Pergamon

80I!NO!@DIR!OT°

Tetrahedron Letters 44 (2003) 2237-2241

TETRAHEDRON
LETTERS

Synthesis of ferrocenyl quinones
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Abstract—A squarate-based synthesis of ferrocenyl quinones is described. Thermolysis of ferrocenyl-substituted cyclobutenones,
prepared from ferrocenyl cyclobutenediones and alkenyllithiums, affords hydroquinones, which furnish, upon oxidation, ferro-
cenyl quinones. Ferrocenyl cyclobutenediones have been prepared from known cyclobutenediones by nucleophilic addition of
ferrocenyllithium followed by hydrolysis, Pd/Cu-cocatalyzed cross-coupling with (tri-z-butylstannyl)ferrocene or Friedel-Crafts
alkylation with ferrocene. © 2003 Elsevier Science Ltd. All rights reserved.

After the successful application of the pioneer ‘cis-
platin’, i.e. cis-[PtCl,(NH;),], as an antitumor agent,’
interest in the use of transition metal complexes in
medicine and other biological areas has grown rapidly.?
Among  these derivatives, ferrocenium  salts,’
Cp,FeIl)X (X=PF,, FeCl,, 2,4,6-(NO,);C-H,0,
CI,CCO,2CL,CCO,H), and ferrocifens,* (Z)-
[(Et)(Fc)C=C(p-CcH,-R)(p-CcH,-O-CH,-CH,-NMe,]
(Fc=ferrocenyl, R=H, OH), have proved to be partic-
ularly active against a number of tumors. Moreover,
ferrocifens are the first molecules shown to be active
against both hormone-dependent and hormone-inde-
pendent breast cancer cells.* It appears so far, however,
that ferrocene derivatives act via mechanisms different
from those of cisplatin and thus may lend themselves to
treatment of a wider range of cancers.*> Although,
since its discovery, ferrocene and its derivatives have
found large application in a number of areas, most
notably in materials chemistry and asymmetric cataly-
sis,’ relatively few studies on the biological properties
of molecules bearing the ferrocene moiety have been
reported. Thus, in recent years, considerable interest
has been devoted to the synthesis of new ferrocene
derivatives since the properly functionalized ferrocene
derivatives could be potential antitumor substances.’

Quinones have been studied for over a century and
continue to demand attention by virtue of their pres-
ence in antitumor quinone natural products.® This,
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together with the finding that ferrocene derivatives are
active against various animal and human tumors,*
suggests that the incorporation of the essential struc-
tural features of quinones with a ferrocene moiety
could provide compounds with enhanced antitumor
activities. Surprisingly, ferrocenyl-substituted quinones
are very scarce.’ The development of a general synthetic
entry to ferrocenyl quinones is therefore of considerable
interest since it could be lead to a new source of
biologically active compounds.

Recently, as shown in Scheme 1, cyclobutenones bear-
ing an unsaturated substituent at the 4-position, such as
1, have emerged as valuable reagents in organic synthe-
sis since such cyclobutenones have been found to lead
to a variety of quinones, such as 5, after oxidation.!”
Since the starting cyclobutenones are now available
with a variety of substitution patterns and the yields of
the rearrangements are generally high, these ring expan-
sions constitute one of the most versatile regiospecific
routes to highly substituted quinones.'® This methodol-
ogy, however, has not been utilized for the synthesis of

[0}

1 -0
NI ~100°C R\pC 6n R!
| K
R2 R3 R Cyclization R? R3
OH OH OH
1 2 / 3
o] OH
R Oxidation R’
R
R2 R3 R2 RS
o] OH
5 4
Scheme 1.

0040-4039/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.

doi:10.1016/S0040-4039(03)00099-6


mailto:zora@metu.edu.tr

2238 M. Zora et al. / Tetrahedron Letters 44 (2003) 2237-2241

ferrocenyl quinones, presumably due to the scarce
availability of starting ferrocenyl cyclobutenones. As
part of our general involvement in ferrocene containing
molecules, we have investigated the synthesis of ferro-
cenyl cyclobutenones and their rearrangements to
quinones. We herein report the preliminary results of
this study.

As depicted in Scheme 2, the synthesis of ferrocenyl-
substituted cyclobutenediones was accomplished from
known cyclobutenediones. Addition of ferrocenyl-
lithium (FcLi)!! to diisopropyl squarate (6)!* led to
formation of cyclobutenone 7, which upon hydrolysis
provided cyclobutenedione 8A.!* Treatment of
cyclobutenedione 9'2 with thionyl chloride afforded
semisquaric chloride 10,'*!5 which underwent Pd-cata-
lyzed coupling with (tri-z-butylstannyl)ferrocene
(FcSnBus)!'® to produce cyclobutenedione 8B.!7 The
synthesis of diferrocenyl cyclobutenedione 8C!® was
accomplished from squaric dichloride (11)'* by both
Friedel-Crafts alkylation and Pd-catalyzed coupling,
but both methods gave 8C in low yields in addition to
8D. Pd-catalyzed coupling of 8D with FcSnBu, yielded
8C in 25% yield. A high yielding protocol for 8C,
however, has recently been reported by Pena-Cabrera
using Pd-catalyzed coupling of thioether 12 with
FcSnBu; (Scheme 2).!° We are still trying to improve
the yields for both the Friedel-Crafts alkylation of 11
and the Pd-catalyzed couplings of 10 and 11, especially
by using the conditions of Diver?! for the latter
method. These results will be reported in due course.

-Pro_ 0 @
i_ProjE(O 1. FeLi, 0°C HCI, CHoCl te
- PO >  — 0
0’ o 2H0 OH ¢
s =/ Pro” 0
8A (45% from 6)
HO 0 SOCl, C\_P° 2 FcSnBug Fe
jE( jE( 0
ne Yo TaceDMF ¢’ Yo 10% PdCly, 40% PPhy
¥ 10% Cul, CHsCN
9 10 (68%) Hy O
8B (17%)
CI)E(O AICI3 Ferrocene gi
Hexane “
c” o Fe
1
2 FcSnBus 8C (15%) 8D (8%)
| 10% PdCly, 40% PPh;
8C (19%) + 8D (10%)
10% Cul, CH;CN
FcSnBug, 10% PdC,
0, 0,
HaCO, 8¢ (25%) 40% PPhs, 10% Cul
S__P° 2 FeSnBug
JE( 8C (72%)
& Yo 3CuTC, 5% Pda(dba)s
5% TFP, THF, 25 °C
12
H3CO
Scheme 2

Table 1. Synthesis of ferrocenyl cyclobutenones 14 and

152
fe R? 1. THF,-78°C -78°C OH o2
o + =< R’
Li 2. H0,-78 °C
rRT Yo 13a (R2 Me)

., 13B (R2= Ph)

8A (R = i-PrO)

8B (R'= Me)

8C (R'=Fc)

Entry® R! R?  Yield of 14 (%)  Yield of 15 (%)
A i-PrO Me 94 5

B Me Me 57 4

C Fc Me 65 0

D i-PrO Ph 40 0

E Fc Ph 47 0

2 For a representative procedure, see Ref. 20.
® Entry letters define R! and R? for cyclobutenones 14 and 15.

Having ferrocenyl cyclobutenediones 8 in hand, we next
synthesized ferrocenyl cyclobutenones such as 14 and
15, as shown in Table 1. The reaction of
cyclobutenones 8A-C with 2-lithiopropene (13A)*? pro-
duced the expected cyclobutenones 14A—C in moderate
to good yields. A complication in these reactions was
the formation of the regioisomers 15A and 15B in low
yields (Table 1, entries A and B). However, the reaction
between a-lithiostyrene (13B) and cyclobutenones 8A,C
produced the expected cyclobutenones 14D,E without
formation of any regioisomers. As will be discussed
later, the indicated regiochemistry of cyclobutenones
14B and 15B was assigned indirectly by comparison of
the HMBC-NMR spectra of their quinone products
17B and 19B, respectively, since during the conversion
into quinones the regiochemistry does not change.

Finally, the synthesis of ferrocenyl quinones was

accomplished. The results are summarized in Tables 2
and 3. Initially, the reaction of cyclobutenone 14A was

Table 2. Synthesis of ferrocenyl quinones 17*

@ = @

e Dioxane ke OH PbO, ke 0

O —_— —_—
100 °C, 5 h } , CHCh
1 R R
RT o R
14

Entry® R! R? Yield of 17 from 14 (%)°
A i-PrO Me 85
B Me Me 71
C Fc Me 56
D i-PrO Ph 61
E Fc Ph 75

®For a representative procedure, see Ref. 22. For spectral data of
ferrocenyl quinones, see Ref. 23.

® Entry letters define R! and R? for compounds 14, 16 and 17.

¢ Hydroquinones 16 were not isolated and were directly oxidized to
quinones 17.
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Table 3. Synthesis of ferrocenyl quinones 19*

L < ~
Fe Dioxane fe OH PbO, Fe e}
OHp2 RZ ——— » R2
% 100°C, 5h % CHoCly
R’ R’
R” o OH o}
15 18 19
Entry® R! R? Yield of 19 from 15 (%)°
A i-PrO Me 77
B Me Me 70

4 For spectral data of ferrocenyl quinones, see Ref. 24.

® Entry letters define R' and R? for compounds 15, 18 and 19.

¢ Hydroquinones 18 were not isolated and were directly oxidized to
quinones 19.

examined under a variety of conditions. The best results
were obtained in dioxane at 100°C. Thermolysis of
cyclobutenone 14A produced hydroquinone 16A and
quinone 17A in 72 and 17% yields, respectively. Clearly,
quinone 17A is the secondary product of the reaction
and results from the oxidation of initially formed
hydroquinone 16A. We found that hydroquinone 16A
was not stable to air and was partially oxidized to
quinone 17A. Among the oxidants employed, PbO,
proved to be the best since it did not further oxidize the
ferrocene moiety into a ferrocenium ion or other side
products, as has been shown before.”® The oxidation of
16A with PbO, furnished quinone 17A in 94% yield. In
addition to hydroquinones, quinones in varying
amounts often resulted from thermolysis reactions.
Thus, we did not isolate the thermolysis products and
directly oxidized the crude mixtures into quinones. As
seen in Tables 2 and 3, cyclobutenones participated well
in the benzannulation reactions, presumably via a simi-
lar mechanism to that depicted in Scheme 1, and
yielded, upon oxidation, a variety of ferrocenyl
quinones in moderate to good yields. Substituents on
the cyclobutenones affected the outcome of the reac-
tions to some extent. Cyclobutenones bearing electron-
releasing substituents such as isopropoxy give quinones
in relatively higher yields. The indicated regiochemistry
of quinones 17B and 19B was assigned on the basis of
comparison of their HMBC-NMR spectra. In 17B, the
hydrogens of both methyl groups (6 2.12 and 2.05 ppm)
give a three-bond coupling (*Jy) with the same car-
bonyl (6 188.1 ppm). However, in 19B, the hydrogens
of each methyl group (6 2.05 and 2.04 ppm) show
similar interactions (*J.y) with the different carbonyl
groups (0 187.7 and 187.4 ppm, respectively). This also
proves the indicated regiochemistry of cyclobutenones
14B and 15B.

In conclusion, we have demonstrated a concise and
synthetically flexible cyclobutenedione-based approach
to highly-substituted ferrocenyl quinones, which relies
on the versatility of cyclobutenediones as scaffolds for
the construction of a diverse range of molecular struc-
tures. Further study of ferrocenyl quinones is currently
under investigation.
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Representative procedure for synthesis of ferrocenyl
hydroquinones and quinones. Synthesis of 16A and 17A
(Table 2, entry A). A solution of 14A (275.0 mg, 0.75
mmol) in dioxane (15 mL) was heated to reflux under Ar
for a period of 5 h. The mixture was allowed to cool to
rt and the solvent was removed on a rotary evaporator.
Final purification was achieved by flash chromatography
on silica gel using 19:1 hexane/ethyl acetate as the eluent.
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Two fractions were isolated. First fraction (R;=0.56 in
9:1 hexane/ethyl acetate) was assigned as 17A (green
solid, 46.5 mg, 17%). The second fraction (R;=0.44 in 9:1
hexane/ethyl acetate) was identified as 16A (bright yellow
crystals, 198.0 mg, 72%).

Note that, if hydroquinones were not isolated, the crude
reaction mixture obtained above before column chro-
matography was immediately oxidized to the correspond-
ing quinones according to the following procedure.
Oxidation of 16A to 17A (Table 2, entry A). A solution of
16A (80.0 mg, 0.22 mmol) and PbO, (525.8 mg, 2.20
mmol) in CH,Cl, (§ mL) was stirred at rt for 30 min.
After filtration, the solvent was removed on a rotary
evaporator. Final purification was achieved by flash chro-
matography on silica gel using 9:1 hexane/ethyl acetate as
eluent. The fraction with R;=0.56 in 9:1 hexane/ethyl
acetate was collected to give 17A (74.8 mg, 94%).
Spectral data for 16A: '"H NMR (CDCl,, 400.1 MHz): §
7.13 (s, 1H), 6.51 (s, 1H), 5.40 (s, 1H), 4.66 (s, 2H), 4.52
(s, 2H), 4.32 (s, 5H), 3.67 (septet, 1H, J=6.1 Hz), 2.24 (s,
3H), 1.11 (d, 6H, J=6.1 Hz); '*C NMR (CDCl,, 100.6
MHz): 6 147.2 (C), 142.1 (C), 142.0 (C), 124.1 (C), 113.1
(C), 112.7 (CH), 75.5 (CH), 69.9 (note that ferrocene
carbons overlap each other and appear as broad singlet),
22.5 (CH;), 16.1 (CH;); IR (CH,Cl,): 3523 (br), 3374
(br), 2977 (m), 2928 (m), 2870 (vw), 1461 (vs), 1331 (m),
1203 (vs), 1104 (m), 1050 (s); MS (EI): 366 (M™*, 100), 323
(40), 257 (95), 229 (18); HRMS (EI): calced for
C,0H,,°°FeO; 366.0918, found 366.0901.

Spectral data for 17A: '"H NMR (CDCl,, 400.1 MHz): §
6.52 (s, 1H), 5.14 (s, 2H), 4.73 (septet, 1H, J=6.1 Hz),
4.51 (s, 2H), 4.14 (s, 5SH), 2.08 (s, 3H), 1.27 (s, 3H, J=6.1
Hz), 1.27 (s, 3H); 3C NMR (CDCl;, 100.6 MHz): §
187.7 (C), 183.9 (C), 152.7 (C), 143.9 (C), 134.4 (CH),
134.0 (C), 76.3 (CH), 74.6 (C), 72.8 (CH), 70.7 (CH), 70.4
(CH), 23.1 (CH,), 15.6 (CH;); IR (CH,Cl,): 2981 (w),
1650 (vs), 1571 (w), 1380 (w), 1357 (w), 1188 (w), 1099
(m), 1064 (w); MS (EI): 364 (M™, 69), 322 (100), 294 (92),
257 (44), 229 (31), 121 (13); HRMS (EI): caled for
C,,H,>*FeO, 364.0761, found 364.0750.

Spectral data for 17B: 'H NMR (CDCl;, 400.1 MHz): §
6.54 (d, 1H, J=1.1 Hz), 4.67 (s, 2H), 4.49 (s, 2H), 4.13 (s,
5H), 2.12 (s, 3H), 2.05 (d, 3H, J=1.1 Hz); *C NMR
(CDCl;, 100.6 MHz): ¢ 188.1 (C), 187.0 (C), 145.4 (C),
143.6 (C), 139.3 (C), 134.2 (CH), 77.6 (C), 72.9 (CH),
70.5 (CH), 704 (CH), 16.2 (CH,), 15.5 (CHy); IR
(CH,ClL,): 3098 (w), 2961 (w), 2924 (w), 1650 (vs), 1636
(vs), 1580 (s), 1413 (m), 1270 (s), 1058 (m); MS (EI): 320
(M, 100), 256 (85), 181 (5), 69 (9); HRMS (EI): calcd for
C,sH,6°°FeO, 320.0499, found 320.0490.

Spectral data for 17C: 'H NMR (CDCl,, 400.1 MHz): &
6.54 (s, 1H), 4.32 (s, 8H), 4.01 (s, 5H), 3.99 (s, SH), 2.10
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(s, 3H); '3C NMR (CDCl,;, 100.6 MHz): 6 186.2 (C),
185.7 (C), 145.4 (C), 141.8 (C), 141.5 (C), 133.6 (CH),
79.5 (©), 79.1 (C), 72.6 (CH), 70.1 (CH), 70.0 (CH), 69.6
(CH), 69.5 (CH), 16.0 (CH;); IR (CH,CL,): 3098 (w),
2926 (w), 1650 (vs), 1542 (w), 1457 (s), 1306 (m), 1270
(w), 1216 (w), 1002 (w); MS (EI): 490 (M*, 100), 422 (46),
360 (10), 304 (14), 245 (8), 186 (8); HRMS (EI): calcd for
C,,H,,°°Fe,0, 490.0318, found 490.0326.

Spectral data for 17D: 'H NMR (CDCl;, 400.1 MHz): &
8.25 (m, 2H), 7.45 (m, 3H), 7.37 (s, 1H), 6.00 (septet, 1H,
J=6.0 Hz), 5.38 (s, 2H), 4.55 (s, 2H), 4.11 (s, 5H), 1.47
(d, 6H, J=6.0 Hz); '*C NMR (CDCl;, 100.6 MHz): §
188.3 (C), 187.6 (C), 161.6 (C), 140.4 (C), 137.7 (CH),
133.7 (C), 133.4 (CH), 131.7 (CH), 128.9 (CH), 128.6 (C),
77.6 (C), 75.4 (CH), 71.9 (CH), 70.7 (CH), 70.5 (CH),
23.9 (CH,); IR (CH,Cl,): 3069 (w), 2361 (vw), 1712 (w),
1667 (vs), 1625 (s), 1580 (m), 1451 (m), 1382 (m), 1358
(w), 1333 (w), 1094 (m); MS (EI): 426 (M*, 37), 384 (100),
385 (25), 319 (11); HRMS (EI): caled for C,sH,, °FeO,
426.0918, found 426.0921.

Spectral data for 17E: '"H NMR (CDCl,, 400.1 MHz): §
7.55 (m, 2H), 7.47 (m, 3H), 6.80 (s, I H), 4.43 (s, 2H), 4.38
(s, 2H), 4.36 (s, 4H), 4.06 (s, 10H); '*C NMR (CDCl,,
100.6 MHz): ¢ 185.9 (C), 185.6 (C), 146.2 (C), 143.0 (C),
141.5 (C), 133.9 (CH), 133.4 (CH), 130.2 (CH), 129.6
(CH), 128.9 (CH), 73.5 (CH), 73.4 (CH), 71.2 (C), 71.0
(C), 70.9 (CH), 70.8 (CH), 70.7 (CH), 70.6 (CH) (note
that some ferrocene carbons overlap on each other); IR
(CH,Cl,): 3099 (vw), 2928 (vw), 1650 (vs), 1457 (m), 1310
(m), 1150 (m), 1043 (m); MS (EI): 552 (M*, 100), 484
(23), 422 (9), 366 (21), 186 (6); HRMS (EI): caled for
C;,H,,°°Fe,0, 552.0475, found 552.0498.

Spectral data for 19A: 'H NMR (CDCl;, 400.1 MHz): §
6.41 (s, 1H), 5.01 (s, 2H), 4.72 (septet, 1H, J=6.2 Hz),
4.40 (s, 2H), 4.03 (s, 5H), 2.00 (s, 3H), 1.18 (d, 6H, J=6.2
Hz); '*C NMR (CDCl,;, 100.6 MHz): 6 187.9 (C), 183.8
(O), 152.6 (O), 146.5 (C), 133.9 (C), 132.0 (CH), 76.4
(CH), 74.9 (C), 72.7 (CH), 70.5 (CH), 70.4 (CH), 23.1
(CH;), 16.7 (CHj3); IR (CH,CL,): 2979 (w), 1651 (vs), 1572
(w), 1380 (w), 1096 (m), 909 (s); MS (EI): 364 (M*, 91),
322 (99), 294 (100), 257 (72), 229 (12), 69 (17); HRMS
(ED): caled for C,0H,*°FeO; 364.0761, found 364.0748.

Spectral data for 19B: 'H NMR (CDCl;, 400.1 MHz): &
6.56 (s, 1H), 4.67 (s, 2H), 4.49 (s, 2H), 4.13 (s, SH), 2.05
(s, 3H), 2.04 (s, 3H); '*C NMR (CDCl,, 100.6 MHz):): §
187.7 (C), 187.4 (C), 146.2 (C), 143.8 (C), 139.2 (C), 133.4
(CH), 77.6 (C), 72.9 (CH), 70.6 (CH), 70.4 (CH), 16.6
(CH,), 15.1 (CH;); IR (CH,Cl,): 2364 (w), 1650 (vs), 1632
(vs), 1583 (s), 1443 (m), 1372 (m), 1305 (s), 1051 (m); MS
(ED): 320 (M*, 100), 294 (10), 256 (67), 121 (8); HRMS
(EI): caled for CigH,¢**FeO, 320.0499, found 320.0495.
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