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Abstract

Aromatic amidineda-eundergo facile reaction with one isocyanide in BATNBU), giving
carbene complexezb-d (Scheme 2in high isolated yields (79-95%). The structurégb—d
were confirmed by the'H and *C NMR spectroscopies, high resolution electrospray
ionization mass spectrometry (HRESI-MS), IR, thenantal analyses (C, H, N), and X-ray
diffraction analysis fo2c, which revealed that the carbene and unreactedasaty ligands
were located in a mutuallyans position. Such arrangement was unexpected siraid ot

fit trans effect rule. Stabilization of the unfavorable ismwas rationalized by intramolecular
hydrogen bonding. The nature of the intramoleculan-covalent interactions, which were
responsible for the stabilization of theans-isomer, was studied theoretically using DFT
calculations and topological analysis of the etatuensity distribution within the framework

of Bader's theory (QTAIM method).
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Introduction

The Pd-catalyzed C—C and C—N coupling reactiong newently emerged as an indispensable
tool in the organic synthesis.[1-3] Modern prepaeamethods heavily rely on the Suzuki—
Miyaura, Sonogashira and Mizoroki-Heck and othessfcoupling processes.[4] In the last
decades a research in the area of the Pd-catatyzgding reactions experienced an explosive
growth which resulted in the development on the enaus well-defined catalysts. Among
these systems the phosphine and N-heterocyclieoarNHC) complexes appeared to be
among the most promising ones.[5—7] Although trestems proved to be highly efficient,
they still possess several disadvantages. Homageokihe aforementioned catalysts does
not allow a facile catalyst recovery and, consetjyetheir application in the industrial
environment.

We have recently demonstrated that the palladiumiaed coupling between nucleophile-
supported Merrifield resin and coordinated isocgtani is an efficient strategy for the
expedient synthesis of the structurally elaboraegclic diaminocarbene palladium (ADC-
Pd) complexes.[8] This methodology allows a fasytathesis of the ADC-Pd complexes with
easily tunable sterical and electronic parametgysthesis of relevant protic NHC complexes

was described in excellent reviews by Hahn.[9,10]



In the course of our systematic studies on thehggid of the new Pd-carbene complexes via
nucleophilic coupling between the coordinated ismigles and N-nucleophiles we found that
the addition of various aromatic amidines to thebBdnd isocyanide in PASCNBU);
results in the formation dfans-PdCI(CNBU)(ADC) complexes.[11-15] At the first glance
this seemed counterintuitive since it did nottig tlassic Chernyaevs’ trans effect theory.[16]
Our investigation demonstrated that the unfavoraiéms-isomer is stabilized by the
intramolecular hydrogen bonding. Herein, we descdldacile synthesis of the Pd-complexes
bearing chelate carbene ligand via amidine-isod&ancoupling and discuss unusual

intramolecular hydrogen bond-stabilized mixed isoggle carbene complexes.

Experimental Part

General remarks. GC analyses was performed on a Kristall 5000.2unstnt (Chromatec)
with a flame ionization detector (FID) (column: Mecey-Nagel MN OptiMA-1 25 mx 0.32
mm 0.35 mkm). Infrared spectra (4000-200 Bnwere recorded on a Bruker Tensor 27
instrument as KBr pellets. NMR spectra were recraleambient temperature with a Bruker
400 WB Avance spectrometer (Bruker Ltd.) at 400’8 and 100.61*¢C) MHz. Chemical
shifts @) are given in ppm relative to the resonances viesws (H, & 7.26 for CDCI3;*C, &
77.16 for CDC{). Coupling constants (J) are given in Hz. Multfles of signals are
described as follows: s = singlet, d = doublet, triplet, m = multiplet. Unless stated
otherwise, all commercially available compounds f§AlAesar, Aldrich, TCI, Strem
Chemicals) were used as received.

Computational details. The Hirshfeld molecular surface for the X-ray stune of 2c was
generated using the CrystalExplorer program (varsi@.5).[17] The normalized contact

distances, @m[18] based on Bondi's van der Waals radii,[19] evenapped into the



Hirshfeld surface. In the color scale, negativaugal of dom are visualized by the red color
indicating contacts shorter than the sum of van \Weals radii. The white color denotes
intermolecular distances close to van der Waaldacts with dorm equal to zero. In turn,
contacts longer than the sum of van der Waals wéthi positive ¢om values are colored with
blue.

The full geometry optimization of all model struets has been carried out at the DFT level
of theory using the M06 functional[20] with the pedf Gaussian-09 program package.[21]
The calculations were carried out using the qualsitvistic energy-consistent
pseudopotentials of the Stuttgart/Cologne group thescribed 28 core electrons and the
appropriate contracted basis sets[22] for palladatoms (MWB28) and the standard 6-
31G(d) basis sets for other atoms. No symmetryicésns have been applied during the
geometry optimization procedure. The Hessian nmedriwere calculated analytically in all
cases to prove the location of correct minima anpbtential energy surfaces (no imaginary
frequencies) and to estimate the thermodynamicnpetexs, the latter being calculated at 25
°C (Table S§. The topological analysis of the electron dendistribution with the help of
the “atoms in molecules” (QTAIM) method[23] has bgeerformed by using the Multiwfn
program (version 3.6).[24] The Cartesian atomic rdoates for optimized equilibrium

geometries of model structures are presentdabie S9



Synthetic part.

General procedure for the synthesis oN-substituted amidines.

NH, AICI, H
R N + C/’/N _— > AN N R2
N~ R? 120 - 140 °C R'r T
) L~ NH
" O e
©A Ty Q*
H
1a (72 %) 1b (35 %) 1c (21 %)
1d (69 %) 1e (44 %) 1£ (36 %)

Scheme 1Synthesis of amidines.

Amidines were synthesized according to slightly red literature procedures
(Scheme 1[25-27] Aniline (6.0 mmol, 1.20 eq) and a corm@sging nitrile (5.0 mmol, 1
eq) were stirred for 15 min at room temperaturgh@ pressure tube (75 mL). Further,
AICl3 (5.0 mmol, 1.00 eq) was added in one portion tiibe was sealed, and the mixture
was stirred at 140 °C for 15 h. Cold water (50 migs added. To the formed suspension,
concentrated solution of NaOH was added till pHcheal 14 (pH was controlled using a
universal paper indicator). The aqueous layer waaeted with CHG (3x30 mL). The
combined organic layers were dried over${a, filtered and concentrated under reduced
pressure. The residue was purified by double réatiation from hexane or a mixture of
hexane/ethyl acetate or using preparative columonechtography. Analytical data were in

excellent agreement with the previously reported.



la. Aniline (6.0 mmol, 560 mg), benzonitrile (5.0 miM516 mg) were used. Yield: 707
mg (72%). The compound was purified by the doubl@ystallization from hexane/ethyl
acetate.

1b. Aniline (6.0 mmol, 560 mg), acetonitrile (5.0 mmap5 mg) were used. Yield: 235
mg (35%). The compound was purified by the doubl@ystallization from hexane/ethyl
acetate.

1c. Aniline (6.0 mmol, 560 mg), 4-methoxybenzonitr{20 mmol, 666 mg) were used.
Yield: 238 mg (21%). The compound was purified bhg double recrystallization from
hexane/ethyl acetate.

1d. 2-Isopropylaniline (6.0 mmol, 751 mg), benzonér{.0 mmol, 516 mg) were used.
Yield: 822 mg (69%). The compound was purified bg double recrystallization from
hexane/ethyl acetate.

le. Aniline (6.0 mmol, 560 mg), pivalonitrile (5.0 mial5 mg) were used. Yield: 388
mg (44%). The compound was purified by the rectlysdion from hexane.

1f. p-Anisidine (6.0 mmol, 780 mg), pivalonitrile (5tbmol, 416 mg) were used. Yield:
371 mg (36%). The compound was purified by colutromatography with hexane/ethyl

acetate (1:10) as an eluent.

General procedure for the synthesis of ADC-Ptcomplexes.

PdCL(CNBU), (2) (0.1 mmol, 34 mg), corresponding amidide-f) (0.1 mmol)
and EsN (1 mmol, 101 mg) were dissolved in 2 mL of THFatirred for 6 h foRa, 2c—
2f or 2 h for2b. The reaction mixture was cooled to 0 °C, filtefein precipitated BN
hydrochloride, washed with cold THF (3x2 mL), evegied under reduced pressure. An
oily residue was washed with JBx (2 mL) to give a powder, which was filtered and

crystallized by the slow diffusion of pentane i1@bl,Cl, solution at 10 °C.



\% trans-2a+cis-2a*. Yield 47 mg (93%).

H N H 'H NMR (300 MHz, CDCJ): 6 7.76 (s,
cl N C ‘N{
N C- Pd C( CI—Ffd-C\( NH), 6.56-7.30 (m, 7H+7H*), 6.63 (d,

N /N NN
@ S @ S J= 3.6 Hz, 2H), 6.60 (dJ = 3.6 Hz,

2H*), 5.60 (s, NH*), 3.72 (s, 3H +
trans-2a cis-2a 3H*), 1.58 (s, 9H*), 1.51 (s, 9H%),

1.47 (s, 9H), 1.16 (s, 9Hirans-2a:cis-2a 1.63:1.00.

trans-2b+cis-2b*. Yield 39 mg (89%).

\f 'H NMR (300 MHz, CDCY): J 7.66 (s,

H\ I H\
Cl ,N{ ¢ ,N{ NH), 7.15-7.33 (m, 3H+3H*), 7.00 (d,
%—N—C—Pd—c( CI—Pld—C(
@NT/ = 7.2 Hz, 2H), 7.12 (dJ = 7.5 Hz,
2H*), 5.51 (s, NH*), 1.93 (s, 3H*), 1.90
trans-2b cis-2b
(s, 3H), 1.56 (s, 9H*, C(Chk), 1.47 (s,
9H*, C(CHa)s), 1.43 (s, 9H, C(Ch)3), 1.10 (s, 9H, C(CH-); trans-2b+cis-2b. *C NMR
(101 MHz, CDC}): 6 191.76 (Garbend, 189.39 (Garvend 183.23, 182.73,150.65, 146.51,
128.86, 128.27, 125.78, 125.54, 125.48, 125.3@&BEC(CHy)s), 54.62 (C(CH)3), 30.14
(C(CHs)z), 29.58 (C(CH)z), 29.13 (C(CH)s), 28.84 (C(CH)s), 17.70 (N=C(N)-CH),
16.83 (N=C(N)-CH) (isocyanide carbon atoms were not detected; IBr(kv™): v(N-H)
3296, v(C—H) 2971,v(C=N) 2206, v(N=Ccamen=N) 1525; ESI/MS (m/z, 100V, MeCN):
calculated €1gH26CINsPd+H] = 441.1037, foundNI+H'] = 441.1033.trans-2b:cis-2b

1.33:1.00.



trans-2c+cis-2c*. Yield 44 mg (79%).

H H 'H NMR (300 MHz, CDC}) § 7.76 (s,
X e
o N ¢ N *
%*NEC-PId—C\( C|_P'd_C\( NH), 6.56-7.30 (m, 7H+7H*), 6.63 (d,
N N
©/N / ©/N { J = 3.6 Hz, 2H), 6.60 (dJ = 3.6 Hz,
2H*), 5.60 (s, NH*), 3.72 (s, 3H +
OMe OMe 3H*), 1.58 (s, 9H*, CCH3)3), 1.51 (s,
frans-2c cis-2¢
9H*, C(CH3)3), 1.47 (s, 9H, GTH3)3),
1.16 (s, 9H, QTH3)3); trans-2c+cis-2c. *C NMR (75 MHz, CDCH): & 189.60 Cearbeno),
187.42 Ccarbend), 160.60, 160.36, 151.32, 146.85, 133.05, 132128,58, 127.96, 126.81,
126.31, 125.01, 124.65, 112.68, 112.62, 55@&Hs)3), 55.11(-CCH3), 54.69 C(CHj3)3),
30.17 (CCHa3)3), 29.64 (CCH3)3), 29.29 (CCH3)3), 28.99 (CCHa3)3) (isocyanide carbon
atoms were not detectedR (KBr, cmi): v(N-H) 3279, v(C-H) 2981 ,v(C=N) 2209,
V(N=Ccarpene= N) 1534, 1498ESI/MS (m/z, 100V, MeCN): calculated_psH3:CIN,OPd-

Cl] = 497.1533, foundNI-ClI]" = 497.1542trans-2c.cis-2¢ 1.38:1.00.

trans-2d+cis-2d*. Yield 52 mg

(95%).'H NMR (400 MHz, CDCJ):

H N H
Cl N{ CIJ N{
%NEC_FJC,_C'( Cl-Pd-C( § 7.76 (s, 1H, NH), 7.34-7.01 (m,
i [\ [

iPr

NN NN 9H+9H*, Ar), 5.64 (s, 1H, NH¥),
3.32 (sept,J = 6.8 Hz, 1H), 3.16
trans-2d cis-2d (sept,J = 6.9 Hz, 1H*), 1.93 (s,

3H*), 1.90 (s, 3H,), 1.58 (s, 9H*, CHs)s), 1.53 (s, 9H*, OCHs)3), 1.49 (s, 9H,
C(CHs)3), 1.24 (d,J = 6.8 Hz, 6H*), 1.21 (dJ = 6.8 Hz, 6H*), 1.08 (s, 9H, CH3)3), 0.72
(d, J = 6.8 Hz, 6H*);trans-2d+cis-2d. *C NMR (101 MHz, CDCY): 5 190.10 Ccarbend,

188.1 Ccarbend; 179.81, 148.19, 145.22, 143.87, 142.44, 142122,69, 132.48, 130.80,



130.53, 129.80, 129.49, 127.21, 127.17, 126.78,2624.26.21, 126.01, 125.78, 125.61,
125.24, 55.91 Q(CHa)s), 54.74 C(CHs)s), 30.17 (CCHa3)s), 29.60 (CCHa)s), 29.30
(C(CH3)s), 28.98 (CCHa)s), 27.78, 27.26, 23.79, 22.50, 22.32 (isocyanidbara atoms
were not detected)]R (KBr, cmi®): v(N-H) 3277, v(C-H) 2962, v(C=N) 2211,
V(N=Campene= N) 1533, 1509ESI/MS (m/z, 100V, MeCN): calculatedCpsHssCIN4Pd-

ClI]" = 509.1897, found\l-Cl]" = 509.1923trans-2d:cis-2d 2.33:1.00.

Results and Discussion

We started our studies with the optimization of lleenogeneous reaction betwedén
phenylbenzamidine and Pd@INBU),. In our preliminary report the yield of the desire
complex was rather low.[28] We now found that tidditon of EgN to the reaction mixture
significantly increases the reaction time and theddyof the carbene complex (99% NMR
yield after 2 hours at room temperature and 93%ated yield). Further, we tested our
methodology for other amidine$a-¢ which were synthesized from the corresponding
anilines and nitriles by their coupling in the pmese of AIC} (Scheme L

Amidines la-e undergo facile coupling with the Pd-bound isocyanidn
PdCL(CNBU), giving carbene complex&b-d (Scheme 2 in high isolated yields (79-95%).
Interestingly, the utilization of sterically hinagsl amidinesle and 1f not gave the desired

carbenes.



NH Ne N 10 eq Et;N Cl._ C—N
X o o LaEN pi ]
RN + Pd THF L N g

1a: R'=Ph R2 = Ph - EtsN°HCI ><
1b: R' = Me, R? = Ph gng’ (gz)
1c: R' = (4-OMe)Ph, R% = Ph 790/0 (2 )

. 1 — 2 — ; ) ( C)
1d: R'= Ph, R? = (2-i-Pr)Ph 95% (2d)

1e: R'=t-Bu, R? = Ph
1f. R' = t-Bu, R? = (4-OMe)Ph

Scheme 2Synthesis of mixed carbene/isocyanidé Bomplexes.

The structures o2b—d were confirmed by th&H and**C NMR spectroscopies, high
resolution electrospray ionization mass spectrom@tRESI-MS), IR, the elemental analyses

(C, H, N), and X-ray diffraction analysis f@c (Figure 1).

Figure 1. View of 2c with the atomic numbering scheme.

Complex 2c contains acyclic diaminocarbene complex and umedatsocyanide ligand in
trans configuration. We carried out the Hirshfeld sudamalysis for the X-ray structure 2

to understand what kind of intermolecular contagt®s the most significant contribution in



the crystal packingHigure 2). The partial contributions of different interatmntontacts to
the molecular Hirshfeld surface &€ are following: H---H 62.3%, C---H 17.8%, CI-- - B8,
O---H 4.1%, N---H 3.5%, Pd---H 3.1%, and C- --C.(O'h&s, theHirshfeld surface analysis
for the X-ray structure of2c reveals that crystal packing is mainly determinegd b

intermolecular H-H contacts.

H-H C-H Cl-H
r
L N X
& ‘ a¥
1} 4
O-H N-H Pd-H Cc-C

Figure 2. Total molecular Hirshfeld surface f@c and molecular Hirshfeld surfaces with
selectively highlighted sections, which are formgue to the corresponding interatomic

contacts.

The IR spectra of2a-d feature characteristic bands at 2206—2211" awhich
correspond to €N stretching vibrations from unreacted isocyanidarid. Interestingly2c
features an intramolecular hydrogen bond betweerchitoride and the N—H proton from the
carbene in the crystal. Careful analysis of tHeand**C NMR spectra revealed an existence
of 2a-d in two isomeric forms in CDGlsolutions §cheme 3. Additional 2D experiments
(NOESY, COSY) unambiguously confirmed the preseavfcleoth cis- andtrans-isomers and

the dominance of thérans-form in the liquid. It is worth mentioning hereaththe cis

10



arrangement is usually preferential for this kinfd systems.[4,12—-14,28,29] Unfavorable

trans-configuration in2a-d might be stabilized by the intramolecular hydrogending.

Cl. C— C. ,C~IN
Pd | Pd
,C N7Ng1  cDCly Cl l\ll/kR1
N . 2
7< R? 20 °C R
2a (R'=Ph, R>=Ph)  62% 38%
2c (R'=p-OMePh, R?>=Ph)  58% 42%
2b (R'=Me, R?=Ph)  57% 43%
2d (R'=Ph, R?=0-iPrPh)  77% 23%

Scheme 3lsomerization of mixed carbene/isocyanidé Bdmplexes in the solution.

The ratio between theis- andtrans-isomers did not change significantly when the
substituent Rat amidine backbone was varied while the equilibrishifted to thérans-form
when the substituent’Rat the coordinate N atom was changed from P&rRdPh Scheme
3).

'H NMR spectra of Pd-ADCs exhibited singlets whiabrresponded to the NH-
protons of the ADC fragmend & 7.76 ppm foitrans forms of2a, 2¢, 2d andé = 5.60-5.64
ppm for cis isomers of2a, 2c, 2d). Chemical shifts of the NH-protons g, 2c, 2d are
identical for thetrans isomers and low-field-shifted bga. 2 ppm compared to the other
isomer. This data also indicates on the formaticth® intramolecular hydrogen bond.[30]

In addition, we investigated an influence of thévent polarity on the equilibrium in
our carbene systems. For this purpose, we compar&MR spectra oRain CCl, CDC,
acetoneds and DMSOeds. For these solvents we observed a dominance dfahgisomer in
less polar solvents (CECH 91%, CDCG — 62%, acetonds — 51%,a 8 DMSO-ds — 21%).

Thus, a relative amount of the form stabilized gy intramolecular hydrogen bond decreases

11



in more polar solvents probably due to the comipetibbetween the intramolecular and
intermolecular (with an appropriate solvent) hyanoedponding.

Further, we performed DFT calculations and full metry optimization of four
different isomers ofc to compare their relative stability from a thecralipoint of view
(Figure 3, Tables S8 and S9. The isomertrans-2c featuring intramolecular N-H---CI

hydrogen bonding was found to be the most stalde on

14.6 21.7

Figure 3. Optimized equilibrium geometries of four differeasbmers of2c and relative

values of their Gibbs free energies (in kcal/mol).

Thus, intramolecular hydrogen bonding stabilizehieotise unfavorabletrans
arrangement in the mixed carbene isocyanide compiexrder to better understand the
situation, we carried out topological analysis loé electron density distribution within the
framework of Bader’s theory (QTAIM method)[31¢r the optimized equilibrium model
structuretrans-2c (Tables 1andS9. The contour line diagram of the Laplacian ofcaien

density distributiondp(r), bond paths, and selected zero-flux surfacesNfe---Cl non-

12



covalent interactions in the optimized equilibriumodel structurgrans-2c are shown in

Figure 4.

p(r) |O%)| % | Ho | V() | GE)| | | WI |Eind| Eint®

0.020] 0.068 | -0.0290.001|-0.016/0.016|2.326/0.04| 5.0| 4.3

En =-V()/2[32]

b B = 0.429G()[33]
Table 1. Values of the density of all electrong), Laplacian of electron density=@p(r)
and appropriaté., eigenvalue (with promolecular approximation), gyedensity — Ig,
potential energy density — B)( and Lagrangian kinetic energy —r(a.u.) at the bond
critical point (3, —1), corresponding to N-H- - - @nrcovalent interactions in the optimized
equilibrium model structurgrans-2c as well as bond lengthl<A), Wiberg bond index — WI
and estimated energy nEkcal/mol) for this contact.

6.08 -

4.05 -

0.00

13



Figure 4. Contour line diagram of the Laplacian of electd@msity distributiorii®p(r), bond

paths and selected zero-flux surfaces referriniytbi- - - Cl non-covalent interactions in the
optimized equilibrium model structuteans-2c. Bond critical points (3, —1) are shown in
blue, nuclear critical points (3, —3) — in pale wm ring critical points (3, +1) — in orange,

length units — A.

The QTAIM analysis demonstrates the presence afogpiate bond critical point (BCP) for
N—H- - -Cl non-covalent interactions in the optimizgilibrium model structurérans-2c.
The low magnitude of the electron density, positiakie of the Laplacian of electron density,
and positive very close to zero energy density his tBCP are typical for hydrogen
bonding[34-37] Table 1). We have defined strength for this contact adogrdo the
procedures proposed by Espinosa et al.[32] and Matnal.[33] Table 1), and one can state
that energy of these N-H---Cl non-covalent interast (4.3-5.0 kcal/mol) is typical for
moderate strength hydrogen bonding following thassification of Jeffrey (weak: <4
kcal/mol, moderate: 15-4 kcal/mol, strong: 40-1%lkwaol).[38] The balance between the
Lagrangian kinetic energy §(and potential energy density Y (at the BCPs (3, —1) reveals
the nature of these interactions, if the ratio B&(r) > 1 is satisfied, than the nature of
appropriate interaction is purely non-covalent,case the —G}§/V(r) < 1 some covalent
component takes place[39]. Based on this criteoio@ can state that a covalent contribution
in the discussed above N-H---Cl non-covalent idtienzs in the optimized equilibrium
model structurérans-2c is negligible, which is additionally confirmed bgry small value of
Wiberg bond index for this contact (0.04) compubgdising the Natural Bond Orbital (NBO)
partitioning scheme.[40] The Laplacian of electdmnsity is typically decomposed into the
sum of contributions along the three principal arésnaximal variation, giving the three

eigenvalues of the Hessian matrix, (A, andiz), and the sign of, can be utilized to

14



distinguish bonding (attractivé, < 0) weak interactions from non-bonding ones (i&pa,
X2 > 0).[41] Thus, discussed N-H- - - Cl non-covaletdractions in the optimized equilibrium
model structurérans-2c are attractive.

In summary, here we reported novel mixed-ligani €atbene/isocyanide complexes.
We showed that intramolecular hydrogen bondingilstab otherwise unfavorabléans
arrangement in these compounds. Solution NMR studealed that a relative amount of the
transform decreases in more polar solvents due to tbenpetition between the
intramolecular and intermolecular (with an appraf@i solvent) hydrogen bonding. The
energy of these N—H- - - Cl non-covalent interact{@dr®-5.0 kcal/mol) is typical for moderate

strength hydrogen bonding.
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Synthesis of novel mixed-ligand Pd" carbene/isocyanide complexes.

Stabilization of otherwise unfavorable trans arrangement in carbene/isocyanide
systems by intramolecular hydrogen bonding.

X-ray diffraction analysis of the new material.

Theoretical study of the nature and energies of intramolecular non-covalent
interactions.
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