New phosphonates containing a #-conjugated ferrocenyl unit
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A new class of phosphorus compounds containing a ferrocenyl
unit are obtained from vinylferrocene and phosphono-
substituted aromatic halides by using palladium-catalyzed
Heck-type reactions. The crystal structure of compound 3a con-
firms the trans planar geometry of the m-conjugated system.
The electrochemistry and electronic absorption spectra of phos-
phorus esters 3a,b and acids 4a,b are investigated.

Compounds with a ferrocene unit are well known for their
numerous applications in organic synthesis, homogeneous
catalysis, non-linear optics and materials science.! There is
also considerable recent interest in the synthesis of new
materials containing organometallic vinylferrocenes, since the
vinylferrocene moiety has been used as a m-electron donor in
potential non-linear optical (NLO) materials.2 Moreover, the
specific properties of ferrocenyl redox centers can be enhanced
with aromatic substituents, by transmission of their effects
through m-electron conjugated systems. Optical and electrical
properties of conjugated materials are strongly dependent on
the coplanarity of the n-conjugated system and on the general
organization of the material. The conformation of the delocal-
ized fragment directly affects the electronic states of the
species and any conformational change may induce variations
in UV-vis spectra, luminescence, redox potentials and conduc-
tivity. We planned to combine the properties of the n-
conjugated ferrocenes with phosphonates, phosphonate
derivatives also being well-known for their applications in
materials science and sol-gel chemistry.* Our idea relied on
the well-known efficiency of self-assembled monolayers
(SAMS) to serve as models for surface molecular materials.
The formation of SAMS is based on the anchoring of func-
tional substituents on the surface. Thiol derivatives and
organofunctional silanes have been exploited in detail.> The
use of such precursors with various supports, colloids, mem-
branes or microdomains is growing with potential applica-
tions as new sensors or light-emitting devices.® The emergence
of phosphonate groups as efficient agents, especially with
mixed oxides,” incited us to develop the synthesis of new pre-
cursors incorporating that functionality.

A general synthetic route to (ferrocenylvinyl)arenes is based
on the Wittig reaction of ferrocenecarboxaldehyde with
ylides®® or (ferrocenylmethyl)triphenylphosphonium iodide
with aldehydes.?” The E configuration of the double bond in
m-conjugated systems is necessary to ensure planarity and to
provide for the transmission of the electronic effects. Unfor-
tunately, stereochemical control of the double bond using the
Wittig reaction is sometimes difficult and cumbersome pro-
cedures are required for the separation of E and Z isomers.’
Furthermore, the presence of a benzylphosphonate group
makes the use of the Wittig reaction particularly difficult. We
therefore turned to the Heck reaction, the mild conditions of
which tolerate functionalized phosphonates. Little is known
about the palladium-catalyzed Heck reaction'® of vinyl-
ferrocene with various aromatic halides; two examples have
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been reported'! under Jeffery’s phase transfer conditions.!? In
these two cases the E configuration of the double bond was
obtained. We decided to use the homogeneous conditions of
the Heck reaction!?® to prepare new phosphonates containing
a trans n-conjugated ferrocenyl unit.

Standard Heck reaction [Pd(OAc),, tris(o-tolyl)phosphine
(TOP), Et;N, PhMe] of commercially available vinylferrocene
1 with bromoaryl phosphonates 2a and 2b!* gave 3a (57%
yield) and 3b (83% yield) (Scheme 1). In these two reactions,
the 'H NMR spectrum of the crude mixture indicated that
only one isomer was obtained, with a trans configuration of
the double bond (3Jyy = 16 Hz).

The crystal structure of 3a was determined by X-ray
analysis;!® the compound crystallizes in the centrosymmetric
triclinic space group P1. An ORTEP drawing of the complex
3a is shown in Fig. 1, which confirms the trans configuration
of the double bond. We observe two independent molecules in
the asymmetric unit. The Fe—C bond distances found for the
substituted Cp rings [Fel-C ave. 2.042(1) and Fe2-C ave.
2.032(8) A] are similar to those found in the literature.!® The
length of the double bond in the two molecules is 1.289(5)
(C37-C38) and 1.337(4) A (C47-C48), respectively. These dis-
tances are of the same order as those reported in the
literature!” for trans m-conjugated systems. The values of the
dihedral angles formed by the substituted phenyl group and
the cyclopentadienyl ring (C31-C36—C1-C5: 13.9 and C41-
C46-C11-C15: 9.4°) give a high degree of coplanarity in the
system in the solid state.!® Thus our molecule possesses the
chemical functions and stereochemistry necessary for elec-
tronic transfer devices.

Treatment of the phosphonate functionality with
bromotrimethylsilane!® and hydrolysis of the silylated inter-
mediate gave the corresponding phosphonic acids. These mild
conditions furnished 4a (78%) and 4b (75%) in good yields
(Scheme 1).

The electronic absorption spectra of compounds 3a, 3b, 4a
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Scheme 1 Reagents and conditions: (a) Pd(OAc), [4 mol% of 1],
tris(o-tolyl)phosphine (TOP) [15 mol% of 1], 6 equiv. Et;N, toluene,
115°C, 48 h. (b) (1) 3 equiv. Me,;SiBr, CH,Cl,, RT; (2) 16.5 equiv.
H,O, RT.
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Fig. 1 Molecular structure (ORTEP drawing) of the two indepen-
dent molecules of 3a. Hydrogen atoms are omitted for clarity. Selected
bonds (A) and angles (°). Fel-C (mean) 2.050(3); Fe2-C (mean)
2.053(3); C1-C38 1.496(5); C11-C48 1.465(4); C37-C38 1.289(5);
C47-C48 1.337(4); C34-C37 1.506(5); C44-C47 1.467(4); C34-C37-
C38 125.9(4); C44-C47-C48 127.0(3); C37-C38-C1 123.0(4); C47-
C48-C11 124.8(3). Angle of the Cp plane [C1-C5] to the phenyl plane
[C31-C36] 13.9°; Cp plane [C11-C15] to phenyl plane [C41-C46]
9.4°.

and 4b have been investigated (Fig. 2). The low-energy spec-
trum of ferrocene is dominated by two weak bands at 327 and
442 nm, assignable respectively to n—n* and d—d transitions of
the ferrocene unit.2® As expected, the n—n* and the d—d tran-
sitions of iron in the present ferrocene derivatives are shown
to progressively shift to longer wavelength with increasing
conjugation, with respective maxima for the n—* transition at
369 nm for 3b, 376 nm for 3a, 365 nm for 4b and 375 nm for
4a. The d—d transition shifts to 457 nm for 3b, 467 nm for 3a,
456 nm for 4b and 463 nm for 4a.21—24

The electrochemical properties of phosphonates 3a and 3b,
and their corresponding phosphonic acids 4a and 4b, have
been investigated by cyclic votammetry in dimethylsulfoxide
(Fig. 3) and compared to ferrocene (E,, = 455; AE = 110 mV).
The reversible oxidation wave assigned to the Fe'/Fe™ couple
occurs at 505 mV for 3a (475 mV for 3b). Under the same
conditions the phosphonic acid 4a was oxidized at 501 mV
(470 mV for 4b). The oxidation peak potentials (E,,) are in the
expected range of values for ferrocene analogs of stilbene (vs.
SCE).*' No variation of the E,, values is observed if we
compare the phosphonates and their corresponding phos-
phonic acids, a specificity already noted for carboxylate/
carboxylic acid?? substituted ferrocenes. The easier oxidation
of 3b compared to 3a could be due to the presence of the
—CH,- group, which reduces the electron-withdrawing effect
of the phosphonate substituent.?>
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Fig. 2 Absorption spectra of 3a, 3b, 4a and 4b (10~3 M in DMSO).
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Fig. 3 Cyclic voltammograms of 3a, 4a and 3b, 4b. Experimental
conditions: Pt electrode in 0.1 mol L™! solution of Bu,NPF4 in
DMSO, complex concentration at 10~3 M, scan rate 0.1 V s~ 1, vs.
SCE.
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The efficiency of the Heck reaction has been applied to the
rapid and easy synthesis of new ferrocenylarylenevinylene
conjugated phosphonates and phosphonic acids. The stereo-
chemical control of the reaction is excellent, leading to trans
coplanar m-conjugated systems, as emphasized by their struc-
tural and electro-optical characterizations. The interesting
properties of compounds 3a,b and 4a,b will be exploited in the
synthesis of new materials, especially for modification of the
behavior of metal oxides.

Experimental

Vinylferrocene was purchased from Lancaster, bromo-
trimethylsilane and palladium acetate were purchased from
Avocado, and these products were used without further purifi-
cation. 4-Bromophenylphosphonic acid diethyl ester and 4-
bromobenzylphosphonic acid diethyl ester were synthesized
according to literature procedures.!* All reactions and manip-
ulations were carried out under an atmosphere of argon. Sol-
vents were dried by standard methods and were distilled prior
to use. 'H, 3C and 3!P NMR spectra were obtained on a
Bruker AC-200 spectrometer. IR spectra were recorded on a
Perkin-Elmer 1600 FT spectrometer with 4.0 cm™?
resolution. Mass spectra were recorded on a Jeol JMS-DX300
instrument using FAB* mode with a glycerol-thioglycerol
(GT) matrix. UV-visible spectra were recorded on an Anthelie
Advanced Secomam spectrophotometer.

General procedure for the Heck reaction

A mixture of 1 equiv. of 2a (2b) (4.5 mmol), 1.05 equiv. of 1
(4.72 mmol), palladium acetate (0.19 mmol), tris(o-tolyl)phos-
phine (0.71 mmol) and 6 equiv. of triethylamine (28.3 mmol) in
toluene (20 mL) was heated at 115 °C. After stirring for 48 h at
115°C, the solution was cooled to room temperature, filtered
and the solvent was evaporated. The product was purified by
column chromatography on silica (eluent: diethyl ether) and
collected as an orange fraction. After evaporation of the
solvent, compound 3a was obtained as red crystals (1.1 g, 57%
yield) and compound 3b was obtained as orange crystals (1.64
g, 83% yield).

Compound 3a. Mp = 100.5-101.0°C. 'H NMR (200 MHz,
CDCl,, 293 K): 6 1.40 (t, *Jyg = 6.5, 6H, CH;); 4.16 (m,
3Jun = 7.1, 4H, CH,0); 4.20 (s, SH, CsH); 4.36, 4.52 (each t,
3Jun = 1.8, 4H, CsH,); 6.72 (d, 3J,,,,s = 16, 1H, vinyl); 7.05 (d,
3J srans = 16.2 Hz, 1H, vinyl); 7.5-7.9 (m, 4H, CcH,). 1*C NMR
(200 MHz, CDCl;, 293 K): § 16.7 (d, 3Jpc = 6.5, CH;); 62.4
16.7 (qd, 3Jpc = 6.5, CHy); 62.4 (td, 2Jpc = 5.3, CH,); 67.6 (d,
2C, CsH,); 69.7 (d, 2C, CsH,); 69.9 (d, 5C, CsH,); 82.3 (s,
CsH,); 125.1 (dd, 3Jpc = 0.6, CH=); 126.0 (dd, 2C, 2Jpc = 154,
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C.H,); 126.2 (sd, 'Jpc = 190.4, C,H,); 130.5 (d, CH=); 132.6
(dd, 2C, 3Jpc = 10.2, CcHy); 1423 (sd, “Jpe = 3.3 Hz, CcH,).
31P NMR (200 MHz, CDCl,, 293 K): é 20.6 (s). IR (CCl,)
v/em™': 3094, 2977, 2905 (C-H), 1631, 1599 (C=C), 1250
(P=0), 1124 (P-C), 1053, 1027 (P-O). HRMS (FAB*, GT):
425.0868 (calc. for MH™); 425.0969 (obs.): Anal. calc. for
C,,H,sFePO,: C 62.23; H 5.89%. Found: C 62.55; H 6.05%.
UV-vis (DMSO): A_,/nm (¢/L mol~! cm™') = 376 (3500),
467 (1840).

Compound 3b. Mp = 52.1-53.0°C. 'H NMR (200 MHz,
CDCl,, 293 K): 6 130 (t, 3Jyy = 7.1, 6H, CH;); 3.18 (d,
2Jpn = 21.7, 2H, CH,-P); 4.10 (m, 3Jgy = 7, 4H, CH,-0);
4.17 (s, SH, CsHs); 4.30, 4.50 (t, 3Jyy = 1.8, 4H, CsH,); 6.70
(d, 3Jyams = 16.2, 1H, vinyl); 6.89 (d, 3J,.. = 16.3 Hz, 1H,
vinyl); 7.30-7.43 (m, 4H, C4H,). !3C NMR (200 MHz,
CDCl,, 293 K): 6 16.7 (g, CH;); 339 (td, 'Jpc = 1382,
CH,-P); 62.5 (t, CH,-0); 67.2 (d, 2C, CsH,); 69.4 (d, 2C,
CsH,); 69.6 (s, 5C, CsHs); 83.7 (s, CsH,); 126.0 (dd, ®Jpc =
2.3, CH=); 126.3 (dd, 2C, *Jpc = 3.3, CcH,); 127.2 (dd, "Jpe =
1.9, CH=); 130.3 (s, C4H,); 130.4 (dd, 2C, 3Jpc = 6.7, CcH,);
137 (sd, *Jpc = 4.1 Hz, CcH,). 3'P NMR (200 MHz, CDCl,,
293 K): 6 27.5 (s). IR (CCl,) v/em™1: 3094, 2986, 2905 (C-H),
1636 (C=C), 1252 (P=0), 1053, 1026 (P-O), 958 (P-O-C)
HRMS (FAB™, GT): 438.1086 (calc. for M*); 438.1047 (obs.)
Anal. calc. for C,;H,,FePO;: C 63.00; H 6.16%. Found: C
62.48; H 6.19%. UV-vis (DMSO): A,,/nom (¢/L mol™*
cm ™) = 369 (2500), 457 (1140).

General procedure for the synthesis of 4a and 4b

To a solution of 1 equiv. of phosphonate 3a (3b) (2.36 mmol)
in 50 mL of dichloromethane was added in a single portion 3
equiv. of bromotrimethylsilane (7.08 mmol). After stirring at
room temperature for 2 h, volatiles were evaporated to isolate
the silyl ester. The oil obtained was hydrolyzed with 16.5
equiv. of water (37.8 mmol) to give the product as a red pre-
cipitate. This wet precipitate was dissolved in MeOH at 65°C
and, after cooling to room temperature, coded to —20°C. The
solid was filtered, washed three times with diethyl ether and
then air dried to give 4a (680 mg, 78% yield) and 4b (650 mg,
75% yield) as orange powders.

Compound 4a. Mp = 235°C (dec). 'H NMR (200 MHz,
DMSO-dS, 293 K): § 4.10 (s, SH, CsHs); 4.30, 4.60 (each t,
3Jun = 1.8, 4H, CsH,); 6.79 (d, 3J,,,,s = 16.2, 1H, vinyl); 7.10
(d, *Jyans = 16.2 Hz, 1H, vinyl); 7.48-7.87 (m, 4H, C;H,). 13C
NMR (200 MHz, DMSO-d®, 293 K): 6 67.8 (d, 2C, CsH,);
70.0 (d, 2C, CsH,); 69.9 (s, 5C, CsHs); 83.5 (s, CsHy); 125.6 (d,
CH=); 126.0 (dd, 2C, *Jpc = 14.5, C¢H,); 130.0 (d, CH=); 131.8
(dd, 2C, 3Jpc = 10.1, CcHy); 1327 (sd, 1Jpe = 183, CcHy);
1409 (sd, *“Jpc =3.1 Hz, C¢H,). *'P NMR (200 MHyz,
DMSO-dS, 293 K): § 14.2 (s). IR (KBr) v/jem™!: 1632 (C=C),
2765, 2300 (PO-H), 922 (P-OH). HRMS (FAB*, GT):
368.0286 (calc. for M™*); 368.0265 (obs.). UV-vis (DMSO):
Ama/nm (¢/L mol ™1 cm™1) = 375 (2840), 463 (1480).

Compound 4b. Mp = 206 °C (dec). 'H NMR (200 MHz,
DMSO-dS, 293 K): § 2.90 (d, >Jpy = 21.6, 2H, CH,-P); 4.10
(s, SH, CsHs); 4.31, 4.59 (t, 3Jyy = 1.7, 4H, C;H,); 6.74 (d,
3J vans = 16.3, 1H, vinyl); 6.94 (d, 3J .. = 16.2 Hz, 1H, vinyl);
7.13-7.42 (m, 4H, CcH,). 3C NMR (200 MHz, DMSO-d®,
293 K): 6 36.1 (td, *Jpc = 132.2, CH,—P); 67.5 (d, 2C, CsH,);
69.6 (d, 2C, CsH,); 69.8 (s, 5C, CsHs); 84.2 (s, CsH,); 126.2
(dd, 2C, “Jpc = 54, CH,); 126.3 (d, CH=); 127.1 (d, CH=);
130.9 (dd, 2C, *Jpc = 6.4, CcH,); 133.7 (sd, *Jpc = 9.7, CcH,);
136.2 (sd, 3Jpc=3.7 Hz, C4H,). 3'P NMR (200 MHz,
DMSO-dS, 293 K): § 22.1 (s). IR (KBr) v/em™': 1634 (C=C),
2775, 2299 (PO-H), 941 (P-OH). HRMS (FAB*, GT):
382.0355 (calc. for M™); 382.0421 (obs.). UV-vis (DMSO):
Amax/m (¢/L mol ™! em ™ 1) = 365 (3100), 456 (1520).
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