7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Electrochemical synthesis of palladium

{ M) Check for updates ‘
N-heterocyclic carbene (NHC) complexest

Cite this: Dalton Trans., 2025, 54,
10448

2 Francis Bru, {22 Maxime R. Vitale, 2

b and Catherine S. J. Cazin (2 %2

Roman V. Larkovich,
Laurence Grimaud

A novel electrochemical method for the preparation of PA—NHC (N-heterocyclic carbene) catalysts has
been developed. Unlike previously reported procedures, the present method does not employ soluble

sacrificial anodes as a metal source but makes use of well-defined Pd-containing precursors instead.
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Importantly, oxygen was observed to play a key role acting as an electrogenerated base. A superoxide
anion is formed via the reduction of oxygen at the cathode. The subsequent deprotonation of the imida-
zolium salts and reaction of NHCs with the Pd species occurs either in a sequential or in a concerted

rsc.li/dalton manner resulting in the formation of the final organopalladium product.
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Introduction

N-Heterocyclic carbenes (NHCs) hold a prevalent position
amongst privileged ligands in precisely defined organometallic
complexes utilized in academia and industry." Over the last 30
years, namely since the discovery of the first stable carbene,
significant advances have been achieved in the use of NHCs as
a “privileged” class of ligands for transition metal-based cata-
lyst preparation. Their tuneable stereo-electronic properties
have enabled this ligand family to be used to stabilise various
metal centres.>™ Once bound to a metal, they have been
shown to significantly influence catalytic performance."®
Within families of transition metal catalysts, NHCs have
played a pivotal role in palladium cross-coupling catalysis.”® It
is worth noting that well-defined Pd pre-catalysts bearing NHC
ligands display high stability, a defined Pd/ligand ratio, and
permit an understanding of the nature of the catalytically
active species.'® They currently hold an important position in
the state-of-the-art of such catalytic reactions.

Four main approaches have been deployed leading to the
isolation of PA-NHC complexes (Scheme 1). The first involves
the generation of the free carbene obtained by deprotonation
of an imidazolium salt using a strong base, followed by a sub-
sequent reaction with a Pd precursor.'’ The second strategy,
known as the transmetallation route, is based on the use of Cu
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or Ag-NHC complexes from which the NHC is transferred to a
Pd source.'? In the third route (built-in base), a ligand on a Pd
precursor acts as an internal base delivering the product
without the need for an external base.'® The most recent route,
the weak base route,'* uses a mild base (e.g. K,COj3) and offers
a number of advantages over the previously mentioned
approaches, including the possibility of performing the reac-
tion under aerobic conditions and is quite cost-effective.
Furthermore, the methodology has been shown operative in
flow,"> as well as under solventless conditions by implement-
ing ball-milling or grinding of solid reactants.'®"’
Nevertheless, state-of-the-art synthetic pathways to NHC-Pd
complexes rely on the use of a base to abstract the hydrogen
atom located at the C2 position of the imidazolium salt.

Over the last 10 years, organic electrochemistry has experi-
enced a revival leading to the development of now established
synthetic methodologies.'®'? Despite these advances, relatively
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Scheme 1 Most common synthetic pathways to Pd—NHC complexes.
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little progress has been made in applying these methodologies
to the synthesis of more intricate transition metal complexes.
Admittedly, electroreductive C-H cleavage occurring at the
cathode and forming corresponding anions, also called elec-
trogenerated bases (EGB), has been described in numerous
reports.”*>* Similarly, the cathodic electrochemical reduction
of an imidazolium cation leads to the scission of the C-H
bond in 2-position, between the two nitrogen atoms, and the
formation of free carbenes with concomitant formation of
molecular hydrogen.>®** Although at first this reaction was
studied focusing on the imidazolium electrochemical behav-
iour, the possibility of using the formed carbene as an organo-
catalyst or base was rapidly recognized.>*>® Additionally,
the described methodologies were found particularly valuable
when using imidazolium salts as ionic liquids.***°
Interestingly, it has been shown that some NHC-ligated
metal complexes can be prepared using an electrosynthetic
procedure involving an electrochemical reduction of the imida-
zolium moiety at the cathode, producing a free carbene, while
in parallel, anode oxidation liberates a metal cation in solu-
tion, and subsequent binding of both species leads to the for-
mation of M-NHC compounds. For instance, the first report
showcasing this methodology was published in 2011, by Chen
and co-workers, where this electrochemical methodology was
applied to the synthesis of cationic copper complexes bearing
NHC-ligands with N-pyridine or N-pyrimidine substituents
(Scheme 2).*" The reaction was later expanded by Willans and
co-workers by using ligands that do not have a pendant donor-
arm and delivered both neutral and cationic complexes
(Scheme 2).**% Furthermore, this approach was elaborated in
flow (continuous mode),** and expanded to other metal com-
plexes, (e.g. Au, Ni and Fe-based compounds) (Scheme 2).>*3°
Nevertheless, all described reports are restricted to a
number of examples since: (a) only few metals possess an
appropriate oxidation potential that allows them to act as a
sacrificial anode, with most noble metals being far too inert to
act in this manner (e.g. Pd and Pt); (b) in the aforementioned
examples metals are used in the form of their corresponding
cations allowing NHC ligands to bind them. The said approach
is limited to the synthesis of complexes containing only pyri-
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Scheme 2 Electrochemical pathways to M—NHC complexes.
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dine and NHC co-ligands requiring the use of alternative
metal precursors with ligands that are initially pre-installed.
Herein, we report a versatile electrochemical method for
the synthesis of Pd-NHC complexes making use of an electro-
generated base originating from O,, which, to the best of our
knowledge, is the first report of the synthesis of transition
metal-NHC complexes without the use of a sacrificial anode as

the metal source (Scheme 2).”

Results and discussion

Inspired by recent work on the weak base route,'”*” where HCI
elimination is facilitated by reaction with a base, we targeted
the removal of an HCI molecule electrochemically.>*>> The
electrochemical cell configuration used was that of an undi-
vided cell with Zn electrodes operating under aerobic con-
ditions and using the organometallic [IPrH][Pd(n*-cin)Cl,] (1b)
reagent as a palladium source.*® The palladate was selected to
enable optimization with a smaller number of variables, not
initially considering the imidazolium salt and a palladium pre-
cursor but rather an already assembled adduct combining the
two components. First the reaction was carried out at constant
current (galvanostatic mode) with a Zn electrode chosen as
anode so that its oxidation could serve as an anodic counter-
reaction for our reductive process. Gratifyingly, the reaction
under these initial conditions delivered the product in 51%
yield (Table 1, entry 1). Reasoning that organometallic inter-
mediates were involved, and that oxygen sensitivity/reactivity

Table 1 Optimization of the reaction conditions?

j=6Am2

P Zn(+) ﬁZn( ) g \®
Pr Y 'Pr

IPr-HCI + 12 _Pd_

CI\/2

MeCN nBu4NBF, (0.05 M),
galvanostatic mode, in air, r.t.

Ph

Entry Deviation from optimal conditions® Conw. (yield)?, %
14 Undivided cell 9 (51)
24 Undivided cell, Ar atm. (glovebox) 25 (18)
394 Undivided cell 59 (48)
47 [1Pr-H][Pd(n*-cin)Cl,] 100 (79)
57 Ar atm. (glovebox) 5 (<5)
67 n (€)= 2.1 F mol™* 100 (79)
74 n(e)=1F mol™ 94 (85)
87 n-Bu,NCl as a support. electrolyte 100 (76)
o4 Me,NBF, as a support. electrolyte 92 (61)
107 Et,NOTs as a support. electrolyte 78 (69)
114 j=12.0Am™ 90 (75)
124 j=2.4Am™ 91 (73)
134 Cathode = glassy carbon 100 (74)
14 None 100 (85)
15 [IPrH]BF, + 1 [Pd(n’-cin)(p-Cl)], 88 (67)

¢ Optimal reaction conditions: IPr-HCI (0.05 mmol), [Pd(n*-cin)(u-Cl)],
(0.025 mmol), n-Bu,NBF, (0.05 M), split cell, anode = cathode = Zn,
MeCN, j = 6.0 Am™>, ¢ = 52 min (1.6 F mol~ ) , in air. ? Conversion
of IPr-HCl/yield of product determined by 'H NMR (1,3,5- trlmethoxy—
benzene as internal standard). ¢Solvent saturated w1th air. ¢ Pre-
formed palladate [IPr-H][Pd(n>-cin)Cl,].
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might be at the origin of this initial moderate product yield,
our next trials were performed in the absence of oxygen in an
inert atmosphere glovebox. When conducting the reaction
under an Ar atmosphere, significant decomposition of the Pd
precursor to palladium black was observed, (Table 1, entry 2).
All subsequent reactions conducted in the undivided cell
arrangement using different electrodes delivered the product
in yields not surpassing 50% (Table S6t1). We resorted to per-
forming future reactions in air. Bubbling air through the reac-
tion mixture throughout the experiment did not lead to
improved yields (Table 1, entry 3). It appeared at this stage that
performing the electrochemistry in air and in an undivided
cell could only afford a maximum of 50% yield. The next step
was to proceed with a different cell design, and a split cell
equipped with a Nafion™ proton-exchange membrane was
used and permitted the reaction to reach a 79% yield as deter-
mined by NMR spectroscopy (Table 1, entry 4). Again, as the
cell configuration was modified, a series of experiments were
conducted under an inert atmosphere, and confirmed the
superior reaction outcome when oxygen is present (Table 1,
entry 5). The number of electrons of 1.6 F mol™" was initially
selected to ensure full conversion. This amount can be
increased to 2.1 F mol™" and lead to the complete conversion
of the palladate (Table 1, entry 6). Remarkably the conversion
does not significantly decrease while the isolated yield
remains high when a smaller number of electrons (1 F mol ™)
is used (Table 1, entry 7). Changing the electrolyte from
n-BuyNBF, to n-Bu,NCI did not lead to any increase in yield
(Table 1, entry 8). However, Me,NBF, and Et,NOTs proved to
be much less effective electrolytes for this reaction (Table 1,
entries 9 and 10). A change in the current density also affects
the reaction outcome (Table 1, entries 4, 11 and 12) and our
initial setting of 6 A m~2 appears optimum. The use of a glassy
carbon cathode in lieu of a Zn cathode led to somewhat poorer
results (Table 1, entry 13).

As the formation of the palladate (from the imidazolium
salt and the palladium dimer) is instantaneous in solution as
gauged by NMR spectroscopic studies, the protocol can be
evolved by launching the electrochemical reaction using 1 eq.
of the imidazolium salt (IPr-HCI) and 0.5 eq. of the palladium
dimer [Pd(n’-cin)(p-Cl)], (Table 1, entry 14). Finally, the effect
of the nature of the imidazolium counter-anion was examined,
and it was shown that the reaction using a non-coordinating
counter-anion BF,~ proceeds (Table 1, entry 15) with a lower
conversion and yield of [Pd(n*-cin)(Cl)(IPr)] in comparison
with those of the reaction using Cl~ derivatives.

With these optimal reaction conditions in hand, the scope
of the reaction was assessed, and a series of Pd complexes 1-8
was obtained in high isolated yields (Scheme 3). Both imidazo-
lylidene and imidazolinylidene complexes of palladium were
successfully synthesised in good to excellent yields (66-85%).
Interestingly, new Pd pre-catalysts bearing substitution on the
backbone of the NHCs, containing electron-withdrawing Cl
substituents (6) and an expanded =n-conjugated system (8),
were also fully compatible with the electrochemical synthetic
protocol. To further showcase the applicability of the devel-
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Scheme 3 Electrochemical synthesis of PdA—NHC complexes. Reaction
conditions:  imidazol(in)ium  (0.05 mmol), [Pd(n3-R-allyl)(u-Cl)I,
(0.025 mmol), n-BusNBF,4 (0.125 mmol), MeCN (2.5 mL) [Zn cathode]; n-
Bu4sNBF4 (0.125 mmol), MeCN (2.5 mL) [Zn anode]; split cell with a
Nafion™ 117 membrane, constant current density (j) = 6.0 A m™2, r.t,
52 min (1.6 F mol™). Isolated yields. @ Acetone was used instead of
acetonitrile. ® 1.1 F mol™.

oped procedure we tested Pd precursors bearing various allyl-
substituted ligands, namely [Pd(n*-allyl)(u-Cl)], and [Pd(n*-
1-‘Bu-indenyl)(pu-Cl)],. While the reaction with [Pd(n’*-allyl)(p-
Cl)], led to the final product 2 with a yield of 70%, the analo-
gous transformation using [Pd(1-‘Bu-indenyl)(u-Cl)], failed to
deliver any of the corresponding product.

These results, along with previously observed reaction
decomposition in the absence of oxygen, prompted us to
explore the role of oxygen in this transformation through
additional cyclic voltammetry (CV) experiments. To gain
insight into the mechanism of the process, CV experiments
were conducted in acetonitrile under inert atmosphere. The

This journal is © The Royal Society of Chemistry 2025
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imidazolium salt exhibited a reduction at E, = —2.19 V vs. Ag/
AgCl/KCl (3N) (Fig. S2t), whereas both the palladate
[IPrH][Pd(n’-cin)Cl,] and the product [Pd(n*-cin)(Cl)(IPr)]
display higher reduction potentials, with values of E, =
—1.41 V (R2) and —1.46 V vs. Ag/AgCl (Fig. S1 and S37), respect-
ively. In air, due to the presence of oxygen, the CV displays a
quasi-reversible reduction peak R1 at E, = —0.89 V vs. Ag/AgCl,
which could be attributed to the reduction of oxygen to the
superoxide anion (Fig. 1).>*"*! The gradual addition of the pal-
ladate precursor to an aerobic MeCN solution provoked a sub-
stantial nearly two-fold increase in R1, accompanied by the
consistent disappearance of the oxidation peak (O1) on the
reverse scan, indicative of superoxide anion consumption in
the presence of the palladate (Fig. 1, Fig. S10t). Under these
conditions, in an aprotic dipolar solvent, superoxide anions
are recognized as highly reactive and soluble naked bases.****
Similarly, increasing the concentration of the [IPrH|BF,/[Pd(n*-
cin)(p-Cl)], 1/0.5 mixture in MeCN led to an increase of R1
with loss of O1 (Fig. S111). However, the further addition of
IPr-HCI, even at four times the concentration (16 mM), did not
result in the complete disappearance of the reverse peak O1
(Fig. S127). This confirms the need of Pd for an efficient reac-
tion with oxygen superoxide to proceed, as well as the required
presence of the imidazolium cation to form the product. CVs
were also recorded for [IPrH][Pd(n*-allyl)Cl,] (Fig. S71) and
[IPrH][Pd(n*-1-'Bu-indenyl)Cl,] (Fig. S97).

Based on these observations, a mechanism for this trans-
formation is proposed in Scheme 4: the cathodic half-reaction
includes the reduction of molecular oxygen dissolved in the
solvent at the cathode forming oxygen superoxide radical
anions which can react with imidazolium cations by abstract-
ing the H>-proton (evident from the disappearance of the
reverse peak on the CV), with the resultant radical being
further reduced to a hydroperoxide anion thereafter. Anodic
half-reaction involves Zn sacrificial anode oxidation liberating
Zn>" cations to the anodic compartment. The presence of a
hydroperoxide anion was confirmed by the qualitative KI/
starch reaction (Fig. S13 and S14f). The oxygen superoxide

(o]
20 A
— R~ -
i -30
< MeCN + air
~
-80 1 4mM [IPrH][Pd(cin)CI2] + air
1l
R1
= 1mM [IPrH][Pd(cin)CI2] no air
-130 , . . . . . ,
25 21 1.7 13 -0.9 -0.5 0.1 03

E (V) vs Ag/AgCl

Fig. 1 CVs towards reduction potentials of MeCN and [IPrH][Pd(n*-cin)
Cl,] (1-4 mM, in air and under Ar) in acetonitrile (0.1 M n-BusNPFg as
supporting electrolyte) at a glassy carbon disk electrode (d = 3 mm) with
ascanrate of 0.1V s at 25 °C.
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Scheme 4 Proposed mechanism of [Pd(n3-cin)(CL(NHC)] formation at
cathode (anode: Zn — Zn?*) in a split cell Zn|Zn.

anion is probably not a strong enough base to deprotonate the
imidazolium C2 atom.**** Nonetheless, in the presence of the
palladate anion, which intercepts accumulated free-carbene
species, the equilibrium is shifted, which delivers the final
desired product, with the entire sequence corresponding to
the stepwise deprotonation/coordination mechanism.*® As the
overall reaction occurs in air and does not darken as would be
expected if carbene decomposition had taken place, we con-
clude that the reaction might proceed via a concerted mecha-
nism, where both proton abstraction and reaction with the Pd
centre occur simultaneously.””*® Importantly, the proposed
mechanism shows that the reaction is more likely to be
efficient if both the metal precursor and the reaction product
are stable under experimental conditions, that is, the precur-
sor undergoes reduction at lower reduction potentials and the
product does not.

In summary, a novel electrochemical synthesis of Pd-cross-
coupling pre-catalysts bearing NHC-ligands has been reported.
The reaction occurs in air and makes use of superoxide anion-
radicals as an electrogenerated base formed at the cathode as
the product of oxygen reduction. We have implemented the
developed procedure for the synthesis of eight palladium-
NHC complexes. Ongoing work in our laboratories aims at
exploring the scope of this protocol for the synthesis of other
organometallic complexes.

Materials and methods

General considerations

'H and “C-{'H} APT Nuclear Magnetic Resonance (NMR)
spectra were recorded on a Bruker Avance 300 and 400
Ultrashield spectrometers at 298 K. Chemical shifts (expressed
in parts per million) are referenced to residual solvent peaks:
(CHCl;: 6y = 7.26 ppm, 8¢ = 77.16 ppm) at 298 K in CDCl;. [Pd
(n*-cin)(u-Cl)], was used as received. n-Bu,;NBF, was dried at
110 °C for 6 h and then stored under dry nitrogen atmosphere.
Acetonitrile was dried over MW-activated 3 A molecular sieves
for 14 h. Other solvents and commercially available reagents
were used without preliminary purification. BIAN-IMes-HCI*’

Dalton Trans., 2025, 54,10448-10454 | 10451
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and SIPr(OMe)-HCI®® were synthesised following corres-
ponding literature procedures. Elemental analyses were per-
formed at Université de Namur. All reactions were carried out
using an IKA ElectraSyn 2.0 device, a Metrohm Multi Autolab
M204 potentiostat or an Origaflex OGF 500 potentiostat. When
using a split cell two compartments were separated by an
anion exchange membrane - a DuPont Nafion 117 perfluori-
nated membrane of 430 pm thickness (Aldrich). Cyclic voltam-
mograms (CV) were recorded using a Metrohm Multi Autolab
M204 potentiostat connected to a Nova software interface in a
three-electrode cell in a glovebox at 25 °C with a scan rate of
0.1 V 5" using a glassy carbon disk (d = 3 mm) as a working
electrode, a platinum wire as a counter electrode and an Ag
electrode as a quasi-reference electrode in 10 mL of a 0.1 M
solution of n-BuyNPF, in the solvent. Ferrocene was added to
the background solution at the end of the experiment to refer-
ence recorded peak potentials to the Ag/AgCl/3M KCl reference
electrode potential with the ferrocene redox potential Fc'/Fe
equal to 0.43 V (vs. Ag/AgCl/3M KCl).

General procedure for the electrochemical preparation of Pd
complexes

The cathodic compartment of a split electrochemical cell was
loaded with NHC-HCI (0.05 mmol), [Pd(n*-cin)(u-Cl)], or [Pd
(n*-allyl)(p-Cl)], (0.025 mmol), and n-Bu,NBF, (0.125 mmol;
41.1 mg), whereas the anodic chamber was loaded with n-
Buy,NBF, (0.125 mmol; 41.1 mg). Acetonitrile (2.5 mL) was
added to each compartment. An anode and a cathode (Zn [8 x
52.5 X 2 mm}; Simmersea = 4.2 ¢cm?) were immersed into the
solution in both compartments. Constant current electrolysis
(I'=2.5 mA) was carried out at room temperature with the reac-
tion mixture being constantly stirred. After completion of the
reaction, the content of cathodic compartment was evaporated,
transferred into a separation funnel containing EtOAc (15 mL)
and washed 3 times with water (3 x 15 mL) portions. The
organic phase was dried over MgSO, and filtered. The solvent
was removed on a rotary evaporator. Pentane (5 mL) was added
and the suspension was subjected to sonication (10-15 min).
The product was collected by filtration and washed with
hexane (5 mL).

Syntheses of novel compounds

Synthesis of [Pd(n*-cin)(C1){SIPr(OMe)}] (6). Following the
general procedure with SIPr(OMe)-HCI (0.05 mmol; 24.4 mg)
and [Pd(n*-cin)(p-Cl)], (0.025 mmol, 13.0 mg), [Pd(n’*-cin)(Cl)
{SIPr(OMe)}] was obtained as a pale yellow solid in 66%
yield (23.3 mg, 0.033 mmol). '"H NMR (300 MHz, CDCl;):
Su (ppm) = 7.18-7.09 (m, 5H, cin Ar), 6.73 (s, 4H, Ar), 5.09 (dt,
J =12.9, 9.2 Hz, 1H, cin PhACH=CH), 4.35 (d, J = 13.0 Hz, 1H,
cin PhCH=CH), 3.96 (s, 4H, NCH,CH,N), 3.85 (s, 6H, OCH3),
3.40 (br s, 4 H, CH-CHj), 2.90 (br s, 1H, cin CH, Hgyp), 1.62 (br
s, 1H, cin CH, Hang), 1.40 (d, J = 6.7 Hz, 12H, CH-CH3), 1.25
(d, J = 6.7 Hz, 12H, CH-CH3). *C{'H} NMR (100 MHz, CDCl,):
5c (ppm) = 213.0 (NCN), 159.6 (C-OCHj3), 148.7 (0-CH*™M°),
137.8 (i-CH*"M®), 129.8 (i-C™), 128.4 (0-CH™), 127.4 (m-CH™),
126.8 (p-CH™), 109.6 (m-CH*"°™¢), 109.2 (PhCH=CH-CH,),
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91.9 (PhCH=CH-CH,), 55.3 (OCHj), 54.2(NCH,CH,N), 46.0
(cin PhCH=CH-CH,), 28.9 (CH-CH;), 26.7 (CH-CHj,).
Elemental analysis: calculated: C 64.31, H 7.24, N 3.95. Found:
C 64.08, H 7.41, N 3.85.

Synthesis of [Pd(n*-cin)(Cl)(BIAN-IMes)] (8). Following the
general procedure with BIAN-IMes-HCI (0.05 mmol; 24.7 mg)
and [Pd(n’*-cin)(p-Cl)], (0.025 mmol, 13.0 mg), [Pd(n*-cin)(Cl)
(BIAN-IMes)] was obtained as a yellow solid in 79% yield
(27.0 mg, 0.039 mmol). "H NMR (300 MHz, CDCl,): 8y (ppm)
=7.73 (d,J = 8.2 Hz, 2H, Ar), 7.38 (dd, J = 8.2, 7.0 Hz, 2H, Ar),
7.22-7.13 (m, 5H, cin Ar), 7.09 (br s, 2H, Ar), 7.07 (br s, 2H,
Ar), 6.99 (d, J = 6.9 Hz, 2H, Ar), 5.24 (dt, J = 12.5, 9.6 Hz, 1H,
cin PACH=CH), 4.44 (d, J = 12.5 Hz, 1H, cin PhCH=CH), 3.28
(d, = 6.8 Hz, 1H, cin CH, Hgn), 2.42 (s, 6H, CH3), 2.34 (s, 6H,
CH3), 2.29 (s, 6H, CH3), 2.05 (d, J = 11.9 Hz, 1H, cin CH, Hapg)-

BC{'"H} NMR (100 MHz, CDCl,): §¢ (ppm) = 189.4 (NCN),
139.1 (C*), 138.9 (C™), 138.3 (C*), 135.5 (C*), 135.4 (C*),
134.6 (C*), 129.7 (C™), 129.5 (C*), 128.4 (C™), 127.9 (C*,
127.7 (C*), 127.5 (C™), 126.8 (C™), 126.0 (C), 120.6 (C™),
109.4 (PhCH=CH-CH,), 90.3 (PhCH=CH-CH,), 46.7 (cin
PhCH=CH-CH,), 21.4 (CHj;), 18.6 (CHj), 18.6 (CHj;).
Elemental analysis: calculated: C 69.87, H 5.42, N 4.07. Found:
C 69.60, H 5.53, N 4.46.
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