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Abstract—A straightforward, high-yielding route to racemic 2-substituted ferrocenecarboxaldehydes has been developed. The synthesis in-
volves the ortho-lithiation/electrophilic quenching of readily accessible 2-ferrocenyl-4,4-dimethyloxazoline (2¢), followed by N-methylation,

sodium borohydride-mediated reduction, and acidic hydrolysis.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Ever since the seminal discovery of ferrocene in 1951, the
interest in novel ferrocene derivatives continues unabated.?
In connection with a research program devoted to the
development of new chiral auxiliaries and ligands based on
2-amino-2-ferrocenylalkanols,® we were in need of a general,
high-yielding route to racemic 2-substituted ferrocene-
carboxaldehydes. Whereas the increasing number of chiral
ligands based on 1,2-disubstituted, planar-chiral ferrocene
scaffolds* has led to several methods for the reliable, highly
enantioselective preparation of 2-substituted ferrocenecar-
boxaldehydes,>® much less attention has been paid to the
synthesis of these compounds as racemic mixtures, and
only a few scattered references can be found in the chemical
literature concerning the non-enantioselective preparation of
some specific examples.’

Whereas the ortho-metalation of 2-ferrocenyl-1,3-dioxane
(1) (Fig. 1), followed by electrophilic trapping and acetal hy-
drolysis, has been used in a couple of instances for the prep-
aration of racemic 1,2-disubstituted ferrocenes’®f and could
provide a priori a general route to our target racemic ferro-
cenecarboxaldehydes, the lithiation step must be carefully
optimized in order to avoid cleavage of the dioxane ring,
and usually leads to substantial amounts of the 1’,2-dilithi-
ated derivative.”®3 In contrast to this, the lithiation of 2-fer-
rocenyl-1,3-oxazolines, first reported almost 25 years ago,?
takes place regiospecifically in the 2-position of the ferro-
cenyl moiety, so that further reaction of the metalated
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compounds with electrophiles affords exclusively 1,2-disub-
stituted ferrocenes in high yields. Most popular has been the
asymmetric version of this method, independently devel-
oped in 1995 by Sammakia,” Richards,'® and Uemura,'!
starting from enantiomerically pure 2-ferrocenyloxazolines
(2a,b) (Fig. 1) that has allowed the stereoselective synthesis
of a large number of planar-chiral ferrocenes subsequently
applied in a variety of asymmetric, metal-catalyzed pro-
cesses.'? Although achiral 2-ferrocenyl-4,4-dimethyloxazo-
line (2¢) has been ortho-lithiated in a number of instances, '
the derivatives resulting from electrophilic trapping do not
appear to have been converted into ferrocenecarboxalde-
hydes.!* Taking into account the easy availability of 2¢
that can be obtained'?? in multigram scale from commercial
ferrocene carboxylic acid, 15 a5 well as the existence of liter-
ature precedents for the transformation of 2-aryloxazolines
into aryl aldehydes,'® we decided to explore the possibility
of using compound 2c¢ for developing an efficient and
versatile route to racemic 2-substituted ferrocenecarbox-
aldehydes. Herein, we wish to disclose the successful
experimental implementation of these ideas.
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2. Results and discussion

After having prepared 2-ferrocenyl-4,4-dimethyloxazoline
2¢ according to the procedure described in the literature
(77% overall yield from ferrocene carboxylic acid),!>* we
initiated the study of its lithiation/electrophilic trapping.
We could rapidly establish that optimal conditions for this
transformation involved the treatment of a solution of 2¢
in anhydrous tetrahydrofuran with 1.6 mol equiv of n-butyl-
lithium (1.6 M in hexanes) at —78 °C for 90 min, heating up
to 0 °C and addition of 2 mol equiv of a suitable electrophile.
In this way, a set of 2-substituted 1-(4,4-dimethyloxazolin-2-
yDferrocenes 3a—i were obtained in good to excellent yields
after chromatographic purification (Table 1).

The conversion of the 2-substituted oxazolinylferrocenes
into the corresponding aldehydes required a careful optimi-
zation of the reaction conditions. Thus, following a literature
procedure,'® when oxazoline 2c¢ (taken as a model com-
pound) was treated with an excess of methyl iodide in reflux-
ing acetonitrile and the resulting N-methyl oxazolinium salt
was reduced with sodium borohydride in ethanol, ferrocene-
carboxaldehyde was obtained in low yield after hydrolysis
of the intermediate N-methyl-2-ferrocenyloxazolidine with
aqueous hydrochloric acid. Similar unsatisfactory results
were recorded for oxazolines 3a and 3c. After some experi-
mentation, we found that the replacement of methyl iodide/

Table 1. ortho-Lithiation/electrophilic quenching of 2-ferrocenyl-4,4-di-
methyloxazoline 2¢

O nBuLi (1.6 mol equiv)

R o
©—<\ THF-hexanes, -78°C, 90 min; ©—<\1
""Me Fe N—\"Me
= e

Fe N electrophile (2.0 mol equiv)

N Me 0°C, 30 min-16 h

2c 3a-i (rac)

Entry Electrophile (time)* R Compound  Yield® (%)

1 I, (1h) I 3a 85 (41)°
2 NBS (1 h) Br 3b 78
3 CISiMe; (30 min) TMS 3c 86 (40)°
4 CISnMes (30 min) Me;Sn 3d 88
5 PhSeCl (30 min) PhSe 3e 89
6 Ph,PCI (40 min) Ph,P 3f 84
7 Mel (30 min) Me 3g 97
8 Ethanal (16 h) ~ MeCH(OH)* 3h 95°
9 Benzophenone (16 h)t Ph,C(OH) 3i 100

* Time necessary for complete reaction of the 2-lithio derivative of 2¢ with
the electrophile (TLC monitoring).

® Yield of isolated products 3a—i after chromatographic purification.

¢ s-BuLi was used in the lithiation step.

4 Diastereomeric mixture.

¢ Ref. 3i.

T Electrophilic quenching was performed at —35 °C.

acetonitrile by methyl triflate/dichloromethane, together with
the use of oxalic acid for the hydrolysis of the N-methyl-
oxazolidine ring,'®® afforded ferrocenecarboxaldehyde in
80% vyield from 2¢ (Scheme 1).

Satisfactorily enough, these conditions proved to be ade-
quate for most of the previously prepared 2-substituted 2-
ferrocenyloxazolines, provided that the time required for
the acidic hydrolysis step was carefully monitored by TLC
in order to minimize the acid-mediated decomposition of
the resulting aldehydes (Table 2).

In the case of oxazoline 3f (entry 6 in Table 2), a complex
mixture of unidentified products was obtained, probably
due to competitive methylation of the phosphorus atom; an
attempt to circumvent this problem by previous treatment
of 3f with borane—methyl sulfide complex did not bring
about any positive result. For the remaining oxazolines (in-
cluding compound 3e, in which no methylation of the sele-
nium atom was observed; entry 5 in Table 2), the expected
racemic aldehydes were isolated in ca. 80% yield. Prior to
N-alkylation and reductive cleavage of the oxazoline ring,
the mixture of alcohols 3h was converted into 2-(2-vinyl-
ferrocenyl)-4,4-dimethyloxazoline 3h’ by alumina-mediated
dehydration.?' A noteworthy feature of the present procedure
is that the mild conditions of the hydrolysis step (oxalic acid)
allow its use for acid-sensitive compounds like the vinyl-
ferrocene 4h’ (entry 8 in Table 2) and the ferrocenylcarbinol
4i (entry 9 in Table 2).

Table 2. N-methylation, reduction, and hydrolysis of 2-substituted 1-(4,5-
dihydro-4,4-dimethyl-2-oxazolyl)ferrocenes 3a—i

R O MeOTf (2.1 mol equiv), CH,Cly, rt, 2 h; R O

©_< NaBH, (2.1 mol equiv), THF-MeOH, 0°C, 1 h; @_4
N\ | aqg. NH4CI;

Fe N—"\"Me Fe H

Me oxalic acid dihydrate (6.6 mol equiv), 4: :>
THF-MeOH, rt, 14-20 h

3a-i (rac) 4a-i (rac)
Entry Oxazoline Hydrolysis R Aldehyde  Yield”
time® (h) (%)
1 3a 20 1 4a 80
2 3b 18 Br 4b 75
3 3c 15 T™MS 4c 79
4 3d 15 Me;Sn 4d 76
5 3e 14 PhSe 4e 82
6 3f — Ph,P 4f 0
7 3g 20 Me 4g 83
8 3n° 14 Vinyl 4h’ 72
9 3i 16 Ph,C(OH) 4i 80

? Time employed for the acidic hydrolysis step.
® Yield of isolated products 4a—i after chromatographic purification.
¢ Prepared from 3h as described in Ref. 3i.
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Scheme 1. Reagents and conditions: (a) Mel, CH;CN, reflux; (b) MeOTf, CH,Cl,, rt; (c) (i) NaBH,, EtOH, rt; (ii) aq HCI, rt; (d) (i) NaBH4, THF/MeOH, 0 °C,

aq NH,CI; (ii) oxalic acid dihydrate, THF/MeOH, rt.
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Finally, we would like to emphasize that this methodology
can also be advantageously applied to the synthesis of highly
enantiopure 2-substituted ferrocenecarboxaldehydes. Thus,
(8,pS)-2-(2-trimethylsilylferrocenyl)-4-(tert-butyl)oxazoline
5 (94% de)®* was converted into (pS)-4¢ in 68% yield under
the conditions described above (Scheme 2). It is worth not-
ing that the yield previously described for the very similar
transformation of (S,pR)-2-(2-methylferrocenyl)-4-(tert-
butyl)oxazoline into (pR)-4g was much lower (12%).9%14

(@)
3 ”CMe3 H
N fo
T™MS T™S

a

Fe _ = Fe
i & 68%yield
(S,pS)-5 (pS)-4c

Scheme 2. Reagents and conditions: (a) (i) MeOTf, CH,Cl,, 1t, 2 h; (ii)
NaBH,, THF/MeOH, 0°C, 1h, aq NH,Cl; (iii) oxalic acid dihydrate,
THF/H,0, rt, 20 h.

3. Conclusions

In summary, we have found that a wide range of racemic
2-substituted ferrocenecarbaldehydes can be easily obtained
from readily available 2-ferrocenyl-4,4-dimethyloxazoline
2c¢ by means of a two-step protocol involving ortho-metal-
ation with n-butyllithium and electrophilic quenching,
followed by N-methylation (methyl triflate in methylene
chloride, rt), sodium borohydride reduction (methanol/THF,
0 °C), and mild acidic hydrolysis (oxalic acid dihydrate, rt).
Advantageous characteristics of this methodology (also
applicable to the preparation of optically active 2-substituted
ferrocenecarboxyaldehydes) are the accessibility of starting
materials and reagents, reproducibly satisfactory yields, and
functional group tolerance.

4. Experimental section
4.1. General materials and methods

Melting points were taken on an Electrothermal apparatus
and have not been corrected. Infrared spectra were recorded
in a Fourier transform mode on a Nicolet 510 FT spectro-
meter, using NaCl film techniques. Only the most represen-
tative wavenumbers (cm~!) are reported. NMR spectra
were recorded in CDCl5 solution. '"H NMR (200 MHz) and
13C NMR (50.3 MHz) spectra were obtained on a Varian
Gemini spectrometer; 'H NMR (400 MHz) and '*C NMR
(100.6 MHz) spectra were obtained on a Varian Mercury
spectrometer. Chemical shifts (0) are quoted in parts per mil-
lion and referenced to internal TMS for 'H NMR and to
CDCl; (6 77.0) for '3C NMR; data are reported as follows:
s, singlet; d, doublet; t, triplet; m, multiplet; br, broad; cou-
pling constants (J) are quoted in hertz. Low resolution chem-
ical ionization mass spectra were recorded on an HP-5988 A
spectrometer. High resolution mass spectra (HRMS) were
obtained from the ‘Unidad de Espectrometria de Masas de
la Universidad de Santiago de Compostela’. Reactions
were run in flame- or oven-dried glassware under a N, atmo-
sphere. Commercially available reagents were employed as

received. Dichloromethane was distilled from calcium
hydride. Tetrahydrofuran (THF) was distilled from sodium-
benzophenone ketyl. Oxazolines 2¢ and 5§ were obtained
according to literature procedures.”®!3* The preparation of
ferrocenyloxazolines 3h and 3h’ has been previously
described by us.>!

4.2. Representative procedure A for the lithiation/
electrophilic trapping of 2-ferrocenyl-4,4-dimethyl-
oxazoline 2c¢: rac-2-(2-iodoferrocenyl)-4,4-dimethyl-
oxazoline 3a

To a cold (—78 °C), stirred solution of the 2-ferrocenyloxa-
zoline 2¢ (100 mg, 0.35 mmol) in anhydrous THF (5.6 mL),
under nitrogen atmosphere, a 1.6 M solution of n-butyl-
lithium in hexanes (0.40 mL, 0.52 mmol) was added with
the aid of a syringe and the resulting solution was stirred
at the same temperature for 1.5 h. After warming up to
0°C, freshly sublimed iodine (31 mg, 0.71 mmol) was
added in one portion, and the stirring was maintained for
1 h at the same temperature. At this point, TLC monitoring
showed the complete disappearance of the starting oxazo-
line. After the addition of saturated aqueous sodium sulfite
(15 mL) at rt, the phases were separated, and the aqueous
phase was extracted with diethyl ether (3x15 mL). The
combined extracts were dried over magnesium sulfate and
evaporated under reduced pressure. The residue was purified
by column chromatography on silica gel (eluent, hexanes/
ethyl acetate mixtures of increasing polarity) to give the title
compound 3a (hexanes/ethyl acetate 4:1, 123 mg, 85%
yield) as a dense red-colored oil that solidified in the fridge.
The IR and the '"H NMR spectra of this compound fully co-
incided with those described in the literature for the (pS)-
enantiomer.'** '"H NMR (CDCl;, 200 MHz) 6 1.29 (6H, s,
2CH3), 4.09-4.24 (2H, m, CH,), 4.14 (5H, s, FcH), 4.28-
4.30 (1H, m, FcH), 4.51-4.53 (1H, m, FcH), 4.72-4.74
(1H, m, FcH).

4.2.1. rac-2-(2-Bromoferrocenyl)-4,4-dimethyloxazoline
3b. Prepared by the same method as above in 78% yield
from 2¢ (0.35 mmol) and from N-bromosuccinimide
(0.71 mmol). Spectral data were coincident with those previ-
ously described in the literature.!* 'H NMR (CDCls,
200 MHz) ¢ 1.27 (6H, s, 2CH3), 4.02 (2H, m, CH,), 4.19
(5H, s, FcH), 4.24 (1H, m, FcH), 4.35 (1H, br s, FcH),
4.41 (1H, br s, FcH).

4.3. Representative procedure B for the lithiation/
electrophilic trapping of 2-ferrocenyl-4,4-dimethyl-
oxazoline 2c: rac-2-(2-trimethylsilylferrocenyl)-4,4-
dimethyloxazoline 3¢!3¢

To a cold (—78 °C), stirred solution of the ferrocenyloxazo-
line 2¢ (500 mg, 1.8 mmol) in anhydrous THF (25 mL), un-
der nitrogen atmosphere, a 1.6 M solution of n-butyllithium
in hexanes (1.7 mL, 2.7 mmol) was added with the aid of
a syringe and the resulting solution was stirred at the same
temperature for 1.5 h. After warming up to 0 °C, freshly dis-
tilled chlorotrimethylsilane (0.27 mL, 2.1 mmol) was added
dropwise, and the stirring was maintained for 30 min at the
same temperature. At this point, TLC monitoring showed the
complete disappearance of the starting oxazoline. After the
addition of saturated aqueous ammonium chloride (15 mL)
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at rt, the phases were separated, and the aqueous phase was
extracted with ethyl acetate (4x 15 mL). The combined ex-
tracts were dried over magnesium sulfate and evaporated un-
der reduced pressure. The residue was purified by column
chromatography on silica gel (eluent, hexanes/ethyl acetate
mixtures of increasing polarity) to give the title compound
3c'3¢ (hexanes/ethyl acetate 6.3:1, 542 mg, 86% yield) as a
dense red-colored oil. '"H NMR (CDCl;, 400 MHz) 6 0.30
(9H, s, Si(CH3)3), 1.33 (6H, s, 2CHj3), 3.97 (2H, m, CH,),
4.17 (5H, s, FcH), 4.24 (1H, m, FcH), 4.44 (1H, br s, FcH),
4.90 (1H, br s, FcH). 1>*C NMR (CDCl3, 100.6 MHz) 6 27.0
(CHs3), 27.5 (CHj3), 27.8 (CHj3), 66.7 (C), 67.3 (C), 69.0
(CH), 72.5 (CH), 75.7 (CH), 76.3 (CH), 78.0 (CH,), 135.0
(©), 163.9 (O).

4.3.1. rac-2-(2-Trimethylstannylferrocenyl)-4,4-dimethyl-
oxazoline 3d. Prepared by the same method as above in 88%
yield from 2¢ (0.70 mmol) and from trimethyltin chloride
(0.84 mmol). Red-colored oil. IR (film): v 2968, 1653,
1123, 1190, 767. '"H NMR (CDCls, 400 MHz) 6 0.27 (9H,
s, Sn(CH3)3), 0.42 (3H, s, CH3), 1.31 (3H, s, CH3), 3.98 (2H,
br s, CH,), 4.14 (5H, s, FcH), 4.23 (1H, m, FcH), 4.48 (1H,
m, FcH), 490 (1H, br s, FcH). '3C NMR (CDCls,
100.6 MHz) 6 21.0 (CHj), 28.39 (CHj3), 28.41 (CH;),
31.3 (CH), 60.3 (CH), 68.9 (C), 69.4 (C), 70.3 (CH), 73.1
(CH), 78.0 (CH,), 135.0 (C), 165.0 (C). HRMS (CI, NH3):
m/z calcd for [M+H]* C,3H,csFeNOSn: 448.0308; found:
448.0380.

4.3.2. rac-2-(2-Phenylselenylferrocenyl)-4,4-dimethylox-
azoline 3e. Prepared by the same method as above in 8§9%
yield from 2¢ (0.35 mmol) and from phenylselenyl chloride
(0.42 mmol). Red-colored oil. IR (film): » 3095, 2965, 1654,
1296, 1103, 969, 821. 'H NMR (CDCls, 400 MHz) 6 1.35
(6H, s, 2CH3), 2.16 (3H, m, ArH), 4.00 (2H, br s, CH;), 4.18
(5H, s, FcH), 4.21 (1H, m, FcH), 4.32 (1H, m, FcH), 4.75
(1H, br s, FcH), 7.23 (1H, m, ArH), 7.45 (1H, m, ArH).
13C NMR (CDCl3, 100.6 MHz) 6 27.0 (C), 28.39 (CH3),
28.41 (CHj), 31.1 (CH), 68.2 (C), 69.9 (C), 70.9 (CH),
71.0 (CH), 75.1 (CH), 78.1 (CH), 78.9 (CH,), 127.1 (CH),
129.6 (CH), 129.8 (CH), 134.3 (C), 164.5 (C). HRMS (CI,
NHs): m/z caled for [M+H]* C, H,,FeNOSe: 440.0138;
found: 440.0211.

4.3.3. rac-2-(2-Diphenylphosphanylferrocenyl)-4,4-di-
methyloxazoline 3f. Prepared by the same method as above
in 84% yield from 2¢ (0.35 mmol) and from chlorodiphenyl-
phosphine (0.42 mmol). Brown-colored solid; mp=177—
178 °C. Spectral data for this compound coincided with
those described in the literature for the (pS)-enantiomer.'’
'"H NMR (CDCls, 200 MHz) 6 1.18 (3H, s, CHs), 1.21
(3H, s, CH3), 3.55 (1H, d, J=8.0 Hz, CHH'), 3.68 (1H, m,
FcH), 4.02 (1H, d, /=8.0 Hz, CHH'), 4.19 (5H, s, FcH),
4.39 (1H, t, J=2.6 Hz, FcH), 4.99 (1H, m, FcH), 7.18-7.52
(10H, m, ArH). '3C NMR (CDCl;, 50.3 MHz) 6 27.8
(CHs;), 28.1 (CH3), 66.5 (CH), 66.9 (CH), 67.6 (CH), 69.6
(©), 70.8 (C), 72.1 (CH), 74.5 (CH), 76.4 (CH), 77.0 (CH),
77.6 (CH,), 90.0 (CH), 127.8 (CH), 128.2 (CH), 129.9
(CH), 132.1 (CH), 132.4 (CH), 132.6 (CH), 135.0 (C),
163.8 (C).

4.3.4. rac-2-(2-Methylferrocenyl)-4,4-dimethyloxazoline
3g. Prepared by the same method as above in 97% yield

from 2¢ (0.35 mmol) and from pre-purified (filtration
through a short pad of diphosphorus pentoxide—silica gel) io-
domethane (0.52 mmol). Red-orange oil. '"H NMR (CDClj,
200 MHz) 6 1.36 (6H, s, 2CH3), 2.24 (3H, s, CH3), 4.08 (2H,
brs, CH,),4.10 (5H, s, FcH), 4.17-4.18 (1H, m, FcH), 4.19-
4.23 (1H, m, FcH), 4.70 (1H, br s, FcH). '3C NMR (CDCls,
50.3 MHz) ¢ 13.8 (CH3), 28.4 (CH3), 67.3 (CH), 69.0 (C),
69.6 (C), 70.3 (CH), 71.0 (CH), 78.7 (CH,), 134.8 (C),
164.0 (C). HRMS (CI, NHs): m/z caled for [M+H]*
C1¢HooFeNO: 298.0894; found: 298.0903.

4.3.5. rac-2-(2-Diphenylhydroxymethylferrocenyl)-4,4-
dimethyloxazoline 3i. Prepared by the same method as
above in 97% yield from 2¢ (0.88 mmol) and from benzo-
phenone (1.32 mmol). Red-colored oil. Spectral data
coincided with those previously described for the (pR)-enan-
tiomer.'** '"H NMR (CDCls, 200 MHz) 6 0.67 (3H, s, CH3),
1.30 (3H, s, CH3), 3.64-3.65 (1H, m, FcH), 4.00 (2H, s,
CH,), 4.21-4.22 (1H, m, FcH), 4.28 (5H, s, FcH), 4.67-
4.69 (1H, m, FcH), 7.07-7.15 (5H, m, ArH), 7.21-7.35
(3H, m, ArH), 7.51-7.54 (2H, m, ArH).

4.4. Representative procedure for the preparation of
ferrocenecarboxaldehydes from 2-ferrocenyl-4,4-di-
methyloxazolines: ferrocenecarboxaldehyde from 2c

To a solution of 2-ferrocenyl-4,4-dimethyloxazoline 2c
(100 mg, 0.35 mmol) in anhydrous dichloromethane (3.8 mL),
methyl triflate (0.10 mL, 0.73 mmol) was added in one
portion and the resulting mixture was vigorously stirred
for 2h at rt. During this time, the color of the solution
changed from orange to deep red. After cooling to 0 °C, a
solution of sodium borohydride (28 mg, 0.73 mmol) in
3.2:1 THF/MeOH (2 mL) was added dropwise. After stirring
for 1 h at the same temperature, the reaction was quenched
by the dropwise addition of aqueous saturated ammonium
chloride (3.8 mL). The phases were separated, and the aque-
ous phase was extracted with ethyl acetate (3x4 mL). The
combined organic extracts were washed with brine (5 mL),
dried over magnesium sulfate, and evaporated under reduced
pressure. The red-colored solid obtained was stirred with
a solution of oxalic acid dihydrate (293 mg, 2.31 mmol) in
3:1 THF/MeOH (3.5 mL) for 18 h at rt. After the addition
of diethyl ether (3.5 mL) the reaction mixture was washed
with aqueous saturated sodium bicarbonate (3 mL) and
with brine (3 mL), dried over magnesium sulfate, and the
solvents were distilled off in vacuo. Chromatographic purifi-
cation (silica gel, 9:1 hexanes/ethyl acetate) afforded 60 mg
(80% yield) of ferrocenecarboxaldehyde as a red-colored
solid. 2-Substituted ferrocenecarboxaldehydes 4a—i were
obtained (with the sole exception of 4f) in a similar way,
although the optimal time for the acidic hydrolysis step
was different for each compound (see Table 2).

4.4.1. rac-2-lIodoferrocenecarboxaldehyde 4a.’%'8 QOb-
tained in 79% yield from 3a (0.24 mmol) by the procedure
described above, after chromatographic purification (silica
gel, 5.6:1 hexanes/ethyl acetate) as a brownish-red oil. Spec-
tral data for this compound were coincident with those
described in the literature for the (pS)-enantiomer.” 'H
NMR (CDCl;, 200 MHz) ¢ 4.27 (5H, s, FcH), 4.67 (1H,
m, FcH), 4.81 (1H, m, FcH), 4.88 (1H, m, FcH), 10.02
(1H, s, CHO).
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4.4.2. rac-2-Bromoferrocenecarboxaldehyde 4b. Ob-
tained in 75% yield from 3b (0.24 mmol) by the procedure
described above, after chromatographic purification (silica
gel, 5.6:1 hexanes/ethyl acetate) as a red-colored oil. Spec-
tral data for this compound were coincident with those de-
scribed in the literature for the (pS)-enantiomer.’®" 'H
NMR (CDCl3, 200 MHz) ¢ 4.31 (5H, s, FcH), 4.59 (1H,
m, FcH), 4.79 (1H, br s, FcH), 4.83 (1H, br s, FcH), 10.14
(1H, s, CHO).

4.4.3. rac-2-Trimethylsilylferrocenecarboxaldehyde 4c.
Obtained in 79% yield from 3c (0.29 mmol) by the proce-
dure described above, after chromatographic purification
(silica gel, 20:1 hexanes/ethyl acetate) as a waxy red-colored
solid. Spectral data for this compound were coincident with
those described in the literature for the (pS)-enantiomer.>*°"
"H NMR (CDCls, 200 MHz) 6 0.33 (9H, s, Si(CH3)3), 4.26
(5H, s, FcH), 4.53 (1H, br s, FcH), 4.71 (1H, m, FcH),
4.98 (1H, br s, FcH), 10.10 (1H, s, CHO).

4.4.4. rac-2-Trimethylstannylferrocenecarboxaldehyde
4d. Obtained in 76% yield from 3d (0.23 mmol) by the pro-
cedure described above, after chromatographic purification
(silica gel, 24:1 hexanes/ethyl acetate) as a deep red-colored
oil. Spectral data were coincident to those reported for the
optically active compound.'® 'H NMR (CDCl;, 200 MHz)
0 0.27 (9H, s, Sn(CH3)3), 4.19 (5H, s, FcH), 4.45 (1H, br
s, FcH), 4.56 (1H, m, FcH), 4.77 (1H, m, FcH), 10.50 (1H,
s, CHO).

4.4.5. rac-2-Phenylselenylferrocenecarboxaldehyde 4e.
Obtained in 82% yield from 3e (0.23 mmol) by the proce-
dure described above, after chromatographic purification
(silica gel, 24:1 hexanes/ethyl acetate) as a deep red-colored
oil. IR (film): » 3088, 2934, 1694, 1214, 1083, 984, 832. 'H
NMR (CDCl;, 400 MHz) 6 4.12 (5H, s, FcH), 4.29 (1H, m,
FcH), 4.35 (1H, m, FcH), 4.58 (1H, br s, FcH), 7.23 (3H, m,
ArH), 7.45 (2H, m, ArH), 9.65 (1H, s, CHO). '3C NMR
(CDCl3, 100.6 MHz) ¢ 32.1 (CH), 68.5 (C), 70.4 (CH),
71.0 (CH), 75.1 (CH), 78.1 (C), 127.0 (CH), 129.6 (CH),
129.8 (CH), 134.3 (C), 190.5 (CH). HRMS (CI, NHs): m/z
caled for [M+H]* C;7H;sFeOSe: 368.9403; found:
368.9492.

4.4.6. rac-2-Methylferrocenecarboxaldehyde 4g. Ob-
tained in 83% yield from 3g (0.34 mmol) by the procedure
described above, after chromatographic purification (silica
gel, 9:1 hexanes/ethyl acetate) as a red-brown oil. Spectral
data were coincident to those reported for the optically active
compound.’®2° 'H NMR (CDCls, 200 MHz) 6 2.23 (3H, s,
CH3), 4.17 (5H, s, FcH), 4.44 (1H, m, FcH), 4.67 (2H, m,
FcH), 10.08 (1H, s, CHO). '*C NMR (CDCl;, 50.3 MHz)
0 13.5 (CH3), 69.4 (C), 70.2 (CH), 71.0 (CH), 75.0 (CH),
77.1 (CH), 78.5 (C), 182.0 (CH).

4.4.7. rac-2-Vinylferrocenecarboxaldehyde 4h’. Obtained
in 72% yield from 3h’* (0.32 mmol) by the procedure de-
scribed above, after chromatographic purification (neutral
alumina, 4.9:1 hexanes/ethyl acetate) as a red-brown oil.
Spectral data were coincident to those previously reported
for the (pS)-enantiomer.°®''* "H NMR (CDCl;, 200 MHz)
0 4.13 (5H, s, FcH), 4.55 (1H, t, J=2.5 Hz, FcH), 4.74
(1H, m, FcH), 4.80 (1H, m, FcH), 5.16 (1H, d, J=12.0 Hz,

—=CHH), 5.44 (1H, d, J=17.5 Hz, =CHH'), 6.87 (1H, dd,
J=12.0 and 17.5 Hz, Fe—-HC=), 10.20 (1H, s, CHO).

4.4.8. rac-2-(Diphenylhydroxymethyl)ferrocenecarbox-
aldehyde 4i.2! Obtained in 80% yield from 3i (0.22 mmol)
by the procedure described above, after chromatographic
purification (silica gel, 5.7:1 hexanes/ethyl acetate) as a
red-colored solid. 'H NMR (CDCl;, 200 MHz) 6 3.64—
3.65 (1H, br s, OH), 4.21-4.22 (1H, m, FcH), 4.28 (5H, s,
FcH), 4.68 (1H, m, FcH), 4.73-4.77 (1H, m, FcH), 7.07-
7.15 (SH, m, ArH), 7.21-7.35 (3H, m, ArH), 7.51-7.54
(2H, m, ArH), 10.06 (1H, s, CHO). '*C NMR (CDCls,
50.3 MHz) ¢ 66.5 (CH), 66.9 (CH), 67.6 (CH), 69.6 (CH),
74.8 (C), 76.6 (CH), 77.1 (CH), 78.9 (C), 101.6 (C), 126.2
(CH), 126.5 (CH), 127.0 (CH), 127.2 (CH), 127.5 (CH),
127.7 (CH), 187.0 (CH). Some signals corresponding to qua-
ternary carbons were too weak to be observed.

4.4.9. (pS)-2-Trimethylsilylferrocenecarboxaldehyde
(pS)-4c. Obtained in 68% yield from 5'3* (9.6 mmol) by
the procedure described above, after chromatographic
purification (silica gel, hexanes/ethyl acetate) as a waxy red-
orange solid. [a]p —199 (c 0.24, EtOH) [lit.:*° [a]p —202
(c 0.24, EtOH)].
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