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from the

In this study, the manganese(lll) acetate mediatetical additioneyclization reactions
ferrocene substituted alkenes and active methydengounds were carried out. The regine
stereoselective radical cyclization reactions of-gfrylferrocene 1a) and active methylel
compounds Za-g) gave trans-5-ferrocenyl-4-phenyl-4,5-dihydrofureompoundsas the sol
produck. The reactions of 1-ferrocenyl-1-aryl(heteroayigmes 1b-€) and active methylel
compoundsZa-f) via Mn(OAc}) led to furan and benzofuran derivativé9-33 in mid-gooc
yields (up to 75 %). Surprisingly, ferrocene suigtid allylidene derivatives were obtained
Mn(OAc) mediated reactions of 1-aryl-1-ferrocenyletherib-d) and 1,3-
dimethylbarbituric acidZg). The uses of ferrocene substituted alkenesanganeqdl) acetatt
mediated radical reactions is the first examplthis field as far as we know.

2017 Elsevier Ltd. All rights reserved

1. Introduction

Ferrocene has attracted much attention due taving both
organic and inorganic properties, high thermal ifitap good
solubility in organic solvents, easy synthésiand reversible
redox properties. Ferrocene derivatives are used
homogeneous catalystschemosensofs,asymmetric ligand3,
non-linear optical materiafs, conductive polymers, liquid
crystal§ and biosensorsin addition, ferrocene compouridisnd
ferrocenium salt§® *have strong antitumor activities.

Furan and benzofuran derivatives form the basicsire of
many natural compounds and show a wide range of gazb

unsaturated system mediated by transition meta §ain®*’
ce"® cu'®). Manganese(lll) acetate has introduced

differences in the field of free radical chemistiye to its

asselectivity, specificity, mild and efficient reasti conditions™

The first study of the Mn(OAg)mediated oxidation reactions
of ferrocene compounds was made in 1876was reported that
diferrocenylmethane derivatives were obtained bydkieation
and aromatic electrophilic  substitution reactionsf o
methylferrocene without the presence of any cydbimaproduct.
Following this study, we have not been able to famgt research

activities’ In addition, these compounds are used as sulbstratdealing with Mn(OAc) mediated reactions of ferrocene

for the synthesis of many polyfunctional organicpmunds'?

There are only a few studies that include both femne and
furan groups. These studies are concentrated othesia of

compounds until the present.

In this study, manganese(lll) acetate mediated atixie
cyclization reactions of ferrocene substituted atkend active

ferrocenylfurans; furan and ferrocene containing conjugates andnethylene compounds have been carried out. As alt,resu

their electrochemical behaviolir, applications of nonlinear
optical material§, and cytotoxic investigations  of
ferrocenylfurang?

Furan compounds can easily be prepared by the toveda
cyclization reaction of an active methylene comgbwand an

ferrocene substituted dihydrofuran, benzofuran pydmidine
derivatives with the potential of showing biologieativity were
obtained. The wuse of ferrocene substituted alkenes
manganese(lll) acetate mediated radical reactignshé first
example in this field as far as we know.

OCorresponding author. Tel.: +90-312-212-6720; #80-312-223-2395; e-mail: haslan@science.ankararedu



2 Tetrahedron
2. Results and Discussion

Initially, the reactions of (E)-styrylferrocengd) and active methylene compoun@a<{g) via Mn(OAc) were studied. Although
two regioisomers and two stereoisomers may fornné@se reactions, trans-5-ferrocenyl-4-phenyl-dihfithian compounds3(9) were
obtained as the sole produtaple 1).

Table 1 Products of the oxidative cyclization reactiond afvith 2a-gvia Mn(OAc).

Q. = MiOAS), R A %F§
R AcOH, N, 80 °C RO

2a-g % 1a 39

Entry Métcr:;gne (Tr:ns =T Product =2 Yield, %

1 2a 20 CH coch 100
2 2b 25 CH COOEt  304)
3 2¢ 14 CHC(CHy),CH,CO 50 6)
4 2d 20 CHCH,CH,CO 28 6)
5 2e 27 GHs CN 24.0)
6 2f 32 Thien-2-yl CN 259
7 29 22 N(CH)CON(CH,)CO 15 0)

¢ . All the reactions were carried out in a 1 :2molar ratio ofilkene(1a-6, active
methylene 2a-f) and Mn(OAc} in AcOH at 80 °C;
b |solated yield based on alkene

The proposed mechanism of these reactions is sho®ohieme 1 The trans-5-ferrocenyl-4-phenyl-dihydrofuran campds 8-9)
are probably formed by following the commonly aceeptoute™ According to this mechanism, a Mn(lll)-enolate cdexpis formed
through the interaction of Mn(OAg¢and the enol form of the active methylene compoum&raction of the Mn(lll)-enolate complex
and alkenel(@) affords a radical carbon intermediafe) {via pathwayi. A is then oxidized by Mn(OAg)to form a carbocatiorBj). 5-
Ferrocenyl-4-phenyl-dihydrofuranCj] is produced through the cyclization 8f Similarly, the radical carbon intermediatB)(
carbocationE) and 4-Ferrocenyl-5-phenyl-dihydrofurdf) (can also be attained respectively via pathiva@nly one product with the
skeletal structure of compou@was obtained from the related reactions.

Mn** 0 0
Y 0 0 0
OHO  MnOAc), 0 0 i Mn?* O™
_AcOH M - Mn2* < H
i
Fe Fe Fe
<= <=
C

ﬂ2+
\l N S
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2a <= (E/Mn i 9] 0 Q
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v D E F
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Fe 1la

Scheme 1Proposed mechanism for the formation of ferroceniistituted dihydrofurans
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clearly be seen from the ORTEP view thatis a trans-
dihydrofuran Figure 2).
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Figure 1 Enumerated structure 8£9 o YN o /e
Gy O=— ,
c8 C‘// b \/J—\ ~Cis >
The structure of the product was identified using HSQC C7\\ s o Cra s
HMBC and NOESY spectra. Due to being adjacent to tlygenx N @\/ N
atom, H5 and C5 resonate at a lower field than H4 @dd o ‘\C'gm
respectively. The H4-H5 protons and C4-C5 carbons were o B o
determined using HSQC spectra. HMBC spectra show that H5 o / joar
correlates with the ortho-carbons of the ferrocegrgdup, and
doesn't correlate with ortho-carbons of the phenybup. e N
Similarly, H4 correlates with the ortho-carbons oé thhenyl oz

group, and doesn't correlate with ortho-carbonsefferrocenyl
group. These results prove that the ferrocenyl giswattached to
the C5 carbon and the obtained produ@ sy pathwayi. As the
ferrocenyl group possesses considerably more etectonating
properties than the phenyl grodpA andB are more stable than
D andE, respectively. For this reason, reaction piatdoesn't
proceed to fornf. Moreover, in the NOESY spectra of products
3-9, there is either no correlation or weak correlatietween the
H4 and H5 protons which shows that these protons ratée
trans configuration. To ensure that the prod®e®)( structures
are in the trans configuration, the structure ot @f these
compoundsg) was confirmed by X-ray crystallograpHy.It can

Figure 2 The molecular entities of compouBidshowing the atom-
numbering scheme. Displacement ellipsoids are diviine 50%
probability level.

Mn(OAc); mediated reactions of 1-ferrocenyl-1-
aryl(heteroaryl)ethenedlf-e) and active methylene compounds
(2a-) lead to the formation of furan and benzofuranvdtives
(10-33 in mid-good yields up to 75 %@ éble 2). The'H-NMR
spectra of almost all products revealed the dibfyotem HC(4)
protons to be diastereotopic, exhibiting doublettwieen 3.34
and 4.02 ppm. The coupling constant of these psoi®ivetween
“Jun = 13.6-14.8.

Table 2Products of the oxidative cyclization reactiond bfe with 2a-f via Mn(OAc)®.

3

0 ; Mn(OA RI_ R
JR? 4 13: n(OAc); _ MF&
R AcOH, N, 80 °C RO

Fc
2a-g 1b-e 10-33
Entry M':f;;{gne Alkene Time (min) =T ProRdzuct = Yield, %
1 2a 1b 5 CH; COCH; CeHs 44 (10)
2 2b 1b 8 CH; COOEt GHs 47 (11
3 2c 1b 5 CH,C(CH,),CH,CO GHs 75 (12)
4 2d 1b 5 CH,CH,CH,CO GHs 67 (L3)
5 2e 1b 5 GsHs CN GHs 52 (L4)
6 2f 1b 8 Thien-2-yl CN GHs 58 (L5
7 2a 1c 20 CH COCH; 4-CH;-CgH, 48 (17)
8 2b 1c 20 CH COOEt 4-CH-CgH, 52 (18)
9 2c 1c 10 CHC(CH;),CH,CO 4-CH-CgH, 50 (19)
10 2d 1c 10 CHCH,CH,CO 4-CH-CgH, 41 (0)
11 2e 1c 17 GHs CN 4-CH-CeH, 46 (1)
12 2f 1c 20 Thien-2-yl CN 4-CHCgH, 37 22
13 2a 1d 14 CH COCH 4-F-GH, 55 (24)
14 2b 1d 14 CH COOEt 4-F-GH, 57 25
15 2c 1d 10 CHC(CH,),CH,CO 4-F-GH, 66 (26)
16 2d 1d 10 CHCH,CH,CO 4-F-GH,4 52 7)
17 2e 1d 9 GeHs CN 4-F-GH, 45 (29)
18 2f 1d 9 Thien-2-yl CN 4-F-GH, 43 (29
19 2c le 45 CH,C(CH;),CH,CO Thien-2-yl 50381)
20 2e le 44 GHs CN Thien-2-yl 54 82)
21 2f le 28 Thien-2-yl CN Thien-2-yl 523Q3)

&: All the reactions were carried out in a 1 :2molar ratio ofilkene(la-e, activemethylene 2a-f) and Mn(OAc) in AcOH
at 80 °C}°: Isolated yield based on alkene; Fc: Ferrocenyl
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Furopyrimidine derivatives were not formed from the The structures of these compounds,(23, 3) were identified
Mn(OAc); mediated reactions of 1-ferrocenyl-1- with various spectroscopic methods. Unlike the spectrother
aryl(heteroaryl)ethenesllf-e) and 1,3-dimethylbarbituric acid cyclic products &-31), there weren’t any diastrotopic protons
(29). Unexpectedly, acyclic and one-carbon extendedideéhe  resonated between 3.3-4.0 ppm in tHeNMR spectra of these

compounds were obtained from these reactidablé 3). products. The synthesized compound seems to possesxtra
carbon than expected and the molecular weight isy.h2ol*

Table 3 Products of the oxidative cyclization reactiondbfd with more than expected. The alkene protons exhibitatbldts at
2g via Mn(OAc)". about 8.0 and 8.5 ppm. Some NMR chemical shifts6p3 and

30 are shown inTable 4 At the same time, the structure of

compound23 was confirmed by X-ray crystallograpfiyand an

N 0 R3 Mn(OAc);2H,0 the ORTEP view is given iRigure 3.
O#Nj? - AcOH, N, 80 C
/ O ~ (@)
F
& = ool
20 1b-d 16,23,30 == AN lore
c18)7 \
Time 3 b \ /0)13 o3 o
i 0, A ) N
Entry Alkene (min) R Yield, % c& \ \m /\ Q_ (m
| C17 )~ SR Q C24 )
1 1b 4 CeHs 14 (16) DT D e o
o8 / o }' I \cza
2 1c 20  4-CHCH, 17@3 ¢ AN D—g
] c2f) / &
3 1d 10 4-F-GH, 15 (30) Qg ™ ) % o g \
@ All the reactions were carried out in a 1 : 2 molar ratio of Ve // “ A 3
alkene(1b-d), active methylene 2g) and Mn(OAc) in AcOH at / }>
80 °C;”: Isolated yield based on alkene o7 (,; &

O

Figure 3 The molecular entities of compou88d, showing the atom-
numbering scheme. Displacement ellipsoids are ditviine 50%

probability level.
Table 4NMR chemical shifts of enumerated atomsl6f 23, 30

Atom Numbers
Compound R H-NMR (5) BC-NMR ()
13 7 8 1/3 2 4/6 5 7 8 9
3.31 27.96 162.33
16 H 3,0 798 851 5050 17093 (.07 11048 154.09 121.64 15174
3.31 27.92 162.34
23 CHy 37, 801 848 5075 17132 [2o0c 11022 15435 12170 15175
3.31 27.97 162.10
30 F 30 7-94 850 5g750 16943 (250 11077 15351 12189 151.68
-CH,COOH 0 0
G
0 0 3+ 0. ~_0 o) 0 3+ 0 0
CH;COOH + Y F Mn A Mn
/NTN\ -Mn2+, HT /NWN\ ,N\H,N\ —Ml‘l2+, q+ /NWN\
0 0 0 0
2g H I J
HO,
A 0 OR3
R Fe \N “Fc¢ P
1b-d O%w o Mn?* H+ N0 -CO,, an* ’
K L
o R 0 R?
~ = ~ =
Eu\r\)\Fc — %WFC
0 171 0 0 | 6}
N 0 P

Scheme ZProposed mechanism for the formation of allyliddeevatives



The proposed mechanism of the
ferrocenylethenelp-d) and 1,3-dimethylbarbituric aci@®g) via
Mn(OAc); is shown inScheme 2 Acyclic and one-carbon
extended allylidene compoundks( 23, 30 are likely to occur by
various reaction steps that are commonly acceépt@dcording
to this mechanism, the radical intermedideandH are formed
from acetic acid an@g respectively via Mn(OAg) G andH
produce a new carboxylic acidl)( The radical intermediat& is
formed forml via Mn(OAc). The interaction of an alkene add
results in the formation radical intermediate which is
subsequently oxidized with Mn(OAc)to carbocation L.
Elimination of a proton gives the intermediate pradM). M is
oxidized with Mn(OAc} to give radical intermediateNj and
carbocation @), respectively. After the elimination reaction,
conjugated produc#] is formed.

3. Conclusions

Manganese(lll) acetate mediated oxidative cyclmatieactions
of 1,1- and 1,2- disubstituted aryl-ferrocenyl a&e and active
methylene compounds were carried out. We have syt a
series of ferrocenyl substituted dihydrofuran datixes, which
have biological activity potential. The radical Byation
reactions of (E)-styrylferroceneld) and active methylene

5

reactions of 1-aryl-1Bruker Kappa APEXII CCD area-detector diffractomaising

Mo K, radiation §=0.71073 A) at T=296(2) K. Absorption
correction by multi-scan was appli€d.Structure was solved by
direct methods and refined by full-matrix least s against¥
using all data®

Substrates
3-0Ox0-3-phenyl-propanenitrile (2e)

yield 84 %. Yellow solid, mp : 80-82 °C (fit.mp: 75-76 °C). IR
(ATR, vicm): 3072 (ArH), 2954-2924 (RH), 2256 (CN), 1685
(CO); H-NMR (400 MHz, CDC}, 5): 4.09 (2H, s, Ch), 7.52
(2H,t, J = 7.2 Hz, Ph-H), 7.66 (1H, f] = 7.2 Hz, Ph-H), 7.92
(2H, d,J = 7.2 Hz, Ph-H). Same to that previously reportéd.

3-0Ox0-3-(thiene-2-yl)-propanenitrile (2f)

yield 81%. Brown solid, mp : 114-115 °C (itmp: 123-126 °C).
IR (ATR, v/cm): 3113-3091 (ArH), 2949-2918 (RH), 2256 (CN),
1664 (CO);"H-NMR (400 MHz, CDC}, 8): 4.00 (2H, s, CH),
7.20 (1H, dd,J = 4.8, 4.4 Hz, thienyl H-4), 7.78-7.80 (2H, m,
thienyl H-3 and H-5). Similar to that previouslpreted.**

compounds Za-g, which are regio- and stereoselective, (E)-Styrylferrocene (1a)

produced trans-5-ferrocenyl-4-phenyl-4,5-dihydrahs as the yield 76 %. Red solid, mp : 122-124 °G4-NMR (400 MHz,
sole product. The reaction mechanism was proposedh® CDCl,, §) : 4.13 (5H, s), 4.27 (2H, t, J=1.6 Hz), 4.45 (2H#]..6
formation of these products. The reactions of tefenyl-1- Hz), 6.69 (1H, d, J=16.4 Hz), 6.87 (1H, d, J=16.0 HA977.23
aryl(heteroaryl)ethened i§-) and active methylene compounds (1H, m), 7.30-7.33 (2H, m), 7.41-7.44 (2H, m). Similarthat
(2a-f) gave dihydrofuran and benzofuran derivatives (2Ipreviously reported; HRMS (m/z): calculated for H;sFe

examples, up to 75 % yields). Ferrocene substitatbdidene
compounds were obtained from the reactions of I-hryl
ferrocenylethenelp-d) and 1,3-dimethylbarbituric aci@g) via
Mn(OAc)s, surprisingly. The oxidative cyclization reactionf
ferrocenyl-aryl substituted alkenes and variousvaatnethylene
compounds via Mn(OAg)and biological activity studies are
currently under investigation.

4. Experimental

General information

Active methylene compoundga-d and 2g were available as
commercial products and used in highest puéts:f° and 1a”
were synthesized according to the literature byctihredensation
reaction and Wittig reaction, respectiveljn-e were synthesized
by dehydration reaction of the carbinoles formedmirthe
Grignard reactions of acetylferrocene and arylmagnes
bromide. Mn(OAc)2H,O was prepared from Mn(OAclH,O
electrochemically® Thin layer chromatography (TLC) was
performed on Merck aluminium-packed silica gel gdat
Purification of products was performed by
chromatography (cc) on silica gel (Merck silica @€l, 40—60
mm) or prep. TLC on silica gel Merck (PF254-366 niv)p.
were determined on an electrothermal capillary mgltpoint
apparatus. IR spectra (ATR/cm) were obtained with a Perkin-
Elmer Spectrum 100 FT-IR in the 600-4000 tnange with 4

cm® resolution. NMR spectra were recorded on a Varia

Mercury-400 High performance Digital FT-NMR
spectrophotometer. The mass spectra were measurei@ters
2695 Alliance Micromass ZQ LC/ESI-MS spectrometer and
Agilent 6530 Accurate-Mass Q-TOF LC-MS instrumentz m/
(rel. %). Elemental analyses were performed on @L@HNS-
932 instrument; in %. Crystallographic data wereorded on a

column 111.54(CH),

[M] " : 288.06014; found: 288.06016.
General procedure for the synthesis of 1b-e

A freshly dried flask was capped with a septum andecbonder
nitrogen atmosphere. Arylmagnesium bromide (1M, 1pwas
added to the flask with a syringe. A solution of gifetrocene (5
mmol; 1.14 g) in 10 mL THF was added dropwise to fthsk,
then the mixture was stirred overnight. The reactias then,
hydrolysed with saturated NBI solution in an ice-salt bath, and
the solution was extracted with,Bt (3x20 mL). The alkene was
formed by dehydration of the carbinoles by HCl/watelution
(2/3, viv). The combined organic layers were neiziedl with
saturated NaHC©Osolution, washed with ¥D, and brine. They
were then dried over anhydrous 88, and evaporated. The
product was purified by cc with hexane.

(2-Phenyl-vinyl)-ferrocene (1b).

yield 88 %."H-NMR (400 MHz, CDC}, §) : 4.10 (5H, s), 4.24
(2H, s), 4.35 (2H, s), 5.17 (1H, s), 5.53 (1H, s)277338 (3H,
m), 7.47 (2H, d, J=6.8 Hz)*C-NMR (100 MHz, CDC]}, ) :
67.79(CH*2), 68.74(CH*2), 69.67(CH*5), 84.88(C),
127.38(CH*2), 127.98(CH*2), 128.11(CH),
142.02(C), 147.62(C). Similar to that previouslypaeed®
HRMS (m/z): calculated for gHicFe [M]" : 288.06014; found:
288.06026.

[1-(4-Methyl-phenyl)-vinyl]-ferrocene (1c).

vield 83 %. IR (KBr,vicm™): 3086, 2922, 2860, 1700, 1574,

1408, 1368, 792*H-NMR (400 MHz, CDC}, 8): 2.39 (3H, s),
4.10 (5H, s), 4.24 (2H, s), 4.35 (2H, s), 5.15 (1H550 (1H, s),
7.16 (2H, d, J=7.6 Hz), 7.37 (2H, d, J=7.2 HZZ-NMR (100
MHz, CDCkL, §): 21.16(CH), 67.78(CH*2), 68.61(CH*2),
69.61(CH*5), 84.98(C), 111.08(GH 127.93(CH*2),
128.60(CH*2), 137.02(C), 139.06(C), 147.34(C); HRM&2):
calculated for GH;gFe [M]" : 302.07579; found: 302.07585
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52); 417 (MH, % 47), 399 ( [MH]-H,0, % 100); HRMS (m/z):

[1-(4-Fluorophenyl)-vinyl]-ferrocene (1d). calculated for GH,,FeQ; [M]" : 416.10749; found: 416.10878.
yield 56 %. IR (KBr,v/cm™): 3096, 2922, 2862, 1684, 1594,
1456, 920, 786'H-NMR (400 MHz, CDC}, 8) : 4.10 (5H, s), 2-Ferrocenyl-6,6-dimethyl-3-phenyl-2,3,6,7-
4.25 (2H, s), 4.32 (2H, s), 5.14 (1H, s), 5.52 (1H,79)0-7.10 tetrahydrobenzofuran-4(5H)-one (5)
(2H, m), 7.40-7.47 (2H, mJ’C-NMR (100 MHz, Acetone-) §) Yellow-orange solid; mp : 147.5-148.4 °C; yield 50 ® (ATR,

68.41(CH*2), 69.67(CH*2), 70.40(CH*5), 85.50(C), vicm"): 3084, 2916, 2870, 1622, 1396, 823, 73:-NMR: 1.12
112.03(CH), 115.57(CH*2, d,2J=21.3 Hz), 130.72(CH*2, d, (3H, s), 1.14 (3H, s), 2.21 (2H, d, J=2.4 Hz), 2.36 (i,
$)=7.6 Hz), 139.16 (C, dJ=3.8 Hz), 147.66(C), 163.15(C, d, J=17.6; 2.0 Hz), 2.43 (1H, d, J=17.6 Hz), 4.13 (5H491-4.24
1J=242.3 Hz);"F-NMR (376 MHz, Acetone-p 8): -116.71; (4H, m), 4.44 (1H, d, J=4.8 Hz), 5.47 (1H, d, J=4.8 Hz23-
HRMS (m/z): calculated for gH;sFFe [M]" : 306.05072; found:  7.37 (5H, m);®*C-NMR: 28.74(CH), 29.22(CH), 34.42(C6),

306.05088. 38.28(C7), 51.42(C3), 51.61(C5), 66.12(CH), 67.90(CH)
68.92(CH*5), 69.16(CH), 69.25(CH), 86.55(C), 93.11(C2)
[1-(Thiene-2-yl)-vinyl]-ferrocene (1e). 116.00(C), 127.25(CH), 127.47(CH*2), 129.04(CH*2),

yield 79 %. IR (KBr,v/cm): 3092, 2914, 2856, 1698, 1416, 1360,143.16(C), 175.30(C), 194.04(CO); LC-MS m/z (%) 6421",

1030, 820, 710*H-NMR (400 MHz, CDC}, §) : 4.20 (5H, s), % 70), 427 (MH, % 100); HRMS (m/z): calculated for

4.31 (2H, t, J=2.0 Hz), 4.51 (2H, t, J=2.0 Hz), 5.48,(d, J=0.8  C,gH,sFeQ, [M+H]" : 427.1355; found: 427.13572.

Hz), 5.48 (1H, d, J=0.8 Hz), 7.06 (1H, dd, J=4.8; 3.9, H27

(1H, dd, J=4.8; 0.8 Hz), 7.33 (1H, dd, J=3.6; 1.2 HZC:NMR 2-Ferrocenyl-3-phenyl-2,3,6,7-tetrahydrobenzofurard(5H)-

(100 MHz, CDC}, 3) : 67.67(CH*2), 68.68(CH*2), one (6)

69.73(CH*5), 84.82(C), 111.92(CH 124.28(CH), 125.51(CH), Pale brown solid; mp : 143-144 °C; yield 28 %; IRT@, vicm~

126.80(CH), 140.06(C), 143.83(C); LC-MS m/z (%) 4201", "): 3074, 2937, 1689, 1625, 821, 70B-NMR: 2.04-2.11 (2H,

% 100); HRMS (m/z): calculated for ,l,,FeS [M] : m), 2.35 (2H, td, J=6.8; 2.8 Hz), 2.48 (1H, dtd, J818.4; 1.6

294.01656; found: 294.01660. Hz), 2.60 (1H, dt, J=17.6; 5.6 Hz), 4.13 (5H, s), 4(24, m),
4.45 (1H, d, J=4.4 Hz), 5.46 (1H, d, J=5.2 Hz), 7.Z875H,

General procedure for the reactions between alkenefla-e) m); “C-NMR: 21.80(C6), 24.26(C7), 36.86(C5), 51.35(C3),

and active methylene compounds (2a-g) via Mn(OAgRH,O 65.93(CH), 67.69(CH), 68.69(CH*5), 68.96(CH*2), 86.2p(C
92.57(C2), 117.15(C), 127.02(CH), 127.27(CH*2),

A solution of Mn(OAc)2H,0 (0.804 g, 3 mmol) in glacial 128.78(CH*2), 142.84(C), 176.22(C), 194.55(CO); LC-Mtk

AcOH (7.5 mL) was heated undes Bt 80° C until it dissolved. (%) : 398 (M, % 77), 399 (MH, % 100); HRMS (m/z):

Then a solution of active methylene compound (2 thrand  calculated for GHFeQ [M+H]™ : 399.10420; found:

alkene (1 mmol) in glacial AcOH (5 mL) was added te th 399.10740.

mixture. Reaction was monitored by TLC. When thectiea

was complete, O was added to the mixture and extracted with5-Ferrocenyl-2,4-diphenyl-4,5-dihydrofuran-3-carboritrile

CHCl; (3%x20 mL). The combined organic layers were neiagdl  (7)

with saturated NaHCQsolution, washed with }©, dried over Yellow-orange solid; mp : 108-109 °C; yield 24 %; (RTR,

anhydrous Nz50,, and evaporated. The products were purifiedv/cm): 3084, 3034, 2926, 2852, 2204, 1620, 134821329,

by cc on silica gel or preparative layer chromaapgy on silica 744, 702;'H-NMR: 4.13 (5H, s), 4.20-4.26 (4H, m), 4.44 (1H, d,

gel, eluating with hexane: AcOEt mixtures. J=6.8 Hz), 5.50 (1H, d, J=6.0 Hz), 7.30-7.41 (5H, M} 377.49
(3H, m), 8.04 (2H, dd, J=8.4, 2.0)’C-NMR: 57.21(C4),
Physical and spectral data of products 66.35(CH), 66.78(CH), 68.87(CH*5), 68.90(CH), 69.02(CH),
84.86(C3), 86.24(C), 89.90(C5), 117.38(CN), 127.3D),
1-[5-Ferrocenyl-2-methyl-4-phenyl-4,5-dihydrofuran-3- 127.63(CH*2), 128.01(C), 128.14(CH), 128.85(CH*2),
yllethanone (3) 129.30(CH*2), 131.70(CH), 140.45(C), 166.01(C2); LG Mh/z

Brown oil; yield 10 %; IR (ATR,v/cm™): 3082, 2963, 1664, (%) : 431 (M, % 100), 432 (MH, % 69); HRMS (m/z):
1589, 1257, 1074, 1014, 796, 70B:-NMR: 1.94 (3H, s), 2.39 calculated for GH,;FENO [M]' : 431.09726; found: 431.10038.
(3H, d, J=0.8 Hz), 4.15 (5H, s), 4.16-4.23 (4H, m)54(BH, d,
J=4.8 Hz), 5.22 (1H, d, J=4.8 Hz), 7.26-7.39 (5H, T:NMR: (4R,5R)-5-Ferrocenyl-4-phenyl-2-(thiene-2-yl)-4,5-
15.42(CH), 29.84(CHCO), 56.25(C4), 66.13(CH), 66.78(CH), dihydrofuran-3-carbonitrile (8)
68.69(CH), 68.81(CH), 68.87(CH*5), 87.46(C), 89.74(C5) Yellow solid; mp : 143.4-143.7 ; yield 25 %: IR (ATRcm™):
116.26(C3), 127.38(CH), 127.64(CH*2), 129.12(CH*2), 3099, 2920, 2851, 2199, 1606, 1095, 1041, 815, 709; 'H-
143.89(C), 168.24(C2), 195.02(CO); LC-MS m/z (%B63M’,  NMR: 4.17 (5H, s), 4.23-4.27 (4H, m), 4.41 (1H, d, 8=Hz),
% 74), 387 (MH, % 100); HRMS (m/z): calculated for 4.47 (1H, d, J=6.8 Hz), 7.18 (1H, dd, J=5.2; 4.0 H3177.35
C,aH,FeQ, [M] ™ : 386.09692; found: 386.09726. (3H, m), 7.39-7.42 (2H, m), 7.55 (1H, dd, J=5.2; 1.9,Hz96
(1H, dd, J=4.0, 1.2);"®C-NMR: 57.15(C4), 66.38(CH),
Ethyl 5-ferrocenyl-2-methyl-4-phenyl-4,5-dihydrofuran-3-  66.65(CH), 68.74(CH), 68.89(CH*5), 69.00(CH), 82.97(C3)
carboxylate (4) 86.08(C), 90.67(C5), 116.98(CN), 127.53(CH*2), 1281H),
Yellow solid; yield 30 %; IR (ATRy/cmi™): 3074, 3024, 2939, 128.26(CH), 129.25(CH*2), 129.97(CH), 130.13(C),
1625, 1602, 1392, 1064, 1024, 819:NMR: 1.09 (3H, t, J=7.6  130.25(CH), 140.21(C), 161.40(C2); LC-MS m/z (%B74M",
Hz), 2.33 (3H, d, J=1.2 Hz), 3.96-4.08 (2H, m), 4.18,(5), % 100), 438 (MH, % 65); HRMS (m/z): calculated for
4.19-4.26 (4H, m), 4.36 (1H, dd, J=5.2; 1.2 Hz), 528, d,  C,H;sFeNOS [M] : 437.05368; found: 437.05764.
J=5.2 Hz), 7.23-7.37 (5H, m); “C-NMR: 14.12(CH),
14.38(CH), 55.10(C4), 59.30(CH, 65.98(CH), 67.18(CH), 6-Ferrocenyl-1,3-dimethyl-7-phenyl-6,7-dihydrofurof3,2-
68.59(CH), 68.64(CH), 68.68(CH*5), 87.36(C), 89.15(C5) d]pyrimidin-2,4(1H,3H)-dione (9)
106.91(C3), 126.80(CH), 127.51(CH*2), 128.49(CH*2), Brown solid; mp : 145 °C; yield 15 %; IR (ATR/cm"): 3084,
144.23(C), 165.70(C), 167.55(C); LC-MS m/z (%) 64M*, % 2954, 1703, 1641, 819, 70°H-NMR: 3.27 (3H, s), 3.38 (3H, s),



4.11 (5H, s), 4.23-4.29 (4H, m), 4.67 (1H, d, J=4.0,EZ9 (1H,

d, J=4.0 Hz), 7.27-7.40 (5H, m)*C-NMR: 26.91(CH),
28.48(CH), 50.34(C7), 65.36(CH), 66.95(CH), 67.78(CH*5),
68.32(CH), 68.42(CH), 83.27(C), 90.00(C),
126.25(CH*2), 126.58(CH), 127.99(CH*2), 140.57(C),
150.86(C), 159.89(C); LC-MS m/z (%) : 442 (M¥ 54), 443
(MH", % 100); HRMS (m/z): calculated for ,f,,FeN,O;
[M+H] " : 443.10526; found: 443.10902.

1-(5-Ferrocenyl-2-methyl-5-phenyl-4,5-dihydrofuran3-
yl)ethanone (10)

Brown solid; mp : 116.4-117 °C; yield 44%; IR (ATRpm‘l):
3007, 2933, 2873, 1641, 1226, 818:NMR (400 MHz, CDC},

8) : 2.25 (3H, s), 2.40 (3H, s), 3.42 (1H, d, J=13.6,187J4 (1H,

d, J=14.0 Hz), 4.03 (1H, s), 4.13 (5H, s), 4.17 (3H7L0-7.34
(5H, m); ®C-NMR (100 MHz, CDCJ, 8) : 14.17(CHCO),
28.46(CH), 44.63(C4), 65.15(CH), 65.88(CH), 66.91(CH),
67.48(CH), 67.71(CH*5), 88.54(C), 93.91(C5), 111.13\C
123.78(CH), 126.34(CH*2), 127.03(CH*2), 144.72(C),
165.05(C2), 193.00(CO); MS m/z (%) : 386 (M6 100), 387
(MH", % 65); HRMS (m/z): calculated for,§,,FeQ, [M+H] " :
387.1042; found: 387.1044.

Ethyl 5-ferrocenyl-2-methyl-phenyl-4,5-dihydrofuran-3-
carboxylate (11)

Yellow solid; mp : 102 °C; yield 47%; IR (ATR/cm™): 3111,
2960, 2927, 1699, 1639, 1240, 1080, 808, 773:NMR (400
MHz, CDCk, 8) : 1.33 (3H, t, J=7.2 Hz), 2.43 (3H, s), 3.41 (1H,
dd, J=14.4, 0.8 Hz), 3.74 (1H, dd, J=14.4, 0.8 HA)941H, d,
J=0.8 Hz), 4.20-4.26 [10H (2H, O-GI€Hs; 8H, Ferrocene C-
H), m], 7.23-7.40 (5H, m);"*C-NMR (100 MHz, CDC}, 3) :
14.33(CH), 14.59(CH), 45.08(C4), 59.59(Cj§), 66.27(CH),
67.01(CH), 67.90(CH), 68.78(CH), 68.81(CH*5),
95.18(C5), 101.53(C3), 124.90(CH), 127.32(CH*2),
128.07(CH*2), 146.14(C), 165.99(C), 166.46(C); MZ i) :
416 (M, % 100); HRMS (m/z): calculated for ,{l,,FeQ,
[M+H] " : 417.11476; found: 417.11653.

2-Ferrocenyl-6,6-dimethyl-2-phenyl-2,3,6,7-
tetrahydrobenzofuran-4(5H)-one (12)

Yellow solid, mp : 133-134 °C; yield 75%; IR (ATRlcm‘l):
3094, 2954, 2870, 1636, 1402, 1238, 820:NMR (400 MHz,
CDCl,, 8) : 1.15 (3H, s), 1.19 (3H, s), 2.30 (2H, s), 2.48 (8H,
3.41 (1H, d, J= 14.0 Hz), 3.71 (1H, d, J= 14.0 Hz)63®, s),
4.15 (6H, s), 4.20 (1H, s), 4.21 (1H, s), 7.25-7.38, (B); “°C-
NMR (100 MHz, CDC}, 8) : 29.11(CH*2), 34.35(C6),
38.28(C7), 41.35(C3), 51.29(C5), 66.41(CH), 67.60(CH)
68.41(CH), 69.07(CH), 69.13(CH*5), 91.94(C), 94.49(C2)
125.23(CH*2), 127.84(CH), 128.34(CH*2), 145.29(C),
175.05(C), 195.12(CO); MS m/z (%): 426 (M% 78), 427
(MH", % 100); HRMS (m/z): calculated for@&,sFeQ [M+H]"

1 427.1355; found: 427.13744.

2-Ferrocenyl-2-phenyl-2,3,6,7-tetrahydrobenzofurard(5H)-
one (13)

Yellow solid; mp : 162-163 °C; yield 67%; IR (ATRlcm‘l):
3096, 2952, 2880, 1630, 1400, 1248, 818, 7BHNMR (400

93.45(C6),

89.45(C),

7

93); Anal. Calcd for gH,.FeO, : C % 72.38, H 5.57; found: C
% 72.88, H5.31.

5-Ferrocenyl-2,5-diphenyl-4,5-dihydrofuran-3-carboritrile

(14)

Orange solid; mp : 156 °C; yield 52%; IR (ATﬂcm‘l): 3105,
3066, 2202, 1624, 1259, 823, 76"H-NMR (400 MHz, CDC},
d) : 3.53 (1H, d, J=14.4 Hz), 3.87 (1H, d, J=14.4 H2)944.10
(1H, m), 4.16 (5H, s), 4.22-4.23 (1H, m), 4.235-4.224, m),
7.25-7.38 (5H, m), 7.51-7.54 (3H, m), 8.12-8.14 (2H; HC-
NMR (100 MHz, CDC}, 8) : 46.76(C4), 66.37(CH), 66.80(CH),

68.19(CH), 68.76(CH), 68.90(CH*5), 78.67(C), 90.94(C),
93.93(C), 117.64(CN),  124.78(CH*2),  127.15(CH*2),
127.83(CH),  128.04(C), 128.29(CH*2),  128.90(CH*2),

131.52(CH), 144.86(C), 165.52(C2); LC-MS m/z (9480 (M,
% 57), 431 (MH, % 100); HRMS (m/z): calculated for
C,7H,,FeNO [M]' : 431.09726; found: 431.10186.

5-Ferrocenyl-5-phenyl-2-(thien-2-yl)-4,5-dihydrofuran-3-
carbonitrile (15)

Brown solid; mp : 154-155 °C; yield 48%, IR (ATR/,cm‘l):
3105, 2920, 2850, 2198, 1620, 1261, 8H»:NMR (400 MHz,
CDCl, &) : 3.47 (1H, d, J=14.8 Hz), 3.79 (1H, d, J=14.8 Hz),
4.07-4.08 (1H, m), 4.15-4.16 (6H, m), 4.19-4.21 (2H, h16
(1H, dd, J=5.2, 4.0 Hz), 7.25-7.36 (5H, m), 7.52 (1H, 35.2,
0.8 Hz), 7.98 (1H, dd, J=4.0, 0.8 HZJC-NMR (100 MHz,

CDCl, §) : 46.54(C4), 66.69(CH), 66.71(CH), 68.33(CH),
68.79(CH), 69.01(CH*5), 77.126(C), 91.99(C), 93.66(C)
117.35(CN), 124.86(CH*2), 127.92(CH), 128.34(CH*2),

128.42(CH), 129.85(CH), 130.03(CH), 130.18(CH), 1442
160.92(CH); MS m/z (%): 437 (M % 100); HRMS (m/z):
calculated for GH;sFeNOS [M+H[ : 438.06095; found:
438.0639.

5-[3-(Ferrocenyl)-3-phenylallyliden]-1,3-dimethyl-pyrimidin-
2,4,6(1H,3H,5H)-trione (16)

yield 14 %; IR (KBr,v/cm‘l): 3084, 2955, 2886, 1707, 1662,
1542, 1426, 1223, 1085, 830, 77B:-NMR (400 MHz, CDC},
8): 3.31 (3H, s), 3.40 (3H, s), 4.21 (5H, s), 4.63 (BH=2.0 Hz),
4.67 (2H, t, J=2.0 Hz), 7.30-7.33 (2H, m), 7.47-7.381,(m),
7.98 (1H, d, J=12.8 Hz), 8.51 (1H, d, J=12.4 H¥}-NMR (100
MHz, CDCk, 3§): 27.96(CH), 28.46(CH), 70.40(CH*2),
70.98(CH*5), 73.24(CH*2), 83.23(C), 110.48(C), 12XEH),
128.16(CH*2), 129.33(CH), 129.59(CH*2), 136.97(CH),
151.74(C), 154.09(CH), 162.33(C0O), 163.01(CO), 17@as(
HRMS (m/z): calculated for £H,,FeNO; [M+H] " : 455.10526;
found: 455.10770.

1-[5-Ferrocenyl-2-methyl-5-(4-methyl-phenyl)-4,5-
dihydrofuran-3-yllethanone (17)

Yellow-orange solid; mp : 76.2 °C; yield 48 %; IRTR, v/icm~
%): 3095, 3010, 2924, 2866, 1668, 1597, 1244, 1988, 817,
750; '"H-NMR (400 MHz, CDC}, §): 2.26 (3H, s), 2.31 (3H, s),
2.40 (3H, d, J=1.6 Hz), 3.42 (1H, dd, J=14.0; 1.6 BZ)3 (1H,
dd, J=14.0; 1.6 Hz), 4.02 (1H, d, J=1.2 Hz), 4.15 (5H,4.19
(3H, s), 7.10 (2H, d, J=8.0 Hz), 7.22 (2H, d, J=8.4 F):NMR
(100 MHz, CDC}, 3): 15.24(CH), 21.00(CHPh),

MHz, CDCh, 3) : 2.13 (2H, m), 2.42 (2H, td, J=6.8, 3.2 Hz), 2.6029.49(CHCO), 45.60(C4), 66.22(CH), 66.98(CH), 67.93(CH),

(2H, tt, J=6.8, 1.6 Hz), 3.38 (1H, dt, J=14.0, 1.6 H&R7 (1H,
dt, J=14.0, 1.6 Hz), 3.96-3.97 (1H, m), 4.14 (5H,4s).7-4.18
(1H, m), 4.19-4.20 (1H, m), 4.22-4.23 (1H, m), 7.2857(5H,
m); C-NMR (100 MHz, CDCJ, 8) : 21.89(C6), 24.11(C7),
36.50(C5), 41.14(C3), 66.08(CH*2), 67.34(CH), 68.14)C
68.83(CH*5), 93.94(C), 94.26(C), 112.90(C), 125.08)JC
127.61(CH*2),  128.11(CH*2),  145.08(C),  175.84(C),
195.47(C0O); LC-MS m/z (%) : 398 (M% 100), 399 (MH, %

68.52(CH), 68.76(CH*5), 89.61(C),
124.80(CH*2), 128.73(CH*2), 137.11(C), 142.87(C),
166.19(C2), 194.14(CO); HRMS (m/z): calculated for
C,oH,4FeQ, [M+H]" : 401.11985; found: 401.12131.

95.07(C5), 112.13C

Ethyl 5-ferrocenyl-2-methyl-5-(4-methyl-phenyl)-4,5
dihydrofuran-3-carboxylate (18)



8

Yellow-orange solid; mp : 135.9 °C; yield 52 %; IRTR,
vicm): 3099, 2980, 2872, 1697, 1649, 1510, 1232, 11897,
972, 812, 763, 752!H-NMR (400 MHz, CDC}, §): 1.29 (3H, t,
J=7.2 Hz), 2.31 (3H, s), 2.37 (3H, t, J=1.6 Hz), 3.3H,(dd,
J=14.0, 1.6 Hz), 3.67 (1H, dd, J=14.0, 1.6 Hz), 4103, (, J=1.2
Hz), 4.16-4.22 [10H (2H, O-CHCH;; 8H, Ferrocene C-H), m],
7.09 (2H, d, J=8.0 Hz), 7.22 (2H, d, J=8.4 HZJC-NMR (100
MHz, CDCk, 3§): 14.29(CH), 14.51(CH), 20.99(CHCO),
44.92(C4), 59.54(Ch, 66.25(CH), 67.01(CH), 67.84(CH),
68.42(CH), 68.78(CH*5), 89.40(C), 95.26(C5), 101.4%(C
124.81(CH*2), 128.68(CH*2), 136.95(C), 143.19(C), TERC),
166.47(C); LC-MS m/z (%) : 430 (M % 82), 431 (MH, %
100); HRMS (m/z): calculated for,@H,¢FeQ; [M]* : 430.12314;
found: 430.12770.

2-Ferrocenyl-2-(4-methyl-phenyl)-6,6-dimethyl-2,3,&-
tetrahydrobenzofuran-4(5H)-one (19)

Yellow solid; mp : 167.5 °C; yield 50 %; IR (ATR/cm™):
3103, 2927, 2866, 1624, 1508, 1402, 1236, 812, 13MR
(400 MHz, CDC}, 8): 1.14 (3H, s), 1.19 (3H, s), 2.29 (2H, s),
2.32 (3H, s), 2.44 (2H, s), 3.38 (1H, d, J= 14.0 HA7Z1H, dt,
J=14.0, 1.6 Hz), 3.94-3.95 (1H, m), 4.15 (5H, s)844.22 (3H,
m), 7.11 (2H, d, J=8.0 Hz), 7.22 (2H, d, J=8.0 HZJC-NMR
(100 MHz, CDC]}, 8): 21.00(CHPh), 28.84(CHt2), 34.10(C6),
38.03(C7), 40.99(C3), 50.97(C5), 66.13(CH),
68.13(CH), 68.79(CH), 68.85(CH*5), 94.27(C),
111.34(C), 124.94(CH/2), 128.75(CH*2), 137.34(C), .182C),
174.81(C), 194.74(C0Q); LC-MS m/z (%) : 440 (Mo 44), 441
(MH?, % 100); HRMS (m/z): calculated for,@El,sFeQ, [M+H]"
: 441.15115; found: 441.15551.

2-Ferrocenyl-2-(4-methyl-phenyl)-2,3,6,7-
tetrahydrobenzofuran-4(5H)-one (20)

Yellow solid; mp : 140-141 °C; yield 41 %; IR (ATR/cm™):
3101, 2974, 2870, 1625, 1510, 1402, 1180, 815, #BNMR
(400 MHz, CDC}, 8): 2.09-2.15 (2H, m), 2.32 (3H, s), 2.42 (2H,
td, J=6.4; 2.8 Hz), 2.58 (2H, t, J=6.4 Hz), 3.38 (1HJd14.0
Hz), 3.66 (1H, dt, J=14.0; 2.0 Hz), 3.95-3.96 (1H, m}4 (5H,
s), 4.17-4.19 (2H, m), 4.21-4.23 (1H, m), 7.11 (2H)=B.4 Hz),
7.22 (2H, d, J=8.0 Hz); *C-NMR (100 MHz, CDCJ, d):
21.00(C6), 21.89(Ch), 24.14(C7), 36.50(C5), 41.06(C3),

66.09(CH), 67.34(CH), 68.11(CH), 68.78(CH), 68.81(CH*5),

93.98(C), 94.38(C), 112.93(C), 124.98(CH*2), 128(5t2),

137.36(C), 142.17(C), 175.86(C), 195.47(CO); HRMS zjm/
CyH,FeQ,  calculated for [M+H] 413.11985; found:
413.12185.

5-Ferrocenyl-2-phenyl-5-(4-methyl-phenyl)-4,5-
dihydrofuran-3-carbonitrile (21)

Yellow-orange solid; mp : 145.8 °C; yield 46 %; IRTR, v/icm™
1): 3089, 3026, 2964, 2922, 2200, 1625, 1575, 12503, 1026,
812, 759; 'H-NMR (400 MHz, CDC}, §): 2.32 (3H, s), 3.52
(1H, d, J=14.4 Hz), 3.85 (1H, d, J=14.8 Hz), 4.07-4118, m),
4.16 (5H, s), 4.22-4.24 (3H, m), 7.12 (2H, d, J=8.0,MA4 (2H,
d, J=7.6 Hz), 7.50-7.53 (3H, m), 8.10-8.13 (2H, ME-NMR
(100 MHz, CDC}, 38): 21.03(CH), 46.73(C4), 66.38(CH),

66.79(CH), 68.14(CH), 68.70(CH), 68.87(CH*5), 78.64(C),
90.97(C5),  94.04(C3),  117.69(CN),  124.75(CH*2),
127.15(CH*2), 128.11(C), 128.85(CH*2), 128.91(CH*2),

131.45(CH), 137.60(C), 141.97(C), 165.52(C2); HRMSzjm
CogHxFeNO calculated for [M+H] : 446.12018; found:
446.12274.

5-Ferrocenyl-5-(4-methyl-phenyl)-2-(thien-2-yl)-4,5
dihydrofuran-3-carbonitrile (22)

67.38(CH) 121.70(CH),
94.36(C),

Tetrahedron

Yellow solid; mp : 135.2 °C; yield 37 %; IR (ATR/cm™):
3092, 2974, 2918, 2198, 1616, 1510, 1423, 12617,1807, 732,
711;'H-NMR (400 MHz, CDC}, 8): 2. 32 (3H, s), 3.48 (1H, d,
J=14.4 Hz), 3.79 (1H, d, J=14.0 Hz), 4.07-4.08 (1H, #)6-
4.17 (6H, m), 4.21-4.22 (2H, m), 7.12 (2H, d, J=7.6,Hz)8
(1H, dd, J=5.2, 3.6 Hz), 7.24 (2H, d, J=8.0 Hz), 7.54,(dd,
J=5.2, 1.2 Hz), 7.98 (1H, dd, J=3.6, 0.8 HZE-NMR (100
MHz, CDCJ, §): 21.01(CH), 46.45(C4), 66.63(CH), 66.65(CH),
68.18(CH), 68.63(CH), 68.89(CH*5), 91.94(C3), 93.70(C5
117.31(CN), 124.74(CH*2), 128.26(CH), 128.87(CH*2),
129.63(CH), 129.88(CH), 130.21(C), 137.58(C), 1413%0(
160.86(C2); HRMS (m/z): GH,,FeNOS calculated for [M+H]:
452.0766; found: 452.07951.

5-[3-(Ferrocenyl)-3-(p-tolyl)allyliden]-1,3-dimethyl-
pyrimidin-2,4,6(1H,3H,5H)-trione (23)

Purple solid, mp : 274-275 °C; yield 17 %; IR (ATHcm):
3101, 2960, 2926, 1716, 1656, 1539, 1409, 13032,12083,
821, 785, 750'H-NMR (400 MHz, CDC}, 3): 2.43 (3H, s), 3.31
(3H, s), 3.40 (3H, s), 4.20 (5H, s), 4.63-4.64 (2H, #§6-4.67
(2H, m), 7.20 (2H, d, J=8.4 Hz), 7.26 (2H, d, J=7.6 H&D1
(1H, d, J=12.8 Hz), 8.48 (1H, d, J=13.2 Hz)*C-NMR (100
MHz, CDCL, 3): 21.39(CHPh), 27.92(NCH), 28.43(NCH),
70.50(CH*2), 70.99(CH*5), 73.16(CH*2), 83.28(C), 11»(2),
128.86(CH*2), 129.68(CH*2), 134.09(C),
139.53(C), 151.75(C), 154.35(CH), 162.34(C), 1631)8(
171.32(C); LC-MS m/z (%) : 468 (M%100), 469 (MH, %65);
Anal. Calcd for GH,4FeNO; : C % 66.68, H 5.17, N 5.98;
found: C % 66.61, H 5.13, N 6.12.

1-[5-Ferrocenyl-2-methyl-5-(4-fluoro-phenyl)-4,5-
dihydrofuran-3-yllethanone (24)

Yellow-orange solid; mp : 74.9-76.0 °C; yield 55 %; (ATR,
v/cm’l): 3019, 1620, 1605, 1244, 1215, 934, 84-NMR (400
MHz, CDCl, 8): 2.28 (3H, s), 2.41 (3H, t, J=1.2 Hz), 3.38 (1H,
dd, J=14.0; 1.2 Hz), 3.74 (1H, dd, J=14.0; 1.2 HA)141H, d,
J=1.6 Hz), 4.13 (1H, d, J=1.6 Hz), 4.15 (5H, s), 4. TH42H,
m), 6.96-7.01 (2H, m), 7.28-7.32 (2H, MJC-NMR (100 MHz,
CDCl, 8): 15.19(CH), 29.48(CHCO), 45.68(C4), 66.15(CH),
66.87(CH), 68.06(CH), 68.65(CH), 68.78(CH*5), 89.20(C),
94.79(C5), 112.20(C3), 114.86 (CH*2, ¥=21.3 Hz), 126.65
(CH*2, d, %J=8.4 Hz), 141.65 (C, dJ=3.9 Hz), 161.93 (C, d,
1J=245.3 Hz), 165.93(C2), 194.05(COJF-NMR (376 MHz,
CDCls, 8): -115.20; HRMS (m/z): &H,FFeQ calculated for
[M+H] " : 405.09478; found: 405.09600.

Ethyl 5-ferrocenyl-5-(4-fluoro-phenyl)-2-methyl-4,5
dihydrofuran-3-carboxylate (25)

Yellow solid; mp : 97.5 °C; yield 57 %; IR (ATR/cn™): 3095,
2970, 2928, 1697, 1645, 1508, 1271, 1155, 1146510872,
968, 833, 808, 754H-NMR (400 MHz, CDC}, 8): 1.31 (3H, t,
J=7.2 Hz), 2.39 (3H, s), 3.32 (1H, dd, J=14.4, 1.6 BH9 (1H,
dd, J=14.4, 1.6 Hz), 4.03 (1H, d, J=1.6 Hz), 4.14-41DH (2H,
O-CH,-CHjs; 8H, Ferrocene C-H), m], 6.94-7.00 (2H, m), 7.28-
7.33 (2H, m); “C-NMR (100 MHz, CDC}, 3): 14.26(CH),
14.50(CH), 45.05(C4), 59.65(C¥)l, 66.17(CH), 66.90(CH),
67.96(CH), 68.55(CH), 68.79(CH*5), 89.02(C), 94.94(C5)
101.49(C3), 114.79 (CH*2, d')=21.4 Hz), 126.66 (CH*2, d,
$)=7.6 Hz), 141.97 (C, 4)=3.1 Hz), 161.89 (C, dJ=244.6 Hz),
165.92(C), 166.28(C)F-NMR (376 MHz, CDC}, 3): -115.45;
LC-MS (m/z): 434.30 (M, % 100); Anal. Calcd for GH,sFFeQ

1 C % 66.38, H 5.34; found: C % 66.38, H 5.034

2-Ferrocenyl-2-(4-fluoro-phenyl)-6,6-dimethyl-2,3,67-
tetrahydrobenzofuran-4(5H)-one (26)



Yellow solid; mp : 136.0 °C; yield 66 %; IR (ATR/cm):
3107, 2959, 2930, 1627, 1602, 1506, 1402, 12361,1851, 742;

5-[3-Ferrocenyl-3-(4-fluorophenyl)-allyliden)-1,3-

'H-NMR (400 MHz, CDC}, 8): 1.15 (3H, s), 1.19 (3H, s), 2.30 dimethylpyrimidin-2,4,6(1H,3H,5H)-trione (30)

(2H, s), 2.45 (2H, t, J=2.0 Hz), 3.34 (1H, dt, J= 124, Hz),
3.67 (1H, dt, J= 14.4, 2.0 Hz), 3.92-3.94 (1H, m)344115 (6H,
m), 4.20-4.215 (1H, m), 4.224-4.24 (1H, m), 6.97-7(2&, m),
7.28-7.33 (2H, m);**C-NMR (100 MHz, CDC}, §): 28.81(CH),
28.83(CH), 34.12(C6), 37.98(C7), 41.15(C3),

yield 15 %; IR (KBr,v/cm‘l): 3074, 3016, 2952, 1670, 1596,
1516, 1432, 1376, 1088, 834, 75B-NMR (400 MHz, CDC},
d): 3.31 (3H, s), 3.40 (3H, s), 4.20 (5H, s), 4.60 (AHJ=2.0
Hz), 4.68 (2H, d, J=2.0 Hz), 7.15-7.19 (2H, m), 7.2837(2H,

50.94(C5), m), 7.94 (1H, d, J=12.8 Hz), 8.50 (1H, d, J=12.8 F¥:NMR

66.09(CH), 67.24(CH), 68.26(CH), 68.88(CH*5), 68.93(CH), (100 MHz, CDC}, 38): 27.97(CH), 28.48(CH), 70.33(CH*2),

93.80(C), 94.06(C), 111.26(C), 114.92 (CH*2,%d521.4 Hz),
126.78 (CH*2, d2J=7.6 Hz), 140.95 (C, dJ=3.1 Hz), 162.03
(C, d, 1J=245.4 Hz), 174.60(C), 194.70(COYF-NMR (376
MHz, CDCl, 8): -114.83; HRMS (m/z): §H,sFFeQ calculated
for [M+H]" : 445.12608; found: 445.12631.

2-Ferrocenyl-2-(4-fluoro-phenyl)-2,3,6,7-
tetrahydrobenzofuran-4(5H)-one (27)

Yellow solid; mp : 134.8 °C; yield 52 %; IR (ATR/cm):
3092, 2943, 2895, 1734, 1651, 1626, 1508, 1402012225,
1166, 1020, 937, 924, 812, 778-NMR (400 MHz, CDC}, 8):
2.11-2.17 (2H, m), 2.43 (2H, td, J=6.8; 1.6 Hz), AB9, t, J=6.4
Hz), 3.34 (1H, dt, J=14.4, 1.6 Hz), 3.66 (1H, dt, J814.6 Hz),
3.945-3.953 (1H, m), 4.14 (5H, s), 4.15-4.20 (1H, #31-4.23
(1H, m), 4.24-4.25 (1H, m), 6.96-7.01 (2H, m), 7.2827(2H,
m); C-NMR (100 MHz, CDCJ, 8): 21.87(C6), 24.09(C7),
36.49(C5), 41.22(C3), 66.05(CH), 67.24(CH),
68.85(CH*5), 68.93(CH), 93.50(C), 94.12(C), 112.85(C)4.92
(CH*2, d,%J=21.4 Hz), 126.83 (CH*2, d)=7.6 Hz), 141.00 (C,
d, “J=3.8 Hz), 162.04 (C, d,J=245.4 Hz), 175.65(C),
195.42(C0O);**F-NMR (376 MHz, CDCJ, §): -114.83; HRMS
(m/z): GH,FFeQ calculated for [M+H] : 417.09478; found:
417.09613.

5-Ferrocenyl-5-(4-fluoro-phenyl)-2-phenyl-4,5-dihydofuran-
3-carbonitrile (28)

Yellow solid; mp : 159.8 °C; yield 45 %; IR (ATR/cm™):
3084, 2922, 2854, 2201, 1606, 1607, 1508, 1258512153,
974, 910, 823, 789, 768'H-NMR (400 MHz, CDC}, §): 3.48
(1H, d, J=14.8 Hz), 3.87 (1H, d, J=14.4 Hz), 4.07-4118, m),
4.16 (5H, s), 4.20-4.21 (1H, m), 4.25-4.26 (2H, mp767.02

70.99(CH*5), 73.29(CH*2), 83.19(C), 110.77(C), 115(€H*2,

d, 2=22.1 Hz), 121.89(CH), 131.44 (CH*2, dJ=8.3 Hz),
132.98(C), 151.68(C), 153.51(CH), 162.10(CO), 162@yy
163.43 (C, dJ=231.6 Hz), 169.43(CO); LC-MS m/z (%) : 472
(M*, %100), 473 (MH, %72); Anal. Calcd for GH,,FFeNOs; :

C % 63.58, H 4.48, N 5.93; found: C % 63.05, H 4.25,67.

2-Ferrocenyl-6,6-dimethyl-2-(thien-2-yl)-2,3,6,7-
tetrahydrobenzofuran-4(5H)-one (31)

Brown solid; mp : 78.0 °C; yield 50 %; IR (ATR/,cm‘l): 3095,
2956, 2868, 1737, 1629, 1398, 1228, 817, 750, TAANMR
(400 MHz, CDC}, 8): 1.17 (6H, s), 2.31 (2H, s), 2.44 (2H, s),
3.65 (2H, s), 4.20-4.26 (9H, m), 6.88-6.92 (2H, m217(1H, d,
J= 4.4 Hz);"®C-NMR (100 MHz, CDCJ, §): 28.87(CH*2),
34.13(C6), 38.09(C7), 42.15(C3), 51.45(C5), 67.@B.70,
69.01(CH*5), 92.31(C), 93.14(C), 124.24(CH), 124.93)C

68.26(CH),126.39(CH), 148.94(C), 174.52(C), 194.02(CO); HRMSzjm/

C,H,,FeQS calculated for [M+H] : 433.09192; found:
433.09318.

5-Ferrocenyl-2-phenyl-5-(thien-2-yl)-4,5-dihydrofuran-3-
carbonitrile (32)

Orange solid; mp : 108.0 °C; vyield 54 %; IR (ATRcm™):
3088, 3012, 2929, 2202, 1622, 1255, 975, 819,7HINMR
(400 MHz, CDC}, 8): 3.63 (1H, d, J=14.8 Hz), 3.90 (1H, d,
J=14.8 Hz), 4.08-4.09 (1H, m), 4.18 (5H, s), 4.23-413, m),
4.25-4.27 (1H, m), 4.32-4.34 (1H, m), 6.90-6.93 (2H, M21
(1H, dd, J=4.8; 1.2 Hz), 7.45-7.50 (3H, m), 8.04-8(RA, m);
¥C-NMR (100 MHz, CDCJ, &): 47.45(C4), 66.64(CH),
66.88(CH), 68.49(CH), 68.81(CH), 69.06(CH*5), 78.23(C),
89.32(C5), 92.85(C3), 117.44(CN), 124.34(CH), 1259

(2H, m), 7.30-7.34 (2H, m), 7.50-7.54 (3H, m), 8.0128(2H, 126.55(CH), 127.24(CH*2), 127.97(C), 128.85(CH*2),
m); ®C-NMR (100 MHz, CDCJ, §): 46.77(C4), 66.31(CH), 131.56(CH), 148.43(C), 165.23(C2); HRMS (m/z):
66.75(CH), 68.30(CH), 68.89(CH), 68.93(CH*5), 78.69(C),C,H;sFeNOS calculated for [M] : 437.05368; found:
90.57(C5), 93.75(C3), 115.13 (CH*2, d2=22.1 Hz), 437.05688.

117.46(CN), 126.67 (CH*2, d2J=7.6 Hz), 127.12(CH*2),
127.91(C), 128.94(CH*2), 131.61(CH), 140.78 (C3X:3.0 Hz),

162.16 (C, d,"J=246.2 Hz), 165.41(C2)F-NMR (376 MHz,

CDCls, 8): -114.39; HRMS (m/z): GH,FFeNO calculated for
[M+H]" : 450.09511; found: 450.09711.

5-Ferrocenyl-5-(4-fluoro-phenyl)-2-(thien-2-yl)-4,5
dihydrofuran-3-carbonitrile (29)

Yellow solid; mp : 103.0 °C; yield 43 %; IR (ATR/cm):
3101, 3076, 2199, 1612, 1510, 1423, 1261, 1217, 833, 815,
783; 'H-NMR (400 MHz, CDC}, 8): 3.45 (1H, d, J=14.4 Hz),
3.81 (1H, d, J=14.4 Hz), 4.07-4.08 (1H, m), 4.14-48K, m),
4.23-4.24 (2H, m), 6.98-7.02 (2H, m), 7.19 (1H, do4.8=4.0
Hz), 7.30-7.34 (2H, m), 7.56 (1H, dd, J=5.2, 1.2 HZ997(1H,
dd, J=4.0, 1.2 Hz)"*C-NMR (100 MHz, CDCJ, 8): 46.52 (C4),

5-Ferrocenyl-2,5-di(thien-2-yl)-4,5-dihydrofuran-3-

carbonitrile (33)

Orange solid; mp : 63.1-64.0 °C; yield 52 %; IR (AT™Rem™):
3097, 2970, 2927, 2198, 1614, 1215, 819, 76BNMR (400
MHz, Acetone-R, 8): 3.72 (1H, d, J=14.8 Hz), 4.02 (1H, d,
J=14.8 Hz), 4.13-4.18 (1H, m), 4.24 (5H, s), 4.28-488, m),
4.31-4.32 (1H, m), 4.40-4.41 (1H, m), 6.99 (1H, dd5.2=3.6
Hz), 7.10 (1H, dd, J=3.2; 1.2 Hz), 7.28 (1H, dd, J=8.P; Hz),
7.41 (1H, dd, J=5.2; 1.6 Hz), 7.81 (1H, dd, J=5.8;19z), 7.94
(1H, dd, J=4.0; 1.2 Hz)"*C-NMR (100 MHz, Acetone-p d):
47.34(C4), 67.51(CH), 68.01(CH), 69.32(CH), 69.66(CH),
69.85(CH*5), 78.70(C), 91.39(C), 93.34(C), 117.28(CN)
125.49(CH), 126.27(CH), 127.46(CH), 129.23(CH), 130CF2
130.85(C), 131.33(CH), 149.01(C), 160.72(C2); HRMSz{m

66.57(CH), 66.65(CH), 68.37(CH), 68.84(CH), 68.97(CH*5), C,H,-FeNOS calculated for [M] : 443.0101; found: 443.01301.

91.57(C), 93.45(C), 115.14 (CH*2, §1=21.4 Hz), 117.12(CN),
126.69 (CH*2, d, °J=8.4 Hz), 128.40(CH), 129.85(CH),
130.01(C), 130.06(CH), 140.46 (C, t=3.0 Hz), 160.79(C2),
162.18 (C, d,"=245.4 Hz);"F-NMR (376 MHz, CDC}, §): -
114.26; HRMS (m/z): gH.sFFeNOS calculated for [M+H]:
456.0515; found: 456.0527.
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TABLES

Table 5 Products of the oxidative cyclization reactiond afvith 2a-gvia Mn(OAc)?

Q. = MiOAS), R A %F§
R AcOH, N, 80 °C RO

2a-g % 1a 39

Entry Métcr:;gne (Tr:ns =T Produc =2 Yield, %

1 2a 20 CH coch 100
2 2b 25 CH COOEt  304)
3 2¢ 14 CHC(CHy),CH,CO 50 6)
4 2d 20 CHCH,CH,CO 28 6)
5 2e 27 GHs CN 24.0)
6 2f 32 Thien-2-yl CN 259
7 29 22 N(CH)CON(CH,)CO 15 0)

a

methylene 2a-f) and Mn(OAc} in AcOH at 80 °C;
b |solated yield based on alkene

: All the reactions were carried out in a 1 :2molar ratio ofalkene(1a-6, active

Table 6 Products of the oxidative cyclization reactiond bfe with 2a-f via Mn(OAc)2.

;i,Rz . 133: Mn(OAc); R%}:§
R F¢ AcOH, N, 80 °C RO
2a-g 1b-e 10-33
Entry Mé’fr:;igne Alkene  Time (min) = Prcl):guct = Yield, %
1 2a 1b 5 CH; COCH; CeHs 44 (10)
2 2b 1b 8 CH, COOEt GHs 47 (L1)
3 2c 1b 5 CH,C(CH5),CH,CO GHs 75 (12)
4 2d 1b 5 CH,CH,CH,CO GHs 67 (13)
5 2e 1b 5 CeHs CN CHs 52 (14)
6 2f 1b 8 Thien-2-yl CN GHs 58 (L5)
7 2a 1c 20 CH COCH; 4-CH;-CeH, 48 (17)
8 2b 1c 20 CH, COOEt  4-CH-CH, 52 (18)
9 2¢ 1c 10 CHC(CH,),CH,CO 4-CH-CeHa 50 (19)
10 2d 1c 10 CH,CH,CH,CO 4-CH-CH, 41 @0)
11 2e 1c 17 GHs CN 4-CH;-CgH, 46 21)
12 2f 1c 20 Thien-2-yl CN 4-CHCgH, 37 22
13 2a 1d 14 CH COCH; 4-F-GH, 55 @24)
14 2b 1d 14 CH COOEt 4-F-GH, 57 ©5)
15 2c 1d 10 CH,C(CHy),CH,CO 4-F-GH, 66 26)
16 2d 1d 10 CH,CH,CH,CO 4-F-GH, 52 07)
17 2e 1d 9 GCsHs CN 4-F-GH, 45 (28)
18 of 1d 9 Thien-2-yl CN 4-F-GH, 43 ©9)
19 2c 1le 45 CH,C(CHy),CH,CO Thien-2-yl 50%1)
20 2e 1e 44 GHs CN Thien-2-yl 54 82)
21 2f le 28 Thien-2-yl CN Thien-2-yl 5230)

&: All the reactions were carried out in a 1 :2molar ratio ofalkene(1a-6), active methylene Za-f) and Mn(OAc} in AcOH
at 80 °C?: Isolated yield based on alkene; Fc: Ferrocenyl
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Table 7 Products of the oxidative cyclization reactiond bfd with 2g via Mn(OAc)’.

MH(OAC)3'2H20

AcOH, N, 80°C

Fe -
Fe
2g 1b-d 16,23,30 =
Entry Alkene ~ Hme R® Yield, %
(min)
1b 4 CeHs 14 (16)
2 1c 20  4-CHCH, 1703
3 1d 10 4-F-GH, 15 30)

& All the reactions were carried out in a 1 :2molar ratio of
alkene(1b-d), activemethylene 2g) and Mn(OAc) in AcOH at
80 °C:?: Isolated yield based on alkene

Table 8NMR chemical shifts of enumerated atomsl6f 23, 30

Atom Numbers
Compound R H-NMR (5) BC-NMR ()

13 7 8 1/3 2 416 5 7 8 9
3.31 27.96 162.33

16 H 340 798 851 50 17093 jco'0r 11048 15409 121.64 15174
3.31 27.92 162.34

23 CHy 3,5 801 848 o775 17132 .00 11022 15435 121.70 15175
3.31 27.97 162.10

30 F o 3a0 794 850 55,0 16943 (502 11077 15351 121.89 151.68
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Figure 4 Enumerated structure 8f9
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Figure 5 The molecular entities of compouBdshowing the atom-numbering scheme. Displaceniips@ds are drawn at the 50%
probability level.
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Figure 6 The molecular entities of compou88d, showing the atom-numbering scheme. DisplaceniBps@ds are drawn at the 50%
probability level.
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Scheme £roposed mechanism for the formation of allylidenelerivatives



