1 H, HY), 2.39 (td, J = 13.6, 6.4 Hz, 1 H, H"), 2.53-2.66 (m, 2 H, H® and H"), 3.80
(m, 3 H, H or HY), 3.84 (m, 3 H, H* or H¥), 4.35 (dt, J = 12.1, 6.0 Hz, 1 H, HY), 11.69 (d, J = 5.0
Hz, 1 H, NH). 3C NMR (101 MHz, CDCls): § = 24.0 (CHg, C"), 27.5 (CH;, C9), 35.2 (CH, C?),
41.2 (CHa, C"), 52.0 and 52.3 (2 x CH3, C*and CX), 68.2 (CH, C), 118.6 (C, C°), 163.8 and 164.0
(2% C, CPand C'), 206.2 (C, C"). HRMS (ESI*): m/z calcd for C11H16N2NaOs* (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 .
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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 CDCls (400 pL) at room temperature 1 day after the
reactants were mixed. Listed NMR chemical shifts were obtained from the crude reaction mixture
without workup.
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'H NMR (400 MHz, CDCls): § = 1.39-1.49 (m, 2 H, H', superimposed with hydrogens of 3d),
1.79-1.88 (m, 2 H, H9), 1.97-2.11 (m, 2 H, H®), 2.52 (dt, J = 11.8, 4.7 Hz, 2 H, HP), 2.76 (dt, J =
11.8, 4.8 Hz, 2 H, H?), 3.55 (t, J = 4.7 Hz, 4 H, HY), 3.66 (s, 3 H, H™), 3.70 (s, 3 H, HX), 4.23 (q, J
=55Hz, 1 H, H"), 481 (t, J = 4.0 Hz, 1 H, HY), 11.48 (d, J = 5.4 Hz, 1 H, NH). 3C NMR (101
MHz, CDCl3): § = 18.4 (CHz, C"), 24.2 (CHz, C®?), 29.9 (CHz, CY), 48.8 (CH2, CP), 51.4 (CH3, C™),
51.7 (CHs, C¥), 55.9 (CH, C"), 66.6 (CH2, C?), 106.6 (CH, CY), 116.3 (C, C'), 142.9 (C, C°), 163.8
(C, C", 163.9 (C, C)).

I-zZ
/)
;=

S

10bd

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 CDCls (220 uL) 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.

f

e g .
(g fon
d N i C02M€
b 0%~ OMe
a
¢ 9bd

!H NMR (400 MHz, CDCl3): 6 = 1.31-1.36 (m, 4 H, H¢ and H"), 1.81-1.86 (m, 2 H, H9), 2.06 (dt,
J=6.3,3.0 Hz, 2 H, HY), 2.29-2.33 (m, 4 H, HY), 3.46 (s, 7 H, H? and H™, superimposed with
hydrogens of 1b and 10bd), 3.49 (s, 3 H, H¥), 13.24 (s, 1 H, NH). 3C NMR (101 MHz, CDCls):
8=20.1 (CHg, CY), 20.8 (CH2, C®), 21.5 (CHz, C%), 21.8 (CH_, C"), 49.4 (CH3, C®), 50.7 (CH3, C™),
51.4 (CHs, CY), 66.4 (CH2, C%), 115.0 (C, C'), 130.9 (C, C"), 131.2 (C, C°), 163.0 (C, C'), 163.3 (C,
c).

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
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mmol) in CD2Cl, (450 pL). 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.

f /
. " \/k©m/Noz
h

d _N .

; NN

H 1

b[Nj
a o) 10cd

1H NMR (400 MHz, CD:Cl,): & = 1.57-1.60 (m, 2 H, H, superimposed with resonances of 3d),
1.79-1.87 (m, 1 H, HY), 1.98-2.01 (m, 1 H, HY, superimposed with resonances of 3d), 2.08-2.20
(m, 2 H, H®), 2.60-2.66 (m, 2 H, HY), 2.87-2.93 (m, 2 H, H®), 3.64-3.65 (m, 4 H, H?, superimposed
with resonances of 3d), 4.17 (g, J = 4.8 Hz, 1 H, H"), 4.91 (t, J = 4.1 Hz, 1 H, HY), 6.38 (d, J = 4.8
Hz, 1 H, NH), 7.62 (s, 1 H, H'), 7.62-7.65 (m, 2 H, H¥), 8.12-8.15 (m, 2 H, H', superimposed with
resonances of 1c). 33C NMR (101 MHz, CDCly): § = 18.6 (CH2, C'), 25.0 (CH>, C?), 29.6 (CH,
CY), 49.5 (CH,, C"), 52.7 (CH, C"), 67.3 (CH2, C? superimposed with resonances of 3d), 106.5
(CH, CY%), 124.3 (CH, C"), 125.7 (CH, C), 132.0 (CH, C'), 143.4 (C, C'), 144.9 (C, C°), 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:

f I
e g \/k©m/N02
h
d[ j\ _N p
c H \,' /
b [Nj
a (o) 9cd

IH NMR (400 MHz, CD,Cl): § = 1.64-1.69 (m, 4 H, H® and H"), 2.10-2.13 (m, 2 H, HY), 2.46—
2.49 (m, 2 H, HY), 2.60-2.62 (m, 4 H, H®), 3.73-3.76 (M, 4 H, H%), 7.53 (s, 1 H, H'), 7.58-7.62 (m,
2 H, HY), 8.10-8.12 (m, 2 H, H'), 9.16 (br s, 1 H, NH). 3C NMR (101 MHz, CD,Cl): § = 20.0
(CHa, C%), 22.5 (CH,, C), 23.3 (CH2, C?), 24.1 (CH2, C9), 50.3 (CHz, C®), 67.7 (CH2, C?), 122.1
(C, C"), 124.3 (CH, C"), 125.4 (CH, CX), 130.4 (CH, C'), 132.5 (C, C°), 143.6 (C, C}), 146.2 (C,
c™.

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 puL) 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 °C), and yellow crystals (17, 40.0 mg, 11%), m.p.
103.7 °C.

g f
N¢

MeO2C e N
v
d ¢ Me

M
16 be

1H NMR (400 MHz, CDCls): & = 1.49 (d, J = 1.1 Hz, 6 H, H*and HP), 3.97 (d, J = 1.2 Hz, 3 H,
H9), 7.68 (s, 1 H, HY). 13C NMR (101 MHz, CDCls3): § = 19.9 (CHs, C? and CP), 52.7 (CHs, C9),
95.2 (C, C%, 146.9 (C, C°), 1545 (CH, C%, 161.6 (C, Cf. HRMS (ESI*): m/z calcd for
C7H10N2NaO>" (M+Na*): 177.0634, found 177.0634. Spectroscopic data consistent with those
reported in ref.58

a

Me

f
c 4 Me ¢
b >34\N Me
Me AW i
AN
m o)
°Me0,C P
n

!
k

17

IH NMR (400 MHz, CDCl3): § = 1.07 (s, 3 H, H  or H9), 1.30 (s, 3 H, H or H9), 1.74 (d, J = 1.4
Hz, 3 H, H or HY), 1.79 (d, J = 1.4 Hz, 3 H, H? or H"), 2.55-2.85 (m, 4 H, H' and H'), 3.48 (s, 1
H, HM), 3.59-3.67 (m, 4 H, H and HX), 3.84 (s, 3 H, H°), 5.84 (hept, J = 1.5 Hz, 1 H, HY). 3C NMR
(101 MHz, CDCls3): & = 18.7 (CHs, C? or C), 19.3 (CHs, Cf or C9), 23.4 (CH3, C? or C), 24.5
(CHas, Cfor C9), 50.9 (CHa, C' and C', detected only in the HMBC spectrum), 52.0 (CHs, C°), 67.7
(CHa, Cland C¥), 69.4 (C, C®), 74.4 (CH, C"), 119.5 (CH, CY), 128.6 (C, C®), 135.6 (C, C™), 164.8
(C, CM). At room temperature, the resonances of C' and C' 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
CDCls. 'H NMR (400 MHz, CDCls, -50 °C): & = 1.05 (s, 3 H, Hf or H9), 1.27 (s, 3 H, H" or H9),
1.71 (s, 3 H, H2 or HP), 1.75 (s, 3 H, H2 or HP), 2.29 (d, J = 11.6 Hz, 1 H, H' or H'), 2.50 (t, J =
12.1 Hz, 1 H, H' or H'), 2.66 (d, J = 11.9 Hz, 1 H, H' or H"), 3.15 (t, J = 11.9 Hz, 1 H, H' or H),
3.47 (s, 1 H, H"), 3.50-3.59 (m, 2 H, H and H¥), 3.67-3.69 (m, 1 H, H or H¥), 3.77-3.78 (m, 1 H,
H or H¥), 3.82 (s, 3 H, H°, 583584 (m, 1 H, HY. 3C NMR (101 MHz, CDCls,
—50 °C): & = 18.7 (CHs, C? or C?), 19.1 (CHs, Cfor C9), 23.3 (CHs, C?or C®), 24.0 (CH3, C or C9),
46.8 (CHy, C' or C'), 52.3 (CHs, C°), 53.8 (CH2, C' or C), 66.8 (CH_, C! or C¥), 68.2 (CH2, C! or
C4), 69.3 (C, C®), 73.4 (CH, CM), 119.2 (CH, CY), 129.2 (C, C°), 135.1 (C, C™), 164.8 (C, C").
HRMS (ESI*): m/z calcd for CisH2sNsNaOsz* (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™™.

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 CDClz and heated at +60 °C, first traces of 17 were observed
(*H NMR spectroscopy) within a reaction time of less than one day (Figure S6). The concentration
of 17 further increased at elongated reaction times (CDCls, 60 °C).

~ Me"ﬁf‘g e0,0- N

(0] CO,Me — morpholine €0 N
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Scheme S2. Alternative mechanism for the formation of 17 from 16 and 3e.

C,H,Cly

CDCly L i J j after 9 days at 60 °C
L 1 ) LA

after 5 days at 60 °C

[
- = —

after 4 days at 60 °C

after 2 days at 60 °C
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L after 15 h at 60 °C

g f

. d L/J\ [ mixture of 16 and 3e at r.t.
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i

Figure S6. Formation of 17 from 16 (co = 37.7 mM) and 3e (co = 46.6 mM) in CDCl; at +60 °C with 1,1,2,2-
tetrachloroethane (c = 184 mM) as internal standard monitored by *H 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).

=P 30
® CO,Me /@/\?
NEN—O NG 25

[1a] (M) [2a(H)BF4] (M) [KO'BuU] (M)  Kops (s™) 20

a
)

535x10%  811x10% 936x10° 597x10" 15
Q2

1.07x 102 811 x10°  936x10° 1.17 N3

1.0
1.60 x 102 8.11 x10%  936x10% 179
. § . 05 | Kobs = 1.179E+02 [1a] - 6.315E-02
2.14 x 1072 8.11x10°  9.36x10° 249 obs
- - h R2 = 0.9982
k=118 x102M" s 0.0 . . . . g
0.000 0.005 0.010 0015 0.020 0.025
[1a] (M)

Table S2. Kinetics of the reaction of 1a with 2b in DMSO at 20 °C (conventional method, evaluated at 518
nm).

o © 0.08
S
® CO,Me ‘
N=EN—O
O,N 0.06 |
[1a] (M) [2b(H)BF,] (M)  [KOBU] (M)  Kops (s7") r";‘
6.87 x 107 7.67 x 10°° 7.94x10°%  1.93 x 107 2 0.04
X
1.35 x 102 7.52 x 10°° 7.78 x 105 3.02 x 1072
0.02 |
2 -5 5 4.39 x 102
1.98 %10 7.37 <10 763 x 10 Kops = 2.171E+00 [1a] + 2.522E-03
2.99 x 1072 7.67 x 10°° 7.94x 10°  6.88x 1072 R2=0.9923
0 . . . ,
= 1 -1
k2 =217M" s 0 0.01 0.02 0.03 0.04

[1a] (M)

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

0.20
S
® CO,Me s”
N=N—Q \ 0.16 |
co,Me NC
[1b] (M) [2a(H)BF,] (M) [KO'BU] (M)  kops (s") 012
2
759x10%  8.38x10°  954x10° 3.41x102 2
o
151x10°  835x10°  9.50x10° 6.45x 102 =< 0.08
226x10°  832x10%  946x10° 9.82x 102
. | ! . 0.04 | Kops = 4.221E+01 [1b] + 1.787E-03
3 5 5 1. 10! obs
3.73 x 10 8.25 x 10 9.38 x 10 59 x 10 R? = 0.0997
ky;=4.22x10"M" s
0.00 . . . . ,
0 0.001 0002 0.003 0.004 0.005
[1b] (M)
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Kinetic investigations of the reactions of 1a-c with enamines 3 in CDCl; or CD2CL

Table S4. Second-order rate constants k! of the reactions of 1a with 3d in CDCl; at +50 (A), +40 (B).
+30 °C (C) (*"H NMR kinetics, 1,1.2.2-tetrachloroethane as the internal standard IS). Activation parameters
from Eyring plot (D) were used to calculate AG* (25°C) and k» at +20 and +25 °C. Initial reactant
concentrations were determined by using the integration ranges of the IS from +50 to +30 °C at 6.22-5.90,
6.06-5.68, 6.00-5.80 ppm, respectively, with the related reference of IS at 5.93, 5.92 ppm for measurement
at 40 and 30 °C, of the vinylic hydrogen of 3d at 4.66—4.44, 4.50—4.25, 4.47-4.25 ppm, respectively, with
the related reference of the vinylic hydrogen of 3d at 4.56, 4.39, 4.38 ppm, respectively, of the CH hydrogen
of 1a at 4.98-4.62, 4.84-4.46, 4.81-4.46 with the related reference of the CH hydrogen of 1a at 4.81, 4.66,
4.66 ppm, respectively. Relaxation delay and acquisition time are always 1.00 and 4.09 s, respectively.

T(°C) [alo(M) [3doM)  [ISlo (M) ko (M s 1) o (ML sT) AG* (K molY)
+50 1.92 2.15 0.597 4.82 x10°
+40 1.99 2.36 0.705 2.75 x 10°°
+30 2.13 2.32 0.639 1.38 x 10°°
+20 (7.03 + 0.38) x 1077 106
+25 (9.98 = 0.40) x 107 107
A H B
® CO,Me /—\  LbClh ® CO,Me /—\ LbCl
NEN—O ¥ N O 5oec N=N—© * N 000
27 4a 3d 08 r 4a 3d
09 __06
E ©
£ E
=06 o4t
i3 i3 1/[3d] = 2.7478E-06t + 3.9873E-01
s 1/[3d] = 4.8224E-06t + 4 3405E-01 = R?=9.9058E-01
0.3 Rz = 9.9323E-01 02
final conversion = 54 % final conversion = 41 %
0 1 1 1 '] 0 A A A J
0 31250 62500 93750 125000 0 30000 60000 90000 120000
t(s) t(s)
c H D
® COMe 7\ CDCly
N=N—© * N 0 30°c
_/
1. 76
08 -18.1 |
_ R2 = 0.9981
©° =
EO06 186 |
= £
S04l 1/[3d] = 1.3790E-06¢ + 4.2502E-01
= iE=0.85065 01 A9 T AM I mol! = 48.4 £ 2.1
02 k AS*ymol "K' =-198 £ 7
196 1 . . )
final conversion = 52 % 3.06 313 3.20 3.27 3.34
0 i 1 L J .
0 95000 190000 285000 380000 T in 1K (x 0.001)

t(s)
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Table S5. Second-order rate constants /! of the reactions of 1a with 3e in CDCl; at 50 (A). 40 (B). 30
°C (C) ("H NMR kinetics, 1,1,2,2-tetrachloroethane as the internal standard IS). Activation parameters from
Eyring plot (D) were used to calculate AG* and k» at +25 and +20 °C. Initial reactant concentrations were
determined by using the integration ranges of the IS from +50 to +30 °C at always 5.98-5.85 ppm with the
reference of IS at 5.93 ppm, of the vinylic hydrogen of 3e at always 5.18—4.84 ppm, of the CH hydrogen of
1a at always 4.78—4.44 ppm. Relaxation delay and acquisition time are always 1.00 and 4.09 s, respectively.

T(°C) [laloM) [3eloM) [ISJo(M) /b= M!sh ke M s AG* (k] mol™)
+50 2.26 2.73 0.681 1.97 x 10°®
+40 2.31 2.25 0.699 1.01 x 10°®
+30 2.32 2.50 0.727 4.77 x 107
+20 (2.20 + 0.05) x 1077 109
+25 (3.27+0.06) x 107 110
A e cocl 8 Me
® COMe poA\ /7 2 cDCl
=N—/ e @ CO;Me 3
N=N—B + N O goec NEN—6 + Me™\ N b m;
H — _/
08 r 1a 3e Tr H
1a 3e
06 0.8
g g 06
304 3
3__&, 1/[3e] = 1.9665E-06¢ + 3.3580E-01 Soat
- R2=9.9715E-01 E‘ 1/[3e] = 1.0067E-06¢ + 4. 2063E-01
02 R2 = 9.9796E-01
0.2
final conversion = 48 % final conversion = 48 %
0 1 1 1 J 0 1 1 J
0 50000 100000 150000 200000 0 150000 300000 450000
t(s) t(s)
c Me D
® CO,Me M-\ CDCly
N=EN—© N o] 30 °C
08 / 180
1a 3e
06 1 190
TE) S i Rz =0.9997
04 <
L 1/[3e] = 4.7687E-07t + 3.7745E-01 £ 200
= R2 = 9.9780E-01 ’
02 AH*/kJ mol' =55.2+0.9
AS*Umol'K'1=-184+3
final conversion = 47 % -21.0 * * !
0 . . . ] 3.06 315 324 3.33
0 205000 410000 615000 820000 UT in 1K (x 0.001)

t(s)
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Table S6. Second-order rate constants k%! of the reaction of 1b with 3a in CDCl; at —50 (A). —40 (B), —
30 °C (C) ("H NMR kinetics, mesitylene CHs hydrogens as the internal standard IS). Activation parameters
from Eyring plot (D) were used to calculate AG* and k> at +110, +25 and +20 °C. Initial reactant
concentrations were determined by using the integration ranges of the IS from —50 to —30 °C at 2.305-2.22,
2.31-2.23,2.30-2.23 ppm, respectively, of the vinylic hydrogen of 3a at 4.07-3.97, 4.07-3.975, 4.07-3.975
ppm, respectively, of the CHs hydrogens of 1b at 3.90-3.825, 3.86-3.82 ppm at —50 and —40 °C,
respectively. Relaxation delay and acquisition time are always 0.10 and 3.60 s, respectively.

QY [1b]o (M) [3a]o (M) [ISo M) k™ (M~ s™) ko (M s™) AG* (kJ mol™)

-50 2.17 x 10 2.61 x 10 2.48 x 10! 6.96 x 10*
—40 2.08 x 10! 2.33 x 10! 2.84 x 10! 1.40 x 103
=30 295x 10 215 x 107! 2.82 x 10! 2.38 x 103

+20 (2.59 + 0.42) x 102 80.7
+25 (3.15+0.55) x 102 81.6
+110 4.08 x 107!

[a] Calculated from weighed mass of 1b due to overlap of the CHs resonance of 1b with product signals.

A B
CO,Me ChCly CO,Me E&‘ (j cocly
N= N —© (j -50°C N= N —e 40°C

COzMe CO.Me
8 - 10 1b 2
8
6
° ©
g £ 6
= . 3
3 T,
= 1/[3a] = 6.9605E-04t + 3.8434E+00 = 1/[3a] = 1.3990E-03t + 4. 1945E+00
T R2?=9.6126E-01 A R2 = 9.9649E-01
2 L
final conversion = 36 % ﬁnal conversuon 52 %
0 . L L ~ 4 0 X X
0 680 1360 2040 2720 3400 0 700 1400 2100 2800 3500
t(s) t(s)
D
¢ COzMe cocly
N N (20 Me G -s0°¢c
10 ? 110
81 R? = 0.9965
> 120 }
g 6| S
=) 3
34t E-130 L AH* kI mol'=258+15
s 1/[3a] = 2.3840E-03f + 3.8119E+00 - mol” =258 + 1.
R2=9.9860E-01 ASHUmol'K'=-187+7
2k
ﬁnal conversion = 46 % -140 L L L J
0 . 408 419 430 441 452
0 L 1400 2100 T in1K (x 0.001)

t(s)

84



Chapter 4. Quantification of the Electrophilicities of Diazoalkanes

Table S7. Second-order rate constants k%! of the reactions of 1b with 3b in CDCls at —50 (A). —40 (B).
-30 °C (C) ("H NMR kinetics, mesitylene CHs; hydrogens as the internal standard IS). Activation
parameters from Eyring plot (D) were used to calculate AG* and k> at +110, +25 and +20 °C. Initial reactant
concentrations were determined by using the integration ranges of the IS from —50 to —30 °C at 2.31-2.22,
2.31-2.22, 2.30-2.21 ppm, respectively. of the vinylic hydrogen of 3b at 4.32—4.18, 4.32-4.20, 4.32-4.21
ppm, respectively, of the CHs hydrogens of 1b at 3.89-3.795, 3.86-3.82, 3.85-3.81 ppm, respectively.
Relaxation delay and acquisition time are always 0.10 and 3.65 s, respectively.

T(°C) [1bJo (M) [3bJo (M) OSloM) k="M 'sT b M'sT AG* (kJ mol™

-50 4.10 x 10 2.03 x 10 2.79 x 10! 8.98 x 10°
—40 4.18 x 10 2.24 x 10 3.35 x 10! 1.40 x 10*
=30 3.78 x 10 2.37 x 107 2.63 x 10! 1.84 x 10*

+20 (7.59 + 1.50) x 10°* 89.3
+25 (8.52+1.79) x 10* 90.5
+110 3.93x 103
A H cDcl 8
® CO,Me 3 COzMe (_;[)(_;|3
N=EN—O +< 37 _En e N=| N e < s—
18 ¢ _<002Me NG s0°C 28 - COzMe ij —-40°C
1b 3b

16 24 }

14

12 } 21

1}k 16 F

1/AIn[3b],([3b]+A)/([3b],+A)[3b],
1/AIn[3bJy([3b]+A)/([3b]+A)[3b],

08 12 +
08T 08
i y = 8.9817E-05x + 2 7487E-04 : y =1.3972E-04x - 2.8724E-02
04 R? = 9 9795E.01 R?=9.9838E-01
0o | 04 |
final conversnon 43 % final conversion = 57 %
0 1 1 0 L 1 1 '
0 5000 10000 15000 20000 0 5000 10000 15000 20000
t(s) t(s)
c
H D
® CO,Me CDCl,
= + —>
N=N—@ @*N@ -30°C
36  COMe
. 1b 3b 135
S 3t
< 2z
+ 140 } R?=0.9836
=24
™~
e S
<18 145 ¢
oy £
12} 5o | AHKImor=1435 18
S y = 1.8385E-04x - 6 5705E-02 ' AS*W mol! K =-256 1 8
06 R2 = 9.9923E-01
q !
- 155 " . . ;
0 . . final conversion = 61 % 4.08 419 4.30 441 452
0 5000 10000 15000 20000 T in1K (x 0.001)

t(s)
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Table S8. Second-order rate constants k™! of the reactions of 1b with 3b in ds-toluene:mesitylene = 1:1
at =30 (A). —20 (B). —10 °C (C) ("H NMR kinetics, 1.1,2.2-tetrachloroethane as the internal standard IS).
Activation parameters from Eyring plot (D) were used to calculate AG* and k> at +110, +25 and +20 °C.
Initial reactant concentrations were determined by using the integration ranges of the IS from —30 to —10
°C at 5.21-5.09, 5.26-5.17. 5.18-5.09 ppm, respectively, of the vinylic hydrogen of 3b at 4.264.17, 4.39—
4.30, 4.26-4.18 ppm, respectively, of the CHz hydrogens of 1b at 3.34-3.24, 3.48-3.37 ppm at —30 and —
20 °C, respectively. Relaxation delay and acquisition time are always 0.10 and 3.65 s, respectively.

T(°C)  [1bJo(M) [3b]o (M) [ISloM) k=" M's™h ky(M ' s™) AG* (kJ mol™)
30  5.10x 107  549x10T 3.61x10T  1.19x10°
20  467x107  496x107  296x107  1.55x10%
10 535x10'E 549 x101  3.17x10%  1.96x 10*
+20 (3.69 + 0.04) x 10** 91.0
+25 (4.05+0.05) x 10* 92.4
+110 1.42 x 103

[a] Calculated from weighed mass of 1b due to overlap of the CHs resonance of 1b with product signals.

dg-toluene:mesitylene

H
A @ coMe
N=N—@ + N(:l
COzMe

=11
-30°C
45 - 1b 3b
36
g27
2
)
™ 18 -
= 1/[3b] = 1.1918E-04f + 1.8579E+00
A R?=9.9842E-01
0.9
0 final conversion = 54 %
0 3800 7600 11400 15200 19000
t(s)
H dg-tol ‘mesi
c ® COMe e-ouenf.nfesnylene
NEN—© ~ * N(j =1:
CO,Me -10°C
36 - 1b 3b
3t

N
»

e

1/[3b] = 1.9605E-04t + 1.7257E+00

1/[3b](L/mol)

12 R2 = 9.9717E-01
06
final conversion = 39 %
0 1 1 J

0 1100 2200 3300 4400 5500
t(s)
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B ® CO:Me da-toluen_e.rr‘mesrtylene
NEN—@  * NO =14
CO,Me -20°C
36
g27
=)
o
™ 18 |
- 1/[3b] = 1.5450E-04¢ + 1.9068E+00
R2=9.9379E-01
09
0 final conversion = 47 %
0 2600 5200 7800 10400 13000
t(s)
D
140 r
R2=0.9998
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=
2
<
144
AH¥/kd mol' =11.2 £ 0.2
ASH U mol K1 =-272 11
146 " 1 1 i
375 385 395 405 415
1T in1/K (x 0.001)
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Table S9. Second-order rate constants kP! of the reactions of 1b with 3¢ in CDCl; at +40 (A), +30 (B).
+20 °C (C) (*H NMR kinetics, mesitylene CHs hydrogens as the internal standard IS). Activation
parameters from Eyring plot (D) were used to calculate AG* and k> at +110, +25 and +20 °C. Initial reactant
concentrations were determined by using the integration ranges of the IS from +40 to +20 °C at 2.265—
2.195,2.26-2.18, 2.29-2.22 ppm, respectively. of the vinylic hydrogen of 3¢ at 4.48-4.35, 4.48-4.35, 4.51—
4.40 ppm, respectively, of the CHs hydrogens of 1b at 3.83-3.78, 3.82-3.77, 3.87-3.80 ppm, respectively.
Relaxation delay and acquisition time are 0.10 and 3.65 s, respectively, for measurements at 40 and 30 °C,
and 1.00 and 5.12 s for the measurement at 20 °C.

T(°C) _ [1bJo(M) [3c]o (M) [ISeo(M)  kb=IM!sT b (M!sT AG* (kJ mol™)

+40 482 x101 249 x101  2.80 x 107! 1.92 x 10*
+30 442 %101 229x101 251 %107 1.47 x 10*
+20 458 x 101 257 x101  1.97 x 107 9.71 x 107

+20 (9.91+0.37) x 10° 94.2
+25 (1.19 = 0.06) x 10* 95.4
+110 1.25 x 1073
H B H
® CO,Me . CDCls ® COMe . CDCls
N=N—© * N 0 40°C N=N—O ¥ N 0
18 . COMe / CO,Me \_/ 30°C
1b 3c 1 r 1b 3¢
g 3
% Sos8 | o
<
:q +
3 12 + =
= 206 |
z )
3, S04
E’o 06 :‘?
= - 04x. 202 | y = 1.4664E-04x - 1.2932E-01
g y 1'9;3‘159935‘67238196“” § R2 = 9.8595E-01
0 final conversion = 43 % 0 . . .ﬁnal conver.sion =28 %'
0o 3000 6000 9000 0 1400 2800 4200 5600 7000
t(s) t(s)
c H
® COMe CDCly D
N=N—@ E&*N o 20°C
CO,Me
. 1o 3¢ 140
2
? 08 R2 = 0.9863
= 145 t
206 =
= N
) X
% z
B 04 | 150 f
Ec' AH* /kJmol' =23.6+28
ﬂ ¥ -1 k-1 = -
£02 y = 9.7079E-05x - 3.1656E-02 AS*HJ mol" K™ = -241+9
g R? = 9.9871E-01 155 . . . -
o . . final conversion = 27 % 3.10 320 3.30 3.40 350
0 2000 4000 6000 8000 10000 1T in1K (x 0.001)
t(s)

87



Chapter 4. Quantification of the Electrophilicities of Diazoalkanes

Table S10. Second-order rate constants k> of the reactions of 1b with 3¢ in ds-toluene:mesitylene = 1:1
at +50 (A), +40 (B), +20 °C (C) ("H NMR kinetics, aromatic hydrogens of mesitylene as the internal
standard IS). Activation parameters from Eyring plot (D) were used to calculate AG* and k» at +110, +25
and +20 °C. Initial reactant concentrations were determined by using the integration ranges of the IS from
+50 to +20 °C at 6.71-6.51, 6.72—6.46. 6.75-6.46 ppm, respectively. of the vinylic hydrogen of 3¢ at 4.36—
4.16. 4.35-4.19, 4.36-4.23 ppm. respectively. of the CH; hydrogens of 1b at 3.418-3.376. 3.414-3.366.
3.445-3.37 ppm, respectively. Relaxation delay and acquisition time are 0.10 and 3.65 s, respectively for
measurement at 50 and 40 °C, 1.00 and 4.09 s for measurement at 20 °C.

T(°C) _[1bJo (M) [3cloM)  [IS]o(M) k=t M!s™) kM!sh AG* (kJ mol™)

+50  4.57x10"  4.82x 10! 284 4.81 x10°
+40 456 x 107 548 x 10 284 3.61 x 107
+20 533 x107  5.87 x 10! 2.84 1.81 x 107
+20 (1.82 +0.02) x 107 98.4
+25 (2.17 £ 0.03) x 107 99.6
+110 2.23 x 10

A H . B H

® CO,Me —\ da-toluen_e:;r'lfsﬁylene ® COMe § — ds-toluenf:fr.lesitylene
N=N + =11 = + =1
_<202Me §Nuo 50 °C § N_<202Me N\—/O 40°C
1b 3c 1b 3c
kS 3

1/[3¢] = 3.6064E-05¢ + 1.8202E+00
R?=9.9710E-01

113¢])(LUmol)
N w
1/[3¢](L/mol)

-

1/[3c] = 4.8135E-05¢ + 2.0414E+00
Rz =9.9628E-01

-

final conversion = 29 % final conversion = 26 %
1 L ] A 1 J

0 ' 1 0 1 A
0 3900 7800 11700 15600 19500 0 3700 7400 11100 14800 18500
t(s) t(s)
Cc 5 dg-toluene:mesitylene
CO,Me p——— : D
:@ : =11
N=N—© + N [ J L
CO,Me —/ 20°C
1b 3c
155
4 -
R2=0.9994
3 F -160 }
3 =
. 2
a2, 1 £
=2 165 F
ac AH* Ik mol™ =232+ 0.6

| 1/[3¢] = 1.8145E-05¢ + 1.7191E+00 AS*/J mol” K = —256 + 2
R2 = 9.9392E-01 e

-

3.05 3.15 3.25 3.35 345
T in1/K (x 0.001)

final conversion = 44 %

0 16400 32800 49200 65600 82000
t(s)
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Table S11a. Second-order rate constants k%! of the reactions of 1b with 3d in CDCl; at +40 (A). +30 (B).
+20 °C (C) (*H NMR Kkinetics, 1,1,2,2-tetrachloroethane as the internal standard IS). Activation parameters
from Eyring plot (D) were used to calculate AG* and k» at +25 and +20 °C. Initial reactant concentrations
were determined by using the integration ranges of the IS from +40 to +20 °C at always 6.04-5.95 ppm
with the reference of IS at 6.00 ppm for the measurement at 40 and 30 °C, of the vinylic hydrogen of 3d at
always 4.66—4.44 ppm with the reference of the vinylic hydrogen of 3d at 4.57 ppm, of the CHz hydrogens
of 1b at 3.76-3.68, 3.78-3.71, 3.75-3.69 ppm. respectively, with the reference of 1b at 3.72, 3.75, 3.72
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ppm, respectively. Relaxation delay and acquisition time are always 1.00 and 4.09 s, respectively.

T(°C) [1bloM) [3dlo(M) [ISo(M) k™="M's) ky (M1 s™) AG* (kJ mol™)
+40 1.17 1.23 1.07 7.25 x 10
+30 1.10 1.13 1.18 6.19 x 10
+20 1.10 1.10 1.13 4.74 x 106
+20 (4.81+0.13) x 10°° 102
+25 (5.38+0.21) x 10°¢ 103
CO,Me CO,Me H
N6 @ Y £ocly a6 2+ ) £oCk
COzMe 40°C CO,Me \_/ 30°C
2 95 . 1b 3d
15 | 2
3 3
£ £15 |
3 ]
R 3 1
o5 | Vi3d] = 7R%5°g'§,?§§g 319 066E-01 = 1/[3d] = 6.1850E-06¢ + 8.5230E-01
05 Rz = 9.8687E-01
final conversion =48 % 0 final conversion = 55 %
0 1 1 1 J A L 1 J
0 30000 60000 90000 120000 0 50000 100000 150000 200000
t(s) t(s)
c " D
® CO,Me CDCl,
+
wtll i
25 . COMe
1b 3d 74
2
3 476 }
£15 |
3 5“ , RF=0.0769
= <
a1 £
= 1/[3d] = 4.7361E-06t + 7.7953E-01 8
05 R2 = 9.9627E-01 ) AH* Ik mol'' =137 £ 2.1
’ ASHImol"K'=-300+7
0 final conversion = 55 % -18.0 L " )
3.17 3.26 3.35 344
0 70000 140000 210000 280000
1T in1/K (x 0.001)

t(s)
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Table S11b. Second-order rate constant /k>®®" of the reactions of 1b with 3d in CD,Cl, at +20 °C (*H NMR
kinetics, 1.1.2,2-tetrachloroethane as the internal standard IS). Initial reactant concentrations were
determined by using the integration ranges of the IS at always 6.24-5.98 ppm, of the vinylic hydrogen of
3d at 4.70-4.48 ppm, of the CH; hydrogens of 1b at 3.80-3.73 ppm, respectively. Relaxation delay and
acquisition time are 1.00 and 4.09 s, respectively.

T(°C) [1bloM) [3d]oM) [IS]oM) =t M!sh  AG* (kJ mol™)

+20 1.21 1.31 9.67 x 107 545 x10° 101
© COMe H CD,Cl,
= + /N T
N=N—O @—N 0 20°C
COzMe _/
1b 3d
2 p
16
3
£12
=
®.08
- 1/[3d] = 5.4530E-06¢ + 7.4553E-01
04 } R?=9.9610E-01
final conversion = 56 %
0 1 1 1 )

0 50000 100000 150000 200000
t(s)

Changing the solvent only slightly enhanced the second-order rate constant 4> for the reaction of
1b with 3d at 20 °C from 4.81 x 107® in CDCls (Table S11a) to 5.45 x 10° M s! in CD>Cl,
(Table S11b). We conclude, therefore, that the effect of switching the solvent from CDCI; to
CD:>Cl, on the reaction rate is negligible. Thus, it is justified to apply the kinetic data measured in
CDCl; to derive the E parameters of the diazoalkanes from their reactions with enamines whose
N/sn parameters have been determined by eq. (1) from reactions in CH>Cls solutions.
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Table S12. Second-order rate constants k»®®" of the reactions of 1¢ with 3a in CD,Cl, at —40 (A). —30 (B).
—20 °C (C) ("H NMR kinetics, 1,1,2,2-tetrachloroethane as the internal standard IS). Activation parameters
from Eyring plot (D) were used to calculate AG* and k» at +25 and +20 °C. Initial reactant concentrations
were determined by using the integration ranges of the IS from —40 to —20 °C at 6.16-5.97, 6.09—6.02,
6.09—6.02 ppm, respectively, of the vinylic hydrogen of 3a at 4.00-3.84, 4.03-3.82, 4.03-3.86 ppm,
respectively, of the a-CH hydrogen of 1¢ at 5.28-5.21, 5.27-5.21, 5.25-5.21 ppm, respectively. Relaxation
delay and acquisition time are always 0.10 and 3.65 s, respectively.

91

TCC) [IcjoM) [3aoM)  [ISJo(M) k™" M'sh ky (M ™ s™) AG* (kJ mol™)
—40 2.11x107  1.83x101 2.65x10! 1.03 x 103
=30 1.69x 101 199 x 101 2.67 x 10! 1.47 x 103
-20 1.34x 107  1.60x101 237x10! 2.18 x 103
+20 (7.20 + 0.59) x 103 83.8
+25 (8.20+0.72) x 1073 84.9
CD2C|2 CD;C|2
@p @g p @ 2%
NEN—© N=N—©
12
10 ¢
8 9
s g
6
5 6t
—_ ©
S 4t 1/[3a] = 1.0305E-03t + 4.9459E+00 g
s Rz =9 9168E-01 - 1/[3a] = 1.4666E-03t + 4. 4935E+00
) 3 R2? =9 9688E-01
o final conversion = 42 % final conversion = 54 %
i 1 1 i J 0 1 1 1 ]
0 860 1720 2580 3440 4300 0 1175 2350 3525 4700
t(s) t(s)
D
Cchlz
@* G -20°C
NEN
. 410
Rz = 0.9966
3 8 c'12-0 - \\
5 3
= =
3 T 130 | AH*/KImol' =16.4 +1.0
=4 1/[3a] = 2.1801E-03t + 4.8657E+00 ASH/J mol K- = —230 + 4
Rz =9.9596E-01
-14.0 1 s ! : |
final conversion = 35 % 390 400 410 420 430 440
0 L " L i .
0 600 1200 1800 2400 1T in1/K (x 0.001)
t(s)
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Table S13. Second-order rate constants kP! of the reactions of 1¢ with 3b in CD,Cl, at —30 (A), —20 (B)
and —10 °C (C) (*H NMR kinetics, 1.1.2.2-tetrachloroethane as the internal standard IS). Activation
parameters from Eyring plot (D) were used to calculate AG* and k> at +25 and +20 °C. Initial reactant
concentrations were determined by using the integration ranges of the IS from —30 to —10 °C at 6.14-5.97,
6.16-5.97, 6.18-5.94 ppm, respectively, of the vinylic hydrogen of 3b at 4.23-4.11, 4.21-4.12, 423-4.13
ppm, respectively, of the aromatic hydrogens of 1¢ at 7.08—6.86, 7.09—6.89, 8.15-8.05 ppm, respectively.
Relaxation delay and acquisition time are always 0.10 and 3.65 s, respectively.

T(°C) [1c]o (M) [3bJo (M) OSloM) k="M 'sh) k(M s™h AG* (kJ mol™)

=30 345x 100 293 x107  1.74 x 107! 2.87 x 10*
-20 3.34x107  3.06x10" 1.86x 10! 4.61 x 10
-10 298 x 101 340x101 2.18x 10! 6.63 x 10*

+20 (1.93 +0.15) x 103 87.0
+25 (2.25+0.20) x 1073 88.1
B NO, H
CD:Cly CD,Cl,
@ : <:§> (j -30°C @ : * @‘Nij -20°C
NENTo, NENTO e 3b
8 8

[=2]
[=2]
T

E 3
£ £
; 4 34
Z 3
S | Vi3b]=28673F-041+ 32949E+00 =3 1/[3b] = 4.6118E-04t + 3.0711E+00
s
2 b R?=9.9543E-01 ) R2 = 9 9623E-01
final conversion = 46 % final conversion =51 %
0 1 0 1 ' 1 L J
0 4000 8000 12000 0 1700 3400 5100 6800 8500
t(s) t(s)
c NO, H D
. CD,Cl,
® € >—NG -10°C
N=N B .
©1c 3b 125
6 r
-130 2—
~. | S R2 = 0.9964
g <
= £
§ -13.5
o 1/[3b] = 6.6328E-04t + 2. 6474E+00 ARk mol! = 20212
=2 + + 11 =
= R? = 0 9570E.01 AS*Umol'K'=-228+5
-14.0 . . . . .
final conversion = 41 % 3.70 3.80 3.90 400 410 420
0 . ; ; ! UT in 1K (x 0.001)
0 900 1800 2700 3600

t(s)
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Table S14. Second-order rate constant k™" of the reaction of 1¢ with 3¢ in CD,Cl, at +20 °C (‘*H NMR
kinetics, 1.1.2,2-tetrachloroethane as the internal standard IS). Initial reactant concentrations were
determined by using the integration ranges of the IS at 6.17-5.97 ppm, of the vinylic hydrogen of 3¢ at
4.44-4.36 ppm, of the a-CH hydrogen of 1c at 5.28-5.16 ppm. Relaxation delay and acquisition time are
0.10 and 3.65 s, respectively.

T(°C) [1coM) [3clo(M) [IS]o(M) ™ M!sh)  AG* (kI mol?)

+20 529 x107 5.75x 10" 2.83 x10'  7.59 x 107 94.9
NOZ H
T2 . Lol
) " e
54 | e 3¢

1/[3¢)(Lmol)

-
[=~]

1/[3¢] = 7.5902E-05t + 1.5212E+00
Rz =9.9808E-01

final conversion = 68 %

0

0 11000 22000 33000 44000 55000
t(s)

Table S15. Second-order rate constant k%! of the reaction of 1¢ with 3d in CD,Cl, at +20 °C (‘*H NMR
kinetics, 1.1.2,2-tetrachloroethane as the internal standard IS). Initial reactant concentrations were
determined by using the integration ranges of the IS at 6.12—5.76 ppm, of the vinylic hydrogen of 3d at
4.66—4.36 ppm, of the aromatic hydrogens of 1c at 7.07—6.77 ppm. Relaxation delay and acquisition time
are 1.00 and 4.09 s, respectively.

TCO) [icjoM)  [3djo(M) [ISjpM) k™M M'sh AG*(kJ mol)
+20  6.64x 107 7.93 x 10T 376 x 10T 1.80 x 10F 104
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NO, H
. :/< N/_\o CD,Cl,
® \ /- 20°C
© 1c

N=N
18 r 3d
*
S12 b
% 1/[3d] = 1.7965E-06t + 1.2217E+00
= Rz =9.5708E-01
he]
o,
3 0.6
final conversion = 24 %
0 1 1 1
0 90000 180000 270000

t(s)
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Table S16. Second-order rate constant k,*®" of the reaction of 1d with 3b in CD.Cl; at +20 °C (*H NMR
kinetics, dibromomethane as the internal standard IS). Initial reactant concentrations were determined by
using the integration ranges of the 1S 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]o(M) [3bJo(M) [ISJo(M) k' (M*s™) AG* (ki mol?)

+20 1.08

1.34 1.01 2.89 x 10°® 103

1/[3b](L/mol)

cD,Cly
N= N%@ G 20°C

14 r

12

o
©

©
o

02

1/[3b] = 2.8903E-06t + 6.8513E-01
R?=9.7627E-01

final conversion = 38 %
1 1 )

0

47500 95000 142500 190000

t(s)

Determination of the electrophilicity parameters E for la-c

Table S17. Determination of the electrophilicity parameter E for la.

® CO,Me
NEN—0 4a
Nucleophiles N sn kPPN (MTsTy Igk,  EE g rcaell Al A2 gymld
2a 21.07 0.68 1.18 x 102 2.07 1.72 -0.35 0.13
2b 18.42 0.65 217 0.34 -0.08 -0.42 0.17
3a 1591 0.86 1.83x 103 —-2.74 -2.26 0.47 0.22
3b 1491 0.86 4.68x10™ -3.33 -3.12 0.21 0.04
3d 11.40 0.83 7.03x 107 -6.15 -5.93 0.22 0.05
3e 10.04 0.82 220x107 -6.66 -18.5 -6.97 -0.31 0.10 0.71

E=-185

8l Optimal E parameter resulting from the least-squares analysis according to the Mayr-Patz equation.
Calculated by applying N, sy, and E in the equation. [ A = Ig k,®®! — Ig ko, [ sym = A2, to be minimized
by variation of E in the least-squares analysis.
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4
°
2r ®
SMe,
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2] O
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s Lo H
3e 1a (E = -18.5)
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Nucleophilicity N

Figure S7. Linear correlation of (lg /k)/sn
with the nucleophilicity parameters N for
reactions of the diazo compound 1a with the
nucleophiles 2 and 3. The depicted linear
correlation has a fixed slope of unity as
required by the Mayr-Patz equation. The
linear regression for the data in this figure
gives a slope of 1.04.

Table S18. Determination of the electrophilicity parameter E for 1b.

Bl Optimal E parameter resulting
from the least-squares analysis
according to the Mayr-Patz
equation. P! Calculated by applying
N, sn. and E in the equation. 1 A =
Ig ko™ — Ig ke, [91 sum = A2, to
be minimized by variation of E in
the least-squares analysis.

Figure S8. Linear correlation of (Ig k»)/sx with
the nucleophilicity parameters N for reactions of
the diazo compound 1b with the nucleophiles 2a
and 3a-d. The depicted linear correlation has a
fixed slope of unity as required by the Mayr-Patz
equation. The linear regression for the data in
this figure gives a slope of 0.93.

® CO,Me
NEN—@  1b
CO,Me
Nucleophiles N SN kzexptl/M-1 s lgky g Ig kzca"’ LI A2 sum¥
2a 21.07 0.68 4.22 x 10! 1.63 1.96 0.34 0.12
3a 1591 0.86 259 x 102 -1.59 -1.95 -0.37 0.13
3b 1491 086 7.59x 104 -3.12 -2.81 0.31 0.09
3c 13.41 0.82 991x10° -4.00 -3.91 0.09 0.01
3d 1.4 083 4.81x10°® -5.32 -18.2 -563 -0.31 0.10 0.45
E=-18.2
4 @
5 ( ]
SMe,
0 L
z
& N
Sat N <_7
i) CN
= N 2a
o
o CO,Me
3d N,
L CO,Me
1b (E=-18.2)
10 12 14 16 18 20 22

Nucleophilicity N ————
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Table S19. Determination of the electrophilicity parameter E for 1c.

NO,
]
N=EN—O 1c
Nucleophiles N sy k™ M'sT) Igk, E@ Igk,el Al a2 gym™@
3a 15.91 0.86 7.20x10° -2.14 -2.06 0.09 0.01
3b 1491 086 1.93x10% -2.71 -2.92 -0.20 0.04
3c 1341 0.82 7.59x10% —4.12 -4.01 0.1 0.01
3d 11.40 0.83 1.80x10% -574 -183 -573 0.02 0.00 0.06
E=-183

(3] Optimal E parameter resulting from the least-squares analysis according to the Mayr-Patz equation. [
Calculated by applying N, sx, and E in the equation. [ A = Ig k! — 1g k%, [ sum = £A?, to be minimized
by variation of E in the least-squares analysis.

2t
N

Y G
gal
2 Q
25¢ N

o G

CeHs-NO; (p)
3d Ne=(
7 F H
1c (E=-18.3)
-8 " 1 L i 1 1 J
10 1 12 13 14 15 16 17

Nucleophilicity N

Figure S9. Linear correlation of (lg k»)/sx with the nucleophilicity parameters N for reactions of the diazo
compound 1c¢ with the nucleophiles 3a-d. The depicted linear correlation has a fixed slope of unity as
required by the Mayr-Patz equation. The linear regression for the data in this figure gives a slope of 1.01.
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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)

Crystallographic data.
net formula
M//g mol™!
crystal size/mm
T/IK
radiation
diffractometer
crystal system
space group
a/lA
b/A
c/A
o/°
pre
v/°
VIA3
Z

calc. density/g cm™

wmm:!

absorption correction
transmission factor range

refls. measured
Rint

mean o(1)/1

0 range
observed refls.

, 7 -
c2\ < Cl4

(vv842/CCDC 2102953)

C14H21N304
295.34

0.070 x 0.050 x 0.030
103.(2)
MoKa
'‘Bruker D8 Venture TXS'
triclinic

P .1
8.0460(5)
9.3723(6)
10.5732(6)
110.359(2)
91.662(2)
106.409(2)
709.85(8)

2

1.382

0.102
Multi-Scan
0.93-1.00
7335

0.0292
0.0350
3.139-26.362
2447

X, y (weighting scheme)
hydrogen refinement
refls in refinement
parameters

restraints

R(Fobs)

Ruw(F?)

0.0429, 0.2212

H(C) constr, H(N) refall
2873

201

0

0.0371

0.0971
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S 1.059
shift/errormax 0.001
max electron density/e A= 0.279
min electron density/e A= -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) A, O...H 1.76(2) A, 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)

o1

g
Co
(&) -
Col ‘:‘1 03
/.,/-" \_/ =)
N1

). c12

\ YY)

\ j c1

C‘\ % /
co k2 ZT/ \ 05
N3 T
Cagl/m—r
w—— . C3
C_f/y X /

o4

N\

/C14
(wv088/CCDC 2102954)
Crystallographic data.
net formula C14H21N305
M:/g mol™! 311.34
crystal size/mm 0.100 x 0.090 x 0.050
TIK 100.(2)
radiation MoKa
diffractometer '‘Bruker D8 Venture TXS'
crystal system triclinic
space group P-1'
a/A 8.1532(4)
b/A 9.5318(5)
c/A 10.5959(5)
a/° 113.562(2)
B/° 99.210(2)
v/° 97.431(2)
VIA3 727.87(6)
z 2
calc. density/g cm™ 1.421
wmm! 0.109
absorption correction Multi-Scan
transmission factor range 0.88-0.99
refls. measured 6657
Rint 00264
mean o(l)/1 0.0429
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0 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(F?) 0.1083
S 1.061
shift/errormax 0.001
max electron density/e A~ 0.252
min electron density/e A~ -0.258

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

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

014, /
2 \CG(,’
Vs
‘\-‘_‘\g_ﬁg : I \qnmz/
i -~
[l
<]
o] / T () 02
); \ -
/8 N

03" C 11

& \ lN!\ y
"y / - /\ c10{ o1
5 & .~ \myk‘\ :
/ N37 * ’&:
/ |
|

C'_!,; CS\‘; >?§ )05
(wv086/CCDC 2102955)
Crystallographic data.
net formula C14H21N30s
M:/g mol™! 311.34
crystal size/mm 0.100 x 0.080 x 0.050
T/IK 100.(2)
radiation MoKa
diffractometer '‘Bruker D8 Venture TXS'
crystal system monoclinic
space group P121/inl
a/lA 7.9977(4)
b/A 14.2996(7)
c/A 13.7547(7)
a/° 90
/e 103.142(2)
v/° 90
VIA3 1531.84(13)
Z 4
calc. density/g cm™ 1.350
wmm:! 0.103
absorption correction Multi-Scan
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transmission factor range 0.94-0.99
refls. measured 16896

Rint 0.0331

mean o(l)/I 0.0238

0 range 3.230-26.366
observed refls. 2657

X, y (weighting scheme)
hydrogen refinement
refls in refinement

0.0314, 0.9159
H(C) constr, H(N) refall
3111

parameters 205
restraints 0
R(Fobs) 0.0382
Rw(F?) 0.0894
S 1.058
shift/errormax 0.001
max electron density/e A~ 0.275
min electron density/e A -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 CisH2sN305
M:/g mol™! 295.38
crystal size/mm 0.100 x 0.080 x 0.040
T/IK 102.(2)
radiation MoKa
diffractometer '‘Bruker D8 Venture TXS'
crystal system monoclinic
space group P121/c T
a/lA 15.7536(6)
b/A 6.5292(2)
c/A 15.7587(6)
a/° 90
/e 100.6290(10)
v/° 90
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VIAS

z

calc. density/g cm™
wmm'™!

absorption correction
transmission factor range
refls. measured

Rint

mean o(l)/I

0 range

observed refls.

X, Y (weighting scheme)
hydrogen refinement
refls in refinement
parameters

restraints

R(Fobs)

Rw(F?)

S

shift/errormax

max electron density/e A~
min electron density/e A

1593.10(10)
4

1.232

0.086
Multi-Scan
0.95-1.00
27593
0.0321
0.0210
3.360-28.282
3469
0.0414, 0.6439
constr

3955

195

0

0.0369
0.0957
1.042

0.001

0.371
-0.215
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Cyclobutane Formation by the Reaction of Ethenesulfonyl
Fluoride with Dimethyl Diazomalonate

Le Li,* Peter Mayer,” Armin R. Ofial,**' and Herbert Mayr*"’

Attempts to synthesize fluorosulfonyl-substituted pyrazolines
by Huisgen reactions (1,3-dipolar cycloadditions) of dimethyl
diazomalonate with ethenesulfonyl fluoride led to the forma-
tion of dimethyl (2R*3S*4R*)-2-(1,3-dimethoxy-1,3-dioxopro-
pan-2-yl)-3-(fluorosulfonyl)-4-((fluorosulfonyl)methyl)cyclo-

butane-1,1-dicarboxylate, a highly substituted cyclobutane
derivative, which was characterized by NMR spectroscopy and
single crystal X-ray crystallography. The mechanism of its

Introduction

Organic sulfonyl fluorides have already been known since the
19205 Though the synthetic potential of alkenesulfonyl
fluorides to react as Michael acceptors as well as the general
ability of organic sulfonyl fluorides to undergo reactions at the
SO,F group had already been recognized in the late 1970s,%*
this class of organic compounds had attracted little attention
until Sharpless and associates introduced sulfonyl fluoride
exchange (SuFEx) reactions®® as a new generation of click
chemistry in 2014 Since then numerous applications in
organic synthesis,® materials chemistry,”’ polymer chemistry,”
drug discovery,"*"" medicinal chemistry,"¥ and chemical
biology"* have been reported.""? Furthermore, the electrophilic
reactivity of alkenesulfonyl fluorides has been characterized and
embedded in the currently most comprehensive reactivity
scales for polar reactions.""!

Alkenesulfonyl fluorides may also act as dipolarophiles in
Huisgen reactions (1,3-dipolar cycloadditions) to provide a
straightforward  access to  fluorosulfonyl  substituted
heterocycles." In reactions with organic azides R-N,, ethene-
sulfonyl fluoride (ESF)* acted as formal acetylene equivalent,
however, because the initially formed cycloadducts rapidly
eliminated SO, and HF to yield 1-alkyl or 1-aryl-1,2,3-triazoles."”
On the other hand, the reactions of ESF with diazoalkanes were
reported to generate SO,F-functionalized heterocycles
(Scheme 1). Mykhailiuk, for example, used ESF as a highly

{al L. Li, Dr. P. Mayer, Dr. A. R. Ofial, Prof. Dr. H. Mayr
Department Chemie
Ludwig-Maximilians-Universitdat Minchen
Butenandtstr. 5-13, 81377 Minchen, Germany
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reproduction in any medium, provided the original work is properly cited.
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formation was elucidated by carrying out the reaction at
different temperatures and workup conditions. It is shown that
an initial 1,3-dipolar cycloaddition yields a pyrazoline which
extrudes nitrogen with formation of 1-fluorosulfonyl-2,2-
bis(methoxycarbonyl)cyclopropane  and  dimethyl  2-(2-
(fluorosulfonyl)ethylidene)malonate, the latter of which dimer-
ized during chromatography on silica gel with formation of the
isolated cyclobutane.

1,3-Dipolar Cycloadditions of ESF to Diazo Compounds

SO F SOF

o —=
Acc’ N Acc N

B N

5 — -
Acc” N H

=/501F
(EsF) (3+2)
©

(a) Trapping of C;FsCHN; by ESF (Mykhailiuk 2014)
F
,
ESF
CFIN, | — N

NaNO,
CaF e NHyHOl —— )
cFd N (95%)

(b) 1.3-Dipolar C of ESF to Ary (Mayr 2018)
SOF
ESF
ATy, —— I‘N
toluene, r.t. AP u (79-99%)
{c) 1.3-Dipolar C of ESF to D (Gold 2022)

SOF

ESF
WN% i 3
N N
| MeCN, rt g,.HNjg,: —
o

(9) 1.3-DCAMydrolysis/Michael Addition Cascade (Tang 2022)

SOF
C H,0  ESF o
O, + sF Ll Al e "
R 13DCA -HF  Michael N
R

- S0y addition

Scheme 1. Reported 1,3-dipolar cycloadditions (1,3-DCA) of ESF with diazo
compounds.

efficient trapping reagent for the in situ generated 1,3-dipole
pentafluorodiazopropane (C,F.CHN,) to yield 3-SO,F-5-penta-
fluoroethyl-A*-pyrazoline  regioselectively ~ (Scheme 1a)."*"”
Analogously, reactions of ESF with aryldiazomethanes gave 5-
arylpyrazolines that carried an SO,F group at position 3
(Scheme 1b).”” Very recently, ESF was reported by Gold and
coworkers to undergo an uncatalyzed 1,3-dipolar cycloaddition
with N-benzyl-2-diazoacetamide to deliver a 3,5-disubstituted
pyrazoline (Scheme 1¢).*" Copper(ll) fluoride catalysis was used
by Tang and coworkers to synthesize the (3 + 2)-cycloadducts of
ESF with a-keto-stabilized diazoalkanes, hydrolysis of which led
to HF/SO, elimination with formation of pyrazoles that under-

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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went a Michael addition to a second equivalent of ESF
(Scheme 1d).??

During our ongoing studies to quantify the reactivities of
diazo compounds,**** we envisioned the cycloaddition of ESF
with dimethyl diazomalonate to furnish fluorosulfonyl substi-
tuted pyrazolines without the need for metal catalysis, in
analogy to the reports summarized in Scheme 1.

Herein, we report that the initially formed cycloadduct from
diazomalonate and ESF underwent a cascade of subsequent
reactions, which ultimately generated highly functionalized
cyclobutanes. Online-NMR spectroscopic monitoring of the
reaction was used to identify further intermediates in the course
of the reaction, which enabled us to elucidate the individual
transformations on the way to the isolated cyclobutane.

Results and Discussion
When we tried to synthesize fluorosulfonyl substituted pyrazo-

lines by the reaction of ESF (2) with dimethyl diazomalonate (1),
we isolated cyclobutane 3 as the major product along with a

,M.
SO,F
[\ COMe
1)100 C, toluene SO * FOS COMe
)
MMP‘7/ o a0
CO;Me
‘ SO0:F
m,c N:| Onuscmmc 7(_‘“
MeO,C B
f\s 2)=WW°W MeO,C 80:F * MeOC N
3(33%) 5(24%)
<
100 °C, di-toiuane, OMe
) bt . A\ COMe
st FO;8 COMe FO,S COMe
3 days. o o
’ o4y 4

Scheme 2. Reactions of ethenesulfonyl fluoride (2) with dimethyl diazomalo-
nate (1) under different conditions.

7/ \( o
= “%_..9:»

. -

c!i\ o—-\:m

F2

Figure 1. X-ray crystal structure of cyclobutane 3 (CCDC 2183363). Within
the cyclobutane ring the atomic distances are for C1-C2 155.1(2), C2-C3
157.2(2), C3-C4 157.6(2), and C4-C1 155.2(2) pm.

Eur. J. Org. Chem. 2022, 202200865 (2 of 6)

small amount of cyclopropane 4 (Scheme 2A). Cyclobutane 3
showed four singlets for methoxy groups in the proton NMR
spectrum as well as two signals in the 'F NMR spectrum,
indicating that 3 is a 2:2 product of 1 and 2.

Since 3 crystallized nicely after column chromatographic
purification, its molecular structure could be investigated by
single-crystal X-ray crystallography (Figure 1). The solid state
structure shows that the cyclobutane moiety adopts a butterfly
conformation with a ring puckering angle of 20.5°. Slightly
elongated C-C single bonds (as compared with 153.6 pm in
cyclohexane)® are due to the ring strain in the four-membered
carbocycle. Only one diastereomer with the SO,F group trans to
the vicinal CH,SO,F and CH(CO,Me), was obtained.

Cyclobutanes with similar substitution patterns have been
formed by gallium chloride-mediated (2+2) dimerization of
donor-acceptor cyclopropanes.””!

Since cyclopropanes, such as 4, are known to be formed by
thermolysis of A'-pyrazolines,”” the cycloadducts from the
reactions of diazoalkanes with dipolarophiles, we repeated the
reaction of 1 with 2 at lower temperature, hoping to isolate the
precursors of 3 and 4. However, as depicted in Scheme 2B,
cyclobutane 3 was the main product again when the reaction
was run at 85 °C, now accompanied by the A’-pyrazoline 5.

Because of the slow reaction of 1 with 2, we did not further
lower the temperature, but monitored the 100°C reaction in a
sealed tube by 'H NMR spectroscopy. As depicted in Scheme 2C
and documented by the original spectra (Supporting Informa-
tion), cyclobutane 3 and A’-pyrazoline 5 were not detectable,
Instead, the formation of a 44:56 mixture of cyclopropane 4
and alkylidene malonate 6 was observed.

While a solution of 5 (0.128 M) in d;-toluene remained
unchanged over a period of more than 4 months when stored
at ambient temperature, the assumption that both, 4 and 6, are
generated by thermolysis of pyrazoline 5 was confirmed by 'H
NMR monitoring of the thermal decomposition of isolated 5 in
dg-toluene at 95°C. Figure 2 shows that the cyclopropane 4 and
the acyclic product 6 are formed in parallel reactions. As soon
as the resonances of 4 and 6 have both reached signal-to-noise
levels that enable a reliable integration of the 'H NMR signals
(after 72 h), the 55/45 ratio of 4 and 6 remains constant,
suggesting that 4 and 6 do not interconvert. The fact that the
sum of the concentrations of 4 and 6 is smaller by about 10%
than the initial concentration of the starting material 5 may
indicate that thermolysis of 5 yields small amounts of further,
so far not identified products.

Further experiments were undertaken to gain insight in the
mechanisms that ultimately generate cyclobutane 3 from the 4/
6-mixture initially obtained by heating 1 and 2 in an inert
solvent (Scheme 2C). In particular, we sought to clarify whether
the cyclopropane 4 or the alkylidene malonate 6 or both are
the precursors of 3. A solution of equimolar amounts
(2.54 mmol) of methyl diazomalonate (1) and ESF (2) in d,-
toluene was kept at 100°C for 52 h to generate a 42:58-mixture
of 4 and 6 (Figure 3). Stirring of this solution with a small
amount of added silica gel at ambient temperature for 30 min
did not noticeably change the composition of the mixture
([4):(6] =45:55, Figure 3B). A quick workup of this sample by

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

106

U0 [t SIIISL, A 398 1ZI0TA L] B0 Kreagr) gy £agsw “1eamsa g e ey -Sowp] 0 SUS00TT00 247001 DLAORIOY aggw iy puoa dama- (immaoq sy sdhag woi) papeofumed) ‘65

Koqum o

u0p] saeano:) L) Agepde g G el 2 S| YO P50 0 s By KmKgr N AT



EurJOC Research Article

European Journal of Organic Chemistry

doi.org/10.1002/ejoc.202200865

Chemistry
Europe

European Chemical
Societies Publishing

Chapter 5. Cyclobutane Formation by the Reaction of Ethenesulfonyl Fluoride with Dimethyl Diazomalonate

20 600601

(A) ' %(som
f
SN
7 & C
= H
| 5

dyetol FOs  coAs’
os'c "/h oe! *

1H

)
A AN AL
1H 2H S
h @ 34 33 3.2‘ 31
Ll A 13d Al '} n
3H 3w
il
N
JJ d H+1H
Ll A 6d A L ‘ A o
g
) ‘
L 24 i l
2H 6H
1A " ‘
7‘0 - SVS ’ 6‘,0 i 5’.5 N 5'0 ’ l’S ’ 4‘,0 35 30 1"5 20 15 1.0
5 (ppm)
035
(8) g F
030 o Meo 1
o025 ’
. sN !
5020 * O;Me
I
£0.15 . . . 4 Fo5s 0,Me
© - ° . .
£0.10 g3’ 6 (1) come
] * »
0.05 : 0w FO,S OMe
! . S "
0.00 . )
0 100 200 300 400
time (h)

Figure 2. (A) 'H NMR (400 MHz) monitoring of the transformation of 5 (c;=0.318 M) in dj-toluene at 95°C with CH,Br, (0.277 M) as the internal integration
standard. (B) Concentration profiles for the starting material 5, the alkylidene malonate 6, and the cyclopropane 4 in dg-toluene at 95 °C determined by

. h

| dec

ing the

p of 5 by 'H NMR spectroscopy (evaluated protons are marked by colored dots, the resonance at d,,= 1.66-1.86 ppm (H)

was used to determine the content of 4, integrals for 4, 5, and 6 were normalized to 1 H and concentrations were calculated relative to CH,Br; as the internal

integration standard).

filtration through a plug of silica gel (pentane/ethyl acetate and
dichloromethane as eluents) followed by removal of the
solvents (vacuum) furnished a residue, which was dissolved in
CDCl, and analyzed by '"H NMR spectroscopy to contain 4 and 6
in a 45:55 ratio (Figure 3C). At this point, the NMR spectrum did
not yet indicate formation of the cyclobutane 3. Then, drops of
triethylamine (NEt;) were added to the 4/6-mixture. NMR
monitoring showed that the characteristic resonances for the
alkylidene malonate 6 disappeared within minutes (Figure 3D).
Yet, due to overlapping resonances, it was not possible to
derive the selective conversion of 6 into the cyclobutane 3 from

Eur. J. Org. Chem. 2022, €202200865 (3 of 6)

the '"H NMR spectrum. Therefore, the formation of 3 was
substantiated by identifying both '°F resonances of 3 in the "*F
NMR spectrum (377 MHz) of this sample (Supporting Informa-
tion, Figure S1).

In contrast to the acyclic product 6, cyclopropane 4 was not
altered by the addition of NEt; to the reaction mixture
(Figure 3D and Figure S1). It can, therefore, be concluded that
basic sites on silica used for the chromatographic purification of
the product mixtures (cf. Scheme 2A or Scheme 2B) led to the
formation of cyclobutane 3. Accordingly, acidic additives, such

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Figure 3. (A) Generation of a mixture of 4 and 6 through the reaction of 1 with 2 (100°C, in dy-toluene, CH,Br, as the internal integration standard) with
subsequent addition of (B) silica gel, (C) filtration through silica gel and solvent exchange to d-chloroform as well as (D) addition of triethylamine.

as acetic acid or boron trifluoride etherate, failed to induce
cyclobutane formation from 4/6 mixtures in COCl; within 24 h.

We, therefore, suggest the reaction mechanism described in
Scheme 3. 1,3-Dipolar cycloaddition of dimethyl diazomalonate
(1) and ESF (2) generates the A'-pyrazoline 5’, which is in rapid
equilibrium with its thermodynamically more stable tautomer 5
that is observed by NMR spectroscopy. At higher temperatures,
5’ extrudes molecular nitrogen with formation of cyclopropane
4 and the alkylidene malonate 6. While 4 is persistent under the
reaction and workup conditions, the strong electron-withdraw-
ing nature of the SO,F group (Hammett substituent parameter
0, =154 for SOF, as compared to o, =127 for NO,)*"
facilitates deprotonation of the CH, group of 6. The resulting
allyl anion 7 is sufficiently nucleophilic to undergo a Michael
addition with another equivalent of the alkylidene malonate 6
to furnish the diester stabilized anion 8, which is intramolecu-
larly trapped in a second Michael addition leading to the
formation of the cyclobutylmalonyl anion 9. Protonation of 9
yields the isolated and characterized cyclobutane 3.

Conclusion

The highly functionalized cyclobutane 3, isolated as the major
product by the reaction of dimethyl diazomalonate (1) with
ethenesulfonyl fluoride (2) is formed by a series of well-
established reactions. Initial Huisgen (3 + 2)-cycloaddition of 1
with 2 yields the A'-pyrazoline 5, which tautomerizes into the
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Scheme 3. Proposed reaction mechanism for the formation of cyclobutane
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Scheme 4. Suggestion of a versatile cyclobutane synthesis.

thermodynamically more stable A’-pyrazoline 5 in a reversible
reaction. Thermolysis of 5’ leads to extrusion of nitrogen and
concomitant formation of the cyclopropane 4 and the Michael
acceptor 6, which dimerizes under basic conditions to give
cyclobutane 3, while cyclopropane 4 remained unaffected.

Scheme 4 shows a generalization of the observed dimerization
of 6 which might give access to cyclobutanes of large structural
variety.”® By combining CH-acids of type A with Michael acceptors
B, which are more electrophilic than A, mixed variants of the
dimerization of 6 might become viable.”®*" Electrophilicity
parameters of numerous types of Michael acceptors are available
and can be used for designing suitable reactions.”” An extension
to acetylenic variants of A and B appears feasible.

Experimental Section

Cyclobutane 3and cyclopropane 4. Dimethyl diazomalonate (1)
(400 mg, 2.53 mmol) was mixed with ethenesulfonyl fluoride (ESF, 2)
(279 mg, 2.53 mmol) in toluene (0.2 mL) in an oven-dried NMR tube
with screw cap under argon atmosphere at room temperature. The
NMR tube was then sealed and the reaction mixture was heated at
100°C for 3days (TLC showed quantitative consumption of the
starting material). At the end of the reaction time, the reaction mixture
was transferred to a 25 mL round-bottom flask and the NMR tube was
washed with CH,Cl, (3x2 mL). Solvents were evaporated and the
resulting crude products were then worked up by column chromatog-
raphy (diameter of the column: 20 mm) on silica gel (50 mL, 0.035-
0.070 mm, 60 A) with n-pentane/EtOAc (4:1~2:1) as the eluent to
give dimethyl (2R*35*4R*)-2-(1,3-dimethoxy-1,3-dioxopropan-2-yl)-3-
(fluorosulfonyl)-4 ((fluorosulfonyl)methyl)cyclobutane-1,1-dicarboxylate
(3) as a white solid (241 mg, yield 39%; mp 144.9°C) and dimethyl 2-
(fluorosulfonyl)cyclopropane-1,1-dicarboxylate (4) as a light-yellow oil
(54.3 mg, yield 9%).

Spectroscopic characterization of cyclobutane 3:
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'H NMR (400 MHz, CDCl,): $=3.73-3.86 (m, 3 H, H’, H, and H,
superimposed with resonances of OCH, groups), 3.75, 3.78, 3.82
and 3.85 (45, 4x3 H, 4 OCH,, superimposed with resonances of HY,
H, and H), 405 (app t, J=9.1 Hz, 1 H, H'), 413-4.20 (m, 1 H, H),
433 (t, J=9.5Hz, 1 H, H"). C NMR (101 MHz, CDCl,): 5=37.3 (CH,
'), 41.9 (CH, C*), 49.2 (CH,, d, J;=19.9 Hz, C)), 51.2 (CH, C*), 53.39
and 53.44 (2 CH,, C* and C*), 53.82 and 53.87 (2x CH,, C° and C%),
555 (Cq €9, 57.5 (CH, d, YJ;=19.0 Hz, C"), 166.1 (C, C° or C°),
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166.6 (C,, C° or C°), 167.5 (C,, C" or C'), 167.8 (C,, C' or C'). '°F NMR
(377 MHz, CDCl,): & 50.83-50.84 (m, 1 F), 58.80-58.81 (m, 1F).
HRMS (ESI"): m/z caled for CyiH,sF,0,,NaS," (M+Na'): 503.0100;
found 503.0100. IR (neat, ATR): 2991, 2963, 1751, 1738, 1719, 1439,
1416, 1409, 1351, 1311, 1288, 1268, 1251, 1211, 1196, 1186, 1160,
1020, 964, 889, 817, 798, 779, 770, 762, 747,722 cm .

Spectroscopic characterization of cyclopropane 4:

¢ 9 a
/A<COZMG
¢ b
4

FO,577 ° CO,Me

NMR spectra in CDCl;: '"H NMR (400 MHz, CDCly): &=1.99 (ddd,
st =9.0, Yy =62, “Jys =16 Hz, 1 H, HY), 2.26 (dd, *},,=68, Y=
6.2 Hz, 1 H, H), 3.56 (ddd, Yu=9.0, Ynu=67, Ys=4.3 Hz, 1 H, HY),
3.83 (s, 3 H, H* or H%, 3.84 (s, 3 H, H* or H%. “C NMR (101 MHz,
CDCl,): =186 (CH,, ', 363 (Cy €9, 393 (CH, d, YJep=323 Hz, C9),
54.0 (CH,, C* or C%), 54.2 (CH,, C* or C"), 163.7 (Cq Cor ), 166.9
(Ce € or C°). F NMR (376 MHz, CDCl,):  61.83 (dd, *J;,, =44,
“Jen=1.6Hz). NMR spectra in dy-toluene: 'H NMR (400 MHz, d;-
toluene): 5=1.10 (ddd, 4 =9.0, Yy =6.2, *hyy=1.5Hz, 1 H, H),
1.76-1.79 (m, 1 H, HY), 3.06-3.11 (m, 1 H, H%, superimposed with H*
or H° resonance), 3.07 (s, 3 H, H* or H°, superimposed with H?), 3.42
(s, 3 H, H* or H%. ’C NMR (101 MHz, d,-toluene): =17.9 (CH,, ),
36.3 (C,, €9, 39.2 (CH, d, ;=326 Hz, C%), 53.1 (CH,, C* or C°), 53.2
(CH,, C* or C°), 1633 (C,, C or CY), 1666 (C,, C* or C%). NMR spectra
in C€D,Cl: "H NMR (400 MHz, CD,CL,): & =2.01 (ddd, *Jyy = 9.0, Yy =
6.3, Yy =16 Hz, 1 H, HY), 2.24 (app t, J=6.5 Hz, 1 H, H), 3.61 (ddd,
=90, Yy =68, Yus=43Hz, 1 H, HY), 3.80 (5, 3 H, H* or H),
3.81 (s, 3 H, H* or H%. >C NMR (101 MHz, CD,Cl,): 5=18.8 (CH,, C),
36.6 (Cq C°), 39.4 (CH, d, “Jc;=32.0 Hz, C%), 54.1 (CH,, C* or C°), 54.4
(CH,, C* or C", superimposed with resonances of the solvent CD,Cl,),
164.0 (C,, C° or C%), 167.0 (C, C° or C’). HRMS (El): m/z calcd for
CH,FO,S ' * (M'*): 240.0098; found 240.0102. IR (neat, ATR): 3113,
3047, 2960, 2921, 2853, 1736, 1437, 1408, 1352, 1318, 1261, 1218,
1200, 1179, 1128, 1008, 915, 879, 793, 767, 718 cm .

Dimethyl 5-(fluorosulfonyl)-2,4-dihydro-3H-pyrazole-3,3-dicar-
boxylate (5). When the product mixture obtained from the reaction
of 1 (442 mg, 2.80 mmol) with 2 (296 mg, 2.69 mmol) in ds-toluene:
mesitylene=1:1 (200 pL) at 85°C for 9 days was worked up by
column chromatography on silica gel (n-pentane/EtOAc=5:1~
1:1), we isolated cyclobutane 3 (213 mg, yield 33%) and the
pyrazole 5 as a colorless oil (170 mg, yield 24%).

B . S0F
0.7 Y
5

'H NMR (400 MHz, COCly): 8=3.77 (d, *Jys=1.6 Hz, 2 H, H?), 3.87 (s,
6 H, H), 7.51 (br s, 1 H, NH). >*C NMR (101 MHz, CDCl;): 384
(CH,, €7, 54.5 (CH,, €9, 76.3 (Cy, €, 141.0 (Cy d, *Jes=37.8 Hz, C),
167.0 (C, C°). "F NMR (377 MHz, CDCL,): & 59.84-59.86 (m). HRMS
(EN): m/z caled for C;H,FN,0,S “* (M °): 268.0160; found 268.0166. IR
(neat, ATR): 3347, 2962, 2851, 1740, 1557, 1415, 1282, 1254, 1223,
1164, 1134, 1078, 1046, 956, 879, 769 cm ™.

Dimethyl 2-(2-(fl Ifonyl)ethylidene)mal (6) was charac-
terized by analyzing the NMR spectra of the mixture of 4 and 6
obtained at the end of the reaction of 1 (404 mg, 2.56 mmol) with 2
(287 mg, 2.61 mmol) in dy-toluene (0.2 mL) at 100°C for 3 days.
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CO,Me
c b
FO,870 1/ 2 COMe

6 (in a 56/44 mixture with 4)

"H NMR (400 MHz, dy-toluene): d =3.53 (s, 3 H, H or H%), 3.60 (s, 3 H,
H* or H°), 4.39 (dd, *Jyy=7.7, *Jus=5.6Hz, 2 H, HY), 6.79 (t, *Jyy=
7.7 Hz, 1 H, H). C NMR (101 MHz, d,-toluene): &=50.2 (CH,, d,
Jer=19.4 Hz, €9, 52,9 (CH,, C* or C°), 53.0 (CH,, C* or €, 132.5 (CH,
"), 135.0 (C, €, 163.6 (C,, C° or €, 164.1 (C,, C° or C°). "F NMR
(376 MHz, dg-toluene): & 54.89 (t, *J;,,= 5.6 Hz).

Deposition Number CCDC 2183363

Deposition Number 2183363 (for 3) contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service www.
ccde.cam.ac.uk/structures.
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5.2 Supporting Information

5.2.1 Additional Figure

Figure S1. F 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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5.2.3 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)

c109 04\ - ,'(;3
A
010 (G C11 06 (:‘Sl\’\;a— Qe /
09 (g ‘
' co '{X 05
o - >
c12\) K er
(xv236/CCDC 2183363)
Crystallographic data.
net formula C14H18F2012S2
M:/g mol™! 480.40
crystal size/mm 0.090 x 0.050 x 0.040
T/IK 107.(2)
radiation MoKa
diffractometer '‘Bruker D8 Venture TXS'
crystal system monoclinic
space group P121/inl
a/A 13.4798(5)
b/A 8.5798(3)
c/A 16.9534(6)
a/° 90
/e 90.9820(10)
v/° 90
VIA3 1960.44(12)
Z 4
calc. density/g cm™ 1.628
wmm:! 0.353
absorption correction Multi-Scan
transmission factor range 0.96-0.99
refls. measured 35309
Rint 0.0406
mean o(1)/1 0.0269
0 range 3.070-28.698
observed refls. 4420
X, ¥ (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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Ruw(F?) 0.0967
S 1.047
shift/errormax 0.001
max electron density/e A~ 1.101
min electron density/e A= -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-Universitat Miinchen, Butenandtstr. 5-13, 81377 Miinchen (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 n-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 Ig
k2(20 °C) = sn(N + E) (eq. 1) with two solvent-dependent parameters (N, sy) 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 Ig k. vs. N for nucleophilic dipolarophiles with that of Ig k,
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.'? 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] cycloadditior .1 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 n-system, that is, four
electrons in three parallel atomic p-orbitals.

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

(€] @
octet structures a//b\% D 2/%0 b
.o .o N
¢ ¢ + d¥e —= a\/ C P
sextet structures g/,b,\g - g/,b,\? d—e
1,3-dipole dipolarophile

@ The 1,3-dipoles depicted here share an allyl type n-system; 1,3-
dipoles of the propargyl-allenyl type have an additional n-bond
perpendicular to the allyl anion -System and are usually linear.

Since Sustmann’s seminal discovery that a simple Hiickel-MO-
perturbational model can qualitatively explain substituent
effects on the rates of 1,3-dipolar cycloadditions,® frontier
molecular orbital (FMO) theory has become the most popular
method to describe and predict the course of these reactions,*
though alternative theoretical treatments have also been
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reported.® 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 y, with g, 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 IlI. If the
energy differences vy, — wyg and ys3 — wya 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”,* first reported for 1,3-
dipolar cycloadditions of phenyl azide in 1972°° 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”.® 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”.

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 s is not the LUMO of
diazoalkanes. The previously neglected m*n=n, perpendicular to
3, is lower in energy and thus corresponds to the real LUMO
of diazoalkanes. As a consequence, the HOMOs of enamines
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Type |
E 1,3-dipole dipolarophile 1,3-dipole

V3 2—9—?
‘ 000 00 V3 ?—9—?
LUMO 5_5 Ve 000

V2 ?—b—?
0 "l
00 00
Vi ?_2_? HOMO 0 a a 0 Q 0
Y1 a—p—c
000 600

HOMO(1,3-dipole)-LUMO(dipolarophile)
controlled

Type Il

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

Type 1l

dipolarophile

1,3-dipole

dipolarophile

Q_O_Q LUMO
V3 a—b—¢
e
0 0
V2 a—b—c
0 0
Wi o
000
HOMO(dipolarophile)-LUMO(1,3-dipole)
controlled

HOMO(dipolarophile)-LUMO(1,3-dipole)
controlled

Figure 1. Sustmann’s classification of three types of 1,3-dipolar cycloadditions.
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Figure 2. Relationship between the rate constants of the
reactions of methyl diazoacetate with different dipolarophiles
and the ionization potentials of the dipolarophiles (Reprinted
from Tetrahedron Lett. 1979, 20, W. Bihlmaier, R. Huisgen,
H. U. Reissig, S. Voss, Reactivity Sequences of
Dipolarophiles towards Diazocarbonyl Compounds - MO
Perturbation Treatment, 2621-2624 (ref. 11), Copyright 1979,
with permission from Elsevier).

interact with m*n=y and not with y3, which accounts for the
fact that diazoalkanes undergo azo couplings with
enamines and not concerted cycloadditions as stated
previously.”

Correlations of rate constants against ionization potentials,
as shown in Figure 2, which are claimed to be the result of
FMO interactions, suffer from a further problem.
According to FMO theory, the relative reactivities of
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electron-rich dipolarophiles are controlled by their HOMO
energies, and the relative reactivities of electron-deficient
dipolarophiles are controlled by their LUMO energies.
While HOMO energies are considered to equal the
negative values of the experimentally accessible ionization
potentials® (Koopmans’ theorem®), energies of the LUMOs
cannot directly be measured. For that reason, it was
assumed that substituents shift HOMOs and LUMOs in the
same way, and ionization potentials are not only used as a
measure for HOMO but also for LUMO energies. The
inherent assumption of a constant HOMO-LUMO gap
implies that chemical hardness 1!° is similar for all
dipolarophiles. This assumption contrasts common
experience and neglects the fact that conjugation generally
raises HOMO and lowers LUMO.*®

These discrepancies prompted us to search for an
alternative organizing principle for these cycloadditions,
which is based on the one-bond nucleophilicity parameters
N and sy and one-bond electrophilicity parameters E
defined by equation (1). This correlation has been
demonstrated to reproduce and predict rate constants for
reactions of nucleophiles with electrophiles when one and
only one new bond is formed in the rate-determining step
and no c-bond is broken.’” More than 1250 solvent-
dependent nucleophile-specific parameters, N and sy, and
350 electrophilicity parameters, E, have so far been
determined;'*® theoretical and statistical analyses of these
parameters have also been reported.!*3

g kxooc =sx(N+E) (1)

Diazoalkanes are ambiphilic reagents, i.e., they may react
with electrophiles as well as with nucleophiles. Several
years ago, we had already determined the one-bond
nucleophilicity parameters of a series of diazoalkanes,!
and very recently, we have derived the one-bond
electrophilicity parameters E of diazo compounds 1a-1d
(Chart 1) from the rates of their reactions with sulfonium
ylides 2a.b and enamines 2¢—2g as illustrated in Figure 3.™
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Chart 1. (A) Diazoalkanes with Their E Parameters (from
ref. 7b) and (B) Sulfonium Ylides and Enamines with
Their N (sx) Parameters (from ref. 12e) Used in This Work

(A) Diazoalkanes NO;
CO;Me Ph
CO;Me p
=/ Nz N=(
Nz =(c:o,».u Ny= Ph
1a 1b 1c 1d
E=-185 -182 -183 -214
(8) Ylides and Used as P
e So
/@\smz ,Ej\sm,
N ON
© 2a : 2b
21.07 (0.68) N (sy)in DMSO 18.42 (0.65)
0 O~
2¢ 2d
15.91(0.86)  N(s\)inCH,Cl,  14.91(0.86)
/—\ ~ =
-0 OO O
f— /
2e 2f 29
13.41(0.82) 11.40 (0.83) 10.04 (0.82)

In the rate-determining step of the reactions of
diazoalkanes 1 with 2a—2g only one new bond is formed.
Therefore, equation (1) is applicable, and the intercept of
the correlations of (lg ky)/sx vs. N, illustrated for the
reactions of methyl diazoacetate (1a) with 2a—2g in Figure
3, yielded the electrophilicity parameters E listed in Chart
1.

Nu + Nex COMe
1a slow
(E=-185)

N7

]
Nug N, _COMe =, Products
=3 fast

(Ig Kooy — e—m—s—
~ (=] [
' ' f
C
\

Kucleaphilicity N

Figure 3. Determination of the electrophilicity parameter E
for 1a (with data from ref 7b).

Results and Discussion

Determination of the One-Bond Nucleophilicity
Parameters NV and sy for 1a and 1b. While N and sy for
1c and 1d have been determined previously,'* the
nucleophilicities of the diazoesters 1a and 1b in
dichloromethane have now analogously been derived from
the rates of their reactions with benzhydrylium ions. The
general course of these reactions has been reported in ref.
14. We have now obtained analogous products by the
reactions of methyl diazoacetate (1a) with bis(4-
(dimethylamino)phenyl)methylium tetrafluoroborate
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(dma),CH'BFs~. As illustrated in Scheme 2, the initial
formation of a diazonium ion is followed by nitrogen loss,
accompanied by hydride or aryl migration, and
deprotonation.

Scheme 2. Products and Mechanism of the Reaction of

Benzhydrylium Tetrafluoroborate (dma)CH'BF4~  with
Methyl Diazoacetate (1a).
MeO,C M 1 Meo,c N2 or©

+ —_—

2 o P J T

MeN NMe,

Me;N NMe; +
(dma),CH* =Ny~ Aryl, - H', =Nz, ~H = H

NMe, MeO,C.
MeO,C. |
& L0
O Me;N NMe,

NMe,

The rates of these reactions have been measured
photometrically in dichloromethane by following the
decays of the absorbances of the blue or red solutions of
benzhydrylium ions (Ar;CH") using the equipment
described previously.'* All reactions were studied under
pseudo-first order conditions using more than 10
equivalents of the diazoalkanes 1a or 1b. As described in
the Supporting Information (Tables S1-S4 and S6-S8), the
observed first-order rate constants kobs (s77), derived from
the exponential absorption decays, were plotted against the
concentrations of the diazoalkanes 1 to give the second-
order rate constants ky (M s7) listed in the left part of
Table 1. The right part of Table 1 lists previously reported
rate constants for 1c¢c and 1d, which will be used for
constructing some diagrams below.

Figure 4 shows linear plots of the second-order rate
constants k» vs. the electrophilicities E of the
benzhydrylium ions (Ar,CH") indicating the applicability
of equation (1). Their slopes, which correspond to sy, and
their intercepts on the abscissa, which correspond to —N,
are given in the bottom line of Table 1.

r CO;Mo CoMo
Ny=/ 7’ = b
: CoMe
T 5 2 ’ 19 k2=
* cry CFs :
oo/

a L Ve (mfa),CH* ve ¥ -
o)
K : :
=2 PN ey CHY "P": :

: : e
s ; : @ i
: m {anipcH® M
! N N
oo
4 + : @
o d

. Mo maycHr e (fur),CH'

8 % 4 2 0 2
£ (Ar:CH)

Figure 4. Plots of Ig k for the reactions of 1a and 1b with
benzhydrylium ions AnCH* (in CH2Cl at 20 °C) versus the
electrophilicity parameters E of AnCH" (ref. 12a.¢).
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Table 1. Second-Order Rate Constants k: for the Reactions of the Diazoalkanes 1a—1d with the Benzhydrylium Salts Ar2CH*
(counterions: BFy~ or TfO") in CH2Clz2 and Resulting Nucleophilicity Parameters NV (and sn).

AnCH' @ E (20 °C) /M1 51

(MeO>C)CH=N: (1a) | (McO2C)2C=Na (1b) ] (O:NCeHa)CH=N> (1)’ | PmC=N> (1d)°
(an)(to)CH" | 148 133
(ani)CH" 0 141 x 107!
(fur)CH* -1.36 6.67 x 1073
(mfa),CH" 385 | 694 2.30 x 107
(dpa)2CH* —4.72 6.22 x 107! 1.26 x 102 2.93
(mor)CH* —5.53 2.19 x 107! 2.16 x 10!
(mpa)>CH" —5.80 9.49 2.88 1071
(dma),CH" 702 | 5.92 %102 1.51 271 x 1072
N (sn) 4.68 (0.94) —1.24 (0.81) 7.17 (0.83) 5.29 (0.92)
2 See Figure 4 for meaning of the abbreviations, (mpa)>CH* = bis[(4-(methylphenylamino)phenylJmethylium. ® Data from ref. 14b.

¢ Data from ref. 14a.

As expected, the rate constants for the reactions of the
methyl esters 1a and 1b with the benzhydrylium ions
(Table 1) differ by less than a factor of 4 (1.2 to 3.9) from
those of the ethyl esters previously reported.!* We thus
independently confirmed the previously reported five
orders of magnitude lower nucleophilicities of
diazomalonates compared to diazoacetates,'** despite the
almost identical electrophilicities E of 1a and 1b (Chart 1).

Products from Diazoalkanes and Dipolarophiles.
Reactions of diazoalkanes with dipolarophiles are among
the best investigated 1,3-dipolar cycloadditions.>" In line
with earlier investigations, all products obtained by the
reactions of 1a—1d with the dipolarophiles 3 (Chart 2) can
be rationalized by initial Huisgen reaction to give the Al-
pyrazolines 5, which generally tautomerize with formation
of the A2-pyrazolines 4 or 6 if there is an acidic proton at
C-3 or C-5 position (Scheme 3).

Chart 2. Nucleophilic and Electrophilic Dipolarophiles
Studied in This Work (Reactivity Parameters E or N and
sN from ref. 12e).

o
J ipolarop
OEt PR
OFt /\OC4H9 /\( Z “Ph
3a 3b 3¢ 3d
N(sn) = 9.81(0.81) 3.76 (0.91) 1.10 (0.98) 0.78 (0.95)
OF @ NN Ph
@ Z Z =
3x
—0.25(1.09) —0.87 (1.00) —1.55(1.10) =277 (1.41) —0.04 (0.77)
Electrophilic Dipolarophil
P\ LS
o o AsoF 07 o NO Aoy
SO,Ph o D
Me
3l 3 3k 3l 3m
E= -7.50 —11.31 —12.09 —14.07 —15.71
Et0,C
A come 0N coEt A come PN A co,kt
3n 30 3p 3q 3r
-16.76 -17.79 -18.84 —19.05 -19.07
7 cogEt )\ Pt NP po.et PN
CO,E CO,Et COMe CO.Et COEt
3s 3t 3u 3v 3w
—19.49 2277 —23.01 2359 —24.52

Scheme 3. Reactions of Diazoalkanes 1 with Dipolarophiles
3ﬂ
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2 Products from individual reactions are identified by numbers

followed by two letters: that is, 6ah means structure 6 formed
from diazoalkane 1a and dipolarophile 3h.

As described in the Supporting Information, several
intermediate Al-pyrazolines 5, which had been postulated,
but were not observed in previous investigations, have now
been characterized by NMR-monitoring of the
corresponding reactions. The isolation of methyl 5-butyl-
4,5-dihydro-1H-pyrazole-3-carboxylate (6ah) from the
reaction of methyl diazoacetate (1a) with hex-1-ene (3h)
confirmed the counter-intuitive earlier reports that terminal
alkenes react with the same regioselectivity with
diazoalkanes as acceptor-substituted ethylenes to give
cycloadducts 5, where the diazoalkane substituents X and
Y and the substituents R? and R? of the dipolarophile end
up in 3- and S5-position, respectively. In the case of
unsymmetrical 1.2-disubstituted ethylenes, the stronger
electron acceptor adopts the 5-position of pyrazoline S.

In several cases we also observed the formation of
cyclopropanes 8 or their acyclic isomers 7 by nitrogen loss
from the initially formed Al-pyrazolines 5, sometimes after
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reversible formation of the tautomers 4 and 6. The
mechanisms of these dediazotations have previously been
reported.!® The reaction of methyl diazoacetate (1a) with
ethenesulfonyl fluoride (3k) gave pyrazole 9ak as the only
product which can be rationalized by initial formation of
6ak (or 4ak) followed by elimination of HSOE.!” A
different behavior was observed for the reaction of 3k with
dimethyl diazomalonate (1b). Now, the initially formed
pyrazoline 4bk did not eliminate HSO,F, but lost nitrogen
with formation of 8bk and 7bk, the latter of which
dimerized to give a cyclobutane as described previously.'®

Phenylacetylene (3x) reacted with 1a to give methyl 5-
phenyl-1H-pyrazole-3-carboxylate (9ax) in analogy to
earlier reports on reactions of diazoalkanes with
alkynes.5"

We have now collected kinetic data for the reactions of 1a—
1d with dipolarophiles 3 of known one-bond
nucleophilicity or electrophilicity parameters'’® in the
literature and complemented them by the investigation of
further combinations of 1a—1d with dipolarophiles 3 (Chart
2) for examining the relationship between the rates of 1,3-
dipolar cycloadditions and the one-bond nucleophilicity
and electrophilicity parameters of dipolarophiles. In order
to link the new data with the rate constants reported in the
literature, we have selected solvents identical or similar to
those previously used for the reactions of a particular
diazoalkane.

Kinetic Investigations. The kinetics of the reactions of
diazoalkanes 1a and 1b with dipolarophiles 3 and those of
the reactions of 1c¢ with 3d were investigated by time-
resolved 'H NMR spectroscopy, following the decrease of
the resonances of the red-marked hydrogens (Figure 5 and
Supporting Information) of 1 or 3 relative to an internal
standard  (1,1,2,2-tetrachloroethane, mesitylene, or
dibromomethane) in CDCl3, CD>ClL, ds-toluene or ds-
toluene/mesitylene (1:1) at various temperatures. Usually
equimolar amounts of 1 and 3 were used, and the second-
order rate constants k» were obtained as the slopes of plots
of 1/[1]; or 1/[3]; vs. time # according to 1/[1];=kt + 1/[1]o
or 1/[3]; = kt + 1/[3]o (Figure 5A). The kinetics of the
reaction of 1b with 3r was performed with 3 equivalents of
1b and evaluated as described in the Supporting
Information (p $3).2° Plots of In (ky/T) vs. (1/T) (Figure 5B)
provided the Eyring activation parameters AH* and AS?,
from which the second-order rate constants k(20 °C) were
extrapolated (Table 2).

The highly negative activation entropies of these reactions
imply that the TAS* term makes a large contribution to
AG?, and the resulting small value of AH* accounts for the
small temperature-dependence of the cycloadditions.

Rate constants for several reactions of 1a and 1b listed in
Table 2 had previously been determined with different
methods at different temperatures. In order to examine the
consistency of the data reported in the literature and those
in Table 2, we used the Eyring activation parameters in
Table 2 to calculate rate constants k» for 7= 80.3 or 110
°C, the temperatures used in the earlier studies.!?!* Table
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S30 (Supporting Information) shows that the deviations are
generally less than a factor of 2.5. This observation
encouraged us to apply the Eyring equation and an
averaged value of AS* for reactions of structurally related
compounds to convert second-order rate constants k(7T)
reported in the literature to k»(20 °C) listed in Table 3. In
order to indicate the uncertainty introduced by this
extrapolation, the corresponding rate constants in Table 3
are given without decimals and should be considered as fair
estimates.
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Figure 5. (A) Kinetics of the reaction of 1a with 3e monitored
by the decrease of the vinylic hydrogens of 3e vs. the internal
standard (IS) 1,1,2.2-tetrachloroethane in CDCl3 at 30 °C. (B)
Eyring plot for the reactions of 1a with 3e at 20 to 50 °C.

The kinetics of the reaction of diazoalkane 1c¢ with styrene
(3d) was determined by NMR spectroscopic monitoring as
described above for the analogous reactions of 1a and 1b
with dipolarophiles 3; the second-order rate constant k»(20
°C) is listed in Table 2.

Further reactions of 1¢ with the Michael acceptors 3n. 3o,
3r and 3t were investigated photometrically by monitoring
the decay of the UV-Vis absorbance of 1¢ at 380 nm in dry
dichloromethane at 20 °C (Figure 6A). In order to achieve
first-order kinetics, more than 200 equivalents of the
Michael acceptors were used, and the pseudo-first-order
rate constants kgps (s!) were determined by least-squares
fitting of the exponential function 4; = 4o exp(—kobs ) + C
as depicted in Figure 6B. The second-order rate constants
k>, which are listed in Table 3, were obtained from the
linear correlations of ko with the concentrations of the
dipolarophiles (Figure 6C).
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Table 2. Second-Order Rate Constants k2(20 °C) and Eyring Activation Parameters (AH¥, AS¥) for the Reactions of
Diazoalkanes 1a, 1b, and 1c with Dipolarophiles 3 Derived from Measurements at Variable Temperature.

Dipolarophiles (Solvents) | k(20 °C) /M5! T-Range/ °C AH*/ kJ mol! AS*/ J mol™! K™
Reactions with 1a

3e (CDCl3) (7.06 = 0.58) x 1077 +20 to +50 71.8+4.2 -118 14

3h (CDCL3) (5.96 = 0.56) x 102 +30 to +50 718+3.6 _157+ 12

3k (ds-toluene) (7.92%0.16) x 10~ +30 to +50 365+0.8 —180+2.4
30 (ds-toluene) (2.78 £0.18) x 10 +20 to +50 557+3.3 —142 =11

3s (ds-toluene) (3.21 =0.47) x 100 +20 to +50 540=7.6 ~163 = 25

3t (ds-toluene) (2.85£0.31) x 10°° +30 to +60 51.3x3.6 —176 =12

3v (ds-toluene) (2.07 £0.85) x 10~/ +50 to +80 59.2=7.6 —171+23

3x (ds-toluene) (2.48 £0.57) x 107 +50 to +80 69.2+4.2 —154 12
Reactions with 1b

3e (CDCI3) (2.44 = 0.18) x 105 +35 to 455 68324 _158+7.4

3i (CDCl) (1.94 = 0.24) x 109 +20 to +50 61.1+58 _146 £ 19

3k (T+M)° (6.21=0.91) x 10 +50 to +90 63.8 =24 —148 = 6.8

30 (T+M)? (2.25+0.34) x 10710 +65 to +105 (114 £2.1)® (=39.4+5.8)°
3r (T+M)? (1.21£0.01) x 10°* +20 to +50 (88.4+0.5)° (-94.8+1.7)°
3s (T+M)? (2.76 = 0.33) x 1010 +75 to +105 76.0= 1.5 —160 = 4.1
Reaction with 1c¢

3d (CD>Ch) (1.65 = 0.26) x 109 +6 to +30 53.8+6.6 —172+23

2 Solvent T+M = ds-toluene/mesitylene (1/1). ® We explain the unusual AS*, which are less negative than other entries in this table,
by small inaccuracies in k2(7) of these very slow reactions, which cause large errors when splitting up the Gibbs energy of activation
into AH* and AS*.

Table 3. Second-Order Rate Constants k2(20 °C) for the Reactions of Diazo Compounds 1 with Dipolarophiles 3 in Different
Solvents.

Dipolarophiles NorE (20 °C) /M 5!

(MeO2C)CH=N2 (1a) (Me02C)2C=N2 (1b) (O2NCeH4)CH=N2

(10)

H>C=C(OEt)> (3a) N=09.81 5 x 10734 (toluene) 4 x 107196 (mesitylene)
Butyl vinyl ether (3b) N=3.76 6 x 107194 (toluene) 4 x 10715 (mesitylene)
Styrene (3d) N=0.78 8 x 10734 (toluene) 5 x 107196 (mesitylene) 1.65 x 1075 (CD2Clh)
Phenylacetylene (3x) N=-0.04 2.48 x 1078¢ (toluene-ds) 6 x 10719 (mesitylene)
Norbornene (3e) N=-0.25 7.06 x 10~ (CDCl3) 2.44 x 1075< (CDCl3)
Hex-1-ene (3h) N=-2.77 5.96 x 10 (CDCl3) 4 x 1071%% (mesitylene)
H2C=C(SO2Ph): (3i) E=-7.50 1.94 x 10°¢ (CDCL3) 2.16 x 1014 (CH2Ch)
ESF (3k) E=-12.09 7.92 x 107¢ (toluene-dg) | 6.21 x 1078 (T+M)® 5.82 x 1024 (CH2Clh)
N-Methylmaleimide (31) =-14.07 1.74 x 1024 (CH2Ch)
Methyl vinyl ketone =-16.76 7.35 x 1073/ (CH2Ch)
(3n)
Diethyl fumarate (30) E=-17.79 2.78 x 107¢ (toluene-ds) 2.25 x 10719 (T+M)¢ 1.07 x 1072/ (CH2Clo)
Acrylonitrile (3q) E=-19.05 1 x 1074 (toluene) 4 x 107%% (mesitylene)
Ethyl acrylate (3r) E=-19.07 1.21 x 1078¢ (T+M)¢ 1.37 x 1073/ (CH2Clo)
Diethyl maleate (3s) E=-19.49 3.21 x 107%¢ (toluene-ds) 2.76 x 10719¢ (T+M)®
Ethyl methacrylate (3t) | E=-22.77 2.85 x 1075 (toluene-ds) | 3 x 10~ (mesitylene) 9.04 x 107/ (CH2Clh)
Ethyl crotonate (3v) E=-23.59 2.07 x 1077 (toluene-ds) 2 x 107198 (mesitylene)

a Calculated from k(80.3 °C) reported in refs. 11.21a by assuming AS* =150 J mol™! K~ ? Calculated from k(110 °C) reported
in refs. 11, 21a by assuming AS* = —150 J mol™ K. ¢ This work (see Table 2). ¢ From ref. 14b. ¢ Solvent T+M = ds-
toluene/mesitylene (1/1)./ This work (Supporting Information).
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Figure 6. (A) UV-Vis spectroscopic monitoring of the reaction of 1¢ (8.03 x 107 M) with 3r (7.04 x 1072 M) at 380 nm in CH2Ch
at 20 °C. (B) Monoexponential decay of the absorbance 4 (at 380 nm) vs. time for the reaction of 1¢ (8.03 x 10> M) with 3r (7.04
% 1072 M) in CH2Cl2 at 20 °C. (C) Correlation of kobs with the concentration of 3r used to determine the second-order rate constant

k(20 °C) =137 x 103 M s at 20 °C.

The second-order rate constant k»(20 °C) = 2.89 x 10 M~
1571 for the reaction of diphenyldiazomethane (1d) with
enamine 2d (in CD,Cl) has recently been determined and
used to estimate the electrophilicity E(1d) = —21.4.™
Further rate constants for a series of reactions of 1d with
nucleophilic and electrophilic dipolarophiles 3 were
determined by Huisgen and associates in DMF at 40 °C.>
Temperature dependent kinetics for the reactions of 1d
with norbornene (3e) and ethyl acrylate (3r) in ref. 22a
gave activation entropies AS* (J mol™ K™) =—-138 + 4 (for
3e) and —141 = 1 (for 3r). The similarity of these values
prompted us to use the approximated AS* = —140 J mol™!
K to convert further rate constants for the reactions of 1d
with dipolarophiles 3 measured at 40 °C to k»(20°C), as
listed in Supporting Information (Table S43).

Correlations of the Measured Rate Constants with the
One-Bond Reactivity Parameters [V and E. Let us now
examine the relationships between the rate constants k(20
°C) of the reactions of the diazoalkanes 1 with various
substrates and the corresponding one-bond electrophilicity
(E) and one-bond nucleophilicity parameters (N, sx). The
blue correlation line in Figure 7B corresponds to the linear
plot of the rate constants (lg k) for the reactions of
diazomalonate 1b with benzhydrylium ions (Ar,CH") vs. E
derived in Figure 4. The acceptor-substituted ethylenes 3
should also lie on this correlation line if they would react
as one-bond electrophiles giving zwitterions with 1b.
Figure 7B shows, however, that the measured rate
constants for the cycloadditions of all acceptor substituted
ethylenes 3 (open blue circles) lie above the correlation line
for one-bond electrophiles, indicating that the transition
states of these reactions are more stable than those leading
to zwitterions. We assign this deviation to the turn on of
the concerted mechanism. One can see that the separation
of the rate constants from the blue line increases with
decreasing electrophilicities of the dipolarophiles because
of decreasing zwitterionic character of the transition states
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due to increasing synchronicity of the formation of the two
new c-bonds. Thus bis(phenylsulfonyl)ethylene 3i (E = —
7.50) reacts only 23 times faster with 1b than expected for
the formation of a zwitterion, while the less electrophilic
diethyl fumarate (30, E=—17.79) reacts 6 x 10’ times faster
with 1b than predicted for the formation of a zwitterion.

Though stepwise mechanisms are excluded by the
measured rate constants, the relative cycloaddition rates of
the most electrophilic dipolarophiles of this series, i.e., 3i,
3k, and 3o, follow the order of their one-bond
electrophilicities E. For less electrophilic dipolarophiles 3
(E < -18), the zwitterionic character of the corresponding
transition states is so low that their relative reactivities are
no longer reflected by their one-bond electrophilicities E.

Figure 7A plots the rate constants of the reactions of
dimethyl diazomalonate (1b) with sulfonium ylide 2a,
enamines 2¢-f, and dipolarophiles 3 against their one-bond
nucleophilicity parameters N. The linear correlation of Ig
k for the reactions of 1b with the sulfonium ylide 2a and
enamines 2¢-2f versus N results from the fact that only one
new bond is generated in the rate-determining step’® and
the sy parameters (according to eq. 1) of these nucleophiles
are similar.”®* In addition to S-ylide 2a and enamines,
which define the green correlation line for the one-bond
nucleophiles in Figure 7A, also ketene acetal 3a is close to
this correlation line, suggesting that also 3a reacts via a
stepwise mechanism,”* in line with the DFT calculations
discussed below.”*® The same is true for enol ether 3b,
whereas all other nucleophilic dipolarophiles (green open
circles) are so far above the green correlation line that their
cycloaddition rates are hardly affected by their
nucleophilicities N. The large separation of hex-1-ene (1h)
from the green correlation line for one-bond nucleophiles
also explains why the polarization of 1-alkenes does not
control the regioselectivities of their reactions with
diazoalkanes (formation of 3.5- instead of 3.4-substituted
Al-pyrazolines 5).
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Figure 7. Correlation of lg k(20 °C) for the reactions of diazomalonate 1b with (A) nucleophilic reaction partners versus their N
parameters and (B) electrophilic reaction partners versus their E parameters. (C) Merger of Figures (A) and (B) at Ig k=-15.75. —
Filled dots: One-bond electrophiles (blue) and one-bond nucleophiles (green) used for the construction of the correlation lines.

Since diazoalkanes are ambiphilic species, which may
react as electrophiles and nucleophiles, one can consider a
hypothetical dimerization of 1b, where one molecule reacts
as a one-bond nucleophile while the other one reacts as a
one-bond electrophile. With the E, N, and sx parameters for
1b given in Chart 1 and Table 1, equation (1) gives a rate
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constant of 1g k= —15.75 at 20 °C, corresponding to a half
reaction time of 180 million years for 1 M solutions, in line
with the fact that this reaction has not been observed.?

Substitution of this value for g k> into the equations above
the correlation lines in Figures 7A and 7B shows that 1g k>
—15.75 is expected for the reactions of 1b with
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nucleophiles of N = —2.812% as well as for its reactions with
electrophiles of E =-18.2. The thus defined crossing point
of the two correlation lines at Ig 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,?* 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
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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
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Figure 8. Correlations of Ig 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 Il
organocatalyst (E = -5.5, from ref. 26).
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closely correlated with their one-bond electrophilicities E
than those in Figures 7B.C and 8A. The deviation of the
rate constants from the blue correlation line indicates,
however, that none of the cycloadditions of electron-
deficient dipolarophiles in Figure 8B follows a stepwise
mechanism.

Because of the lack of rate constants for the reactions of
diphenyldiazomethane 1d with a series of one-bond
nucleophiles, the green line in Figure 8C does not represent
a correlation line, but is based on a single rate constant for
the reaction of 1d with 2d and the susceptibility sy = 0.86
for 2d.'% The large difference between the rate constants
for the reactions of 1d with the nucleophilic dipolarophiles
(green open circles) and the green line is in line with
concerted mechanisms and rationalizes the lack of a
correlation between the cycloaddition rate constants and
the corresponding one-bond nucleophilicities N. As in the
correlations in Figures 7, 8A, and 8B, the blue correlation
line is based on the reactivities of the diazoalkane 1d with
benzhydrylium ions. These data points are not depicted in
Figure 8C because of overlap with the reactivities of
iminium ions. All neutral electrophilic dipolarophiles 3 are
significantly above the blue correlation line due to the
concerted mechanism of these cycloadditions. Though one
can recognize a rough correlation between the
cycloaddition rates of the electron-deficient dipolarophiles
3 (blue open circles) and their E-parameters, there is a
significant scatter, probably due to the higher steric
demand of 1d.

Let us now look at the reactions of diazoacetate 1a with the
Michael acceptors 3 (blue entries in Figure 8A) in more
detail. The blue line in Figure 9 shows Gibbs activation
energies derived from rate constants k(20 °C) calculated
by eq. 1 for the hypothetical formation of zwitterions by
attack of the nucleophilic carbon of 1a (N=4.68, sx=0.94,
from Table 1) at the B-position of the acceptor-substituted
ethylenes 3 (E from Chart 2). Since the electrophilicity
parameters used for the calculation of these rate constants
are identical to those defining the abscissa, all points are
exactly on the correlation line. The remarkable fit of the
experimental Gibbs energies of activation for the
cycloadditions to the orange correlation line is astonishing,
however, and shows that the transition states of the
concerted cycloadditions reflect the relative energies of the
transition states for the formation of the hypothetical
zwitterions formed by a stepwise process. This observation
is consistent with the results of the DFT calculations (see
below) that the relative activation energies for the
concerted cycloadditions of 1a with Michael acceptors
equal the relative activation energies for the corresponding
stepwise cycloadditions via zwitterionic intermediates.

The point of intersection of the two lines indicates a change
of mechanism, i.e. it is predicted that dipolarophiles with E
> —6 will react with 1a to give zwitterions which may
cyclize or undergo other subsequent reactions. As one
moves to the left in this diagram, the blue and the orange
lines drift apart from each other, indicating that the
zwitterionic character of the transition state gets smaller as
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the electrophilicity of the dipolarophile decreases. The
lower the electrophilicity of the dipolarophile, the greater
the need for stabilizing the transition state by formation of
the second bond, i.e., the higher the synchronicity of the
formation of the two bonds. Accordingly, the greater
concertedness of the reaction of 1a with acrylonitrile (3q)
compared to the analogous reaction with the more
electrophilic ethylenesulfonyl fluoride (3K) is reflected by
the corresponding transition state geometries (see DFT
calculations below). While the C-C bond lengths are almost
identical (2.08 and 2.07 A), the C-N bond length is
significantly shorter in the reaction with the less
electrophilic 3q (2.38 A) than in the reaction with 3k (2.43

A).

CO,Me MeO,C— oy
N=/ + ZAcc —m s Products
1a 3 5 Acc

(eq 1) AG cancent

concert =

(eq 1)=AG" (exp

Figure 9. Correlation of Gibbs energies AG for the 1.3-dipolar
cycloadditions of diazoacetate 1a with Michael acceptors 3k,
30. 3q. 3s-t and 3v at 20 °C vs. their electrophilicities E. —
AG#*(eq 1): Gibbs activation energies calculated from rate
constants predicted by eq. (1): AG*(exp): Gibbs activation
energies measured experimentally; AG¥concert: energy of
concert, i.e., stabilization of the concerted transition state
relative to the transition state yielding a zwitterion.

The difference between the blue and the orange lines, thus,
is a measure of the energy of concert which is shown by
the green line on bottom of Figure 9. In other words: As
illustrated in the right box of Figure 9, the Gibbs energy of
activation of the concerted cycloaddition can formally be
considered as the Gibbs energy for formation of the
zwitterion minus the energy of concert.

As shown in Figure S5B (Supporting Information), a
similar situation is found for the reactions of 1c with
Michael acceptors. The corresponding plot for 1b (Figure
S5A) is of poorer quality, however, because of its lower
nucleophilicity which leads to a smaller zwitterionic
character of the transition states of the reactions with
electron-deficient dipolarophiles.

Comparison of Experimental and Quantum-
Chemically Calculated Gibbs Energies of Activation. In
two recent articles we have reported DFT calculations,
which rationalized our experimental findings that
diazoalkanes 1a—1d generally undergo azo-couplings with
enamines 2 and not concerted 1,3-dipolar cycloadditions,’
as previously assumed.!!”! We have now performed DFT
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computations to obtain further information about the
change of mechanism which we have derived from
deviations of the measured rate constants k(20 °C) from
the correlation lines in Figures 7 and 8.

For that purpose, transition states for the reactions of 1a—
1d with seven representative dipolarophiles of widely
differing polarity were located at the
SMD(CHC13)/B3LYP-D3BJ/def2-SVP level of theory and
combined with single point energies at the
SMD(CHCl3)/MN15/def2-TZVPD level of theory. This
method is the same that we recently used for characterizing
the mechanism and activation barriers of the reactions of 1
with enamines 2 allowing us to directly compare the
computations for all systems.” The treatment of the
cis/trans isomers of 1a is also described in ref.”

Scheme 4 illustrates four different types of transition state
geometries for the reactions of diazoalkanes with terminal
alkenes. Transition state TS1 arises from electrophilic
attack of the terminal nitrogen of 1 at the CH, group of the
dipolarophile 3 to yield a zwitterion that is stabilized if R
and/or R’ are electron-donating substituents. On the other
extreme, TS4 corresponds to attack of the nucleophilic
carbon center of diazoalkanes at the CH, group of the
dipolarophile leading to a zwitterion which is stabilized if
R and/or R’ are electron-withdrawing substituents. TS2
and TS3 correspond to fransition states of concerted
processes, which yield regioisomeric Al-pyrazolines
without involving an intermediate.

Scheme 4. Computationally Considered Transition State

Geometries for the Reactions of Diazoalkanes 1 with
Representative Dipolarophiles.

e ®
® X xeYNs N X @
NEN 1 ‘N iy ) E)—N=N
R ! Y Rl Ry /' R Y
'
Y¥=CH, )=CH, Y=CH; )=CH,
R R R R
T$1 Ts2 TS3 TS4
referred when referred when
pR/R' stabilize TS of concerted 1,3-dipolar pRIR‘ stabilize

cycloadditions

positive charge negative charge

Table 4 summarizes the Gibbs energies of the four
transition states TS1 to TS4 localized by DFT calculations.
The most stable transition state calculated for each
combination of 1a—1d with a dipolarophile is highlighted
in yellow and — if available — compared with the
experimentally determined Gibbs energies of activation. At
first glance, this comparison appears problematic because
all DFT calculations have been performed with a solvation
model for chloroform while the experimental data refer to
kinetic measurements in a variety of solvents and were
taken from different sources. This is not a serious problem,
however, since Huisgen and associates have investigated
the solvent dependence of the cycloadditions of
diphenyldiazomethane (1d) with dimethyl fumarate’> and
of phenyldiazomethane with ethyl acrylate (3r) and
norbornene (3e)’’ and reported that the rates of these
reactions varied by less than a factor of 3 in a series of
solvents with variable polarity ranging from benzene to
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acetonitrile and DMF. Thus, solvent effects on the
cycloaddition rates are much smaller than the expected
accuracy of our computations, which allows us to neglect
the nature of the solvents when comparing the Gibbs
energies of activation in Table 4, which were obtained by
different experimental methods.

TS1 and TS4 refer to reactions where only one new bond
is formed in the rate-determining step. For such reactions,
the linear free energy relationship (eq. 1) is applicable, and
the resulting values are listed as TS1 (eq. 1) and TS4 (eq.
1) in Table 4.

Table 4 shows that in all cases, the lowest value of TS1—
TS4 calculated by DFT, which is highlighted in yellow, is
closest to the experimental Gibbs energies of activation.
Though this observation confirms the consistency of
experimental and computational results, the calculated
DFT energies are generally higher (at most 27 kJ mol™, on
average 17 kJ mol™) than the experimental values.

In the reactions of all diazoalkanes 1a—1d with enamine 2c,
TS1 is calculated to be significantly lower in energy than
the transition state TS2 for the analogous concerted
reaction, in line with our previous report that diazoalkanes
undergo azo couplings with enamines and not
cycloadditions.” Also in the reactions of ketene acetal 3a
with diazoalkanes 1a or 1b transition state TS1 is more
favorable than the alternative transition states TS2 and TS3
for concerted reactions. This finding is in agreement with
the position of 3a close to the correlation lines for one-bond
forming processes in Figures 7 and 8.%*

In the reactions with the significantly less nucleophilic
vinyl ether 3b’, a model for butyl vinyl ether (3b), the
stepwise process via TS1 is not any longer clearly
preferred, and DFT calculations for the reactions of 3b’
with 1a, 1b, and 1c give similar energies for transition
states TS1, TS2, and TS3. The calculated large values of
the Gibbs energies of activation explain why attempts to
isolate reaction products from alkyl vinyl ethers and 1a—1d
have failed in previous’'* and in our work.?* The fact that
the correlation equation (1) also gives a Gibbs activation
energy close to those calculated for TS1, TS2, and TS3 by
DFT confirms that the reactions of diazoalkanes 1 with
vinyl ether 3b’ cannot proceed with a high degree of
concertedness.

For the reactions of the diazoalkanes 1a—1d with but-1-ene
(3h*), a model for hex-1-ene (3h), the concerted TS3 is
calculated to be slightly more favorable than the
regioisomeric TS2 but significantly more stable than TS1
for the stepwise mechanism. The DFT calculations thus
support our conclusions on the concerted mechanism of
these reactions drawn from the position of hexe-1-ne (3h)
above the green correlation lines in Figures 7 and 8. They
furthermore rationalize the observed regioselectivities of
these reactions®® yielding pyrazolines via TS3 and not via
TS2 which would have been expected from the polarities
of the terminal alkenes. As discussed below, relative
stabilities of the products may already become noticeable
in the transition states.
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Table 4. Comparison of Experimental Gibbs Energies of Activation for the Reactions of Diazoalkanes 1a—1d with Seven
Representative Dipolarophiles with Those Calculated for TS1-TS4 by DFT and Eq. (1) at 25 °C.°

Dipolarophiles (MeO2C)CH=N> (1a) | (MeO2C)2C=N2 (1b) (02NC6H4)CH=N3 (1¢)®> | PhoC=N> (1d)°
N(sn)=4.68(0.94)? N(sn)=—1.24(0.81)° | N(sw)=7.17(0.83)° N(sN)=5.29(0.92)¢
E=-18.5 E=-18.2 E=-183 E=-214
@*Ni] Exp (CDCl3) 88 Exp (CDCl3) 82 Exp(CD2Cl)) 85 Exp n.d
2¢¢ TS1(DFT) 93 TS1(DFT) 93 TS1(DFT) 91 TS1 (DFT) 109
Nisx)=15910.86 | TS1(ea 1) 84 TS1(eq.1) 83 TS1(eq.1) 83 TS1(eq.1) 100
TS2 (DFT) 135 | Ts2(FT) 117 | TS2(DFT) -4 TS2 (DFT) 151
OEt Exp (tol) 113 Exp (mes) 125 Exp n.d. Exp n.d.
= TS1(DFT) 123 TS1(DFT) 130 | TS1(DFT) 118 TS1 (DFT) 147
OEt 35 TS1(eq.1) 112 | TSl(eq.1) 110 [ TS1(eq.1) 111 TS1(eq. 1) 125
N(sx)=9.81(0.81)* | TS2 (DFT) 161/175 | TS2(DFT) 144 | TS2(DFT) 169 TS2 (DFT) 175
TS3 (DFT) 171 TS3(DFT) 182 | TS3(DFT) 162 TS3 (DFT) 157
:\OMe 3b’ Exp (tol) (124) Exp (mes) (130) Exp nd. Exp nd.
. TS1(DFT) 152 TS1(DFT) -4 TS1(DFT) 146 TS1 (DFT) 171
model forbutyl vinyl | 7q; g 1) 148 | TS1(eq.1) 146 | TS1(eq.1) 147 TS1(eq.1) 162
;2;‘)(;’";)7“6‘(‘(1)‘ 91y TS2 (DFT) 150 TS2 (DFT) 154 | TS2(DFT) 145 TS2 (DFT) 148
O TS3 (DFT) 150 | TS3(DFT) 162 | TS3 (DFT) 142 TS3 (DFT) 144
=\CZHS " Exp (CDCl3) 119 Exp (mes) 12;1 Exp nd. Exp (DMF) 112
TS1 (DFT) 162 TS1(DFT) - TS1(DFT) 155 TS1(DFT) 176
model for 1-hexenc | gy (0. 1) 241 TS1(eq.1) 238 | TS1(eq.1) 239 TS1(eq.1) 264
(3h) with , | TS2FT) 144 | Ts2(DFT) 153 | TS2(DFT) 138 TS2 (DFT) 143
Nsw)=-277141° | ys3(DFT) 139 | TS3(DFT) 151 | TS3(DFT) 132 TS3 (DFT) 135
=\ Exp (ds-tol) 90 Exp (T+M) 113 Exp(CHxCL) 79 Exp n.d.
SOF 3p TS2 (DFT) 122 TS2 (DFT) 151 | TS2(DFT) 106 TS2 (DFT) 106
EF=-12.00 TS3(DFT) 102 | TS3(DFT) 124 | TS3(DFT) 91 TS3 (DFT) 91
TS4 (DFT) -4 TS4 (DFT) -4 TS4 (DFT) 111 TS4 (DFT) 120
TS4(eq.1) 111 | TS4(eq.1) 133 | TS4(eq.1) 95 TS4 (eq. 1) 107
=\CN 3 Exp (tol) 100 Exp (tol) 119 Exp n.d. Exp (DMF) 89
B ! TS2 (DFT) 133 TS2 (DFT) 148 | TS2(DFT) 119 TS2 (DFT) 115
L TS3(DFT) 118 | TS3(DFT) 140 | TS3(DFT) 109 TS3 (DFT) 110
TS4 (DFT) 155 TS4 (DFT) 191 | TS4(DFT) 141 TS4 (DFT) 150
| TS4(eq. 1) 148 | TS4(eq.1) 165 | TS4(eq.1) 128 TS4 (eq.1) 143
T co,Me 3 Exp n.d. Exp (T+M) 117 Exp(CHxCl2) 88 Exp (DMF) 87
TS2 (DFT) 130 | TS2(DFT) 142 | TS2(DFT) 113 TS2 (DFT) 111
model for thyl TS3 (DFT) 113 TS3 (DFT) 135 | TS3(DFT) 106 TS3 (DFT) 109
acrylate @r) with E= | 7q4 pET) 153 TS4 (DFT) 194 | TS4(DFT) 140 TS4 (DFT) 149
—19.07 TS4(eq.1) 148 | TS4(eq.1) 165 | TS4(eq.1) 128 TS4 (eq.1) 144

2 All energies (in kJ mol™) are given relative to the reactants. The most favorable TS calculated by DFT for a certain combination
of reactants is highlighted in yellow. TS1(eq. 1) and TS4(eq. 1) were calculated from the reactivity parameters E, N and sN given
for the reactants in this Table by applying eq. (1) and by subsequently converting k2(20°C) to k2(25°C) by using the Eyring equation
and an assumed AS* =—120 J mol™! KL, ¢ In CH2Cl. € Data from ref. 7. ¢ TS could not be located.

Figures 7 and 8 have led to the conclusion that the reactions derived from kinetic measurements. However, TS4

of 1 with all Michael acceptors 3i-3w proceed through
concerted pathways, because the measured rate constants
are above the blue correlation lines that reflect stepwise
processes via TS4. Accordingly, TS3 was calculated as the
most stable transition state for the reactions of 1a—1d with
ethenesulfonyl fluoride (3K), acrylonitrile (3q), and
acrylate 3r°. The regioselectivities of these reactions, i.e.,
the preference of TS3 over TS2, can be explained in the
classical way by interaction of the greatest HOMO
coefficients of the diazoalkanes 1 with the greatest LUMO
coefficient of the Michael acceptors 3.

Since the reactions of diazoalkanes 1a—1d with Michael
acceptors 3k, 3q, and 3r proceed via concerted
cycloadditions, information about the activation energies
of the hypothetic stepwise processes via TS4 cannot be
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corresponds to an electrophile-nucleophile combination,
where only one new bond is formed, i.e., a reaction for
which equation (1) is applicable. Accordingly, Table 4
shows that the energies of TS4 obtained by equation (1) are
similar to those derived by DFT calculations, and the small
difference of 5 to 29 kJ mol™! between TS4(DFT) and
TS4(eq 1) is in line with the trend that the quantum
chemically obtained Gibbs energies of activation are
generally slightly larger than AG* values derived from
kinetic measurements.

Since TS4 energies corresponds to the blue correlation
lines in Figures 7 and 8, the DFT calculations thus provide
an independent confirmation of our conclusion that the
deviations of the data points from the correlation lines in
Figures 7 and 8 are a measure for the energy of concert.””
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FMO-Analysis. Figure 10 shows for the reactions of
methyl diazoacetate (1a), a prototypical 1,3-dipole of the
propargyl/allenyl type. how the classical FMO analysis of
1,3-dipolar cycloadditions (Figure 1) has to be modified in
view of the previous discussion. Due to the presence of the
low-energy m*n=y orbital in diazoalkanes, perpendicular to
the 3-center heteropropargyl anion system, not only y3 has
to be considered for this analysis but rather the two lowest-
lying unoccupied molecular orbitals of the 1,3-dipole, that
is, T*N=x and 3.

As reported recently,’ the reactions of diazoalkanes 1 with
enamines (2c¢ in Figure 10) proceed via interaction of
HOMO (enamine) with m*y=x(14a) to give a zwitterion via
TS1. Subsequent proton shifts yield azo coupling products,
which in some cases undergo subsequent cyclization to
give pyrazolines, formally cycloadducts of 1a with
enamines.

TS1, which leads to the formation of a zwitterion, is also
the preferred pathway in the reaction of 1a with ketene
acetal 3a and results from perpendicular orientation of the
two reagents by interaction of HOMO(3a) with m*x=y (£
LUMO) of 1a. TS2, arising from interaction of HOMO(3a)
with y3;, and a further transition state, arising from
interaction of HOMO(3a) with both m*n=y(1a) and 3, will

orbital energy /eV

be discussed in more detail below.

For dipolarophiles 3b’> and 3h’. models for the
experimentally investigated higher homologs 3b and 3h,
respectively, which are significantly less nucleophilic than
3a, the stepwise pathway via TS1 becomes less favorable
relative to the concerted transition states TS2 or TS3. In
the reaction with vinyl ether 3b’, interaction of
HOMO(3b’) with LUMO(1a), which gives rise to TS1,
may still compete with the interaction of HOMO(3b*) with
LUMO+1(1a) which gives rise to TS2 and TS3. Since
experimental product studies have failed and the
calculations provided three transition states which are close
in energy, we cannot evaluate the preferred mechanism.

Interaction of HOMO(3h’) with LUMO(1a) leading to
TS1 is less important than the interaction of HOMO(3h’)
with LUMO+1(1a) leading to TS3, which is slightly
preferred over TS2, as discussed above.

In line with classical FMO analyses (Figure 1), the
reactions of 1a with 3q and 3k are predominantly
controlled by the interaction of HOMO(1a) with
LUMO(3q) and LUMO(3K), respectively, leading to TS3.
However, there is also a participation of LUMO+1(1a)
which accounts for the fact that TS3 is favored over TS4.
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Figure 10. Orbital energies at the SMD(CHCI3)/B3LYP-D3BJ/def2-SVP level and structures of the transition states TS1 for azo
couplings and of TS2/3 for the concerted cycloadditions. IRC calculations for TS1 in the reactions of 1a with 3b” and 3h’ indicated
that these transition states do not yield zwitterions but rather aziridines.
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(A) TS2 - concerted
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Orbital overlap S at C-N = 250 pm

HOMO(3a)/LUMO(1a): 0.005
HOMO(3a)/LUMO+1(1a): 0.061

(B) TS2a - two-step no-intermediate
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For comparison: Orbital overlap S
at C-N = 250 pm for TS1

HOMO(3a)/LUMO(1a): 0.100
HOMO(3a)/LUMO+1(1a): 0.004

HOMO(3a)/LUMO(1a): 0.065
HOMO(3a)/LUMO+1(1a): 0.042

Figure 11. 3D potential energy surfaces at the (SMD=CHCl3)/B3LYP-D3BJ/def2-SVP level for the reaction of methyl diazoacetate
(1a"s) with ketene acetal 3a and key orbital overlaps S at a C-N distance of 2.5 A on the intrinsic reaction coordinate for (A) the
concerted transition variant via TS2 and (B) the two-step no-intermediate pathway via TS2a. All energies Eiot (in kJ mol™) are
given relative to the reactants. Black lines connect the reaction pathway derived from IRC calculations starting from the respective
transition states. — See ref. 11a and Supporting Information for treatment of the cis/trans isomers of 1a.

Since the reaction of diazoacetate 1a with ketene acetal 3a
represents a borderline case where transition states for
three different pathways could be localized, let us analyze
this system in more detail. As illustrated in Figure 10, the
most favorable transition state for this reaction (TS1),
which leads to a zwitterion, results from interaction of
HOMO(3a) with LUMO(1a), while the interaction with
LUMO+1(1a) is insignificant (see box in Figure 11B).

When 1a and 3a were oriented in a way that concerted
cycloadditions can result, two different types of concerted
transition states were localized. In plane orientation of the
heteropropargyl m-system of 1a and the m-system of 3a
leads to TS2 by interaction of HOMO(3a) with
LUMO+1(1a) (Figure 11A). However, we located also an
additional transition state TS2a where the reactants are
twisted with respect to each other (Figure 11B). The
concerted pathway via TS2a, which is approximately 14 kJ
mol™? lower in energy than TS2 (Figure 11), is highly
asynchronous and can be considered as a two-stage no-
intermediate mechanism (or two-step no-intermediate

mechanism) which results from interaction of HOMO(3a)
with both LUMO(1a) and LUMO+1(1a). The potential
energy surfaces in Figure 11 illustrate how interactions of
the HOMO of ketene acetal 3a with either LUMO+1 (&
y3) alone or with both LUMO (£ n*y=x) plus LUMO+1 of
1a lead to different trajectories.

Thermodynamics of the 1,3-Dipolar Cycloadditions.
Recently, a comprehensive DFT study of the 1,3-dipolar
cycloadditions of unsubstituted 1,3-dipoles of the allyl and
the propargyl«allenyl type with ethylene showed a fair
correlation (R? = 0.86) between the activation energies and
the corresponding exothermicities.” The slope of this
correlation, which covers a range of approximately 200 kJ
mol™ in activation energies and 400 kJ mol™ in reaction
energies, indicated that roughly 44 % of the variation of the
reaction energies are reflected by the activation energies.
Let us now compare Gibbs energies of activation (Table 4)
with Gibbs reaction energies for the cycloadditions
described in Table 5.

Table 5. DFT-Calculated Gibbs Energies (kJ mol) of the Reactions of 1a—1d with Representative Dipolarophiles.?

Dipolarophiles (MeO2C)CH=N> (1a) | (Me02C)2C=N> (1b) (02NCsH4)CH=N3 (1c) | PhoC=N3(1d)
H)C=C(OEt)> (3a) AG2=-34.1 AGR2=-4.1 AG%2=-40.3 AGR2=-16.3
AG®3 =-52.1 AGY3 =-36.1 AG®3 =-58.1 AG%3 =-51.1
H)C=CH(OMe) (3b’) AG®2 =-50.6 AGR2=-28.6 AG2=-57.1 AG%2 =-433
AG%3 =—61.8 AG?3 =—40.8 AG%3 =—63.4 AG3 =-59.2
1-Butene (3h?) AG®2 =-67.1 AG®2 =-474 AGR2=-72.7 AG2 =-61.7
AG®3 =-73.9 AGY3 =-55.2 AG3 =-82.7 AG3=-72.2
ESF (3k) AG®2 =-63.5 AG®2 =-28.0 AG%2 =-69.1 AG®2 =-56.9
AG®3 =-53.7 AG?3 =-28.0 AG%3 =-58.7 AG®3 =-53.8
Acrylonitrile (3q) AG2=-547 AG®2 =-29.6 AGR2=-62.6 AG2=-574
AG®3 =—46.6 AGY3 =-23.8 AG3 =-51.8 AGY3 =49 4
Methyl acrylate (3r”) AGR2 =-62.7 AGR2 =-364 AGR =677 AGR2=-59.5
AG?3 =-56.6 AG?3 =-36.7 AG%3 =—61.3 AG®3 =-56.1
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2 AG?2 and AG®3 refer to the reaction Gibbs energies (at 25 °C) for the formation of cycloadducts formed through TS2 and TS3,
respectively. When diastereomeric Al-pyrazolines are formed, AG® values correspond to the Boltzmann-weighted average of all

conformers for both diastereomers.

Table 5 shows that the Al-pyrazolines from diazoalkanes
1a-1d and but-1-ene (3h*) formed via TS3 are 7-10 kJ
mol™ more stable than the regioisomers formed via TS2.
Thus, product-stabilizing factors in the transition state may
account for the regioselectivities of the reactions with 1-
alkenes which are opposite to those expected from the
polarization of these dipolarophiles.”® Figures S10 and S11
(Supporting Information) illustrate that for most
cycloadditions treated in Tables 4 and 5. the Gibbs
activation energies AG* correlate poorly or not at all with
the corresponding Gibbs reaction energies AG®. In fact,
most kinetically controlled products formed in reactions of
diazoalkanes 1a—1d with the Michael acceptors 3k, 3q. 3r
via TS3 are thermodynamically less stable than their
regioisomers.

Figure 12 shows, however, that the calculated Gibbs
activation energies TS3(DFT) for the reactions of the
Michael acceptors 3k, 3q, and 3r’ with the diazoalkanes
1a-1d correlate well with the comresponding reaction
Gibbs energies AG"3. We do not want to discuss the quality
of these correlations, since we are almost dealing with two-
point correlations due to the clustered location of
diazoalkanes 1a, 1c, and 1d in these plots. It is most
remarkable, however, that the slopes in all three
correlations of Figure 12 are close to 1, which implies that
Gibbs activation energies and Gibbs reaction energies for
the reactions with diazomalonate 1b are by approximately
20-30 kJ mol™ greater than those of all the other reactions.
In other words, the low reaction rates of 1b reflect fully the
changes in the thermodynamic driving forces of the 1,3-
dipolar cycloadditions of 1b compared to those of the other
diazoalkanes.
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Figure 12. Correlation of Gibbs energies of activation
AG*3(DFT) vs. Gibbs reaction energies AGY3(DFT) for the

138

1,3-dipolar cycloadditions of the Michael acceptors 3k. 3q,
and 3r’ with the diazoalkanes la—-1d. — DFT calculated
energies from Tables 4 and 5.

What is the reason for the significantly lower
exergonicities and higher activation energies for the
cycloadditions of diazomalonate 1b compared to those of
the other diazoalkanes 1a, 1c, or 1d? Is it due to different
stabilization of the reactants or due to different stabilization
of the products? In order to clarify the origin, let us
compare the behavior of diazomalonate 1b with that of
diazoacetate 1a, which can be considered as a
representative for the other diazoalkanes 1c¢ and 1d in
Figure 12.

Scheme 5 shows that transfer of two ester groups from
malonate to pyrazoline is endergonic (eq. 2), while the
analogous transfer to diazomethane is exergonic (eq. 4).
Though the absolute numbers of these two reactions are
meaningless because they depend on the arbitrary choice
of the ester-transfer reagent (here dimethyl malonate), the
difference (52.8 kJ mol™) is independent of the nature of
the ester-transfer reagent and shows the high stabilization
of the diazoalkane 1b through conjugation of the ester
groups with the ylidic carbon center.

An analogous trend is found by comparison of eqs (3) and
(5). While the transfer of one ester group to pyrazoline is
endergonic (eq. 3), the corresponding ester transfer to
diazomethane is exergonic (eq. 5). The small difference
between equations (2) and (3) and the large difference
between equations (4) and (5) implies that the much
smaller exergonicities of the 1.3-dipolar cycloadditions of
diazomalonate 1b compared to diazoacetate 1a are
predominantly due to higher ground-state stabilization of
1b by resonance energy (conjugation with two ester
groups) and only to a minor degree due to destabilization
of the cycloadducts formed from 1b.

Scheme 5. Isodesmic Reactions for the Transfer of Ester

Groups to Pyrazoline (eqs 2 and 3) and Diazomethane (eqs 4
and 5).9

_N CO,Me _ -1 2N
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2  Energies of reactants and products (at the

SMD(CHC13)/MN15/def2-TZVPD/def2-
SVP//SMD(CHCI3)/-B3LYP-D3B]J level of theory) used for
the calculation of the Gibbs energies in this Scheme are given
in Table S48 (Supporting Information).
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These conclusions are confirmed by the activation/strain or
distortion/interaction analysis’® in Figure 13, which
compares the reactions of acrylonitrile 3q with 1a and 1b.

alle
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o

« = = = reaction with 1a
-200 = reaction with 1b
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300 | Total energy

Interaction energy

-400
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Figure 13. Distortion interaction analysis of the reaction
pathway for TS3 of 3q with 1b and 1a calculated at the
SMD(CHCI3)/B3LYP-D3BJ/def2-SVP  level (electronic
energies Etot in kJ mol™). The energy values are projected on
the newly forming C-C bond.

While the interaction energies of both reactions are almost
identical at the transition state, the distortion energy is so
much higher in the reaction with 1b than in the reaction
with 1a, that the observed differences in activation energies
for the reactions of 3q with 1a and 1b are almost
exclusively due to differences in the distortion energies.
Since the same dipolarophile is used in both reactions, the
greater loss of resonance energy in the distortion of 1b
compared to 1a can be identified as the origin for the
different reactivities of these two diazoalkanes.

Conclusions

As already mentioned in the introduction, the conventional
rationalization of the reactions of diazoalkanes with
dipolarophiles (Figures 1 and 2) has to be abandoned,
because it was overlooked that m*n—y and not 3
corresponds to the LUMO of diazoalkanes and because
ionization potentials are poor measures for relative LUMO
energies. For that reason, we have developed an alternative
ordering principle for cycloadditions which is based on
one-bond nucleophilicity and electrophilicity parameters
defined by equation (1).

In previous publications we have repeatedly emphasized
that equation (1), which has become an established method
to calculate rate constants for the reactions of electrophiles
with nucleophiles from the electrophilicity parameters E
and the solvent-dependent nucleophile-specific parameters
N and sy, cannot be applied to predict rate constants of
multibond-forming reactions, e.g. concerted
cycloadditions. This work demonstrates, however, that
equation (1) is also a powerful tool for analyzing kinetics
and mechanisms of 1,3-dipolar cycloadditions. By linking
the correlation lines of Ig k» vs. E for the reactions of
diazoalkanes with one-bond electrophiles and of 1g k> vs. N

for the comesponding reactions with one-bond
nucleophiles (Figures 7 and 8) we arrived at graphics
resembling “Sustmann’s paradigmatic parabola™. These
correlations provide direct mechanistic information. Thus,
rate constants on the green and blue correlation lines of
Figure 14 indicate reactions with rate-determining
formation of zwitterions or highly asynchronous concerted
cycloadditions with transition states closely resembling
zwitterions. From the deviations of cycloaddition rate
constants from the correlation lines for one-bond
reactivities one can derive the energies of concert, i.e., the
stabilization of the transition states of the concerted
cycloadditions relative to the alternative stepwise pathways
via zwitterions.*!*?
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Figure 14. Schematic plots of rate constants (Ig k2) of the
reactions of diazoalkanes with one-bond nucleophiles (left)
and one-bond electrophiles (right) vs. the corresponding
reactivity indices N and E.
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compounds 1a (in black) and 1e (in red) with electrophilic
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dipolarophiles 3 with (A) the electrophilicities E and (B) gas-
phase LUMO energies eLumo 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.?®

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.*®
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6.2 Supporting Information
6.2.1 General

Chemicals. Diazo compound la (Scheme S1) was synthesized from glycine methyl ester
hydrochloride based on literature procedure,>* 1b was obtained from N-acetylsulfanilyl chloride
as described,>? 1c was synthesized from 4-nitrobenzaldehyde as mentioned.>®> ESF (3k) was
synthesized from 2-chloro-ethanesulfonyl chloride as described.>* All other compounds were
purchased and purified by distillation or recrystallization when necessary.
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Scheme S1. Nucleophiles 2 and dipolarophiles 3 in this work.

Analytics. *H and *C{*H} NMR spectra were recorded in CDCls (Ju 7.26, 6c 77.16 ppm), CD,Cl
(Ou 5.32, dc 53.84 ppm) or de-DMSO (5n 2.50, dc 39.52 ppm) on 400 or 600 MHz NMR
spectrometers.>

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 Bilichi B540 device and are not corrected. IR
spectra were recorded on a FTIR Spectrometer SPECTRUM BX |1 (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 Ka rotating anode X-ray tube (A = 0.71073 A). The
frames were integrated with the Bruker SAINT software package.*® Data were corrected for
absorption effects using the MultiScan method (SADABS).” The structure was solved and refined
using the Bruker SHELXTL Software Package.® The figures have been drawn at the 25% ellipsoid
probability level >

144



Chapter 6. One-Bond-Nucleophilicity and Electrophilicity Parameters: An Efficient Ordering System for 1,3-DCAs

Kinetics. The kinetic investigations of the reactions of 1a or 1b with the reference electrophiles
(ani)(tol)CH", (ani)2CH", (fur).CH™, (mfa).CH", (dpa)2CH™, (mor).CH* and (dma).CH"* (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.5'% The benzhydrylium triflates
(ani)(tol)CH* TfO-, (ani).CH" TfO~, and (fur).CH" TfO~ were freshly prepared by adding a
solution of TMSOTT (4 equivs) in dry dichloromethane into the solution of (ani)(tol)CHCI,
(ani)2CHCI, or (fur),CHCI in dry dichloromethane. The benzhydrylium tetrafluoroborates
(mfa).CH" BF4, (dpa)CH* BF4, (mor).CH" BF4, and (dma).CH" BFs  were prepared as
described before.S10

@ ® @
MeOMe MeOOMe

(ani)(tol)CH* (ani),CH* (fur),CH*
@ ® ® @
LJO O,
)N I\L Ph,N NPh, [N N MeN NMe,
FsC CFs . o o
(mfa),CH* (dpa),CH (mor),CH* (dma),CH*

Scheme S2. Benzhydrylium ions used in this work to determine N and sy 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 1¢.5!

The kinetics of the reactions of 1a and 1b with the dipolarophiles 3 as well as of 1c with 3d were
monitored by *H NMR spectroscopy in well-sealed NMR tubes under argon atmosphere at
constant temperatures.S*? All online NMR kinetic measurements were performed with internal
standards (dibromomethane, mesitylene or 1,1,2,2-tetrachloroethane) at variable temperatures
(over a AT 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 k> at +20, +80.3
or +110 °C based on the Eyring activation parameters AH#* and AS*. 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 equation>?

Kyt = L Bl @rlid)

4" ([3r]p+4) [3r]¢ with A = [1b]o - [3r]o.
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6.2.2 Product Studies

Reaction of methyl diazoacetate (1a) with the (dma).CH* BF4~

Methyl (E)-2,3-bis(4-(dimethylamino)phenyl)acrylate (P1) and methyl 3,3-bis(4-
(dimethylamino)phenyl)acrylate (P2) were obtained from la (239 mg, 2.39 mmol) and
(dma).CH* BF4 (396 mg, 1.16 mmol) in CH,Cl, according to a previously reported procedure.>*
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 'H NMR integration) was also
obtained as yellow solid. The overall yield of P1 and P2 was 116 mg (31%).

The 3C NMR spectra of P1 and P2 were measured after repeating of the reaction of 1a and
(dma).CH™ BF4". The mixture of P1 and P2 isolated the second time gives a ratio of P1:P2 ~ 3:5
by *H NMR spectroscopy.

MezN P1 NM62

P1: 'H NMR (600 MHz, CDCls): 6 =2.93 (s, 6 H, H?), 3.00 (br s, 6 H, H"), 3.76 (s, 3 H, H'), 6.48
(d, J=8.6 Hz, 2 H, H%), 6.76 (br s, 2 H, H"), 7.02 (d, J = 8.5 Hz, 2 H, HY), 7.12 (d, J = 7.4 Hz, 2
H, HX), 7.73 (s, 1 H, H. 3C NMR (101 MHz, CDCls): & = 40.2 (CHs, C%), 40.6 (CH3, C"), 52.2
(CHs, C'), 111.5 (CH, C%), 112.8 (CH, C"), 123.0 (C, C®), 124.7 (C, C)), 127.4 (C, CY), 130.8 (CH,
C4), 132.5 (CH, C%, 140.6 (CH, Cf), 149.8 (C, C™), 150.6 (C, C"), 169.7 (C, C"). HRMS (ESI*):
m/z calcd for CooH2sN202* (M + HY): 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 . mp 194.7 °C.

P2 (based on the NMR spectra of the 3:5-mixture of P1 and P2): 'H NMR (600 MHz, CDCls): &
=2.99 (s, 6 H, H", partially superimposed with H" of P1), 3.01 (s, 6 H, H*), 3.63 (s, 3 H, H"),
6.12 (s, 1 H, HY), 6.62-6.64 (m, 2 H, H"), 6.69-6.74 (m, 2 H, H®) 7.11-7.15 (m, 2 H, HY,
superimposed with H* of P1), 7.22—7.25 (m, 2 H, H¥). 3C NMR (101 MHz, CDCls3): § = 40.3
(CHs, C™), 40.5 (CH3, C*), 51.0 (CHs, C'), 110.8 (CH, C¥), 111.2 (CH, C%), 111.5 (CH, C"),
126.7 (C, C*), 129.5 (C, C"), 130.3 (CH, C¥), 131.2 (CH, C%), 150.6 (C, C), 151.3 (C, C™),
158.8 (C, Cf), 167.4 (C, C™).
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Reactions of diazo compounds 1 with dipolarophiles 3

General procedure A (GP A). Diazo compound la or 1b was added dropwise to dipolarophile
solution in CHCIz, CDCls, toluene, dgs-toluene, ds-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 CH2Cl, or CD2Cl: 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*,25*)-2-phenylcyclopropyl)benzene (z)-trans-(8cd) and 1-nitro-4-((1S*,2R*)-
2-phenylcyclopropyl)benzene (z)-cis-(8cd) were obtained from 1c (508 mg, 3.11 mmol) and 3d
(388 mg, 3.73 mmol) in CH2Cl> (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 (2x) to give pure trans-8cd: white
crystals (198 mg, yield 27%); mp 88.5 °C (ref.5*42: mp 88.5-89.5 °C). 'H NMR spectral data are
consistent with those reported in ref.54°

J
O,N .©k
o i
d
b o
a e g h
f

(+)-trans-8cd

trans-8cd: *H NMR (400 MHz, CDCls): § = 1.45-1.50 (m, 1 H, Hf), 1.53-1.59 (m, 1 H, Hf), 2.15—
2.22(m, 2 H, H®and HY), 7.07 (d, J = 7.4 Hz, 2 H, H"), 7.15-7.17 (m, 3 H, H*and H¥, superimposed
with solvent peak), 7.24 (t, J = 7.4 Hz, 2.0 H, H)), 8.07 (d, J = 8.5 Hz, 2 H, HP). 13C NMR (101
MHz, CDCls): & = 19.5 (CHa, C"), 28.2 (CH, C®), 29.9 (CH, C9), 123.9 (CH, C"), 125.9 (CH, C,
126.2 (CH, C?), 126.5 (CH, C¥), 128.7 (CH, C)), 141.3 (C, C"), 146.1 (C, C°), 150.9 (C, CY). HRMS
(E1): m/z caled for CisH1sNO2*(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 ™.
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(%)-cis-8cd

cis-8cd (based on the NMR spectra of the 5:2 mixture of trans- and cis-8cd): *H NMR (400 MHz,
CDCls): § = 1.41-1.53 (m, 2.0 H, H", superimposed with H' of trans-8cd), 2.46 (td, J = 8.8, 6.3
Hz, 0.4 H, H), 2.62 (td, J = 8.9, 6.3 Hz, 0.4 H, H?), 6.89-6.95 (m, 1.6 H, H* and H"), 6.99-7.06
(m, 1.1 H, H" and H¥), 7.83-7.87 (m, 0.8 H, H). 23C NMR (101 MHz, CDCls): § = 12.4 (CH_,
Cf), 24.1 (CH, C®), 26.2 (CH, C?), 123.0 (CH, C"), 126.5 (CH, C¥), 128.2 (CH, C""), 129.1 (CH,
C%), 129.5 (CH, C"), 136.9 (C, CM), 146.0 (C, C%), 147.4 (C, CY).

NMR monitoring of the reaction of 1c (1.01 M) with 3d (1.07 M) in CDCl; at +6 °C to ambient
temperature showed the initial formation of diastereomeric pyrazoles 5cd-1 and 5cd-11 (I:11 = 5:4,
Figure S1B). When the reactions mixture was allowed to warm up from +6 °C to ambient
temperature, the concentration of 5cd-lI decreased while the concentrations of 5cd-1I 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 5¢d were assigned based on NMR spectra (5¢d-1:5cd-11 = 5:4 by 'H NMR
integration) measured for the reaction of 1c (96.3 mg, 0.590 mM) with 3d (65.5 mg, 0.629 mM)
in CD2Cl> (400 pL) after 2 days at 6 °C.

d 5cd-|

5cd-1: tH NMR (400 MHz, CD2Cl2): & = 1.46 (dt, J = 12.7, 11.0 Hz, 1 H, H"), 2.91 (dt, J = 12.8,
7.9 Hz, 1 H, H", 5.38-5.45 m, 2 H, H* and HY), 7.64 (d, J = 8.8 Hz, 2 H, H'), 8.28-8.34 (m, 2 H,
H)). 3C NMR (101 MHz, CDCl): § = 36.1 (CHz, C"), 90.9 (CH, C9), 92.5 (CH, C?), 124.2 (CH,
Cl), 127.6 (CH, C°), 128.5 (CH, C"), 139.0 (C, C"), 146.6 (C, C"), 147.80 (C, C*). The 'H NMR
signals of protons at the phenyl group superimposed with those of the starting material. The
resonances of C% and C® could not be assigned unambiguously.

a' N//

ﬁh’ f’
b, N
o

o
d' 5cd-II

5cd-11: 'H NMR (400 MHz, CD,Cl2): § =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, H"), 5.98 (m, 2 H, H and H¢). 3C NMR (101 MHz, CD2Cl,): 5 = 33.8
(CHa, Cf), 91.5 (CH, C¥), 93.1 (CH, C¥), 124.3 (CH, C'), 127.3 (CH, C*), 128.4 (CH, C'), 138.3
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(C, C"), 146.2 (C, C™), 147.76 (C, C¥). The 'H NMR signals of protons at the phenyl group
superimposed with those of the starting material. The resonances of CY and C® could not be
assigned unambiguously.

NO, NO,
b ¢ j ' NO. . NO,
P R Tl h @HI bk QHI Loy Lo
H CD,Cl, HH + H H -N, Ho = n + H, n'
N, + >:< —27 -2 H H
H Ph 6°Ctort N N Ph Ph
02N d g N g N H K H
g g’
1c 3d 5cd-l 5cd-ll trans-8cd cis-8cd

n' m
) i
i
ﬂ , rm
(D) g r,27d

(C)

L0

i
6°C,4d

(8)

(A)

MW f »«LJJM M
)
-

3 | - |
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Figure S1. 'H NMR (400 MHz) monitoring of the reaction of 1c (1.01 M) with 3d (1.07 M) in CD,Cl, 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
CHCIs (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.5t°
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i
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d A\
N
c
N
“H
6ae

IH NMR (400 MHz, CDCl5): § = 1.13-1.58 (m, 6 H, H®, H%, and Hf), 2.32 (s, 1 H, H®), 2.56 (s, 1
H, H°), 3.20 (dd, J=9.9, 4.3 Hz, 1 H, H?), 3.79-3.81 (m, 3 H, H), 3.93 (dd, J=10.2,2.7 Hz, 1 H,
H?) 6.18 (br s, 1 H, NH). 13C NMR (101 MHz, CDCl3): § = 24.6 (CHz, C°), 28.1 (CH, C9%), 33.2
(CH,, Cf), 40.5 (CH, C*), 44.6 (CH, C®), 52.0 (CH3, CV), 53.7 (CH, C?®), 68.4 (CH, C?), 142.0 (C,
CY), 163.6 (C, CY). HRMS (EST"): m/z caled for C10H1sN20>" (M + H*): 195.1128; found 195.1127.
IR (neat, ATR): 3286, 2951, 2872, 1685, 1527, 1434, 1352, 1334, 1319, 1293, 1258, 1208, 1160,
1131, 1106, 977, 839, 796, 768, 746 cm™.

Reaction of dimethyl diazomalonate (1b) with norbornene (3e)

Dimethyl tricyclo[3.2.1.0]octane-3,3-dicarboxylate (8be) and dimethyl 2-
(bicyclo[2.2.1]heptan-2-ylidene)malonate (7be) were obtained from 1b (203 mg, 1.28 mmol)
and 3e (116 mg, 1.23 mmol) in CDCI3 (300 pL) as a mixture (8be:7be = 3:1, NMR integration)
according to GP A (sealed NMR tube, 55°C, 4 months, column chromatography on silica gel, n-
pentane/EtOAc = 1:1): 8be colorless solid and 7be colorless o1l (230 mg, total yield 84%).

i J
p COzMe
a

g1 d' e
b d  CO,Me ¢’ hCO,Me
e\ 2 g2 * , , k'
CO,Me b g
pe
8be (8be:7be =3:1) 7be

8be: 'H NMR (400 MHz, CDCL): § = 0.72 (dt, J=12.1, 2.2 Hz, 1 H, H°), 0.81 (dt, J=12.1, 1.3
Hz, 1 H, H°), 1.34 (qt, J= 5.6, 3.1 Hz, 2 H, H®), 1.49-1.55 (m, 2 H, H), 1.66 (s, 2 H, H?), 2.58 (s,
2 H, HY), 3.68 (s, 3 H, He! or H®), 3.75 (s, 3 H, He! or H#). 3C NMR (101 MHz, CDCL): § =
28.9 (CHa, C), 30.7 (CHa, C), 33.2 (CH, C%), 33.5 (C, C°), 36.4 (CH, C?), 52.8 (CH3, C#' or C#),
53.0 (CHs, C& or C#), 169.9 (C, C or C2), 1712 (C, C#! or C#).

7be: TH NMR (400 MHz, CDCl3): § = 1.25 (ddq, J=13.9, 7.1, 2.0 Hz, 0.5 H, H*), 1.39-1.47 (m,
0.9 H, H® and H®), 1.59-1.64 (m, 0.3 H, H®), 1.78 (tdd, J = 12.0, 6.5, 2.9 Hz, 0.3 H, H%), 2.36
(dd, J=18.7,3.8 Hz, 0.3 H, H?), 2.47 (q, J=4.0 Hz, 0.3 H, H*), 2.53-2.55 (m, 0.2 H, H?), 3.25
(d,J=4.5Hz 03 H,H?), 3.74 (s, 0.9 H, B or H¥), 3.79 (s, 0.9 H, H' or H¥). 13C NMR (101
MHz, CDCls): § = 27.4 (CHa, C®), 28.0 (CHa, C%), 36.0 (CH, C?), 39.4 (CH», C°), 41.1 (CH,,
C®), 45.3 (CH, C%), 51.9 (CHs, C’ or C¥), 52.2 (CH3, CJ or C¥), 117.5 (C, C*), 165.5 (C, C* or
Ch), 166.9 (C, C* or C1), 172.0 (C, CF).

The "H NMR spectral data for both 7be and 8be differ from those reported in refs.5'%5!” However,
X-ray crystal structures of low quality could be obtained from the solid isolated after column
chromatography, which support the structural assignments for 7be and 8be.
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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 pL) 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. 'H NMR (400 MHz) monitoring of the reaction of 1b (1.01 M) with 3e (1.07 M) in CDCls 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).

i )
COZMe

c d f C/:OQMG
h,,N k
b g N
a

5Sbe

5be: *H NMR (400 MHz, CDCl3): § = 0.51 (d, J = 11.0 Hz, 1 H, H®), 0.80 (s, 1 H, H®), 1.08 (dd,
J=5.7,2.7Hz,1H,H", 1.20-1.27 (m, 1 H, H%), 1.33 (ddt, J = 15.6, 11.2, 3.8 Hz, 1 H, H°), 1.48
(ddd, J = 9.6, 6.6, 3.7 Hz, 1 H, H®), 1.78 (d, J = 4.0 Hz, 1 H, HY), 2.43 (dd, J = 6.5, 1.5 Hz, 1 H,
H%), 2.77 (d, J = 4.6 Hz, 1 H, H", 3.63 (s, 3 H, H or H¥), 3.69 (s, 3 H, H! or H¥), 4.68 (d, J = 6.5
Hz, 1 H, HY). 3C NMR (101 MHz, CDCls): & = 24.9 (CHz, C°), 28.3 (CHa, C), 32.2 (CH2, C?),
37.5 (CH, C?), 38.0 (CH, C%), 43.7 (CH, C"), 52.3 (CHs, C! or C¥), 53.3 (CH3, C' or C¥), 100.1 (CH,
C9), 104.5 (C, CM, 165.0 (C, C' or C'), 165.9 (C, C' or C.

Reaction of methyl diazoacetate (1a) with 1-hexene (3h)

Methyl 5-butyl-4,5-dihydro-1H-pyrazole-3-carboxylate (6ah) was obtained from la (257 mg,
2.57 mmol) and 3h (216 mg, 2.57 mmol) in CDClIz (200 pL) 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.5®
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N, 7@ ~CH,CH,CH,CH,

H 6ah

'H NMR (400 MHz, CDCls): 6 = 0.90 (t, J = 6.9 Hz, 3 H, H), 1.32-1.37 (m, 4 H, H® and HY),
1.47-1.62 (m, 2 H, HP), 2.61 (dd, J = 17.0, 8.8 Hz, 1 H, Hf), 3.01 (dd, 1 H, J = 16.9, 11.0 Hz, H"),
3.83 (s, 3 H, H") 3.90-3.98 (m, 1 H, H%). The NH signal was not detectable presumably due to fast
exchange in CDCls. 3C NMR (101 MHz, CDCl3): § = 14.1 (CHs, C®), 22.7 (CH_, CY), 28.2 (CH,
C®), 34.7 (CHz, CP), 36.4 (CH2, Cf), 52.2 (CHs, C'), 62.4 (CH, C?), 142.6 (C, CY), 163.4 (C, C").
HRMS (ESI"): m/z calcd for CoH15N202" (M — HY): 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%).

g h

b
¥ Me0,C 023@:‘

e

N
MeO,C do2s©

8bi

8bi: 'H NMR (400 MHz, CDCls): § = 2.66 (s, 2 H, HY), 3.82 (s, 6 H, H?), 7.55-7.60 (m, 4 H, H"),
7.69-7.72 (m, 2 H, H"), 7.97-8.00 (m, 4 H, HY). 13C NMR (101 MHz, CDCl3): § = 21.9 (CH,, CY),
46.4 (C, C°), 54.4 (CHs, C¥), 67.5 (C, C®), 129.1 (CH, C"), 129.6 (CH, CY), 134.8 (CH, C'), 138.6
(C, C), 163.6 (C, C"). HRMS (ESI): m/z calcd for Ci19H170sS2~ (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 ™.

;

e' d' m
MeO,C 0O,S
SO,

MeOZCM
a' b’ f
7bi ij

7bi: 1H NMR (400 MHz, CDCls): § = 3.59 (s, 3 H, H® or H®), 3.78 (s, 3 H, H¥ or H), 6.19 (d, J
= 11.4 Hz, 1 H, H?), 6.91 (d, J = 11.4 Hz, 1 H, Hf), 7.55-7.59 (m, 4 H, H"), 7.68-7.72 (m, 2 H,
H¥), 7.89-7.91 (m, 4 H, H'). 3C NMR (101 MHz, CDCls): 8 = 52.9 (CHs, C* or C*), 53.2 (CHs,
C® or C%), 81.3 (CH, C¥), 129.4 (CH, C'), 129.6 (CH, C), 132.2 (CH, Cf), 135.2 (CH, C~), 135.7
(C, C%), 137.7 (C, CM), 162.9 (C, C* or C%), 163.1 (C, C* or C%¥). HRMS (ESI"): m/z calcd for
C19H1708S2 (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™.

Reaction of methyl diazoacetate (1a) with ESF (3k)

Methyl 1H-pyrazole-3-carboxylate (9ak) was obtained from la (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.5*%: mp 140-142 °C). Spectroscopic data are consistent
with those reported in literature.5°
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1IH NMR (400 MHz, CDCls): 8 =3.97 (s, 3 H, H¢), 6.86 (d, J = 2.3 Hz, 1 H, H), 7.85 (dd, J = 2.2,
1.1 Hz, 1 H, H3), 14.1 (br s, 1 H, NH). 3C NMR (101 MHz, CDCls): § = 52.1 (CHs, C?), 107.8
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(CH, C®), 131.7 (CH, C%), 142.3 (C, C°), 162.9 (C, C%). HRMS (EI): m/x caled for CsHsN,O,™
(M"): 126.0424; found 126.0424. IR (neat, ATR): 3128, 3032, 2959, 2882, 2835, 2758, 1731,
1461, 1422, 1369, 1307, 1220, 1197, 1190, 1157, 1097, 1058, 999, 944, 901, 803, 778, 763 cm™.

Reaction of p-nitrophenyldiazomethane (1c) with 1-butene-3-one (3n)

1-((15*,258%)-2-(4-Nitrophenyl)cyclopropyl)ethan-1-one  ((¥)-trans-8cm) and  1-(5-(4-
nitrophenyl)-4,5-dihydro-1H-pyrazol-3-yl)ethan-1-one (4cn) were obtained from 1c¢ (197 mg,
1.21 mmol) in dry CH>Cl> (2 mL) and 3n (103 mg, 1.47 mmol) in dry CH>Cl (0.5 mL) according
to GP B (3 days, column chromatography on silica gel, n-pentane/EtOAc = 4:1 ~ 2:1): (¥)-trans-
8cn white solid (120 mg, yield 48%); mp 103.3 °C (ref.3*°: mp 98-99 °C) and 4cn orange-red solid
(72.0 mg, yield 26%); mp 136.5 °C.

O,N

(+)-trans-8cn

trans-8cn: TH NMR (600 MHz, CDCls): 6 = 1.44 (ddd, J=8.3, 6.4, 4.5 Hz, 1 H, H'), 1.76 (ddd, J
=9.1,5.3,4.6 Hz, 1 H, HY), 2.30 (ddd, J= 8.6, 5.4, 4.1 Hz, 1 H, HY), 2.34 (s, 3 H, H"), 2.61 (ddd,
J=92,64,40Hz 1 H, H, 7.20-7.23 (m, 2 H, H*), 8.13-8.16 (m, 2 H, H*). 3C NMR (151
MHz, CDCL): § =20.0 (CHa, C%), 28.3 (CH, C°), 31.2 (CHs, C™), 33.5 (CH, Cf), 124.0 (CH, C®),
126.7 (CH, C?), 146.7 (C, C°), 148.5 (C, C%), 205.9 (C, C®). HRMS (EI): m/z caled for C11H11NOs*
(M*™): 205.0733; found 205.0732. IR (neat, ATR): 3110, 3081, 3003, 1923, 1691, 1600, 1509,
1397, 1341, 1316, 1193, 1180, 1172, 1109, 1018, 966, 907, 852, 818, 764, 740, 694 cm™".

4cn: 'H NMR (600 MHz, CDCl3): § =2.45 (s, 3 H, HY), 2.81 (dd, /=17.3, 10.0 Hz, 1 H, HY), 3.41
(dd, J=17.3, 12.1 Hz, 1 H, HY, 5.11 (ddd, J = 12.0, 9.9, 2.0 Hz, 1 H, H?), 6.58 (br s, 1 H, NH),
7.47-7.49 (m, 2 H, H%), 8.21-8.23 (m, 2 H, H%). 3C NMR (151 MHz, CDCl5): § =25.7 (CH3, C¥),
38.8 (CHa, CY), 65.1 (CH, C?), 124.4 (CH, C9), 127.4 (CH, C°), 147.9 (C, C°), 148.7 (C, C®), 149.9
(C, C®), 194.4 (C, CY). The structure of 4cn in chloroform solution was assigned because of the
correlation of H* with C¢ in the HMBC spectrum. HRMS (EI): m/z caled for C1iH1iN3O03™ (M™):
233.0795; found 233.0798. IR (neat, ATR): 3315, 3069, 1646, 1606, 1539, 1518, 1448, 1414,

1339, 1280, 1239, 1171, 1101, 1084, 1014, 982, 949, 938, 869, 858, 837, 750, 721, 698, 658 cm™
1
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Figure S3. 'H NMR (400 MHz) monitoring of the reaction of 1c (0.233 M) with 3n (0.258 M) in CD,Cl,
at —40to 25 °C.

155



Chapter 6. One-Bond-Nucleophilicity and Electrophilicity Parameters: An Efficient Ordering System for 1,3-DCAs

NMR monitoring of the reaction of 1c (0.233 M) and 3n (0.258 M) in CDCl; at —40 °C to ambient
temperature suggested the initial formation of a diastereomeric mixture of the 3H-pyrazoles 5cn-I
and 5cn-11 (I:11 = 5:4), which underwent proton shift to give the isolated 1H-pyrazole 4cn as well
as elimination of N> to furnish the cyclopropane 8cn (Figure S3).

The structures of intermediate 5cn-1 and 5¢n-11 were assigned on the basis of additional 2D NMR

spectra.
o\_ . o\_ ]
!
_N N
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O,N | O,N k
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5cn-| (crude, I:Il = 5:4) Scn-l|

5cn-1: H NMR (400 MHz, CD2Cl,): & = 1.79-1.84 (m, 1 H, H"), 2.38 (dt, J = 13.2, 9.1 Hz, 1 H,
Hf), 2.70 (s, 3 H, H'), 5.31-5.37 (m, 1 H, H9, superimposed with solvent peak), 5.50 (td, J = 9.4,
3.0 Hz, 1 H, H®), 7.47 (d, J = 8.4 Hz, 2 H, H°), 8.23 (d, J = 8.5 Hz, 2 H, HY, superimposed with
H®). 3C NMR (at —40 °C, 101 MHz, CD.Cl,): § = 25.9 (CH, Cf), 30.0 (CHs, C'), 91.5 (CH, C?),
99.9 (CH, C9), 124.0 (CH, CY), 128.4 (CH, C°), 145.6 (C, CP), 147.2 (C, C®), 201.6 (C, C").

5cn-11: 'H NMR (400 MHz, CDCl,): § = 1.60 (ddd, = 13.3, 9.7, 7.7 Hz, 0.7 H, HT, superimposed
with resonance of residule H20), 2.58 (s, 2.2 H, H"), 2.61-2.68 (m, 0.8 H, Hf), 5.65-5.70 (m, 0.7
H, H?), 5.81-5.85 (m, 0.7 H, H*), 7.44 (d, J = 8.5 Hz, 1.5 H, H), 8.23 (d, J = 8.5 Hz, 1.4 H, HY,
superimposed with HY). 13C NMR (at —40 °C, 101 MHz, CD2Cl,): & = 26.1 (CHa, C"), 29.96 (CHs,
C"), 91.3 (CH, C%), 99.7 (CH, C?), 124.04 (CH, C%), 128.1 (CH, C*), 145.7 (C, C"), 147.1 (C,
C), 200.1 (C, C™).

Reaction of methyl diazoacetate (1a) with diethyl fumarate (30)

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*,55*)-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate (+)-trans-
(4a0) were obtained from la (202 mg, 2.02 mmol) and 30 (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 (6x) 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 30 (843 mg, 4.90 mmol) (neat, 50 °C, 44 h, column chromatography on
silica gel, n-pentane/EtOAc = 2:1). mp 97.9 °C

k j f g h
MeO,C, =~ CO,CH,CH3
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b c d
*N"a “CO2CH,CH3
H
(+)-trans-6ao

N
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trans-6a0: 'H NMR (400 MHz, CDCls): § = 1.26-1.32 (m, 6 H, HY and H"), 3.85 (s, 3 H, H¥),
4.20-4.27 (m, 4 H, H® and H9), 4.42 (d, J = 5.3 Hz, 1 H, H®%), 4.75 (d, J = 5.4 Hz, 1 H, H?), 6.80
(brs, 1 H, NH). 13C NMR (101 MHz, CDCls): § = 14.1 (CH3, C"), 14.2 (CHs, CY), 52.5 (CHs, C?),
52.6 (CH, CX), 62.4 (CHa, C°), 62.8 (CH2, C9), 66.3 (CH, C?), 140.0 (C, C"), 161.8 (C, C), 169.1
(C, C), 169.9 (C, C). The structure of 6ao in chloroform solution was assigned on the fundament
of the correlation of H and C' in HMBC and the low chemical shift of C! (161.8 ppm) due to
conjugation with the double bond. HRMS (ESI*): m/z calcd for C11H17N206™ (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™2. Single crystal X-ray crystallography (trans-
6a0): C11H16N20s (av017).

k' J' f g hn
MeO,C,  CO,CH,CHsy

p
b' c' d'
HN. (%CO,CH,CHj

(x)-trans-4ao

trans-4ao (from the NMR spectra of the 5:2 mixture of 6ao/4ao): *H NMR (400 MHz, CDCls): §
=1.26-1.36 (m, 2.6 H, HY and H"", superimposed with H® and H" of trans-6a0), 3.80 (s, 1.2 H,
HX), 4.20-4.34 (m, 1.7 H, H® and H#', superimposed with H® and HY of trans-6a0), 4.42 (d, J =
5.3 Hz, 0.4 H, H¢, superimposed with H® of trans-6ao), 4.77 (d, J = 6.0 Hz, 0.4 H, H",
superimposed with H? of trans-6a0), 6.78 (s, 0.4 H, NH). 1*C NMR (101 MHz, CDCls): 6 = 14.1
(CHs, C", superimposed with C" of trans-6ao), 14.3 (CHs, C%), 52.6 (CH, C%), 53.4 (CHs, C¥),
61.7 (CHa, C%), 62.4 (CH2, C¢, superimposed with C® of trans-6a0), 66.2 (CH, C"), 140.4 (C, C%),
161.3 (C, C"), 169.1 (C, C"), 170.5 (C, C"). 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 (30)

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 30 (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.

g f e i ]k
HaCH,CO,C, |, CO2CH,CH;
M&0,C”’ Y
MeO,C @ N
c b H
4bo

IH NMR (400 MHz, CDCls): § = 1.27-1.34 (m, 6 H, H? and H¥), 3.77 (s, 3 H, HC or HY), 3.85 (s,
3 H, H or HY), 4.20 (q, J = 7.1 Hz, 2 H, Hf), 4.27-4.32 (m, 2 H, H), 4.87 (d, J = 1.0 Hz, 1 H, HY),
7.04 (brs, 1 H, NH). 23C NMR (101 MHz, CDCl3): & = 14.1 (CHs, C9 or C¥), 14.3 (CHs, CY or
CY), 53.9 (CHs, C° or C%), 54.3 (CHs, CE or C%), 56.3 (CH, C%), 61.9 (CHz, Ci), 62.4 (CHa, C),
78.9 (C, C?), 140.9 (C, C"), 160.7 (C, C'), 166.80 (C, CP or C*)), 166.83 (C, CP or C*"), 167.7 (C,
C®). HRMS (EI): m/z calcd for C13H1sN20g*™ (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 ™.

Reaction of p-nitrophenyldiazomethane (1c) with diethyl fumarate (30)

Diethyl (4S*,5R*)-5-(4-nitrophenyl)-4,5-dihydro-1H-pyrazole-3,4-dicarboxylate (+)-trans-
(4co) and diethyl (4S*,55*)-5-(4-nitrophenyl)-4,5-dihydro-1H-pyrazole-3,4-dicarboxylate
()-cis-(4co) were obtained from 1c (200 mg, 1.23 mmol) in dry CH2Cl> (2.5 mL) and 30 (221
mg, 1.28 mmol) in dry CH2Cl> (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.

i h 9 kK I m
H3CH,CO,C CO,CH,CH3
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N _N
p? N
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(+)-trans-4co

trans-4co: 'H NMR (400 MHz, CDCls): 6 =1.29 (t, J = 7.1 Hz, 3 H, H"), 1.34 (t, J = 7.1 Hz, 3 H,
H™), 3.95 (d, J = 10.3 Hz, 1 H, Hf), 4.24-4.35 (m, 4 H, H" and H'), 5.36 (dd, J = 10.4 Hz, 1.9 Hz,
1 H, H%, 6.64 (br s, 1 H, NH), 7.50-7.53 (m, 2 H, H), 8.22-8.26 (m, 2 H, HY). 13C NMR (101
MHz, CDCls): § = 14.2 (CHs, C"), 14.3 (CHs, C™), 58.7 (CH, Cf), 61.8 (CHz, C'), 62.4 (CH,, C"),
69.7 (CH, C%), 124.5 (CH, CY), 127.5 (CH, C°), 139.3 (C, Cl), 146.5 (C, C"), 148.2 (C, C®), 161.5
(C, CY), 169.9 (C, CY%. HRMS (EI): m/z calcd for C15H17N3Og* (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™™.
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(*)-cis-4co

cis-4co: 'H NMR (400 MHz, CDCls): § =0.86 (t, J = 7.1 Hz, 3 H, H'), 1.35 (t, J = 7.1 Hz, 3 H,
H™), 3.65-3.79 (m, 2 H, H"), 4.30-4.36 (m, 2 H, H'), 4.39 (d, J = 13.0 Hz, 1 H, H), 5.46 (dd, J =
13.0, 2.4 Hz, 1 H, H?), 6.56 (s, 1 H, NH), 7.56 (d, J = 8.7 Hz, 2 H, H%), 8.21 (d, J = 8.7 Hz, 2 H,
HY). 13C NMR (101 MHz, CDCls): § = 13.9 (CHs, C'), 14.4 (CHs, C™), 55.2 (CH, C), 61.5 (CH,,
C"), 61.8 (CHz, C'"), 67.5 (CH, C?), 123.8 (CH, C%), 128.8 (CH, C°), 140.3 (C, Cl), 143.3 (C, C"),
148.2 (C, C®%), 161.7 (C, CY), 167.2 (C, C%. HRMS (EI): m/z calcd for CisH17N3Og" (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 ™.

Reaction of methyl diazoacetate (1a) with diethyl maleate (3s)
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3,4-Diethyl 5-methyl (4R*,55%)-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate (%)-frans-4as
(= ()-trans-4ao, white solid, 350 mg, 76%) and a mixture of cis-4as and cis-6as (colorless oil,
cis-4as: cis-6as = 5:4, total yield 8.9%) were obtained from 1a (203 mg, 2.03 mmol) and 3s (291
mg, 1.69 mmol) in toluene (0.5 mL) according to GP A4 (sealed GC vial, 50 °C, 5 days, column
chromatography on silica gel, n-pentane/EtOAc = 1:1); mp (frans-4as) 58.6 °C.

k ] f g h
MeO,C, \\002CH20H3

! b ¢ d
HN. \7a~CO,CH,CHj
(+)-trans-4as/4ao

trans-4as: '"H NMR (400 MHz, CDCl3): =127 (t,J=7.1 Hz, 3 H, HY), 1.34 (t, J=7.2 Hz, 3 H,
H¢), 3.80 (s, 3 H, H¥), 4.19-4.25 (m, 2 H, He), 4.31 (q, J=7.2 Hz, 2 H, H°), 4.42 (d, J=5.3 Hz, 1
H, H), 4.77 (d,J=5.3 Hz, 1 H, HY), 6.79 (br s, 1 H, NH). 13C NMR (101 MHz, CDCl3): § = 14.1
(CH3, CY), 14.3 (CH3, C%), 52.6 (CH, C®), 53.4 (CH, C¥), 61.7 (CHy, C°), 62.4 (CHa, C®), 66.2 (CH,
CY), 140.4 (C, C%), 161.3 (C, C®), 169.1 (C, C), 170.5 (C, C’). HRMS (ESI"): m/z caled for
C11H17N206" (M +H"): 273.1080; found 273.1081. IR (neat, ATR): 3286, 2987, 2951, 1730, 1695,
1549, 1440, 1374, 1337, 1309, 1214, 1185, 1128, 1023, 968, 797, 770 cm™. Single crystal X-ray
crystallography (frans-4as): C11H16N2Os (av173).
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(+)-cis-4as

cis-4as (based on the NMR spectra of the mixture of cis-4as and cis-6as): 'H NMR (400 MHz,
CDCls): 6 = 1.23-1.28 (m, 3 H, H*, superimposed with H¢ and H®  of cis-6as), 1.30 (t, J= 7.1
Hz, 3 H, H*), 3.72 (s, 3 H, H¥), 4.08-4.30 (m, 4 H, H® and H®, superimposed with H® and H&"
of cis-6as), 4.33 (d, J=13.0 Hz, 1 H, H®, superimposed with H®" of cis-6as), 4.78 (dd, J = 13.0,
0.8 Hz, 1 H, H'), 6.67 (s, 1 H, NH). 3C NMR (101 MHz, CDCL): 5 = 14.1 (CHs, C"), 14.2 (CHs,
C%), 52.9 (CH, C%), 53.0 (CHs, C¥), 61.7 (CHa, C%), 62.0 (CH,, C?), 65.1 (CH, C"), 140.4 (C,
C*), 161.2 (C, C*), 168.1 (C, CF), 169.5 (C, C).
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(+)-cis-6as

cis-6as (based on the NMR spectra of the mixture of cis-4as and cis-6as): 'H NMR (400 MHz,
CDCl3): § =1.23-1.28 (m, 5.5 H, H* and H®", superimposed with H® of cis-4as), 3.80 (s, 2.5 H,
HX"), 4.08-4.30 (m, 3.9 H, H* and H? , superimposed with H® and HE of cis-4as), 4.31 (d, J =
13.0 Hz, 0.9 H, H® , superimposed with H® of cis-4as), 4.76 (dd, J=13.1, 0.9 Hz, 0.9 H, H* ),
6.69 (brs, 0.8 H, NH). 3C NMR (101 MHz, CDCls): § = 14.0 (CH3, C%" or C*"), 14.1 (CH3, C¢”
or Ct"), 52.5 (CHs, C¥"), 52.8 (CH, C%"), 62.0 (CHa, C&"), 62.4 (CH,, C*), 65.0 (CH, C*"), 140.0
(C,C"), 161.7 (C, "), 168.0 (C, C), 169.0 (C, C*).
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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 ds-toluene:mesitylene = 1:1 (350 pL) 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 ds-toluene: mesitylene = 1:1 (200 pL)
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.

f 9 h
CO,CH,CH
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4br

IH NMR (400 MHz, CDCl3): 6 = 1.33 (t, J = 7.1 Hz, 3 H, H"), 3.58 (s, 2 H, HY), 3.81 (s, 6 H, H°),
4.29 (g, J = 7.1 Hz, 2 H, H9), 7.07 (br s, 1 H, NH). 3C NMR (101 MHz, CDCls): & = 14.3 (CHs,
CM), 39.1 (CHa, CY), 53.9 (CHs, C°), 61.7 (CH2, C9), 75.2 (C, C?), 116.2 (residule hydroquinone),
143.0 (C, C®), 161.5 (C, Cf), 168.6 (C, C°). HRMS (ESI*): m/z calcd for C1oH1sN206" (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™.

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 CH2Cl> (1.5 mL) and 3r (113 mg, 1.13 mmol) in dry CH.Cl (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.
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IH NMR (400 MHz, CDCls): § = 1.36 (t, J = 7.1 Hz, 3 H, H}), 2.89 (dd, J = 17.3, 10.3 Hz, 1 H,
Hf), 3.48 (dd, J = 17.3, 11.9 Hz, 1 H, H"), 4.32 (q, J = 7.2 Hz, 2 H, H'), 5.13 (dd, J = 11.9, 10.3 Hz,
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1 H, H?), 7.49-7.53 (m, 2 H, H°), 8.21-8.24 (m, 2 H, H?. 13C NMR (101 MHz, CDCl3): 6 = 14.3
(CH3, ), 40.3 (CHa, C%), 61.4 (CH,, CY), 64.8 (CH, C?), 124.2 (CH, C%), 127.3 (CH, C°), 141.8
(C, C®), 147.7 (C, C°), 148.7 (C, C?), 162.3 (C, C¥). HRMS (EST"): m/z caled for C12H14N304" (M
+ HY): 264.0979; found 264.0983. IR (neat, ATR): 3321, 3113, 2991, 2950, 2901, 1682, 1606,
1559, 1524, 1480, 1443, 1420, 1384, 1341, 1330, 1279, 1224, 1147, 1087, 1027, 1009, 854, 764,
659 cm™.

Reaction of methyl diazoacetate (1a) with methyl methacrylate (3t)

5-Ethyl 3-methyl 5-methyl-4,5-dihydro-1H-pyrazole-3,5-dicarboxylate (6at) was obtained
from 1a (206 mg, 2.06 mmol) and 3t (232 mg, 2.03 mmol) in toluene (0.5 mL) according to GP 4
(sealed GC wvial, 50 °C, 4 days, column chromatography on silica gel, n-pentane/EtOAc = 5:1—
2:1): colorless oil (348 mg, yield 80%).

i h
MeOZCmMg
N‘” 502(C:H261H3

6at

TH NMR (400 MHz, CDCl3): §=1.28 (t,J=7.1 Hz, 3 H, H%), 1.54 (s, 3 H, H°), 2.80 (d, J=17.6
Hz, 1 H, HY), 3.50 (d, /= 17.6 Hz, 1 H, HY), 3.82 (s, 3 H, H'), 4.20 (q, /= 7.1 Hz, 2 H, H°), 6.70
(brs, 1 H, NH). 3C NMR (101 MHz, CDCls): = 14.2 (CH3, C%), 24.3 (CH3, C°), 41.2 (CHa, Cb),
52.4 (CHs, CY), 62.2 (CHa, C°), 69.9 (C, C?), 142.4 (C, C®), 162.7 (C, CY), 173.9 (C, C®). HRMS
(ESI): m/z caled for CoH14N2NaO4™ (M + H): 237.0846; found 237.0846. IR (neat, ATR): 3336,
2983, 2955, 1728, 1701, 1566, 1444, 1408, 1374, 1344, 1248, 1180, 1145, 1115, 1091, 1018, 970,
859, 791, 767, 750 cm™.

Reaction of p-nitrophenyldiazomethane (1c) with methyl methacrylate (3t)

Ethyl-1-methyl-2-(4-nitrophenyl)cyclopropane-1-carboxylate (+)-(8ct) and a mixture of two
diastereomers (I:II = 5:4, NMR integration) and ethyl 5S-methyl-3-(4-nitrophenyl)-4,5-dihydro-
1H-pyrazole-5-carboxylate (6¢t) were obtained from 1¢ (190 mg, 1.16 mmol) and 3t (172 mg,
1.51 mmol) in dry CH>Cl> (1 mL) according to GP B (15 h, column chromatography on silica gel,
n-pentane/diethyl ether = 10:1-2:1): 8ct light-yellow oil (142 mg, yield 49%), 6ct yellow solid
(125 mg, yield 39%); mp 83.4 °C.
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(£)-8ct-l (Il = 5:4) (£)-8ctll

8ct-I: TH NMR (400 MHz, CDCls): 3 = 0.99 (s, 3 H, H®), 1.22-1.27 (m, 1 H, HX, superimposed
with H* of 8ct-II), 1.29 (t, J=7.1 Hz, 3 H, H’), 1.78 (dd, /=9.0, 4.8 Hz, 1 H, H¥), 2.87 (dd, J =
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8.7,7.3Hz, 1 H, H®), 4.19 (g, J = 7.1 Hz, 2 H, H"), 7.34-7.39 (m, 2 H, H?, superimposed with H*
of 8ct-1), 8.15-8.18 (m, 2 H, HP). 3C NMR (101 MHz, CDCls): & = 14.4 (CHs, Cl), 14.6 (CHa,
C9), 20.4 (CHa, CX), 26.1 (C, Cf), 31.1 (CH, C®), 61.3 (CH3, C"), 123.6 (CH, C), 130.2 (CH, C?),
145.2 (C, CY), 146.9 (C, C°), 174.8 (C, CM.

8ct-11: 'H NMR (400 MHz, CDCl): § = 0.90 (t, J = 7.1 Hz, 2.4 H, H'), 1.22-1.27 (0.9 H, H¥,
superimposed with H¥ of 8ct-1), 1.52 (s, 2.4 H, H?), 2.00 (dd, J = 7.3, 5.2 Hz, 0.8 H, H¥), 2.38 (t,
J=7.9Hz, 0.8 H, H%),3.75-3.87 (m, 1.6 H, H"), 7.34-7.39 (m, 1.6 H, H¥, superimposed with H?
of 8ct-1), 8.10-8.13 (m, 1.6 H, H"). 3C NMR (101 MHz, CDCls3): § = 14.1 (CHs, C'), 19.6 (CHa,
C¥), 21.4 (CHs, C¥), 28.9 (CH, C), 33.4 (CH, C*), 60.7 (CH2, C), 123.2 (CH, C*), 130.1 (CH,
C*), 145.4 (C, C%), 146.7 (C, C*), 171.9 (C, C™).

H NMR (400 MHz, CDCl3): § =1.30 (t, J = 7.1 Hz, 3 H, HY), 1.62 (s, 3 H, H®), 2.93 (d, J = 16.7
Hz, 1 H, H"), 3.67 (d, J = 16.7 Hz, 1 H, H, 4.22 (9, J = 7.1 Hz, 2 H, H°), 6.57 (br s, 1 H, NH),
7.75(d, J = 8.9 Hz, 2 H, H), 8.21 (d, J = 8.6 Hz, 2 H, HJ). 3C NMR (101 MHz, CDCls): = 14.2
(CHs, CY), 24.4 (CHs, C®), 42.0 (CH2, C), 62.3 (CH2, C°), 69.3 (C, C?), 124.0 (CH, C'), 126.5 (CH,
C'), 138.8 (C, C"), 147.6 (C, CY), 149.1 (C, C9), 174.7 (C, CY). HRMS (ESI*): m/z calcd for
C13H16N304* (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 .

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 6c¢t 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 CD.Cl> (500 pL) after 5 hours at ambient
temperature.

OoN O5N k’
j J'
e i hRg f e'
Me + Me
s @%b o d Ne b o a
N CO,CH,CH3 N’a’ "CO,CH,CHj,

Sct (major) (crude, major:minor = 5:3) Sct (minor)

NMR data assigned to 5ct: 'H NMR (400 MHz, CDCls): § = 1.27-1.30 (m, 11.9 H, H?, H* and
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HT, superimposed with resonances of OCHs of 3v), 1.54 (s, 3 H, H?), 1.80 (s, 1.7 H, H%), 1.97 (dd,
J=13.1,9.0 Hz, 1 H, H", 2.21 (dd, J = 13.1, 8.9 Hz, 1 H, Hf), 2.81 (dd, J = 13.2, 8.8 Hz, 0.6 H,
H"), 4.18-4.28 (m, 3.8 H, H® and H%), 5.68-5.74 (m, 1.5 H, H9 and H?), 7.48-7.51 (m, 3 H, H'
and H"), 8.22-8.27 (m, 3 H, H and H). 13C NMR (101 MHz, CDCls): § = 14.2 (CH3, C% and C%),
20.9 (CHs, C?), 22.8 (CHs, C*), 36.9 (CH3, C"), 38.2 (CH5, C"), 62.45 (CH_, C°), 62.48 (CH,, C*),
91.6 (CH, C9), 92.9 (CH, C¥), 96.7 (C, C?%), 97.3 (C, C*), 124.3 (CH, C!), 124.4 (CH, C"), 128.4
(CH, C"), 128.7 (CH, C"), 145.9 (C, C"), 146.4 (C, CM), 147.95 (C, C*), 147.99 (C, C¥), 169.8 (C,
C), 171.0 (C, CY).

b c d ; NO, NO,
H H o . ° NO, , , NO,
. n i o
2y, R Me cpyal, i we o0 HY N, Py Py
N + >_< P p e M Me pm v Me Hm
0N H o coft T Me H Me HA HﬁHCOﬂVﬂ §n H:;CH(E%CVHJJ yn’
e HCHCO,C N HaCHCO,C N H Ha rH ya'
Hj Hp
1c 3t 5ct (major) 5ct (minor) 8ct-l 8ct-ll

P

-

k 5498 min

S—

U 4381 min
U

t 694 min

231 min

b
—

. —
I [

157 min

66 min

= 5:? = &

4 min

T T T T T T T T T T T T T T T T T
2.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)

Figure S4. 'H NMR (400 MHz) monitoring of the reaction of 1c (0.330 M) with 3t (0.393 M) in CD.Cl, 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-
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(6av) and 3-ethyl 5-methyl (4S* 5R*)-4-methyl-4,5-dihydro-1H-pyrazole-3,5-dicarboxylate
(x)-trans-(4av) were obtained from l1a (207 mg, 2.07 mmol) and 3v (233 mg, 2.04 mmol) in ds-
toluene (250 pL) 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%).

f h i . oo
J Me g COzMe Me g,\\COZMe
e d' ) .
N0 "\\--2 ,\N ¥ N0y ¢
7/ N N _NH
a N
trans-6av (6av:dav = 5:2) trans-4av

H NMR (400 MHz, CDCls): § = 1.28 (t, J = 7.1 Hz, 3 H, HY), 1.32-1.36 (m, 5.6 H, Hf, H" and
H™), 3.54-3.60 (m, 1.4 H, H&, H%), 3.75 (s, 1.2 H, H"), 3.83 (s, 3 H, H"), 4.00 (d, J = 4.1 Hz, 1 H,
H%), 4.02 (d, J = 4.1 Hz, 0.4 H, H%), 4.20 (g, J = 7.1 Hz, 2 H, H°), 4.25-4.33 (m, 0.8 H, H*), 6.66
(brs, 1.2 H, NH). 3C NMR (101 MHz, CDCls): § = 14.2 (CHs, CY), 14.3 (CH3, C%), 17.29 (CHs,
C), 17.34 (CHs, Cf), 43.1 (CH, C®), 43.2 (CH, C%), 52.3 (CHs, C"), 52.9 (CH3, C"), 61.4 (CH_,
C*), 62.2 (CH., C°), 68.9 (CH, C*), 69.0 (CH, C?), 146.4 (C, C9), 146.8 (C, C*), 161.8 (C, C),
162.3 (C, CM, 171.6 (C, CP), 172.1 (C, C™).

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 dg-toluene (250 pL) according to GP A (sealed NMR tube, 80 °C,
2 days, filtration then recrystallization: CH2Clz/hexane): white crystals (243 mg, yield 58%); mp
184.4 °C (ref.512: mp 182-183 °C). Spectroscopic data are consistent with those reported in ref.52!

h i
CO,Me

'H NMR (400 MHz, CDCl3): § =3.92 (s, 3 H, H'), 7.11 (s, 1 H, H"), 7.35-7.39 (m, 1 H, H?), 7.41—-
7.46 (m, 2 H, HY), 7.74 (s, 2 H, H°), 11.4 (br s, 1 H, NH). 13C NMR (101 MHz, CDCl3): 6 = 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 C11H11N202" (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™™.

'H and **C NMR spectra of 9ax in ds-DMSO suggest a mixture of 9ax with a tautomer, presumably
9ax’ (9ax:9ax’ ~ 2:1).
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h i h' i’
CO,Me ,CO,Me

f_9 f_9g

\ =
/ N dg-DMSO 2l _NH
b N , b N
e c H e ~
d da
9ax (9ax:9ax'= 2:1) 9ax'

IH NMR (400 MHz, ds-DMSO): & = 3.82 (s, 3 H, HY), 3.87 (s, 2.0 H, H), 7.21 (d, J = 1.9 Hz, 1
H, HY), 7.31-7.49 (m, 6.0 H, HY, He, HY', He', H), 7.82 (d, J = 7.4 Hz, 2 H, H°), 7.88 (d, J = 7.4
Hz, 1.4 H, H*), 14.0 (br s, 1 H, NH of 9ax), 14.1 (br s, 0.7 H, NH of 9ax). 3C NMR (101 MHz,
CDCls): § = 51.6 (CHs, C), 52.1 (CHs, C'), 104.9 (CH, Cf), 105.8 (CH, C), 125.3 (CH, C*),
125.4 (CH, C°), 128.0 (CH, C%), 128.4 (C, C?), 128.7 (C, C¥), 128.8 (C, C¥), 129.1 (C, CY), 132.7
(C, C"), 134.5 (C, C¥), 1435 (C, C?), 143.9 (C, C9), 151.3 (C, C*), 159.5 (C, C1), 162.5 (C, C").
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6.2.3 Kinetics

Determination of Nucleophilic Reactivity Parameters NV and s~ for 1a and 1b in CH2CL

Table S1. Kinetics of the reactions of methyl diazoacetate (1a) with (dma),CH BF4 in dichloromethane at
20 °C (conventional UV-Vis technique, detection at 612 nm).

0.0002
[(dma),CH*] (M)  [1a] (M) Fobs (57) /
0.00015 |
1.02 x 107 1.67 x 10%  1.26 x 10* =
_ i < 0.0001 |
1.02x10° 2.08 %107 1.48x 10" K Kops = 5.924E-03[1a] + 2.632E-05
1.01x10°  248x102  1.74 x 10* 0.00005 | R#=9.9708-01
k2=592x10°M?'s?! 0 : . d
0 0.01 0.02 0.03
[1a] (M)

Table S2. Kinetics of the reactions of methyl diazoacetate (1a) with (mor),CHBF4~ in dichloromethane at
20 °C (conventional UV-Vis technique, detection at 620 nm).

[(mor),CH*] (M) [1a] (M) keobs (57)
1.65 x 107 8.02x103 2.17x103
1.64 x 107 1.20 x 102 297 x 103
1.64 x 107 1.59 x 102 3.77 x 103
1.63 x 107 1.98 x 102 4.77 x 103

ky=0219 M5!

0.006 r
=~ 0.004
o
Loo02 |
Kops = 2.188E-01[1a] + 3.720E-04
R2 = 9.963E-01
0 L L L 1
0 0.006 0.012 0.018 0.024
[1a] (M)

Table S3. Kinetics of the reaction of methyl diazoacetate (1a) with (dpa)>CH BF4™ in dichloromethane at
20 °C (conventional UV-Vis technique, detection at 677 nm).

[(dpa)CH] (M)  [1a] (M) obs (s7)
1.68 x10°  420x10°  3.59x10°
1.67x10°  627x10° 4.52x10°
1.66x 10°  833x10° 587x10°
1.66 x 10 1.04x 102 7.05 % 10°
1.65 x 10 1.24x 102 8.70 x 10°

ky=0.622 M s?!

0.01

0.008 |
% 0.006 ¢
Foo04 |

0.002
0
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Table S4. Kinetics of the reaction of methyl diazoacetate (1a) with (mfa),CH"BF4 in dichloromethane at
20 °C (conventional UV-Vis technique, detection at 592 nm).

0.008

" ] [ Ky, = 6.939E+00[1a] - 9.193E-04
[(mfa),CH*] (M) [1a] (M) kobs (s) D R? = 6 800E.01
1.08 x 10 3.95x10%  2.05x10° 0008
1.08 x 107 6.47 x 10* 3.15x 103 %0.004 -
5 4 3 x
1.07 x 10 8.59 x 10 5.15 x 10 0002 |
1.07 x 107 1.07 x 103 6.58 x 1073
0 L L ]
k=694 M's! 0 00004 00008  0.0012

[1a] (M)

Table S5. Determination of the nucleophilicity parameters N and sx for 1a in dichloromethane.

Electrophile E 20°C)M1s?h)  1gh Tr
(dma),CH" -7.02 592 x 103 -2.23 0 r
(mor),CH*  —5.53 2.19 x 10! ~0.66 <4
o
(dpa),CH™ —4.72 6.22 x 107! -0.21
2 Ig k, = 0.941E + 4.407
(mfa),CH* -3.85 6.94 0.84 R2 = 0.9893
-3 1 L L 1 )
® CO,Me 8 7 6 5 4 -3
= Electrophilicity £
N=N—o 12 = 4.68; sx = 0.94 prlciy

Table S6. Kinetics of the reactions of dimethyl diazomalonate (1b) with (fur)»CH"TfO™ in dichloromethane
at 20 °C (conventional UV-Vis technique, detection at 535 nm, (fur),CH'TfO™ generated by the reaction of
(fur)>CH-C1 with 4.0 equiv TMSOTY).

[(fur)2CH*] (M) [1b] (M) o (5 0.0008 r
1.11 x 103 296 % 102 3.82 x 104 - 0.0006 |
1.10 x 107 3.94 x 10 432 x 10* %0.0004 - Q/./‘/'
x 1073 % 102 % 104 N
Lo 1ot Seerior smaipt  OOWE[ beTSSEES iroTEs
k»=6.67 x 103 M*s?! 0 L L L )

0 002 004 006 008
[1b] (M)
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Table S7. Kinetics of the reactions of dimethyl diazomalonate (1b) with (ani)>CH"TfO™ in dichloromethane
at 20 °C (conventional UV-Vis technique, detection at 512 nm, (ani)>CH TfO™ generated by the reaction of

(ani),CH-CI with 4.3 equiv TMSOTT).

[(aniCHTT (M)  [1b] (M) Kobs (s 0.006
-5 2 -3
1.95x 10 1.32x 10 2.41 %10 ~o0004 |
1.94 x 10° 198 x 102 3.56 x 103 L
8
1.93 x 10° 263 %102  434x10° <0002 I =1.412E-01[1b] + 6.304E-04
193x10°  327x102  5.20x 107 . | Ri=99sE01 .
ky=0.141 M 5! 0 0.01 002 003 0.04
[1b] (M)

Table S8. Kinetics of the reactions of dimethyl diazomalonate (1b) with (ani)(tol)CH*TfO™ in
dichloromethane at 20 °C (conventional UV-Vis technique, detection at 488 nm, (ani)(tol)CH TfO~
generated by the reaction of (ani)(tol)CH-CI with 4.0 equiv TMSOTT).

0.03
[(ani)(toDCHT] (M)  [1b] (M) kobs (s) Koy, = 1.331E+00[1b] + 1.475E-03
2 = -
4.14 % 10° 286x 107  5.17 x 10° ~o002 | Re=9.993801
n
4.10 x 107 8.50x10° 1.30 x 107 2
Loot1 |
4.07 x 107 1.41x10%  2.01 x 107
k=133 M's?! 0 L . 1
0 0.005 0.01 0.015
[1b] (M)

Table S9. Determination of the nucleophilicity parameters N and sx for 1b in dichloromethane.

Electrophile E h0°C)M1s?h)  Igh 1
(fur).CH* -1.36 6.67 x 1073 -2.18 ol
(ani),CH*  0.00 1.41 x 107 ~0.85 N
(ani)(to)CH* 148 133 012 o f
2t Ig k, = 0.808E - 0.999
CO,Me R? = 0.9871

NEN—@ 3 . . . .

COMe 1B nr_ 1ng o _ 2 i ° 1 2
N=-1.24; sx=0.81 Electrophilicity £
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Kinetic investigations of 1c with Michael acceptors in CH2Cl:

The kinetics of the reactions of the diazo compound 1¢ (1,3-dipole) with the Michael acceptors 3n, 3o, 3r,
and 3t (dipolarophiles) in dichloromethane at 20 °C were followed by using conventional photometry.

NO,
N—(KLQ /\{( BOL Aot 7 CO:EL )\coza
=N"o

1c 3n 30 3r 3t

Table S10. Kinetics of the reactions of 1¢ with 3n in CH,Cl, at 20 °C (detection at 380 nm).

[1c] (M) [3n] (M) o (s7) 0.0012
8.10x 10° 229 x 102 1.69 x 10*
8.03 x 107 3.18 x 102 2.28 x 10* ;._«0-0008 -
)
8.03 x 107 590 x 1072 4.25 % 10* 3
<
7.94 x 10° 8.33 x 102 5.45 % 10 0.0004 |
8.00 x 103 1.44 x 107! 1.07 x 103 Kops = 7.348E-03[3n] - 1.431E-05
R2 = 9.927E-01
ky=7.35x102M1's! 0 L M f
0 0.06 0.12 0.18
[3n] (M)

Table S11. Kinetics of the reaction of 1¢ with 30 in CH,Cl, at 20 °C (detection at 380 nm).

[1c] (M) [30] (M) abs (s71) 0.0009 r
8.93 x 107 429 x 102 3.95x10*
~0.0006 |
8.86 x 107 5.68 x 1072 5.19 x 10* k)
9.15x10° 678 x102  6.62 x 10* 200003 |
~ R K., = 1.065E-02[30] - 6.915E-05
9.07x10°  8.65x102  8.52x10% o e = 0.966E-01
k2=1.07 x102 M5! 0 : : : : :

0 002 004 006 008 0.1
[30] (M)
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Table S12. Kinetics of the reaction of 1¢ with 3r in CH,Cl, at 20 °C (detection at 380 nm).

0.0002 [
[1c] (M) [3r] (M) kos (s7)

8.10x10° 507x10% 1.17x10* 0.00015 /‘

8.07 x 107 6.06 x 102 1.30 x 10* % 0.0001
-5 -2 4 ~‘<°
8.03 10 7.04>10 el L 0.00005 k. = 1.372E-03[3r] + 4.791E-05
8.86 x 107 9.13 x 102 1.72 x 10 0 R? = 9.965E-01
k=137x103M1s? 0 002 004 006 008 0.1

[3r] (M)

Table S13. Kinetics of the reaction of 1¢ with 3t in CH,Cl; at 20 °C (detection at 380 nm).
0.00006

[1c] (M) [3t] (M) Feovs ()
831x10°  193x107  2.81x10° 0.00004

")

8.21 x 107 2.86 x 101 3.95x 107 %
8.12 x 107 3.80 x 101 4.49 x 10° ~< 0.00002 }
K, = 9.036E-05[3t] + 1.161E-05
8.02 x 107 4.68 x 101 5.39 x 107 R2 = 9.831E-01
PR 0 . ' ' ' '
k2=9.04 x10° M s O 01 02 03 04 05

[3t] (M)

170



Chapter 6. One-Bond-Nucleophilicity and Electrophilicity Parameters: An Efficient Ordering System for 1,3-DCAs

Kinetic investigations of 1a with dipolarophiles in CDCl3

Table S14. Second-order rate constants k! of the reactions of 1a with 3e in CDCl; at +50 (A). +40 (B).
+30 °C (C), and +20 °C (D) (*H NMR Kkinetics, 1,1,2.2-tetrachloroethane as the internal standard IS).
Activation parameters from the Eyring plot (E) were used to calculate £»(20 °C) and k»(80.3 °C). Initial
reactant concentrations were determined by using the integration ranges of the IS from +50 to +20 °C at
6.05-5.88, 6.03-5.95, 6.03-5.94, 6.03-5.94 ppm, respectively, of the vinylic hydrogen of 3e at 5.89-5.73,
5.94-5.78, 5.92-5.76, 5.91-5.77 ppm, respectively, and of the CH hydrogen of 1a at 4.90—4.45, 4.94-4.54,
4.95-4.55, 4.91-4.59 ppm, respectively. Relaxation delay and acquisition time are always 1.00 and 4.09 s,

respectively.
T(CC) [1aloM)  [3elo(M) [1STo (M) k=t (M s ke (M s AG* (kJ mol™)
50 2.56 2.60 6.39 x 10! 1.16 x 109
40 2.59 2.64 4.37 x 107! 4.81 x 108
30 2.48 2.58 4.72 x 107! 2.22x10°%
20 2.20 2.34 7.69 x 107! 6.50 x 1077
20 (7.06 + 0.58) x 10”7 106
25 107
80.3 (1.29+0.28) x 10*
® COMe " coel ® COMe " cocl
S - T T e -
H 50°C H 40°C
1a 3e 1a 3e
16 1/[3e] = 1.157E-05¢ + 3.510E-01 16 r 1/[3e] = 4.807E-06¢ + 3.591E-01
R? = 9 963E-01 R? = 9.946E-01

~12 ~12

g £

208 208

3 &

= =

T 04 ~ 04

final conversion =72 % final conversion = 70 %
0 1 1 1 J 0 L L 1 )
0 25000 50000 75000 100000 50000 100000 150000 200000

t(s)
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12

I
™

1/[3e] (L/mol)
o
a~

-16.5

-17.5

-18.5

In(ky/T)

-19.5

-20.5

@ CO,Me H
M ("
H 30°C

1a 3e

1/[3e] = 2.215E-06t + 3.761E-01
R?=9.990E-01

final conversion = 63 %

0 80000 160000 240000 320000
t(s)

1

T

R?=0.9932

L AH kI mol =718+42
ASTmol K =-118+ 14

3.05 3.15 325 3.35 3.45

1T in1/K (x 0.001)

172

1/[3e] (L/mol)

® CO,Me H
NEN—  * @[ o
H 20°C

1a 3e

1/[3e] = 6.502E-07t + 4.087E-01
Rz =9.987E-01

final conversion = 68 %

500000 1000000 1500000
t(s)
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Table S15. Second-order rate constants k>™" of the reactions of 1a with 3h in CDCl; at +50 (A). +40 (B).
and +30 °C (C) ("H NMR kinetics, mesitylene as the internal standard IS). Activation parameters from the
Eyring plot (D) were used to calculate k»(20 °C). Initial reactant concentrations were determined by using
the integration ranges of the IS from +50 to +30 °C at 6.59-6.69, 6.61-6.72, 6.58—6.71 ppm, respectively,
of the hydrogen at C-2 of 3h at 5.84-5.58, 5.85-5.61, 5.85-5.61 ppm, respectively, and of the CH hydrogen
of 1a at 4.78-4.63, 4.78-4.64, 4.78-4.65 ppm, respectively. Relaxation delay and acquisition time are
always 1.00 and 4.09 s, respectively.

T(°C) [laloM) [3h]o(M) [IS]o M) k=t (M s kb (M!sT) AG* (k] mol )
50 2.90 2.57 9.38 x 10! 1.04 x 1077
40 2.49 2.41 9.57 x 10! 3.97 x 108
30 2.52 2.72 9.10 x 10! 1.67 x 108
20 (5.96 + 0.56) x 10° 118
25 119

H H
@ CO;Me /\/\/ CDCl3 @® COxMe M CDCl,
A NEN—/@ + > B NEN—/@ . E—

50 °C 40°C
1a 3h 1a 3h
1 T I 1/3h] = 3.972E-08¢ + 4 447E-01
1/[3h] = 1.044E-07t + 4.316E-01 - -
o g R? = 9.805E-01
08 | ) 08
H g
! 06
g 06 s
504 § 04
< s
02 ¢ 02t
final conversion = 53 % final conversion =52 %
0 L 1 1 1 0 1 1 1
0 1000000 2000000 3000000 4000000 0 4000000 8000000 12000000
t(s) t(s)
H
® CO.Me CDCly
c NEN—B 4 M S0e D
1a 3h
08
1/[3h] = 1.671E-08t + 4.181E-01 218
Rz =9.674E-01
3 h M 224 RE=09975
g
3 £
=04 229 |
S, E
<02t 235 | AHkJmol =718+36
+ -1 1
final conversion = 36 % AS/Umol K =-157+12
0 1 . 1 240 1 L . L 1
0 4000000 8000000 12000000 307 312 317 322 327 332
t(s) UT in1/K (x 0.001)
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Kinetic investigations of 1a with dipolarophiles in ds-toluene

Table S16. Second-order rate constants k™" of the reactions of 1a with ESF (3K) in ds-toluene at +50 (A).
+40 (B). and +30 °C (C) (*H NMR kinetics, mesitylene as the internal standard IS). Activation parameters
from the Eyring plot (D) were used to calculate k»(20 °C). Initial reactant concentrations were determined
by using the integration ranges of the IS from +50 °C to +30 °C at 6.74—6.44, 6.74—6.50, 6.72—6.46 ppm,
respectively. of the hydrogen at C-1 of 3k at 5.88-5.54, 5.88-5.54, 5.88-5.56 ppm, respectively, and of the
CH hydrogen of 1a at always 4.07-3.87 ppm. Relaxation delay and acquisition time are always 0.10 and

3.65 s, respectively.

TCC) [ialo™) [3ko M)  [IS]oM) A= M!sh ky M s AG* (kI mol™)
50  273x107  2.65x107  554x107  3.53x 103
40 251x107  271x100  252x107  218x 103
30 230x107  2.88x107  2.79x10"  1.35x 103

20 (7.92 +0.16) x 10™* 89.3
25 90.1
_éone ' doe CO, M H dg-toluene
A N=N — 2vie -
so,F 90°C & N= N_@ so,F 40°C
13 3k 1a 3k
20 T 4/13K] = 3 534E-03t + 4 643E+00 16 1/[3K] = 2.176E-03t + 4.334E+00
16 R2 = 9. 985E-01 R?=9.983E-01
= =12t
€12 | g
3 S
g 8¢ 3
s =
4t AT
final conversion =79 % ﬁnal conversmn 73 %
0 . : . ‘ 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000 5000
t(s) t(s)
Cone H dg-toluene
c N=N -V D
_® =<sozF 30°C
1a 3k
16 ' 4/[3k] = 1.354E-03t + 4 402E+00 10
R2 = 9.988E-01
12 | R2 = 0.9996
£ 3
= 8 £-120 |
) £
T o4t AHkJmol =365+ 0.8
3 11
0 final conversion = 70 % 130 AS/Umol K =-180+24
0 2000 4000 6000 8000 305 3.15 3.25 3.35
t(s) UT in1K (x 0.001)
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Table S17. Second-order rate constants /™" of the reactions of 1a with 3o in ds-toluene at +50 (A), +40
(B). +30 (C). and +20 °C (D) (*H NMR kinetics. 1,1.2.2-tetrachloroethane as the internal standard IS).
Activation parameters from the Eyring plot (E) were used to calculate /»(20 °C) and k»(80.3 °C). Initial
reactant concentrations were determined by using the integration ranges of the IS from +50 to +20 °C at
5.16-5.10, 5.17-5.12, 5.19-5.11, 5.20-5.12 ppm, respectively, of the vinylic hydrogens of 30 at 6.61-6.55,
6.60—6.56, 6.61-6.55, 6.61-6.55 ppm, respectively, and of the OCH3 hydrogens of 1a at 3.21-3.13, 3.21-
3.14, 3.23-3.15, 3.22-3.15 ppm, respectively. Relaxation delay and acquisition time are always 1.00 and
4.09 s, respectively.

T (°C) [1alo M) [30]o M) [IS]o (M) et (M1 s ko M1 s AG# (k] mol?)
50 1.04 7.67 x 101 2.27 x 107 2.40 x 10*
40 1.11 8.07 x 10" 2.30x 10" 1.35x10*
30 1.15 7.68 x 101 2.99 x 10! 6.60 x 107
20 9.79 x 10  7.58x 10!  2.09 x 10 2.60 x 107
20 (2.78 £ 0.18) x 10 97.3
25 98.0
80.3 (1.66 +0.28) x 103
H  COEt, H  COEt,
A NE?‘ CO,Me + _ dg-toluene 5 Nzﬁ CO,Me N __ dg-toluene
EtO,C H 50 °C E0,C H 40°C
1a 30 1a 30
10 T 1/[30] = 2.403E-04¢ + 1.074E+00 12 1 4/[30] = 1.348E-04t + 6 460E-01
R?=9.931E-01 R?=9.905E-01
8 10
Y E 8T
— S 6|
4} )
g o
2t 2} .
final conversion = 83 % final conversion = 88 %
0 L 1 J 0 1 L )
0 10000 20000 30000 0 24000 48000 72000
t(s) t(s)
® COMe H_ FOaE dg-toluene ® COMe . H __CoaFf dg-toluene
Cc NEN—B D N=N
EtO,C H 30°C EtO,C H 20°C
1a 30 1a 30
8 r 6 r
1/[30] = 6.597E-05¢ + 1.010E+00 -
R = 9.937E-01 )= oy =00
~6F
: g4t
= 2
3 5
= 22t
- 2 = -~
final conversion = 80 % final conversion = 76 %
0 ; : ; 0 : ; : -
0 30000 60000 90000 0 40000 80000 120000 160000

t(s) t(s)
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L AH kJmol =557 +33
AS I mol K =-142 + 11

R?=0.9931

3.05 3.15

1UT in1/K

3.35 345
(x 0.001)

Table S18. Second-order rate constants k%" of the reactions of 1a with 3s in ds-toluene at +50 (A), +40
(B). +30 (C). and +20 °C (D) (*H NMR kinetics, 1.1.2.2-tetrachloroethane as the internal standard IS).
Activation parameters from the Eyring plot (E) were used to calculate £»(20 °C) and k»(80.3 °C). Initial
reactant concentrations were determined by using the integration ranges of the IS from +50 to +20 °C at
5.55-5.50, 5.53-5.49, 5.59-5.49, 5.56-5.51 ppm, respectively, of the vinylic hydrogens of 3s at 5.83-5.76.
5.82-5.76, 5.85-5.75, 5.83-5.77 ppm, respectively. and of the CH hydrogen of 1a at 4.46-4.25, 4.45-4.22,
4.48-4.22, 4.46-4.20 ppm, respectively. Relaxation delay and acquisition time are always 1.00 and 4.09 s,

respectively.
T(°C) [laloM) [3slo(M)  [ISlo(M) k=@ (M1sT) o (M s AG* (KJ mol™)

50 1.22 1.56 5.55 % 10! 2.50 x 107

40 1.18 1.67 4.56 x 107! 1.59 x 107

30 1.26 1.56 4.03 x 10! 8.51x 10

20 1.27 1.83 4.02 x 10! 2.74 x 10

20 (3.21 £ 0.47) x 106 103

25 103

80.3 (1.81£0.71) x 10*
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® COMe _ dg-toluene
A N=N * -
EtO,C CO,Et 50°C
1a 3s
16
1/[3s] = 2.503E-05t + 6.622E-01
Rz =9937E-01
12 F
3
£
2o0s |
n
o™
=
T 04}
final conversion = 51 %
0 1 1 1
0 10000 20000 30000
t(s)
® COMe H_H dg-toluene
¢ N=N EtO,C  CO,Et 30°C
1a 3s
24 _
1/[3s] = 8.510E-06t + 5.896E-01 o®
2k R2=9871E-01
316 }
-
=12 }
m
Sos |
04 r final conversion =71 %
0 1 L L ]
0 50000 100000 150000 200000
t(s)
E
-150
160 R2=0.9635
170 F
180 | AH'/kJmol =549+76
AS U mol K ' =-163+25 *
-19.0 L L L !
3.05 3.15 3.25 3.35 345
UT in1/K (x 0.001)
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D

1/[3s] (L/mol)

°© o o
o A~

NG
o

- -
N O

[== N = N
A o N o N

o

H

N=ﬁ CO,Me . _ dg-toluene
- EtO,C CO,Et 40°C
1a 3s

1/[3s] = 1.587E-05t + 5.523E-01
L R2=9.985E-01
i final conversion =71 %
0 20000 40000 60000 80000 100000
t(s)
® COMe | H_ dg-toluene
N=N
EtO,C CO,Et 20°C
1a 3s
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final conversion = 68 %
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Table S19. Second-order rate constants k™! of the reactions of 1a with 3t in ds-toluene at +60 (A), +40
(B). and +30 °C (C) (*H NMR kinetics, 1.1,2,2-tetrachloroethane as the internal standard IS). Activation
parameters from the Eyring plot (D) were used to calculate 4»(20 °C). Initial reactant concentrations were
determined by using the integration ranges of the IS from +60 to +30 °C at always 5.48-5.44 ppm, of the
hydrogen at C-3 of 3t at always 5.88-5.81 ppm, and of the OCH3z hydrogens of 1a at 3.33-3.20, 3.30-3.16,
3.33-3.19 ppm, respectively. Relaxation delay and acquisition time are always 1.00 and 4.09 s, respectively.

TCC) [lalo™) [3tloM)  [ISM) A= M!'s?h) b M s™ AG* (kJ mol™)
60 2.37 2.00 5.07 x 10! 3.95 x 107
40 2.28 1.86 6.75 x 10! 1.26 x 107
30 243 1.96 4.70 x 10! 5.63 x 10
20 (2.85+0.31) x 10 103
25 104
@ COMe . e dg-toluene ® COMe + e dg-toluene
A NEN—© H  CO.Et 60°C B N=N—6 H COEt 40°C
1a 3t 1a 3t

N
N

1/[3t] = 3.954E-05t + 4. 872E-01

1/[3t] = 1.264E-05t + 4.887E-01
R?=9.953E-01

R? = 9.959E-01

'y

(=]
T
-
(=]

’é 12 } H
£ 51_2
go.a - 508

o
E-N
T
o
F=N
T

final conversion = 70 % final conversion =71 %
0 L L J 0 L L L ]
0 10000 20000 30000 0 30000 60000 90000 120000
t(s) t(s)
Me
® CO,Me dg-toluene
c NEN—B Y= e D
H CO,Et 30°C
1a 3t
2 [ 1/[3t] = 5.630E-06t + 4 611E-01 -155 r
R? = 9. 960E-01
16 |
= 165 R2=0.9950
g12 | B |
3 S
= <
::‘é 08 | E
- s -1
- 04 175 AH/kJmol =513+36
. = + -1 1
final conversion = 68 % AS Emol G =116 12
0 L L J _18_5 L L L ]
0 70000 140000 210000 293 3.03 313 323 333
t(s) 1T in1/K (x 0.001)
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Table S20. Second-order rate constants /™" of the reactions of 1a with 3v in ds-toluene at +80 (A), +60
(B), and +50 °C (C) (*H NMR Kkinetics, 1,1,2.2-tetrachloroethane (60, 80 °C) or mesitylene (50 °C) as the
internal standard IS). Activation parameters from Eyring plot (D) were used to calculate 4»(20 °C). Initial
reactant concentrations were determined by using the integration ranges of the IS from 80 °C to 50 °C at
5.87-5.77, 5.72-5.66, 6.68—6.54 ppm, respectively, of the hydrogen at C-3 of 3v at 6.89-6.71, 6.79-6.59,
6.89—6.71 ppm, respectively, and of the CH hydrogen of 1a at 4.85-4.40, 4.75-4.30, 4.86—4.42 ppm,
respectively. Relaxation delay and acquisition time are always 1.00 and 4.09 s, respectively.

T(°C) [alo(M)  [3v]o (M) [IS]o (M) ket (M s by M! s AG* (k] mol )
80 2.29 2.30 5.53 x 107! 1.47 x 107
60 1.82 1.84 5.19 x 10! 4.99 x 106
50 1.94 2.19 8.44 x 107! 1.99 x 106
20 (2.07 = 0.85) x 107 109
25 110
80.3 (1.57+0.21) x 10
Me CO,Me Me dg-toluene
©® CO;Me _ dg-toluene B NEﬁ—@ + — —_—
A N=N H> \‘_.:02Et 80 °C > H CO.Et 60°C
1a 3v 1a 3v
12 _ 2 1 1/[3v] = 4.992E-06t + 4 230E-01
1/[3v] = kfing;,%%'E*_ 611,231E-01 gy
: 16
308 3
g
§ £ 12
=z 208
Soat g
04 }
final conversion =51 % final conversion =71 %
0 . . . ] 0 L 1 ]
0 8000 16000 24000 32000 0 100000 200000 300000
t(s) t(s)
Me,
® COMe _ dg-toluene
¢ NN—6 H COEt 50°C D
1a 3v
16 1 1/[3v] = 1.988E-06¢ + 4.146E-01 165 -
R2=9.947E-01 |
12 + ,
= 475 | Rz =0.9838
E o8} S
=R S *
> £ | B
S 04 f 185 T AW KkImol'=502+76
3+ -1 A
final conversion = 65 % AS/dmol K =-171+23
0 L J _19_5 L L L J
0 250000 500000 2.80 2.89 297 3.06 3.14
t(s) UT in1/K (x 0.001)
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Table S21. Second-order rate constants /™" of the reactions of 1a with 3x in ds-toluene at +80 (A), +70
(B). +60 (C). and +50 °C (D) (*H NMR kinetics. 1,1.2.2-tetrachloroethane as the internal standard IS).
Activation parameters from the Eyring plot (E) were used to calculate /»(20 °C) and k»(80.3 °C). Initial
reactant concentrations were determined by using the integration ranges of the IS from +80 to +50 °C at
5.50-5.39, 5.49-5.38, 5.68-5.59, 5.66-5.54 ppm, respectively, of the alkynyl hydrogen of 3x at 2.92-2.78,
2.93-2.81, 3.09-3.00, 3.09-2.98 ppm, respectively, and of the CH hydrogen of 1a at 4.50-4.10, 4.50—4.10,
4.70-4.28, 4.68—4.26 ppm, respectively. Relaxation delay and acquisition time are always 1.00 and 4.09 s,

respectively.
TCCC) [lalo™) [3x]o(M) [1STo (M) k=t (M s kM1 s™ AG* (kJ mol™)
80 245 2.34 6.93 x 10! 3.89 x 10
70 2.53 2.29 7.77 x 101 1.63 x 108
60 2.63 2.26 6.34 x 10! 9.18 x 1077
50 2.52 2.25 7.02 x 10! 3.75 x 107
20 (2.48 £ 0.57) x 108 114
25 115
80.3 (3.79 £ 0.25) x 10°®
@ CO,Me + H—=——pPh dg-toluene @ COzMe+ H—=——Ph dg-toluene
A NENSS 80 °C B N=N 70°C
1a 3x 1a 3x
08 1/[3x] = 3.888E-06t + 4 485E-01 08
R2 =9 569E-01 . 1/[3x] = 1.632E-06t + 4 534E-01
06 + R?=9.678E-01
N U _o6 |
o
£ g W
204 }
= 2 04
o =
T 02} <
final ion = 16 % 021
0 . n':a Convel'SI.O n= ° final conversion = 16 %
0 5000 10000 15000 20000 0 ' ' ' !
t(s) 0 12000 24000 36000 48000
t(s)
® CO,Me + H—=——pPh dg-toluene ® COyMe H—=—=—Ph dg-toluene
c N=EN—B 60 °C > D N=N 50 °C
1a 3x 1a 3x
08 08
1/[3x] = 9.180E-07t + 4 335E-01 1/[3x] = 3.751E-07t + 4 400E-01
R2=9958E-01 R?=9963E-01
~06 | _ 06 }
o4 | 204 [
) )
= =
T 02} T 02 F
final conversion = 18 % final conversion =22 %
0 1 1 J 0 1 1 1 1
0 40000 80000 120000 0 90000 180000 270000 360000

t(s)
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t(s)
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E

78
R2 = 0.9926

192 |

=

2

=4
206 I Arkimol’ =692 +4.2

ASIUmol K' =154+ 12

220

280 2.88 296 3.04 3.12
1T in1/K (x 0.001)

Kinetic investigations of 1b with dipolarophiles in CDCl;

Table S22. Second-order rate constants k»™! of the reactions of 1b with 3e in CDCl; at +55 (A). +45 (B).
and +35 °C (C) ("H NMR kinetics, 1.1.2.2-tetrachloroethane as the internal standard IS). Activation
parameters from the Eyring plot (D) were used to calculate k(20 °C) and k(110 °C). Initial reactant
concentrations were determined by using the integration ranges of the IS from +55 to +35 °C at 6.03-5.94,
6.03-5.93, 6.03-5.93 ppm, respectively, of the olefinic hydrogens of 3e at 5.875-5.79, 5.875-5.81, 5.88—
5.79 ppm, respectively, and of the OCHs hydrogens of 1b at 3.80-3.62, 3.78-3.63, 3.83-3.63 ppm,
respectively. Relaxation delay and acquisition time are always 1.00 and 4.09 s, respectively.

T(CC) [1bJo(M) [3elo(M) [ISlo (M) kPt (M s kM1 s AG* (kJ mol™)
55 1.66 1.41 9.53 x 10°! 552 x 107
45 1.61 1.35 1.14 2.32 x 107
35 1.67 1.43 9.53 x 10! 1.02 x 107
20 (2.44+0.18) x 108 115
25 115
110 (2.30 £ 0.35) x 10°9
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1/[3e] (L/mol)

- - N
N [o-] ~

1/[3e] (L/mol)

o
o

® COyMe @[H CDCly
N=N * —
co,Me H 55°C

1b 3e
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final conversion =70 %

1600000 3200000
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final conversion = 66 %

0 5000000

10000000
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15000000
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® CO:Me H coci,
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CO,Me H 45°C
1b 3e
3 r
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s
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final conversion =71 %
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Table S23. Second-order rate constants k%! of the reactions of 1b with 3i in CDCl; at +50 (A). +40 (B).
and +20 °C (C) (*"H NMR Kkinetics, dibromomethane as the internal standard IS). Activation parameters
from the Eyring plot (D) were used to calculate £»(20 °C). Initial reactant concentrations were determined
by using the integration ranges of the IS from +50 to +20 °C at 4.88-4.84, 4.88-4.825, 4.88—4.84 ppm,
respectively, of the Me hydrogens of 1b at 3.80-3.72, 3.80-3.72, 3.85-3.69 ppm, respectively, and of the
vinylic hydrogens of 3i at always 7.1725-7.145 ppm. Relaxation delay and acquisition time are always 1.00
and 4.09 s, respectively.

TCC) [1bloM)  [3ilo M)  [IS M) &A™ M'sh b M s AG* (kJ mol™)
50  1.58x107 1.82x10% 239x107  239x10°
40  144x10%  183x10%  370x107  9.04x 10
20 131x10%  146x10% 3.99x10%  2.02x10°

20 (1.94 + 0.24) x 10 104
25 105
® COMe H  SOPh cpcy, ® COMe H  SOPh cpgy,
A N=N i — —_— B N=N + \—= —_3
CO,Me H SO,Ph 50°C CO,Me H  SO,Ph 40°C
1b 3i 1b 3i
24 1/[3i] = 2.386E-05¢ + 5.788E+00 18 1 1/[3i] = 9.039E-06¢ + 5 712E+00
20 | R2 = 9989E_01 R - 9.934E-01
316 s
2 g 12
312 3
- |
< 8 S 6
4t ) )
final conversion =72 % final conversion = 65 %
0 L 1 1 J 0 1 1 ]
0 160000 320000 480000 640000 0 400000 800000 1200000
t(s) t(s)
@ CO,Me H SO,Ph CDCl,
c N=N = —_— D
CO,Me H  SO,Ph 20°C
1b 3
28 1/[3i] = 2.024E-06t + 6.985E+00 160 r AHkJmol ' =61.1+58
24 R2 = 9.992E-01 . 4 -
ASUmol K =-146+19
=20
2 170 |
3" S
— x
) 12 -1
= 8 180 |
4t Rz=0.9911
final conversion =71 %
0 L 1 1 190 1 1 1 1
0 3000000 6000000 9000000 3.05 315 325 3.35 345
t(s) UT in1/K (x 0.001)
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Kinetic investigations of 1b with dipolarophiles in ds-toluene:mesitylene = 1:1

Table S24. Second-order rate constants kP! of the reactions of 1b with 3k in ds-toluene:mesitylene = 1:1
at +90 (A). +80 (B). and +50 °C (C) (*H NMR Kkinetics, dibromomethane as the internal standard IS).
Activation parameters from the Eyring plot (D) were used to calculate k(20 °C). Initial reactant
concentrations were determined by using the integration ranges of the IS from +90 to +50 °C at always
3.94-3.85 ppm. and of the o-hydrogen of 3k at 5.13-5.07, 5.15-5.05. 5.14-5.06 ppm, respectively.
Relaxation delay and acquisition time are always 1.00 and 4.09 s, respectively.

IO [1bJoM)*  [3K]o (M) [Se™) A= M'sh b M s™) AG* (kI mol™)
90 533x10!  563x10' 228x107 1.85 x 107
80 4.05x101  495x101 475 x 10! 8.55 x 10
50 522x107  545x10' 518 x 107 9.52 x 107
20 (6.21 +0.91) x 103 112
25 113
@ Calculated from weighed mass of 1b because of the superimposition of the NMR resonances for the Me group of 1b
with those of the Me groups in mesitylene (solvent).

H e < 1-
N=ﬁ Cone+ —>dg-tol.mes = @ LCOzMe H dg-tol:mes = 1:1
A - SO.F 90°C B N=N + —_—
CO,Me 2 CoMe  SOF  80°C
1b k 1b 3k
12 ¢ 1/[3k] = 1.850E-05¢ + 2 260E+00 .
R2=9957E-01 1/[3k] = 8.548E-06t + 2 407E+00

R#=9.972E-01

=]
T

1/13K] (L/mol)
()]
1/[3K] (L/mol)
FS

3 L
2 5
1. - 0,
0 . final convlersmn =83 A’, final conversion = 67 %
0 150000 300000 450000 0 ' ; ; '
te) 0 120000 240000 360000 480000
t(s)
@® LCOzMe H dg-tol:mes = 1:1
c N=N + e D
CO,Me SO,F 50°C
1b 3k
8 1/[3k] = 9.524E-07t + 2.074E+00 -16.0
Rz = 9.985E-01
6 | P Rz = 0.9988
E e
24t 3180
> £
“ot 190 } AH'KImol' =688+24
KR |
final conversion = 71 % ASUmol K =-148+6.8
0 L ] _20_0 1 L L J
0 2500000 5000000 272 282 292 3.02 3.12
t(s) UT in 1K (x 0.001)
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Table S25. Second-order rate constants kP! of the reactions of 1b with 3o in ds-toluene:mesitylene = 1:1
at +95 (A), +85 (B). +75 (C), and +65 °C (D) ("H NMR kinetics, 1.1.2.2-tetrachloroethane as the internal
standard IS). Activation parameters from the Eyring plot (E) were used to calculate k»(20 °C) and k»(110
°C). Initial reactant concentrations were determined by using the integration ranges of the IS from +95 to
+65 °C at 5.61-5.54, 5.64-5.52, 5.64-5.56, 5.76-5.42 ppm, respectively, and of the vinylic hydrogens of
30 at 6.59-6.54. 6.59-6.54, 6.60—6.53, 6.70-6.59 ppm, respectively. Relaxation delay and acquisition time
are always 1.00 and 4.09 s, respectively.

T(°C) [1bJoM)*  [30]o (M) [ISJo M) k=t (M1 sT) ks (M!sT) AG* (kI mol ™)

105 1.33 1.41 5.90 x 10! 1.16 x 107

95 1.25 1.22 8.98 x 10! 3.89 x 10

85 1.26 1.29 1.00 1.34 x 106

75 1.25 1.32 9.71 x 10! 4.16 x 107

65 1.29 1.42 8.66 x 107! 1.42 x 107

20 (2.25+0.34) x 10° 125

25 125

110 (1.80+0.08) x 107

@ Calculated from weighed mass of 1b because of the superimposition of the NMR resonances for the Me group of 1b
with those of the Me groups in mesitylene (solvent).

A NE(r?I C02M9+ H COzEtM1> 5 Nsﬁ COZMe+ H  COaEt dyeokmes = 1:1_
CO,Me EtO,C H 105°C CO,Me EtO,C H 95°C
1b 30 1b 30
32 ¢ 32 ' 1/[30] = 3.889E-06¢ + 7 634E-01
: 1/[30] = 1.161E-05¢ + 1.936E-01 e 6 OO 01
R2 =9 965E-01 -
24 | _24
8 g
£
=} 16 } % 1.6
8 g
<08 | T 08
final conversion = 75 % final conversion =72 %
0 L L L ] 0 L L ]
0 60000 120000 180000 240000 0 200000 400000 600000
t(s) t(s)
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1/[30] (L/mol)
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final conversion =49 %

1500000 3000000 4500000
t(s)
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5
£
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5
™
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08
final conversion =73 %
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Table S26. Second-order rate constants k>™?! of the reactions of 1b with 3r in ds-toluene:mesitylene = 1:1
at+50 (A), +40 (B), and +20 °C (C) (*H NMR technique, 1,1,2.2-tetrachloroethane as the internal standard
IS). Activation parameters from the Eyring plot (D) were used to calculate £»(20 °C). Initial reactant
concentrations were determined by using the integration ranges of the IS from +50 to +20 °C at 6.10-6.00,
6.09-6.01, 5.74-5.66 ppm, respectively, and of the =CH, group of 3r at 5.66-5.44, 5.65-5.44, 5.53-5.27
ppm, respectively. Relaxation delay and acquisition time are always 1.00 and 4.09 s, respectively.

T(°CO) [1b]oM)* [3r]o (M) [ISTo M) k=t (M1 s k(M s AG* (kJ mol)
50 3.90 1.30 6.69 x 10! 3.85 x 107
40 3.96 1.27 6.30 x 10! 1.33 x 107
20 1.81 2.66 8.32 x 107! 1.21 x 108
20 (1.21+0.01) x 108 116
25 117

@ Calculated from weighed mass of 1b because of the superimposition of the NMR resonances for the Me group of 1b
with those of the Me groups in mesitylene (solvent).

® _éone+ H dg-tol:mes = 1:1 ® _éOZMa+ H dg-tol:mes = 1:1
A N=N . B N=N - .
COo,Me CO,Et 50°C Co,Me CO,Et 40°C
1b 3r ) 3r
=04 1 y=3850E.07x-2.144E.03 =04 y = 1.334E-07x + 1 631E-02
0, Rz =9.992E-01 o, R2=9.941E-01
J036 | =
= ;‘o 0.3
€027 | e
) =02
X i
S 0.18 | =
= =
= =
$, 009 | 3 01
5 final conversion = 76 % ‘<—=, final conversion = 68 %
- 0 N L ; = 0 . 4 L L )
0 400000 800000 1200000 0 900000 1800000 2700000
t(s) t(s)
® COMe H_ dg-tol:mes = 1:1
c N=N + -V D
_‘%one coEt  20°C
1b 3r
06 r 13 =1.214E-08¢ + 3 853E-01 20 -
R?=9.704E-01
W 21t
g 04
3 27 R? = 1.0000
= <
o2 | =237 }
o AH'/kJmol =884+05
- - 2 -1 -1
final conversion = 23 % ASHNmol K =-948+17
0 1 1 J _25 1 1 1 ]
0 3000000 6000000 9000000 3.05 3.15 3.25 3.35 345
t(s) UT in1K (x 0.001)
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Table S27. Second-order rate constants k! of the reactions of 1b with 3s in ds-toluene:mesitylene = 1:1
at+105 (A), +95 (B), +85 (C), and +75 °C (D) (*H NMR technique, 1.1,2,2-tetrachloroethane as the internal
standard IS). Activation parameters from the Eyring plot (E) were used to calculate k»(20 °C) and k»(110
°C). Initial reactant concentrations were determined by using the integration ranges of the IS from +105 to
+75 °C at 5.71-5.51, 5.66-5.52, 5.69-5.45, 5.69-5.49 ppm, respectively, and of the vinylic hydrogens of
3s at 5.93-5.70. 5.83-5.75, 5.91-5.67, 5.88-5.68 ppm, respectively. Relaxation delay and acquisition time
are always 1.00 and 4.09 s, respectively.

T(°C) [1bJo(M)*  [3s]o (M) [IS]o M) k=t (M sT) kM!sh AG* (kI mol™)

105 1.41 2.00 4.96 x 1071 3.94 x 1077

95 1.23 1.92 9.80 x 10! 1.94 x 107

85 1.27 1.79 9.59 x 10! 9.98 x 108

75 1.26 1.94 9.48 x 107! 4.44 % 108

20 (2.76 + 0.33) x 101° 126

25 126

110 (5.45+0.14) x 107

@ Calculated from weighed mass of 1b because of the superimposition of the NMR resonances for the Me group of 1b
with those of the Me groups in mesitylene (solvent).

@® COMe H _ H dg-tol:mes = 1:1 @® COMe H _ H dg-tol:mes = 1:1
A N=N * - B N=N * -
COMe Et0;C  COMe 105°C CoMe Et0:C  COMe 95°C
1b 3s 1b 3s
08 .04 r
o y = 1.937E-07x - 3.684E-04
% Rz =9 977E-01
_06 +
° o
E o,
3 1/[3s] = 3.943E-07t + 5.116E-01 =
=04 R? = 9.709E-01 <02t
[x) o
= e,
02 ?
final conversion = 26 % E final conversion = 51 %
0 1 4 = 0 . !
0 250000 500000 0 1000000 2000000

t(s) t(s)
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® CO;Me H _ H dg-tol:mes = 1:1 ® CO;Me H _ H dg-tol:mes = 1:1
c N=N * - D N=N + —
Co,Me Et0:.C  COMe 85°C Co,Me Et0:.C  COMe 75°C
1b 3s 1b 3s
16 r 1/[3s] = 9.984E-08t + 5 692E-01 12 r 4/3s] = 4.442E-08t + 4 998E-01
R? = 9.928E-01 R? = 9.956E-01

—_— 1.2 B —_—~
3 308
3 £
208 | 3
[’ 4
™ (3]
s Soa|

04 |

final conversion = 57 % final conversion = 53 %
0 L J 0 L L J
0 4000000 8000000 0 5000000 10000000 15000000
t(s) t(s)
E
20 ¢ AH'/kJmol =76.0+15
AS U mol K ' =-169+4.1

21 F
S
3
E

22 F

R? = 0.9992
23 . . '
260 2.70 2.80 2.90
UT in 1K (x 0.001)
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Kinetic investigations of the reactions of 1¢ with styrene 3d in CD:2ClL

Table S28. Second-order rate constants k! of the reactions of 1¢ with 3d in CD,Cl, at +30 (A). +20 (B).
and +6 °C (C) ("H NMR kinetics, dibromomethane as the internal standard IS). Activation parameters from
the Eyring plot (D) were used to calculate k»(20 °C). Initial reactant concentrations were determined by
using the integration ranges of the IS from +30 to +6 °C at always 4.96-4.70 ppm, of the -CH= group of
3d at 6.685-6.50 ppm. and of the aliphatic hydrogen of 1c¢ at 5.08—4.95 ppm. Relaxation delay and
acquisition time are always 1.00 and 4.09 s, respectively.

T(CC) [1clo(M) [3d]o (M) [1S]o (M) k=t (M s k (M!s AG* (kJ mol™)
30 5.83 x 10! 6.31 x 101 2.96 x 10! 3.27 x 10
20 5.54 x 10! 5.94 x 10! 3.39 x 10! 1.88 x 106

6 5.60 x 10! 6.37 x 101 3.61 x 10! 4.95 x 107
20 (1.65 £ 0.26) x 10 104
25 105
NO, NO,
. . H CD,Cl, . . H  CD,Cl,
@ < > & 30°C @ ( > & 20 °C
NN 3d NEND 3d
36 31
= 32t
g 24 2
3 =] 1/[3d] = 1.879E-06¢ + 1.695E+00
§. 1/[3d] = 3.268E-06t + 1.676E+00 T R?=9.974E-01
Siof R =9 815E-01 2,1
final conversion = 48 % final conversion = 48 %
0 L 1 ) 0 1 1 1 ]
0 160000 320000 480000 0 175000 350000 525000 700000
t(s) t(s)
NO,
=© 6 °C
NEND 4 3d
25 r
, | T AH'kJmol =538+ 6.6
S M ASWmol K'=-172+23
3 -18
£15 F
2 1/[3d] = 4.947E-07t + 1. 563E+00 g
T 4L R2 = 9.856E-01 219 |
fach £
05 } 20 k R?=0.9853
final conversion = 20 %
0 - L 1 21 1 1 1 1 1
0 300000 600000 900000 3.20 3.30 340 3.50 3.60 3.70
t(s) UT in1K (x 0.001)
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List of Eyring activation parameters for the reactions of 1a-c with dipolarophiles

Table S29. Second-order rate constants k»(20°C) and Eyring activation parameters AG*, AH*, and AS* for
the reactions of diazo compounds 1a—c with dipolarophiles.

1 Dipolarophiles  Solvents k2(20°C) AG*(20°C) AH* AS* T-Range
M1sh) (kTmol™)  (KTmol?)  (Jmol! K)
la 3e CDCls (7.06 £0.58) x 10~/ 106 71.8+4.2 -118 =14 +20 to +50 °C
la 3h CDCls (5.96 £0.56) x 107 118 71.8+3.6 -157+12 +30 to +50 °C
la 3k ds-toluene (7.92+0.16) x 107* 89.3 36.5+0.8 -180=2.4 +30 to +50 °C
la 3o ds-toluene (2.78 £0.18) x 107 97.3 55733 -142 =11 +20 to +50 °C
la 3s ds-toluene (3.21£0.47) x 108 103 549+7.6 —-163£25 +20 to +50 °C
la 3t ds-toluene (2.85+0.31) x 10 103 513+3.6 -176 £12 +30 to +60 °C
la 3v ds-toluene (2.07 £0.85) x 1077 109 592+7.6 —-171 =23 +50 to +80 °C
la 3x ds-toluene (2.48+0.57) x 1078 114 69.2+42 —-154 =12 +50 to +80 °C
1b 3e CDCls (244+0.18) x 1078 115 68.3+24 -158+7.4 +35 to +55 °C
1b 3i CDCl3 (1.94+0.24) x 1078 104 61.1+5.8 -146 =19 +20 to +50 °C
1b 3k T+M* (6.21+0.91) x 1078 112 68.8+24 —148 £6.8 +50 to +90 °C
1b 3o T+M“ (2.25+0.34) x 10710 126 11421 —39.4+58 +65 to +105 °C
1b 3r T+M“ (1.21£0.01) x 1078 116 88.4+0.5 —-948+1.7 +20 to +50 °C
1b 3s T+M* (2.76 £0.33) x 10710 126 76.0=1.5 —-169 4.1 +75 to +105 °C
lc  3d CD2Cla (1.65+0.26) x 10 104 53.8+6.6 —172 £23 +6 to +30 °C

? Solvent T+M = ds-toluene/mesitylene (v/v = 1/1).
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Comparison of rate constants k2 with reported k2 values

Table S30. Comparison of the second-order rate constants k, 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) ka2(T) ko(T) Ratio
(M*s) (M*s)
this work ref. S17
la 3e 80.3 1.29 x 10%®  7.46 x 10°>° 1.7
la 30 80.3 1.66 x 10%°¢ 1.23x10°3%° 1.4
la 3s 80.3 1.81 x104+°¢ 3.05x 104" 1/1.7
la 3v 80.3 1.57 x 10>°¢ 1.62 x 10°%° 1.0
la 3X 80.3 3.79x10%° 3.75 x 10°%¢ 1.0
1b 3e 110 230x10°%%  3.18x10°>°¢ 1/1.4
1b 30 110 1.80 x 10°f 9.20 x 10°5° 2.0
1b 3s 110 6.37 x 107" 1.50 x 10°¢°¢ 1/2.4

3 Extrapolated from rate constants in CDCl5 at lower temperatures by using the Eyring equation. ° In toluene
at 80.3 °C measured by IR spectroscopy. ¢ Extrapolated from rate constants in ds-toluene at lower
temperatures by using the Eyring equation.? In toluene at 80.3 °C measured by NMR spectroscopy. ¢ In
mesitylene at 110 °C measured by IR spectroscopy. ' Extrapolated from rate constants in ds-

toluene:mesitylene = 1:1 at lower temperatures by using the Eyring equation.
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Determination of the energy of concert for the reactions of 1a-c with dipolarophiles

Table S31. Determination of the energy of concert (AG*concer) from the ratio of experimental (k,*®%) and
calculated (k,F2') second-order rate constants for the reactions of 1a-c with dipolarophiles at 20 °C.

Diazo compounds Dipolarophiles ket Solvents kFat YR AGH concert
Mtsh s (kT mol™)
1a (E=-18.5) 3e(N=-0.25.sn=1.09) 7.06x 10”7  CDCl 3.65x1021 1.9x10* 80
3h (N=-2.77.sn=141) 596x10°  CDCh 1.02x 10730 58x102 122
3x (N=-0.04,5n=0.77) 248 x10°  ds-toluene 530x 10" 47x105 37
1a (N=4.68.sxn=0.94) 3k (E=-12.09) 7.92x10*  ds-toluene 1.08 x 107 73 x10° 22
30 (E=-17.79) 278 x10°  ds-toluene 4.75x 103 59x107 44
3q (E=-19.05) 1x107>¢ toluene 311 x 107 32x108 48
3s (E=-19.49) 321 x10°  ds-toluene 120 x 107 27x108 47
3t(E=-22.77) 2.85x10%  ds-toluene 9.89 x 10718 29 x 101! 64
3v(E=-23.59) 207 %107  ds-toluene 1.68x 1078 1.2x101 62
1b (E=-18.2) 3e(N=-0.25,sn=1.09) 2.44x10° CDCh 775 x 1021 3.1x1012 70
1b (N=-1.24.sx=0.81) 3i(E=-7.50) 1.94x10° CDCI 833x10°% 23x10! 8
3k (E=-12.09) 621 x 10  T+M? 1.59x 1071 39x10° 20
30 (E=-17.79) 225 x 10710 T+M?P 3.85x 10716 58x10° 32
3q(E=-19.05) 4x107%¢ mesitylene  3.67 x 10717 1.1 x10%8 45
3r (E=-19.07) 121 x 108 T+M? 3.54x 10717 3.4x10%8 48
3s (E=-19.49) 2.76 x 10710 T+M? 1.62x10717 1.7x107 41
3t(E=-22.77) 3x107%¢ mesitylene  3.56 x 1020 8.4 x 101 61
3v (E=-23.59) 2x1071%¢  mesitylene 7.72x 102! 2.6 x 101° 58
1c (E=-18.3) 3d(N=0.78.s5x=095) 1.65x10° CDxCh 227 %1077 73 x101° 61
1c (N=7.17.sx=0.83) 3i(E=-7.50) 2.16 x 1014 CHxCh 532x100  41x10' 9
3k (E=-12.09) 582 x 1024 CHaCh 825x10° 7.1x102 16
31(E=-14.07) 1.74 x 1024 CHxCh 1.87x10% 93 x10° 22
3n (E=-16.76) 7.35x102°  CHxCh 1.10x 10  6.7x10° 33
30 (E=-17.79) 1.07x 102  CHxCh 1.53x10° 7.0x10° 38
3r (E=-19.07) 1.37x102  CHxCh 133x1071% 1.0x107 39
3t (E=-22.77) 9.04 x10°  CHxCh 1.13x1083  8.0x10% 50

2 Calculated from k2(80.3 °C) reported in refs. S17 and S22 by assuming AS* = —150 J mol™ K1 ? Solvent T+M = ds-
toluene/mesitylene (1/1). ¢ Calculated from k2(110 °C) reported in refs. S17 and S22 by assuming AS* =—150 J mol™! K~1. 4 Second-
order rate constants k! from ref. S11.
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Figure S5. Correlation of Gibbs energies AG (at 20 °C) for the 1,3-dipolar cycloadditions of electrophilic
1.3-dipolarophiles 3 with diazo compounds (A) 1b and (B) 1c. respectively, vs. the one-bond
electrophilicities E of 3. — AG*(eq 1): Gibbs activation energy calculated from eq. (1); AG*(exp): Gibbs
activation energy measured experimentally; AGeoncer: €nergy of concert, i.e., stabilization of the concerted
transition state relative to the transition state yielding a zwitterion.
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Construction of Ig k2 vs. N and E correlations for the reactions of diazo compounds 1 with
electrophiles, nucleophiles, and dipolarophiles

Methyl diazoacetate (1a)

COzMe
N,=/ 1a

The Ig k2 vs. N and E correlations for methyl diazoacetate (1a) were constructed by using second-
order rate constants k»(20 °C) of the reactions of 1a with reference one-bond nucleophiles 2 (Table
S32), reference one-bond electrophiles (Ar.CH™, Table S33), and dipolarophiles 3 (Table S34).

Table S32. Second-order rate constants ko(20 °C) for the reactions of la with reference one-bond
nucleophiles 2 and resulting electrophilicity parameter E(1a).

S}

g e I\
o T 00 00 OO O
NC O,N N
2 2b 2¢ 2d 2f 29

2a

Nucleophiles 2 Solvents k2(20 °C)?%/ Ig ko
(Mts?

2a (N =21.07, sn = 0.68) DMSO 1.18 x 10? 2.07
2b (N =18.42, sy = 0.65) DMSO 2.17 0.34
2c¢ (N =15.91, sy = 0.86) CDCls 1.83x 1073 —2.74
2d (N =14.91, sy = 0.86) CDCls 4.68 x 10 -3.33
2f (N =11.40, sy = 0.83) CDCls; 7.03x 10”7 -6.15
29 (N=10.04,5v=0.82)  CDCls 2.20 x 107 6.66
E of 1a -18.5

2 From refs S12a and S12b.
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Table S33. Second-order rate constants ko(20 °C) for the reactions of la with reference one-bond
electrophiles Ar,CH* (counterion: BF4") in CH,Cl and resulting reactivity parameters N and sn.

Ar,CH*? E k2(20 °C)%/ g k.
(M*s7)

(mfa).CH* -3.85 6.94 0.84
(dpa).CH* 472 6.22x10% -0.21
(mor),CH* -5.53 2.19 x 10? —0.66
(dma).CH* -7.02 5.92 x 108 -2.23
N (sn) of 1la 4.68 (0.94)

2 This work.

Table S34. Second-order rate constants k2(20 °C) for the reactions of 1a with dipolarophiles 3.

L Ph Et0,C.__~ Z “CO,Et )\ _
OEt Z0Bu # “Ph @ NN = 2 S0,F ZINFC0oEt AN COLE COEt P Co,Et

3a 3b 3d 3e 3h 3x 3k 30 3q 3s 3t 3v

Dipolarophiles 3 Solvents k2(80.3 °C)¥  kp(20 °C)"/ Ig k2

(M—l S—l) (M—l S—l)

3a (N =9.81) toluene 7.2x10° 5x10%¢ -7.3

3b (N =3.76) toluene 2x 107 6 x 10710:¢ -9.2

3d (N = 0.78) toluene 1.14 x 10°° 8x108° 71

3e (N =-0.25) CDCl; 7.06 x 107 6.2

3h (N=-2.77) CDCl; 5.96 x 10°° -8.2

3x (N =-0.04) ds-toluene 2.48 x 108 -7.6

3k (E =-12.09) ds-toluene 7.92x10* -3.1

30 (E=-17.79) ds-toluene 278 x10° 4.6

39 (E =-19.05) toluene 7.22 x 10 1x10°>° -5.0

3s (E =-19.49) ds-toluene 3.21x10°% -5.5

3t (E=-22.77) ds-toluene 2.85x10° -5.5

3v (E =-23.59) ds-toluene 2.07 x 1077 6.7

2 Second-order rate constants k»(80.3 °C) from refs S17 and S22. ® This work, if not mentioned otherwise.
¢ Calculated from k2(80.3 °C) with an assumed AS* = —-150 J mol* K.
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Figure S6. (A) Plot of 1g k» vs. N parameters for the reactions of 1a with reference nucleophiles 2 (filled
green dots, used to construct the green correlation line) and nucleophilic dipolarophiles 3 (open green dots).
(B) Plot of Ig k> vs. E parameters for the reactions of 1a with reference electrophiles Ar,CH* (filled blue
dots, used to construct the blue correlation line) and electrophilic dipolarophiles 3. (C) Merging the plots
of (A) and (B) by crossing the green and blue correlation lines at Ig k» = —13.0, which reflects the
hypothetical rate constant for the reaction of an electrophilic molecule 1a with a nucleophilic molecule 1a
as calculated by using Equation (1).
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Dimethyl diazomalonate (1b)

COzMe
N, 1b
COzMe

The Ig 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 (Ar,CH™, 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).

Qe
7 8 -0 OO0 DO OO
NC

2a 2¢ 2d 2e 2f

Nucleophiles 2 Solvents k2(20 °C)¥/ Ig k2
(M*s?)

2a (N =21.07, sn = 0.68) DMSO 4,22 x 10! 1.62
2¢ (N =15.91, sy = 0.86) CDCl; 2.59 x 1072 -1.59
2d (N =14.91, sy = 0.86) CDCl; 7.59 x 10 -3.12
2e (N=13.41,sn=0.82) CDCl; 9.91x10° —4.00
2f (N =11.40, sy = 0.83) CDCl; 481 x10° -5.32
E of 1b -18.2

2 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 Ar,CH* (counterion: TfO") in CH2Cl, and resulting nucleophilicity parameters N (sn) for 1b.

AI’2CH+a E k2(20 OC)a/ Ig kz
(M*s™h
(ani)(to)CH* 1.48 1.33 0.12
(ani),CH* 0 141 x 10?1 -0.85
(fur).CH* -1.36 6.67 x 103 -2.18
N (sn) of 1b -1.24 (0.81)
2 This work.

Table S37. Second-order rate constants kz(20 °C) for the reactions of 1b with dipolarophiles 3.

OEt SO,Ph

OEt & 0Bu # “Ph /\/\///Ph SO,Ph & SO F F106 00,6t A on # coset [ cos 71\(:025 S okt
3b 3d 3e 3h 3x i 3k 3q 3r 3t 3v
Dipolarophiles 3 Solvents k2(110 °C)?¥/ k2(20 °C)"/ lg k2
(M—l S—l) (M—l S—l)
3a(N=09.81) mesitylene 1.2x10° 4 x10710° 9.4
3b (N = 3.76) mesitylene 2x107 4x10%° -10.4
3d (N=10.78) mesitylene 1.4x10° 5x1010¢ -9.3
3e (N =-0.25) CDCl; 2.44 x 108 —7.6
3h (N=-2.77) mesitylene 1.3x10° 4 x10710°¢ -9.4
3x (N =-0.04) mesitylene 1.6x10° 6 x 10%0° -9.2
3i (E=-7.50) CDCl; 1.94 x 10°° 5.7
3k (E =-12.09) T+M¢ 6.21 x 10°8 —1.2
30 (E =-17.79) T+M¢ 2.25x 101 -9.6
3q (E =-19.05) mesitylene 6.7 x10°® 4x10°%°¢ -8.4
3r (E =-19.07) T+Mmd 1.21 x 10°8 7.9
3s (E = -19.49) T+M¢ 2.76 x 10°%° -9.6
3t (E=-22.77) mesitylene 6.1x10°5¢ 3x10°°¢ -85
3v (E = -23.59) mesitylene 6 x 1077 2x1010°¢ -9.7

2 Second-order rate constants k2(110 °C) from refs S17 and S22. ® This work, if not mentioned otherwise.
Calculated from kp(110 °C) with an assumed AS* = —150 J mol* K%, ¢ Solvent mixture T+M = ds-
toluene/mesitylene (1/1). ¢ Rate constant k,(110 °C) for the reaction of 1b with methyl methacrylate.
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Figure S7. (A) Plot of 1g k> vs. N parameters for the reactions of 1b with reference nucleophiles 2 (filled
green dots, used to construct the green correlation line) and nucleophilic dipolarophiles 3 (open green dots).
(B) Plot of Ig k> vs. E parameters for the reactions of 1b with reference electrophiles Ar,CH™ (filled blue
dots, used to construct the blue correlation line) and electrophilic dipolarophiles 3. (C) Merging the plots
of (A) and (B) by crossing the green and blue correlation lines at Ig k» = —15.75, which reflects the
hypothetical rate constant for the reaction of an electrophilic molecule 1b with a nucleophilic molecule 1b
as calculated by using Equation (1).
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(p-Nitrophenyl)diazomethane (1c)

2 1c

The Ig 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 (Ar.CH®, Table S39), and dipolarophiles 3 (Table
S40).

Table S38. Second-order rate constants k»(20 °C) for the reactions of 1c with reference one-bond
nucleophiles 2 and resulting electrophilicity parameter E(1c).

DO OQa D O
2¢ 2d 2e 2f

Nucleophiles 2 Solvents k2(20 °C)¥/ Ig k2
(M1tsh

2¢ (N =15.91, sy = 0.86) CD.Cl; 7.20 x 1073 -2.14

2d (N =14.91, sy = 0.86) CDCl; 1.93x10° -2.71

2e (N =13.41,sn=0.82) CDCl; 759 x10° —4.12

2f (N =11.40, sy = 0.83) CD.Cl; 1.80 x 10°° -5.74

E of 1b -18.3

2 From ref. S12b.
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Table S39. Second-order rate constants k»(20 °C) for the reactions of 1c with reference one-bond
electrophiles Ar,CH* (counterion: BF4") in CH,Cl and resulting reactivity parameters N and sn.

AI’2CH+a E k2(20 OC)a/ Ig kz
(M*s™)

(dpa).CH" 472 1.26x 102 2.10

(mor),CH* 553 2.16x 10 133

(mpa)2CH* 589 9.9 0.98

(dma).CH* -7.02 151 0.18

N (sn) of 1c 7.17 (0.83)

& Data from ref. S11.

Table S40. Second-order rate constants k2(20 °C) for the reactions of 1c with dipolarophiles 3.

SO,Ph /70 %
S Psopn Psor “e A FONcor Acog COLEL

3d 3 3k O 3 O 3n 30 3r 3t

Dipolarophiles 3 Solvents k2(20 °C)?/ lg ko

(M*s)

3d (N =0.78) CD.Cl; 1.65 x 10 -5.78

3i (E=-7.5) CH.Cl, 2.16 x 101 1.33

3k (E = -12.09) CH.Cl, 5.82 x 102" 1.4

31 (E = -14.07) CH.Cl, 1.74 x 102 -1.80

3n (E =-16.76) CHCl; 7.35x10° -2.13

30 (E =-17.79) CH.Cl, 1.07 x 10°2 1.97

3r (E = -19.07) CH.Cl, 1.37 x 10° 2,86

3t (E=-22.77) CHCl, 9.04 x 10°° -4.04

2 This work, if not mentioned otherwise. ® From ref. S11.
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Figure S8. (A) Plot of 1g k» vs. N parameters for the reactions of 1¢ with reference nucleophiles 2 (filled
green dots, used to construct the green correlation line) and the nucleophilic dipolarophile 3d (open green
dots). (B) Plot of 1g k» vs. E parameters for the reactions of 1¢ with reference electrophiles Aro,CH" (filled
blue dots, used to construct the blue correlation line) and electrophilic dipolarophiles 3. (C) Merging the
plots of (A) and (B) by crossing the green and blue correlation lines at 1g k» = —9.2, which reflects the
hypothetical rate constant for the reaction of an electrophilic molecule 1¢ with a nucleophilic molecule 1¢
as calculated by using Equation (1).

'

203



Chapter 6. One-Bond-Nucleophilicity and Electrophilicity Parameters: An Efficient Ordering System for 1,3-DCAs

Diphenyldiazomethane (1d)

Ph

N, =< 1d
Ph
The Ig 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 (Ar.CH®, Table S42), and dipolarophiles 3 (Table
S43).

Table S41. Second-order rate constant k»(20 °C) for the reaction of 1d with the reference one-bond
nucleophile 2d and resulting electrophilicity parameter E(1d).

O~

Nucleophiles 2 Solvents k2(20 °C)¥/ Ig k2
(M™s?)

2d (N=14.91,sy=0.86)  CDCl; 2.89x 10° 554

E of 1d -21.4

2 From ref. S12b.

Table S42. Second-order rate constants k2(20 °C) for the reactions of 1d with reference one-bond
electrophiles Ar.,CH® (counterion: BF4") in CHCl and resulting reactivity parameters N and S.

Ar,CH*? E k2(20 oC)a/ |g ko
(M*s™)

(mfa).CH* -3.85 2.30 x 10* 1.36

(dpa),CH* 472 293 0.47

(mpa),CH* 589  288x10° ~0.54

(dma).CH* —7.02 2.71x10° -1.57

N (sn) of 1d 5.29 (0.92)

2 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 k»(40°C) in DMF.

o / 0, N/
- = o LN,
/\T/ o @ S Ph\/ﬁ)\t Ph *)/
N Bu N ’
3f | !

3c 3d 3e

O
7 EtO,C. _~
g NC\/\CN 2 \/\COZEt /\COZMe /\CN/\COQEI

o 3j 3m 30 3p 3q 3r

\ [[n-2, x = NO, ﬁ
Z “CO,Et

@ AN 14 X COEL )\COZEt Phcome ™ coset M co et
3g 3h 3x -1 X ||-5j X = OMe 3s 3t 3u 3v 3w
Dipolarophiles 3 k2(40 °C)? AS* k2(20 °C)P lg k2
(Mts™ (I molt K1Y (M1s?
3¢ (N = 1.10) 2.85x 10 5x 107 6.3
3d (N =0.78) 1.23x 105 2x10°¢ 5.7
3e (N =-0.25) 3.83x10°  -138+4° 7x10°6° 5.2
3f (N=-0.87) 7.85x10° 1x10° -6.0
3g (N = -1.55) 4.45 x 107 6 x 10°¢ 7.2
3h (N=-2.77) 6 x 107 9x10° -7.0
3x (N =-0.04) 1.18 x 10 2x10° -5.7
-1 (E = -5.52) 554x10%t¢ 0.3
11-2 (E = -5.90) 473x 1049 0.3
11-3 (E = -7.20) 148x101¢ 08
I1-4 (E = -7.20) 6.48 x 1024 1.2
115 (E = -8.00) 1.76 x 1029 138
3j (E=-11.31) 7.88 x 102 3x 102 -15
3m (E =-15.71) 4.02 x 1073 1x10°3 -3.0
30 (E=-17.79) 2.47 x 1072 8x 10738 2.1
3p (E =-18.84) 8.31x 102 2x10° 2.7
3q (E = -19.05) 4.74 x 102 1x10°3 -3.0
3r (E =-19.07) 8.12 x 103 ~141 £ 1° 2x 103 2.7
3s (E = -19.49) 6.85 x 104 ° 2x 104 -3.7
3t (E=-22.77) 5.05 x 10* 1x10* —4.0
3u (E =-23.01) 7.20 x 10° 1x10° 6.0
3v (E = -23.59) 2.46 x 10°5 4x10°¢ 54
3w (E =-24.52) 1.25 x 10°° 2x10° -5.7

2 Second-order rate constants k2(40 °C) from refs S23 and S24. ® Calculated from k(40 °C) with an assumed
AS* =-140 J mol* K derived from ref. S23. ¢ Calculated from rate constants reported in ref. S23. ¢ Data

from ref. S25. ¢ Rate constant k(40 °C) for the reaction of 1d with dimethyl maleate.
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Figure S9. (A) Plot of 1g k> vs. N parameters for the reactions of 1d with the reference nucleophile 2d (filled
green dots, sy = 0.86 of 2d was used to construct the green correlation line) and nucleophilic dipolarophiles
3 (open green dots). (B) Plot of 1g k» vs. E parameters for the reactions of 1d with reference electrophiles
ArCH" (filled blue dots, used to construct the blue correlation line) and electrophilic dipolarophiles 3. (C)
Merging the plots of (A) and (B) by crossing the green and blue correlation lines at 1g k» = —14.8, which
reflects the hypothetical rate constant for the reaction of an electrophilic molecule 1d with a nucleophilic
molecule 1d as calculated by using Equation (1).
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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)

Crystallographic data.
net formula
M//g mol™!
crystal size/mm
T/IK
radiation
diffractometer
crystal system
space group
alA
b/A
c/A
af®
pre
v/°
VIA3
Z
calc. density/g cm™
wmm!
absorption correction
transmission factor range
refls. measured
Rint
mean o(l)/I
0 range
observed refls.
X, y (weighting scheme)
hydrogen refinement
Flack parameter
refls in refinement
parameters
restraints
R(Fobs)
Rw(F?)

(av017)

C11H16N20s
272.26

0.100 x 0.030 x 0.030
173.(2)
MoKa
‘Bruker D8 Venture TXS'
orthorhombic
'Pca2l
16.0043(10)
10.5037(8)
7.7419(6)

90

90

90
1301.45(16)
4

1.390

0.114
Multi-Scan
0.91-1.00
6930

0.0449
0.0514
3.200-25.348
2008

0.0473, 0.2364
mixed

0.5

2328

179

1

0.0417
0.0993
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S

shift/errormax

max electron density/e A=
min electron density/e A=

1.081
0.001
0.312
—-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*,55*)-4,5-dihydro-1H-pyrazole-3,4,5-tricarboxylate (+)-trans-4as

Crystallographic data.
net formula
M:/g mol™!
crystal size/mm
T/IK
radiation
diffractometer
crystal system
space group
alA
b/A
c/A
a/°
pre
v/°
VIAZ
Z
calc. density/g cm™
wmm!
absorption correction
transmission factor range

(av173)

C11H16N20s

272.26

0.120 x 0.090 x 0.060
173.(2)

MoKa

'‘Bruker D8 Venture TXS'
orthorhombic

‘P 212121

7.7451(3)

10.1134(4)
17.2325(7)

90

90

90

1349.81(9)

4

1.340

0.110

Multi-Scan

0.95-0.99
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refls. measured 16630

Rint 0.0293

mean o(l1)/1 0.0198

0 range 2.883-26.733
observed refls. 2722

X, Yy (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(F?) 0.1057

S 1.114
shift/errormax 0.001

max electron density/e A~ 0.263

min electron density/e A~ -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.S?®
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