Accepted Manuscript

Organo
metallic
hemistry

A AL
Fluxional Pd(Il) NHC complexes — Synthesis, structure elucidation and catalytic "\s;{
studies 4_3

Miroslav Dangalov, Malinka Stoyanova, Petar Petrov, Martin Putala, Nikolay G.
Vassilev

PII: S0022-328X(16)30177-2
DOI: 10.1016/j.jorganchem.2016.05.002
Reference: JOM 19491

To appearin:  Journal of Organometallic Chemistry

Received Date: 5 February 2016
Revised Date: 14 April 2016
Accepted Date: 2 May 2016

Please cite this article as: M. Dangalov, M. Stoyanova, P. Petrov, M. Putala, N.G. Vassilev, Fluxional
Pd(ll) NHC complexes — Synthesis, structure elucidation and catalytic studies, Journal of Organometallic
Chemistry (2016), doi: 10.1016/j.jorganchem.2016.05.002.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jorganchem.2016.05.002

Who is who? (combined DNMR and DFT approach)

B Qj@,
Q& Zine

anti (/1 syn(A)  syn, (A)L JL anti (/)

T T
28 27 ppm



Fluxional Pd(I1) NHC Complexes - Synthesis, Structure Elucidation
and Catalytic Studies

Miroslav DangaloV?, Malinka Stoyanovd Petar PetroV, Martin Putala® and Nikolay G.
Vassilev*”

Ingtitute of Organic Chemistry with Center of Phytochemistry, 9, Acad. G. Bonchev Str., 1113 Sofia, Bulgaria

® Department of Organic Chemistry, Faculty of Chemistry and Pharmacy, Sofia University . Kliment Ohridsky, 1,
James Bourchier Blvd., 1164 Sofia, Bulgaria

¢ Department of Organic Chemistry, Faculty of Natural Sciences, Comenius University in Bratislava, Mlynska dolina,
Ilkovicova 6, 84215 Bratislava, Sovakia

ABSTRACT: Four catalytically relevant Pd(Il) complexes invioly N-heterocyclic carbenes (NHCs) and bidentate
N- and P-donor ligands were synthesized and chaizaterThe structures and conformations of the cewxgd were
elucidated on the basis of combination of dynamicRNEihd DFT studies. Conformational studies in respec
hindered rotation around CiM,r and Pd-Gnc bonds were performed resulting in surprisingly gamgeement
between the calculated and the experimental resitits. results from dynamic NMR and DFT studies comfir
hindered rotation around the C-N bond in 1,3-distiisd imidazole complexes. The fluxional behawwbm-donor
ligands includes exchange between left-handed aid-lhianded phosphine propellers. The catalyticistudf 1,3-
disubstituted 4,5-fused imidazole complexes produeeellent activities in Suzuki-Miyaura Reaction.
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1. Introduction

N-Heterocyclic carbenes (NHC) are state of the arhtigan organometallic chemistry [1-6] and catalygid0]. The
nitrogen atoms in the heterocycle offer possikditifor tuning the ligand structure - through change the N
substituents, the steric demands and electronipepties of the ligand can be modified to providenpéexes with
enhanced catalytic performances [11-14]. Also, werifunctional groups can be introduced, resultmgamplexes
with wider applications [15, 16]. The introductionafuitable donor group can lead to versatile &ires in ditopic
complexes or enhanced catalytic performance of éexap with hemilabile ligands [17-22]. Potentiallytiaacterial
compounds have also been synthesized by the imtioduof a biologically active function [23-25]. laddition,
complexes of bifunctional ligands can be immobiizer their solubilities altered by suitable funci@ization to
afford recoverable catalysts [26-30].

During the last decade, numerous applications otdté#ocyclic carbenes (NHCs) as ligands in all aréasapsition
metal catalysis have been found [7, 31-33]. NHCssteng, neutrab-donor ligands which form very stable bonds
with the majority of transition metals [7, 33]. NHC moplexes also possess greater thermal stability thair
phosphane analogues, which benefits the catalybilista The most successful NHC cores are derivednfro
imidazolium and 4,5-dihydroimidazolium salts, thetve bulky substituents at both nitrogen atoms B, The
steric and electronic properties NHCs can be tune@pendently, because tisubstituents, are not directly
connected to the carbene carbon atom and theireinfle on the electronic density of this atom islisf88, 36]. The
heterocyclic core determines the electronic pragerdf the carbene [37] and fusing an additionalretic ring
provides further possibilities for fine tuning diet electronic properties of the NHCs [38].
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Recently 4-amino-3-nitro substituted 1,8-naphthiales as potential photoactive sensors and stactngpounds for
further transformations to fluorescent sensors hbgen reported [39]. The application of 1,8-naplnthide
derivatives as the photoactive units for desigmmtical chemosensors for metal cations and protatis different
mechanisms of analyte binding signal transductiwh different receptors was recently reviewed [48]ah ongoing
investigation on catalysis we synthesized carbenmptexes based on the fluorescent naphthalimide core
connected/fused to an imidazolium salt. Since limédnal behavior of a molecule may have a dramatjgact on the
relaxation pathways from its respective excitedestait was important to study the dynamics of thesaly
synthesized compounds in details. In this studynt@duce the 1,8-naphthalimides ash\asubstituent and as a fused
aromatics to the NHC to form catalytically relevard(ll complexes with additional bidentaté- and P-donor
ligands to the metal.

Herein, we report the synthesis of novel Pd N-hej@laccarbene complexes. Two of thetand2, (Fig. 1) are 1,3-
disubstituted imidazole NHC complexe&, X-disubstituted), while the others two are the corresponding 1,3-
disubstituted 4,5-fused imidazole NHC complexés-fused), 3 and 4. Conformational exchanges occurred in
solution at rates that were intermediate on the NM# tscaleThe 'H NMR signals of complexe, 2 and4 were
broad at room temperature and therefore, it wasssacg to study their NMR spectra at lower tempeestuihe
NMR spectra of comple® were recorded at room temperature due to the pcesef the single preferred conformer.
The possible conformers, exchange routes and thm @f the observed exchanged were studied by coatioin of
dynamic NMR and DFT calculations.

The assignment of VT NMR spectra of studied compléx@schallenging task that required combinatiodyfamic
NMR study and DFT calculation. Dynamic NMR study usRI) EXSY spectra provides information about the
exchange routes and the corresponding rate coastantbe calculated directly from the volume ireéyrThe DFT
calculations of GS structures provide informatiowhthermodynamic stability of possible conforme2slculating
the theoretical populations and comparing them thighexperimental one allows the conformers assighnifegiven
NMR chemical shifts are sensitive to the exchangeyparison of DFT calculated and the experimenthlescan
confirm the assignment of conformers. The comparisbexperimental and DFT calculated barriers @areal the
exchange mechanism. This integrated approach, wtiéchbines methods of dynamic NMR spectroscopy and
computational chemistry was successfully appliecgmdg for studying the structure and exchange meisha of
ortho-diphenylphosphinobenzenecarboxamide ligands[41H aatropisomers of 2/2liaryl-1,1-binaphthalenes
containing three stereogenic axes[42].
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Figure 1. Complexedl-4 (o-tol = ortho-tolyl)

2. Results and Discussion
Synthesis of complexes

The first step of synthesis of the desirg@-disubstituted Pd(ll) NHC complexesl and 2 was preparation of
imidazolium saltNHC.HBr, which was synthesized from commercial 4-bromofigphthalic anhydride (Scheme 1).
6-Bromo substituted naphthalimidle was prepared by reaction of 2,6-diisopropylanitmel 4-bromo-1,8-naphthalic
anhydride in refluxing acetic acid according therkture [43]. The naphthalimidé reacts with imidazole in the
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presence of Cul, proline-based ligand angdTs in DMF to obtain compound | [44], which was quaternized with
3,3-dimethylallyl bromide in ethyl acetate to yietlde corresponding imidazolium bromide salHC.HBr).

(@) O (0]
dimethylallyl
OO RNHz OO |m|dazole bromide _
AcOH, A Cul, ligand, AcOEt
Br Br CsyCO3 DMF, A
C]
N @,{7 Br

1} 1 NHC.HBr
3

Scheme 1. Synthesis of imidazolium bromide sAlIHC.HBr, precursor of complexdsand2 (R = 2,6-
diisopropylphenyl, ligand =S)-(N-benzylpyrrolidin-2-yl)-2-methylimidazole).

The desired Pd(ll) NHC complexes were synthesizegbiod yields using a well-established procedure é8&h?2),
via generation of carbena situ from the relevant imidazolium salt by a weak basthepresence of corresponding
dimeric palladacycles [45, 46].
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Scheme 2. Synthesis of Pd(Il) NHC complexes (R = 2,6-diisogtppenyl, R = n-butyl, R = 4-methylbenzyl, o-tol =
ortho-tolyl).

Conformations and Exchange M echanisms of Complexes 1-4 (Fluxional Behavior and Solution Structure of
complexes 1-4)

The structures of the newly synthesized compléxésvere confirmed by 1D and 2D NMR spectra. Conformationa
exchanges occurred in solution at rates that wéeenmediate on the NMR time scakar complexed, 2 and4 the
signals were broad at room temperature and thereforeas necessary to measure NMR spectra at lower
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temperatures. However, the spectra of comfleere recorded at room temperature due to the pressna single
preferred conformer.

Four conformers are predictable fig8-disubstituted Pd(Il) NHC complexed and2 (Scheme 3): two conformers due
to rotation around the C-N bond and two conformers @urotation around C-Pd bond. Thé, *C and®P NMR
spectra of comple® showed the expected four conformers, while'th@nd™*C NMR spectra of complek showed
only two conformers. Therefore it can be concludeat testricted rotation around only one of the twegible bonds
occurs, while in compleR the inversion of phosphine helicity is responsibleadditional conformers.
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Scheme 3. Possible exchanges in completesnd?2 by rotation around C-N and C-Pd bonds.
The decrease of observed number of conformerd,3rfused Pd(ll) NHC complexes3 and 4 (one and two,
respectively)compared tol,3-disubstituted Pd(ll) NHC complexesl and 2 (two and four, respectively) can be

explained by the restricted rotation around C-N bdRdyure 2). Further this conclusion was confirmeg b
comparison of experimental and DFT calculated iatal barriers around C-N and C-Pd bonds.
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Figure 2. Comparison of’P NMR spectra of complex&s(a) and4 (b) in CDC} at 233 K. Only in the lower
spectrum signals due to rotation around C-N bonahbserved.



In Scheme 4 the potential diastereomers of comgleas viewed down the C-Pd-P bonds are presented. The
diastereomers are related horizontally by rotaticound C-N amine bond and vertically by inversidrplbosphine
helicity. The top conformers are right-handed twisy propellers and bottom conformers are left-hantdédt (A)
propellers. Similar inversion of phosphine heliggybserved in thé,5-fused Pd(Il) NHC complex.

In order to assign the signals of conformers in Nbfctra we performed DFT and NMR shift calculatitorsall
possible conformers of the complexes. The studgxahange processes between the conformers was pedorm
experimentally by complete line shape analysis (®L8f *H NMR spectra of compleg, by *'P EXSY spectra of
complexe2 and4 and byDFT calculations of the rotation around the C-N @Bd bonds of complexdsand2. The
ratio of isomers was determined by signal integratio'H NMR spectra of complek and®*'P VT NMR spectra of
complexes2 and 4 (Table 1). DFT calculated populations fit perfectty the experimental populations of the
conformers in complexe® and4, while the calculated populations in complefeand3 only predict the preferred
conformer.

anti,(A) syn,(A)

Scheme 4. Potential diastereomers of compl@xas viewed down the C-Pd-P bond. Diastereomers aatedel
horizontally by rotation around C-N amine bond aedically by inversion of phosphine helicity.

Table 1. Comparison of experimental and calculated populatif the conformers.

Conformer AG difference (kcalj Calc. populations (%) Exp. populations (%)

1-anti 0 99.7 52.4
1-syn 25 0.3 47.6
2-anti,(4) 0 47 47
2-anti,(4) 0.2 31 30
2-syn,(4) 0.4 17 13
2-syn,(4) 0.9 5 9
3-anti 0 90 100
3-syn 1.3 10 n.o.
4-(4) 0.4 33 33
4-(4) 0 67 67

& Calculated by the DFT method at B3LYP/ECP (LanL2DZRd and 6-31G* for other atoms) level of theor23
K for complexl, at 213 K for comple® and at 243 K for complek
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® Calculated by integration of experimerttdlNMR spectrum at 223 K for compléx by integration of’P NMR
spectrum at 213 K for compléxand at 243 K for comple4 n.o.: not observed

The assignment of the signals'th NMR spectra to particular conformer was confirmed\R shift calculations.
The experimental and calculatdd chemical shifts ofyn- and anti- conformers of comples for naphthalimide
protons 4-H, 5-H and 7-H (for proton numbering seepSugfo), which are most sensitive to exchange paesented
in Table 2 and a very good agreement between thalagd and observedh chemical shifts was found. Selective
experimental and calculatéd chemical shifts of possible conformers of comBeare also given in the Table 2 in
order to estimate the errors in NMR shift predictiainthe chosen level of theory. The attempt to iconthe
assignment of the conformers of compleReand4 by NMR shift calculations was obstructed by the vemyall
difference in eithetH (Table 2) or’'P (see exp. part) chemical shifts of conformers ltiference in conformers
chemical shifts were of order of expected errorshiamical shift prediction, which prevents additionahfirmation
of conformers assignment. The assignment of theasign'H NMR spectrum of comple® in aromatic region of
phosphine moiety was accomplished usii®y'*H HMBC correlation (Fig. 3).
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Figure 3. *P-'H HMBC spectrum for complein CDCl, at 233 K, the correlation involves aromatic pratdm
phosphine moiety.

Table 2. Selected experimental and calculateidchemical shifts using B3LYP/ECP (LanL2DZ for Pd @81G(d)
for other atoms) geometries in pp.

Conformer 1-H 2-H 3-H 4-H 5-H 7-H 8-H 9-H
Exp./calc. Exp./calc. Exp./calc. Exp./calc. Exp./calc. Exp./calc. Exp./calc. Exp./calc.

1-anti 9.33/9.35 10.11/10.07 8.30/8.19 7.98/7.75 9.07/

1-syn 8.95/8.91 7.54/7.53 10.22/10.05 8.27/8.12 9.1%/

2-anti,(4) 8.26/9.05 8.76/9.64

2-syn,(4) 8.62/8.82  7.95/8.39

2-syn,(4) 8.52/8.82  7.69/7.77

2-anti,(4) 8.61/8.92 8.70/9.35

3-anti 8.64/8.92 7.94/8.20 8.68/8.97 8.56/8.87

3-syn n.o0./8.92 n.o./8.28 n.o0./8.96 n.o./8.61

4-(4) 8.59/8.90 7.98/8.21 8.70/8.93 8.70/8.93

4-(A) 8.53/8.99 7.93/8.27 8.66/8.93 8.68/8.87

@ ExperimentaH NMR chemical shifts are measured at -50°C for cexggl and 2, -40°C for complex4, while for
complex3 the reported values are at room temperature. TM/B3LYP/ECP (LanL2DZ for Pd and 6-31G(d) for other
atoms) calculatetH NMR chemical shifts use TMS as a reference systeon. not observed

Further refinements of the assignment were basetherobserved exchange peaks in {2 EXSY spectra of
complex 2. Exchange peaks in thBP EXSY spectrum of (Fig. 4) are observed only betweenti and syn
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conformers, and between)((left-handed twist) andt (right-handed twist) conformers, as well. Thisnsagreement
with the assignment of the conformers.
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Figure 4. *'P EXSY spectrum of compleXin CDCL at 243 K using mixing time of 0.1 s.

It is well known that in metal complexes from the@®t and the third transition series, the valueg@hal coupling
constants depend strongly on the geometry’afitP-M-Lyan) > 2J(*'P-M-Lge) [47]. For the directly bound carbon,
the same geometric dependencéX®,C) is observed, for examgier organometallic chiral complexes of palladium
containing the chelate DuphGd(P,C)yans = ca. 101,2)(P,C)is = ca. 5 Hz [48]. Therefore our experimental values for
2)(CsarbensPd-P) (144.5 Hz for major conformer of comp2and142.0 Hz for both conformers of compldxprove
the P-donor ligand'srans orientation in respect to the carbene atom.

Analysis of the variable temperature 1D "H NMR spectra of Pd complex 1 and DFT calculations of Pd complex 1

The dynamic NMR study of Pd compléxwas carried out in CDgIn the temperature range from 223 K to 328 K.
The low temperaturtH NMR spectrum ofl exhibits two resonances for each nonequivalenoprathese resonances
correspond to two conformers with of 1.0 : 1.1 inégatio at 223 K. The Complete Line Shape Anal{SisSA) of
the aromatic protons in the range from 7.5 to @ pvas performed. Thid NMR measured and fitted signals of
aromatic protons of complekin CDC} at different temperatures and the corresponditegaanstants are presented
in Fig. 5. The NOESY spectrum of compl&in CDCL at 278 K using mixing time of 1.0 s is presentedrig. 2S
and the five exchanging pairs are clearly seen.diffierence between the chemical shift of exchangites are in the
range between 0.1 and 1.4 ppm. They coalesce areliff temperatures, thus effectively increasingténeperature
range in which the lineshape is most sensitive ¢or#ite constant changes. Therefore it is not Kingrito achieve a
very good linear dependence of the rate constanEyiing plots, as evidenced by correlation coédfits ranging
from 0.9980 to 0.9985 (Fig. 3S, 13 rate constamteinperature range of 105 K). The activation patersAS’, AH*
andAG” at T = 298.2 K are summarized in Table 3.
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Figure 6. The calculated ground state (GS) and transitioe %8) conformers of compleix

In order to find out which are the preferred stataformers and to model the possible transitioncstires, DFT
calculations of Pd complekwere carried out. Two ground state (GS) structunestao sets of transition state (TS)
structures were localized computationally (Fig. Bhe anti-GS (Br atom isanti in respect to naphthalimide) is
energetically preferred comparedsm-GS. Therefore, the assignment of thgor conformer asnti-GS andminor
assyn-GS can be made, which is in agreement with the sefolin NMR shift calculations for imidazole protofis
H, 5-H and 7-H, presented in Table 2.

For the rotation around C-N bond two TS were locaaet: TS (Pd atom isnti in respect to naphthalimide) asgh-
TS. Theanti-TS is lower in energy than tiggn-TS. For the rotation around C-Pd bond two TS wecatkd, as well:
anti-TS (Br atom isanti in respect to naphthalimide) asgh-TS (Br atom issyn in respect to naphthalimide). The
anti-TS is lower in energy than tlsgn-TS.

The calculated rotational barriers for rotationward C-N and Pd-C bond are summarized in Table 3reTisea good
agreement between the experimental free energyhendalculated one for the C-N rotation. Thereforedbserved
conformers are due to the restricted rotation ato@N bond, which is in agreement with the experinlenta
observations (Fig. 2).



Table 3. Standard activation parameters for the rotatioaaliérs of complex.

AH* AS AG” AG™"

Method (kcal mol") (cal K*morl") (kcal mol')  (kcal mol®)

Pd-C rotation®

syn-TS (Pd-C) -anti-GS 23.2 -2.7 24.0
anti-TS (Pd-C) anti-GS 23.0 -4.2 24.3 23.7
N-C rotation?
syn-TS (C-N) -anti-GS 17.4 -8.3 19.8
anti-TS (C-N) -anti-GS 145 -8.6 17.1 17.1
NMR experimentmajor tominor  15.4 +0.3 16+1.0 14.97 £0.13
Pd-C rotation®
syn-TS (Pd-C) syn-GS 20.9 -1.0 21.2
anti-TS (Pd-C) syn-GS 20.8 2.4 21.5 20.9
N-C rotation?
syn-TS (C-N) -syn-GS 15.1 -6.6 17.1
anti-TS (C-N) -syn-GS 12.3 -6.9 14.3 14.3
NMR experimentminor to major 15.2+0.4 0.6+1.0 15.05+0.14

4 ZPE, thermal and entropy corrections are calcdlats®CM//B3LYP/ECP (LanL2DZ for Pd and 6-31G* for @th
atoms) level of theory for 298 K.

Analysis of the variable temperature 2D *'P EXSY NMR spectra of Pd complex 2 and DFT calculations of complex 2

The dynamic NMR study of Pd compl@was carried out in CDgby measuring NMR spectra in the temperature
range of 213 K to 328 K. The low temperatdke and *'P NMR spectra ofl exhibit four resonances for every
nonequivalent nucleus. TH# NMR resonances at 31.57, 31.28, 28.53 and 27 @8cpprespond to four conformers
with integral ratio 1.0 : 0.44 : 0.30 : 1.56 at 23In Fig. 3 the®P EXSY spectrum of in CDC} at 243 K using
mixing time of 0.1 s is presented. The assignmérnh® conformers is based on the very good agretbetween
experimental and calculated populations of the @onérs of complexX (Table 1) and by observation of exchange
peaks in thé'P EXSY spectrum of (Fig. 3) only betweeranti andsyn conformers, and only between)((left-
handed twist) and4] (right-handed twist) conformers, as well.

The peak volume integration 3 EXSY spectra of compleXin CDCL in the temperature region between 223 K
and 253 K was carried out and the calculated ratstaats are presented in Table 4S. The activatoanpeters of
the studied exchanges of compxare summarized in Table 5S. The Eyring plots destiate a very good linear
dependence of the rate constants, as evidencedybycbrrelation coefficients ranging from 0.99860®999 (Fig.
5S, 7 rate constants in temperature range of 30 K).

The starting geometries for DFT studies of the foamformers of comple® were prepared starting from X-ray data
of Pd(u-OAc),{0-CH,CsH,P(0-Tol)5}, structure [49]. Similarly to compleXl two GS of 2 were studied
computationally (Fig. 7). Thanti-GS@) (Br atom isanti in respect to naphthalimide) is energetically enefd
compared teyn-GS(Q). For the rotation around C-N bond two TS were ledadnti-TS (Pd atom isnti in respect to
naphthalimide) andyn-TS (Pd atom isyn in respect to naphthalimide). Thati-TS is lower in energy than ttsgn-
TS. For the rotation about C-Pd bond two TS weratkd, as well:anti-TS (Br atom isanti in respect to
naphthalimide) angyn-TS (Br atom issyn in respect to naphthalimide). Thati-TS is lower in energy than tggn-
TS.

The experimental and theoretical activation paransefor the rotational barriers of compl2xare summarized in
Table 4. Similar to compley, it is clearly seen that the C-N restricted rotatie the process, which we observe in
NMR spectra. There is a good agreement between therimental free energy and the calculated oneHerG-N
rotation.



Molecular propellers and gears as artificial molacuotors were reviewed recently [50]. Mislow andweorkers
performed the first detailed investigation of ctated rotation in aryl propeller systems [51]. Rbree phenyl
propellers four ring-flip mechanisms are possiblee mechanism of correlated rotations in phosphanaogues of
triarylmethanes were studied using iterative analydiexchange-broadened NMR band shapes by Binstlt@n
workers [52]. The lowest energy process for P-C banation in P¢-tol); complexes involves rotation of one ring
through the plane perpendicular to the MpBs-C plane with correlated rotation of the other twags through the
corresponding M-Rpso-C planes [53, 54]. This two-ring-flip mechanism [55] leads to complete interchange of
the o-tolyl rings. The mechanism and dynamic stereochktgniof Pd{2-CHCH,P(o-tol),} propeller has not been
studied yet. The bridging bonding reduces the ity of 2-CH,C¢H,4ringand it is difficult to predict which will be
the preferred mechanism of interconversion withaetaided DFT study of all possible ring-flip mechsmis. Such
study can only be performed using enormous compateurces on a much smaller model complex andtisfathe

scope of this investigation.
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Figure 7. The calculated ground state (GS) and transitioe $%8) conformers of compleéX All TS in figure are
(8) (right-handed twigtpropeller structures.

Table 4. Standard activation parameters for the rotatioaaliérs of comple2.

AH? AS AG” AGef

Method (kcal mol®) (cal K*mor?) (kcal mol)  (kcal mol")

Pd-C rotation®

syn-TS (Pd-C) -anti-GS 23.1 -6.6 25.1
anti-TS (Pd-C) -anti-GS 18.5 -2.3 19.2 19.2
N-C rotation?
syn-TS (C-N) -anti-GS 20.2 -3.0 211
anti-TS (C-N) -anti-GS 14.8 -5.1 16.4 16.4
NMR experimentanti,(4) tosyn,(4) 13.9+0.6 -4.8+2.9 15.36 £ 0.07
Pd-C rotation?
syn-TS (Pd-C) -syn-GS 21.8 7.7 24.1
anti-TS (Pd-C) syn-GS 17.3 -3.4 18.3 18.3
N-C rotation?
syn-TS (C-N) -syn-GS 18.9 -4.0 20.1
anti-TS (C-N) -syn-GS 13.6 -6.2 15.4 15.4
NMR experimensyn,(4) toanti,(4) 12.2+0.6 93126 14.99 £ 0.07

@ ZPE, thermal and entropy corrections are calcdlatePCM//B3LYP/ECP (LanL2DZ for Pd and 6-31G* for @th
atoms) level of theory for 298 K. All GS and TS ibleaare ) (right-handed twigtpropeller structures.
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Analysis of the variable temperature 2D *'P EXSY NMR spectra of Pd complex 4

The dynamic NMR study of Pd compldxwas carried out in CDgIn the temperature range from 233 K to 323 K.
The low temperaturéH and*P NMR spectra of. exhibit two resonances for every nonequivalenieus: The®'P
NMR resonances at 29.70 and 28.78 ppm corresporddaconformers with 1.0 : 1.59 integral ratio at 283
(Similar integral ratio is observed betweanti,(4) andanti,(4) conformers of comple®). In the Fig. 7S thé'P
EXSY spectrum of comple&in CDCkL at 233 K using mixing time of 1.3 s is presented.

The peak volume integration 3% EXSY spectra of complekin CDCk in the temperature region between 233 K
and 283 K was carried out and the calculated ratstaats are presented in Table 5S. The activatoanpeters of
the studied exchanges of compkxare summarized in Table 7S. The Eyring plots destiate a very good linear
dependence of the rate constants, as evidenceeérigyhigh correlation coefficients (higher than ®99Fig. 8S, 7
rate constants in temperature range of 50 K).

It is worth to note that all studied exchange basrezre in the short range between 14.0 and 15.4nkaoh(Tables 3,

4, 5S and 7S) thus making the assignment of NMRtspddficult without combination of dynamic NMR styénd
DFT calculation. The applied integrated approachiciwitombines methods of dynamic NMR spectroscopy and
computational chemistry, was successful in estimatie stability of conformers, in prediction sf NMR chemical
shifts and in the estimation of rotational barrififse applied computational approach use modeess sets and the
B3LYP functional, which is objected to criticism basa this functional do not describe pure dispersiteractions
[57]. We managed to solve the problems of assighroeéronformers and reveal the exchange mechanistihea
possible reasonable computational cost.

On the other hand the fact that the studied baraier®f the same order (14:A.5.4 kcal/mol) may be connected with
the same origin of the studied restricted fluxionabtions. Similar steric factors may influence thdhixional
motions. In 1,3-nonsubstituted Pd-NHC complexes DBIEuwations predict energy barriers around the Pd—NHC
bond of 3.0 and 4.9 kcal/mol [58]. In bis Pd-NHC cdemes with unsymmetrical 1,3-substituents the enbayier
around Pd-NHC bond of 17.7 kcal/mol was estimatedguie coalescent method [59]. The rotational besraf
mesityl rings around C-N bonds in Ru-NHC complexesewestimated to be in the range of 14.35.5 kcal/mol
depending of solvent [60]. At the same time thetiotel barrier around the C—N bond in simpl&-dimethylaniline
has been calculated to be 5.1 kcal/mol [61]. Tlswmance contribution can be neglected for C-N mtain 1,3-
disubstituted Pd(ll) NHC complexesl and 2 since the two aromatic systems (naphthalimide and N&€)not
coplanar. Therefore the steric hindrance that ccoetween the Pd ligands and 1- and 3- substituet$iC are
mainly responsible for the increased barriers wdlied restricted fluxional motions.

Catalytic activity of complexes 3 and 4

The catalytic activity of comple®d and 4 was studied in Suzuki-Miyaura reactions, using dnfwanisole and
phenylboronic acid as model reagents, due to it8itie for preparation of wide range of unsymmediibiaryls, low
toxicity and usage of mild conditions, comparedtber cross-coupling reactions. The reaction isrégit of a wide
range of functional groups, and the nature of tiitéal precatalyst, solvent and base are cruciaékzellent yields.

Preliminary experiments were performed with complekasd4, using low catalyst loading (0.1 mol %, Scheme 5).
Complex3 exhibited higher activity: the yield obtained bystlprecatalyst was 35 % vs. 27 % for the phosphorus
counterpardg.

OH
MeO HO-B
0.1 mol% cat.
+ _— OMe
KQCOg,B EtOH
Br 70C

Schemeb.
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Complex3 was chosen for optimization of the reaction cond#i Reactions were performed in 0.1 mmol scale. The
yields were determined usiflg NMR spectra with ferrocene as an internal standdotlent screening was examined
with potassium carbonate as base and representaswits are summarized in Table 5. The highestyislere
obtained with dimethoxyethane/water mixture (5:1) &zldene under inert atmosphere in both casesgftiver both

of them were used for base screening.

Table5. Solvent screening in Suzuki-Miyaura reaction.

OH
MeO HO-B
0.033 mol% 3
- O oo (O )om
Br 708
Entry Solvent Conditions  Yield (%D
1 Water argon 6
2 DME argon 8
3 DME-H,0, 5:1 argon 72
4 Dioxane argon 7
5 Dioxane-HO, 5:1 argon 42
6 CH,CN argon 19
7 CH;,CN-H,0, 5:1 argon 10
8 Isopropyl alcohol argon 7
9 Ethanol air 7
10 Ethanol argon 29
11 toluene argon 82
12 THF argon 9

% Reaction conditions: 4-bromoanisole (0.1 mmol)empiiboronic acid (1.2 equiv.), ,KO; (3 equiv.), complex3
(0.033 mol%), solvent (0.6 mL), 12 h.

Due to importance of the base in Suzuki-Miyaura tiea¢ screening was performed using the most freifyien
reported in the literature bases (Table 6). The besults were obtained in dimethoxyethane/watertuméx with
potassium phosphate as base, besides toluene étbspon carbonate.

Table 6. Base screening in Suzuki-Miyaura reactfon.

Entry Solvent Base Yield (%)
1 DME-H,0, 5:1 KCO; 7
2 Toluene KCO, 83
3 Toluene-HO, 5:1 KCO; 7
4 Ethylene glycol KCO; 27
5 DME-H,0, 5:1° K,CO; 7
6 DME-H,0, 5:1 CsCO; 7
7 DME-H,0, 5:1 CsF 4
8 DME-H,0, 5:1 KPO, 85
9 DME-H,0, 5:1 Ba(OH) 5
10 Toluene KPO, 66
11 Toluene-HO, 7:1 KPO, 66

% Reaction conditions: 4-bromoanisole (0.1 mmol)emfiboronic acid (1.2 equiv.), KOs (3 equiv.), complex3
(0.033 mol%), solvent (0.6 mL), reflux, 12 h, undegon.

® with complex4;
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After reaction conditions optimization, the catadytctivity of both carbene complexes was compaiezk anore.
Toluene was preferred as a solvent, because difigteer boiling point and less irritating propertiés this case,
preparative experiments in 1 mmol scale of 4-bramsude were performed and the quantity of catalyst imareased
to 0.066 mol %, the amount of phenylboronic acid slaghtly increased to 1.5 equiv, and the reactias performed
under inert atmosphere by refluxing for 12 h. Ba#iialysts showed high activity, yielding 4-methoxtEnyl in 95
% isolated after flash chromatography (cyclohexagiehloromethane = 24 : 1).

3. Conclusion

In conclusion, we have synthesized four new NHC congslekvolving bidentateN- and P-donor ligands.
Conformational studies in respect of hindered mtataround C-N bond, Pd-C and phosphine helicity were
performed. The conformations of the newly preparethglexes were elucidated on the base of NMR and DFT
studies. In solution ofl,3-disubstituted complex1 two conformers were revealed and proved to origirfiaden
restricted rotation around C-N bond, while fbB-disubstituted complex2 four conformers resulting from the
restricted rotation around C-N bond and phosphitieityereversal were observed. In the casd 6ffused complex3

only one conformer was detected, while figb-fused complex4 two conformers resulting from phosphine helicity
reversal were observed. The palladium complékasd4 were evaluated as catalysts in Suzuki-Miyaura React
and exhibited excellent catalytic activity.

4. Experimental section
4.1. General

All reagents purchased from commercial suppliers wesed without any further purification. 6-bromo-262
diisopropylphenyl)-H-benzoflelisoquinoline-1,3(#)-dione, §-1-((1-Benzylpyrrolidin-2-yl)methyl)-2-methyl-1H-
imidazole, 10-dibutylbenzdg]imidazo[4,5g]isoquinoline-4,6(51,10H)-dione and trans-di(u-acetato)-bisj-(di-o-
tolylphosphino)benzyl]dipalladium(ll) were synthesilz using published procedures [43, 44, 62, 63]. dilithe
reactions were performed under inert atmosphereyssandard Schlenk techniques. The NMR spectra wergded
on a Bruker Avance I+ 600 (600.13 fif NMR, 150.92 MHz for*C NMR and 242.92 MHz foP'P NMR)
spectrometer with TMS (85%3R0, for *'P) as internal standard for chemical shisisppm).'H and*C NMR data
are reported as follows: chemical shift, multiplic{s = singlet, d = doublet, t = triplet, g = quytbr = broad, m =
multiplet), coupling constantd (Hz), integration and identification. The assignmehthe'H and**C NMR spectra
was made on the basis of DEPT, COSY, HSQC, HMBC and NOES¥riexgnts. Flash chromatography was
performed on Silica Gel 60 (0.040-0.063 nm). Elemleanalyses were performed using Vario3BELHNS(O) and
Microanalytical service Laboratory of the InstituteOrganic Chemistry, Bulgarian Academy of Science.

4.2. Dynamic NMR measurements

VT H NMR spectra of complek were recorded on a Bruker 11+ 600 instrument (BBCbpjaat 600.13 MHz in steps
of 10 K between 223 and 323 K in CROVT *H and*'P{'H} (power-gated decoupling dH) spectra of compleg
were recorded at 600.13 MHz and 242.94 MHz in steps Kfbetween 213 and 323 K in CQ(Cfor complex4
between 233 and 323 K. Temperature calibration wae dagth B-VT 3000 unit (it was checked and calibrateth
methanol and ethylene glycol reference samplesNMR spectra were acquired using a spectral widtHOd€Hz, an
acquisition time of 3.4 s and 32 scans, zerofited64k datapoints (0.15 Hz per point) and processidout
apodization.

The Complete Line Shape Analysis of exchange braatiepectra of complekwas performed by the dnmr module
of topspin suite of programs. The chemical shifts populations were obtained by lorenzian fit at loteenperatures
and extrapolated to higher temperatures. The sigh@MS was used as a reference and the followingteou was
used to estimate the, Values of the exchanging signals: = 1/[t(We + AW)], where AW = W, - Wi, AW is the
difference between the halfwidth of the referencedaigV,e, and the observed signal in the absence of exchéige
[64]. In the fitting procedure, all parameters wallewed to change and the overlap of more than 8&%achieved.
The rate constant of the procasajor to minor conformers was fitted, while the other was recal@ad using the
populations ratio.

VT 'H EXSY NMR spectra of compounds4 were recorded on a Bruker I+ 600 instrument (BBObg). The
spectra were acquired using a spectral width of H2 R048 x 256 complex time domain datapoints, widt&ns in
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about 45 min. The spectra were zerofilled to 4098096 datapoints and processed with a shifted scgiaeebell
apodization in both dimensions.

VT *'P EXSY spectra (power-gated decouplindtdf of complex2 were recorded on a BBO probe in steps of 5 K

between 223 and 253 K, for complébetween 233 and 283.K'he spectra were acquired using a spectral width of
4.8 kHz, 2048 x 256 complex time domain data poimtixing times in the range of 0.075 to 1.0 s anst@ns in
about 45 min. Linear prediction (32 coefficientsd&@b6 points) in F1 was applied. The spectra werefiled to
4096 x 4096 data points and processed with a stsfigedre sine bell apodization in both dimensioh& gopulations
were obtained by integration of 1P signals and the exchange rates were calculatgudgyam EXSYCalc [65]
from diagonal- and crosspeak integrals.

The errorEy, quoted in Tables 3, 4, 2S, 5S and 7S are casmitatcording to the expressi@ét :‘/Eé +Ek2T , where

Es is the statistical error based on scattering @ data in the Eyring plot whil&; is computed using error
propagation equations as derived by Binsch [66] ldeithzer and Oth [67], in which errors due to bothdhkulated
rate constants and the measured temperature aritgk account. The absolute error in temperatuassumed to be
not more than +0.K. The relative errors it are estimated to be not more than +1804ll temperatures according
the precision of the volume integration of peakie ®rrors analysis was performed using a self-ntaseputer
program using the cited equations.

4.3. DFT calculations

Geometry optimizations were performed by using thasiye functional theory [68-70] as implemented in
GAUSSIAN 09 [71] and the B3LYP functional [72, 73]. As ftye basis sets, we used 6-31G(d) for C, H, P and Br
[73]. For Pd, the basis set LANL2DZ was adopted [Wpse core parts were represented by effective aiempals
(ECP). Solvent was included implicitly to the optiaiions via the SMD [75] model with the built in paxeters for
solvent CHCJ. After locating the first GS structure, the nexeamas found by scanning the torsional profile fa th
rotation (incrementing the dihedral angle about @f\Pd-C bond in 10 degrees step). The next mininoahe
torsional profile was fully optimized in order tockte the next GS structure. The maximum in theti@acoordinate
calculations was optimized by fixing the dihedragjlenof rotation and subsequent full geometry optation of the
TS structure using the Berny algorithm. All critigadints (GS and TS structures) were characterizepebfprming
vibrational analysis, and ZPV energies were alsoustall. The thermal and entropy corrections to theh&iree
energy at 298.15 K were calculated for all minimagsinscaled vibrational frequencies obtained atstime level.

The '"H NMR chemical shifts of complexes in chloroform Eomment (SMD) were calculated using the B3LYP
functional with the 6-31+G(d,p) basis set for C, Hariel Br [73]. For Pd, we used LANL2DZ basis set [Tdhose
core parts were represented by effective core pgatefECP).

4.4. 2-[2,6-di(propan-2-yl)phenyl]-6-(1H-imidazol-1-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (I 11): 6-bromo-
2-(2,6-diisopropylphenyl)-1H-benzdd]isoquinoline-1,3(#)-dione(I1) (2.00 g, 4.5 mmol)Cul (0.044 g, 0.23 mmol,
5 mol %), §-1-((1-Benzylpyrrolidin-2-yl)methyl)-2-methyl-1Haidazole(0.116 g, 0.45 mmol 10 mol%), imidazole
(0.31 g, 4.5 mmol) and @805 (2.93 g, 9 mmol) were dissolved in dry DMF (50 mdggassed and the reaction
mixture was heated to 100 °C for 24 hours. The i@aaghnixture was then poured into water and extragtétl
CHCI;. The combined organic layers were washed with wdterd with NaSO, and evaporated. The desired product
was isolated by flash chromatography (EtOAc : hexands: 1) to give 1.81 g (95% yield¥ |11 as a white solid;
m.p. 140-142°C'H NMR (600 MHz, CDC}): 5 = 1.189 (d,J = 6.8 Hz, 12H, CH3),CH), 2.757 (septet] = 6.8 Hz,
2H, (CHy),CH), 7.374 (d,J = 7.7 Hz, 2H, H3, 5-phenyl), 7.432 (bs, 1H, H-imid&gpl7.491 (bs, 1H, H-imidazole),
7.524 (t,J = 7.7 Hz, 1H, H4-phenyl), 7.853 (d,= 7.6 Hz, 1H, H5-naphthyl), 7.925 (ddi= 8.5, 7.5 Hz, 1H, H8-
naphthyl), 8.164 (d) = 8.6 Hz, 1H, H7-naphthyl), 8.184 (bs, 1HCNN-imidazole), 8.803(dJ = 7.4 Hz, 1H, H9-
naphthyl), 8.791 (dJ = 7.6 Hz, 1H, H4-naphthyl):>C NMR (151 MHz, CDCJ)): 5 = 24.00 (CHCH3),), 29.23
(CH(CHB3),), 121.73 (Ar{C), 123.26 (AriC), 123.45 (Ar‘C), 124.17 (Ar), 124.49 (Ar), 127.68 (A6), 128.74 (Ar),
128.83 (Ar), 129.35 (BHN), 129.74 (AriC), 129.79 (Ar), 130.36 (AfC€), 131.56 (Ar), 132.81 (Ar), 137.91 (A6),
138.85 (Ar?C), 145.56 (Ar'C), 163.20 {C-carbonyl), 163.70°C-carbonyl). G;H,sN30, (423.51): calcd. C 76.57, H
5.95, N 9.92, found: C 76.69, H 6.01, N 9.98.

4.5. 1-[2-(2,6-1 sopropylphenyl)-1,3-dioxo-2,3-dihydr o-1H-benzo[de]isoquinolin-6-yl]-3-(3-methylbut-2-en-1-yl)-
1H-imidazol-3-ium bromide, (NHC.HBr, precursor ofl and 2): Compoundlll (0.105 g, 0.133 mmol) was
dissolved in minimal amount of ethyl acetate an2tdimethylallyloromide (0.04 mL) was added to theuléng
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solution. The reaction mixture was stirred at roemperature overnight, then all volatiles were evatgalin vacuo.
The solid residue was recrystallized from isoprogldohol. Yield: 80% m.p. 199-201°CH NMR (600 MHz,
CDCly): 8 = 1.153 (d, J = 6.8 Hz, 12HCH,),CH), 1.946 (s, 3HCHs-butenyl), 1.988 (s, 3HCHs-butenyl), 2.708
(septet, J = 6.8 Hz, 2H, (GHCH), 5.444 (d, J = 7.4 Hz, 2H, H1-butenyl), 5.768 (& J.4 Hz, 1H, H2-butenyl),
7.337 (d, J = 7.8 Hz, 2H, H3, 5-phenyl), 7.493 (t,4.8&Hz, 1H, H4-phenyl), 7.632 (bs, 1H, H-imidazoley,27 (bs,
1H, H-imidazole), 8.016 (dd, J = 8.4, 7.3 Hz, 1H, H@htayl), 8.307 (dd, J = 0.8, 8.4 Hz, 1H, H7-naphth§362
(d, J = 7.7 Hz, 1H, H5-naphthyl), 8.777 (d, J = 7.7 BH, H4-naphthyl), 8.795 (dd, J = 0.8, 7.3 Hz, 1H, H9-
naphthyl), 10.451 (bs, 1H, ®HN-imidazole). ®C NMR (151 MHz, CDGJ)): & = 18.54((CHj)-butenyl), 23.92
((CH3),CH), 23.95((CH3),CH), 25.81 (CH3)-butenyl), 29.171(CH,),CH), 50.08(C1-butenyl), 118.02C2-butenyl),
123.30 (Ar‘C), 123.52(CH-imidazole), 124.1%CH-imidazole), 124.81 (ATC), 124.83(C3,5-phenyl), 125.34 (Ar-
“C), 126.00(C7-naphthyl), 126.54 (AfC), 128.08(C4-phenyl), 129.56 (AfC), 129.82(C5-naphthyl), 129.88C7-
naphthyl), 130.07 (A?C), 131.18(C4-naphthyl), 133.28C9-naphthyl), 135.28 (AfC), 138.54 (\CHN-imidazole),
145.51 (Ar®C), 162.72 {C-carbonyl), 163.27*C-carbonyl). G,H3,BrN;O, (572.54): calcd. C 67.13, H 5.99, N 7.34,
found: C 67.22, H 6.07, N 7.39.

4.6. 5,10-Dibutyl-8-(4-methylbenzyl)-4,6-dioxo-4,5,6,10-tetr ahydr obenzo[de]imidazo[4,5-g]isoquinolin-8-ium
bromide, (NHC.HBr, precursor of3 and 4): Suspension of 5,10-dibutylbenze]imidazo[4,5¢g]isoquinoline-
4,6(5H,10H)-dione (1 g, 2.86 mmol) and 4-methylbenzyl brom{@e&4 ml, 20 equiv.) was stirred for 72 hours at
80°C. After coiling to room temperature, the reactioxtare was filtered and washed with diethyl ether. Tésdue
was purified by column chromatography (gradientietutfirst eluting with ethyl acetate, after thautihg with
mixture of DCM and methanol = 4.5 : 0.5). Yield 1.499%); m.p. 216-218 °CH NMR (600 MHz, CDCJ): & =
0.961 (t, J = 7.4 Hz, 3HCH3-5-n-butyl), 1.025 (t, J = 7.4 Hz, 3I&H3-10-n-butyl), 1.391-1.452 (m, 2H, GH,-5-n-
butyl), 1.577-1.627 (m, 2H, 8H,-10-n-butyl), 1.658-1.709 (m, 2H, @H,-5-n-butyl), 2.176-2.225 (m, 2H, @H -
10-n-butyl), 2.278 (s, 3HCHs-(4-methylbenzyl)), 4.139-4.165 (m, 2H,CH,-5-n-butyl), 5.167-5.192 (m, 2H, 1-
CH,-10-n-butyl), 6.015 (s, 2HZH»-(4-methylbenzyl)), 7.166 (d, J = 8.0 Hz, 2H, H2, &éthylbenzyl), 7.491 (d, J =
8.0 Hz, 2H, H3,5-4-methylbenzyl), 8.087 (dd, J = B.5, Hz, 1H, H2-naphthyl), 8.673 (dd, J = 0.8, 7.5 Hi#, H1-
naphthyl), 8.778 (dd, J = 0.8, 7.5 Hz, 1H, H3-naphh§i793 (s, 1H, H7-naphthyl), 12.018 (s, 1HCIMIN). **C-
NMR (151 MHz, CDC}): 8 = 13.67 CHs-10-n-butyl), 13.81 CHs-5-n-butyl), 19.77 (32H,-10-n-butyl), 20.34 (3-
CHy-5-n-butyl), 21.23 CH;-(4-methylbenzyl)), 30.00 (ZH,-5-n-butyl), 31.15 (2=H,-10-n-butyl), 40.87 (ICH,-5-
n-butyl), 50.99 (1€H,-10-n-butyl), 51.99 CH,-(4-methylbenzyl)), 117.21 (C7-naphthyl), 126.701{@aphthyl),
128.44 (H3,5-4-methylbenzyl), 129.76 (C2-naphth¥B0.31 (H3,5-4-methylbenzyl), 131.54 (C3-naphth¥B4.61
(NCHN), 162.45 {C4-carbonyl), 163.08*C6-carbonyl). GHs,BrN;O, (534.49): calcd. C 65.17, H 6.03, N 7.86,
found: C 65.32, H 6.08, N 7.89.

General procedurefor synthesis of complexes 1 and 3:

Complexesl and 3 were prepared according to the literature [45]. Al&tk tube was charged with a
magnetic stir bar, Pd€(1.5 eq.), CHCN (2 mL, HPLC grade) and,N-dimethylbenzylamine (1.5 eq.). The mixture
was heated at reflux until a clear, dark orangetgwluwas formed and PdQlas dissolved completely (in ~ 25 min).
Finely powdered KCO; (3.5 eq.) was added in one portion, and the mixiuae stirred until the solution changed
color to bright canary yellow (in ~ 5 min). Relevamtidazolium saltNHC.HBr, (1 eq.) was added in one portion,
and the heating at 30 was continued for another 18 hours. After coiiogoom temperature, the reaction mixtures
were filtered through a pad of Celite and washed Ri{@M. After evaporation of solvents, the products waurdfied
by column chromatography (acetone : cyclohexaneé= 8.5).

General procedurefor synthesis of complexes 2 and 4:

Complexes2 and 4 were prepared according to the literature [46]. Al&k tube was charged with a
magnetic stir bar, relevant imidazolium saltiC.HBr, (1 eq.), CHCN (2 mL, HPLC grade)trans-di(u-acetato)-
bis[o-(di-o-tolylphosphino)benzyl]dipalladium(ll) (0.75 equivgnd finely powdered }CO; (2 equiv.), and the
mixture was stirred at 83C for 18 hours. After coiling to room temperatutiee reaction mixtures were filtered
through a pad of Celite and washed with DCM. Afterpewation of solvents, the products were purifiedcbiumn
chromatography (ethyl acetate : cyclohexane = @.5).

4.7. Bromo{2-[(dimethylamino-kN)methyl]phenyl-kC"}}[1-[2-(2,6-isopr opylphenyl)-1,3-dioxo-2,3-dihydr o-1H-
benzo[de]isoquinolin-6-yl]-3-(3-methylbut-2-en-1-yl)-1,3-dihydr o-2H-imidazol-2-ylideneg] palladium  (1). Yield
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0.18 g (92 %) of white solid witt.p. 120°C (decompositionjH-NMR (600 MHz, CDC}, 223 K): two conformers
in 1.1 : 1.0 ratio; Majord = 1.072-1.156 (m, 12H, Qi&H,),), 1.788 (s, 3H, &€Hs),-butenyl), 1.809 (s, 3H, b-
(CH3),-butenyl), 2.570 (s, 3H, a{€H,),-palladacycle), 2.676-2.755 (m, 2HHQCH,),), 2.736 (s, 3H, KCH3),-
palladacycle), 3.706 (d, J = 14.3 Hz, 1H, a-NgZHCH -palladacycle), 3.773 (d, J = 14.3 Hz, 1H, b-NgGHCH -
palladacycle), 5.181-5.273 (m, 2H, a,b-H1-butenyl,73-5.553 (m, 1H, H2-butenyl), 6.206 (d, J = 7.3 HZ, H3-
palladacycle), 6.632-6.656 (m, 1H, H4-palladacy@e3,15-6.839 (m, 1H, H5-palladacycle), 6.882 (d, JG=Hz, 1H,
H6-palladacycle), 7.291-7.310 (m, 2H, imidazole),54:3.399 (m, 2H, H3,5-phenyl), 7.524 (t, J = 7.8 H4, H4-
phenyl), 7.804 (dd, J = 7.0, 8.4 Hz, 1H, H8-naphthgl®94 (d, J = 7.8 Hz, 1H, H5-naphthyl), 8.294 (&, 8.4 Hz,
1H, H7-naphthyl), 8.516 (d, J = 7.8 Hz, 1H, H4-naphtt81$39 (d, J = 7.0 Hz, 1H, H9-naphthyl); Minér= 1.072-
1.156 (m, 6H, CKCHy),), 1.189 (d, J=7.0 Hz, 6H, GBH,),), 1.799 (s, 3H, §E€H3),-butenyl), 1.808 (s, 3H, a-
(CH3),-butenyl), 2.762 (s, 3H, (CHs),-palladacycle), 2.766-2.821 (m, 1H, &(CTH,),), 2.831-2.902 (m, 1H, b-
CH(CHsy),), 2.855 (s, 3H, KCHa),-palladacycle), 3.792 (d, J = 14.3 Hz, 1H, a-N¢gzHCH -palladacycle), 3.868 (d, J
= 14.3 Hz, 1H, b-N(Ck),-CH,-palladacycle), 5.232 (dd, J = 7.3, 14.5 Hz, 1H, abdfenyl), 5.392 (dd, J = 7.3, 14.5
Hz, 1H, b-H1-butenyl), 5.477-5.553 (m, 1H, H2-buten§i}14 (d, J = 7.3 Hz, 1H, H3-palladacycle), 6.919-6.64,
1H, H4-palladacycle), 7.041-7.080 (m, 2H, H5-palladieynd H6-palladacycle), 7.291-7.310 (m, 1H, imide}ol
7.354-7.399 (m, 3H, H3,5-phenyl and imidazole), 7.824 = 7.8 Hz, 1H, H4-phenyl), 7.855 (dd, J = 7.@,18z, 1H,
H8-naphthyl), 8.307 (d, J = 8.4 Hz, 1H, H7-naphthyly08 (d, J = 7.0 Hz, 1H, H9-naphthyl), 8.767 (d, J.&Hz,
1H, H4-naphthyl), 9.179 (d, J = 7.8 Hz, 1H, H5-napHtHYC NMR (151 MHz, CDGJ, 223 K); Major:5 = 18.62 (a-
(CHy)-butenyl), 24.28 (CKCHs),), 24.30 (CHCH3),), 26.32 (b(CH3)-butenyl), 29.17 CH(CH3),), 49.86 (C1-
butenyl), 50.84 (KCHs),-palladacycle), 51.00 ((CHs),-palladacycle), 71.61 (N(CHb-CH,-palladacycle), 118.32
(C2-butenyl), 121.30 (imidazole), 122.36 (C6-padleycle), 123.74 (C5-palladacycle), 124.20 (C3-phery24.25
(C5-phenyl),125.34 (C4-palladacycle), 126.81 (Cphihyl), 127.94 (C8-naphthyl), 130.02 (C4-phen¥B1.00 (C7-
naphthyl), 131.16 (C4-naphthyl), 132.42 (C9-naphth¥35.50 (C3-palladacycle), 164.24CB8-carbonyl), 164.37
(“Cl-carbonyl) 174.88 (b8C-carbene); Minors = 18.64 (aCH,)-butenyl), 24.38 (CKCH,),), 24.46 (CHCHs),),
26.35 (b(CHs),-butenyl), 28.94 (2C, s, {CH3),), 50.08 (C1l-butenyl), 51.19 (8Hs),-palladacycle), 51.38
(N(CHj),-palladacycle), 71.74 (N(CH-CH,-palladacycle), 118.44 (C2-butenyl), 123.03 (Clgucycle), 124.10
(imidazole), 124.36 (C5-palladacycle), 124.61 (G@4pyl), 124.67 (C5-phenyl), 126.13 (C4-palladacycle7.89
(C4-naphthyl), 128.16 (C8-naphthyl), 129.20 (C74thgl), 130.02 (C4-phenyl), 131.71 (C5-naphthy3213 (C9-
naphthyl), 135.70 (C3-palladacycle), 163.7C3-carbonyl), 163.88 “Cl-carbonyl) 174.88 “ifs, “C-carbene).
C4;H4sBrN4O,Pd (810.18): caled. C 60.63, H 5.58, N 6.90, foun@0@9, H 5.62, N 6.94.

4.8. ({2-[Bis(2-methylphenyl)phosphanyl-kP]phenyl}methyl-kC)(br omo)[ 1-[ 2-(2,6-diisopr opylphenyl)-1,3-
dioxo-2,3-dihydr o-1H-benzo[de]isoquinolin-6-yl]-3-(3-methylbut-2-en-1-yl)-1,3-dihydr 0-2H-imidazol -2-
ylidene]palladium (2). Yield 0.16 g (90 %) of white solid witm.p. 120°C (decompositionjH-NMR (600MHz,
CDCl,;, 223K): four conformers in 1.0 : 0.2 : 0.26 : O1@dio; Major:5 = 1.033 (d, J = 6.5 Hz, 3H, GBH5),), 1.162

(d, 3 = 6.5 Hz, 3H, CtCHy),), 1.244 (d, J = 6.5 HBH, CHCH,),), 1.281 (d, J = 6.5 HBH, CHCHy3),), 1.651 (s,
3H, (CH3),-butenyl), 1.684 (s, 3HCH),-butenyl), 1.868 (d, J = 13.0 Hz, 1HCH,-Pd), 2.302 (s, 3HZHs-0-tol-1),
2.543-2.594 (m1H, CH(CHa),), 2.734 (s, 3HCHz-0-tol-2), 2.705-2.777 (mlH, CH(CHzs),), 2.802 (d, J = 13.0 Hz,
1H, b-CH,-Pd), 4.835 (dd, J = 7.4, 14.0 Hz, 1H, a-H1-buteryyB25 (dd, J = 7.4, 14.0 Hz, 1H, b-H1-butenyl), 5.434
(dd, J =7.4, 7.4 Hz, 1H, H2-butenyl), 6.426-7.46 {4, 12H of o-tol-1, otol-2 and phosphapalladacyclé 2H of
imidazole), 7.383 (d, J = 7.9, 2H, H3,5-phenyl), B.§8 J = 7.9 Hz, 1H, H4-phenyl), 8.016 (dd, J = B.5, Hz, 1H,
H8-naphthyl), 8.357 (d, J = 8.5 Hz, 1H, H7-naphthyls08 (d, J = 7.8 Hz, 1H, H4-naphthyl), 8.702 (d, J.& Hz,
1H, H5-naphthyl), 8.849 (d, J = 7.5 Hz, 1H, H9-naphthyIC-NMR (251 MHz, CDCJ, 223K); Major:& = 18.10
((CHg),-butenyl), 22.97 (d, J=12.30 HZHs-0-tol-2), 23.40 (d, J=10.80 HEH;-0-tol-1), 23.89 (CKICHy),), 23.97
(CH(CHa),), 24.04 (CHCHa),), 24.06 (CHCHSa),), 24.29 CH,-Pd), 25.91 (CHs).-butenyl), 28.84CH(CHs),), 28.91
(CH(CHa),), 49.09 (C1-butenyl), 118.69 (C2-butenyl), 1243 6-phenyls), 128.17 (C8-naphthyl), 129.19 (C7-
naphthyl), 129.22 (C5-naphthyl), 129.76 (C4-phen$31.48 (C4-naphthyl), 132.34 (C9-naphthyl), 183(iC3-
carbonyl), 163.97*C1-carbonyl), 181.79 (fJe.pyans= 144.5 Hz,*C-carbene)*P{'H}-NMR (243 MHz, CDCH,
223K); four conformers in 1.0 : 0.2 : 0.26 : O.6io; 5 = 27.45, 28.64, 31.31, 31.58 ppms3id;:BrN;O,PPd
(979.21): calcd. C 64.87, H 5.44, N, 4.28, found:5X08, H 5.52, N 4.31.

4.9. [5,10-Dibutyl-8-(4-methylbenzyl)-4,6-dioxo-5,6,8,10-tetr ahydr obenzo[de]imidazo[4,5-g]isoquinolin-9(4H)-
ylidene] (br omo){2-[(dimethylamino-kN)methyl]phenyl-kC'}palladium (3). Yield 0.14 g (80 %) of pale yellow
solid withm.p. 120°C (decompositionjH NMR (600 MHz, CDCJ): & = 0.967 (t, J = 7.4 Hz, 3HGH;-10-n-butyl),
1.075 (t, J = 7.4 Hz, 3HZH3-5-n-butyl), 1.402-1.464 (m, 2H, GH,-10-n-butyl), 1.622-1.679 (m, 2H, @H,-5-n-
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butyl), 1.679-1.722 (m, 2H, 8H,-10-n-butyl), 2.017-2.091 (m, 1H, a@H,-10-n-butyl), 2.254 (s, 3HCH;-(4-
methylbenzyl)), 2.331-2.406 (m, 1H, b&H,-10-n-butyl), 2.942 (s, 3H, a-BH;),-palladacycle) 2.950 (s, 3H, b-
N(CHs),-palladacycle), 3.914 (d, J = 14.1 Hz, 1H, a-N{z¥CH,-palladacycle), 4.061 (d, J = 14.1 Hz, 1H, b-
N(CHs),-CH,-palladacycle), 4.143-4.167 (m, 2H,CH,-5-n-butyl), 5.297-5.342 (m, 1H, a@H,-10-n-butyl),
5.4029-5.453 (m, 1H, a-CH,-10-n-butyl), 5.958 (d, J = 15.4 Hz, 1HCH,-(4-methylbenzyl)), 5.972 (dd, J = 1.0,
7.5 Hz, 1H, H6-palladacycle), 6.215 (d, J = 15.4 Hz, Bi€H,-(4-methylbenzyl)), 6.641 (ddd, J = 1.0, 7.4, 7.5 Hz
1H, H5-palladacycle), 6.958 (ddd, J = 0.8, 7.4, 7% EH, H4-palladacycle), 7.044 (dd, J = 0.8, 7.4 Hi, H3-
palladacycle), 7.075 (d, J = 8.0 Hz, 2H, H2,6-4-médtbmgkyl), 7.447 (d, J = 8.0 Hz, 2H, H3,5-4-methylbeyZ§l1937
(dd, J = 7.4, 8.3 Hz, 1H, H2-naphthyl), 8.559 (s, Hi;naphthyl), 8.641 (dd, J = 1.0, 8.3 Hz, 1H, H1-naphth
8.678 (dd, J = 1.0, 7.4 Hz, 1H, H3-naphthyg.NMR (151 MHz, CDG)): & = 13.73 CH3-10-n-butyl), 13.86 CH;-
5-n-butyl), 20.16 (2Z2H,-5-n-butyl), 20.41 (3=H,-5-n-butyl), 21.16 CHs-(4-methylbenzyl)), 30.13 (8H,-10-n-
butyl), 30.74 (2€H,-10-n-butyl), 40.60 (XEH,-5-n-butyl), 50.88 (a-N{Hs),-palladacycle), 51.41 (b-lHs),-
palladacycle), 52.04 (CH,-10-n-butyl), 54.13 CH,-(4-methylbenzyl)), 72.28 (N(CHb-CH,-palladacycle), 116.82
(C7-naphthyl), 122.60 (C3-palladacycle), 124.31-(2dladacycle), 125.74 (C5-palladacycle), 126.93-(@phthyl),
127.92 (C3-naphthyl), 128.18 (C3,5-4-methylbenz$B9.67 (C3,5-4-methylbenzyl), 129.98 (C3-naphth¥35.49
(C6-palladacycle), 163.54G6-carbonyl), 163.99'C4-carbonyl), 188.99'C, Pd-carbene). £H.BrN,O,Pd (772.16):
calcd. C 58.96, H 5.60, N 7.24, found: C 59.04, H 51\6@.27.

4.10. ({2-[Bis(2-methylphenyl)phosphanyl-kP]phenyl} methyl-kC)(br omo)[5,10-dibutyl-8-(4-methylbenzyl)-4,6-
dioxo-5,6,8,10-tetr ahydr obenzo[de]imidazo[4,5-g]isoquinolin-9(4H)-ylidene]palladium (4). Yield 70 mg (83 %)
of pale yellow solid wittm.p. 120°C (decompositionJH-NMR (600 MHz, CDC}, 233 K); two conformers in 1.59 :
1.0 ratio; Major:d = 0.959 (t, 3H,CH3-5-n-butyl), 0.972 (t, 3HCH3-10-n-butyl), 1.401-1.472 (m, 2H, GH,-5-n-
butyl), 1.482-1.574 (m, 2H, 8H,-10-n-butyl), 1.648-1.715 (m, 2H, @H,-5-n-butyl), 1.961-2.055 (ni,H, a-2CH -
10-n-butyl), 2.138 (s, 3HCH:-(4-methylbenzyl), 2.272-2.365 (m, 1H;25CH,-10-n-butyl), 2.363 (d, J = 13.0 Hz,
1H, aCH,-Pd), 2.645 (d, J = 13.0 Hz, 1H,GH,-Pd), 2.918 (s, 3HCH-0-tol-2), 2.924 (s, 3HCH-0-tol-1), 4.141-
4.1715 (m, 2H, XEH,-5-n-butyl), 5.112-5.181 (m, 1H, a&H,-10-n-butyl), 5.284-5.337 (m, 1H, baH,-10-n-
butyl), 5.677 (d, J = 15.0 Hz, 1H,GH-(4-methylbenzyl)), 5.993 (d, J = 15.0 Hz, 1HCbk-(4-methylbenzyl)),
6.697 (d, J = 8.1 Hz, 2H, H3,5-4-methylbenzyl), 6.B3262 (m, 1H, Ar-phosphapalladacycle), 6.884-7.518H{
6.881-6.907 (m, 1H, o-tol-1), 6.986-6.994 (m, 1H,0bz), 7.011-7.016 (m, 1H, Ar-phosphapalladacyclep43-
7.064 (m, 1H, Ar-phosphapalladacycle), 7.183-7.2051(H o-tol-2), 7.188-7.214 (m, 1H, Ar-phosphapallgd),
7.215 (d, J = 8.1 Hz, 2H, H2,6-4-methylbenzyl), 7.22437 (m, 1H, o-tol-1), 7.241-7.264 (m, 1H, o-tol-2)334-
7.381 (m, 1H, o-tol-2), 7.481-7.517 (m, 2H, o-tol;1)]975 (dd, J = 8.5, 7.4 Hz, 1H, H2-naphthyl), 8.688 J = 0.9,
8.5 Hz, 1H, H1-naphthyl), 8.696 (dd, J = 0.9, 7.4 Hz, H3-naphthyl), 8.703(s, 1H, H7-naphthyl). Minér= 0.82
(t, J = 7.3 Hz, 3HCH4-10-n-butyl), 0.9511 (t, J = 7.3, 3l8H5-5-n-butyl), 1.401-1.472 (m, 4H, GH,-5-n-butyl and
3-CH-10-n-butyl), 1.648-1.715 (m, 2H, @H-5-n-butyl), 1.789-1.867 (m, 1H, a@H»-10-n-butyl), 2.158-2.227
(m, 1H, b2-CH,-10-n-butyl), 2.291 (s, 3HCHz-(4-methylbenzyl)), 2.583 (d, J = 13.0 Hz, 1HCH-Pd), 2.723 (s,
3H, CHz-0-tol-2), 2.796 (s, 3HCHz-0-tol-1), 3.218 (d, J = 13.0 Hz, 1H:GH,-Pd), 4.141-4.1715 (m, 2H, QH »-5-
n-butyl), 4.929-4.981 (m, 1H, a@H,-10-n-butyl), 5.112-5.181 (m, 1H, b@H,-10-n-butyl), 5.872 (d, J = 15.0 Hz,
1H, aCH,-(4-methylbenzyl)), 6.324 (d, J = 15.0 Hz, 1H,Cbh-(4-methylbenzyl)), 6.75-6.78 (m, 1H, Ar-
phosphapalladacycle), 6.884-7.516 [(16H: 6.935-6.9%h, 1H, o-tol-1), 6.946-6.988 (m, 1H, Ar-
phosphapalladacycle), 6.997-7.012 (m, 1H, o-tolf2)22-7.034 (m, 1H, Ar-phosphapalladacycle), 7.064)(d 8.1
Hz, 2H, H3,5-4-methylbenzyl), 7.127-7.172 (m, 2H, oiyl 7.184-7.214 (m, 1H, Ar-phosphapalladacycle)87-1
7.225 (m, 1H, o-tol-2), 7.266-7.278 (m, 1H, o-tol-2)341-7.379 (m, 1H, o-tol-2), 7.428-7.433 (m, 2Hob1),
7.478 (d, J = 8.1 Hz, 2H, H2,6-4-methylbenzyl)], 7.984, J = 8.5, 7.4 Hz, 1H, H2-naphthyl), 8.528 (dd,A9, 8.5
Hz, 1H, H1-naphthyl), 8.662 (dd, J = 0.9, 7.4 Hz, 1H;rtdPhthyl), 8.684 (s, 1H, H7-naphthylJC-NMR (151MHz,
CDCls, 233 K); Major:8 = 14.27 CH3-10-n-butyl-major), 14.30GH 3-5-n-butyl), 20.54 (C3=H,-10-n-butyl), 20.64
(C3-CH,-5-n-butyl), 21.46 CHz-(4-methylbenzyl)), 22.64QH,-Pd-major), 23.12 ()., = 11.7 Hz,CHz-0-tol-2),
23.81 (d,%J.»= 9.0 Hz,CHg-0-tol-1), 30.21 (CZ=H,-5-n-butyl), 31.82 (CZ=H,-10-n-butyl), 40.87 (CTGH,-5-n-
butyl), 52.10 (C1€H.-10-n-butyl), 52.34 CH,-(4-methylbenzyl)), 116.48 (C7-naphthyl), 125.80 +Ar
phosphapalladacycle), 126.20 {&.» = 4.0 Hz, o-tol-2), 126.74 (d)..» =18.0 Hz, Ar-phosphapalladacycle), 127.18
(C1-naphthyl), 128.36 (C2-naphthyl), 128.37 (C26&x(ethylbenzyl)), 129.48 (C3,5-(4-methylbenzyl)30125 (C3-
naphthyl), 130.50 (o-tol-1), 130.80 (o-tol-2), 19®.(Ar-phosphapalladacycle), 131.56 (d.,¥ 7.7 Hz, o-tol-1),
131.79 (d, dp = 8.4 Hz, o-tol-2), 132.43 (Ar-phosphapalladacycig3.00 (o-tol-1), 133.14 (o-tol-2), ), 134.08 (d,
Je.p = 49.0 Hz, ipso-P-Ar-phosphapalladacycle-major),.68ZC6-carbonyl), 163.02'C6-carbonyl), 195.81 (d)).

17



paans= 142.0 Hz,“C-carbene). Minord = 13.63 CH3-10-n-butyl), 14.30 CHs-5-n-butyl), 20.05 (C3=H,-10-n-
butyl), 20.64 (C3SH,-5-n-butyl), 21.55 CH-(4-methylbenzyl)), 22.66QH,-Pd), 23.22 (d*).» = 11.7 Hz,CHz-0-
tol-2), 23.97 (dJc.p = 9.0 Hz,CHg-0-tol-1), 30.19 (C2EH,-5-n-butyl), 31.53 (CZEH,-10-n-butyl), 40.89 (CTGH,-
5-n-butyl), 51.45 (CIGH,-10-n-butyl), 52.84 CH,-(4-methylbenzyl)), 116.83 (C7-naphthyl), 125.80 Ar
phosphapalladacycle), 125.84 ( o-tol-1), 126.154ds = 4.0 Hz, o-tol-2), 127.17 (C1-naphthyl), 127.19%® » =
18.0 Hz, Ar-phosphapalladacycle), 128.13 (C2,6-(4hylbenzyl)), 129.88 (C3,5-(4-methylbenzyl)), 130.@33-
naphthyl), 130.42 (o-tol-1), 130.80 (o-tol-2), 186.(Ar-phosphapalladacycle), 131.31 {&. = 7.7 Hz, o-tol-1),
131.69 (d2Je.p = 8.4 Hz, o-tol-2), 132.14 (Ar-phosphapalladacycl®?.98 (d’J..» = 6.0 Hz, o-tol-1), 133.14 (o-tol-
2), 133.87 (diJe.p= 49.0 Hz, ipso-P-Ar-phosphapalladacycle), 162&%{carbonyl), 163.02'C6-carbonyl), 195.37
(d, *Je.prans= 142.0 Hz)C-carbene)*P{"H}-NMR (243 MHz, CDC}, 233 K); two conformers in 1.59 : 1.0 ratboz
28.65 (minor), 29.59 (major) ppm.sds:BrN;O,PPd (941.19): calcd. C 63.67, H 5.45, N 4.45, found3.82, H
5.53, N 4.46.

Appendix A. Supplementary data

Supplementary data related to this article (copfetheH, **C and®P NMR spectra of the new complexes, details of
dynamic NMR studies and DFT calculations) are pregid
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Four catalytically relevant Pd(Il) NHC complexesalving bidentate N- and P-donor
ligands were synthesized and characterized

The structures and conformations of the complexae wlucidated on the basis of
combination of dynamic NMR and DFT studies

The results from dynamic NMR and DFT studies conéid hindered rotation around
C-N bond in 1,3-disubstituted imidazole complexes

The fluxional behavior of P-donor ligands inclugeshange between left-handed and
right-handed phosphine propellers

The palladium complexesand4 were evaluated as catalysts in Suzuki—Miyaura

Reaction and exhibited excellent catalytic activity



