
Influence of N‑Substitution on the Formation and Oxidation of
NHC−CAAC-Derived Triazaalkenes
Debdeep Mandal,† Ramapada Dolai,† Ravi Kumar,‡ Simon Suhr,§ Nicolas Chrysochos,∥

Pankaj Kalita,⊥ Ramakirushnan Suriya Narayanan,† Gopalan Rajaraman,*,‡ Carola Schulzke,*,∥

Biprajit Sarkar,*,§ Vadapalli Chandrasekhar,*,†,# and Anukul Jana*,†

†Tata Institute of Fundamental Research Hyderabad, Gopanpally, Hyderabad 500107, India
‡Department of Chemistry, Indian Institute of Technology Bombay, Powai, Mumbai 400076, India
§Institut für Chemie und Biochemie, Anorganische Chemie, Freie Universitaẗ Berlin, Fabeckstraße 34−36, Berlin 14195, Germany
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ABSTRACT: We have studied the effect of N-substitution on the course of the reaction of imidazolium triflate. The reaction of
N-heterocyclic carbene with N-tBu-substituted pyrrolinium triflate afforded 2-(pyrrolidin-2-yl)-imidazolium triflate, 3R.
Treatment of 3R with potassium bis(trimethylsilyl)amide (KHMDS) leads to either the dealkylation product 4 or the
deprotonation product, triazaalkene 5, depending on the N-substitution at the imidazolium moiety. Density functional studies
using the B3LYP/TZVP setup have been employed to explore various pathways for the dealkylation reaction and the calculated
energies support the dealkylation by a large energy margin compared to the deprotonatation process. Theoretical calculations
revealed that dealkylation reaction is thermodynamically more favorable than deprotonation. The triazaalkene 5 could be
oxidized by AgOTf to the corresponding radical cation 6 and dication 7 in-situ. While 6 and 7 could not be isolated, the
formation of the former is inferred by electron paramagnetic resonance spectroscopy and its abstraction of a H-atom to afford
3Me. Similarly, the formation of the dication 7 is inferred by its ready elimination of isobutylene affording 8.

1. INTRODUCTION

In recent years, the chemistry of cyclic(alkyl)(amino)-
carbenes, CAACs has expanded in parallel to that of the
more traditional N-heterocyclic carbenes (NHC), NHCs.1

Because of the different electronic situation at the carbenic
centre of NHC and CAAC, there is a remarkable difference
in the chemistry of these two families, which is strikingly
visible in their organic chemistry,2 main group chemistry,3

and organometallic chemistry.4 As a new development of
CAAC chemistry, the combination of NHC and CAAC has
resulted in the synthesis of electron-rich triazaalkenes with
three isolable oxidation states.5 An aspect of the NHC
chemistry that needs to be emulated in CAAC chemistry is
the striking reactivity differences that are present in the
former by variation in N-substituents: aryl6 versus alkyl.7 One
of the notable examples of this reactivity difference is
demonstrated in the isolation of silicon(II)-dihalides, Si(II)X2

(X = Cl, Br, and I), I when N-2,6-diisopropylphenyl-
substituted NHC is used (Scheme 1).8 On the other hand,
use of a N-methyl-substituted NHC, a sterically less-hindered

donor center, allows the stabilization and isolation of the
dicationic Si(II)-complex, II by multiple NHC coordination
to the silicon centre (Scheme 1).9

In a further demonstration of this intriguing reactivity
variation upon change of N-substituents, recently, we
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Scheme 1. Chemical Structures of I and II (Dip = 2,6-
iPr2C6H3)
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reported the reaction of N-alkyl-substituted NHC, 1R with N-
isopropyl-substituted pyrrolinium cation, 2iPr leading to the
formation of 2-(pyrrolidin-2-yl)-imidazolium cation, III5c

(Scheme 2). From these 2-(pyrrolidin-2-yl)-imidazolium

cations N-peralkyl-substituted CAAC−NHC-based triazaole-
fins, IV have been isolated through deprotonation (Scheme
2). The electron oxidation of these triazaolefins gave radical
cations and dications which are isolable in nature.
On the other hand, we observed the “abnormal” addition

of N-aryl-substituted NHC, V with conjugate acid of CAAC,
2R under the formation of 4-(pyrrolidin-2-yl)-imidazolium
cation, VIR (Scheme 3).10 Mechanistic study revealed that

compound, VI is formed through an acid-base reaction
between V and 2iPr, that leads to the formation of 1,3-(2,6-
iPr2C6H3)-imidazolium cation, VII and free CAAC, VIIIR.
This free CAAC then underwent an oxidative addition across
the C4−H centre of 1,3-(2,6-iPr2C6H3)-imidazolium cation
and produced VIR (Scheme 3).

2. RESULTS AND DISCUSSION
Given the limited, yet, striking reactivity differences on
variation of the N-substituents, we considered the reaction of
N-alkyl-substituted NHCs, 1Me and 1iPr with N-tBu-

substituted pyrrolinium triflate, 2tBu to study the substituent
effects in product formation. The reaction of 1Me or 1iPr with
2 in tetrahydrofuran (THF) leads to the formation of 3Me

and 3iPr, respectively, as colorless solids (Scheme 4).

The formation of compounds 3Me and 3iPr were confirmed
by 1H NMR spectroscopy and X-ray crystallography. The 1H
NMR spectra of compounds 3Me (δ = 4.58 ppm), and 3iPr (δ
= 4.72 ppm) reveal characteristic singlet peaks for the “C−H”
units. These chemical shifts are considerably upfield shifted
when compared with the starting cyclic iminium salt 2 (δ =
9.08 ppm).
Single crystals of 3Me and 3iPr, suitable for XRD diffraction

were grown by slow diffusion of n-pentane into the
concentrated THF solution of 3Me and 3iPr at room
temperature. 3Me gets crystallized in a monoclinic crystal
system with the P21/n space group (Figure 1a) and 3iPr gets

crystallized in the triclinic crystal system with the P1̅ space
group (Figure 1b). Although both of these salts contained
one asymmetric carbon center, only in case of 3Me, two
enantiomers R- and S- were detected in their asymmetric
units. In both of these triflate salts, the C−N bond distances
of the imidazolium ring indicate delocalized double bond
character, whereas the C−N bond distance in the pyrrolidine
ring indicates a single bond character. Also, the central C−C
bond distance indicates a single bond character.

Scheme 2. Reaction of N-Alkyl NHC with Conjugate Acid
of N-iPr CAAC

Scheme 3. Reaction of NHCDip (Dip = 2,6-iPr2C6H3) with
Conjugate Acid of N-iPr CAAC

Scheme 4. Synthesis of 3R

Figure 1. (a) Solid-state molecular structure of 3Me (contains both
the R- and S-isomers in asymmetric unit) (thermal ellipsoids at 30%
probability level; triflate anion and all H atoms except C8−H8 and
C27−H27 are omitted for clarity). Selected bond lengths (Å) and
angles (°): C1−N1 1.326(3), C1−N2 1.335(4), C8−N3 1.463(4),
C1−C8 1.517(4), C20−N4 1.334(4), C20−N5 1.338(4), C27−N6
1.459(4), C20−C27 1.510(4), N1−C1−N2 107.3(3), N3−C8−C9
107.0(3), N4−C20−N5 106.6(3), N6−C27−C28 106.2(3). (b)
Solid-state molecular structure of 3iPr (thermal ellipsoids at 30%
probability level; triflate anion and all H atoms except C12−H12 are
omitted for clarity). Selected bond lengths (Å) and angles (°): N2−
C13 1.347(9), N3−C13 1.358(8), N1−C12 1.448(9), C12−C13
1.503(10), N2−C13−N3 107.0(6), N1−C12−C9 107.4(5).
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Subsequently, 3iPr and 3Me were reacted with KHMDS.
While the reaction with the former leads to an unprecedented
N-dealkylation product 4, the reaction with the latter leads to
the N-peralkyl-substituted NHC−CAAC-based triazaolefin, 5
(Scheme 5). These results are in contrast to those of the

related 2-(pyrrolidin-2-yl)-imidazolium triflate with N-iPr
substitution at the pyrrolidine scaffold, where the formation
of only NHC−CAAC-based triazaolefins occurred.5c The N−
C bond cleavage of formally coordinated NHC is known for
transition-metal complexes11 and low-valent low-coordinated
main group compounds.12 Density functional theory (DFT)
calculations suggest that the formation of 4 is thermodynami-
cally favorable in comparison to the deprotonation product.13

The 1H NMR spectrum of 4 showed a characteristic singlet
and septet at δ = 4.15 and δ = 4.25 ppm in a 1:1 ratio for the
tertiary C−H proton of the pyrrolidine moiety and the
isopropyl C−H proton of the imidazole moiety, respectively.
This supported the N-deisopropylation of the functionalized
imidazolium moiety. Colorless crystals of 4 suitable for X-ray
diffraction were obtained from a saturated n-pentane solution
at −35 °C after 15 days. The C8−C9 distance in 4 is
1.503(5) Å indicating a single bond between them (Figure
2a).

A computational investigation using DFT has been carried
out to understand the mechanism of 3iPr and 3Me reaction
with KHMDS. We have explored all the possible pathways
for 3iPr and 3Me reaction with the KHMDS reagent (see
Scheme 6). The reagent KHMDS abstracts hydrogen from
C1 carbon of 3iPr and 3Me to form 4′ (expected product) and
5 via transition states 3iPr-TS1a and 3Me-TS1a, respectively
(pathway a for both Scheme 6a,b), while abstraction of C4
hydrogen leads to the formation of intermediates 3iPr-Int1b

and 3Me-Int1b via 3iPr-TS1b and 3Me-TS1b, which further
with the transfer of the C4 hydrogen to C1 through the five-
membered hydrogen-transfer cyclic transition state (3iPr-TS2b
and 3Me-TS2b) gives 4′ and 5 (pathway b for both Scheme
6a,b). In case of 3iPr, C5 hydrogen abstraction through the
3iPr-TS1c leads to the formation of experimentally observed
product 4 (pathway c of Scheme 6a). We have considered
the direct attack on C4 carbon of 3iPr and 3Me with KHMDS
(3iPr-TS1b and 3Me-TS1b) to give 4 and 5′ (dealkylated
product) (pathway d Scheme 6a and pathway c Scheme 6b).
The 3iPr reacts with KHMDS to give the expected alkene

product 4′ by means of direct hydrogen abstraction from C1
carbon (3iPr-TS1a) and has a barrier height of 216.1 kJ/mol
while the C4 hydrogen abstraction transition state (3iPr-
TS1b) has a barrier height of 111.6 kJ/mol, which means C4
hydrogen is easy to abstract compared to C1 hydrogen
(Figure 3a). Then abstraction of C4 hydrogen leads to the
formation of endothermic intermediate 3iPr-Int1b with 24.3
kJ/mol energy. The transfer of C1 hydrogen to C4 carbon
through the five-membered cyclic transition state 3iPr-TS2b
has an energy barrier of 23.9 kJ/mol with respect to 3iPr-
Int1b, to form 4′. The lower energy pathway for the
experimentally expected product (4′) is pathway b which has
a barrier height of 111.6 kJ/mol (rate limiting step). Now,
the experimentally observed dealkylated product (4) for-
mation through pathway c has a barrier height of 46.4 kJ/
mol. 3iPr-TS1c) while the barrier height for pathway d is
found to be 113.6 kJ/mol (3iPr-TS1d) (Figure 3a). Among all
the pathways explored for 3iPr, the lower energy barrier is
found to be for the C5 hydrogen abstraction which leads to
the formation of 4. This observation from the computational
studies is in agreement with the experimental results. The
formation of 4 is kinetically the preferred product for 3iPr via
transition state 3iPr-TS1c.
Similarly, calculations have also been undertaken to

understand the formation of 5 from the reaction of 3Me

with KHMDS (see Figure 3b). The transition state 3Me-TS1a
is found to have a barrier of 160.6 kJ/mol for pathway a
while in pathway b, the first transition state 3Me-TS1b has a
barrier of only 29.5 kJ/mol energy. This clearly suggests that
the C4 hydrogen abstraction takes place faster compared to
C1 hydrogen. The abstraction of C4 hydrogen forms the
intermediate 3Me-Int1b which is slightly exothermic in nature
with 8.0 kJ/mol energy. The 3Me-Int1b yields 5 through the
five-membered transition state 3Me-TS2b and this has a
barrier height of 55.5 kJ/mol energy with respect to 3Me. The
dealkylation pathway c to form 5′ is found to have a barrier
height of 83.6 kJ/mol. Here, among all the pathways, the
lower energy pathway is found to be pathway b which leads
to the formation of 5 instead of the formation of 5′. From
the above mentioned observations, we can interpret that the
formation of 5 takes place first via deprotonation at C4
followed by hydrogen abstraction from C1 by C4 via the five-
membered transition state and not by the direct path as has
been witnessed for species 3iPr.
The triazaolefin, 5 is air and moisture sensitive although it

is stable in an inert atmosphere. Even after heating the
benzene-d6 solution of 5 up to 80 °C for a prolonged period
of time, we have not observed any kind of decomposition.
Triazaolefin, 5 is a dense liquid at room temperature but
could be crystallized at −20 °C as yellow color crystals. The
molecular structure of 5 reveals that the central C1−C4 bond
distance is 1.378(4) Å which indicates a double bond

Scheme 5. Reactions of 3R with KHMDS

Figure 2. (a) Solid-state molecular structure of 4 (thermal ellipsoids
at a 30% probability level and all H atoms except C9−H9 are
omitted for clarity). Selected bond lengths (Å) and angles (°): N1−
C8 1.374(4), N2−C8 1.321(4), N3−C9 1.461(4), C(8)−C(9)
1.503(5), N(2)−C(8)−N(1) 110.6(3), N(3)−C(9)−C(12)
102.5(3). (b) Solid-state molecular structure of 5 (thermal ellipsoids
at a 30% probability level; the triflate anion and all H atoms are
omitted for clarity). Selected bond lengths (Å) and angles (°): N1−
C1 1.416(3), N2−C1.
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between them (Figure 2b). The molecular structure of IViPr

is reported in the SI and it took about one month to
obtained suitable single crystals for single-crystal XRD
analysis from concentrated n-pentane solution at −20 °C
(Scheme 2 and Figure S2 in Supporting Information). The
C1−C4 bond length of IViPr is C1−C4 1.3583(18) Å which
is very close to that of 5 (1.378(4) Å).
In the cyclic voltammogram (CV) of 5, two reversible

oxidation waves at half-wave potentials of 0.16 and 0.68 V (vs
Ag wire as a pseudo reference, Figure 4) were observed.
Attempts at referencing the potentials against an internal

standard were unsuccessful owing to reactions between the
internal standards and the substrate molecules. The difference
between the oxidation potentials is 0.52 V which is larger
than that of TTF (Δ[E1/2] = 0.37 V)14 and translates to a
comproportionation (Kc) value of 6.5 × 108 for the
thermodynamic stability of the one-electron oxidized species.
Despite this high Kc value, the redox stability of compound 5
(and accordingly of [6]) is poor as the responses in the CV

were seen to collapse on repeated cycling of the CV. This
fact is likely an effect of the kinetic lability of the oxidized
forms of 5 (see below). Apart from the aforementioned two
oxidation steps, 5 also displays an irreversible reduction wave
at −1.59 V (two small waves which are a follow-up of the
oxidation waves are also observed).
Treatment of the triazaolefin, 5 with one equivalent of

AgOTf initially produced an orange-red solution along with
precipitation of metallic silver, but the orange-red color of the
solution was discharged gradually. The 1H NMR of the crude
reaction mixture indicated the formation of diamagnetic
compound, 3Me. The latter seems to form as a result of
hydrogen abstraction from the solvent by the in situ-formed
transient radical cation, 6 (Scheme 7).
The formation of 6 in solution has been confirmed by

measuring the EPR spectrum of one-electron oxidized
product of 5 with Ag+. The X-band EPR spectrum displays
a well-resolved signal centered at g = 2.003 (Figure 5). This
spectrum was simulated by considering hyperfine coupling of

Scheme 6. Schematic Representation of the Proposed Mechanism Including All the Possibilities for (a) 3iPr and (b) 3Me
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14.1, 11.6, and 9.9 MHz to three different 14N nuclei.
Calculations of the electron paramagnetic resonance (EPR)
parameters at the TPSSh/EPR-III level of theory showed
reasonable agreement between the simulated and the
calculated values (Table S1). A Löwdin spin population
analysis shows about 48% spin on the two carbon atoms of
the alkene. Additionally, the spin on the N1 atom of the
formally CAAC moiety is close to 25% (Figure S4, Table
S2).5a,c While we were able to characterize the in-situ
generated 6 through EPR spectroscopy, its stability was found

to be rather limited. Thus, the initially recorded EPR
spectrum changed to a mixture of several other radical
species within a span of 10 min at room temperature (Figures
6, S5 and S6). After 25 min, the signal converts to a
predominant triplet. This fact is perhaps an indication for the
generation of a species with a largely N-centered radical.
On the other hand, treatment of 5 with two equivalents of

AgOTf resulted in the formation of 8 in an yield of about
80% (Scheme 7). The dication, 8 is most probably generated
through isobutylene elimination15 from the N-tBu group of

Figure 3. B3LYP-computed energy profile diagram for (a) 3iPr and (b) 3Me.
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the pyrrolidinium moiety of the initially formed dication, 7.
Interestingly, the isolation of the corresponding radical cation
and dication was possible containing N-iPr unit in the formal
CAAC part, which underscores the importance of N-
substitution in tuning the reactivity of these species.5c

Subsequently, we have tried to deprotonate the dication, 8
using iPr2NEt resulting in the formation of the anticipated
monocation, 9 along with iPr2NEtHOTf. Because of the
similar solubility of both compounds we were unable to
isolate pure 9.

The molecular structure of 8 (Figure 7a) reveals that the
central C3−C8 distance is 1.482(5) Å which is closer to a
C−C single bond.

We also explored the possibility of using compound 4 as a
synthon for the synthesis of a NHC−CAAC dimer. The
reaction of 4 with MeOTf which leads to 10 (Scheme 8).

One of the isomeric forms of 10 could be crystallized and
structurally characterized (Figure 7b).
Interestingly, when compound 10 was treated with

KHMDS it underwent a dealkylation involving the N-iPr
group from the imidazolium moiety affording 11 (Scheme 8,
Figure 8).
The central C1−C4 bond distance in 11 is 1.513(2) Å,

indicating a single bond character. Finally, according to
expectations, 11 could be converted to 3Me upon reaction
with MeOTf (Scheme 8).

Figure 4. CV of 5 in THF/0.1 M NBu4PF6.

Scheme 7. 1:1 and 1:2 Reaction of 5 with AgOTf and
Synthesis of 9

Figure 5. Experimental (in THF at 295 K) and simulated EPR
spectra of radical cation 6.

Figure 6. Changes in the EPR spectrum of [6] over time. Measured
in THF at 295 K.

Figure 7. (a) Solid-state molecular structure of 8 (thermal ellipsoids
at a 30% probability level; triflate anion and all H atoms except
N3−H3N are omitted for clarity). Selected bond lengths (Å) and
angles (°): N1−C3 1.327(4), N2−C3 1.324(5), N3−C8 1.273(5),
C3−C8 1.482(5), N2−C3−N1 108.3(3), C3−C8−C11 127.4(3).
(b) Solid-state molecular structure of 10 (thermal ellipsoids at a
30% probability level; the triflate anion and all H atoms except C1−
H1 are omitted for clarity). Selected bond lengths (Å) and angles
(°): N2−C5 1.346(3), N3−C5 1.342(3), N1−C1 1.472(3), C1−C5
1.527(3), N3−C5−N2 106.78(19), N1−C1−C2 106.79(19).

Scheme 8. Synthesis of 3Me from 4
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3. CONCLUSIONS
In summary, we reveal effects of N-substitution (N-iPr vs N-
tBu) of the CAAC scaffold on the formation and oxidation of
NHC−CAAC derived triazaalkenes. While N-iPr substitution
on the imidazolium scaffold leads to the N−C bond cleavage,
N−Me substitution leads to the formation of triazaalkene.
The reactivity of these two entities has also been
demonstrated. DFT studies have been undertaken to
understand the mechanistic insights into the dealkylation
(3iPr) versus deprotonation (3Me) with KHMDS. This reveals
that the dealkylation of 3iPr via 3iPr-TS1b has the lowest
barrier of 46.4 kJ/mol while other pathways are estimated to
be higher in energy (216.1 kJ/mol for 3iPr-TS1a, 111.6 kJ/
mol for 3iPr-TS1b and 113.6 kJ/mol for 3iPr-TS1d). On the
other hand, for 3Me the barrier height for deprotonation from
C4 position is estimated to be the lowest (29.5 kJ/mol for
3Me-TS1b) compared to 3Me-TS1a (160.6 kJ/mol) and 3Me-
TS2c (83.6 kJ/mol). This clearly suggests that a small
substitution drastically alters the mechanistic pathway and
hence alkyl substitution at the N-position is critical in
deciding product selectivity.

4. EXPERIMENTAL SECTION
All experiments were carried out under an argon atmosphere using
standard Schlenk techniques or in a PL-HE-2GB Innovative
Technology GloveBox and MBraun Unilab SP GloveBox. n-Hexane,
diethyl ether, THF, and toluene were dried by the PS-MD-5
Innovative Technology solvent purification system. tert-Butyl amine
(98%) was purchased from Alfa Aesar. Diisopropylamine (98%),
isobutyraldehyde (97%) were purchased from AVRA. Isobutylene
oxide (97%) and triflic anhydride (98%) were purchased from TCI
chemicals. KHMDS (95%) and silver triflate (99%) were purchased
from Sigma-Aldrich. All chemicals except diisopropylamine were
used without further purifications. Diisopropylamine was distilled
over NaOH under argon. 1Me,16 1iPr,16 and 2,17 were prepared
according to literature procedures. Benzene-d6 was dried and
distilled over potassium under argon. Chloroform-d1 and acetoni-
trile-d3 were dried and distilled over CaH2 under argon. UV/vis
spectra were acquired using Jasco V-670 spectrometer using quartz
cells with a path length of 0.1 cm. NMR spectra were recorded on a
BrukerNanoBay 300 MHz NMR spectrometer. 1H and 13C{1H}
NMR spectra were referenced to the peaks of residual protons of
the deuterated solvent (1H) or the deuterated solvent itself
(13C{1H}). 19F{1H} NMR spectra were referenced to external
toluene−CF3. We have used 1H−1H COSY, 1H−13C{1H} HMQC
and 1H−13C{1H} HMBC to confirm the NMR peaks assignments.
Mass spectrometry was performed on an Agilent 6210 ESI-TOF in
positive mode, using high-performance liquid chromatography grade
solvents. In case of 3Me, 3iPr, 4, 5, 8, 10, and 11 elemental analyses
were performed on a VARIO EL. Melting points were determined in
closed NMR tubes under argon atmosphere and are uncorrected.

4.1. Synthesis of 2tBu. (a) Anhydrous sodium sulfate (20 g) was
added to the DCM solution of isobutyraldehyde (24.95 g, 34.5
mmol, in 100 mL of DCM). Then tert-butylamine (25.23 g, 34.5
mmol) was added slowly on it at 0 °C and the mixture was stirred
overnight at room temperature. The resulting solution was filtered
and after fractional distillation, the desired imine was obtained as a
colorless liquid. Yield: 30.4 g, 23.89 mmol (69.2%). 1H NMR (300
MHz, CDCl3, 298 K): δ 0.99 (d, 3JHH = 6.88 Hz, 6H, CH(CH3)2),
1.11 (s, 9H, C(CH3)3), 2.27−2.43 (m, 1H, CH(CH3)2), 7.34 (d,
3JHH = 6.04 Hz, 1H, NCH) ppm. (b) The resulting imine (11
mL, 66.52 mmol) was dissolved in dry diethyl ether (100 mL) in a
500 mL Schlenk flask. Then LDA (70 mL, 70 mmol, 1 M solution
in THF and hexane) was added dropwise to it at 0 °C. Ice bath was
removed after complete addition of LDA and the reaction mixture
was stirred for another 3 h at room temperature. Subsequently, all
the volatiles were removed under vacuum and the resulting residue
was dissolved in diethyl ether (250 mL) and then, isobutylene oxide
(6.70 mL, 73.18 mmol) was added slowly at room temperature. The
reaction mixture was stirred for 12 h. After that, trifluoromethane
sulfonic anhydride (13 mL, 75.72 mmol) was added at −78 °C. An
immediate white precipitation was formed. The reaction mixture was
allowed to reach room temperature slowly and stirred for another 1
h at room temperature. After that, the resulting solution was filtered
and the residue was washed with diethyl ether (50 mL) followed by
ethyl acetate (30 mL). Drying of resulting white powder under
vacuum gave target compound 2. Single crystals suitable for X-ray
diffraction were obtained by layering of petroleum ether on
saturated DCM solution at room temperature after 2 days. Yield:
9.67 g, 29.17 mmol (43.87%). mp: 156 °C (decomposed). 1H NMR
(300 MHz, CDCl3, 298 K): δ 1.46 (s, 6H, C(CH3)2), 1.71 (s, 9H,
C(CH3)3), 1.77 (s, 6H, NC(CH3)2), 2.16 (s, 2H, CH2), 9.08 (s, 1H,
CH) ppm. 13C{1H} NMR (75.43 MHz, CDCl3, 298 K): δ 26.1
(C(CH3)2), 30.5 (C(CH3)2), 31.0 (C(CH3)3), 45.3 (C(CH3)2), 52.9
(CH2), 68.0 (C(CH3)3), 82.3 (C(CH3)2), 120.9 (q, 1JCF = 320 Hz,
CF3SO3

−), 187.1 (CH) ppm. 19F{1H} NMR (169.2 MHz, CDCl3,
298 K): δ −78.3 ppm.

4.2. Synthesis of 3Me. Dry THF (30 mL) was added to the
mixture of 1Me (1 g, 8.052 mmol) and 2 (2.54 g, 7.664 mmol) at
room temperature. Then the reaction mixture was stirred for 17 h at
room temperature. On evaporation of all the volatiles followed by
washing with n-hexane (50 mL), a white solid was obtained as
desired product 3Me. Single crystals suitable for X-ray diffraction
were obtained by slow diffusion of n-pentane into a saturated THF
solution of 3Me at room temperature after 2 days. Yield: 3.290 g,
7.22 mmol (94%). mp: 96−98 °C. 1H NMR (300 MHz, CDCl3,
298 K): δ 0.67 (s, 3H, NC(CH3)2), 1.06 (s, 9H, C(CH3)3), 1.44 (s,
3H, NC(CH3)2), 1.47 (s, 6H, C(CH3)2), 1.78 (d, 1H, CH2), 2.03
(d, 1H, CH2), 2.25 (s, 3H, NC(CH3)), 2.29 (s, 3H, NC(CH3)),
3.74 (s, 3H, NCH3), 4.07 (s, 3H, NCH3), 4.58 (s, 1H, CH) ppm.
13C{1H} NMR (75.43 MHz, CDCl3, 298 K): δ 8.8 (NC(CH3)), 9.1
(NC(CH3)), 27.8 (NC(CH3)2), 29.5 (C(CH3)3), 29.6 (C(CH3)2),
32.2 (C(CH3)2), 32.5 (NCH3), 32.9 (NCH3), 33.1 (NC(CH3)2),
41.5 (C(CH3)2), 55.7 (C(CH3)3), 59.3 (CH2), 64.5 (NC(CH3)2),
67.6 (CH), 121.0 (q, 1JCF = 320 Hz, CF3SO3

−), 126.6 (NCCN),
126.7 (NCCN), 147.4 (NCN) ppm. 19F{1H} NMR (169.2 MHz,
CDCl3, 298 K): δ −78.2 ppm. HRMS (ESI-TOF) m/z: [M]+ Calcd
for [C19H36N3]

+, 306.2904; found 306.2904. Anal. Calcd for
C20H36F3N3O3S (455.24): C, 52.73; H, 7.97; N, 9.22; S, 7.04.
Found: C, 52.78; H, 7.99; N, 9.28; S 7.06.

4.3. Synthesis of 3iPr. Dry THF (30 mL) was added to the
mixture of 1iPr (1.510 g, 8.375 mmol) and 2 (2.636 g, 7.954 mmol).
Then the reaction mixture was stirred for 17 h at room temperature.
On evaporation of all the volatiles followed by washing with n-
hexane (2 × 25 mL), a white solid was obtained as the desired
product 3iPr. Single crystals suitable for X-ray diffraction were
obtained by slow diffusion of n-pentane into a saturated THF
solution of 3iPr at room temperature after 2 days. Yield: 3. 658 g,
7.149 mmol (90%). mp: 172−174 °C. 1H NMR (300 MHz, CDCl3,
298 K): δ 0.77 (s, 3H, CH3), 1.12 (s, 9H, C(CH3)3), 1.38 (s, 3H,
CH3), 1.50 (s, 3H, CH3), 1.53 (s, 3H, CH3), 1.61 (d, 3H,

Figure 8. Solid-state molecular structure of 11 (thermal ellipsoids at
30% and all H atoms except C4−H4 are omitted for clarity).
Selected bond lengths (Å) and angles (°): N1−C1 1.372(2), N2−
C1 1.321(2), N3−C4 1.464(2), C1−C4 1.513(2), N2−C1−N1
110.74(15), N3−C4−C5 102.47(13).
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NCH(CH3)2), 1.63 (d, 3H, NCH(CH3)2), 1.65 (d, 3H, NCH-
(CH3)2), 1.71 (d, 3H, NCH(CH3)2), 1.83 (d, 1H, CH2), 2.01 (d,
1H, CH2), 2.41 (s, 3H, NCCH3), 2.42 (s, 3H, NCCH3), 4.72 (s,
1H, NCH), 4.80 (sep, 1H, NCH(CH3)2), 6.13 (sep, 1H,
NCH(CH3)2) ppm. 13C{1H} NMR (75.43 MHz, CDCl3, 298 K):
δ 11.0 (NNHCCCH3), 11.3 (NNHCCCH3), 20.8 (NCH(CH3)2), 21.0
(NCH(CH3)2), 21.6 (NCH(CH3)2), 21.8 (NCH(CH3)2), 28.0
(NCAACCCH3), 29.8 (NC(CH3)3), 30.3 (NCAACCCH3), 31.9
(HCCCH3), 32.9 (HCCCH3), 40.9 (HCCCH3), 48.4
(NC(CH3)2), 50.8 (NC(CH3)2), 56.0 (NC(CH3)3), 58.4 (CH2),
64.4 (NCAACC(CH3)2), 68.8 (NCH), 121.1 (q, 1JCF = 320 Hz,
CF3SO3

−), 127.6 (NNHCCCH3), 127.7 (NNHCCCH3), 147.1 (NCN)
ppm. 19F{1H} NMR (169.2 MHz, CDCl3, 298 K): δ −78.1 ppm.
HRMS (ESI-TOF) m/z: [M]+ Calcd for [C23H44N3]

+, 362.3530;
found: 362.3530. Anal. Calcd for C24H44F3N3O3S (511.31): C,
56.34; H, 8.67; N, 8.21; S, 6.27. Found: C, 56.44; H, 8.70; N, 8.28;
S, 6.35.
4.4. Synthesis of 4. Dry toluene (40 mL) was added to the

mixture of 3iPr (0.803 g, 1.569 mmol) and KHMDS (0.329 g, 1.569
mmol) at room temperature. Then the reaction mixture was stirred
for 4 h. Subsequently, the reaction mixture was filtered and on
evaporation of the filtrate under vacuum, a light yellow colored
dense liquid of 4 was obtained. Single crystals suitable for X-ray
diffraction were obtained from saturated n-pentane solution at −35
°C after 15 days. Yield: 0.260 g, 0.813 mmol (51%). mp: 67−69 °C.
1H NMR (300 MHz, C6D6, 298 K): δ 0.68 (s, 3H, CC(CH3)2),
1.11 (dd, 6H, NCH(CH3)2), 1.21 (s, 9H, C(CH3)3), 1.40 (s, 3H,
CC(CH3)2), 1.47 (d, 2H, CH2), 1.57 (s, 3H, NC(CH3)2), 1.96 (s,
3H, NCCH3), 2.06 (s, 3H, NC(CH3)2), 2.25 (s, 3H, NCCH3), 2.93
(d, 1H, CH2), 4.15 (s, 1H, CH), 4.25 (sep, 1H, CH(CH3)2) ppm.
13C{1H} NMR (75.43 MHz, CDCl3, 298 K): δ 11.4 (NNHCCCH3),
13.4 (NNHCCCH3), 22.1 (CH(CH3)2), 25.7 (CC(CH3)2), 30.7
(CC(CH3)2), 31.8 (C(CH3)3), 32.6 (NC(CH3)2), 33.5 (NC-
(CH3)2), 40.2 (CC(CH3)2), 46.3 (CH(CH3)2), 53.8 (C(CH3)3),
56.7 (CH2), 61.8 (NC(CH3)2), 66.5 (NCAACCHC), 119.7 (NCCH3),
134.0 (NCCH3), 149.5 (NCN) ppm. HRMS (ESI-TOF) m/z: [M +
H]+ Calcd for [C19H35N3 + H]+, 320.3060; found: 320.3079. Anal.
Calcd for C20H37N3 (319.30): C, 75.18; H, 11.67; N, 13.15. Found:
C, 75.18; H, 11.70; N, 13.27.
4.5. Synthesis of 5. Dry toluene (75 mL) was added to the

mixture of 3Me (4.04 g, 8.867 mmol) and KHMDS (1.862 g, 8.867
mmol) at room temperature. Then the reaction mixture was stirred
for 4 h. The solution was filtered and after removal of the filtrate
under vacuum, a bright yellow colored dense liquid was obtained as
the desired product 5. On keeping the triazaolefin, 5 at −20 °C for
2 months bright yellow color crystals of olefin 5 suitable for X-ray
diffraction were obtained. Yield: 2.48 g, 8.117 mmol (91%). mp:
51−53 °C. 1H NMR (300 MHz, C6D6, 298 K): δ 1.34 (s, 3H,
CCH3), 1.39 (s, 9H, C(CH3)3), 1.43 (s, 3H, CCH3), 1.52 (s, 6H,
NNHCCCH3), 1.57 (s, 3H, CCH3), 1.58 (d, 1H, CH2), 1.64 (s, 3H,
CCH3), 1.85 (d, 1H, CH2), 2.83 (s, 3H, NNHCCH3), 3.27 (s, 3H,
NNHCCH3) ppm. 13C{1H} NMR (75.43 MHz, C6D6, 298 K): δ 9.4
(CCH3), 10.2 (CCH3), 28.8 (NCH3), 30.8 (NCH3), 31.0 (CCH3),
31.6 (C(CH3)3), 33.6 (CCH3), 41.4 (C(CH3)2), 42.7 (NCH3), 58.1
(C(CH3)3), 61.8 (CH2), 61.8 (C(CH3)2), 102.9 (NCAACCC), 118.2
(NNHCCCH3), 120.3 (NNHCCCH3), 151.0 (NCN) ppm. UV/vis (n-
hexane): λmax (ε) = 300 (8132.9) nm (Lmol−1 cm−1). HRMS (ESI-
TOF) m/z: [M + H]+ Calcd for [C19H35N3 + H]+, 306.2904;
found: 306.2930. Anal. Calcd for C17H27F6N3O6S2 (305.51): C,
74.70; H, 11.55; N, 13.75. Found: C, 74.68; H, 31.94; N, 13.55
(due to the sensitivity of the compound we were not able to get
satisfactory elemental analysis data).
4.6. Reaction of 5 with 1 equiv AgOTf. Inside the glovebox at

room temperature, AgOTf solution (0.175 g, 0.681 mmol in about 8
mL THF) was added dropwise to triazaolefin 5 solution (0.209 g,
0.684 mmol in 10 mL THF) at −78 °C with continuous stirring.
After complete addition of AgOTf solution, the reaction mixture was
stirred for 3 h. On evaporating all the volatiles, the obtained solid
was extracted with n-hexane. The n-hexane extract was evaporated
and 1H NMR was recorded in C6D6 which did not show any peak

of unreacted triazaolefin, 5. Then 1H NMR of the residue was taken
in CD3CN and compared with the 1H NMR of compound 3Me in
CD3CN which confirmed the formation of 3Me.

4.7. Synthesis of 8. AgOTf solution (0.694 g, 2.703 mmol, 10
mL THF) was added to the solution of 5 (0.413 g, 1.351 mmol, 15
mL THF) at −78 °C. Then the reaction mixture was slowly allowed
to reach room temperature over a period of 3 h and then stirred for
further 2 h at room temperature. Subsequently, all volatiles were
evaporated and the residue was extracted with dry acetonitrile (15
mL). After evaporation of the filtrate, an off-white solid compound
was obtained as desired product 8. Single crystals suitable for X-ray
diffraction were obtained by slow diffusion of diethylether into a
saturated acetonitrile solution of 8 at room temperature after 3 days.
Yield: 0.594 g, 1.084 mmol (80.3%). mp: 182−184 °C. 1H NMR
(300 MHz, CD3CN, 298 K): δ 1.55 (s, 6H, C(CH3)2), 1.73 (s, 6H,
C(CH3)2), 2.32 (s, 6H, NCCH3), 2.41 (s, 2H, CH2), 3.69 (s, 6H,
NCH3) ppm. 13C{1H} NMR (75.43 MHz, CD3CN, 298 K): δ 9.0
(NCCH3), 27.1 (C(CH3)2), 28.6 (C(CH3)2), 35.8 (NCH3), 48.9
(CH2), 56.7 (C(CH3)2), 75.9 (C(CH3)2), 121.6 (q, 1JCF = 320 Hz,
CF3SO3

−), 133.2 (NCCH3) ppm. 19F{1H} NMR (169.2 MHz,
CD3CN, 298 K): δ −78.5 ppm. HRMS (ESI-TOF) m/z: [M − H]+

Calcd for [C15H27N3−H]+, 248.2121; found: 248.2128. Anal. Calcd
for C17H27F6N3O6S2 (547.12): C, 37.29; H, 4.97; N, 7.67; S, 11.71.
Found: C, 37.39; H, 5.03; N, 7.77; S, 11.75.

4.8. Synthesis of 9. iPr2NEt (0.044 mL) was added to a
suspension of 8 (0.131 g, 0.239 mmol, 15 mL THF) at −78 °C.
Then the reaction mixture was allowed to reach room temperature
and stirred for another 2 h at room temperature. During this, the
suspension got completely dissolved and a clear brownish solution
was formed. On evaporation of all the volatiles, a pale brown-
colored solid was obtained which is a 1:1 mixture of 9 and
iPr2NEtHOTf. We were not able to get pure compound of 9 even
after repeating crystallization and which always contained
iPr2NEtHOTf. Therefore, we only reported the 1H and 19F{1H}
NMR data from the 1:1 mixture of 9 and iPr2NEtHOTf.

1H NMR
(300 MHz, CD3CN, 298 K): δ 1.26 (s, 6H, C(CH3)2), 1.32 (d,
12H, CH(CH3)2), 1.33 (t, 3H, CH2CH3), 1.40 (s, 6H, C(CH3)2),
1.98 (s, 2H, CH2), 2.24 (s, 6H, CCH3) 3.15 (q, 2H, CH2CH3), 3.58
(s, 6H, NCH3), 3.65 (sep, 2H, CH(CH3)2) ppm. 19F{1H} NMR
(169.2 MHz, CD3CN, 298 K): δ −79.3 ppm.

4.9. Synthesis of 10. A solution of 4 (0.589 g, 1.843 mmol, 10
mL n-pentane) was added to a MeOTf solution (0.303 g, 1.846
mmol, in 5 mL n-pentane) at −78 °C and allowed to reach room
temperature in 1 h. Then the mixture was stirred for 3 h at room
temperature which resulted in a colorless turbid solution. On
evaporation of all volatiles, white solids of 10 were obtained as an
isomeric mixture of products. Single crystals suitable for X-ray
diffraction were obtained by slow diffusion of n-pentane into a
saturated THF solution of compound 10 at −35 °C after 5 days.
Yield: 0.690 g, 1.426 mmol (77%). mp: 137−139 °C. 1H NMR
(300 MHz, CD3CN, 298 K): δ 0.65 (s, 3H, C(CH3)2), 0.68 (s, 3H,
C(CH3)2), 1.07 (s, 9H, C(CH3)3), 1.11 (s, 9H, C(CH3)3), 1.39 (s,
3H, C(CH3)2), 1.45 (s, 6H, C(CH3)2), 1.47 (s, 6H, C(CH3)2), 1.53
(s, 3H, C(CH3)2), 1.54−1.62 (m, 12H, CH(CH3)2), 1.83 (m, 2H,
CH2), 2.02 (m, 2H, CH2), 2.15 (q, 3H, CCH3), 2.16 (q, 3H,
CCH3), 2.35 (s, 6H, CCH3), 3.61 (s, 3H, NCH3), 4.03 (s, 3H,
NCH3), 4.59 (s, 1H, NCHC), 4.73 (s, 1H, NCHC), 4.88 (sep, 1H,
CH(CH3)2), 6.10 (sep, 1H, CH(CH3)2) ppm. 13C{1H} NMR
(75.43 MHz, CD3CN, 298 K): δ 8.6 (1C, CCH3), 8.9 (1C, CCH3),
11.1 (1C, CCH3), 11.3 (1C, CCH3), 20.8 (1C, CH(CH3)2), 21.2
(1C, CH(CH3)2), 21.4 (1C, CH(CH3)2), 21.6 (1C, CH(CH3)2),
27.3 (1C, C(CH3)2), 28.3 (1C, C(CH3)2), 29.5 (1C, C(CH3)2),
29.6 (3C, C(CH3)3), 29.9 (3C, C(CH3)3), 30.5 (1C, C(CH3)2),
31.9 (1C, C(CH3)2), 32.3 (1C, C(CH3)2), 33.1 (1C, C(CH3)2;1C,
NCH3), 33.2 (1C, C(CH3)2), 34.1 (1C, NCH3), 41.8 (2C,
C(CH3)2), 56.4 (1C, C(CH3)3), 56.5 (1C, C(CH3)3), 122.1 (q,
1JCF = 320 Hz, CF3SO3

−), 126.1 (1C, NCCH3), 126.5 (1C,
NCCH3), 148.0 (1C, NCN), 58.6 (1C, CH2), 59.7 (1C, CH2), 65.0
(1C, C(CH3)2), 65.1 (1C, C(CH3)2), 67.5 (1C, NCHC), 69.6 (1C,
NCHC), 129.3 (1C, CH3NCCH3), 129.8 (1C, CH3NCCH3), 147.5
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(1C, NCN), 148.0 (1C, NCN) ppm. 19F{1H} NMR (169.2 MHz,
CD3CN, 298 K): δ −79.3 ppm. HRMS (ESI-TOF) m/z: [M]+

Calcd for [C21H40N3]
+, 334.3217; found: 334.3217. Anal. Calcd for

C22H40F3N3O3S (483.27): C, 54.64; H, 8.34; N, 8.69; S, 6.63.
Found: C, 54.88; H, 8.36; N, 8.72; S, 6.73.
4.10. Synthesis of 11. Dry toluene (100 mL) was added to the

isomeric mixture of 10 (2.632 g, 5.442 mmol) and KHMDS (1.142
g, 5.442 mmol) at room temperature. Then the reaction mixture was
stirred for 4 h. The solution was filtered and after removal of the
filtrate under vacuum, a deep brown-colored dense liquid was
obtained. Single crystals of 11, suitable for X-ray diffraction were
obtained from saturated n-pentane solution at −35 °C after 20 days.
Yield: 0.220 g, 1.00 mmol (18%). mp: 71−73 °C. 1H NMR (300
MHz, C6D6, 298 K): δ 0.59 (s, 3H, HCC(CH3)2), 1.19 (s, 9H,
C(CH3)3), 1.37 (s, 3H, HCC(CH3)2), 1.55 (s, 3H, NC(CH3)2),
1.71 (s, 3H, MeNCCH3), 2.03 (s, 3H, NC(CH3)2), 2.26 (s, 3H,
NCCH3), 2.81 (s, 3H, NCH3), 3.99 (s, 1H, CH), (resonances for
CH2-moiety of pyrrolidinyl scaf fold were not found at room
temperature) ppm. 13C{1H} NMR (75.43 MHz, C6D6, 298 K): δ
8.9 (MeNCCH3) 13.5 (NCCH3), 25.0 (1C, CHC(CH3)2), 29.5
(NCH3), 30.6 (1C, CHC(CH3)2), 31.7 (C(CH3)3), 33.0 (1C,
NC(CH3)2), 33.1 (1C, NC(CH3)2), 40.3 (CHCMe2), 53.8 (CMe3),
56.7 (CH2), 61.8 (NC(CH3)2), 66.7 (NCHCMe2), 120.5
(MeNCMeCMe), 132.0 (NCMeCMe), 149.9 (NCN) ppm. HRMS
(ESI-TOF) m/z: [M + H]+ Calcd for [C18H33N3 + H]+, 292.2747;
found: 292.2746. Anal. Calcd for C18H33N3 (291.48): C, 74.17; H,
11.41; N, 14.42. Found: C, 74.42; H, 11.59; N, 14.56.
4.11. Reaction of 11 with MeOTf (Formation of 3Me). A

solution of MeOTf (0.1644 g, 1.00 mmol, 30 mL n-pentane) was
added to the n-pentane solution of 11 (0.220 g, 1.00 mmol, in 20
mL of n-pentane) at −78 °C and allowed to reach room
temperature in 3 h in stirring conditions. Then the mixture was
stirred for 2 h at room temperature which resulted in a white turbid
solution. On filtration through D-4 frit, white solids were obtained.
The 1H NMR spectrum of the white solid exactly matches with
previously obtained 3Me compound. Yield: 0.2754 g, 0.604 mmol
(60%).
4.12. Theoretical Calculations. DFT calculations for mecha-

nistic studies were carried out using Gaussian 09 suite of program.18

The geometry optimizations were performed at the B3LYP/6-31G*
level of theory.19 Frequency calculations have also been performed
at the same level of theory to check the stationary points (zero
negative frequency) and first order saddle point (single negative
frequency) for the transition state. Using the optimized geometries,
further single-point calculations have been performed employing
TZVP basis set for all atoms. The solvent effect was incorporated
using polarizable continuum model (PCM) with THF as a solvent.20

All the energies reported here are Gibbs free energies.
All calculations related to the computation of EPR parameters

were performed on the Soroban cluster of the High-Performance
Computing Center of the Freie Universitaẗ Berlin using the ORCA
4.0.1 program suite.21 In all calculations, solvent effects were
modeled using the conductor-like PCM (CPCM)22 with THF as
solvent while dispersion was accounted for by employing Grimme’s
D3 correction with Becke−Johnson damping.23 Convergence criteria
were set tight for both optimizations (TIGHTOPT) and SCF
calculations (TIGHTSCF). Restricted and unrestricted DFT
methods were employed for closed- and open-shell species,
respectively. Geometries of the native and singly oxidized species
were optimized using the BP86 functional24 and the def2-TZVP
basis set. The absence of imaginary frequencies in numerical
frequency calculations verified that true minima were obtained. For
geometry optimizations and numerical frequency calculations, the
resolution of identity approximation25 with corresponding auxiliary
basis sets26 was used to save computational costs. Single-point
calculations and calculations of EPR parameters of the singly
oxidized species were performed using the TPSSh27 functional and
the EPR-III basis set.28 Spin densities were calculated according to
the Löwdin spin population and visualized using the modified
Avogadro 1.2.0 program with an extended ORCA support.29
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