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Abstract: A series of mesoionic, 1,2,3-triazole-derived N-heterocyclic olefins (mNHOs), which have an extraordinarily
electron-rich exocyclic CC-double bond, was synthesized and spectroscopically characterized, in selected cases by X-ray
crystallography. The kinetics of their reactions with arylidene malonates, ArCH=C(CO,Et),, which gave zwitterionic
adducts, were investigated photometrically in THF at 20°C. The resulting second-order rate constants k,(20°C) correlate
linearly with the reported electrophilicity parameters E of the arylidene malonates (reference electrophiles), thus
providing the nucleophile-specific N and sy parameters of the mNHOs according to the correlation 1g k,(20°C)=sy(N+
E). With 21 < N <32, the mNHOs are much stronger nucleophiles than conventional NHOs. Some mNHOs even excel
the reactivity of mono- and diacceptor-substituted carbanions. It is exemplarily shown that the reactivity parameters thus
obtained allow to calculate the rate constants for mNHO reactions with further Michael acceptors and predict the scope
of reactions with other electrophilic reaction partners including carbon dioxide, which gives zwitterionic mNHO-
carboxylates. The nucleophilicity parameters N correlate linearly with a linear combination of the quantum-chemically
calculated methyl cation affinities and buried volumes of mNHOs, which offers a valuable tool to tailor the reactivities of
\strong carbon nucleophiles. )

Introduction

Electron-donating or -withdrawing substituents strongly
influence the reactivity of olefinic n-systems. One concept to
generate strong neutral carbon nucleophiles relies on the
ylidic polarization of n-systems by geminal substitution with
donor groups. In ketene-N,N-acetals (1,1-enediamines)
A1M for example, two dialkylamino groups transfer elec-
tron density towards the olefinic n-bond (Scheme 1). The
electron-donating effect of the two amino groups can be
further enhanced by embedding them in conformationally
rigid heterocycles (A2) (Scheme 1).%% Such strongly polar-
ized N-heterocyclic olefins (NHOs) can be represented by a
neutral (A2) or a zwitterionic Lewis structure (A2'), in
which the exocyclic methylene unit bears a negative charge.
NHOs have found plenty of applications due to their strong
donor propertiest! ranging from organocatalysis,”! over
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1,1-diamino-olefins

main group chemistry® to polymer chemistry.! Their
basicity as well as nucleophilicity are remarkably high and
exceed in many cases those of N-heterocyclic carbenes
(NHCs).®!

In 2020, the Hansmann group introduced a new concept
to generate strong carbon donors based on mesoionic
carbon-carbon bond polarization.”! Such mesoionic meth-
ylides or mesoionic N-heterocyclic olefins (mNHOs) based
on 4-methylene 1,3-imidazoles or 4-methylene 1,2,3-triazoles
(A3) cannot be described through neutral but only through
a series of zwitterionic Lewis structures (Scheme 1).101
Competition experiments as well as the Tolman electronic
parameters (TEPs) showed that the donor properties of
exocyclic methylene groups of mNHOs outperform those of
analogous =CH, groups of classical NHOs."!
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Scheme 1. Structural evolution of strong carbon-centered donors: From
acyclic 1,1-diamino-olefins over NHOs to mNHOs (Dipp =2,6-diiso-

propylphenyl).
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Rapidly after their first report, the new mNHOs A3 and
analogous imidazole derivatives were applied for the syn-
thesis of room-temperature stable diazoalkenes by the
reaction with N,O,['” in organocatalysis,"* and in coordina-
tion chemistry."! Furthermore, the triazole-derived mNHOs
were reported to undergo (4+1) cycloaddition reactions
with diazoesters,”™ and quantum chemical (DFT) calcula-
tions predicted the use of mNHOs for the decomposition of
the greenhouse gas SFq.['")

In previous work by Cheng and co-workers®™ the
reactivity of conventional NHOs in THF was quantified by
kinetic measurements and the application of equation (1).

Ig k,(20°C) = sx(N + E) 1)

In the linear free energy relationship (1), electrophiles
are characterized by an electrophilicity parameter E, and
the reactivities of nucleophiles are described by two solvent-
dependent parameters, the nucleophilicity N and the
sensitivity sy.'"'® With eq. (1), second-order rate constants
of reactions of nucleophiles with electrophiles can usually be
predicted with an accuracy of two orders of magnitude in a
reactivity range of 40 orders of magnitude.'’ In order to
explore the synthetic potential of mNHOs, i.e., to efficiently
identify potential electrophilic reaction partners and to
create a basis to design novel mNHOs with specific
reactivities, we now determined their N and sy parameters
by studying the kinetics of their reactions with well-
established reference electrophiles.

Results and Discussion
Synthesis and Characterization of mNHOs

The synthesis of a series of novel mNHOs was achieved by
deprotonation of 4-methyl-1,2,3-triazolium hexafluorophos-
phates or iodides, which are accessible by two synthetic
pathways (Scheme 2). For 1,3-diaryl substituted derivatives
we utilized the direct oxidative (342) cycloaddition of
triazenes with alkynes (route A),' reported previously for
1c and 1£"' For 1,3-dialkyl-substituted triazolium salts a
stepwise synthesis via methylation of the previously un-
known 1,3-diisopropyl-substituted 1,2,3-triazol-5-ylidenes™”
was chosen (route B).?!! Deprotonation of the triazolium
salts with potassium bis(trimethylsilyl)amide (KHMDS)
cleanly afforded the corresponding mNHOs 1a-1h in high
yields. Electron accepting (la, 1b) as well as electron
donating (1d) and sterically encumbered (1e) substituents
R’ were tolerated.

The sterically bulky N-Dipp groups are not necessarily
required to obtain stable mNHOs, and their synthesis can
also be accomplished with N-Pr groups (1g). Even fully
alkyl substituted mNHOs are synthetically accessible, as
exemplified by the isolation of mNHO 1h. The "C NMR
chemical shifts for the exocyclic =CH, moiety in 1a-1h are
in a range of 48.3-39.6 ppm, significantly high field shifted
compared to regular terminal olefins. Crystallization of
mNHO 1g furnished single crystals suitable for X-ray
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Scheme 2. Synthetic routes to triazole-derived mMNHOs Ta-1h

(Dipp =2,6-diisopropylphenyl, Tripp =2,4,6-triisopropylphenyl). Bottom
left: X-ray solid-state structure of mMNHO 1g. Thermal ellipsoids (at
100 K) are shown at the 50% probability level. Selected bond lengths
(in A): C1-C2 1.368(2); C2—C3 1.431(2); C3-N1 1.355(2); N1-N2
1.317(2); N2-N3 1.356(2).

diffraction.”'?? The crystal structure analysis shows that the
C1-C2 bond length [1.368(2) A] of 1g is much longer than
that of structurally comparable olefins (Scheme 2 and Fig-
ure $32).1

Whereas conventional NHOs are typically colorless
solids,! the mesoionic NHOs 1 were isolated as intensely
colored compounds under inert atmosphere. The absorption
maximum of mNHOs varies and shifts bathochromically
with decreasing electron density (Figure 1A, B). As shown
in Figure 1C, the absorption maxima of mNHOs, A,

—_
(o8]
L=

absorbance [a.u.]

o

400 500 600 700 20 15 -1.0 -0.5
wavelength [nm] g umo [eV]

Figure 1. (A) Optical appearance of solutions of MNHOs Ta-1h in
THF as well as (B) their UV/Vis spectra in THF and (C) the linear
correlation of A,,,, with € o
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correlate linearly with the energy of the LUMO, & yvo
(Figure 1C).!

The mNHOs are highly air-sensitive compounds as
indicated by rapid decolorization at air. However, when
stored under an inert atmosphere, the mNHOs 1a-1f persist
for days, both in solution as well as in the solid state. The N-
alkyl substituted mNHOs 1g and 1h are more prone to
decomposition (e.g., they degrade when heated at 50°C),
but are stable at room temperature for at least 24 h under
inert atmosphere.?!

Kinetic Experiments—Nucleophilicities of mMNHOs

When selecting reference electrophiles for the determination
of mNHO nucleophilic reactivities, we used Michael accept-
ors whose electrophilicities £ had previously been reliably
characterized." Hence, the product studies depicted in
Scheme 3 mainly served to identify Michael acceptors that
would enable us to determine the nucleophilicity parameters
N and sy of the mNHOs 1 from the kinetics of carbon-
carbon bond-forming reactions between mNHOs and elec-
trophiles.

First, we investigated the reactions of N-aryl and N-alkyl
substituted mNHOs 1c¢ and 1g with p-quinone methides
(pQMs) 4a and 4b in THF. The products were isolated in
52-88 % yield as zwitterions 6a—6¢ and analyzed spectro-
scopically. The pOM/mNHO adduct 6a was additionally
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Scheme 3. Reactivity of mMNHOs 1 towards electron-deficient olefins 4
or 5 (yields refer to isolated, crystallized products).
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characterized by X-ray diffraction.”'”? However, several
combinations showed significant superimposition of the UV/
Vis absorptions of NHOs and pQMs, which prevented the
photometric determination of their reaction kinetics.

The arylidene malonates Sa-5h constitute another series
of weakly reactive Michael acceptors (E=—17.7 to —23.8)
that were previously suggested as reference electrophiles for
the characterization of highly reactive nucleophiles.””! As
depicted in Scheme 3, the reactions of arylidene malonates 5§
with mNHOs 1c¢ or 1g furnished the zwitterionic adducts
7a-7¢, which were fully characterized by spectroscopic
methods and in case of 7c¢ additionally by X-ray
crystallography.”? Even the reaction of the sterically
hindered ‘Bu-substituted mNHO 1h with the weak electro-
phile 5h (E=-23.80) afforded the corresponding addition
product 7d. Since their UV/Vis absorptions overlap only
little with those of mNHOs 1 we used the Michael acceptors
5 as reference electrophiles to characterize the nucleophilic-
ities of the electron-rich mNHOs 1 through kinetic studies.

Assuming analogous reaction paths for all other mNHO/
arylidene malonate combinations, the kinetics of the adduct
formation between the mNHOs 1 and the reference electro-
philes 5 in THF (20°C) were monitored spectrophotometri-
cally by following the decay of the UV/Vis absorbances of
one of the two colored reaction partners at their A,,, using
stopped-flow techniques. Under pseudo-first order condi-
tions (one of the reaction partners was used in at least 4-fold
excess), the first-order rate constants k,,, (s~') were obtained
by least-squares fitting of the exponential function A,=A,
exp(—kqpst) + C to the experimentally observed decay of the
time-dependent absorbances. For each combination of
mNHO 1 with 5, k,, was determined at four different
concentrations of the compound used in excess, which
allowed us to calculate the second-order rate constants k,
(M's™") from the slopes of the linear correlations of kg,
with the concentration of the excess component. The work-
flow of this procedure is visualized in Figure 2 for the
combination of Sc¢ and 1b. Details of all kinetic measure-
ments are gathered in the Supporting Information. A
compilation of determined second-order rate constants k, is
provided in Table 1.

Correlation Analysis

In Figure 3, the decadic logarithm of second-order rate
constants (g k,) of reactions of mNHOs 1a-1h with the
electrophiles 5 (and 8) are plotted against the previously
reported electrophilicity parameters E. From the linear
correlations the nucleophilicities N and nucleophile-specific
sensitivity parameters sy of the mNHOs 1 in THF were
calculated using eq. (1) and listed in Table 1.

The nucleophile-specific susceptibilities sy fall within a
narrow range (0.42 to 0.61), implying that the relative
reactivities of mNHOs 1 towards electrophiles 5 depend
only slightly on the electrophilicity of the reaction partner.

Installing N-alkyl instead of N-aryl substituents at the
triazole ring increases drastically the reactivity of mNHOs.
As illustrated in Figure 3, mNHO 1g (N-R=N-Pr) reacts

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

5UB0 1] SUOWILIOD BAITER.D) 3|1 dde aU Aq PouLBACD 822 SOP1LE WO 8N JO'SBINI 10 ATRIGIT UL AB]IA UO (SUOIPUOD-PUE-SLLLBILID: B 1 AJe.q 1[BU|U0//SaNY) SUO 1 IPUOD P S | 841 885 *[7Z02/TT/BT] U0 AIgi78uliuo AB1IAN ‘Bunyfeussag pun Lozueu - Teuszaq PUNWLOQ 1eYSIPAIUN BUDSIULDR | Aq 062608202 31UB/Z00T OT/10pLI0D A3 v AReiq|[pUI U0//STiy W01y papeojumoq ‘0% ‘€202 ‘ELLET2ST



GDCh
~~

Research Articles

Angewandte

intemationaldition’y) Chemie

(A) FsC
Ph e Dipp N'Dlpp
Ph \
N, ka | N
EtOC ~ + —_— Et0,C.Q Ne
{ THF, 20 °C
Ne ) L
CO,Et I CO,Et Dipp
Dipp
5¢c 1b
(B) (C) (D)
. 0,20 r
0.8 05s &4 578 nm 08
Kobs = 5.93[5¢], + 0.0056
0,5
Kype = 0.169 51 0.15 1
So4 E 0g | \ o s TS o
< © b
o 2
é 0,3 i K. 0,10
g <
202 03
L 0,05 }
0,1
0 . . . : ] 0 0,00 . | ]
450 500 550 600 650 700 0 5 10 15 20 0,00 0,01 0,02 0,03
time (s) [5c], (M)

A (nm)

Figure 2. (A) Workflow of kinetic measurements exemplified for the reaction of 1b with 5¢ in THF at 20°C. (B) Changes in the UV/Vis-absorption
spectrum during the reaction of mMNHO 1b and arylidene malonate 5¢ in THF. (C) Monoexponential decay of the absorbance of 1b at
Amax=>578 nm in the reaction with 5¢ ([5¢],=27.5 mM). (D) Determination of the second-order rate constant k,=5.93 M~'s™' from the slope of

the linear correlation of first-order rate constants ky, (s™') with [5¢]o.

Table 1: Second-order rate constants k, (M~ s™') for the reactions of mMNHOs Ta-1h with the diethyl arylidene malonates 5a-5h (and ethyl
cinnamate 8) in THF at 20°C as well as nucleophile-specific reactivity parameters N and sy of mMNHOs 1a-1h.

Electrophiles Electrophilicity £k, (M™'s™)

Ta 1b Tc 1d Te 1f 1g Th
5a —17.67 - 2.07x10? 1.15x10° 2.46x10° 8.11x10' 5.16x10° - -
5b —18.06 2.48x10 1.19x10? 6.73x10? 1.14x10° 4.19%x10' 3.30x10° - -
5c —20.55 - 5.93 2.36x10 - - - - -
5d —21.11 1.36 - 1.07x10 2.03x10' 6.36x107"  1.11x10? 1.06x10° -
Se —21.47 8.04x107"  2.25 5.68 - 3.79x107"  4.60x10 5.21x10*
5f —23.10 1.90x10"  4.90x107" - 2.02 - - 9.39x10° -
5g —23.40 - - - - - - 4.50x10° 2.48x10*
5h —23.80 - - - - - - 3.38x10° 1.97x10*
8t! —24.52 - - - - - - - 6.77x10°
N (sn) 21.36 (0.42) 22.30 (0.49) 22.80 (0.60) 23.55 (0.56) 20.78 (0.61) 24.86 (0.52) 30.25 (0.54) 31.92 (0.52)

[a] Taken from refs. [18, 23]. [b] For the highly reactive mMNHO Th, k, of the reaction with ethyl cinnamate (8) was also considered for the

determination of N and s.

10,000 times faster than the otherwise identical N-Dipp
derivative 1c.

An interplay of steric and electronic factors accounts for
these results. As indicated by X-ray structural analysis and
quantum-chemical calculations,?! the sterically demanding
N-Dipp substituents are orthogonally oriented to the
triazole plane. For that reason, these aryl rings act as
electron acceptors and account for the fact that mNHOs
with N-Dipp (1a-1f) are less nucleophilic than those with
N-Pr substituents (1g, 1h). Steric shielding by the Tripp-
substituent in S5-position (le) leads to an even lower
nucleophilicity (N=20.78).

Figure 4A illustrates that second-order rate constants (Ig
k,) for mNHO reactions with 5 correlate linearly with

Angew. Chem. Int. Ed. 2023, 62, €202309790 (4 of 9)

Hammett substituent constants !l of aromatic substituents
at 5. Given that also the nucleophilicities N of 5-aryl-
sustituted mNHOs 1a-1d correlate well with Hammett’s ¢
(Figure 4B), a straightforward prediction of the reactivities
of so far unknown mNHOs with analogous structures
becomes feasible. A classical Hammett plot of 1g k,(5b) vs. ¢
for mNHOs 1a-1d gives a linear relationship (+*=0.98) with
a slope of —1.46, which corresponds to the Hammett
reaction constant p.

The comparison of the reactivities of mNHOs 1a-1h
with other nucleophilic compounds in Figure 5 shows that
the N-alkyl substituted mNHOs are even more reactive than
pyridinium ylides and weakly stabilized carbanions, so far
the most reactive compounds in the nucleophilicity scale.!"™
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shown in the Supporting Information.
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The nucleophilicities of the N-Dipp derivatives lie in the
same range as those of the most reactive NHCs, such as
IMes and SIMes, and exceed those of classical NHOs or
other commonly used nucleophilic catalysts (in THF) by
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Figure 5. Embedding mNHOs 1a-1h in the nucleophilicity scale (N/sy
values in parentheses were taken from ref. [18] and refer to reactions in
THF if not indicated otherwise).

several units (for example: N=16.12 for DBU; 15.90 for
DMAP; 13.59 for Ph,P).'®! The quantification of mNHO
reactivities can now be used to predict reaction times with
various types of electrophiles or novel mNHO/electrophile
combinations for synthetic applications.

Scope of mMNHO Reactions with Further Types of Electrophiles

Further Michael Acceptors. The formation of adducts from
mNHOs and pQMs 4a (E=-1729)!" and 4b (E=
—14.36)"! depicted in Scheme 3 is in line with the prediction
of fast reactions by equation (1). As illustrated in Figure 3,
we could even use the second-order rate constant k,(20°C)-
=6.77x10° M s~ of the reaction 1h+8 to extend the linear
correlation formed by the data points for the kinetics of 1h
with the arylidene malonates Sg and Sh.

Based on their high nucleophilicities N, all nNHOs 1 are
expected to undergo fast reactions with most electrophiles in
Mayr’s database of reactivity parameters, which currently
covers reactivities down to E=-29.6 (for 3-methylcyclohex-
2-en-1-one)." For example, a rate constant of 0.1 M~' s7! is
predicted by equation (1) for the reaction of mNHO 1¢ with
the weak electrophile 8 (E=-24.52). The reaction of 1¢
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with ethyl cinnamate 8 in THF accordingly furnished the
addition product which tautomerizes into 9 (Scheme 4A).?"
Isolated single crystals of (E)-9 were suitable for X-ray
diffraction, which confirmed its mesoionic structure. Con-
sequently, the exocyclic n-bond in 9 has a reduced double
bond character, which explains the observation of an (E/Z)-
mixture in the NMR spectra when crystalline (E)-9 is
dissolved in ds-benzene.*'*!

Electrophile 10 (approx. E=-9 to —10) is known to
react with secondary amines to Stenhouse adducts by amine
attack at the furyl ring and subsequent ring-opening.”” In
contrast, the mNHO addition of 1¢ to the electron-deficient
CC double bond of 10 gave 11 (Scheme 4B). Also, arylidene
malononitrile 12 (E = —13.30)"! underwent a smooth classi-
cal Michael addition with mNHO 1e¢ to furnish 13 in high
yield (Scheme 4C).

Table 2 shows that the experimental rate constants (k,“)
for the reactions of the weakly reactive mNHO 1a with tert-
butyl acrylate (14) and the S-nitrostyrene 15 as well as for the
adduct formation of the highly reactive mNHO 1h with
cinnamonitrile (16) agree with those calculated by equation (1)
within a factor of 6. It can, therefore, be expected that the
mNHO nucleophilicity parameters reported in Table 1 allow

A) Dipp Ph. Dipp Ph DiPP
Ph ! Ph 2N QN
Ph@©_N £ N B I\
N THF N \
Zo S Thoet Z o * ZNo
COEt N® " Co.et L EtO,C L
Dipp 2 Dipp 2 Dipp
1c E)-9 7)-9
E=-2452 ) @

CCDC 2271961 (48%)
5:1-mixture in CgDg

® o/ % Ph  Dipp
o i 0
Et,O \
T R oL / A
10 -78°C~rt,1h 1211 (72%)
/>0"S0 oo
E==9.-10
(©) NMe, NMe,
in Et,O Ph  Dipp
+ 1c / N\
NC~ 12 —78°C~rt, 1h NC.© N

CN E=-13.30 CN

Scheme 4. Reactivity of MNHOs 1 towards Michael acceptors (A) 8, (B)
10 and (C) 12 (yields refer to isolated products).

Table 2: Kinetics of reactions of mMNHOs with further Michael accept-
ors (in THF at 20°C).

MeO
Zco,Bu \<j\/A Pha~en
NO,
14 15 16
mNHOs  Electrophiles (E) k™ k! ky™P [k,
(M—W S—]) (M—W S—])

1a 14 (—20.22)% 1.77 3.00 11.7
1a 15 (—14.70)# 3.81x10°  6.3x102F1 6.1
1h 16 (—24.60)"! 8.82x10°  6.4x10°1 1.4

[a] Electrophilicity parameters E from ref. [18]. [b] Second-order rate
constants k,"' calculated by substituting the reactivity parameters E,
N and sy in eq. 1.
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one to generally predict the rates of mNHO reactions with
ordinary Michael acceptors with a precision of approximately
one order of magnitude.

Electrophilic Fluorination. We further challenged the use
of equation (1) for mNHOs by combining the reactivity
parameters for mNHO 1¢ (N=22.80, sy=0.60) with the
reactivity parameter E=—8.44 of the electrophilic fluorination
reagent NFSI (17).) With these reactivity data at hand, we
predicted a rapid formation (k,~10°M's™") of the
fluoromethyl-substituted triazolium salt 18 at room temper-
ature. In accord with our expectations and without further
optimization, mixing 1¢ and 17 in toluene at room temperature
furnished salt 18 in a yield of 68 % within 15 min (Scheme 5).

CO,; Fixation. Many conventional NHOs have been
described to form adducts with carbon dioxide,** for
which an £=-16.3 was estimated from its reactivity toward
the indenide anion.” Since the mNHOs are stronger
nucleophiles than ordinary NHOs, we expected that
mNHOs also form adducts with CO,. This anticipation was
realized by the observation that the N-aryl and N-alkyl
substituted mNHOs 1c¢ and 1g, respectively, furnished the
zwitterionic triazolium carboxylates 19a and 19b in good
yields (Scheme 6). The newly formed CC bond in 19a (N-
Dipp) appeared to be weak and heating at 50°C as well as
applying vacuum triggered the loss of CO, and regeneration
of the mNHO 1¢.” As a consequence, 19a was dried under
a stream of CO,. Under an atmosphere of CO,, crystals
suitable for single-crystal X-ray analysis could be
obtained.? The length of the C—CO, bond in 19a [1.5708
(18) A] is similar to that in CO, adducts of NHOs [1.549(3)-
1.598(6) A].7

In contrast, 19b, the CO, adduct of 1g (N-"Pr), is stable
at elevated temperatures or under vacuum. Thus, the CO,
binding studies suggest that 1g (with N-'Pr) is a considerably
stronger Lewis base than 1¢ (with N-Dipp) paralleling with
the nucleophilicity order for these two mNHOSs, which is
1g>1c

Dipp\ Dip;?
®N ®
v f F-N(SO5Ph); (17) N\//N/r':
/N ©Ph toluene, r.t., 15 min N (PhSO,),N®
Dipp Dipp  Ph
1c 18 (68%)

Scheme 5. Fluorination of 1c by NFSI (17).

R CO; R
®N THF, —78 °C—>r.t. oN
‘ad Y
/N O Ph vacuum or 50 °C N
R only for 19a R Ph

1c¢ (N-R = N-Dipp)
19 (N-R = N-Pr)

19a (N-R = N-Dipp), 81%
(CCDC 2271962)
19b (N-R = N-Pr), 67%

Scheme 6. Reactivity of mMNHOs 1c and 1g towards CO,. The reversibly
formed mNHO carboxylate 19a was characterized by single crystal X-
ray structure determination (refs. [21,22]).
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Phe N [Rh(CO),Cll,
[N ———
HE ~N® toluene
H

19

CCDC 2271963

Scheme 7. Preparation of the rhodium-carbonyl complex 20 including
its X-ray solid-state structure. Thermal ellipsoids are shown with 50%
probability (refs. [21,22]).

Tolman Electronic Parameters of mNHOs

The overall donor properties of mNHO ligands 1¢ and 1f
have previously been characterized by the Tolman electronic
parameter (TEP), which is derived for a given ligand L from
the IR carbonyl stretching frequencies in [(L)RhCI(CO),]
complexes.” To compare the donor properties of 1g with
those of 1¢® and 1£°! we prepared the rhodium carbonyl
complex 20 from 1g and rhodium carbonyl chloride
(Scheme 7). After unambiguously characterizing the struc-
ture of 20 by X-ray diffraction we determined the IR
spectral data. In dichloromethane solution the IR carbonyl
stretching frequencies of 20 are at v=2053.1 and
1970.6 cm™'. The averaged value v,,=2011.9cm™' for 20
which corresponds to TEP=2029.7 cm™' (calculated based
on TEP=0.8001v,,+420 cm™")?! is significantly below
those for strong carbon donors such as NHCs (v,
~2038 cm™")®) and indicates that mNHO 1g is an extraordi-

(A) Methyl Cation Affinity (MCA)

R R
-N H -N oH ®
®'T‘| =C -—>®'T‘| )G + CH
RV H RN H
R' R'
1

AGpgg(THF)

3
MCA = —AGogs

R
N CHs
/ 1>

N
ON
R
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N
R’ ‘/c/®\R
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\H X
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N~ z
R
N
FiC 1a Dipp
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a3 2 a1 o0 1 2 3 - 4 3 2 1 o 1 2z 3 &
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narily strong donor ligand. Interestingly, the v,, value for 20
is nearly identical to those reported for the analogous
[(mNHO)RhCI(CO),] complexes of 1e (v,,=2012.5cm™)
and 1f (2012.0 cm™").”! Thus, TEPs do not reflect the widely
differing nucleophilicities and Lewis basicities (see below) of
mNHOs 1c¢ and 1g, which limits the general applicability of
TEP as a predictive tool for the nucleophilic properties of
mNHOs.

Quantum-Chemical Calculations

Brgnsted basicity often correlates poorly with nucleophilic-
ity, in particular when structurally diverse systems with
varying functional groups and charges are compared.F*=
Alternatively, methyl cation affinities (MCAs), defined as
the negative Gibbs energies AG,g of a reaction of a
nucleophile with a methyl cation, were supposed to reflect
more closely the kinetically observed bond formations.
According to an extensive analysis by Baldi, Van Vranken
and co-workers, MCAs of neutral and negatively charged
(in majority C-centered) nucleophiles correlate well with
their nucleophilic reactivities (N-sy) when a COSMO(«)
solvent model was applied in the quantum-chemical
calculations.”

In an analogous approach, we calculated MCAs of
mNHOs 1a-1h (Figure 6A, C)® with the SMD continuum
solvation model for THF at the B3LYP/def2-TZVPP//
BLYP/def2-TZVPP level of theory. The correlation of
nucleophilicity N with MCA values was generally good for

(C) Correlation of N with a linear combination of MCA and %V,

34
1h
32 24
30 1 MCAE %V,
. 1a 4826 364
z 28 b 4870 356
% 2 1c 4961 355
[0}
3, 220472413 1d 4998 355
z b =-0.399849 1e  498.4 415
2 ¢ =-48.0952
120 R2=0.9726 1% 5018 319
20 1e b 1g 5227 285
th 5322 317
18

18 20 22 24 26 28 30 32 34 [EInkJmol.
aMCA +b-%V,, + ¢

(D) Predicted nucleophilicities N of mNHOs 21-24

Dipp /Pr CHs /Pr
waC:H 'ﬂ?bc'\H NN _CiH NN _C:H
P H D H mode H fpr/g\'g H
Ph Ph CH, CHj
21 22 23 24
MCA = 505.0 513.0 516.2 527.6 kJ mol™’
%V = 34.3 28.8 234 25.8
N(predicted) = 25.3 28.8 315 326

Figure 6. (A) Defining reaction for Methyl Cation Affinities (MCAs) calculated in this work at the B3LYP(SMD=THF)/def2-TZVPP//BLYP/def2-
TZVPP level of theory. (B) Viewing direction for mapping the buried volumes (%V,,,) at the exocyclic CH, group of mMNHOs as exemplified by
topographic steric maps for 1a and 1h. (C) Linear relationship of nucleophilicities N of 1a-1h with a linear combination of methyl cation affinities
(MCA) and steric (%V,,,) descriptors. Triangles for structures 21-24 show nucleophilicities N predicted on the basis of the depicted linear
correlation line. (D) Hypothetical mMNHO molecules 21-24 with calculated MCA and %V, values and predicted nucleophilicities N.

Angew. Chem. Int. Ed. 2023, 62, €202309790 (7 of 9)

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

5UB0 1] SUOWILIOD BAITER.D) 3|1 dde aU Aq PouLBACD 822 SOP1LE WO 8N JO'SBINI 10 ATRIGIT UL AB]IA UO (SUOIPUOD-PUE-SLLLBILID: B 1 AJe.q 1[BU|U0//SaNY) SUO 1 IPUOD P S | 841 885 *[7Z02/TT/BT] U0 AIgi78uliuo AB1IAN ‘Bunyfeussag pun Lozueu - Teuszaq PUNWLOQ 1eYSIPAIUN BUDSIULDR | Aq 062608202 31UB/Z00T OT/10pLI0D A3 v AReiq|[pUI U0//STiy W01y papeojumoq ‘0% ‘€202 ‘ELLET2ST



GDCh
=

the mNHOs 1a-1h (R*=0.8895). However, the mNHO 1e,
which carries the sterically demanding Tripp substituent,
was an obvious outlier (Supporting Information, p. S146).

Hence, we used the optimized structures from the MCA
calculations to determine buried volumes (% V) to
additionally account for variations of steric bulk at the
reactive exocyclic methylene group of the mNHOs (Fig-
ure 6B, C).”! The linear combination of both descriptors,
which considers contributions from methyl cation affinities
and sterics (that is, %V,,,), reliably described the exper-
imental nucleophilicities N for the entire set of the studied
mNHOs 1a-1h (n=8, R*=0.9726, Figure 6C). On basis of
these results, the design of novel mNHOs, such as the
depicted mNHO structures 21-24, with predictable nucleo-
philicities will be possible by resource efficient DFT
calculations (Figure 6C, D).[*!

Conclusion

While the persistency of mesoionic N-heterocyclic olefins
(mNHOs) with bulky 2,6-diisopropylphenyl groups at the
nitrogen atoms has been found in earlier work, we now
observed that triazole-based mNHOs with a large variety of
substituents, including 1,3,5-trialkylated variants, are persis-
tent substances at room temperature. Kinetics of the
reactions of mNHOs with arylidene malonates as reference
electrophiles showed that their nucleophilicities can be
tuned flexibly over a wide range (N=20.8 to 31.9) by
variation of the substituents. Alkyl-substituted mNHOs are
significantly more nucleophilic than their aryl-substituted
counterparts and are presently the strongest nucleophiles on
the comprehensive nucleophilicity scale of the Muenchen
group, which currently includes >1000 C-, N-, O-, P-, S-,
and Se-nucleophiles as well as almost 200 hydride donors."*
Tolman electronic parameters do not reveal the outstand-
ingly high nucleophilicities of alkyl substituted mNHOs. The
nucleophilicity parameters N of the mNHOs correlate well
with a linear combination of their methyl cation affinities
(that is, DFT-calculated Lewis basicities) and buried
volumes (that is, steric hinderance at the reaction center)
which facilitates the design of novel mNHO structures with
predictable, tailor-made reactivity and affinity towards
electrophiles. Since exemplary studies showed that rates and
products of the reactions of mNHOs with various electro-
philic reaction partners (Michael acceptors, carbon dioxide,
electrophilic fluorination reagents) can correctly be pre-
dicted by using the reactivity parameters N and sy, we
conclude that these parameters represent a reliable basis for
a systematic investigation of the synthetic potential of this
new class of compounds.
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