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Abstract

Ferrocene reacts with f-ketophosphonates and B-ketosulfones (or acetals of formylphosphonates and sulfones) in the presence of
a strong acid (triflic or methanesulfonic) to afford B-ferrocenyl-a, B-unsaturated phosphonates and B-ferrocenyl-a, f-unsaturated
sulfones in good yield. The (E)-stereochemistry of these compounds was confirmed by spectral and analytical data, as well as by X-

ray diffraction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ferrocene compounds play an important role in
many fields of chemistry, biochemistry and materials
science [1]. An intensive research have been carried out
over last two decades on ferrocene-based ligands for
asymmetric catalysis [1,2], nonlinear optical materials
[3], red-ox active polymers and dendrimers [4], molecu-
lar electronic devices [5], biosensors [6], drugs [7], pho-
tochemical electron-transferring systems [§], etc.

Ferrocene displays remarkably high reactivity to-
wards electrophiles [9] and Friedel-Crafts acylation,
alkylation and hydroxyalkylation (alkenylation) reac-
tions [1,10] constitute an attractive route for introduc-
tion to this metallocene carbon chains with desired
functional groups. However, synthetic strategies based
on sequential transformations of the products of these
reactions [11] usually involve many steps and therefore
are time- and reagent (solvent)-consuming.

A few years ago, we started a search for efficient
electrophilic substitution reactions of ferrocene giving
access in one-step to its more complex derivatives. We
have developed a direct acetoacetylation [12] and B-
carboalkoxyvinylation [13] of ferrocene (Scheme 1). The

) Corresponding author. Tel.: +4842-678-4731; fax: +4842-678-6583.
E-mail address: janzak@uni.lodz.pl (J. Zakrzewski).

0022-328X/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jorganchem.2003.12.044

latter reaction has proven highly stereoselective giving
exclusively the (E)-isomers.

Here we report an extension of this methodology
for stereoselective synthesis of hitherto unknown pB-
ferrocenyl-o, f-unsaturated phosphonates and p-ferr-
ocenyl-o, B-unsaturated  sulfones.  a, B-Unsaturated
phosphonates and sulfones are interesting compounds
owing to their synthetic utility, biological activity and
industrial applications [14,15]. Therefore, we thought
that such compounds containing stable, redox-active
ferrocenyl moieties would be of interest for various
branches of materials science, as well as they could be
useful starting materials for further syntheses of ferr-
ocenyl compounds with anticipated biological activity,
e.g., ferrocenyl hydroxy or aminophosphonates.

2. Results and discussion

Our synthetic approach to B-ferrocenyl-a, f-unsatu-
rated phosphonates and pB-ferrocenyl-o, B-unsaturated
sulfones is shown in Scheme 2. We have chosen for this
study commercially available B-ketophosphonates 1a-b
and B-ketosulfone 1c. In place of formyl phosphonates
HCOCH;P(O)(OR); and sulfones HCOCH,SO,;R we
used the corresponding dimethyl acetals 2a—c (2a and 2b
are commercially available and 2¢ was prepared by ox-
idation of (MeO),CHCH,;SMe with KMnO, [16]).
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Scheme 1. R =Me, Ph; R| = Me, Et.

Firstly, we have examined the reaction of ferrocene with
la—c and 2a—c under conditions described earlier for its
reaction with B-ketoesters [13], i.e., in dichloromethane
containing excess of trifluoromethanesulfonic acid (tri-
flic acid, TfOH). We have found that this reaction af-
fords the expected products in moderate to good yields
(Table 1, method A). Only phosphonate 1b proved al-
most unreactive under these reaction conditions. This
may be explained by stabilization of its protonated form
by delocalization of the positive charge onto the phenyl
ring. We observed earlier similar low reactivity of ethyl
benzoylacetate [13].

In recent years, much work has been published on the
use of TfOH as acid catalyst for Friedel-Crafts and re-
lated reactions [17]. They emphasize some advantages of
this acid such as extremely high acidity, non-oxidating
and non-sulfonating properties, as well as a possibility of
its recycling after the reaction. However, triflic acid does

o
)K/X
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induce oxidation of so readily oxidizable substrate as
ferrocene [18] and in all aforementioned reactions we
observed appearance of the intense blue coloration of the
reaction mixture, indicating formation of the ferroce-
nium cation (oxidation of ferrocene by TfOH is believed
to proceed via the protonated metallocene [18]).
Searching for acidic media that oxidize ferrocene to les-
ser extent we turned our attention to methanesulfonic
acid, MeSO3H [19]. Cheaper (~10 times at Aldrich), and
less acidic than TfOH, it seemed to be an ideal medium
for fine Friedel-Crafts-type reactions of ferrocene.

We have found that neat MeSO3H is a good medium
for the reactions of ferrocene with 1a—c and 2a—c (Table
1, method B).

The replacement of TfOH by MeSOs;H restricted to
some extent undesired oxidation of ferrocene (less in-
tense blue coloration of the reaction mixture was ob-
served) as well as formation of tars (presumably
polymeric). The yields of phosphonates 3a-b and 4a-b
are higher in reactions carried out in the latter acid. On
the other hand, the isolated yields of sulfones 3¢ and 4c
are the same, regardless of the acid used.

According to '"H NMR spectra in reaction of ferrocene
with 1a—c and 2a—c only one stereoisomer was formed in
each case. The (E)-stereochemistry of 4a—¢ was unam-
biguously confirmed by large values of vicinal coupling
constants >J between the vinylic protons (15.1-17.2 Hz).
Furthermore, the coupling constants 3Jp i of B-vinylic
protons (~22 Hz) in 4a-b are in the range typical for the
cis arrangement of interacting nuclei (for a trans ar-
rangement higher values, 45-55 Hz, are expected)
[14a,14e,14f]. The *C NMR spectra of of phosphonates
3a-b show 3Jp_c coupling constants of ferrocenyl ipso
carbon characteristic for its trans arrangement relative to
phosphorus (26.6 and 24.2 Hz, for 3a and 3b, respec-
tively). On the other hand, the 3Jp_c coupling constants of
the methyl carbon in 3a (7.0 Hz) and pheny!/ ipso carbon in
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Scheme 2. 1(3): a R =Me, X =P(0)(OMe);; b R=Ph, X=P(O)(OEt),; ¢ R=Me, X=S0O;Me. 2(4): a R; =Me, X=P(0O)(OMe),; b R; =Et,

X =P(0O)(OEt),;; ¢ R =Me, X=SO,Me.
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Table 1
Reaction of ferrocene with la—¢ and 2a—¢
Substrate Method®* Product (yield, %)
la A 3a (52)
la B 3a (77)
1b A 3b (traces)
1b B 3b (34)
1c A 3¢ (59)
1c B 3¢ (59)
2a A 4a (77)
2a B 4a (82)
2b A 4b (58)
2b B 4b (77)
2c A 4c (67)
2¢ B 4c (67)

#Method A: CH,Cl,-TfOH, rt; method B: MeSO;H (neat) rt.

3b (7.8 Hz) are typical for their cis arrangement relative to
phosphorus [14a,14e]. The '"H NMR spectra of com-
pounds 3a—c show an Nuclear Overhauser (NOE) en-
hancement of the ferrocenyl o-protons caused by
irradiation of the vinylic proton signal. On the other hand,
no NOE was observed between the vinylic proton and
methyl (3a, 3c) or phenyl protons (3b). This strongly
suggests the same, (E)-configuration, for all compounds.
Finally, single crystal X-ray diffraction studies were car-
ried out for 3a and 3d and provided ultimate evidence for
the suggested stereochemistry (vide infra).

The relatively good yields of 3a—¢ and 4a—c are in
keeping with the high stability of ferrocenylalkyl car-
benium ions formed in the course of the reaction and the
stereoselectivity can be explained assuming the exo-
deprotonation of the sterically favored conformations of
these ions as suggested earlier for the synthesis of B-
ferrocenyl-unsaturated esters [13]. It is worth noting that
the presence of phosphonate, sulfonyl or ester function
in the B-position (relative to CO or acetal function) in
the electrophilic reagent is necessary for an efficient
Sformation of unsaturated ferrocenyl product. Under the
same conditions (method A and B) reaction of ferrocene
with acetone (1, R=Me, X=H) led to complex mix-
tures, that did not contain (according to 'H NMR) the
expected 2-ferrocenylpropene, FcC(CH3;)=CH,.

2.1. Molecular structures of 3a and 3¢

Complexes 3a and 3¢ were also characterized by X-
ray diffraction (Figs. 1 and 2, Tables 2 and 3).

Compound 3a adopts in the crystal a coplanar s-cis
C=C/P=0 conformation (Fig. 1), which according to
theoretical studies is the most stable for alkenylphos-
phonic acid and their derivatives [20]. Interestingly,
compound 3c exists in the crystal in two different con-
formations 3cA and 3cB (Fig. 2). In the conformation
3cA the S1-C14 bond is nearly coplanar with the to the
C11-C13-S1 plane (dihedral angle CI11-CI13-S-
C14~175°), whereas in 3cB this angle is close to 90°

Fig. 1. X-ray molecular structure of 3a. Displacement ellipsoids are
drawn at the 30% probability level. Hydrogen atoms are shown as
spheres of arbitrary radii.

3cA

Fig. 2. X-ray molecular structure of 3c. Displacement ellipsoids are
drawn at the 30% probability level. Hydrogen atoms are shown as
spheres of arbitrary radii.

(The S1-C14 bond is roughly perpendicular to the C11-
C13-S1 plane). The conformer 3cB forms centrosym-
metric cyclic dimers with intermolecular C-H - - - O hy-
drogen bonds (Fig. 3).

2.2. Dealkylation of 4b

Phosphonates can be dealkylated under mild condi-
tions to phosphonic acids, compounds of interest in
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Table 2
Crystallographic data and structure refinement details
3a 3c

Crystal data
Formula C15H19F603P C14H16FEOZS
fw 334.12 304.18
Crystal description Red plate Red plate
Crystal size (mm) 0.1 x0.3x0.5 0.1 x0.5%0.6
Space group P1 Pl/a
a(A) 10.248(2) 10.430(2)
b (A) 10.333(2) 22.966(1)
¢ (A) 9.155(1) 11.856(2)
o (°) 114.073(1)
B (©) 112.278(1) 110.383(1)
7 (°) 60.755(1)
v (A 752.4(2) 2664.5(7)
VA 2 8
d, (g/cm?) 1.475 1.517
Data collection
Diffractometer Rigaku AFCSS
Radiation type (1) (A) Cu Ka (1.54178)
u (mm~t) 9.078 10.463
Temperature (K) 293(2)

Data collected (h, &, [)

Number of reflections measured
Number of independent reflections
Rinl

Number of reflections with 7 > 2¢(/)

Solution and refinement
Solution

Refinement method

H atoms treatment
Number of parameters
R(F)*

WR(F?)®

R(F)*

wR(F?)®

(4/0)max

Differential peak/hole (e/A%)

—3<h<12; —10<h<12; —11<I<9

—11<h<1]; —14<k<27;

2816 5034
2656 4750
0.088 0.044
1918 2728
Direct methods

Full-matrix least squares on F?

Constrained using riding body model

197 261
0.100 0.137
0.202¢ 0.210¢

0.076 for 1918 reflections
0.195 for 1918 reflections®
0.000

1.058/-0.804

0.077 for 2728 reflections
0.197 for 2728 reflections?
0.000

1.307/-1.623

—14</<13

R(F) = 2(1Fo = Fel)/ 22 Fol.

“wR(F) = [ wilfy - ED2/ S IRF]

‘w= 1/{02(}702
Iy = l/{az(Fo2

OlSllP)}

1 (0.01317P) ] where P = [(F2) +2(F2)] /3.

many areas of modern science [21]. We have tested a
standard dealkylation procedure [22], using 4b as a
model compound (see Scheme 3). We have found that 4b
readily reacts with trimethylbromosilane and then with
water to afford ferrocenyl phosphonic acid 5 in good
yield. The (E)-configuration of 5 was confirmed by cou-
pling constants in its 'H NMR spectrum (see Section 4).

3. Conclusions

We have developed a simple and highly E-stereose-
lective way to P-ferrocenyl-o, B-unsaturated phospho-
nates and B-ferrocenyl-o, B-unsaturated sulfones based
on a Friedel-Crafts-type reaction of ferrocene with

phosphonates and sulfones having B-carbonyl (or ace-
tal) function. We expect that these compounds will un-
dergo a variety of reactions either at the C=C bond or
at the heteroatom functionalities and will open new
entries in synthetic ferrocene chemistry.

4. Experimental

4.1. Friedel-Crafts reaction of ferrocene with la—c or 2a—
¢ in the presence of triflic acid

Triflic acid (600 mg, 4 mmol) was added at room
temperature to the magnetically strirred solution of
ferrocene (186 mg, 1 mmol) in dichloromethane (5 mL).
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Table 3

Selected bond lengths (A) and angles (°)
Parameter 3a 3cA 3cB
CI-CI11 1.477(10) 1.483(6) 1.459(6)
Cl11-CI12 1.511(10) 1.516(5) 1.536(2)
Cl11-C13 1.337(9) 1.336(5) 1.370(2)
C13-P1/S1 1.758(8) 1.757(4) 1.750(3)
P1-03 1.437(6)
P1-0O4 1.595(8)
P2-05 1.557(5)
04-Cl14 1.286(12)
05-C15 1.419(12)
C13-P1-03 116.9(3)
C13-P1-0O4 105.3(4)
C13-P1-05 106.2(3)
03-P1-04 116.6(4)
03-P1-05 116.2(3)
04-P1-05 92.5(4)
C11-C13-P1-0O3 -3.2(9)
C11-C13-P1-04 —134.5(7)
C11-C13-P1-O5 128.3(7)
S1-011 1.423(2) 1.442(5)
S1-012 1.418(2) 1.436(6)
S1-C14 1.748(5) 1.738(3)
C13-S1-011 110.8(2) 105.2(3)
C13-S1-012 110.4(2) 112.2(3)
C13-S1-C14 102.5(2) 106.3(4)
0O11-S1-Cl14 108.6(2) 106.9(4)
012-S1-C14 102.5(2) 108.2(4)
0O11-S1-012 115.7(1) 117.4(3)
C11-C13-S1-011 69.1(3) -164.1(3)
C11-C13-S1-012 -60.4(3) -35.4(4)
Cl11-C13-S1-C14 -175.2(3) 82.7(4)
C12---012 3.382(6)
C12-H23A---012' 167.7(2)

Symmetry code:  —x + 1, —y, —z + 1.

Fig. 3. Structure of the dimer of 3cB.

The mixture was stirred for 2 min, then 1a—c or 2a—c (2
mmol) was added in one portion and the stirring was
continued for 2 h.The reaction mixture was then poured
onto ice-water (20 mL) and the product was extracted
with dichloromethane. After evaporation to dryness the

<& T PO)OEY,

Fe
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1.Me3SiBr
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Fe

5

Scheme 3.

residue was treated with water (20 mL) and extracted
with hexanes. Column chromatography afforded small
amount of unreacted ferrocene and the products 3a—c or
4a—c. The yields are given in Table 1.

4.2. Friedel-Crafts reaction of ferrocene with la—c or 2a—
¢ in the presence of methanesulfonic acid

To a magnetically stirred solution of ferrocene (186
mg, 1 mmol) in methanesulfonic acid (5 mL) 1a—c or 2a—
¢ (2 mmol) was added in one portion at room temper-
ature and the stirring was continued for 2 h. The reac-
tion mixture was poured onto water (20 mL) and
extracted with dichloromethane. The products were
isolated by column chromatography. The yields are gi-
ven in Table 1.

Dimethyl (E)-2-ferrocenyl-1-propenylphosphonate
(3a). M.p. 84-86 °C. '"H NMR (200 MHz, CDCl3): 5.68
(d, 1H, J =17.1 Hz, =CH), 4.48 (t, 2H, J = 1.8 Hz,
Cp), 4.36 (t,J = 1.8 Hz, 2H, Cp), 4.12 (s, 5H, Cp’), 3.73
(d, J =11.1 Hz, 6H, OMe), 2.39 (d, J = 3.3 Hz, 3H,
Me). 3C NMR (50 MHz, CDCls): 159.24 (d, J = 8.9
Hz, Cp), 105.38 (d, J = 193.5 Hz, C,), 84.6 (d, J = 26.6
Hz, Cp- ipso), 70.29 (s, Cp), 69.60 (s, Cp’), 66.73 (s, Cp),
51.76 (d, J = 5.4 Hz, OMe), 18.55 (d, J = 7.0 Hz, Me).
3P NMR (81 MHz, CDCls): 21.6. Anal. Calc. for:
CisHj9FeO3P: C, 53.92; H, 5.73. Found: C, 54,21; H,
5.73%.

Diethyl 2-ferrocenyl-2-phenylvinylphosphonate (3b).
Red oil. '"H NMR (200 MHz, CDCl;): 7.39 (s, 5H, Ph),
6.08 (d, 1H, J =16.0 Hz, =CH), 4.33 (t, 2H, J =1.8
Hz, Cp), 4.28 (t, 2H, J = 1.8 Hz, Cp), 4.14 (s, SH, Cp’),
3.8 (m, 4H, CHj), 1.12 (t, 6H, J = 7.0 Hz, CH3). *C
NMR (50 MHz, CDCls): 160.60 (d, J = 6.8 Hz, =Cj),
138.52 (d, J = 7.8 Hz, Ph ipso), 128.55 (d, J = 1.7 Hz,
Ph), 127.91 (s, Ph), 127.43 (s, Ph), 109.61 (d, J = 193.5
Hz, =C,), 84.00 (d, J =24.2 Hz, Cp ipso), 70.39 (s,
Cp), 69.60 (s, Cp’), 66.84 (s, Cp), 61.12 (d, J = 5.8 Hz,
CH,), 16.12 (d, J = 6.7 Hz, CH3). *'P NMR (81 MHz,
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CDCl3): 17.8. Anal. Calc. for: C;Hy503FeP: C, 62.28;
H, 5.94. Found: C, 62.39; H, 5.98%.

((E)-2-ferrocenyl-1-propenyl)methyl sulfone (3c).
M.p. 136-137 °C. 'H NMR (200 MHz, CDCls): 6.41 (s,
1H, =CH), 4.50 (bs, 2H, Cp), 4.45 (bs, 2H, Cp), 4.18 (s,
5H, Cp’), 3.00 (s, 3H, CHj3), 2.49 (s, 3H, CH3). 13C
NMR (50 MHz, CDCls, all singlets): 155.05 (=Cjp),
120.11 (=C,), 82.64 (Cp ipso), 70.97 (Cp), 69.82 (Cp’),
66.96 (Cp), 44.20 (Me), 16.29 (Me). Anal. Calc. for:
C14HsFeO,S: C, 55.28; H, 5.30. Found: C, 55.20; H,
5.33%.

Dimethyl (E)-ferrocenylvinylphosphonate (4a). M.p.
82-83 °C 'H NMR (200 MHz, CDCl3): 7.41 (dd, 1H,
J =172 Hz, J =22.0 Hz, =CgH), 5.75 (dd, J =17.2
Hz. J = 19.2 Hz, =C,H), 4.46 (t, 2H, J = 1.8 Hz, Cp),
4.39 (t, 2H, J = 1.8 Hz, Cp), 4.15 (s, 5H, Cp’), 3.75 (d,
J = 11.1 Hz, 6H, OCHj3). 3C NMR (50 MHz, CDCl;):
150.64 (d, J = 7.0 Hz, =Cp), 107.94 (d, J = 192.8 Hz,
=C,), 79.24 (d, J =26.2 Hz, Cp ipso), 70.70 (s, Cp),
69.63 (s, Cp’), 68.23 (s, Cp), 52.18 (d, J = 5.4 Hz, CH3).
3P NMR (81 MHz, CDCls): 23.6. Anal. Calc. for:
C14H7FeO5P: C, 52.53; H, 5.36. Found: C, 52,35; H,
5.47%.

Diethyl (E)-ferrocenylvinylphosphonate (4b). M.p.
63-64 °C 'H NMR (200 MHz, CDCl3): 7.37 (dd, 1H,
J =178 Hz, J=21.8 Hz, =C,H), 5.79 (pseudo t,
J =178 Hz, C,H), 4.46 (t, 2H, J = 1.8 Hz, Cp), 4.38 (1,
2H, J = 1.8 Hz, Cp), 4.15 (s, SH, Cp’), 4.07 (m, 4H,
CH,), 1.36 (t, 6H, J = 6.7 Hz, CH3). Anal. Calc. for:
Ci6Hy FeOsP: C, 52.53; H, 5.36. Found: C, 52.35; H,
5.47%.

((E)-2-ferrocenylvinyl)methyl sulfone (4c¢). M.p.
129-130 °C ."H NMR (200 MHz, CDCl;): 7.54 (d, 1H,
J =15.1 Hz, =CH), 6.50 (d, 1H, J = 15.1 Hz, = CH),
4.49 (bs, 4H, Cp), 4.19 (s, SH, Cp’), 2.96 (s, 3H, CHj;),
3C NMR (50 MHz, CDCl;, all singlets): 145.37 (=Cj),
121.62 (=C,), 75.86 (Cp ipso), 71.50, 69.78, 68.88 (Cp),
43.44 (Me). Anal. Calc. for: Ci3H4FeO,S: C, 53.81; H,
4.86. Found: C, 53.78; H, 4.98%.

4.3. Dealkylation of 4b

Me;SiBr (129 mg, 0.85 mmol) was added to the so-
lution of 4b (98 mg, 0.28 mmol) in dichloromethane (5
mL). After 2 h stirring a mixture of concentrated aq.
HCI (5§ mL) and water (5 mL) was added and the (E)-2-
ferrocenylvinylphosphonic acid 5 was repeatedly ex-
tracted with dichloromethane-methanol and purified by
column chromatography (eluent-methanol). Yield 55
mg (67%). '"H NMR (200 MHz, methanol-d;): 6.92
(pseudo t, 1H, J = 17.3 Hz, =CgH), 5.80 (pseudo t, 1H,
J =17.3 Hz, =CgH), 4.33 (t, 2H, J = 1.9Hz, Cp), 4.17
(t, 2H, J = 1,9 Hz, Cp), 4.00 (s, SH, Cp’). *'P NMR (81
MHz, methanol-d4): 8.41. Anal. Calc. for: Ci3H7;04FeP
(monohydrate): C, 46.48; H, 4.88. Found: C, 46.42; H,
4.58%.

5. Supplementary material

Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC Nos. 221603 and 221604 for
compounds 3a and 3c, respectively. Copies of this in-
formation may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (fax: +44-1223-336033; e-mail: deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk).
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