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Tricarbonyl(naphthoquinone)chromium: Synthesis and Application in [4+2]
Cycloaddition Reactions!*!
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Tricarbonyl(naphthoquinone)chromium (9) has been pre-
pared in an 82 % overall yield by direct complexation of TBS-
protected naphthohydroquinone (6) and subsequent depro-
tection/oxidation. Complex 9 underwent [4+2] cycloaddition
reactions with a series of dienes to give products in good to
excellent yields. The cycloaddition reaction revealed that the

tricarbonylchromium fragment exhibits perfect endo selec-
tivity and has an anti-directing role, as established by X-ray
analyses of the Diels-Alder products 10-13.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Over the past three decades (n®-arene)tricarbonylchro-
mium complexes have been developed as powerful reagents
in stereoselective organic synthesis.! The pronounced elec-
tron-withdrawing properties of the metal fragment result in
an Umpolung of the customary arene reactivity; they allow
the addition of nucleophiles to the arene ligand and facili-
tate nucleophilic substitution at benzylic and homobenzylic
positions. Moreover, the steric bulk of the metal-carbonyl
moiety effectively shields one face of the arene and this has
been widely exploited in diastercoselective synthesis. Fi-
nally, arene complexes with an appropriate 1,2- or 1,3-dis-
ubstitution pattern have a chiral plane and their enantio-
mers have been used in efficient enantioselective reactions.?!
The ability of the tricarbonylchromium moiety to block one
n face of the arene has been reported for [4+2] cycload-
dition reactions of (hetero)dienophiles®! and dienes.[!

Quinones are very efficient dienophiles in Diels—Alder re-
actions; however, the complexation of arenes fused to a qui-
none ring is not straightforward and requires protecting-
group strategies. So far, only a very limited number of
tricarbonyl(naphthoquinone)chromium complexes have
been reported and their syntheses have mainly been based
on a chromium-templated benzannulation/haptotropic me-
tal migration/oxidation sequence.l”! We herein present an ef-
ficient protocol for the synthesis of tricarbonyl(1,4-naph-
thoquinone)chromium complexes and describe the results
of their application in [4+2] cycloaddition reactions.

[] Reactions of Complex Ligands, 104. Part 103: Ref.['8!

[a] Kekulé-Institute fiir Organische Chemie und Biochemie der
Rheinischen Friedrich-Wilhelms Universitét,
Gerhard-Domagk-Strasse 1, 53121 Bonn, Germany
Fax: +49-(0)228-735813
E-mail: doetz@uni-bonn.de

[b] Institut fiir Anorganische Chemie der Rheinischen Friedrich-
Wilhelms-Universitat,Gerhard-Domagk-Strasse 1, 53121 Bonn,
Germany

2620 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI: 10.1002/ejoc.200500050

Results and Discussion

Naphthoquinone Cr(CQO); Complexes through
Benzannulation

Our initial efforts directed towards the synthesis of
tricarbonyl(naphthoquinone)chromium complexes focused
on a sequence based on the benzannulation of phenyl(meth-
oxy)carbene complex 1 by alkynes,' the haptotropic metal
migration of the kinetic benzannulated products 2 to give
their thermodynamic regioisomers!’! 3 and a final oxidation
to naphthoquinone complexes 4 (Scheme 1).[5°]

Cr(CO)s (CO),Cr, OH

OMe R2=nR! X
—_— M

(CO);Cr,

(6] OMe
4a 3a
4b 3b

a:R'=R?=Et
b:R!'=Pr,R>=H

Scheme 1. Synthetic strategy to naphthoquinone Cr(CO); com-
plexes through chromium-templated benzannulation.

Whereas both the benzannulation and the metal mi-
gration proceeded with synthetically useful yields, the final
oxidation to the quinone turned out to be the crucial step.
We investigated a variety of oxidants and experimental con-
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Figure 1. a) Cyclovoltammogram of 4b in CH,Cl, versus SCE; ¢ = 6 mmol L™, BuyNPF4 = 0.2 molL!, 200 mVs™!, glassy carbon
electrode, @ = 3 mm. b) Cyclovoltammogram of 9 in CH,Cl, versus decamethylferrocene; ¢ = 3 mmolL"!, BuyNPFs = 0.2 molL',

100 mVs™!, glassy carbon electrode, @ = 3 mm.

ditions which, however, resulted in unsatisfactory yields. In
order to adjust the oxidation conditions, the redox proper-
ties of 4 were studied by cyclovoltammetry. A CV investiga-
tion of 4b (see a in Figure 1) indicated two reversible elec-
tron-transition steps [Ej, = —520mV (AE = 72 mV) and
—1100 mV (AE = 73 mV) versus SCE] as is expected for
quinone reduction.®! On the other hand, no oxidation of
the chromium moiety was observed up to +950 mV (versus
SCE). As the oxidation potential is strongly dependent on
the electron density at the metal, the electron-withdrawing
effect of the fused quinone ring in complex 4b should lead
to a relatively high oxidation potential.®”! A closer analysis
of the reduction steps by means of the convolution method
revealed two transition steps for each peak with a difference
of only 40 mV which may result from the two different qui-
noidic carbonyl groups in 4b. This splitting is not observed
in the cyclovoltammogram of the unsubstituted quinone 9
(b in Figure 1) [E;» = -380 mV (AE = 60 mV) and E;), =
-980 mV (AE = 75 mV) versus decamethylferrocene].!']

These results suggest Ag* (E;» = 800 mV) to be a suit-
able oxidant that would be expected to form the quinone
without cleaving the Cr(CO); fragment. The oxidation was
carried out by using 1.5 equivalents of Ag,O in the presence
of MgSOy in tert-butyl methyl ether (TBME) to yield 20%
of 4a and 16% of 4b as violet solids after purification. Their
IR spectra reveal the electron-withdrawing nature of the
quinone ring: whereas for the benzannulated and rearrange-
ment products,®® 2a/b and 3a/b, the ¥(CO) absorptions
(A) of the carbonyl ligands are observed between 1950 and
1970 cm ™!, a significant hypsochromic shift to 1993 cm ™! is
observed for the quinone complexes 4a and 4b.

Diels—Alder Reactions of (Alkyl)naphthoquinone Complexes
4

[4+2] Cycloaddition reactions are known to be sensitive
to the substitution pattern of the dienophile..''l Generally,
increasing the steric bulk at the C=C bond significantly re-
duces the tendency for cycloaddition. This trend is also ex-
hibited by naphthoquinone complexes 4: while the monoal-
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kyl complex 4b reveals a modest reactivity towards cyclo-
pentadiene at room temperature, giving a 29% yield of §
after chromatographic work up, no cycloaddition reaction
was observed for its diethyl analogue 4a under these condi-
tions.

The Diels—Alder adduct 5 was isolated as a single dia-
sterecomer and its stereochemistry was established by X-ray
analysis, which confirmed the anti addition of the diene
with respect to the chromium fragment resulting in an endo
configuration of the cycloaddition product (Scheme 2, Fig-
ure 2). The Cr(CO); group adopts a staggered conforma-
tion with respect to the fused ring system. The carbonyl
groups of the fused ring are slightly bent out of the plane
towards the Cr(CO); moiety by 1.9 and 4.1°, respectively.

CO\ \c'-CO
Cr=COo
= ~
co. CO 3 \
Ccr=CO o
<
g Co, c\»-(é%
N
4b cp=Co
= ~
1
0
5

Scheme 2. anti-Selective [4+2] cycloaddition of cyclopentadiene to
the 2-propylnaphthoquinone complex 4b.

Complexation of Naphthalene Derivatives

In order to reduce the steric implications associated with
the quinone alkyl-substitution pattern, we focused on the
parent naphthoquinone complex 9, which could allow en-
antiomer-enriched derivatives to be obtained by enantiose-
lective reduction of the quinone moiety subsequent to the
cycloaddition step. Since both the benzannulation approach
is ineffective with ethyne and the direct complexation of
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Figure 2. Molecular structure of cycloaddition product 5. The numbering of atoms differs from that used in the NMR characterization.
Selected distances [A] and angles [°]: Cr1-C4: 2.200(2), Cr1-C5: 2.212(2), Cr1-C6: 2.215(2), Cr1-C7: 2.215(2), Cr1-C8: 2.198(2), Crl-
C9: 2.179(2), Cr1-Z(Ar): 1.691(1), C(1)-C(2)-C(3): 106.9(1), C(10)-C(11)-C(12): 108.4(1), O3-C3-C4-C5: -1.7(2), C8-C9-C10-0O10:

~4.1(2).

naphthoquinone by Cr(CO); transfer reagents fails,['?l we
envisaged a protection/complexation/oxidative deprotection
protocol for the synthesis of this complex.

Whereas naphthohydroquinone and 1,4-bis(acetoxy)-
naphthalene gave unsatisfactory yields of complexation
products upon reaction with Cr(CO)4 in refluxing nBu,O/
THF (10:1), the bis-TBDMS-protected naphthohydroqui-
none 63 could be coordinated under comparable condi-
tions (nBu,O/THF, 5:1) to give the 4a-8a-n°-arene—Cr(CO);
complex 7 in 96% yield.'*! The air-stable orange solid was

OTBS Copcr  OTBS
DORE
—
OTBS , OTBS
b

(0]
(o, opcr M
I \‘\ l\\‘\
= <——C P
O
OH
9 8

Scheme 3. Synthesis of the naphthoquinone-Cr(CO); complex 9
by a complexation/deprotection/oxidation protocol. (a) 0.75 equiv.
Cr(CO)g, nBu,O/THF, 5:1, 120 °C, 74 h, 96 %; (b) 1.5 equiv. TBAF,
TBME, room temp., 30 min; (c) 1.5 equiv. Ag,O, MgSO,, TBME,
room temp., 30—60 min, 86 % yield of 9 from 7.

2622 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

efficiently desilylated with TBAF to form naphthohydro-
quinone complex 8 after protic work up. Subsequent oxi-
dation with silver(1) oxide afforded naphthoquinone com-
plex 9 in 86% yield (from 7) as a violet solid (Scheme 3).

Diels—Alder Reactions of Naphthoquinone Complex 9

The parent tricarbonyl(naphthoquinone)chromium com-
plex 9 is significantly more prone to [4+2] cycloaddition
than its alkyl homologues 4a and 4b. Upon reaction with
cyclopentadiene at ambient temperature for 4 hours, a 66 %
yield of cycloaddition product 10 was isolated as an orange

9 10-13
R | [Conditions Yield
R'-R*=(CH,), R%, R>, R"=H 10 |neat, 20 °C, 4h 66 %
R’ R*=CH,, R, R} R°=H 11 |neat, 65 °C, 4.5h 88 %
R'-R® =(CH,), R, R’ R*=H 12 | neat, 65 °C, 4.5h 93 %
R!-R’= (CHy)z, R*=OCH;, R, R',=H | 13 |neat, 50 °C,25min 88 %

Scheme 4. [4+2] Cycloaddition reactions of cyclic and acyclic
dienes to the naphthoquinone complex 9.
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solid after chromatographic work up. The Diels—Alder reac-
tion was extended to 2,3-dimethylbutadiene, 1,3-cyclohexa-
diene and 1-methoxy-1,3-cyclohexadiene, which, on moder-
ate warming to 50-65 °C, afforded the corresponding cyclo-
addition products 11-13 in excellent yields (Scheme 4).
Similar to the alkyl complex 5, the non-alkylated ana-
logues 10-13 were also isolated as single diastereomers.
Their molecular structures demonstrate the efficient ste-
reocontrol exerted by the chromium fragment which forces
the diene to add exclusively from the anti face to give the
endo products (Figures 3, 4, 5, 6). The Cr(CO); moiety in
the Diels—Alder products 10-13 again adopts a staggered

conformation relative to the fused ring system as previously
observed for complex 5. The tetracyclic Diels—Alder ad-
dition products 10 and 13 differ considerably in their mol-
ecular structures. Although the carbonyl groups in the C;
symmetrical complex 10 are nearly coplanar with the adja-
cent arene ring (Figure 3: C2-C3-C4-04 = 0.77°), they are
significantly bent out of the plane towards the Cr(CO);
fragment by 11.6 and 15.4° in 13. A similar distortion is
observed for the analogues 11 and 12 as indicated by dihe-
dral angles of 4.1 and 17.2° for 11 and 9.1 and 13.7° for
12, respectively; this may be a result of the stereocontrolled
formation of the new ring anti to the chromium moiety

Figure 3. Molecular structure of cycloaddition product 10. The numbering of atoms differs from that used in the NMR characterization.
Selected distances [A] and angles [°]: Cr1—Cl1: 2.227(1), Cr1-C2: 2.213(1), Cr1-C3: 2.175(1), Cr1-Z(Ar): 1.692(2), C(4)-C(5)-C(6):

109.7(1), C2-C3-C4-04: -0.77(2).

C1B 0B

Figure 4. Molecular structure of cycloaddition product 12; the numbering of atoms differs from that used in the NMR characterization.
Selected distances [A] and angles [°]: Cr1-C1: 2.222(1), Cr1-C2: 2.223(2), Cr1-C3: 2.229(2), Cr1-C4: 2.223(1), Cr1-C4A: 2.200(1), Crl1-
C10A: 2.179(1), Cr1-Z(Ar): 1.702(1), C(5)-C(5A)-C(6): 109.1(1), C(9)-C(9A)-C(10): 108.5(1), C4-C4A-C5-05: 13.7(2), O10-C10-

CI0A-C1: -9.1(2).
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Figure 5. Molecular structure of cycloaddition product 11; the numbering of atoms differs from that used in the NMR characterization.
Selected distances [A] and angles [°]: Cr1-C1: 2.200(2), Cr1-C2: 2.207(2), Cr1-C3: 2.213(2), Cr1-C4: 2.207(2), Cr1-C4A: 2.178(2), Crl—
CI10A: 2.183(2), Crl-Z(Ar): 1.687(1), C(5)-C(5A)-C(6): 112.6(2), C(9)-C(9A)-C(10): 110.6(2), O10-C10-C10A-C1: -17.2(3), C4-C4A-
C5-05: 4.1(3), C10A-C4A-C5-C5A: -2.4(3), C9A-C10-C10A-C4A: -21.3(3).

Figure 6. Molecular structure of cycloaddition product 13; the numbering of atoms differs from that used in the NMR characterization.
Selected distances [A] and angles [°]: Cr1-C1: 2.196(2), Cr1-C2: 2.211(2), Cr1-C3: 2.211(2), Cr1-C4: 2.202(2), Cr1-C4A: 2.192(1), Crl-
C10A: 2.186(1), Crl-Z(Ar): 1.685(1), C(5)-C(5A)—-C(6): 109.3(1), C(9)-C(9A)-C(10): 106.8(1), C4-C4A-C5-05: 15.4(2), O10-C10-
C10A-C1: -11.6(2).
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which leads to a boat conformation. As is often observed
for complexes of fused arenes the arene rings in 5 and 10—
13 are coordinated unsymmetrically to the metal. Whereas,
in general, the metal is shifted towards the periphery of the
aromatic skeleton, the distances of the chromium atom to
the inner carbon atoms next to the carbonyl groups in com-
plexes 5 and 10-13 are slightly shorter (2.18-2.19 A) than
the distances to the outer C-2 and C-3 atoms of 11-13 and
the C-1 atom of 10 (2.21-2.22 A). This displacement is typi-
cal for electron-withdrawing groups in complexed aromatic
rings.['>] The molecular structures of complexes 11-13 are
depicted in Figures 4, 5, 6 and the crystal data and refine-
ment parameters of 5 and 10-13 are summarized in Table 1.

Conclusions

An efficient synthesis of the parent tricarbonyl(naphtho-
quinone)chromium complex 9 has been established through
complexation of TBDMS-protected naphthohydroquinone
7 followed by desilylation and oxidation. Complex 9 stereo-
selectively adds cyclic and acyclic dienes to its sterically less-
hindered face to give endo [4+2] cycloaddition products in
good-to-excellent yields. The stereocontrol of the bulky
chromium fragment has been demonstrated by X-ray analy-
ses of the cycloaddition products 5 and 10-13.

Experimental Section

General Remarks: All reactions were performed in flame-dried
glassware and under dry argon. Dichloromethane and fert-butyl
methyl ether were dried by distillation from calcium hydride. Petro-
leum ether (40/60) was distilled from lithium aluminium hydride;
dibutyl ether and THF were distilled from sodium. All solvents are
saturated with argon. Cyclopentadiene was freshly prepared from
its dimer. Liquid reactants were carefully degassed using the freeze-
pump-thaw method (three cycles). Silica gel (E. Merck, grade 60,
0.062-0.200 mm or Macherey—Nagel silica gel 60, 0.015-0.025 mm)
was used for column chromatography. TLC was carried out on pre-
coated silica gel sheets (E. Merck 60F254).

'H and '*C NMR spectra were recorded with Bruker AVANCE
300 and DRX 500 instruments. All chemical shifts are given in ppm
relative to CDCl; as the internal standard; J values are given in
Hz. MS (EI) and HR-MS (EI) were recorded with Kratos MS-50
and Thermoquest MAT 95 XL instruments. IR spectra were re-
corded with a Nicolet Magna 550 FT-IR spectrometer. Cyclovol-
tammetry experiments were performed with a Potentiostat/Gal-
vanostat Model Autolab PGSTAT 100, Eco Chemie B.V, appara-
tus.

The following reagents were prepared according to literature pro-
cedures: pentacarbonyl[methoxy(phenyl)carbene]chromium (1) and
naphthol complexes 2a/b and 3a/b.[°"]

1,4-Bis|(tert-butyl)dimethylsiloxy|naphthalene (6): 1,4-Naphthohy-
droquinone (2.47 g, 15.4 mmol) was dissolved in TBME (80 mL)
and NEt; (8 mL, 1.85 equiv.), terz-butyl(chloro)dimethylsilane (7 g,
46.7 mmol, 1.5 equiv.) and a catalytic amount of DMAP (100 mg)
were added to this solution at room temperature. The mixture was
heated at 50 °C for 18 h, cooled to room temperature and washed
twice with water. The organic solvent was removed and the crude
product was purified by column chromatography to afford 4.78 g
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(12.3 mmol) of the silylated product as a colourless oil which solidi-
fied after several days. Yield: 80%; R; = 0.8 (PE/TBME, 2:1). 'H
NMR (300 MHz, CDCls, 25 °C): 6 = 0.29 (s, 12 H, Si(CHj3),), 1.13
(s, 18 H, SiC(CHj3)3), 6.75 (s, 2 H, H-2, H-3), 7.49 (dd, 3J(H,H) =
6.5, *Jun = 3.3Hz, 2 H, H-Ar), 8.16 (dd, *Jyu = 6.5, *Jyn =
3.3 Hz, 2 H, H-Ar) ppm. '3C NMR (75 MHz, CDCls, 25 °C): § =
—4.2 (Si(CHs),), 18.5 (SiC(CH3)3), 26.0 (SiC(CH3)3), 112.2 (C-Ar),
122.6 (C-Ar), 125.4 (C-Ar), 128.8 (C-Ar), 145.7 (C-Ar) ppm. MS
(EL, 70 eV): m/z (%) = 388 (100) [M]*, 331 (44) [M — C4H,]*, 273
(3) [M - C4Hy, C4Hyo]*. HR-MS: calcd. for C,,H360,Si,:
388.225387; found 388.2256.

Tricarbonyl[(n°-1,2,3,4,4a,82a)-5,8-bis|(tert-butyl)dimethylsiloxy]-
naphthalene|chromium (7): 1,4-Bis[(zert-butyl)dimethylsiloxy]naph-
thalene (6) (1.46 g, 3.75 mmol) and Cr(CO)s (550 mg, 2.5 mmol),
nBu,O (15 mL) and THF (3 mL) were placed in a round-bottomed
flask equipped with a condenser. The mixture was protected from
light and stirred at 120 °C (oil bath temperature) for 74 hours. The
solvent was removed under reduced pressure at 50 °C. The crude
product was purified by column chromatography to afford 1.26 g
of complex 7 as an orange solid. Yield: 96%; R; = 0.63 (PE/TBME,
3:1). 'TH NMR (500 MHz, CDCls, 25 °C): § = 0.33 (s, 6 H, SiCH3),
0.36 (s, 6 H, SiCH3), 1.11 (s, 18 H, SiC(CH,)3), 5.48 (dd, 3Jyy =
5.2, “Juu = 2.85Hz, 2 H, H-Ar), 6.41 (dd, 3Juy = 5.2, Yun =
2.85Hz, 2 H, H-Ar), 6.52 (s, 2 H, H-Ar) ppm. '3C NMR
(125 MHz, CDCls, 25°C): 6 = -4.5 (SiCH3), —4.4 (SiCH3), 18.3
(SiC(CH3)3), 25.8 (SiC(CH3)3), 86.0, 91.6 (5-C, 6-C, 7-C, 8-C),
101.2 (4a-C, 8a-C), 111.1 (2-C, 3-C), 144.7 (1-C, 4-C), 232.1
(Cr(CO)3) ppm. IR (PE): ¥(C=0) = 1972, 1909, 1900 cm™'. MS (EI,
70 eV): mlz (%) = 524 (8) [M]*, 468 (6) [M — 2CO]*, 460 (100) [M —
3CO]J*, 388 (40) [M — Cr(CO)3]". HR-MS: calcd. for
C,5H36CrOsSi,: 524.150641; found 524.1509.

Tricarbonyl|[(n°-1,2,3,4,4a,8a)-1,4-naphthohydroquinone|chromium
(8): Complex 7 (525 mg, 1 mmol) was dissolved in zert-butyl methyl
ether (20 mL) and a 1 M solution of tetrabutylammonium fluoride
in THF (3 mL) was added to this solution. The reaction mixture
was stirred for 30 min at room temperature and the solvent was
then decanted from the brown oil. The residue was hydrolyzed with
an aqueous solution of NaHCO; and extracted with terz-butyl
methyl ether. The solvent was evaporated at reduced pressure to
give a red oil which was used directly in further reactions. IR (PE):
¥(C=0) = 1969, 1905, 1892 cm™.

General Procedure for the Preparation of Quinone Complexes 4a, 4b
and 9: The corresponding hydroquinone (monomethyl ether) com-
plexes were dissolved in tert-butyl methyl ether (0.05-0.1 molL™").
MgSO, (ca. 2 gmmol ') and Ag,O (1.5-2 equiv.) were added to
the solution and the mixture was stirred for 30-60 min at room
temperature. The reaction was monitored by TLC and IR spec-
troscopy. The mixture was then filtered, and the solvent of the fil-
trate was evaporated. The residue was purified by chromatography
using petroleum ether/fert-butyl methyl ether (3:1) as eluent to give
the quinone complexes as violet solids.

Tricarbonyl[(n°-1,2,3,4,4a,82)-6,7-diethyl-5,8-naphthoquinone]chro-
mium (4a): Yield: 20%; R; = 0.34 (PE/TBME, 3:1). 'H NMR
(500 MHz, CDCl3, 25 °C): 6 = 1.13 (t, 3Jy.u = 7.55 Hz, 6 H, CH3),
2.53 (dq, 2Jym = 12.5, 3Jyy 7.55Hz, 2 H, CH.), 2.62 (dq, >Jn
= 12.5, 3Jynu 7.55Hz, 2 H, CH,), 5.67 (dd, 3Jyu = 4.8, 3Jyn =
2.8 Hz, 2 H, H-Ar), 6.21 (dd, 3Jgy i = 4.8, 3Jyn = 2.8 Hz, 2 H, H-
Ar) ppm. 3C NMR (125 MHz, CDCl;, 25°C): 6 = 13.6 (CHj),
20.2 (CH,CHs;), 89.7, 92.2 (C-5- to C-8-Ar), 92.7 (C-4a-Ar, C-8a-
Ar), 148.2 (C-2, C-3), 184.4 (C=0), 229.9 (Cr(CO)3) ppm. IR (PE):
Y(C=0) = 1993, 1946, 1940 cm™'. MS (EI, 70 eV): m/z (%) = 350
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(15) [M]*, 294 (12) [M — 2COJ*, 266 (100) [M — 3COJ*, 214 (13)
[M — Cr(CO)5J*, 52 (61) [Ct]*.

(R,/S,)-Tricarbonyl[(n°-1,2,3,4,4a,8a)-6-propyl-5,8-naphthoqui-
none|chromium (4b): Yield: 16%; Ry = 0.27 (PE/TBME, 3:1). 'H
NMR (300 MHz, CDCls, 25°C): = 0.99 (t, 3Jyu = 7.3 Hz, 3 H,
CHs), 1.59 (m, 2 H, CH,), 2.41 (dddd, 2Jyy = 14.9, 3Jyy 1 = 8.29,
3Jan = 6.8, #Jin = 1.3 Hz, 1 H, CH,), 2.55 (dddd, 2/ 11 = 14.9,
3an = 847, 3Jyn = 6.5, *Jyy = 1.3Hz, 1 H, CH,), 5.70 (m, 2
H, H-Ar), 6.17 (m, 2 H, H-Ar), 6.67 (t, /g = 1.3 Hz, 1 H, H-
3) ppm. 3C NMR (75 MHz, CDCls, 25 °C): § = 13.7 (CHj3), 21.2
(CH,CHy), 31.8 (Ar-CH,), 89.7, 89.9, 92.1, 92.3 (C-5- to C-8-Ar),
92.5,92.7 (C-4a-Ar, C-8a-Ar), 134.0 (C-2), 152.0 (C-3), 184.5, 184.8
(C=0), 229.7 (Cr(CO);) ppm. IR (PE): v(C=0) = 1993, 1945,
1940 cm™!. MS (EL, 70 eV): m/z (%) = 336 (17) [M]*, 280 (9) [M —
2COJ*, 252 (100) [M - 3CQJ*, 200 (14) [M — Cr(CO)s]*, 185 (4)
[Masgo — CH3]", 157 (4) [M»oo — CH5COJ*, 105 (5) [C{HsCO]", 76
(3) [CsH4l™, 52 (42) [Cr]*. HR-MS: calcd. for C;4H;,CrOs:
336.00898; found 336.0086.

Tricarbonyl[(n°-1,2,3,4,4a,82a)-5,8-naphthoquinone|chromium (9):
Yield: 86 % from (7); Ry = 0.48 (PE/TBME, 3:1). '"H NMR
(300 MHz, CDCl3, 25°C): 6 = 5.72 (dd, 3Jyu = 4.9, *Jyn =
2.83 Hz, 2 H, H-Ar), 6.15 (dd, 3Jiz . = 4.9, “Jyn = 2.83Hz, 2 H,
H-Ar), 6.87 (s, 2 H, H-2, H-3) ppm. 3C NMR (75 MHz, CDCl;,
25°C): 0 = 89.8, 92.2 (C-5- to C-8-Ar), 92.1 (C-4a-Ar, C-8a-Ar),

138.5 (C-2, C-3), 184.5, (C=0), 229.5 (Cr(CO)3) ppm. IR (PE):
$(C=0) = 2002, 1950 cm™'. MS (EI, 70 eV): m/z (%) = 294 (24)
[M]*, 238 (11) [M - 2CQOJ*, 210 (62) [M — 3CO]*, 158 (100) [M —
Cr(CO);5]*, 138 (38) [M;s5 — COJ*, 102 (38) [Msg — 2 CO]. HR-
MS: calcd. for C;3H¢CrOs: 293.962033; found 293.9614.

General Procedure for the Cycloaddition Reaction: The quinone
complex (=0.1 mmol) was dissolved in the diene (=0.5 mL). The
reaction details are given in Scheme 4. The reaction was monitored
by TLC while product formation was accompanied by a colour
change from violet to orange. The solvent was evaporated at re-
duced pressure and the residue was purified by chromatography
using a petroleum ether/zert-butyl methyl ether mixture (2:1) as elu-
ent to give the cycloaddition products as orange solids.

Tricarbonyl[(S,,5R,8S5,8aR,10a5)/(R,,55,8R,8a5,10aR)-(n°-
1,2,3,4,4a,92)-(5,8,8a,10a-tetrahydro-5,8-methano-8a-propylanthra-
cene-9,10-dione)|chromium (5): Yield: 29%; R; = 0.47 (PE/TBME,
2:1). '"H NMR (500 MHz, CDCl3, 25°C): 6 = 0.93 (t, *Ju.q =
6.97 Hz, 3 H, CH3;), 1.44 (m, 4 H), 1.53 (d, 2Jyu = 8.9 Hz, 1 H,
bridge-CH.>), 1.76 (d, 2Jy i = 9.2 Hz, 1 H, bridge-CH.,), 2.25 (m,
1 H, CH,CH,CHj;), 3.07 (d, *Jy iy = 3.8 Hz, 1 H, H-11), 3.17, 3.45
(m, 1 H, H-1, H-12), 542 (gpent, 1 H, H-Ar), 5.72 (d, 3Juy =
3.4 Hz, 2 H, H-Ar), 5.96 (dd, 3Jyu = 2.8, 3Jyu = 5.7Hz, 1 H, H-
13 or H-14), 6.08 (dpent, 2 H, H-Ar and H-13 or H-14) ppm. 13C
NMR (125 MHz, CDCl;, 25 °C): 6 = 14.6 (CH3), 19.4 (CH,CHy),

Table 1. Crystal data and structure refinement parameters of 5 and 10-13.

Compound 5 10 11 12 13

Empirical formula Cz]ngcros C]gH]zCrO5 C19H16Cr05'1/2Et20 C19H|4Cr05 C20H16CI'O(,

Formula weight 402.35 360.28 413.38 374.30 404.33

Temperature [K] 123(2) 123(2) 123(2) 123(2) 123(2)

Wavelength [A] 0.71073 0.71073 0.71073 0.71073 0.71073

Crystal system monoclinic orthorhombic monoclinic triclinic monoclinic

Space group P21/n (No.14) Pbem (No.57) P2/n (No.13) P1 (No.2) P21/c (No.14)

Unit cell dimensions

a[A] 10.7269(2) 10.5607(2) 7.4673(2) 6.9355(2) 13.6285(3)

b [A] 13.3225(2) 12.7293(3) 11.1415(4) 9.5951(2) 11.3366(2)

c[A] 12.7476(2) 11.0576(2) 22.7458(9) 12.5084(4) 11.6997(2)

a ] 90 90 90 93.664(1) 90

L] 99.620(1) 90 90.480(1) 95.636(1) 109.779(1)

7 [°] 90 90 90 108.044(1) 90

v [A3 1796.13(5) 1486.48(5) 1892.31(11) 783.71(4) 1700.97(6)

Z 4 4 4 2 4

Deaica. [gem™3] 1.488 1.610 1.451 1.586 1.579

u [mm'] 0.667 0.796 0.637 0.758 0.709

F(000) 832 736 860 384 832

Crystal size [mm] 0.45x0.30%0.15 0.50%0.40x0.15 0.30x0.15%0.15 0.60x0.50%0.40 0.50%0.40%0.30

Diffractometer Nonius-KappaCCD  Nonius-KappaCCD  Nonius-KappaCCD  Nonius-KappaCCD  Nonius-KappaCCD

20max [°] 50 55 50 55 55

Limiting indices -12=h=12 -13=h=13 8=h=8 8=h=9 -17=h=17
-15=k=15 -l6=k=16 -12=k=13 -2=k=12 -l4=k=14
-15=/=15 -14=/=13 27=1=27 -l6=1=15 -15=/=15

Reflections collected/  33853/3144 13203/1769 14574/3295 11563/3478 19612/3810

unique
Refinement method

[R(int) = 0.0394]
Full-matrix least-
squares on F>

[R(int) = 0.0431]
Full-matrix least-
squares on F>

[R(int) = 0.0429]
Full-matrix least-
squares on F?

[R(int) = 0.0365]
Full-matrix least-
squares on F?

[R(int) = 0.0344]
Full-matrix least-
squares on F>

Paramters/restrains 244/0 115/0 267/78 226/0 244/0
Goodness-of-fit on F2 1.084 1.055 0.986 1.060 1.069
Final R indices R; = 0.0250, R, = 0.0272, R, = 0.0347, R, = 0.0277, R, = 0.0275,
[I > 2a(1)] wR, = 0.0687 wR, = 0.0773 wR, = 0.0813 wR, = 0.0736 wR, = 0.0774
R indices (all data) R; = 0.0305, R, = 0.0328, R, = 0.0565, R, = 0.0311, R, = 0.0331,
wR, = 0.0708 wR, = 0.0800 wR, = 0.0887 wR, = 0.0752 wR, = 0.0794
Largest diff. peak/ 0.259/-0.302 0.275/-0.478 0.254/-0.263 0.374/-0.434 0.329/-0.393
hole [e A3
2626 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjoc.org Eur. J. Org. Chem. 2005, 2620-2628
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42.8 (CHy-Ar), 47.5 (bridge-CH,), 51.6, 55.6 55.7 (C-1, C-11, C-
12), 57.8 (C-2), 86.6, 90.2, 90.7, 94.2 (C-5, C-6, C-7, C-8), 95.2,
96.8 (C-4, C-9), 135.5, 137.7 (C-13, C-14), 198.4, 198.6 (C-3, C-10),
229.3 (Cr(CO)s) ppm. IR (PE): ¥(C=0) = 1998, 1944, 1934 cm™.
MS (FAB): m/z (%) = 402 (3) [M]*, 346 (3) [M — 2COJ*, 336 (2)
[M — CsHgl*, 318 (3.5) [M — 3COJ*, 280 (2) [M — 2CO — CsHg]*,
252 (100) [M — 3CO — CsHgl*, 200 (18) [M — Cr(CO);, CsHg]*, 66
(90) [CsHq]", 52 (65) [Cr]*, 43 (53) [C5H,]*. HR-MS: caled. for
Cy1H,5CrO5: 402.0559; found 402.0564.

Tricarbonyl[(5R,85,8aR,10aS5)-(n°-1,2,3,4,4a,92)-(5,8,82a,10a-tetra-
hydro-5,8-methanoanthracene-9,10-dione)|chromium (10): Yield:
66%; Ry = 0.64 (PE/TBME, 1:1). "TH NMR (500 MHz, CDCls,
25°C): § = 1.50 (m, 1 H, bridge-CH,), 1.57 (dt, 2Jyy.1; = 8.84, 3Ju
= 1.83 Hz, 1 H, bridge-CH,), 3.41 (dd, 3Jyu = 2.1, 3Jyu =
1.67 Hz, 2 H, H-2, H-11), 3.66 (m, 2 H, H-1, H-12) 5.60 (dd, 3Jy; ;1
=5.06, *Jyu = 2.80 Hz, 2 H, H-Ar), 5.93 (dd, 3/ = 5.01, “Jun
= 2.85Hz, 2 H, H-Ar), 6.12 (t, 3Jyu = 1.56 Hz, 2 H, H-13, 14
H) ppm. '*C NMR (125 MHz, CDCls, 25°C): 6 = 48.3 (bridge-
CH,), 48.7, 49.1 (C-2, C-11 and C-1, C-12), 88.9, 92.6 (C-5, C-6,
C-7, C-8), 96.0 (C-4, C-9), 1359 (C-13, C-14), 196.3 (C-3, C-10),
228.9 (Cr(CO)3) ppm. IR (PE) ¥(C=0): 2000, 1946 cm™'. MS (EI,
70 eV): mlz (%) = 360 (24) [M]*, 304 (20) [M — 2CQJ*, 276 (38)
[M —3COJ*, 224 (12) [M - Cr(CO);3]*, 210 (100) [M - 3CO — CsHg].
HR-MS: calced. for C;gH;,CrOs: 360.008983; found 360.0092.

Tricarbonyl|(8aR,10a5)-(n°-1,2,3,4,4a,92)-(5,8,8a,10a-tetrahydro-
5,7-dimethylanthracene-9,10-dione)]chromium (11): Yield: 93%; Ry
= 0.32 (PE/TBME, 2:1). '"H NMR (500 MHz, CDCl;, 25°C): § =
1.64 (s, 6 H, CH3), 2.14 (m, 2 H, CH,), 2.50 (m, 2 H, CH,), 3.35
(ddd, 3y = 6.5, 3Jyn = 4.74, 3Jun = 1.77 Hz, 2 H, CH), 5.61
(dd, 3Jyp = 5.01, “Jy = 2.78 Hz, 2 H, H-Ar), 5.97 (dd, 3Jp g =
4.99, *Jy 1y = 2.84 Hz, 2 H, H-Ar) ppm. 13C NMR (125 MHz,
CDCls, 25°C): 0 = 18.8 (CH3), 30.6 (CH»), 45.9 (CH), 89.1, 92.5
(C-5, C-6, C-7, C-8), 94.3 (C-4, C-9), 123.4 (C-13, C-14), 1974
(C=0), 229.2 (Cr(CO)3) ppm. IR (PE): ¥(C=0) = 2000, 1948,
1939 cm!. MS (EI, 70 eV): m/z (%) = 376 (38) [M]*, 320 (16) [M —
2COJ*%, 292 (88) [M — 3CO]*, 240 (16) [M — Cr(CO);]. HR-MS:
caled. for CoH;4CrOs: 376.040283; found 376.0409.

Tricarbonyl[(5R,85,8aR,10aS5)-(n°-1,2,3,4,4a,92)-(5,8,82a,10a-tetra-
hydro-5,8-ethanoanthracene-9,10-dione)|chromium (12): Yield: 88 %;
Ry = 0.35 (PE/TBME, 2:1). '"H NMR (500 MHz, CDCl,, 25 °C): &
=1.33 (m, 2 H, CH,), 1.69 (m, 2 H, CH,), 3.10 (m, 2 H, CH), 3.34
(m, 2 H, CH), 5.60 (dd, 3Jy i = 5.14, “Jyu = 2.80 Hz, 2 H, H-
Ar), 5.95 (dd, 3Jy = 5.14, 4Jy = 2.80 Hz, 2 H, H-Ar), 6.25 (dd,
3Jum = 4.52, 3Jun = 3.11 Hz, 2 H, H-13, H-14) ppm. 3C NMR
(125 MHz, CDCl3, 25 °C): 6 = 24.5 (CH,), 35.3 (CH), 49.0 (CH),
88.9, 92.6 (C-5, C-6, C-7, C-8), 95.8 (C-4, C-9), 134.0 (C-13, C-14),
196.3 (C=0), 228.9 (Cr(CO);) ppm. IR (PE): ¥(C=0) = 1998, 1949,
1937 cmt. MS (EI, 70 eV): m/z (%) = 374 (21) [M]*, 318 (18) [M —
2COJ*, 290 (100) [M - 3CO]J*, 238 (8) [M — Cr(CO)3]*, 210 (72)
[M - 3CO - C¢H,o]. HR-MS: calcd. for C;9H 4CrOs: 374.024633;
found 374.0248.

Tricarbonyl[(S,,,SR,SR,SaS,10aS)I(Rp,SS,SS,SaR,10aR)-(1]"-
1,2,3,4,4a,9a)-(5,8,8a,10a-tetrahydro-5-methoxy-5,8-ethanoanthra-
cene-9,10-dione)|chromium (13): Yield: 88%; R; = 0.42 (PE/TBME,
1:2). 'TH NMR (500 MHz, CDCl;, 25 °C): 6 = 1.40 (m, 1 H, CH,),
1.56 (dd, 2Jyu = 12.21, 3y = 3.17 Hz, 1 H, CHy), 1.85 (m, 1 H,
CH,), 2.06 (dd, 2Jy gy = 10.64, 3Jyy = 3.01 Hz, 1 H, CH,), 3.16
(dd, 3Jy = 8.76, 3Jy g = 2.73 Hz, 1 H, CH), 3.19 (m, 1 H, CH),
3.45 (d, 3Jyu = 8.85, 1 H, CH), 3.50 (s, 3 H, OCHj), 5.53 (dd,
3Jam = 6.26, 4Jyn = 1.38 Hz, 1 H, H-Ar), 5.58 (dd, 3Jy 1 = 6.22,
4Jun = 1.26 Hz, 1 H, H-Ar), 5.90 (dd, 3y = 6.40, 4Ty =
1.32 Hz, 1 H, H-Ar), 5.99 (dd, 3Jyy = 6.40, Jy 1y = 1.32 Hz, 1 H,
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H-Ar), 6.12 (dd, 31 = 1027, 33y = 8.76 Hz, 1 H, H-13 or H-
14), 6.14 (d, /gy = 8.66 Hz, 1 H, H-13 or H-14) ppm. 3C NMR
(125 MHz, CDCl, 25 °C): 6 = 24.1 (CH,), 29.0 (CH,), 36.5 (CH),
50.2 (OCHs), 50.4 (CH), 51.2 (CH), 79.8 (COCHj), 88.8, 90.1, 92.2,
92.3 (C-5, C-6, C-7, C-8), 94.7, 96.7 (C-4, C-9), 131.5, 136.3 (C-13,
C-14), 192.4, 195.8 (C=0), 229.0 (Cr(CO);) ppm. IR (PE): %(C=0)
= 2000, 1945 cm'. MS (EL 70 eV): m/z (%) = 404 (4) [M]*, 348
(3) [M - 2COJ*, 320 (17) [M — 3COJ"*, 294 (12) [M - C,H,,0]*,
210 (53) [M — 3CO — C,H,,0]. HR-MS: caled. for CaoH;¢CrOg:
404.035198; found 404.0348.

Crystal Structure Determination of Cycloaddition Products 5 and
10-13: Dark-red crystals of complexes were grown from diethyl
ether at room temperature. Data were collected with a Nonius-
Kappa CCD diffractometer at 123 K. The molecular structures of
5, 10, 11 and 13 were solved by direct methods (SHELXS-97).1¢]
The molecular structure of 12 was solved by Patterson methods.
An empirical absorption correction was applied to the data of 10.
The non-hydrogen atoms were refined anisotropically on F?
(SHELXS-97);1'"71 hydrogen atoms were refined isotropically using
a riding model.

CCDC-243070 (for 5), -243071 (for 10), -243072 (for 11), -243073
(for 12) and -243074 (for 13) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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