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Pyridinium-Derived Mesoionic N-Heterocyclic Olefins (py-mNHOs)

Qiu Sun, Andreas Eitzinger, Robin Esken, Patrick W. Antoni, Robert J. Mayer,*

Armin R. Ofial,* and Max M. Hansmann*

Abstract: Mesoionic polarization allows access to elec-
tron-rich olefins that have found application as organo-
catalysts, ligands, or nucleophiles. Herein, we report the
synthesis and characterization of a series of 3-meth-
ylpyridinium-derived mesoionic olefins (py-mNHOs).
We used a DFT-supported design concept, which
showed that the introduction of aryl groups in the 1-, 2-,
4-, and 6-positions of the heterocyclic core allowed the
kinetic stabilization of the novel mesoionic compounds.
Tolman electronic parameters indicate that py-mNHOs
are remarkably strong o-donor ligands toward transition
metals and main group Lewis acids. Additionally, they
are among the strongest nucleophiles on the Mayr
reactivity scale. In reactions of py-mNHOs with elec-
tron-poor m-systems, a gradual transition from the
formation of zwitterionic adducts via stepwise to con-
certed 1,3-dipolar cycloadditions was observed exper-
imentally and analyzed by quantum-chemical calcula-

tions.
)

Introduction

Deprotonation of N-alkylated pyridinium salts at the N—R
group to give pyridinium ylides (Figure 1A) is an often-used
strategy to generate nucleophiles or 1,3-dipoles that undergo
further reactions with electron-poor reaction partners to
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Figure 1. (A) Deprotonation of methyl-substituted pyridinium ions
yields ylides or mesoionic N-heterocyclic olefins and 2- or 4-methylene-
dihydropyridines. (B) Established NHOs and (C) mesoionic NHOs
(mNHOs). Dipp: 2,6-diisopropylphenyl.

form, for example, Michael adducts, heterocyclic (3+2)-
cycloadducts, or cyclopropanes.!! The reactivity of such
classic pyridinium ylides can be estimated by reference to
reported pK, values® and Mayr nucleophilicity
parameters.”!

Base-activation of methyl groups at the a- and y-ring
positions of N-alkylated pyridinium ions is feasible under
relatively mild conditions and frequently used in Knoevena-
gel-type condensations with aldehydes to yield molecules
with extended n-systems.”! Furthermore, 2-methylene-1,2-
dihydropyridines have recently been utilized in addition
reactions to Michael acceptors and heterocumulenes, as
ligands for metal complexes, and for synthetizing diazoal-
kenes by diazo-transfer from azides.”!

In contrast, deprotonation of B-methyl groups in N-
alkylpyridinium ions is expected to generate thermodynami-
cally disfavored mesoionic molecules. Mesoionic compounds
are neutral molecules but require zwitterionic Lewis struc-
tures with mutually conjugated formal negative and positive
charges.”!

In 2020, the Hansmann group introduced mesoionic
polarization as a new concept to generate strongly polarized

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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olefins with exocyclic methylene (=CH,) groups.®! Such
mesoionic compounds show increased C—-C bond polar-
ization compared to well-established N-heterocyclic olefins
(NHOs; Figure 1B), which have proven to be potent organo-
catalysts, nucleophiles, and Lewis bases."' The initially
investigated mesoionic N-heterocyclic olefins (mNHOs)
were derived from triazolium (triaz-mNHO) and imidazo-
lium salts (im-NHOs) (Figure 1C). Kinetic studies showed
that triazzmNHOs are highly nucleophilic,'” and easily
activate inert small molecules such as nitrous oxide to
furnish stable diazoalkenes." Recently, mNHOs have
proven their potency as organocatalysts™ and in coordina-
tion chemistry."**

Given that mesoionic methylides with unsubstituted =
CH, groups are rare,'” the structures that result from
deprotonating the B-methyl group of pyridinium precursors
attracted our attention. Herein, we introduce pyridinium-
derived mNHOs as a new class of six-membered mesoionic
methylides. A DFT-guided design concept enabled us to
prepare and characterize a series of stable but highly
reactive py-mNHOs. Further, we define the reactivities of
py-mNHOs toward various electron-deficient reaction part-
ners by synthetic, kinetic, and quantum-chemical studies and
propose a method for predicting nucleophilic reactivities of
novel py-mNHOs.

Results and Discussion
Electronic Structure and Stability of py-mNHOs

We started with a computational analysis of the three parent
N-methyl pyridine isomers I-III with methylene-substituents
at the a-, B-, and y-ring positions (Figure 2; for full details
and references to the computational methods, see part 3 of
the Supporting Information). While the a- and y -isomers I
and III are energetically nearly equal, the mesoionic isomer
II is significantly higher in energy (475 kJmol ™), indicating
a challenge in synthetically accessing this class of mesoionic
compounds.
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Figure 2. Comparison of the relative Gibbs free energies in k] mol™' of
the parent zwitterionic pyridine isomers C;HgN at the SMD(THF)/
®B97X—D/def2-TZVP//SMD(THF)/B3LYP—D3B)/def2-SVP level of
theory.
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We further considered the relative energies for the
isomeric structures that could originate from the deprotona-
tion of different sites at the pyridinium ring (IV-VII).
Interestingly, the N-heterocyclic carbenes IV and VII are
even lower in energy (+72.3 kJmol™" and +71.6 kJmol™)
than the olefin IT (+75 kJmol™"), suggesting the necessity to
substitute the 2- and 6-positions.” Note, that in II the
negative charge is delocalized within the n-system, while for
the N-heterocyclic carbenes (IV-VII) it is located (and not
delocalized) in the plane of the heterocyclic ring. Also, the
energy for N-methyl deprotonation to give the pyridinium
ylide VI (742kJmol") is comparable to that of the
desired mesoionic olefin II, suggesting N-arylation to avoid
N-alkyl deprotonation pathways.?"!

On this basis, we designed la as a possible target
molecule for our studies on py-mNHOs (Figure 3A). In 1a,
N-arylation is combined with bearing another three phenyl
substituents in the 2-, 4-, and 6-positions of the pyridinium
ion. Symmetrical 3,5-dimethylation of the precursor should
then allow selective access to py-mNHO 1a by deprotonat-
ing one of the methyl groups through a sufficiently strong
Brgnsted base.

Next, we compared the electronic structures of the aryl-
protected target 1a and the parent py-mNHOs II computa-
tionally (Figure 3). Analysis of the frontier molecular
orbitals indicated full delocalization between the methylene
unit and the pyridine core in both molecules (Figure 3A).
The substituents introduced to stabilize 1a with respect to II
did not change the shape of the HOMO, and only minor
delocalization into the phenyl rings at ring positions 2 and 6
was seen in the LUMO. The delocalized nature of II was
further corroborated by a natural resonance theory (NRT)
analysis,? which illustrated the mesoionic nature of the py-
mNHO system (Figure 3B shows structures with a sum of
61.3%).

We then analyzed to which extent the aromaticity of the
pyridinium core in II or 1a remains conserved. To study the
magnetic criterium for aromaticity, NICS(1),,-scans (dis-
tance from plane 1 A) were performed on the three different
isomers I-1II, 1a, and the unsubstituted N-methylpyridinium
ion (Figure 3C).”™ The comparison of these species indicates
that the py-mNHOs either display no significant magnetic
shielding or deshielding (I, III) or show moderate para-
tropicity (I, 1a). In contrast, significant diatropicity is
observed for the aromatic N-methyl-pyridinium ion itself.
Paratropicity is typically associated with antiaromaticity.
However, further analysis of the aromaticity of II by
homodesmotic reactions indicates significant resonance
stabilization of the methylene or butadiene unit (Fig-
ure 3D).*" In analogy to other mesoionic compounds, py-
mNHOs, like II or 1a, might be best described as non-
aromatic. The formation of an aromatic pyridinium hetero-
cycle through the reaction of the exocyclic methylene group
with an electrophile could thus contribute significantly to
the thermodynamic driving force for reactions of the py-
mNHOs.
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Figure 3. Analysis of the electronic structure of py-mNHOs. (A) Frontier molecular orbitals of the parent py-mNHO Il and 1a at the SMD(THF)/
B3LYP—D3B]/def2-SVP level of theory. (B) Most relevant resonance structures for py-mNHO Il according to a natural resonance theory (NRT)
analysis (C) NICS(1),,-scans (distance from plane 1 A) for the structures I-1Il, 1a, and the N-methylpyridinium ion. (D) Homodesmotic reactions

to evaluate the resonance stabilization energy of Il.

Synthesis of pyridinium-derived mNHOs (py-mNHOs)

We began our experimental study by preparing N-aryl-3,5-
dimethyl-2,4,6-triphenyl-pyridinium tetrafluoroborates 1'a—d
from anilines and 3,5-dimethyl-2,4,6-triphenylpyrylium tetra-
fluoro-borate, accessible in a multi-gram scale from propio-
phenone in a single step® (Scheme 1). Upon addition of
potassium bis(trimethylsilyl)-amide (KHMDS, 1.1 equiv.) to
a suspension of pyridinium salts 1'a—d in THF at —40°C, an
instant change from colorless to deep green solutions was
observed. By crystallization from the reaction mixture at
—40°C for 24 h, mesoionic pyridine olefins (py-mNHOs)
1a-d could be isolated as deeply green, crystalline solids in
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Scheme 1. Synthesis of mesoionic pyridine-derived N-heterocyclic ole-
fins Ta—d. Right: photo of a cuvette filled with a dilute solution of Ta
dissolved in THF at rt.
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yields of 51-77%. The intense colors originate from a
HOMO-LUMO transition in agreement with TD-DFT
calculations (see Figures S116-S121). Compounds la-d are
stable at room temperature in the solid-state under an inert
atmosphere for at least 24 h. The lifetime of 1 in solution
strongly depended on the N-aryl fragment. The (4-
trifluoromethylphenyl)-substituted 1d degraded faster than
the other py-mNHOs, while the N-mesityl fragment in 1a
significantly increased its lifetime in solution (see Figur-
es S23-S26 in the SI).

The 'H NMR spectra of 1a-d in dg-THF (at —30 or
—20°C) show two strongly high-field shifted resonances in a
range from 3 =2.44 to 2.39 ppm for the exocyclic methylene
protons, which agrees with hindered rotation around the
C=CH, bond. The slight signal broadening is caused by
small absolute values in the geminal %/ coupling constants
(<2 Hz). The chemical shift range agrees with olefin signals
observed for mNHOs, which are typically in the range from
3=2.0 to 3.6 ppm.”! The >C NMR signals of the exocyclic
methylene carbon atoms (=CH,) of 1a-d, however, reson-
ated more high-field shifted (6 =74.5-75.9 ppm) than normal
olefins but remarkably low field-shifted compared to NHOs
or mNHOs (8§ =40.2-51.8 ppm; for a summary of “C NMR
shifts, see Figure S79 in the SI).

For 1a and 1b, we obtained crystals from a THF/pentane
solution at —40°C suitable for single crystal X-ray analysis.
The solid-state structures supported the formation of py-
mNHOs as a novel class of mesoionic mNHOs (1b is shown
in Figure 4; the solid-state structure of la features nearly
identical bond parameters, see Figure S81 in the SI).’! In
the solid-state structure of 1b, the C3—C7 [1.411(1) A] and
C5-C8 [1.474(1) A] bond lengths are both shortened
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Figure 4. Comparison between X-ray solid-state structure of 1b (left)
and DFT (SMD(THF)/B3LYP—D3BJ/def2-SVP) optimized structure
(right). Thermal ellipsoids are shown with 50% probability. Selected
bond lengths are shown in [A].

compared to the corresponding C—C distances for C—CHj;
[1.506(2)/1.503(2) A] in the symmetrical pyridinium salt 1'b.
A reliable determination of the C—CH, bond length in the
solid-state is difficult due to the negligible topological
difference of CH, vs. CHj;, resulting in a superposition of
both orientations (in 1b, one orientation is slightly preferred
with a 71:29 ratio). The DFT calculations reveal more
clearly the different bond lengths: The C3—CH, bond
(138 A) is significantly shorter than the C5-CH, bond
(1.51 A) (Figure 4).

For 1b, a degradation pathway was experimentally
identified (Scheme 2). Keeping a solution of the py-mNHO
1b in benzene at room temperature for two days led to the
slow formation of a dimer (1b),, a formal (3+3) dimeriza-
tion product (Scheme 2), which was verified by X-ray solid-
state structure analysis. (1b), was formed by nucleophilic
attack on the electrophilic C2 position of the pyridine core.
The solid-state structure confirms a cis-orientation of the

HsC I 59
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’ o T el
Ph™ “N” "Ph (3+3) N -
|
A RP" pn
! (1)2, X-ray with R = 4-'Bu-CgH,
AGP (DFT) =—-144 kJ mol! (for 1a)
~174 kJ mol™ (for 1b)
—149 kJ mol! (for 1d
. mol™ (for 1d) CHs
HsC._~_-CH he H T
2 @| 8 ‘ N |
N AG = «
' X N CH
CHy p1 ~121kJ mol Nh P, 5

Scheme 2. The py-mNHOs 1 degrade in solution by (3+3)-cyclo-
additions to furnish the thermodynamically more stable dimers (1),.
Bottom: Energetics for the dimerization of the model compound P1
(for possible transition states of the dimerization, see Figure S109 in
the Sl). Energies were calculated at the SMD(THF)/@B97XD/def2-
TZVP//SMD(THF)/B3LYP—D3B}/def2-SVP level of theory.
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two phenyl groups at the central six-membered ring in an
overall C,-trans-symmetric structure.

According to DFT calculations, the formation of the
dimer (1b), from 1b is strongly exergonic with AG=
—174 kJmol™!, and the dimerization is thus irreversible. In
agreement, attempts to liberate the monomer from the
dimer in dg-THF at 80°C in a closed NMR tube and trapping
it were not successful (see Figure S22 in the SI). Computa-
tional analysis of the dimerization of the model system P1
indicates that dimerization is energetically possible via
various low-lying transition states that can yield different
isomers via both concerted or stepwise pathways (see SI,
Figure S109 for an overview). As the dimerization for the
unsubstituted model P1 and the experimentally investigated
species 1 is computed to show similar exergonicity, the aryl
substituents predominantly stabilize 1 kinetically.

Reactivity of py-mNHOs—Novel 1,3-Dipoles

We next investigated the reactivity of the py-mNHOs. For
practical reasons we selected the most stable derivative 1a
for the reactivity studies. The reaction of 1a with the Lewis
acid B(C4Fs); gave the colorless Lewis adduct 2 (yield:
85%), which could be characterized by X-ray analysis
(Scheme 3). The solid-state structure verified the end-on
binding mode by the exocyclic methylene group to boron,
similar to the adducts previously reported for mNHOs.[¥! In
solution, 2 features NMR resonances (243 K) at §("'B)=
—13.1 ppm ['"B (v;,~30 Hz)] and A3("°F,,,) chemical shift
difference of 3.3 ppm, which is typical for tetracoordinated
boron and in good agreement with the solid-state derived
structural assignment.

Subsequently, applications of py-mNHOs in carbon-
carbon bond-forming reactions with electron-deficient n-
systems were investigated (Scheme 3). When arylidene
malonate 3¢ reacted with 1a in THF at —40°C, the reaction
mixture instantaneously turned from deep green to colorless
upon the last drop of 3¢, indicating a highly reactive
mesoionic system. The product was identified by X-ray
solid-state structure determination as the (3+2) cycloadduct
6a containing a cyclopenta[c]dihydropyridine core (yield:
83%). The formation of cycloadducts by py-mNHOs
contrasts with the reactivity of triazole- or imidazole-derived
mNHOs, which showed exclusively o-type reactivity of the
exocyclic methylene group in reactions with Michael
acceptors.®* In 6a, the phenyl group at the 4-position and
the aryl group from the dipolarophile are exclusively trans-
oriented. Most strikingly, in situ experiments of the reaction
of 1a with 3¢ in dg-benzene almost quantitatively led to
diastereomerically pure 6a (d.r. >99:1; for further details,
see Figure S31 in the SI).

Also, ethyl cinnamate (4) and butyl acrylate (5) showed
excellent reactivity towards 1a, leading to diastereomerically
pure 6b and 6c¢ in high yields of 89 % and 81 %, respectively.
To investigate whether the cycloadditions occurred via
concerted or stepwise mechanisms, we utilized E and Z-
configured olefins as stereochemical probes. Both dimethyl
maleate (7) and dimethyl fumarate (8) furnished the (3+2)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB0 17 SUOWIWLOD SAIEa1D) 3(qeat|dde ay) Aq pausenod ale sspiie YO ‘8sN JO S3|NI 10} A2Iq1T 8UIUO AB|IAA UO (SUOIIPUOD-PUR-SWLSILI0D" A8 | IM* Ae1q U1 |UO//SANY) SUORIPUOD pue SWB 1 8U1 39S *[5202/70/T0] U0 ARiq1Taulluo A3|IM ‘punwiioq BeISBAIUN ayasiuyds | AQ £828TE202 2 1Ue/Z00T 0T/I0p/W0d A3 | 1M AR 1euluo//:Sdny Wo.y papeo|umod ‘0T ‘¥20Z ‘€L/ET2ST



GDCh
~~

3c: R' = R?=CO,Et, R® = p-Me-C¢H4, R* =H
4; R'=CO,Et,R?=R3=H,R*=Ph
5: R'"=C0,Bu,R?=R®=R*=H

Research Articles

R' R3 R" R®
RZ. - - R4
Ph R2 R4
6a (from 3¢c) X-ray 13C - 3c.45
6b (from 4) X-ray || —40°C - rt
6¢ (from 5) Ph [Tj Ph 81-89%
Mes 6a-c 4 >g9:1
H3C Ph NC Ph
— \ 1"
N= Ph HsC ph” Xx~CN
Mes Ph PH +
CN P ON” pp 40°C-tt
Mes 83%
13 12 12:13 = 95:5
X-ray X-ray d.r. >99:1
Ph R
H3C
X
, R Ph
" N
i Ph
Mes CN
13"

Angewandte

intemationaldition’y) Chemie

Ph
2o
HsC c-
* fI B(CeFs)s
@
Ph” N Ph
Mes X-.ray
2
T MeO,C,  LOMe
—40°C-n MeO,C  CO,M Phy/
B(CeFs)s o2 2V€ Hie
85% 40°C-nt ||
8760 Ph” N Ph
Ph dr. > 99:1 Mes
O X-ray
HaC_~_CH, °
) G
Ph” N Ph
Mes
1a
0
—40°C-rt HsC
90% CO,Me

93%
d.r. >99:1

X-ray
10

N
Mes X-ray
15 R = p-OMe-CgH,4

Scheme 3. Reactivity of py-mNHO 1a as nucleophiles as well as 1,3-dipoles.

cycloaddition products 9 (yield: 87 %) and 10 (yield: 93 %),
respectively, which were fully characterized by spectroscopic
methods. In situ NMR spectra agreed with the isolated
products, for which exclusive formation of cis-9 and trans-10
was observed.””! The relative stereochemistry could be
unambiguously assigned by X-ray diffraction. Controlled by
the preferred trans-configuration between the pyridine’s 4-
phenyl and the vicinal ester group, three adjacent stereo-
centers are formed concomitantly. Since E- and Z-config-
ured olefins cleanly generated cis-9 and trans-10, respec-
tively, the maintained stereochemical information supports a
concerted mechanism of the 1,3-dipolar cycloaddition.

The observed high stereoselectivity might result from
steric repulsion between the ester and the 4-phenyl groups.
To investigate dipolarophiles with less voluminous acceptor
groups, we selected cinnamonitrile (11). Surprisingly, in this
case, a 95:5 mixture of 12 and 13 was isolated (total yield:
83%). In situ NMR analysis showed a similar 12:13
selectivity, while no intermediate could be detected. The
structures of 12 and 13 could be verified by X-ray
diffraction. The bicyclic, diasteromerically pure main prod-
uct 12 was characterized as the trans-configured (3+2)
cycloadduct. The formation of 13 can be explained via initial
(3+42) cycloaddition involving the 2-position instead of the

Angew. Chem. Int. Ed. 2024, 63, €202318283 (5 of 11)

4-position of the pyridine ring (intermediate 13"), which is
presumably followed by electrocyclic C-N bond cleavage of
the heterocycle to furnish the open a.f,y,6-unsaturated imine
138

Next, the reaction of indandione methide 14 with py-
mNHO 1a in toluene was investigated and shown to furnish
the zwitterion 15 (yield: 90 %), in which the indan-1,3-dione
moiety efficiently stabilizes the negative charge. The product
was analyzed by NMR spectroscopy as well as by X-ray
diffraction. Products of competing 1,3-dipolar cycloadditions
were not detected. Even upon heating a solution of
zwitterion 15 in dg-benzene at 80°C for several hours, the
NMR spectra of the sample did not show any indication of
the formation of a cyclized product.

Additionally, the scope of the dipolarophiles was
widened from C=C double bonds to n-systems with hetero-
atoms such as N=N and C=0 bonds (Scheme 4). Diisopropyl
azodicarboxylate (16) reacted smoothly with py-mNHO 1a
to give (3+2) cycloaddition product 17 (yield: 91 %), which
was fully characterized, including analysis by X-ray diffrac-
tion. The X-ray structure confirms the product to arise from
a ring closure across the 3-CH, group and the 4-position of
the pyridine core.
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Scheme 4. Reactivity towards diazo and carbonyl-electrophiles.

Benzophenones (18) with different substitution patterns
were next investigated. Initially, we successfully isolated the
expected (342) cycloaddition products 20a and 20b arising
from a 1,3-dipolar reactivity across the (3-CH,—4)-positions
of the pyridine core in high yields (90 % for 20a in 12 h and
86 % for 20b in 72 h; Scheme 4). Surprisingly, upon in situ
monitoring of the reaction progress by 'H NMR spectro-
scopy at —40°C, the formation of intermediates 19a/b could
be detected, which selectively rearranged into 20a/b (see
Supporting Information). Notably, electron-donating sub-
stituents on the benzophenone decreased the rate for the
rearrangement from 19b to 20b compared to 19a/20a. In
both cases, we could isolate the intermediates 19 in
moderate yields (63 % and 65 %) and characterize them at
—40°C by NMR spectroscopy. Crystalline 19b could be
obtained in THF/pentane solution at —40°C, whose X-ray
analysis confirmed a 1,3-dipolar cycloaddition across the (3-
CH,—2)-positions of the pyridine core (see SI, Figure S93).

Calculations at the SMD(THF)/@B97X-D/def2-TZVP//
SMD(THF)/B3LYP-D3BJ/def2-SVP level of theory indi-
cate that the (3-CH,—4)-cycloaddition products 20 are the
thermodynamically favored products. Interestingly, in the
(3-CH,—2)-cycloaddition product 19, the electrocyclic ring
opening, as observed for 13’13, does not seem to occur,
and instead, the C—O bond of the N,O-acetal unit is broken.
DFT calculations could not confirm the existence of a
zwitterionic intermediate, and C—O bond breakage only
leads to a flat region on the energy surface from which
subsequent cyclization to the other isomer presumably
occurs (for DFT calculations comparing the different
reaction pathways, see Table S13 and Figure S115).*

Concerted vs. Stepwise (3 +2) Cycloaddition

The cycloaddition experiments with dimethyl maleate (7)
and dimethyl fumarate (8) resulted in exclusively cis and
trans-configured products supporting a concerted mecha-
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nism of the 1,3-dipolar cycloaddition.”” In contrast, experi-
ments with the benzylideneindan-1,3-dione (14) to give the
open adduct 15 and with B(C4Fs); to give 2 confirmed an
initial attack of the exocyclic 3-CH, group at the Michael
system or the boron-centered Lewis acid, respectively, with
the formation of zwitterionic products. To get more insight
into the mechanism of the (3+2) cycloaddition, we quan-
tum-chemically investigated the reaction between la and
electrophiles/dipolarophiles with different electronic proper-
ties.

Initially, the mechanism of the reaction of la with
cinnamonitrile (11) was computationally studied. The reac-
tion of these substrates was computed to proceed via rate-
limiting C—C bond formation between the exocyclic meth-
ylene group of 1a and the Michael acceptor 11 via TS1
(Figure 5SA), which, due to hindered rotation, can pass
through two different rotamers TS1g,, or TS1z,. Depend-
ing on the specific conformer for TS1g,, or TSlgyg, the
cycloadduct can be formed directly via an asynchronous
concerted/two-step no-intermediate mechanism or through a
zwitterionic intermediate (see insert in Figure SA for the 3D
structure of the lowest conformer for TS1). In cases where
intermediates were observed, only a small subsequent
barrier via TS2 could be observed. Due to the reaction
proceeding either by an asynchronous concerted pathway or
via a small barrier in TS2, the regio- and diastereoselectivity
is set by the orientation and conformation of the substrates
at the transition state TS1. Further analysis of the potential
energy surface for the reaction of 1a with 11 confirmed this
interpretation. After forming the first C—C bond through
conjugate addition of the methylene unit of 1a at 11, the
reaction coordinate points to a flat region on the potential
energy surface, from where the product is attainable.
Despite these insights, our computational model could not
correctly reproduce the experimentally observed selectivity
for forming the 1,4-product due to the small energetic
differences and the errors associated with the methods, and
the lowest computed transition state instead leads to the 1,2-
product.

An analogous mechanism as with 11 was computed for
the reaction of 1a with dimethyl maleate (7), which gives
zwitterionic intermediates via TS1, whose barriers for
cyclization via TS2 are so low (=~5-10kJmol™") that both
regio- and diastereoselectivity are again already determined
by the orientation of the reactants in TSI, the transition
state of the bond-formation resulting from conjugate
addition between the exocyclic methylene group of 1a and
the Michael acceptor 7 (see SI, Figure S112). We could not
localize intermediates in our computations for the reaction
of 1a with benzophenone (18a), and all transition states
directly led to cycloadducts 19 or 20. However, due to the
similarity of the computed activation barriers and the
associated error limits, we could not reproduce the kinetic
preference for the formation of 19 over 20.

Finally, we computed the mechanism for the reaction of
1a with benzylidene malonate (3b’), which features two
acceptor groups able to stabilize the zwitterionic intermedi-
ates (Figure 5B). For this system, the energy of the
zwitterionic intermediate is lowered relative to the reactants,
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Figure 5. Gibbs energy profile for (A) the concerted 1,3-dipolar cyclo-
addition of 1a with 11 and (B) the analogous stepwise reaction of 1a
with 3b'. For efficient computations at the SMD(THF) /oB97X—D/def2-
TZVP//SMD(THF)/B3LYP—D3B}/def2-SVP level of theory, the ethyl
groups of 3b were replaced by methyl groups in 3b’. All energy values
correspond to Boltzmann-weighted averages for ensembles of con-
formers. For each reaction, only the energetically more favorable
diastereomers (Prod, or Prodg) for each regioisomeric product (1,2- or
1,4-product, see the Figure for the definition of these numbers) are
depicted. For the full energy profiles and details on the computations,
see Figures S111 and S113 in the SI.

and a significantly larger barrier for subsequent ring closure
via TS2 is observed. Computations indicate that cyclization
to yield the 1,2-cycloaddition products is kinetically unfa-
vored. Cyclization to the 1,4-products is kinetically signifi-
cantly more favorable, and the stereoisomer corresponding
to the experimentally isolated product resembles the
thermodynamic product of the reaction. Again, the potential
energy surface was quantitatively evaluated (Figure S110).
In contrast to the surface computed for the reaction of 1a
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with 11, the zwitterionic intermediate corresponds to a local
minimum on the potential energy surface with 3b’.

Further increasing the stabilization of the zwitterionic
intermediate fully inhibits ring closure, as experimentally
observed in the reaction of la with indandione 14 and
computationally verified by the zwitterionic adduct being by
19.5kJmol™' more stable than the corresponding cyclo-
adduct.

Donor Properties, Bronsted Basicities and Nucleophilicities

Tolman electronic parameters (TEP). After assessment of
the reactivity of the py-mNHOs, we experimentally quanti-
fied their overall donor properties. For this purpose, the
rhodium carbonyl complex 21 was prepared by reacting 1a
with rhodium carbonyl dimer [Rh(CO),Cl], (Scheme 5).

The end-on binding mode by the exocyclic methylene
carbon to rhodium in 21 (yield: 90 %) could be structurally
verified by X-ray diffraction (Figure 6).”! IR stretching
frequencies of the Rh-complex 21 were measured to
characterize the overall donor property of the corresponding

Ph HsC % H\C'g co
3 Z A ).
HiC A~ CH2 412 [R(cOY,CIL ;@I \Bh‘co
oo o N cl
Ph” N’ “Ph —40°C-rt Pr= N Ph
Mes 90% Mes
X-ray
1a 21
Dipp Dipp Dipp Dipp Ph
N "HaC
N ! =
[ % [ = e M P gk
e N5 Z
. Dipp Dipp 1 Ph™ °N” "Ph
Dipp Dipp Ph : Mes
X X Xi Xil 5 1a
20314 > 20302 > 20232 i~ 20236

TEP 20511 > ' .
fem™ T T TR T

Scheme 5. Top: Preparation of the rhodium complex 21. Bottom:
Selected TEP values of strong carbon donors from ref. [8].

Figure 6. X-ray solid-state structure of rhodium complex 21. Thermal
ellipsoids are shown with 50% probability. Hydrogen atoms (except
—CHj; and —CH,) were omitted for clarity. Selected bond parameters in
[A] and []: N1=C1 1.365(2), C1—C2 1.390 (2), C2—C3 1.400(2), C3—C4
1.409(2), C4—C5 1.405(2), N1-C5 1.372(2), C2-C6 1.507(2), C4—C7
1.478(2), Rh1—C7 2.155(1), Rh1—C35 1.893(2), Rh1—C35 1.825(2),
C5-C4—C7 122.0(1), C3—C4—C7 120.5(1), C4—C7—Rh1 110.9(1).
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olefin 1a by the Tolman electronic parameter (TEP).P"
Solution (CH,Cl,) phase IR bands of 21 are at v=
2044.6 cm™" and 1964.0 cm™' (v,,=2004.3 cm™') and allow to
derive a TEP value according to TEP=0.8001 v, +
420 cm ™' P of 1a to be 2023.6 cm™', which represents an
exceptionally strong donor exceeding strong carbon donors
such as IPr carbene (IX), NHO (X) and triaz-mNHOs (XI)
(Scheme 5).®! The TEP of 1a is one of the lowest TEP values
reported and very close to the one of the so far strongest
donor, the imidazole-derived mNHO XII (Scheme 5).

Additionally, the metal-ligand binding affinity was
evaluated by ligand-exchange reactions at the L(Rh(CO),Cl
complex. Upon mixing 21 with mNHO XI in a 1:1 ratio in
ds-THF a 1:2 mixture of free py-mNHO 1a and triaz-
mNHO XI as well as the corresponding rhodium complexes
was observed. Addition of carbene IX to 21 liberated py-
mNHO 1a and generated the carbene-rhodium complex
(for more information, see Figure S75-78). The formation of
the carbene complex can be attributed to the thermody-
namically more stable C—Rh bond due to n-backdonation,
similar to the previously observed ligand exchange reactions
with triaz-mNHOs."!

Bronsted basicity. We then investigated the Brgnsted
basicity of 1a relative to triaz-mNHO XI (Scheme 6). Upon
addition of 1a to a THF solution of the triazolium salt 22-
PF¢ we could observe an instant color change from green to
purple and detect by '"H NMR spectroscopy the quantitative
formation of triaz-mNHO XI and pyridinium salt 1'a-PF,.
Hence, it can be concluded that the overall donor properties
and the basicity of the new py-mNHOs 1 outperform those
of the previously reported triaz-mNHOs (N-Dipp).

Kinetics of the reactions of py-mNHO with Michael
acceptors. We recently observed that the TEP value is not a
good indicator to quantify the nucleophilicities of mesoionic
olefins."™ Therefore, we targeted the quantification of the
nucleophilicity of 1a by kinetic measurements to locate the
position of 1 on the well-established Mayr scale.’” Benefi-
cially, Mayr’s nucleophilicity scale already comprises entries
for classical NHOs"!! and triaz-mNHOs,!"®! which facilitates
embedding 1a in a context of structurally related nucleo-
philes.

Given that DFT calculations indicated a stepwise mecha-
nism for the reactions of 1a with arylidenemalonates 3 (see

Ph Ph
HsC._~ CH, HC_~ | CH3
Q. ®_ @
Ph”™ “N” “Ph Phe N~ Ph
PF.~ Mes
Mes 1a 6 1'a-PFg
rt
+ _ +
. dg-THF
Plpp ° Dipp
/N® ‘®
NS —cH N=N
_ /Nj/f : N%Ecm
Dipp bh ° Dipp” ©
PFg Ph
22-PFg X

Scheme 6. Relative Bronsted basicity of py-mNHO 1a and triazzmNHO
XI.
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above), we selected this class of Michael acceptors as
reference electrophiles for kinetic measurements. Arylide-
nemalonates 3a-3e were previously suggested as reference
electrophiles for the characterization of highly reactive
nucleophiles. Substituent variation at the aromatic ring
modulates the electrophilicity over five orders of magnitude,
as defined by the electrophilicities £ in Mayr’s linear free
energy relationship (1).5

Ig k,(20°C) = sy(N + E) 1)

The reactivity of a given nucleophile, such as la (in
THF), is described by two solvent-dependent parameters in
equation (1): the nucleophilicity N and the sensitivity sy.
The kinetics of the reactions of 1a with 3a—e were recorded
in THF at 20°C by stopped-flow methods following the
decay of the absorption of 1a at A=625 nm photometrically.
The electrophiles, which are transparent at this wavelength,
were used in excess, that is, [3]y/[1a],>10. Thus, first-order
rate constants k,, could be derived from the decay curves
by fitting the exponential function A,=A, exp(— kyt) +C,
and second-order constants k, (Table 1) were obtained as
the slopes of the linear relationships of k, vs [3], (see part 2
of the Supporting Information for details).

According to Equation (1), the nucleophile-specific
parameters N (and sy) of py-mNHO 1a were obtained from
the linear relationship of lg k, with the reported electro-
philicities E of the reference compounds 3a—e (R*>=0.9996,
Figure S98, Supporting Information). With N=26.16 (sy=
0.52), py-mNHO 1a is among the most reactive nucleophiles
on the Mayr scale.’™ Its reactivity is considerably higher
than those of aryl-substituted triaz-mNHOs (XL, XIII-
XVI)™! and N-heterocyclic carbenes (NHCs)P! and only
exceeded by the entirely alkylated triaz-mNHOs XVII and
XVIII (Figure 7).

Cheng and co-workers have shown that nucleophilicity
and basicity of NHOs correlate only weakly.'!) Nevertheless,
the Brgnsted basicity of the new py-mNHO class and its
nucleophilicity exceeds that of the recently reported triaz-
mNHOs (N-Dipp).

The products of the reactions of py-mNHO 1la with
Michael acceptors 3¢, 4, and 5 have been fully characterized
(Scheme 3). Further, the reactions’ DFT-calculated Gibbs
energy profiles uniformly indicated stepwise mechanisms via
rate-determining C—C bond formation between the exocy-
clic methylene unit of 1a and the electrophilic centers of the
Michael acceptors. Subsequently, the thus formed zwitter-

Table 1: Second-order rate constants k, for the reactions of py-mNHO
1a with diethyl arylidenemalonates (reference electrophiles) in THF at
20°C.

X—CgH,-CH=C(CO,Et), Mayr E k, (M7's™)
3a (X=4-CN) —18.06 1.63x10°
3b (X=H) —20.55 8.17x10°
3¢ (X=4-Me) -21.11 4.35x107
3d (X=4-OMe) —21.47 2.96x10°
3e (X=4-NMe,) -23.10 3.75x10'
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Figure 7. Mayr nucleophilicity scale for mNHOs and some NHCs.

ions may collapse via low barriers (or even barrierless) to
give the isolated cyclic products (Figure 5 and Supporting
Information). Given that Michael additions follow analo-
gous mechanisms, we tested the predictive power of N (and
sy) of 1a for reactions with the electrophiles 4 and 5, which
did not belong to the set of reference electrophiles used to
derive the nucleophilicity parameter.

The comparison of k,"9' values, calculated by using E, N,
and sy in equation (1), with experimentally determined
second-order rate constants k,”? indicates for all inves-
tigated combinations of Michael acceptors with py-mNHO
1a an accuracy of the predictions within approximately one
order of magnitude (Table 2). Also, the reactivity of la
toward the heterocumulene PhNCNPh is well reflected by
the Mayr reactivity parameters. We thus conclude that
further reaction partners for the novel class of py-mNHOs
can be selected by screening the various types of electro-
philes in Mayr’s reactivity database.[*3367]

In previous work, we have shown that the linear
relationship of Mayr N parameters with a combination of

Table 2: Comparison of predicted and experimentally determined
second-order rate constants k, for the reactions of py-mNHO 1a with
Michael acceptors (THF, 20°C).

electrophile Mayr E k" k™ k, >/
(M—l 5—1) (Mf] S—l) K,
acrylonitrile —19.058  4.98x10°  1.84x10* 3.7
PhNCNPh —20.14"  135x10°  2.10x10° 1.6
tbutyl acrylate (5)  —20.228  123x10°  1.86x10° 1.5
ethyl cinnamate (4)  —24.5281  7.13 7.93x10' 11
cinnamonitrile (11) ~ —24.60°  6.47 6.52x10' 10

[a] With E from ref. [36]. [b] With E from ref. [37].
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quantum-chemically calculated methyl cation affinities
(MCAs) and buried volumes (% V) enables the prediction
of the nucleophilicity of modified mNHO structures.'”) The
corresponding data for py-mNHO 1la (MCA=
512.5kJmol™!; %V,,,=34.7) matches very well with the
existing correlation for triaz-mNHOs, and N of 1b-d can be
predicted straightforwardly, as depicted in Figure 8.

Conclusion

We introduced non-stabilized (=CH,) mesoionic N-hetero-
cyclic olefins containing the pyridine heterocycle as a novel
class of mesoionic compounds. Similar to previously
described five-membered heterocyclic mesoionic methylides,
the new olefins are strong carbon-based o-donors. Addition-
ally, they offer intriguing reactivity as 1,3-dipoles. Two 1,3-
dipolar cycloaddition modes are accessible, which yield five-
membered rings across the exocyclic methylene group and
either the 4-position or the 2-position of the pyridinium
core. In both cases, high diastereoselectivities were observed
in reactions that formed up to three adjacent stereocenters
in a single synthetic step. Quantum-chemical calculations
show a dipolarophile-dependent gradual transition from
stepwise to concerted mechanisms of the (3+2)-cycloaddi-
tions. Donor properties and nucleophilicities were deter-
mined based on TEP values and kinetic measurements,
respectively, quantifying py-mNHOs as strong o-donors and
highly nucleophilic substrates on the Mayr reactivity scale.

This new class of carbon-centered, strong py-mNHO
donors should enable applications in transition metal or
main group chemistry as highly potent donor ligands or
novel organocatalysts. The (3+2) cycloaddition mode could
also be harnessed in organic synthesis, opening up synthetic
pathways to complex bicyclic compounds. We are currently
investigating the application of py-mNHOs for the activation
of small inert molecules.

2r xvin ®
n (]
30 XVl
28 }
> 26}
24 | y
Xv Ph Predicted N:
22 |
XIll o z 1a 264
al.@, b 263
20 } PR N”Ph 1c 263
Ar 1d 251
- . \ . . . . . ,

18 20 22 24 26 28 30 32 34
aMCA + b %V + C

Figure 8. Correlation of experimental nucleophilicity N of mMNHOs with
a linear combination of MCA and %V, (data for 1a from this work
was not included when constructing the correlation line for the triazol-
mNHOs XI; XIII-XVIII). For the structure of XIX, see SI.
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