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Abstract: Herein, we report an easy performable method Her dynthesis of ferrocene-
containing tetrahydropyrimidin-2H)-ones starting from the corresponding 3-arylaniino-
ferrocenylpropan-1-ols and sodium cyanate (NaO@Nhe presence of glacial acetic acid.
The protocol is included an intramolecular cycli@at of an in situ generated 1,3-
hydroxyurea. The scope of the reaction towards egleferrocene-containing 1,3-amino
alcohols has been explored and the targeted l4aefrocenyltetrahidropyrimidin-2¢)-
ones were obtained in good to high yields (up t&Q3All products have been isolated in
high purity >95%. In addition, we have providedetailed structural characterization of the
new compounds, which has been performed by IR avi& Npectroscopy. The single-crystal
X-ray diffraction analysis was successfully perfednon three representative examples, as
well as elemental analysidloreover, molecular structure properties and intermolecular
interactions of these three structures have beempamed and analyzed in detail.
Electrochemical properties of products were ingadad by cyclic voltammetry. This

investigation revealed the quasi-reversible oneteda redox process.

Keywords. Ferrocene, Tetrahydropyrimidin-24}-ones, One-pot reaction, Crystal structure,

Electrochemistry.



1. Introduction

In recent years we have seen an increased intd#rbsth chemists and biologists for
urea derivatives, which have been synthesized sty since. This specific class of
compounds is characterized by a wide range of gickb activities, therefore, urea
derivatives represent promising candidates as@ntidsant [1], antibacterial [2], antitumor
[3], anti-HIV [4], antagonistic [5], anti-prolifetave [6], anticancer (renal cancer, colon
cancer, lungs cancer, prostate cancer, and brease [7], and antifungal [8] agents.
Besides, urea derivatives have been used as ogahts in organic synthesis [9] and have
been applied in material science [10], which hassequently resulted in a heightened
interest for their synthesis.

Since its discovery in 1951 [11], ferrocene (Fcd ats derivatives have found
applications in many areas, among which the mogiomant are in material science,
asymmetric catalysis, bioorganometallic chemistand organic synthesis [12]. The
incorporation of ferrocene nucleus into biologigatklevant molecules can significantly
enhance molecular properties such as solubilitgrdphobicity and lipophilicity ofparent
compoundsT13]. Consequently, many Fc-containing compoundsile antimalarial [14],
antifungal [15], anti-HIV, and DNA cleaving actiyi{16], as well as antitumor activity [17—
20]. Thus, the ferrocene moiety was recognized rast&ractive pharmacophore in drug
design [21] and a multitude of reports dealing vd#rivatives of this metallocene have been
appeared in the literature.

In continuation of our long-standing interest totvdéhe synthesis of Fc-containing
compounds [22-24], particularly those that contduaeterocyclic core and represent
potentially bioactive agents [25—-31], we developeaotocols for obtaining 3-(arylamino)-1-
ferrocenylproran-1-ones [32, 33]. 3-(Arylamino)-drocenylproran-1-ones — Mannich bases
have demonstrated the great results in the systladsic derivatives, giving rise to five
different series of novel acyclic and heterocy&imocene compounds (see Scheme 1). Thus,
using Mannich bases as starting material we suftdlgsdesigned strategies and optimized
reaction conditions for the synthesis of 1-aryRBidrrocenyl-3-oxopropyl)-3-phenylureas
(2a-k) [34], 3-aryl-6-ferrocenyN-phenyl-1,3-thiazinan-2-imines 44-k) [35], 1-aryl-4-
ferrocenyl-3-phenyltetrahydropyrimidin-2)-ones ba-k) [36, 37], 4-ferrocenyl-1,2,3,4-
tetrahydroquinolines 6@-k) and 4-ferrocenylquinolines7#-k) (see Scheme 1) [38, 39].
Notably, as it can be seen on Scheme 1, partiattantion of our research group has been

paid to the reaction between reduced Mannich b3asd&sand organic iso(thio)cyanate [35—



37]. Bearing in mind all above mentioned, previgusbtained experience, we have been
encouraged to expand our studies and test thecapph of the corresponding 1,3-amino
alcohol3a-k in reaction with cyanate salt (see Scheme 1).é&fbe, in this paper the focus
was on designing a synthetic strategy for the pegmm of Fc-containing
tetrahydropyrimidin-2(H)-ones by reaction between reduced Mannich b3sé& and
cyanate salt.
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Scheme 1. Synthesis of Fc-containing compounds starting fidiamnich bases. Reagents
and conditionsi) PANCO, ultrasound irradiation for 1in) NaBH,, MeOH, stirring for 2h;
iii) PhNCS, ultrasound irradiation (1-7 h), then AcQOdlfrasound irradiation, 1 hiv)
PhNCO, ultrasound irradiation, 1 h, and then Ac@Hrasound irradiation, 1 hj) AcOH,
ultrasound irradiation, 2 vj) DDQ, toluene, reflux for 2 h.
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In view of this, growing interest in urea derivasvhas prompted the development of
protocols for their synthesis and most of themlzsed on the reaction of carbon dioxide
(COy), carbon monoxide (CO) and phosgene (CP®ith amines [40]. However, a
numerous of other synthetic pathways have been |lajgs@ to obtain this class of
compounds. Among them, reactions of amines withamiqisocyanates characterized by
mild conditions and high product yields have besdantified as the most effective and widely
applied strategy for the synthesis of urea deresti{41, 42]. In accordance with that, in the
present paper, we report the preparation of eleverovel 1l-aryl-4-

ferrocenyltetrahydropyrimidin-2f)-ones achievedvia a one-pot reaction between



3-arylamino-1-ferrocenylpropan-1-ols and sodium naa (NaOCN) in the presence of
glacial acetic acid. All products were purified umn chromatography and their structures
were confirmed by spectroscopic datd NMR, **C NMR, 2D NMR and IR). Moreover, a
detailed single-crystal X-ray diffraction analysias been successfully performed on three
representative examples, as well as elemental sinalp addition, electrochemical behavior

of all synthesized compounds has been investigeagid cyclic voltammetry technique.

2. Results and Discussion

2.1. Synthesis of 1-aryl-4-ferrocenyltetrahydropydin-2(1H)-ones4a-k)

Within the first phase of this study, we made dorestablish an appropriate method for
the synthesis of 1-aryl-4-ferrocenyltetrahydropydim-2(1H)-ones. Our research team has
been already designed a strategy and optimizedioaamonditions for the synthesis of Fc-
derivatives of six-membered cyclic ureas in higrexaellent yields [36, 37]. This synthesis
involved the reaction between the correspondingaim8io alcohols3a-k and phenyl
isocyanate and the subsequent intramolecular eywiz of generated 1,3-hydroxyureas in
the presence of glacial acetic acid. Accordingterdture [43, 44], the reaction between the
amino group and the cyanate salt undergoes incaai@dium building the corresponding
urea derivatives. In this manner, we designed tlaopol for the synthesis of cyclic ureas
9a-k through the usage of sodium cyanate. Thus, weosdef of events— 3-(arylamino)-1-
ferrocenylproran-1-ones»> 3-(arylamino)-1-ferrocenylproran-1-ols> 1-aryl-1-(3-ferrocenyl-

3-hydroxypropyl)ureas» 1-aryl-4-ferrocenyltetrahydropyrimidin-2f)-ones (see Scheme 2).
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Scheme 2. A synthetic strategy to 1-aryl-4-ferrocenyltetrdhypyrimidin-2(1H)-ones 9a-k)



A synthetic strategy included the preparation @&dmino alcohols8a-k by reduction of 3-
(arylamino)-1-ferrocenylproran-1-onesafk), and then an intramolecular cyclization iof
situ generated 1,3-hydroxyure8sa-k (see Scheme 2Jhe reduction of Mannich baséa-k
was performed very smoothly and the correspondjBentnino alcohol8a-k were obtained

in high yields [36]. In order to establish optincainditions, we set up the reaction betwdan
(2 mmol) and sodium cyanate (1.5 mmol). The reaatoxture was placed in an ultrasound
bath for 2 hours at ambient temperature. Sequéntgacial acetic acid (1 ml) was added in
the well homogenized mixture and the irradiatiorswantinued for 2 hours. After the usual
workup and column chromatography (%i®hexane—EtOAc, 1:1, v/v), these reaction
conditions successfully yieldeth and the promised heterocyclic scaffold is isolated7%
yield. This result suggested that the reaction @eds in aone-pot mannervia 1,3-
hydroxyureaBa. Further, these reaction conditions have not reduadgitional screening and
have been accepted as optimal ones. The scopeeofetiction has been investigated
employing ten additional 3-(arylamino)-1-ferroceprgran-1-ols3b-k. The desired products
9a-k have been obtained in moderate to excellent yigldgo 93%) after the purification by
means of column chromatography (see Scheme 3)ctGtall characterization has been
confirmed by spectroscopic methods (NMR, IR), all a® elemental analysis, and revealed

a purity of >95% for all prepared compounds.

We have observed that the electronic propertieshefsubstituents of the phenyl
group have a significant influence on reaction omtes (see Scheme 3). Regarding that, the
products obtained from substrates with an elecivithdrawing group on the phenyl ring, as
well as ortho-substituted phenyl group were isolated in loweeld/i(see Scheme 3).
Consequently, the steric hindrance also has auneinfle on the reaction outcome since 1,3-
amino alcohols with a bulky substituent in tbetho-position of the phenyl group leads to
moderate yield (see Scheme 3, prod@btsind9i). In addition, 1,3-amino alcoh8b with a
methyl group in thertho-osition of the phenyl group givé® which exists in two pairs of
enantiomers due to the presence of atropoisomefibm.observation is consistent with our
previous reports [36, 37]. The isomerism is causgthe resonance of the carbonyl diamide
functional group which restricts rotation arouné #ingle bond between the nitrogen of the
heterocyclic ring and the carbon of the aryl gr§@®, 37]. Based on th#H NMR spectrum
of 9b, the ratio of diastereoisomers is approximately. & comparison of results obtained
within this study with previous results suggestat tthe substituent on the second nitrogen

atom of the cyclic urea fragment has a signifidafillence on the rigidity of the ring [36,



37]. Therefore, a more flexible tetrahydropyrimioine ring of9a-k can explain the absence
of the expected atropoisomerism in prodRict
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Scheme 3. An overview of newly Fc-containing tetrahydropyidm-2(1H)-onesQa-k

Reaction mechanism has been discussed to get acomopehensive insight into tire
situ generation of 1,3-hydroxyureas, as well as the mil a-ferrocenyl carbocation in
intramolecular cyclization. Initially, cyanic acid generated from sodium cyanate in acidic
medium (see Scheme 4). In the next step, the agrioop of 1,3-amino alcoholBa-k is
added to cyanic acid building the correspondinghy@oxyureasa-k [43—45]. The reaction
pathway continues with the protonation of 1,3-hyguoeas giving oxonium ionks Further,
a-ferrocenyl carbocationd were formed by dehydration of oxonium idndNoteworthy,a-
ferrocenyl carbocationsl are known as very stable due to the participatibfierrocenyl
moiety in the delocalization of positive charge,[4B]. In the last step, a nucleophilic attack

of the carbamide nitrogen on the positive centaratibnsl | affords product9a-k.
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Scheme 4. Plausible schematic mechanism for the synthediled compound9a-k
2.2. Spectral characterization

The newly synthesized 1-aryl-4-ferrocenyltetrahygramidin-2(1H)-ones 9a-k) were
found to be stable at the room temperature forodopged time and could safely be handled
in air, but like other ferrocene derivatives, th&yuld be stored in closed containers. To
confirm their structure, a detailed characterizatias been done by standard spectroscopic
techniques (IR'H and**C NMR), as well as elemental analysis. All collecspectral data
were fully consistent with the proposed structuifes more data see Experimental part and
ES)).

The IR spectra of Fc-derivativ€s-k contain the medium intensity absorptions of NH
stretching vibrations at 3419—-3438 ¢nindicating that all NH groups are involved in tHe
bonding interactions. The characteristic band$4631670, 1495-1610 and 1448-1590'cm
have been most likely originated from carbonyl di@dengroup. Moreover, the IR spectra of
exampleda have been presented on the Figure 1 (for moresgs&xperimental part and for
copies of IR spectrums for all prepared compouee£s)).

Three sets of signals have been observed ifHNEMR spectra. The first belongs to
protons of the tetrahydropyrimidinone moieties, seeond to the aromatic protons and the
third to protons of the ferrocene units (see FigeireThe signals at ~ 3.28-3.84 and 1.76—
2.34 ppm originate from the protons of the methglgnoups (H-6a, H-6b, H-5a, and H-5b,
respectively), while the characteristic doubletsdolublets at ~ 4.40 ppm belong to the
protons of the methine groups (H-4) in the hetecbcyrings. Also, the broad singlets at ~
5.30 ppm assigned to the corresponding protons kbffidgments in the ring (H-3). The
overlapped multiplets at 4.11-4.33 ppm originatemfrthe protons of the substituted



cyclopentadiene rings (H-2", H-3", H-4" and H;%nd the singlets at ~ 4.22 ppm belong to
the protons of unsubstituted ferrocene cyclopertaiings (H-1") in théH NMR spectra.
The signals of aromatic protons (H-2', H-3', HH'5' and H-6') are located at the expected
chemical shifts (> 6.80 ppm) in the spectra (sepeEirental part an&S|). Further, signals
assigned to the corresponding carbons of the ssiatet compound9a-k appear in the
expected regions of theC NMR spectra. Moreover, the presence of signaratund 155
ppm (C-2) in the*C NMR spectra oPa-k unambiguously confirmed the proposed product
structure and intramoleculaN-alkylation, since this signal belongs to carbon tbé

carbamide functional group (for more data see Bwrpartal part an&S)).

3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800
Cﬂl-l

Figure 1. The IR spectra (800-3600&infor compounda

Figure 2. Labeled carbons atoms for NMR characterization



2.3. Crystal structures &d, 9h and9;

The compound€9d, 9h and 9] have been characterized by single-crystal X-ray
diffraction analysis. The molecular structure ahd &tom labelling scheme are presented in
Figure 3, while the selected bond lengths and armle listed in Table 1. The X-ray analysis
reveals similar composition of the three compouwtisre the central six-membered cyclic
urea links the ferrocene moiety in position C11 pr@Hs, p-F andm-Cl substituted phenyl
ring in position N1 (Figure 3). The ferrocene urdtsplay only slight geometrical distortion.
Each pair of cyclopentadienyl (Cp) rings takes e€lds parallel orientation, with the
maximum dihedral angle between the mean planesQg§iL® found in compoun®j. The
Cgl-Fe—Cg2 angle of the same compound (177.9°)salews the maximum deviation from
the ideal geometry (Cgl and Cg2 are centroids eftibstituted and unsubstituted Cp rings,
respectively). The distances between the Fe atoththe Cgl and Cg2 centroids are:
1.654/1.645, 1.648/1.641, 1.649/1.644 A @d, 9h and 9j, respectively. The more
pronounced difference between the Fc units is eksefor the C1-Cgl-Cg2-C6 torsion
angle which indicates the conformational changesnfialmost eclipsed i®d (-7.0°) to
staggered i®h and9j (-21.9 and 27.0°, respectively).

In all cases, the cyclic urea is significantly tethwith respect to the Cpl plane. This
is illustrated by the large dihedral angle betwethe best plane through the five
approximately coplanar atoms of the heterocycle,~-NMRA-C11-C12-C13 and the
corresponding Cp1l ring which is 66.7(1), 67.9(1d &0.7(1)° in9d, 9h and9j, respectively.
The displacement of the remaining C14 atom from Mie-N2-C11-C12-C13 plane is
significant and equals to 0.621(4), 0.623(4), 0(B%@A in 9d, 9h and9j, respectively. The
dihedral angle between the planes of cyclic urehthe phenyl ring in position N1 is 27.7(1),
28.3(1) and 21.6(1)° i®d, 9h and9j, respectively. All these parameters indicate afgre
structural similarity of the three compounds, whistalso confirmed by an overlay of their
molecular structures presented in Figure 4a.

It is interesting to compare the conformationatdeas of the present compounds with
those of the four previously reported ferrocenetaiming six-membered cyclic ureas where
the H atom in position N2 is replaced with an addil phenyl substituent [36, 37]. Apart
from the increased dihedral angle between the NHN2A-C12-C13 and Cpl planes,
which in the N2-substituted structures approache80C, these structures are characterized
by a completely different orientation of the ur@agr The overlay of molecular structures of
the compoun®d and one of the previously reported N2-substitutedvatives presented in

Figure 4b emphasizes the conformational differancevo groups of compounds. Thus, in



the N2-substituted structures [36, 37], the urditdblies approximately in the level of Cpl

plane (average displacement of 0.07 A) dissimita®d, 9h and9j, where the same atom

deviates up to 1.42 A from this plane. Opposite feasd for C14 (average displacement of
1.37 in N2-substitued and 0.30 A in current streesi Also, in N2-substitued structures the
carbonyl O atom points away from the Fc moietyhvilie average displacement from the
Cpl plane of 1.14, while i8d, 9h and9j, the same atom orients orthogonally to Cp1 with th
extreme deviation of 3.06 A in average (see Figime

Additional overlay of the derivatives, based on #tems of cyclic urea, is given in
Figure S1 (se&S). It actually reveals that the altered orientatainthe cyclic urea with
respect to the Cp1l ring results from the fact framoiety occupies the axial position of the
heterocycle irfd, 9h and9j, while the equatorial position in N2- substitutégtivatives. The
same overlay also indicates a considerable contowred similarity of the heterocycle in all
crystal structures. Namely, each heterocycle igattarized by an approximately planar
N1-N2-C11-C12-C13 fragment resulting from the tngbcharacter of the two N atoms
and the delocalization of electron density in threido fragment. The atom C14 shows
significant displacement from the N1-N2-C11-C12-@lahe which ranges from 0.621(4)
in 9d to 0.709(5) [37]. Also, the valence angles in ¢gelic urea show wide range of values
from 107 at spC up to 127 at SN atoms.

The geometrical parameters listed in Table 1 shaly sminor mutual differences
between th@d, 9h and9j. The maximum variations are observed in N1-C126n008 A)
and in the C12-N1-C15 angle involving the phenyssiluent (1.3°). In comparison to the
values in Table 1, the N2-substituted derivativespldy small but systematic differences,
especially in the half of the ring bearing the &ddial phenyl substituent. Thus, compared to
title compounds, the C12-N2 and C11-C14 bonds irsiNdstituted structures are longer for
0.04 and 0.02 A in average, respectively. Also, @&-N2-C11 angle is larger for 4° in
average, mainly on expense of the C12-N1-C13 anbleh narrows for the same average
value.

The crystal structures &, 9h and9j display similar packing features. The hydrogen
bond formed between the N2-donor and the ureid@exyacceptor represents the dominate
interaction in three crystal structures (see Ta&)leBy this interaction, the inversion related
molecules arrange into pairs generating the cyBlfg(8) motifs (see Figure 5). The
ferrocenyl units of the N2-H...O1 bonded moleculsslf-organize into additional pairs
forming the rigid ferrocene-ferrocene dimers. Thylouthe combination of N2-H...O1

hydrogen bonding and Fc...Fc interaction the mdéscarrange into double chain which



extends along the crystallographic axis of the corresponding unitscérigure 5, se&St
Figure S2 and Figure S3). One should notice thatRb...Fc dimer represents the only
interaction which exists in current as well as i2-dubstituted derivatives. This confirms the
stability and persistence of the Fc...Fc buildinpcks [47], regardless the different
conformation of ferrocene derivatives or the presesf strong hydrogen bonds.

In contrast t®d, 9h and9j, the lack of an adequate hydrogen bonding dondiZn
substituted derivatives [36, 37] prevents the fdaromaof strong hydrogen bond, hence the
ureido O1 serves as an acceptor only in weak CoHhteractions. The Hirshfeld fingerprint
plots [48] presented in Figure. S4 (sE8) emphasize the difference in intermolecular
interactions for the two groups of derivatives. Thest prominent feature of the mutually
similar plots of9d, 9h and9j is a pair ofsharpspikes belonging to N2-H...O1 hydrogen
bond. Contrary, in the plots of N2-substituted datives the spikes of C-H...O are weakly
expressed. The presence of lateral ‘wings’ in egloh (seeES Figure S4) indicates the
importance of weak C-Hz.interactions for both types of derivatives. Nekiehkess, the
different molecular conformations employ dissimilarH donors andi-acceptors for this
type of interactions. Th@d, 9h and9j, form equivalent set of C—Hz.interactions (see Table
2). The most important interaction of this typeCié—H..n= which employs C—H donor from
the substituted Cp ring and the phenyl ringrascceptor. This interaction leads to the further
paring of the centrosymmetric molecules and intemection of the above described double
chains (se&SlFigure S5).



Table 1. Selected bond lengths (A) and angles (°) in chydtacture od, 9h and9j.

od oh 9
01-C12 1.231(3) 1.235(3) 1.228(2)
N1-C12 1.383(3) 1.380(3) 1.391(2)
N1-C15 1.428(3) 1.425(3) 1.422(2)
N1-C13 1.473(3) 1.472(3) 1.474(2)
N2-C12 1.343(3) 1.347(3) 1.348(2)
N2-C11 1.462(3) 1.459(3) 1.464(2)
C1-C11 1.503(3) 1.503(3) 1.504(2)
C11-C14 1.504(3) 1.510(4) 1.503(3)
C13-C14 1.516(3) 1.514(4) 1.517(3)
C12-N1-C15 120.59(18) 121.1(2) 121.90(14)
C12-N1-C13 120.32(18) 120.2(2) 120.28(14)
C15-N1-C13 118.35(17) 117.6(2) 117.33(14)
C12-N2-C11 126.9(2) 126.8(2) 126.69(15)
C5-C1-Cl1 128.8(2) 129.0(2) 128.56(17)
C2-C1-C11 124.2(2) 123.5(2) 124.17(17)
N2-C11-C1 107.72(18) 108.0(2) 108.47(14)
N2-C11-C14 107.25(18) 107.0(2) 107.01(15)
C1-C11-C14 115.71(19) 115.6(2) 114.96(16)
01-C12-N2 120.8(2) 120.5(2) 120.75(16)
01-C12-N1 121.9(2) 122.1(2) 122.06(16)
N2-C12-N1 117.22(19) 117.4(2) 117.17(15)
N1-C13-C14 110.80(18) 110.8(2) 111.12(14)
C11-C14-C13 110.19(19) 110.2(2) 109.72(16)




Table 2. Geometry of intermolecular interactions in crystaticture o®d, 9h and9;.
D-H (A) H...A (A) D-H..A(°) Symmetry code:

od  N2-H2..01 0.76(3) 2.14(3) 176(3) —x+1, —y+2, —z+1
C4-H4...Cg3 0.93 2.83 145 X, Y, z+1
C11-H11...Cg3 0.98 3.14 139 —x+2, —y+2, —z+1
C17-H17...Cg2 0.93 3.18 159 X, ¥, z-1

%h N2-H2...01 0.78(3) 2.17(3) 172(3) -X+1, ~y+2, -z
C4-H4...Cg3 0.93 2.90 144 -Xx+1, ~y+1, -z
C11-H11...Cg3 0.98 3.15 136 -X, “y+2, -2
C13-H13a...Cgl 0.97 3.15 128 X+1,y,z
C17-H17...Cg2 0.93 2.82 179 X, Y, z+1

9 N2-H2...01 0.83(3) 2.10(3) 176(2) -X+2, —y+1, —z+1
C4-H4...Cg3 0.93 2.80 142 —X+2, -y, —z+1
C11-H11...Cg3 0.98 3.13 130 -Xx+1, ~y+1}Fz+
C13-H13a...Cgl 0.97 3.07 130 x+1,y,2z

Cgl and Cg2 are centroids of the substituted asdhstituted Cp rings, respectively; Cg3 is
centroid of phenyl ring.



Figure 3. The molecular structure with the atom-labellingesoe: (a)ed, (b) 9h and (c)9;.
Displacement ellipsoids are drawn at the 30% pritibalevel.



(@) (b)

Figure 4. (a) Overlay o©d, 9h and9j (blue, green and red, respectively) based ontthrasaof
Cp1 ring. Overlay oBd (blue) and the N2-substituted derivative [36] (gl); atom-labelling
scheme in (b) corresponds only to the yellow calar®lecule, atom-labelling &d is as in (a)
where this molecule is presented in the same atient H atoms are excluded for clarity.

Figure 5. Double chain oBd molecules formed by N2-H...O1 hydrogen bond, Fc.p&iting
and C17-H.x interaction. Equivalent chains f8h and9j are presented in Figure S2 and Figure

S3 (se&S)).



2.4. Electrochemistry

It is well known that the F&Fe** redox chemistry contributes to the bioactivity of
ferrocene derivatives [26-31, 49 and 50]. Leadedttby fact, we opted to evaluate the
electrochemical properties of all newly preparedhpounds9a-k. This has been done by
means of cyclic voltammetry (CV) in dichloromethaneontaining 0.1 mol/L
tetrabutylammonium perchlorate as a supportingtrelgte. The working electrode was a
polished platinum disk (2 mm diameter; Metrohm)eTdounter electrode was a platinum
wire, whereas an Ag/AgCI electrode was used agdfegence. The peak potentials)Bf
the anodic and cathodic potentials,{Bnd E, respectively, at 0.1 V', their half-wave
potentials (k. = (Epa + Ex)/2), and the differences between anodic and cathpdak
potentials AE = B, — Ep) of Fc-derivativesOa-k, have been measured and evaluated as
important electrochemical data [52]. All measuretadrave been carried out using ferrocene
as internal standard. Besides, an additional ppbplrity for all synthesized compounds has

been provided by CV measurements.

2.4.1. Redox behavior of prepared 1-aryl-4-ferrodeatrahidropyrimidin-2(1H)-ones9é-k)

The redox behavior of the produ@sk has been determined using cyclic voltammetry
(CV) under the same conditions mentioned above,thadesults of this study have been
listed in Table 3. Based on collected data, we haatermined that all novel Fc-containing
derivatives9a-k exhibited one well-defined oxidation wave on tlewiard-potential sweep
(0.662 — 0.729 V) and one reduction wave duringbtek-potential sweep (0.461 — 0.543 V)
assigned to the ferrocene nucleus. It appearghkabxidation potentials da-k have been
more positive than the ones of the unsubstituteddenes (for representative example see
Figure 6), which shows significant electronic cattaetween the ferrocene unit and the rest
of the molecule. Due to the reversibility of thisaron transfer, even at low scan speed, the
produced radical anion is stable within the timals®f cyclic voltammetry (see Figure 7)
[51]. Both anodic and cathodic peak currents aop@rional to the square root of the scan
rate (see Figure 8), and their ratio is independérthe scan rate, indicating a diffusion-
controlled process. Moreover, the average of anadd cathodic current was not unity and
the difference between the oxidation and reductimxima AE = E,, — Ey) was around
0.168 V. Compared with the theoretical valiie = 0.150 V, we can determine that the redox

process is quasi-reversible nature [51].



Table 3. The electrochemical data for compouRdsk

Entry Compound E (V) Eoc (V) Ei2’ (V) AE® (V)
1 %a 0.729 0.461 0.595 0.268
2 9% 0.659 0.510 0.585 0.149
3 9% 0.665 0.522 0.594 0.143
4 9d 0.668 0.528 0.598 0.140
5 % 0.684 0.497 0.591 0.187
6 of 0.668 0.513 0.591 0.155
7 9g 0.720 0.491 0.606 0.229
8 %h 0.662 0.543 0.603 0.119
9 e] 0.687 0.504 0.596 0.183
10 9 0.684 0.528 0.606 0.156
11 9k 0.668 0.543 0.606 0.125

?Ejaand K anodic and cathodic peak potentials, respectil9,1 V §.
" Ei= (Bpa+ Bpd)/2.
¢ AE = Bya— Eye.
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Figure 6. Cyclic voltammograms at the platinum disk (d = thtby a 0.1 V § scan rate in

0.1 M dichloromethane solution of BNICIO,: (a) electrolyte, (b) 1 mM solution of
4-ferrocenyl-1-phenyltetrahydropyrimidin-24)-one Qa) (c) ferrocene.



I (A)

. . — .
0.0 0.2 0.4 0.6 0.8 1.0
E (V)

Figure 7. Cyclic voltammograms of 1 mM solution of 4-ferrogél-
phenyltetrahydropyrimidin-2¢1)-one Qa) at the platinum disk (d = 2 mm) in 0.1 M
dichloromethane solution of BNCIO, on a different scan rates: a) 0.01 V5 0.1 V & ¢)
0.3Vstd)0o5V§
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Figure 8. Anodic and cathodic peak currents of prodRecbbtained at different scan rates at
the platinum disk (d = 2 mm) in 0.1 M dichloromatlkasolution of BUNCIO,.



3. Conclusion

In summary, we have described a new, easily pedblenone-potprocedure for the
synthesis of Fc-containing tetrahydropyrimidin4ajdones in good to excellent yields (up to
93%) starting from 3-(arylamino)-1-ferrocenylproratols and sodium cyanate (NaNCO) in
acidic medium. The reported protocol is practicald aconvenient and proceeds under
relatively mild conditions — an ultrasound irratat has been used as reaction promoter and
acetic acid has been applied as catalyst. Thetgtasgcof novel compounds are determined
using standard spectroscopic methods (IR and NMRE proposed structures of three
representative productdd, 9h and 9 are confirmed by single-crystal X-ray diffraction
analysis, as well as by elemental analysis. Furthercyclic voltammetry studies were done
in order to evaluate electrochemical behavior ef pnepared ferrocenes. This investigation
has been reviled that all produ®ask exhibit only one well-defined redox couple (attried
to the ferrocene nucleus). In addition, the presgrgynthetic approach, besides practical
application, gives rise to new potentially biolagig relevant Fc-containing six-membered

cyclic ureas.



4. Experimental
4.1. General information

All chemicals were commercially available and usedreceived, except the solvents,
which were purified by distillation. Ultrasonic eleer Elmasonic S 10 (Elma, Germany),
30W was used for the ultrasonically supported sssith Chromatographic separations were
carried out using silica gel 60 (Merck, 230-400 mA&STM), whereas silica gel 60 on Al
plates, (Merck, layer thickness 0.2 mm) was used f&C. The'H and®*C NMR spectra of
the samples in CD@Wwere recorded on a Bruker Avance Il 400 M &t 400 MHz'°C at
101 MHz) and Varian Gemini'ld at 200 MHz,**C at 50 MHz) NMR spectrometers.
Chemical shifts are expresseddr{ppm), relative to residual solvent protons asitiernal
standard (CDGl 7.26 ppm for'H and 77 ppm for°C). The coupling constants))(are
reported in Hz. Multiplicities of proton resonarme designated as singlet (s), broad singlet
(br s), doublet (d), broad double (br d), doubletiaublets (dd), triplet (t), doublet of triplets
(dt), doublet of doublets of doublets (ddd), quarfg) and multiplets (m). 2D NMR
experiments ‘H-'H COSY, NOESY, HSQC and HMBC) are performed on #ame
instrument with a standard pulse sequence. IR memsunts were carried out with a Perkin—
Elmer FTIR 31725-X spectrophotometer. Microanalységarbon, hydrogen and nitrogen
were carried out with a Carlo Erba 1106 model naoadyzer; these results agreed favorably
with the calculated values. Melting points wereed@tined on a Mel-Temp capillary melting

points apparatus, model 1001, and the given vateesncorrected.
4.2. Crystal structure determination

Single-crystal X-ray diffraction data for compourts 9h and9j were collected at Oxford
Gemini S diffractometer, using monochromatizedKdaradiation £ = 0.71073 A). Data
reduction and empirical absorption correction weeeformed with CrysAlisPRO [52]. The
crystal structures were solved by direct methodsguSHELXS [53] and refined on’ly
full-matrix least-squares using SHELXL [53]. All méwydrogen atoms were refined
anisotropically. The H atoms bonded to C atoms weaeed in geometrically calculated
positions and refined using the riding model witk, Malues constrained to 1.24br 1.5,

of the parent C atoms. The H atoms bonded to N ateere located in difference Fourier
map and refined isotropically. The PLATON [54] sedre was used to perform geometrical
calculation and the Mercury [55] was employed fooleaular graphics. Crystallographic

details are summarized in Table 4.



Table 4. Crystal data and structure refinement parameters.

Compound 9d 9h 9

Empirical formula GiH2FeNO CooH1sFeNNOF  GoH10FeNOCI

Formula weight 374.26 378.22 394.67

Temperature (K) 293(2) 293(2) 293(2)

Wavelength (&) 0.71073 0.71073 0.71073

Crystal system Triclinic Triclinic Triclinic

Space group P-1 P-1 P-1

Unit cell dimensions

ad) 7.1329(4) 7.1095(4) 7.0364(4)

b (A) 9.2412(4) 9.2090(6) 9.0305(5)

c(A) 14.3951(6) 13.8244(9) 14.0744(10)

a () 104.462(4) 75.131(6) 76.501(5)

8(°) 98.613(4) 97.298(5) 88.962(5)

) () 103.414(4) 77.021(5) 76.732(4)

vAY 871.74(7) 835.90(9) 845.81(9)

7 2 2 2

Deatc (Mg/m3) 1.426 1.503 1.550

L (mm_l) 0.876 0.922 1.060

F(000) 392 392 408

Crystal size (mr) 0.51 x 0.26 x 0.46 x 0.20 x 0.46 x 0.43 x
0.09 0.10 0.12

Reflections collected 11450 6391 12871

Independent reflection& 4061, 0.0249 3769, 0.0240 3983, 0.0264

Data / restraints / parameters 4061/0/ 231 3160230 3983/0/230

Goodness-of-fit orfF? 1.050 1.128 1.036
Final RywR, indices [ >20(1)] 0.0417, 0.1004 0.0419, 0.0929 0.0342, 0.0781

Largest diff. peak and hole (e 0.619 and 0.367 and 0.301 and
A7) -0.344 -0.323 -0.363

4 3. Electrochemical measurements

Cyclic voltammetry (CV) experiments were performed ambient temperature in
dichloromethane (C¥Ll,) containing 0.1 M tetrabutylammonium perchlordeNCIO,) as
the supporting electrolyte. Autolab potentiostaGETAT 302N) and three-electrode cell



were used. The working electrode was the platinusk ¢d = 2 mm), and the counter
electrode was platinum wire. Ag/AgCI reference &tede (double junction) for nonaqueous
systems was used. The working electrode was pdlighih alumina slurry and rinsed with

dichloromethane. The potentials are relative tofe

4.4.1 General procedure for the preparation of Byl@amino)-1-ferrocenylpropan-1-ones

(1a-k) and 3-(arylamino)-1-ferrocenylpropan-1-oRaftk)

The 1,3-amino ketoneta-kwere prepared following the previously reportedcedure
[32-38]. A test tube containing a well homogenizeikture of 1-ferrocenylpropenone (240
mg, 1 mmol), the corresponding aniline (2 mmol) amointmorillonite K-10 (100 mg) was
placed in the ultrasonic cleaner and irradiatedlfarThen, CHCIl, (10 ml) was added to the
mixture, and the contents were filtered off. Théidsoesidue was washed with water and
brine, followed by drying over anh. B#0O, overnight. After the evaporation of the solvent,
the crude mixture was fractioned by flash chromaphy on a Si@ column. The
corresponding aniline was eluted with toluene, wher3-(arylamino)-1-ferrocenylproran-1-
ones la-k) were washed from the column by a mixture of hexamd AcOEt 8 : 2 (v/v). The
complete excess of the anilines was recovered.obteined spectral data for 3-(arylamino)-

1-ferrocenylpropan-1-onedd-k) were in complete agreement with literature daga39].

The 1,3-amino alcohol3a-k were prepared following the previously reportedgedure
[35-38]. To a stirred solution of the correspondiignnich base (1 mmol) in MeOH (20 ml)
at room temperature, an excess of NaB&mmol) was added in several portions (up to 190
mg) and the reaction progress was monitored by TAfer complete reductioncé. 2 h),
methanol was distilled off and the residue dilutedh water (20 ml). The mixture was
extracted with CKICl, (two 20 ml portions) and the combined organic tayeere washed
with water and brine, as well as dried over anh.S@a. After filtering off the drying agent
and evaporation of the solvent, the crude produithéut purification) was used in the next
reaction. The obtained spectral data for 3-(aryeniil-ferrocenylpropan-1-ols8¢-k) were
in complete agreement with literature data [35-38].

4.4.2 General one-pot  procedure for the preparationof  1l-aryl-4-
ferrocenyltetrahydropyrimidin-2(1H)-on€Sa—k)

In a test tube, 1 mmol of 1,3-amino alcoh®d-k) was homogenized with 1.5 mmol sodium
cyanate (NaNCO), placed in an ultrasonic cleandriaadiated for 2 hours. Subsequently, 1

ml of glacial acetic acid was added, and the iatln continued for additional 2 hours. The



reaction mixture was neutralized with NaHCOitmus paper) and extracted with g,
(two 20 ml portions). The combined organic layemrevwashed with water and brine, as
well as dried over anh. MaQO,. The solvent was removed by evaporation and theecr

product was purified by column chromatography $i© afford pure produd@a-k.

4-Ferrocenyl-1-phenyltetrahydropyrimidin-2(1H)-one (9a).” Yellow solid; mp 162 °C.
Rf = 0.3 (EtOAc/Hexane, 1:1 (v/v)). Yield 82%4 NMR (200 MHz, CDCJ) 6 = 7.41 — 7.30
(m, 4H, H-2' and H-3'), 7.23 — 7.14 (m, 1H, 1H, H-5.22 (br s, 1H, H-3), 4.51 — 4.34 (m,
1H, H-4), 4.31 — 4.16 (overlapped m, 4H, H-2", H-B-4" and H-5"), 4.23 (overlapped s,
5H, H-1"), 3.84 — 3.55 (m, 2H, H-6a and H-6bB£L- 2.13 (m, 1H, H-5a), 2.07 — 1.82 (m,
1H, H-5b).*C NMR (50 MHz, CDC}) 5 = 154.9 (C-2), 143.4 (C-1'), 128.7 (C-3'), 12535 (
2", 125.4 (C-4"), 90.4 (C-1"), 68.5 (C-1"), BC-3"), 67.9 (C-5"), 66.2 (C-4"), 65.3 (C;2")
51.0 (C-4), 47.4 (C-6), 31.5 (C-5)he assignation for H and C atoms has been domg usi
analogy with example8d, 9h and 9k and our previous studies [see references 36,IB7].
(KBr, cm®) v = 3424, 1663, 1594, 1575, 753.

4-Ferrocenyl-1-o-tolyltetrahydropyrimidin-2(1H)-one  (9b).”  Noteworthy, for
examples9b we have been obtained a mixture of two atropoissnteerefore, most of the
signals in the NMR spectra were double, which waagreement with our previous studies
(for figures of'H NMR and**C NMR spectra for compoun@b seeES)) [36, 37]. Yellow
solid; mp 167 °C. Rf = 0.3 (EtOAc/Hexane, 1:1 (YAYield 70%.H NMR (200 MHz,
CDCl) 6 = 7.29 — 7.12 (m, 4H, H-3', H-4', H-5' and H-69,27 (br s, 1H, H-3,
diastereoisomer A), 5.22 (br s, 1H, H-3 diastemoisr B), 4.44 (ddJ = 8.8, 3.5 Hz, 1H, H-
3), 4.34 — 4.28 (m, 1H, H-5"), 4.27 — 4.15 (ovepled m, 3H, H-2", H-3"and H-4"), 4.23
(overlapped s, 5H, H-1"), 3.73 — 3.29 (m, 2H, &-&nd H-6b), 2.31 (s, 3H,_GH
diastereoisomer A), 2.28 (s, 3H, gHliastereoisomer B), 2.12 — 1.85 (m, 2H, H-5a End
5b). *C NMR (50 MHz, CDCJ)” § = 154.8 (C-2), 142.0 (C"), 136.1 (C"), 130.9 (@39.2
(CH, 127.9 (C), 127.6 (C"), 127.3 (C), 126.8)(A@26.1 (C"), 90.7 (C"), 90.4 (C"), 68.6 (C-
1), 68.3 (C"), 67.7 (C"), 67.7 (C"), 67.4'(C66.2 (C"), 65.5 (C"), 65.2 (C"), 51.2 (C-4),
51.0 (C-4), 47.7 (C-6), 47.3 (C-6), 31.9 (C-5),3(C-5), 17.8 (CH). "The assignation for H
and C atoms has been done using analogy with exa®dpénd our previous studies [see
references 36, 37]. The signals originated from aromatic carbons arsstituted Cp ring
cannot be assigned based on obtained data. IR (&B%; v = 3434, 1660, 1585, 1540, 755.

4-Ferrocenyl-1-m-tolyltetrahydropyrimidin-2(1H)-one (9c).” Yellow solid; mp 154
°C. Rf = 0.3 (EtOAc/Hexane, 1:1 (v/v)). Yield 81961 NMR (200 MHz, CDC}) & = 7.27 —
6.97 (m, 4H, H-2', H-4', H-5' and H-6'), 5.21 (bi#l, H-3), 4.39 (ddJ = 8.5, 3.9 Hz, 1H, H-



4), 4.32 — 4.14 (overlapped m, 4H, H-2", H-3"4Hand H-5"), 4.23 (overlapped s, 5H, H-
1"), 3.77 — 3.52 (m, 2H, H-6a and H-6b), 2.353d, CH), 2.20 (dd,J = 13.1, 4.5 Hz, 1H,
H-5a), 1.94 (ddd) = 13.1, 8.8, 4.3 Hz, 1H, H-5bC NMR (50 MHz, CDC}) 5 = 155.0 (C-
2), 143.4 (C-1", 138.6 (C-3", 128.6 (C-5"), 12652", 126.4 (C-4"), 122.6 (C-6"), 90.5 (C-
1"), 68.5 (C-1"), 68.3 (C-3"), 67.9 (C-5"),.BC-4"), 65.3 (C-2"), 51.0 (C-4), 47.5 (C-6),
31.5 (C-5), 21.3 (CH. The assignation for H and C atoms has been dong asialogy with
exampledd and our previous studies [see references 36 |RTKBr, cmi®): v = 3429, 1656,
1608, 1588, 697.

4-Ferrocenyl-1-p-tolyltetrahydropyrimidin-2(1H)-one (9d). Yellow solid; mp 191 °C.
Rf = 0.3 (EtOAc/Hexane, 1:1 (v/v)). Yield 72% NMR (400 MHz, CDG}) § = 7.19 (gJ =
8.2 Hz, 4H, H-2' and H-3"), 5.13 (br s, 1H, H-3%@ (br d,J = 5.1 Hz, 1H, H-4), 4.30 — 4.16
(overlapped m, 4H, H-2", H-3", H-4" and H-%)25 (overlapped s, 5H, H-1"), 3.72 Jt=
9.5 Hz, 1H, H-6a), 3.64 — 3.54 (m, 1H, H-6b), 2(843H, CH), 2.26 — 2.14 (m, 1H, H-5a),
2.01 — 1.86 (m, 1H, H-5b}°C NMR (101 MHz, CDGJ)) § = 155.2 (C-2), 140.9 (C-1'), 135.4
(C-4, 129.5 (C-3"), 125.7 (C-2"), 90.5 (C-1'8.® (C-1"), 68.3 (C-3"), 67.9 (C-5"), 66.3 (C-
4"), 65.3 (C-2"), 51.1 (C-4), 47.7 (C-6), 31.6-8%; 21.0 (CH). IR (KBr, cm?): v = 3422,
1670, 1589, 1565, 692. Anal. Calc. fos:82,FeN;O: C, 67.39; H, 5.93; Fe, 14.92; N, 7.49;
0O, 4.27. Found: C, 67.42; H, 5.90; N, 7.45%.

4-Ferrocenyl-1-mesityltetrahydropyrimidin-2(1H)-one (9¢).” Yellow solid; mp 214
°C. Rf = 0.3 (EtOAc/Hexane, 1:1 (v/v)). Yield 7796 NMR (200 MHz, CDC}) & = 6.90 (s,
2H, H-3"), 5.21 (br s, 1H, H-3), 4.42 (d#i= 8.5, 4.0 Hz, 1H, H-4), 4.33 — 4.27 (m, 1H, H-
5"), 4.25 — 4.14 (overlapped m, 3H, H-2", H-3'&h4"), 4.22 (overlapped s, 5H, H-1"), 3.54
—3.37 (m, 1H, H-6a), 3.26 (dt,= 12.2, 4.8 Hz, 1H, H-6b), 2.26 (overlapped s, Bk, CH;),
2.20 (overlapped s, 3H, GH 2.32 — 2.11 (overlapped m, 1H, H-5a), 2.06 9™, 1H, H-
5b). **C NMR (50 MHz, CDCJ) & = 154.5 (C-2), 137.7 (C-1'), 136.9 (C-4'), 1358 2),
129.1 (C-3", 90.5 (C-1"), 68.5 (C-1"), 68.230; 67.7 (C-5"), 66.0 (C-4"), 65.3 (C-2"), 61.
(C-4), 47.8 (C-6), 31.5 (C-5), 21.8 (GH17.71 (2 x_CH). The assignation for H and C
atoms has been done using analogy with exaftknd our previous studies [see references
36, 37]. IR (KBr, crit): v = 3432, 1656, 1496, 1453, 813.

4-Ferrocenyl-1-(2-fluorophenyl)tetrahydropyrimidin-2(1H)-one (9f).” Yellow solid;
mp 179 °C. Rf = 0.4 (EtOAc/Hexane, 1:1 (v/v)). Yi€9%.'H NMR (200 MHz, CDCJ) & =
7.39 — 7.05 (m, 4H, H-3', H-4', H-5' and H-6"),% (br s, 1H, H-3), 4.42 (dd,= 8.1, 4.1 Hz,
1H, H-4), 4.33 — 4.11 (overlapped m, 4H, H-2", H-B-4" and H-5"), 4.22 (overlapped s,
5H, H-1"), 3.72 — 3.43 (m, 2H, H-6a and H-6bB®- 2.13 (m, 1H, H-5a), 2.04 — 1.83 (m,



1H, H-5b).°C NMR (50 MHz, CDC}) § = 158.2 (d,Jc.r = 249.3 Hz, C-2Y), 154.7 (C-2),
130.5 (dJcr = 12.2 Hz, C-1", 129.7 (dcr = 1.3 Hz, C-6"), 128.1 (dc.r = 7.9 Hz, C-4)),
124.2 (d,Jcr = 3.7 Hz, C-5'), 116.3 (dlcr = 20.2 Hz, C-3'), 90.3 (C-1"), 68.4 (C-1"), B8.
(C-4"), 67.7 (C-2"), 66.1 (C-3"), 65.3 (C-590.8 (C-4), 47.2 (C-6), 31.1 (C-5)The
assignation for H and C atoms has been done usiatpgy with exampledh and our
previous studies [see references 36, 37]. IR (KB¥FY): v = 3424, 1659, 1503, 1488, 753.

4-Ferrocenyl-1-(3-fluorophenyl)tetrahydropyrimidin-2(1H)-one (9g).” Yellow solid;
mp 140 °C. Rf = 0.4 (EtOAc/Hexane, 1:1 (v/v)). ¥i€3%.'H NMR (200 MHz, CDC}) & =
7.37 —7.23 (m, 1H, H-5), 7.16 — 7.06 (m, 2H, Hdd H-6"), 6.93 — 6.81 (m, 1H, H-4"), 5.35
(br s, 1H, H-3), 4.47 — 4.33 (m, 1H, H-4), 4.28 24 (overlapped m, 4H, H-2", H-3", H-4"
and H-5"), 4.23 (overlapped s, 5H, H-1"), 3.83.55 (m, 2H, H-6a and H-6b), 2.34 — 2.14
(m, 1H, H-5a), 2.05 — 1.84 (m, 1H, H-54JC NMR (50 MHz, CDC}) & = 162.6 (dJc.r =
245.3 Hz, C-3"), 154.6 (C-2), 144.9 @.r = 9.9 Hz, C-1"), 129.5 (dlc.r = 9.2 Hz, C-5,
120.5 (dJc.F = 3.0 Hz, C-6"), 112.6 (dcF = 23.6 Hz, C-2'), 112.0 (d¢c.F = 21.1 Hz, C-4"),
90.2 (C-1"), 68.5 (C-1"), 68.3 (C-3"), 67.9 %05 66.2 (C-4"), 65.3 (C-2"), 50.9 (C-4), 47.1
(C-6), 31.3 (C-5).The assignation for H and C atoms has been domg asialogy with
exampledh and our previous studies [see references 36 JRTKBr, cm®): v = 3419, 1654,
1609, 1590, 693.

4-Ferrocenyl-1-(4-fluorophenyl)tetrahydropyrimidin-2(1H)-one (9h). Yellow solid;
mp 187 °C. Rf = 0.4 (EtOAc/Hexane, 1:1 (v/v)). Yid6%."H NMR (400 MHz, CDCJ) & =
7.33 = 7.28 (m, 2H, H-2", 7.10 — 7.03 (m, 2H, K-8:28 (br s, 1H, H-3), 4.42 (dd,= 8.6,
4.0 Hz, 1H, H-4), 4.30 — 4.27 (m, 1H, H-2"), 427.23 (overlapped m, 1H, C-4"), 4.23
(overlapped s, 5H, H-1"), 4.20 — 4.16 (m, 2H,'GaAd C-5"), 3.71 (ddd} = 11.9, 9.9, 3.7
Hz, 1H, H-6a), 3.59 (dij = 11.8, 4.7 Hz, 1H, H-6b), 2.23 (dg= 13.1, 4.0 Hz, 1H, H-5a),
2.00 — 1.91 (m, 1H, H-5b}°C NMR (101 MHz, CDGJ) & = 160.4 (dJc.r = 244.8.1 Hz, C-
4", 155.1 (C-2), 139.4 (d¢.r = 3.0 Hz, C-17), 127.5 (dcr = 8.4 Hz, C-2'), 115.6 (dc-r =
22.5 Hz, C-3'), 90.3 (C-1"), 68.6 (C-1"), 68@&-3"), 68.0 (C-5"), 66.3 (C-4"), 65.3 (C-2"),
51.1 (C-4), 47.7 (C-6), 31.5 (C-5). IR (KBr, &jnv = 3418, 1664, 1508, 1483, 822. Anal.
Calc. for GoHigFFeNO: C, 63.51; H, 5.06; F, 5.02; Fe, 14.76; N, 7.@1;4.23. Found: C,
63.55; H, 5.01; N, 7.38%.

1-(2-Chlorophenyl)-4-ferrocenyltetrahydropyrimidin-2(1H)-one (9i).” Yellow oil. Rf
= 0.2 (EtOAc/Hexane, 1:1 (v/v)). Yield 60%4 NMR (200 MHz, CDCY) 6 = 7.46 (ddJ =
6.7, 2.3 Hz, 1H, H-5"), 7.38 — 7.19 (m, 3H, H-2*4Hand H-6"), 5.37 (br dl = 9.2 Hz, 1H,
H-3), 4.42 (ddJ = 9.9, 6.0 Hz, 1H, H-4), 4.37 — 4.26 (m, 1H, H;3'.26 — 4.13 (overlapped



m, 3H, H-2", H-3" and H-4"), 4.23 (overlappedbHl, H-1"), 3.84 — 3.28 (m, 2H, H-6a and
H-6b), 2.35 — 1.88 (m, 2H, H-5a and H-5B)C NMR (50 MHz, CDC))” & = 154.6 (C-2),
140.4 (C", 133.1 (C"), 130.3 (C", (C", 128.5)(@27.7 (C"), 90.4 (C-1"), 68.5 (C-1"), 68.2
(C-3"), 67.8 (C-5"), 66.2 (C-4"), 65.4 (C-290.1 (C-4), 47.2 (C-6), 31.3 (C-5)The
assignation for H and C atoms has been done usiatpgy with exampledk and our
previous studies [see references 36, 37[he signals originated from aromatic carbons
cannot be assigned based on obtained data. IR @&B): v = 3438, 1646, 1495, 1448, 755.

1-(3-Chlorophenyl)-4-ferrocenyltetrahydropyrimidin-2(1H)-one (9j).” Yellow solid;
mp 169 °C. Rf = 0.4 (EtOAc/Hexane, 1:1 (v/v)). ¥i€3%.'H NMR (200 MHz, CDC}) & =
7.35 (s, 1H, H-2Y), 7.28 — 7.23 (m, 2H, H-4' an®'§-7.19 — 7.12 (m, 1H, H-5'), 5.43 (br s,
1H, H-3), 4.40 (dd) = 8.7, 3.7 Hz, 1H, H-4), 4.29 — 4.16 (overlappedd, H-2", H-3", H-
4" and H-5"), 4.23 (overlapped s, 5H, H-1"Y,8- 3.54 (m, 2H, H-6a and H-6b), 2.29 — 2.15
(m, 1H, H-5a), 2.09 — 1.84 (m, 1H, H-5B5C NMR (50 MHz, CDC}) § = 154.6 (C-2), 144.5
(C-19, 134.0 (C-3), 129.5 (C-6"), 125.5 (C-2'2514 (C-5", 123.5 (C-4"), 90.2 (C-1"), 68.5
(C-1"), 68.3 (C-3"), 67.9 (C-5"), 66.2 (C-48h.3 (C-2"), 50.9 (C-4), 47.1 (C-6), 31.2 (C-5).
"The assignation for H and C atoms has been domg asialogy with examplék and our
previous studies [see references 36, 37]. IR (KBY}): v = 3424, 1667, 1590, 1570, 755.
Anal. Calc. for GoH1sCIFeEN,O: C, 60.86; H, 4.85; Cl, 8.98; Fe, 14.15; N, 7.00;4.05.
Found: C, 60.90; H, 4.90; N, 7.15%.

1-(4-Chlorophenyl)-4-ferrocenyltetrahydropyrimidin-2(1H)-one (9k). Yellow solid;
mp 183 °C. Rf = 0.4 (EtOAc/Hexane, 1:1 (v/v)). Yi&l6%."H NMR (400 MHz, CDCJ) & =
7.38 — 7.21 (m, 4H, H-2', H-3', H-5' and H-6'),5(®r s, 1H, H-3), 4.44 (br s, 1H, H-4), 4.32
—4.15 (overlapped m, 4H, H-2", H-3", H-4" ané'H, 4.23 (overlapped s, 5H, H-1"), 3.82 —
3.56 (m, 2H, H-6a and H-6b), 2.22 (brdd: 10.7 Hz, 1H, H-5a), 2.02 — 1.85 (m, 1H, H-5b).
¥C NMR (101 MHz, CDGJ) & = 141.7 (C-2), 130.8 (C-1'), 128.7 (C-4'), 126C77), 120.8
(C-39,90.1 (C-1"), 68.5 (C-1™), 68.3 (C-37.8 (C-5"), 66.2 (C-4"), 65.1 (C-2"), 50.9 (C-4)
47.3 (C-6), 31.3 (C-5). IR (KBr, c™): v = 3420, 1665, 1610, 1568, 750.
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Schemes and figure captions

Scheme 1. Synthesis of Fc-containing compounds starting fidienmnich bases. Reagents
and conditionsi) PANCO, ultrasound irradiation for 1in) NaBH,, MeOH, stirring for 2h;
iii) PhNCS, ultrasound irradiation (1-7 h), then AcQOdlfrasound irradiation, 1 hiv)
PhNCO, ultrasound irradiation, 1 h, and then Ac@Hkkasound irradiation, 1 hj) AcOH,
ultrasound irradiation, 2 Ivj) DDQ, toluene, reflux for 2 h.

Scheme 2. A synthetic strategy to 1-aryl-4-ferrocenyltetrdhypyrimidin-2(1H)-ones 9a-k)
Scheme 3. An overview of newly Fc-containing tetrahydropywdim-2(1H)-onesOa-k

Scheme 4. Plausible schematic mechanism for the synthediied compound9a-k

Figure 1. The IR spectra (800-3600&for compounda

Figure 2. Labeled carbons atoms for NMR characterization

Figure 3. The molecular structure with the atom-labellingeswe: (a)d, (b) 9h and (c)9;.
Displacement ellipsoids are drawn at the 30% pritibakevel.

Figure 4. (a) Overlay o©d, 9h and9j (blue, green and red, respectively) based ontthrasaof
Cpl ring. Overlay oBd (blue) and the N2-substituted derivative [36] (gel); atom-labelling
scheme in (b) corresponds only to the yellow calar®lecule, atom-labelling &d is as in (a)
where this molecule is presented in the same atient H atoms are excluded for clarity.
Figure 5. Double chain oBd molecules formed by N2-H...O1 hydrogen bond, Fc.p&iing
and C17-H.n interaction. Equivalent chains f8h and9j are presented in Figure S2 and Figure
S3 (se&kS)).

Figure 6. Cyclic voltammograms at the platinum disk (d = thtby a 0.1 V § scan rate in
0.1 M dichloromethane solution of BNICIO,: (a) electrolyte, (b) 1 mM solution of
4-ferrocenyl-1-phenyltetrahydropyrimidin-24)-one Qa) (c) ferrocene.

Figure 7. Cyclic voltammograms of 1 mM solution of 4-ferrogél-
phenyltetrahydropyrimidin-2(1)-one Qa) at the platinum disk (d = 2 mm) in 0.1 M
dichloromethane solution of BNCIO, on a different scan rates: a) 0.01 Vi 0.1 V §' ¢)
03Vstd)0o5V§

Figure 8. Anodic and cathodic peak currents of prod@acbbtained at different scan rates at
the platinum disk (d = 2 mm) in 0.1 M dichloromatlasolution of BUNCIO,.



Highlights

- An efficient onepot synthetic procedure for the preparation of 1-aryl-4-
ferrocenyltetrahidropyrimidin-2(1H)-ones has been devel oped

- Eleven novel ferrocene-containing tetrahydropyrimidin-2(1H)-ones were synthesized in good
to high yields (up to 93%)

- All products have been isolated in high purity >95% and a detailed spectroscopic
characterization has been provided

- A detailed single-crystal X-ray diffraction analysis was successfully performed on three
examples

- Electrochemical behavior of newly synthesized has been evaluated by the usage of cyclic

voltammetry
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