FULL PAPER

Synthesis and Spectroscopic Characterization of [1'-#C]Ubiquinone-2, [1’-'4C]-
5-Demethoxy-5-hydroxyubiquinone-2, and [1'-*C]-5-Demethoxyubiquinone-2

Anita van der Klei,! Robertus L. P. de Jong, Johan Lugtenburg,*! and
Aloysius G. M. Tielens!?!
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[1’-“C]Ubiquinone-2, [1'-14C]-5-demethoxy-5-hydroxyu-
biquinone-2, and [1’-'*C]-5-demethoxyubiquinone-2 have
been synthesised from [1-“C]Jacetic acid. A common feature
of these benzoquinones is the isoprenoid chain, and the #C-
label has therefore been incorporated in this isoprenoid. The

coupling of the different quinone head groups and the iso-
prenoid chain is the last step in the total synthesis, to prevent
unnecessary loss of the labelled material during synthesis.
The products have been characterised by mass spectrometry,
'H NMR and *C NMR.

Introduction

Quinones are found in biomembranes, where they func-
tion as electron carriers and scavengers of free radicals.[!-]
Several types of quinones are known to function as essen-
tial electron transporters in the electron-transport chain of
many organisms.

Ubiquinone, a 1,4-benzoquinone, functions in bacteria
and eukaryotes as an electron transporter in aerobic meta-
bolism.['-?] Deficiencies in the amounts of quinones are
known to result in malfunctioning of the organism, and
supplementation with quinones is used in the treatment of
patients with cardiovascular diseases.!!

In contrast to this aerobically functioning electron trans-
porter, an anaerobically functioning electron transporter,
rhodoquinone, is found in several (facultative) anaer-
obically functioning eukaryotes, such as parasitic helminths,
sea mussels and oysters.*! As parasitic diseases are still a
serious threat to the health of humans and animals,>:% new
antiparasitic drugs are urgently needed. When parasitic hel-
minths have invaded the host animal, the metabolism of the
parasite often switches from aerobic to anaerobic, and then
uses thodoquinone as an electron transporter.[*”] As rhodo-
quinone is absent in their hosts, the biosynthesis of rhodo-
quinone could be a suitable target for antiparasitic drugs
and deserves further investigation.

The biosynthesis of ubiquinone is completely known.[®!
The only difference between rhodoquinone and ubiquinone
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Figure 1. The last three steps of the ubiquinone biosynthesis in
eukaryotic organisms, and the proposed precursors of rhodoqui-
none biosynthesis; in mammals and rats, n = 10 and n = 9, respect-
ively; in this paper systems with n = 2 have been prepared

is an amino group in place of a methoxy group at the 5-
position (Figure 1). The biosynthesis of rhodoquinone is
believed to be very similar to that of ubiquinone, except for
the last step (Figure 1). To unravel the biosynthetic route to
rhodoquinone, *C-labelled ubiquinone biosynthesis inter-
mediates are needed. We have therefore optimised synthetic
schemes for the incorporation of a '*C-label in the 1'-posi-
tion of the side chain in the following compounds: ubiqui-
none-2  [5,6-dimethoxy-3-methyl-2-diprenylbenzoquinone,
see Figure 2; diprenyl = 3,7-dimethyl-2,6-octadienoyl (=
geranyl)], 5-demethoxy-5-hydroxyubiquinone-2 (5-hydroxy-
6-methoxy-3-methyl-2-diprenylbenzoquinone, see Figure 2),
and S-demethoxyubiquinone-2 (6-methoxy-3-methyl-2-di-
prenylbenzoquinone, see Figure 2). The synthesis of these
quinones will be described in this article.

Results and Discussion

To enable the introduction of the '“C-label, the synthesis
of the isoprenoid chain started from acetic acid (Scheme 1).
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Figure 2. Structure and IUPAC numbering of [1’-1>Clubiquinone-
2 (1), [1’-'"*CJubiquinone-2 (1a), [1’-'>C]-5-demethoxy-5-hydroxyu-
biquinone-2 (2), [1’-'*C]-5-demethoxyubiquinone-2 (2a), [1’-1>C]-5-
demethoxyubiquinone-2 (3), [1'-'*C]-5-demethoxyubiquinone-2
(3a), ubiquinone-0 (10), 3-demethoxy-3-hydroxyubiquinone-0 (20),
and 3-demethoxyubiquinone-0 (30) (“a” indicates the position of
the '*C-label); note the difference in the numbering between the
quinones with and the quinones without isoprenoid chains

Tri-n-butyl(geranyl)tin (13) was used for the synthesis of
ubiquinone-2 (1) and 5-demethoxy-5-hydroxyubiquinone-2
(2), while geranyl bromide (14) was used for the synthesis of
5-demethoxyubiquinone-2 (3). The coupling of the different
quinone head groups and the isoprenoid chains is the last
step in the total synthesis, so as to prevent unnecessary loss
of the radioactive material during synthesis. For this reason
we developed novel and more efficient synthetic schemes
for these compounds. These schemes were first optimised
using only unlabelled starting material.

Synthesis of Geranyl Bromide (14)

Acetic acid (17) was selected as starting material, as we
wanted to insert a '“C-label into the isoprenoid chain and
as [1-'*C]sodium acetate in water is commercially available.
The water was removed by co-evaporation with toluene,
and the sodium acetate was subsequently dissolved in an
excess of unlabelled acetic acid, as the total amount was
otherwise too small to perform the synthesis with. It was
not possible to use more of the undiluted labelled material,
as the permitted total amount of radioactivity is limited.

0 . 0o 0O
i. PBr3, Br,, EtOH ]
EtO),P
)aJ\OH T (EO),P (EtO), \)}OEt
17: 1-%¢ 16: 1-%C
17a: 1-%¢C 16a: 1-°C
___»PBr3 )\/\/k/\
N, = 2 Br
- 14: 1%

14a: 1-4C

The synthesis of ethyl bromoacetate was performed by
a Hell—Volhard—Zelinsky approach, acetic acid (17) being
brominated with freshly distilled PBr; and Br, and sub-
sequently esterified with freshly distilled absolute ethanol.l]
Purification by distillation gave ethyl bromoacetate in
quantitative yield (Scheme 1). Triethyl phosphite was added
to ethyl bromoacetate, to yield triethyl phosphonoacetate
(16) by an Arbusov reaction in quantitative yield after dis-
tillation under reduced pressure. 6-Methyl-5-hepten-2-one
was treated with lithiated triethyl phosphonoacetate in a
Wittig reaction to yield pure ethyl 3,7-dimethyl-2,6-octad-
ienoate (81%) after distillation. This metallation of triethyl
phosphonoacetate (16) with NaH has also been de-
scribed,!'Y but we preferred nBuLi for the metallation, as
this reagent reacts faster and is easier to work with. Fur-
thermore the product ethyl 3,7-dimethyl-2,6-octadienoate
was obtained in an apparently higher yield. This compound
was reduced to geraniol (15) with Dibal-H in 92% yield
after vacuum distillation.['” Geraniol (15) was brominated
with freshly distilled PBr; in the presence of a catalytic
amount of pyridine!!?! in 97% yield. In earlier attempts the
bromination of geraniol (15) gave more then 100% yield,
probably caused by the presence of HBr in the product due
to the use of impure PBr;. Therefore the use of very pure
or distilled PBr3 is recommended. Geranyl bromide was
purified by vacuum distillation at 67—70 °C. This com-
pound should not be heated above 80 °C, because of the
thermal lability of geranyl bromide (14).

The same route was used for the synthesis of [1-1#C]ger-
anyl bromide (14a).

Synthesis of Tri-n-butyl(geranyl)tin (13)

Tri-n-butyl(geranyl)tin (13) has been synthesised by a
Barbier cross—coupling of geranyl bromide (14) and tri-n-
butyltin chloride in the presence of activated magnesium!'!]
(Scheme 1). Vacuum distillation gave the pure product in
65% yield. This method proved to be more reliable than a
method described earlier,['?! in which lithium diisopropyla-
mide and tri-n-butyltin hydride were used as reagents. The
same route was used for the synthesis of tri-n-butyl([1-
14C)geranyl)tin (13a).

Synthesis of 3-Demethoxy-3-hydroxyubiquinone-0 (20)

With respect to the synthesis of 5-demethoxy-5-hydroxy-
ubiquinone-2, it might seem a quick approach to remove
the methyl group from the 5-methoxy group of ubiquinone-
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15a: 1-MC

Mg, (C4Hg);SnCl /K/\)\/\

g a " SnBuy
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Scheme 1. Synthesis of geranyl bromide (14) and tri-n-butyl(geranyl)tin (13) (“a” indicates the position of the '*C-label)
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2. However, this approach is not specific, as there are two
methoxy groups present, and so this should result in an
isomeric mixture of 5-demethoxy-5-hydroxyubiquinone-2
and 6-demethoxy-6-hydroxyubiquinone-2. A novel syn-
thetic scheme for the synthesis of 5-demethoxy-5-hydroxyu-
biquinone-2 was therefore designed.

For the synthesis of 2,3-dihydroxy-4,5-dimethoxytoluene
(6) from 3.4,5-trimethoxytoluene (7; Scheme 2) a 2modi-
fication of the procedure described by Baker and Rais-
trick("3] was used. Friedel—Crafts acylation of 3,4,5-trime-
thoxytoluene (7) was performed by heating the reaction
mixture under reflux with excess of AICl; and acetyl chlor-
ide for 3 h. Pure 2-acetyl-3-hydroxy-4,5-dimethoxytoluene
was obtained by recrystallization, in 64% yield. The acetyl
group was substituted by a hydroxy group by means of a
modified Dakin reaction with NaOH and H,O,. Purifica-
tion of the crude compound by recrystallization yielded
95% of 2,3-dihydroxy-4,5-dimethoxytoluene (6). Oxidation
of this with sodium chlorate in the presence of a catalytic
amount of V,0s'¥ gave the corresponding ubiquinone de-
rivative 20 in 95% yield. A previously described CAN ox-
idation"”) on compound 6 was not reproducible in our
hands.

, OH
i. AcCl,
MCO:Q/ alcy, - 1O NaClO, 1O
i1, NaOH, V205
MeO H,0, MeO MeQO
OMe OMe O
7 6 20

Scheme 2. Synthesis of 3-demethoxy-3-hydroxy-ubiquinone-0 (20)

Synthesis of 3-Demethoxyubiquinone-0 (30)

To convert 1,3-cyclohexadione (12) into 3-methoxy-6-
methylphenol (9), in four steps, an optimised synthesis ad-
apted from Boers was performed.!'?!

Treatment of 1,3-cyclohexadione (12) with trimethyl or-
thoformate in the presence of acid and under nitrogen gave
3-methoxy-2-cyclohexenone in 95% yield (Scheme 3). This
reaction was a modification of the literature
procedure.[16~ 18l 3-Methoxy-2-cyclohexenone was
metallated at the 6-position with lithium diisopropylamide
and subsequently methylated with iodomethane, yielding 3-
methoxy-6-methyl-2-cyclohexenone (11, 88%).  After
lithiation of this with lithium diisopropylamide and silyl-

o o
b i. CH(OCH;)3 b/ i. LDA, CH3SiCl
ii. LDA, ICH; ii. MnO,
0 MeO iii. HC1
12 11
OH
/©/ (KSO4),NO
s ——
MeO MeO
o
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Scheme 3. Synthesis of 3-demethoxyubiquinone-0 (30)
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ation with chlorotrimethylsilane, the corresponding trime-
thylsilyl ether was obtained in 97% yield. This was oxidized
to  3-methoxy-6-methyl-1-(trimethylsiloxy)benzene  with
MnO, in 96% yield and subsequently treated with acid to
remove the trimethylsilyl group (90% yield). Purification by
distillation afforded the phenol 9 in a total yield of 70%
from 1,3-cyclohexadione (12).

Oxidation of this phenol derivative 9 with potassium
nitrosodisulfonate (Fremy’s salt)'>2% gave ubiquinone-0
(30), which was purified by silica gel chromatography to
yield the benzoquinone 30 (68%).

Synthesis of Ubiquinone-2 (1)

This synthesis was performed in one step from commer-
cially available ubiquinone-0 (10) (Scheme 4). Tri-n-butyl-
(geranyl)tin (13) was coupled to the ring structure in 90%
yield with boron trifluoride—diethyl ether as catalyst and
FeCl; as oxidant, as described in the literature.*:>? The
same route was used for the synthesis of [1’-*Clubiqui-
none-2 (1a).

Synthesis of 5-Hydroxy-5-demethoxyubiquinone-2 (2)

No coupling reaction between 3-demethoxy-3-hydroxyu-
biquinone-0 (20) and tri-n-butyl(geranyl)tin (13) was ob-
served. We therefore protected the hydroxy group with an
acetyl group, by heating under reflux in acetic anhydride
(Scheme 4). Tri-n-butyl(geranyl)tin (13) was coupled, by a
kind of Sakurai reaction,>>?4 to 3-acetoxy-2-methoxy-5-
methyl-1,4-benzoquinone (5). It is important to keep the
temperature of this reaction low (about —60 °C), as higher
temperatures result in a variety of undefined side-products.
This is in contrast to the coupling of tri-n-butyl(geranyl)tin
(13) to ubiquinone-0 (10), which was performed from —30
°C to room temperature. After purification on silica gel, 3-
acetoxy-6-geranyl-2-methoxy-4-methyl-p-benzoquinone
was obtained in 75% yield. It is important to perform the
silica gel purification at this point, as it is not possible to
purify the end product 2 on silica gel, due to its instability.
The O-acetyl group was removed by addition of a dilute
K,COj; solution. As the presence of oxygen in water des-
troys the product, this reaction should be performed under
nitrogen. We therefore passed nitrogen gas through the re-
action mixture during the whole procedure. The product 2
was purified by an extraction procedure with base and acid
under exclusion of air and the very pure product was ob-
tained in 84% yield.

The same route was used for the synthesis of [1’-14C]-5-
demethoxy-5-hydroxyubiquinone-2 (2a).

Synthesis of 5-Demethoxyubiquinone-2 (3)

To couple geranyl bromide (14) to 3-demethoxyubiqui-
none-0 (30), the latter compound was protected by per-
forming a cycloaddition reaction with cyclopentadiene, the
Diels—Alder adduct 8 being obtained in 87% yield
(Scheme 4). Treatment of 8 with geranyl bromide (14) in the
presence of tBuOK yielded 56% of the geranyl-substituted
derivative. As the metallated compound 8 is not stable, both

3017



FULL PAPER

A. van der Klei, R. L. P. de Jong, J. Lugtenburg, A. G. M. Tielens

i.13, BF, OEt,
i1. FeCly
“14
0
PO 0
(CH;C0),0 0 i.13,BF;-OE,  HO
MeO . F;Cé?o MeO I =
O m. Ky 3 O
5 2 1%c
2a: 1'M¢C
0 0
i i. 14, fBuOK//BuOH
MeO ii. toluene, A T MeO & x
o] o]
8 3 12¢
3a: 1-14C

Scheme 4. Synthesis of ubiquinone-2 (1), 5-demethoxy-5-hydroxyubiquinone-2 (2), and 5-demethoxyubiquinone-2 (3), from ubiquinone-
0 (10; commercially available), 3-demethoxy-3-hydroxyubiquinone-0 (20; from Scheme 2) and 3-demethoxyubiquinone-0 (30; from Scheme
3), respectively (“a” indicates the position of the '“C-label; 13 and 14 from Scheme 1)

reagents (8 and 14) were added simultaneously at 0 °C to
an excess of the fert-butoxide. After purification on silica
gel, the geranyl derivative was heated under reflux in tolu-
ene (to remove the cyclopentadiene group), and 5-deme-
thoxyubiquinone-2 (3) was obtained in quantitative yield.

The same route was used for the synthesis of [1’-'#C]-5-
demethoxyubiquinone-2 (3a).

Analysis of the End Products

All the end products had a purity of at least 97% and
were characterised by TLC analysis, mass spectrometry, and
'H and '3C NMR spectroscopy.

Our procedure ensured that the label was present only in
the isoprenoid side chain, as the synthesis started with
acetic acid as the only labelled compound. The unlabelled
and the labelled quinones were compared by TLC analysis.
The colours and reference values agreed for both products.
After isolation of the spots corresponding to the [1’-'*CJu-
biquinones from the TLC plates, the specific activities of
the compounds were determined. They were in agreement
with the specific activities of acetic acid at the start of the
synthesis.

The exact masses of 1, 2, 3, 20, and 30 were determined,
and these masses were the same (within experimental error)
as their calculated values.

The '"H NMR spectrum of ubiquinone-2 (1) was com-
pared to the spectrum of commercially available ubiqui-
none-10.1'81 The only differences found for 1 were due to
the shorter length of the isoprenoid chain. The '"H NMR
spectra of 5-demethoxy-5-hydroxyubiquinone-2 (2) and 5-
demethoxyubiquinone-2 (3) were compared to the spectrum
of 1. For 2, one of the methoxy substituents (6 = 3.99 ppm)
was replaced by an extra, broadened signal at & = 6.50 ppm
(OH), while for 3 this methoxy substituent was replaced by
an extra singlet at 6 = 5.88 ppm (H).

3018

Experimental Section

General: All reactions were performed under dry nitrogen, unless
stated otherwise, and dry organic solvents, purified and dried by
standard methods, were used. The reaction temperatures given are
internal temperatures. All chemicals were obtained from Aldrich or
Acros Chimica. NMR spectra were measured with Bruker WM 300
or Bruker AM 600 spectrometers. Proton spectra were measured in
deuteriochloroform with tetramethylsilane as an internal standard
(6 = 0.0 ppm), and carbon-13 spectra were measured in deuterioch-
loroform as an internal standard (6 = 77 ppm). Mass spectra were
performed with a Finnigan MAT 900 (equipped with a direct inser-
tion probe), with a Finnigan MAT 900 (equipped with an elec-
trospray interface), or with a Jeol AX 505 W (equipped with a dir-
ect insertion probe). Melting points were determined with a Biichi
melting point apparatus and are uncorrected. Refraction indices
were measured with a Jena refractometer. TLC analysis was per-
formed on Merck 60 F254 silica gel plates and spots were viewed
under UV light or by staining with phosphomolybdic acid in eth-
anol or with ammonium molybdate tetrahydrate and ammonium
cerium(1v) sulfate dihydrate in a 10% sulfuric acid solution. Puri-
fication was performed by flame distillation or by silica gel chroma-
tography. The specific activities of the '“C-labelled end products
were determined with a Packard 2200CA TRI-CARB Liquid Scin-
tillation Analyser.

Synthesis of Geranyl Bromide (14)

[1-"*C]Acetic Acid (17a): [1-'*C]Sodium acetate (74 MBq) in water
(5 mL) with a specific activity of 2.103 MBg/mmol was purchased.
Toluene was added to remove water by evaporation in vacuo. The
[1-'*C]sodium acetate was dissolved in acetic acid (1.0g,
16.7 mmol). The specific activity of this solution was determined
to be 3.7 MBg/mmol. This specific activity did not change during
the synthesis.

Ethyl [1-'*C]|Bromoacetate and Ethyl Bromoacetate: Phosphorus
tribromide (4.64 g, 17.1 mmol) was added to acetic acid (17, 1.00 g,
16.6 mmol) under nitrogen. Bromine (6.08 g, 38.1 mmol) was ad-
ded over 3 min through a cooler, as this caused an exothermic reac-
tion. After completion of the addition the reaction mixture was red
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and it was heated under reflux for 75 min during which a large
quantity of HBr was evolved, resulting in a clear orange reaction
mixture. Freshly distilled absolute ethanol (2.0 g, 43 mmol) was ad-
ded at room temp. over 3 min, whereupon the temperature rose to
80 °C. After cooling to room temp., the reaction mixture was
heated under reflux for 30 min with evolution of HBr, after which
the reaction mixture still had a reddish colour. The product was
purified by flame distillation at atmospheric pressure under a nitro-
gen stream to remove the last traces of dissolved HBr. Ethyl bro-
moacetate was obtained at 155 °C as a colourless liquid in a quant-
itative yield (2.80 g, 16.6 mmol). 'H NMR (CDCls, 300 MHz): § =
4.24 (q, 3Jy_y = 7.1 Hz, 2 H, OCH,), 3.84 (s, 2 H, CH,), 1.31 (t,
3Ju—u = 7.1 Hz, 3 H, CH;) ppm. '*C NMR (CDCl;, 75 MHz):
8 = 62.3 (CH,), 26.3 (CH,), 14.3 (CH;3) ppm. MS (ESI): m/z = 167.

Triethyl [1-'*C]Phosphonoacetate (16a) and Triethyl Phosphonoacet-
ate (16): Triethyl phosphite (3.4 g, 20 mmol) was added to ethyl
bromoacetate (2.80 g, 16.6 mmol). The reaction mixture was heated
under reflux at 60—80 °C for 30 min, during which some ethyl
bromide evolved. After the mixture had cooled to room temp., ethyl
bromide was distilled off at atmospheric pressure (b.p. 37—40 °C).
Triethyl phosphonoacetate (16) was purified by vacuum distillation
at 20 mbar. After a small forerun, mainly consisting of the excess
triethyl phosphite, triethyl phosphonoacetate (16) was collected at
144—146 °C. A colourless liquid was obtained in a quantitative
yield (3.74 g, 16.6 mmol). 'H NMR (CDCls, 300 MHz): § = 4.17
(m, 6 H, 3 CH,), 2.96 (d, 2Jy_y = 21.5Hz, 2 H, CH,), 1.33 (m, 9
H, 3 CH;) ppm. 3C NMR (CDCls, 75 MHz): § = 165.6 (C=0),
62.4 (CH,), 61.3 (CH,), 35.0 (CH,), 33.2 (CH,), 16.2 (CH;), 16.0
(CH3), 13.7 (CH;3) ppm. MS (ESI): m/z = 225 [M + H], 247 [M
+ Na].

Ethyl [1-14C]3,7-Dimethyl-2,6-octadienoate and Ethyl 3,7-Dimethyl-
2,6-octadienoate:  Triethyl phosphonoacetate (16, 3.74 g,
16.7 mmol) in THF (20 mL) under nitrogen was metallated by ad-
dition by syringe, at —60 °C, of a slight excess of a BuLi solution
in hexanes (1.6 M, 11.0 mL, 17.6 mmol), over 5 min. The temper-
ature rose to —20 °C despite continuous cooling, and the reaction
mixture was stirred for 20 min. A solution of 6-methyl-5-hepten-2-
one (2.11 g, 16.7 mmol) in THF (5 mL) was added in one portion
at —20 °C to the slightly yellow solution of the lithiated phos-
phonoacetate, and the reaction mixture was stirred for 20 h at room
temp., after which it was orange-red. The reaction mixture was
quenched in saturated aqueous ammonium chloride, the water
phase was extracted with ether (3 X 20 mL) and dried with MgSO,,
and the solvents were evaporated in vacuo. The product was puri-
fied by vacuum distillation at 22 mbar at 120—122 °C. A light yel-
low liquid was obtained with a yield of 2.65 g (13.5 mmol, 81%).
'H NMR (CDCls, 300 MHz): § = 5.64 (s, 1 H, CH), 5.05 (t,
3Ju-nu = 1.4Hz, 1 H, CH), 412 (q, 3Jy_y = 7.1 Hz, 2 H, CH»),
2.14 (s, 3 H, CH3), 2.14 (m, 3 H, '/, CH, + CH,) 1.86 (s, 1 H, '/,
CH.,), 1.67 (s, 3 H, CH3), 1.59 (s, 3 H, CH3), 1.26 (t, 3Jy_y =
7.1 Hz, 3 H, CH3) ppm. '3C NMR (CDCl;, 75 MHz): § = 166.9
(C=0), 159.8 (C), 132.5 (C), 123.0 (CH), 115.5 (CH), 59.4 (CH,),
40.9 (CH,), 26.0 (CH,), 25.6 (CH,), 18.8 (CH3), 17.7 (CH,), 14.3
(CH;) ppm. MS (ESI): m/z = 196.

[1-14C]-3,7-Dimethyl-2,6-octadienol (Geraniol, 15a) and Geraniol
(15): Diisopropylbutylaluminium hydride in hexanes (1.0 M, 40 mL,
40 mmol) was added by syringe over 5 min, at —70 °C and under
nitrogen, to a solution of ethyl 3,7-dimethyl-2,6-octadienoate
(2.65 g, 13.5 mmol) in hexane (30 mL). The temperature of the re-
action mixture immediately rose to —40 °C despite continuous
cooling in liquid nitrogen and the reaction mixture turned yellow.
When the addition was complete the cooling bath was removed
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and the temperature rose to 10 °C in 10 min, whereupon the reac-
tion mixture became colourless. By TLC spotting (20% ether in
petroleum ether) it was concluded that the reaction was finished.
After having been cooled to —80 °C, the reaction mixture was
poured into a stirred mixture of silica gel and water (6.0 g of water
in 15 g of silica gel). After the mixture had been stirred for 20 min
at room temp., MgSO, was added for drying, the suspension was
filtered through a glass filter, and the solid was washed thoroughly
with ether. After removal of the solvents in vacuo, the residue was
purified by vacuum distillation at 17 mbar at 108—110 °C; 15 was
obtained as a colourless in a yield of 1.9 g (12.3 mmol, 92%). 'H
NMR (CDCls, 300 MHz): § = 5.41 (t, 3Jy_y = 6.9 Hz, 1 H, CH),
5.09 (m, 1 H, CH), 4.15 (d, 3Jy_u = 6.9 Hz, 2 H, CH,), 2.06 (m,
4 H, 2 CH,), 1.68 (br. s, 6 H, 2 CH3), 1.61 (s, 3 H, CH3) ppm. '3C
NMR (CDCl;, 75 MHz): § = 139.6 (C), 131.7 (C), 123.8 (CH),
123.3 (CH), 59.3 (CH,), 39.5 (CH,), 26.3 (CH,), 25.6 (CH3), 17.6
(CH3), 16.2 (CH3) ppm. MS (ESI): m/z = 154.

[1-4C]-3,7-Dimethyl-2,6-octadienyl Bromide (Geranyl Bromide, 14a)
and Geranyl Bromide (14): Pyridine (0.08 g, 1.0 mmol) was added
under nitrogen to a solution of geraniol (15, 1.9 g, 12 mmol) in
ether (15 mL). A solution of freshly distilled PBr; (1.3 g, 4.8 mmol)
in hexane (5 mL) was added over 15 min at 0 °C, during which a
white suspension was initially formed and a slight exothermic effect
of a few degrees was observed. The reaction mixture was stirred
for 15 min, whereupon the solution had became clear and a pink
precipitate of the phosphorous salts [P(OH);] had formed. TLC
analysis (20% ether in petroleum ether) showed that all the geraniol
had disappeared. After decantation of the yellow solution from the
phosphorous salts into ice/water, the salts were washed with some
hexane, which was also added to the ice/water. The layers were
separated, the water phase was extracted with ether (3 X 20 mL),
the combined organic fractions were washed extensively with brine
(6 X 10 mL) and dried with MgSQO,, and the solvents were evapor-
ated in vacuo. After vacuum distillation (b.p. 67—70 °C at 0.5 Torr),
the pure geranyl bromide (14) was obtained as a colourless liquid
in a yield of 2.55¢g (11.7 mmol, 97%). nfy = 1.5022. '"H NMR
(CDCls, 300 MHz): 8 = 5.53 (t, 3Jy_u = 8.4 Hz, 1 H, CH), 5.07
(m, 1 H, CH), 4.02 (d, 3Jy_u = 8.4 Hz, 2 H, CH,), 2.09 (m, 4 H,
2 CH,), 1.75 (s, 3 H, CHs;), 1.68 (s, 3 H, CH3;), 1.60 (s, 3 H, CHj;)
ppm. 13C NMR (CDCls, 75 MHz): § = 143.4 (C), 131.8 (C), 1234
(CH), 120.5 (CH), 39.4 (CH,), 25.8 (CH3), 29.5 (CH,), 26.1 (CH,),
17.6 (CH;), 15.8 (CH;) ppm. MS (ESI): m/z = 217, 218 [M + H].

Synthesis of Tri-n-butyl(geranyl)tin (13)

Tri-n-butyl([1-4C]-3,7-dimethyl-2,6-octadienyl)tin  {Tri-n-butyl([1-
14CJgeranyl)tin (13a)} and Tri-r-butyl(geranyl)tin (13): THF was ad-
ded to magnesium turnings (0.60 g, 25 mmol) until all the magnes-
ium was under the level of the solvent. The magnesium was activ-
ated by addition by pipette of a few drops of dibromoethane, until
evolution of ethene was observed. As soon as the ethene evolution
had subsided and the temperature had decreased, THF (30 mL)
was added to the mixture. The reaction mixture was cooled to 15
°C, and freshly distilled tri-n-butyltin chloride (4.8 g, 14 mmol) was
added to the activated magnesium over 10 min. Subsequently, ger-
anyl bromide (14, 2.55 g, 11.7 mmol) in THF (10 mL) was added
over 20 min at 0 °C. The reaction mixture was stirred for 45 min,
during which it became dark grey and salts formed. The reaction
was quenched by pouring the mixture into ice/water. It was ex-
tracted with ether (3 X 25 mL). The combined organic phases were
washed with brine and dried with MgSO,, and the solvents were
evaporated in vacuo. Vacuum distillation gave the product 13 in
65% yield (3.2 g, 7.6 mmol); b.p. 50—155 °C at 0.8 Torr; nf =
1.4953. 'TH NMR (CDCls, 300 MHz): § = 5.32 (t, *Jy_n = 8.6 Hz,
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1 H, CH), 5.10 (br. t, *Jy_i = 5.1 Hz, 1 H, CH), 2.00 (m, 6 H, 3
CH,), 1.68 (s, 3 H, CH,), 1.60 (s, 3 H, CHs), 1.57 (s, 3 H, CH,),
1.48 (m, 6 H, 3 CH,), 1.32 (m, 12 H, 6 CH,), 0.89 (m, 9 H, 3 CH)
ppm. '3C NMR (CDCls, 75 MHz): § = 134.2 (C), 131.4 (C), 124.7
(CH), 122.9 (CH), 39.9 (CH,), 29.2 (CH,), 27.4 (CH,), 27.1 (3
CH,), 25.7 (3 CH3), 13.7 (3 CH3), 10.6 (3 CH,), 9.4 (3 CH,) ppm.
MS (ESI): m/z = 428 [M + HJ.

Synthesis of 3-Demethoxy-3-hydroxyubiquinone-0 (20)

2-Acetyl-3-hydroxy-4,5-dimethoxytoluene: AICIl; (80 g, 0.60 mol)
was added, as quickly as possible, to a vigorously stirred solution
of 2,3,4-trimethoxytoluene (7, 50 g, 0.27 mol) in ether (800 mL).
The temperature of the reaction mixture rose slowly to the reflux
temperature of ether, despite cooling in an ice bath. After the exo-
thermic effect had subsided, acetyl chloride (43 g, 0.55 mol) was
added dropwise over about 20 min, whereupon the temperature of
the reaction mixture again slowly increased to the reflux temper-
ature of ether (no cooling was applied). When this exothermic effect
had decreased, heating under reflux (50 °C in a warm water bath)
was continued for another 3 h, after which conversion was com-
plete (no starting compound was found by NMR analysis). After
cooling towards room temp., the two-layer system was very cau-
tiously poured onto ice (about 1 kg) with continuous swirling by
hand. After separation of the ether layer, the water layer was satur-
ated with NaCl and extracted with ether (4 X 100 mL). The com-
bined ether fractions were subsequently extracted with a 1 M NaOH
solution (4 X 100 mL). The combined water layers were cooled in
ice and slowly acidified to pH = 2 by addition of concentrated HCI
and placed on ice. After standing for 30 min, the solid was filtered
off and dried between filtration paper overnight. A pale yellow
solid was obtained in 64% yield (37 g, 0.18 mol); m.p. 87—89 °C.
'H NMR (CDCls, 300 MHz): = 7.26 (s, | H, OH), 6.31 (s, 1 H,
CH), 3.91 (s, 3 H, OCH3), 3.86 (s, 3 H, OCHs;), 2.62 (s, 3 H, CHs;),
2.54 (s, 3 H, CH3) ppm. '*C NMR (CDCl;, 75 MHz): § = 204.3
(C=0), 156.6 (CO), 155.8 (CO), 1359 (C), 135.5 (C), 118.2 (C),
106.8 (CH), 60.5 (OCHs), 55.7 (OCH3), 32.9 (CH3), 24.4 (CH;)
ppm. MS (ESI): m/z = 210 [M], 195 [M — CHs].

2,3-Dihydroxy-4,5-dimethoxytoluene (6): Sodium hydroxide (4.8 g,
0.12 mol) in water (50 mL) was added to a solution of 2-acetyl-3-
hydroxy-4,5-dimethoxytoluene (21 g, 0.10 mol) in methanol (150
mL), whereupon a slight rise from room temp. to 30 °C was ob-
served. Aqueous H,O; (35%, 13 mL, 0.13 mol), further diluted with
30 mL of water, was then added dropwise at 25 °C over about
45 min. The temperature rose to about 50 °C. During the reaction
the colour turned from light purple to dark purple. After the addi-
tion, the reaction temperature started to decrease. For a short
period (5 min) the reaction mixture was heated under reflux (free
flame), after which it was cooled to room temp. After acidification
of the reaction mixture to pH = 6—7 by addition of a few drops
of concentrated HCI, it was saturated with NaCl and subsequently
extracted with dichloromethane (8 X 50 mL), the combined organic
layers were dried with MgSO,, and the solvents were evaporated in
vacuo. An orange-brown solid 6 was obtained in 95% yield (17.5 g,
0.095 mol); m.p. 97—99 °C. '"H NMR (CDCl;, 300 MHz): § = 6.27
(s, 1 H, OH), 6.25 (s, 1 H, CH), 5.00 (s, I H, OH), 3.85 (s, 3 H,
OCH3), 3.78 (s, 3 H, OCH3), 2.20 (s, 3 H, CH3) ppm. *C NMR
(CDCls, 75 MHz): 6 = 145.4 (COH), 145.3 (COH), 136.5 (CO),
136.4 (CO), 118.8 (C), 105.4 (CH), 61.0 (OCH3), 55.7 (OCHj;), 15.4
(CH3) ppm. MS (ESI): m/z = 184 [M], 169 [M — CHj], 155 [M
— CHOl.

3-Demethoxy-3-hydroxyubiquinone-0 (20): V,Os5 (50 mg, 0.3 mmol)
was added at room temp to a vigorously stirred suspension of 6
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(17.5 g, 95 mmol) in 2% sulfuric acid (200 mL). A solution of Na-
ClO; (6.0 g, 57 mmol) in water (50 mL) was added dropwise to this
red-brown reaction mixture over about 10 min. No heat was
evolved, but the colour of the reaction mixture turned dark red.
Stirring was continued for about 6 h, after which the conversion
was complete (according to NMR analysis). The non-homogenous
mixture was poured into a saturated NaCl solution, and the aque-
ous phase was extracted with dichloromethane (5 X 50 mL). The
combined organic fractions were dried with MgSO, and filtered,
and the solvents were evaporated in vacuo. A dark red solid 20 was
obtained, in a yield of 88% (14 g, 83 mmol). The very pure com-
pound was obtained by crystallization from tetrachloromethane;
m.p. 100—102 °C. "TH NMR (CDCl;, 300 MHz): § = 6.55 (s, 1 H,
OH), 6.41 (q, “Jy_u = 1.5Hz, 1 H, CH), 4.09 (s, 3 H, OCHj),
2.07 (d, #Jy_u = 1.5Hz, 3 H, CH;3) ppm. *C NMR (CDCl;,
75 MHz): § = 191.5 (C=0), 191.4 (C=0), 162.8 (CO), 160.0 (CC),
151.2 (CO), 132.5 (CH), 60.3 (OCH;), 14.9 (CH;). HRMS (DIP):
caled. for CgHgO,4 168.0423; found 168.044+0.003.

Synthesis of 3-Demethoxyubiquinone-0 (30)

3-Methoxy-2-cyclohexenone:  Trimethyl orthoformate (10.6 g,
100 mmol) and a catalytic quantity of 37% HCI (0.2 mL) were ad-
ded successively to a well-stirred solution of 1,3-cyclohexanedione
(12, 7.5 g, 69 mmol) in methanol (100 mL), in which the air had
been completely replaced by nitrogen. This yellow-orange homo-
genous reaction mixture was either heated under reflux for a period
of about 45 min, or was stirred at room temp. for about 12 h. An
orange-red clear solution resulted in either case, and this was now
completely concentrated in vacuo. The remaining residue was dis-
tilled and gave the pure, colourless 3-methoxy-2-cyclohexenone
(b.p. 68 °C at 0.6 mbar) in 95% yield (8.1 g, 64 mmol). nE = 1.5072.
'H NMR (CDCls, 300 MHz): § = 5.38 (s, 1 H, CH), 3.71 (s, 3 H,
CH3), 2.44 (t, 3Jy_y = 6.3Hz, 2 H, CH,), 2.36 (dd, 3Jy_y =
6.3 Hz and 6.9 Hz, 2 H, CH,), 2.01 (m, 2 H, CH,) ppm. 3C NMR
(CDCls, 75 MHz): 8 = 199.7 (C=0), 178.9 (CO), 101.9 (CH), 55.4
(OCH3y), 36.3 (CH,), 28.5 (CH,), 20.6 (CH,) ppm. MS (ESI): m/
z = 126 [M].

3-Methoxy-6-methyl-2-cyclohexenone (11): Under nitrogen, a BuLi
solution in hexanes (1.6 M, 40 mL, 64 mmol) was added by syringe
over 5 min, starting at —20 °C, to a stirred solution of diisopropyla-
mine (7.0 g, 70 mmol) in THF (50 mL). After the exothermic effect
had subsided (a few minutes), the light yellowish reaction mixture
was cooled to —65 °C. A solution of 3-methoxy-2-cyclohexenone
(8.1 g, 64 mmol) in THF (30 mL) was added dropwise over 10 min.
Despite cooling, the temperature rose to —50 °C, and a yellow sus-
pension was formed. After stirring for 20 min at —30 °C, the reac-
tion mixture was again cooled to —65 °C, and a solution of iodo-
methane (10 g, 70 mmol) in THF (15 mL) was added over 5 min.
After the exothermic reaction (a temperature rise to —50 °C oc-
curred, despite cooling), the cooling bath was removed and stirring
was continued for an additional 30 min at —30 °C (cooling now
and then). The yellow/white suspension was quenched with a satur-
ated aqueous ammonium chloride solution (100 mL). After separa-
tion of the organic layer, the water layer was extracted with ether
(5 X 50 mL), the combined organic layers were washed with brine
(1 X 40 mL) and dried with MgSQO,, and the solvents were evapor-
ated in vacuo. A liquid was obtained, with a crude yield of 8.2 g.
Distillation of this yielded the pure 3-methoxy-6-methyl-2-cyclo-
hexenone (11, b.p. 66—68 °C at 0.4 Torr) as a colourless liquid in
88% yield (7.9 g, 56 mmol); m.p. 16 °C; n) = 1.5002. '"H NMR
(CDCls, 300 MHz): 8 = 5.35 (s, 1 H, CH), 3.69 (s, 3 H, OCHj;),
2.46 (m, 1 H, CH), 2.31 (m, 1 H, CH>), 2.06 (ddd, 3Jy_y = 4.8 Hz
and 9.6 Hz, 2 H, CH,), 1.70 (m, 1 H, CH,), 1.15 (d, 3Jy_y =
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6.9 Hz, 3 H, CH;) ppm. '*C NMR (CDCls, 75 MHz): § = 201.8
(C=0), 177.6 (CO), 101.4 (CH), 55.5 (OCH3), 39.9 (CH), 29.0
(CH,), 28.0 (CH,), 15.1 (CH;) ppm. MS (ESI): m/z = 140 [M], 112
[M — COJ.

3-Methoxy-6-methyl-1-(trimethylsiloxy)-2,6-cyclohexadiene: A solu-
tion of lithium diisopropylamide was prepared first at —10 °C from
diisopropylamine (6.6 g, 65 mmol) in THF (50 mL) and a BuLi
solution in hexanes (1.6 M, 37.5 mL, 60 mmol) under nitrogen and
with continuous stirring. At an internal temperature of —10 °C, a
solution of 3-methoxy-6-methyl-2-cyclohexenone (11, 7.9 g,
56 mmol) in THF (30 mL) was added dropwise over 30 min. Dur-
ing this addition the temperature of the reaction mixture rose to
about —5 °C despite continuous cooling (in an ice/salt bath). After
the addition was complete, the clear yellow solution was stirred for
an additional 15 min at 0 °C and cooled again to —10 °C, where-
upon freshly distilled chlorotrimethylsilane (7.6 g, 70 mmol) was
added in one portion. The cooling bath was removed and the reac-
tion mixture was allowed to warm up to 10 °C over about 20 min.
The reaction mixture was quenched with a saturated aqueous so-
dium carbonate solution (200 mL), and the organic layer was im-
mediately separated and dried with Na,SO,. The water layer was
extracted with ether (3 X 50 mL) and these ether fractions were
added to the dried organic layer. After filtration and evaporation
of the solvents in vacuo, 12.3 g of a light orange liquid resulted.
Distillation gave the colourless silyl enol ether (b.p. 62 °C at
0.3 mbar) in 97% yield (11.5 g, 54.1 mmol). 'H NMR (CDCl;,
300 MHz): 8 = 5.26 (s, 1 H, CH), 3.69 (s, 3 H, OCH3), 1.85 (m, 4
H, 2CH,), 1.43 (s, 3 H, CH3), 0.85 [s, 9 H, Si(CH;);] ppm. MS
(ESI): m/z = 213 [M + H].

3-Methoxy-6-methylphenol (9): Activated MnO, (10.0 g, 115 mmol)
was added in one portion to a solution of the silyl enol ether
(11.5 g, 54.1 mmol) in ether (150 mL), whereupon a small rise in
temperature from 18 to 25 °C was observed. This mixture was then
stirred overnight (18 h), after which it was filtered through Hyflo
Super Cell. The Hyflo layer was thoroughly washed with ether, and
the combined ether fractions were dried with MgSO,. After re-
moval of the solvent in vacuo, the product was dissolved in THF
(100 mL), and a 10% HCl solution (50 mL) was added to the stirred
solution at room temp. The temperature rose from 20 to 30 °C, and
the solution changed from a yellow clear solution to a yellow/white
suspension. After the mixture had been stirred for 30 min (the tem-
perature decreasing to 20 °C), ether (100 mL) was added, followed
by a saturated aqueous NaCl solution (100 mL). The organic layer
was separated from the water layer and the water layer was ex-
tracted with ether (5 X 50 mL). The combined organic phases were
thoroughly dried with MgSO,. Evaporation of the solvents in va-
cuo gave 6.9 g of an orange-red residue. Distillation gave the pure
phenol 9 (b.p. 87 °C at 0.5 Torr) as a light yellow, viscous liquid in
90% yield (6.2 g, 45mmol). nfy = 1.5428. '"H NMR (CDCl;,
300 MHz): & = 6.98 (d, 3Jy_uy = 7.8Hz, 1 H, CH), 6.39 (d,
3Ju—u = 7.8 Hz, 1 H, CH), 6.38 (s, 1 H, CH), 5.62 (s, | H, OH),
3.71 (s, 3 H, OCHj3), 2.16 (s, 3 H, CH3) ppm. '*C NMR (CDCls,
75 MHz): § = 158.6 (CO), 154.6 (COH), 131.1 (CH), 116.2 (CC),
105.6 (CH), 101.4 (CH), 55.2 (OCHs;), 14.9 (CH3) ppm. MS (ESI):
mlz = 138 [M], 107 [M — OCHj].

3-Demethoxyubiquinone-0 (30): K;HPO, (40 g, 0.22 mol) was dis-
solved in water (1 L) and the pH of this buffer was set at 6.5 with
concentrated HCI. Potassium nitrosodisulfonate (Fremy’s salt,
45 g) was dissolved in this buffer, and a solution of 3-methoxy-6-
methylphenol (9, 6.2 g, 45 mmol) in ether (50 mL) was added. After
stirring overnight (about 18 h) the layers were separated and the
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water layer was extracted with dichloromethane (5 X 100 mL). The
combined organic phases were washed with brine and dried with
MgSO,, and the solvents were evaporated in vacuo. The product
was purified by silica gel chromatography (80% ether in PE). A
yellow solid (30) was obtained, with a yield of 68% (4.7 g,
31 mmol). '"H NMR (CDCls, 300 MHz): § = 6.56 (q, *Jy_u =
1.5Hz, 1 H, CH), 5.93 (s, I H, CH), 3.82 (s, 3 H, OCHs;), 2.07 (d,
“Jy-n = 1.5Hz, 3 H, CH;) ppm. *C NMR (CDCls, 75 MHz):
§ = 187.6 (C=0), 182.1 (C=0), 158.6 (CO), 146.8 (CC), 131.2
(CH), 107.5 (CH), 56.2 (OCH3), 15.7 (CH;). HRMS (DIP): calcd.
for CgHgO5 152.0473; found 152.0461.

Synthesis of Ubiquinone-2 (1)

[1-14C|Ubiquinone-2 (1a) and Ubiquinone-2 (1): Freshly distilled
BF;—OEt, (1.4 g, 10 mmol) was added at —78 °C to a solution of
ubiquinone-0 (10, 0.60 g, 3.3 mmol) in dichloromethane (50 mL)
and stirring was continued for 5 min. Tri-n-butyl(geranyl)tin (13,
1.6 g, 3.7 mmol) in dichloromethane (20 mL) was added at —78 °C
over 5 min. When the addition was complete, the cooling bath was
removed and the reaction mixture was allowed to warm to room
temp. After 2 h, a 10% HCI solution (35 mL) was added at 15 °C
and the mixture was stirred for 5 min. The aqueous phase that
separated was extracted with dichloromethane (3 X 15 mL), and
the combined organic layers were washed with brine (2 X 20 mL)
and concentrated in vacuo. The residual oil was dissolved in ether
(50 mL) and in FeCl; (3.0 g, 18 mmol) in water (50 mL) and heated
under reflux for 30 min. The organic layer was washed with brine
(3 X 15 mL) and the combined organic layers were stirred with
aqueous potassium fluoride (10%, 50 mL) for 30 min. The insol-
uble tin salts were removed by filtration through Hyflo, and the
organic phase in the filtrate was washed with brine (3 X 10 mL),
dried with MgSO, and concentrated in vacuo. The product 1 was
purified by silica gel chromatography (80% ether in petroleum
ether), which gave a yellow oil with a yield of 1.0 g (95%). "H NMR
(CDCls, 600 MHz): § = 5.03 (t, 3Jy_y = 7.0 Hz, 1 H, 2’-CH), 4.93
(t, *Jy_n = 7.0 Hz, 1 H, 6’-CH), 3.99 and 3.98 (both s, 3 H, 5 and
6-OCH,), 3.18 (d, 3Jy_uy = 7.0Hz, 1 H, 1'-CH,), 2.05 (m, 2 H,
5'-CH,), 2.01 (s, 3 H, 3-CH3), 1.96 (m, 2 H, 4'-CH,), 1.73 (s, 3 H,
9'-CH3), 1.65 (s, 3 H, 8'-CH3), 1.57 (s, 3 H, 10’-CH3). *C NMR
(CDCl;, 150 MHz): 6 = 184.7 (4-CO), 183.9 (1-CO), 144.4 and
144.2 (both 5- and 6-CO), 141.7 (2-C), 138.8 (3-C), 137.5 (3'-C),
131.5 (7'-C), 124.0 (6’-CH), 118.9 (2’-CH), 60.8 (5- and 6-OCH3;),
39.7 (4’-CH,), 26.6 (5'-CH,), 25.6 (8'-CHjs), 25.3 (1'-CH,), 17.6
(10’-CH3), 16.2 (9’-CH3), 11.9 (3-CH3). HRMS (DIP): caled. for
C9H,40, 318.1831; found 318.1796.

Synthesis of 5-Demethoxy-5-hydroxyubiquinone-2 (2)

3-Acetoxy-2-methoxy-5-methyl-1,4-benzoquinone (5): A solution of
3-demethoxy-3-hydroxyubiquinone-0 (20, 14 g, 83 mmol) in acetic
anhydride (100 mL) was heated under reflux for 15 min, whereupon
the reddish solution turned yellow. According to TLC, the conver-
sion was complete. After distillation of most of the (excess of) acetic
anhydride at atmospheric pressure, the last traces were removed by
evaporation with toluene under vacuum pressure. The product was
dissolved in ether (100 mL) and pre-purified by a flash column on
silica gel. This yielded an orange solid in about 95% yield (16.7 g,
79.5 mmol). The pure component 5 was obtained by crystallization
from ether/hexane as orange-yellow crystals; m.p. 92—94 °C. 'H
NMR (CDCl;, 300 MHz): & = 6.43 (s, 1 H, CH), 4.01 (s, 3 H,
OCH3), 2.26 (s, 3 H, CH3), 1.98 (s, 3 H, CH;) ppm. '3C NMR
(CDCl;, 75 MHz): § = 184.2 (C=0), 182.7 (C=0), 181.1 (C=0),
167.9 (CO), 147.5 (CO), 144.5 (CC), 131.1 (CH), 60.2 (OCH3;), 20.2
(CH3;), 15.3 (CH;) ppm. MS (ESI): m/z = 210 [M], 195 [M — CH3].
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[1'-14C]-3-Acetoxy-6-geranyl-2-methoxy-5-methyl-1,4-benzoquinone
and 3-Acetoxy-6-geranyl-2-methoxy-5-methyl-1,4-benzoquinone:
Freshly distilled BF5-OEt, (2.8 g, 20 mmol) in dichloromethane (10
mL) was added over 3 min under nitrogen at —70 °C to a solution
of 3-acetoxy-2-methoxy-5-methyl-1,4-benzoquinone (5, 1.1g,
5.2 mmol) in dichloromethane (30 mL). This was followed by the
addition over 20 min and at —70 °C of distilled tri-n-butyl(geranyl)-
tin (12, 2.6 g, 6.0 mmol) in dichloromethane (15 mL). After stirring
for 3 h at —70 °C, the reaction mixture was poured into an ice-cold
HCI solution (10%, 60 mL), directly followed by addition of brine
(30 mL). After stirring for 10 min, this mixture was extracted with
dichloromethane (2 X 25 mL). The organic phase was concentrated
in vacuo and dissolved in ether (40 mL), and FeCl; (5 g) in water
(25 mL) was added. After the mixture had been stirred overnight,
the layers were separated, the water phase was extracted with ether
(1 X 30 mL), and the combined organic layers were concentrated
in vacuo. The residue was dissolved in ether (25 mL), and KF (5 g)
in water (25 mL) was added. After stirring for 90 min, the mixture
was filtered through Hyflo, the water phase was extracted with
ether (4 X 15 mL), the combined organic phases were dried with
MgSO, and filtered, and the solvents were evaporated in vacuo.
The product was purified by silica gel chromatography (100% pet-
roleum ether — 40% ether in petroleum ether), which gave 1.05 g
of a yellow oil (75%, 3.8 mmol). '"H NMR (CDCls, 300 MHz): § =
5.03 (t, 3Jg_u = 6.6 Hz, 1 H, CH), 4.93 (t, 3Jy_n = 6.2 Hz, 1 H,
CH), 4.06 (s, 3 H, OCHj3), 3.20 (d, *Jy_y = 6.6 Hz, 2 H, CH,),
2.32 (s, 3 H, CH3), 2.03 (m, 2 H, CH,), 2.00 (s, 3 H, CH3), 1.99
(m, 2 H, CH,), 1.73 (s, 3 H, CH3), 1.65 (s, 3 H, CH3), 1.58 (s, 3 H,
CH3;) ppm. '*C NMR (CDCl;, 75 MHz): § = 182.5 (C=0), 181.3
(C=0), 178.1 (C=0), 168.0 (CO), 147.1 (CO), 141.7 (C), 139.2
(0), 137.5 (O), 131.3 (C), 123.8 (CH), 118.4 (CH), 60.1 (OCHs;),
39.4 (CH,), 26.3 (CH,), 25.4 (CH,), 25.2 (CH,), 20.1 (CH;), 174
(CH3), 16.1 (CH3), 11.7 (CH;3) ppm. MS (ESI): m/z = 346 [M].

[1-1#C]-5-Demethoxy-5-hydroxyubiquinone-2 (2a) and 5-Deme-
thoxy-5-hydroxyubiquinone-2 (2): Nitrogen gas was passed through
a solution of 3-acetoxy-6-geranyl-2-methoxy-5-methyl-1,4-benzo-
quinone (1.05 g, 3.8 mmol) in THF (40 mL). A solution of K,CO;
(1.7 g, 15 mmol) in water (15 mL) was added dropwise at 0 °C over
10 min, during which the solution turned dark purple. According
to TLC analysis, deacetylation was complete after stirring for 1 h
at 5—10 °C. The mixture was acidified with concentrated HCI until
the mixture turned yellow. After separation, the water layer was
extracted with ether (4 X 10 mL), the combined ether fractions
were dried with MgSO, and filtered, and the solvents were evapor-
ated in vacuo. According to NMR spectroscopic data, this com-
pound had a purity of about 97%, but it was further purified by
the following method, continuously under the exclusion of air. The
product was dissolved in ether (50 mL) and this was extracted with
a nitrogen-flushed NaOH solution (0.02 M, 4 X 15 mL). The purple
water layer was washed with ether (3 X 10 mL), and the water layer
was acidified with concentrated HCI until the colour changed from
orange to red. This was extracted with ether (5 X 10 mL), dried
with MgSO,, filtered, and concentrated in vacuo. This resulted in
an 84% yield of an orange oil of 2, with a purity over 99% (0.75 g,
2.46 mmol). '"H NMR (CDCls;, 600 MHz): § = 6.50 (br. s, 1 H, 5-
OH), 5.03 (t, 3Jy-u = 7.0Hz, 1 H, 2’-CH), 4.92 (t, 3Jy-n =
6.6 Hz, 1 H, 6/-CH), 4.07 (s, 3 H, 6-OCH3), 3.20 (d, 3Jy_n =
7.0 Hz, 2 H, 1'-CH,), 2.06 (m, 2 H, 5'-CH,), 2.04 (s, 3 H, 3-CH,),
1.97 (m, 2 H, 4’-CH,), 1.74 (s, 3 H, 9'-CH3;), 1.65 (s, 3 H, 8'-CH3),
1.58 (s, 3 H, 10’-CH3) ppm. '*C NMR (CDCl;, 150 MHz): § =
185.2 (4-CO), 183.2 (1-CO), 143.4 (6-CO), 139.3 (5-COH), 137.8
(3'-0), 137.1 (2-C), 136.2 (3-C), 131.6 (7'-C), 124.0 (6’-CH), 118.7
(2’-CH), 60.3 (6-OCHs;), 39.7 (4'-CH,), 26.5 (5'-CH,), 25.7 (8'-
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CHs;), 25.4 (1'-CH,), 17.7 (10’-CH3), 16.3 (9'-CH3), 11.6 (3-CHj).
HRMS (DIP): caled. for C;¢H»404 304.1675; found
304.166+0.003. IR: ¥ = 3366 (OH), 1639 (C=0), 1617 (C=0)

cm™ .
Synthesis of 5-Demethoxyubiquinone-2 (3)

rac-1,4,4a,8aa-Tetrahydro-7-methoxy-4aa-methyl-1ao,4a-methano-
naphthaline-5,8-dione (8): Freshly distilled cyclopentadiene (3.4 mL,
51 mmol) was added under nitrogen to a solution of 30 (1.3 g,
8.6 mmol) in THF (30 mL). The nitrogen flow was stopped and
the reaction mixture was stirred for 20 h, after which it was concen-
trated in vacuo. The Diels—Alder product was purified by silica gel
chromatography (40% ether in petroleum ether). A cream-coloured
solid 8 was obtained, with a yield of 1.6 g (87%, 7.5 mmol); m.p.
102 °C. 'H NMR (CDCl;, 300 MHz): § = 6.16 (dd, 3Jy_y =
2.9 Hz, 5.6, 1 H, CH), 6.00 (dd, 3Jy_y = 2.9 Hz, 5.6, 1 H, CH),
5.85 (s, | H, CH), 3.74 (s, 3 H, OCH3), 3.45 (m, 1 H, CH), 3.08
(m, 1 H, CH), 2.89 (d, 3*Jy_u = 3.9 Hz, 1 H, CH), 1.68 + 1.53 (br.
dd, 2Jy_y = 45, 3Jy_y = 1.3 Hz, 2 H, CH,), 1.49 (s, 3 H, CH3)
ppm. 3C NMR (CDCl;, 75 MHz): § = 202.8 (C=0), 194.9 C=
0), 163.2 (CO), 139.3 (CC), 134.7 (CH), 114.7 (2XCH), 57.8
(OCH3y), 57.0 (CH), 54.1 (CH), 50.2 (CH), 47.1 (CH,), 27.2 (CHs;)
ppm. MS (ESI): m/z = 218.

[1’-14C]5-Demethoxyubiquinone-2 (3a) and 5-Demethoxyubiquinone-
2 (3): Commercially available tBuOK (0.67 g, 6.0 mmol) was dis-
solved in a 4:1 mixture of zert-butyl alcohol and toluene (10 mL)
and cooled to 0 °C. A mixture of the Diels—Alder adduct 8 (0.66 g,
3.0 mmol) and geranyl bromide (14), dissolved in zerz-butyl alcohol/
toluene (4:1 mixture, 5 mL), was added dropwise. The reaction mix-
ture was stirred for 80 min with ice cooling (0—5 °C), after which
it was poured into an aqueous saturated ammonium chloride solu-
tion. The water layer was extracted with ether (3 X 10 mL), the
combined organic fractions were washed with brine and dried with
MgSO,, and the solvents were evaporated in vacuo. The product
was purified by silica gel chromatography (50% ether in petroleum
ether) and yielded 56% of the product (0.40 g, 1.13 mmol). The
cyclopentadiene group was removed by heating under reflux in
toluene (30 mL). According to TLC, cleavage was complete after
60 min. After evaporation of toluene, the pure product was ob-
tained as a yellow oil in quantitative yield (0.34 g, 1.1 mmol). 'H
NMR (CDCl;, 600 MHz): 6 = 5.88 (s, 1 H, 5-CH), 5.03 (t,
3Ju-u = 7.0Hz, 1 H, 2'-CH), 4.94 (t, 3Jy_y = 7.0Hz, 1 H, 6'-
CH), 3.80 (s, 3 H, 6-OCH3), 3.22 (d, 3Jy_y = 7.0Hz, 2 H, 1'-
CH,), 2.04 (m, 2 H, 5'-CH,), 2.04 (s, 3 H, 3-CH3), 1.95 (m, 2 H,
4'-CH,), 1.74 (s, 3 H, 9'-CH3), 1.65 (s, 3 H, 8'-CHs;), 1.57 (s, 3 H,
10’-CH3) ppm. '*C NMR (CDCl;, 150 MHz): § = 187.7 (4-CO),
181.8 (1-CO), 158.3 (6-CO), 141.8 (3-C), 141.3 (2-C), 137.6 (3'-C),
131.5 (7'-C), 124.0 (6’-CH), 118.8 (2’-CH), 107.0 (5-CH), 56.1 (6-
OCHs3), 39.6 (4'-CH,), 26.5 (5'-CH,), 25.7 (8'-CH3), 25.2 (1'-CH,),
17.6 (10’-CH3), 16.3 (9'-CHj3), 12.1 (3-CH3). HRMS (DIP): calcd.
for CgH,405 288.1725; found 288.1707. IR: ¥ = 1648 (C=0), 1608
(C=0) cm™ .

Acknowledgments

We want to thank Richard van der Haas and Rutger Boers for
their help in the early phase of the organic synthesis. The authors
are also grateful to Fons Lefeber and Cees Erkelens for their help
in acquiring the NMR spectra, and to Bertil Hofte, Barry Karaba-
tak, and Cees Versluis for recording the mass spectra.

Eur. J. Org. Chem. 2002, 3015—3023



[1’-'*C]Ubiquinone-2, [1’-'*C]-5-Demethoxy-5-hydroxyubiquinone-2, and [1’-'*C]-5-Demethoxyubiquinone-2 FU LL PAPER

I'L. Ernster, G. Dallner, Biochim. Biophys. Acta 1995, 1271,
195—-204.

2l F. L. Crane, P. Navas, Mol Aspects Med. 1997, 18, Suppl,

S1-S6.

S. Sugiyama, K. Yamada, M. Hayakawa, H. Esumi, T. Ozawa,

Biochem. Mol. Biol. Int. 1996, 40, 305—314.

41 J.J. Van Hellemond, M. Klockiewicz, C. P. H. Gaasenbeek, M.
H. Roos, A. G. M. Tielens, J Biol. Chem. 1995, 270,
31065—31070.

BI'P. J. Waller, Vet. Parasitol. 1997, 72, 391—405.

1 N. C. Sangster, J. Gill, Parasitol. Today 1999, 15, 141—146.

' A. G. M. Tielens, J. J. Van Hellemond, Biochim. Biophys. Acta

1998, 1365, 71-78.
1A, Y. Hsu, W. W. Poon, J. A. Shepherd, D. C. Myles, C. F.
Clarke, Biochemistry 1996, 35, 9797—9806.

1 J. Raap, S. A. M. Nieuwenhuis, A. Creemers, S. Hexspoor, U.
Kragl, J. Lugtenburg, Eur. J. Org. Chem. 1999, 2609—2621.
101'W. B. S. van Liemt, W. F. Steggerda, R. Esmeijer, J. Lugten-

burg, Recl. Trav. Chim. Pays-Bas 1994, 113, 153—161.
(MY, Naruta, Y. Nishigaichi, K. Maruyama, Org. Synth. 1992,
71, 118—124.

(121 Synthesis and spectroscopic characterization of [5-'3C]- and [6-

13C]Ubiquinone-10 for studies of bacterial photosynthetic reac-

tion centres: R. B. Boers, P. Gast, A. J. Hoff, H. J. M. de Groot,

J. Lugtenburg, Eur. J. Org. Chem., in press.

3]

Eur. J. Org. Chem. 2002, 3015—3023

131 W, Baker, H. Raistrick, J Chem. Soc. 1941, 670—672.

141 H. W. Underwood, W. L. Walsh, Org Synth. Coll. Vol. 1943,
11, 553—554.

USI'W. W. Poon, R. J. Barkovich, A. Y. Hsu, A. Frankel, P. T. Lee,
J. N. Shepherd, D. C. Myles, C. F. Clarke, J. Biol. Chem. 1999,
274, 21665—21672.

Ul E. G. Meek, J. H. Turnbull, W. Wilson, J Chem. Soc. 1953,
811—815.

71 E. M. M. Van den Berg, Synthesis of isotopomers of L-trypto-
phan using genetically modified E. coli bacteria, Leiden Univer-
sity, Leiden, 1989.

81 R. A. Wohl, Synthesis 1974, 38, 38—40.

191 W. Adam, W. A. Herrmann, J. Lin, C. R. Saha-Méller, J. Org.
Chem. 1994, 59, 8281—8283.

20l H. Zimmer, D. C. Lankin, S. W. Horgan, Chem. Rev. 1970,
71, 229—246.

[211'Y. Naruta, J Org. Chem. 1980, 45, 4097—4104.

[221'Y. Naruta, K. Maruyama, Org Synth. 1992, 71, 125—132.

231 A. Hosomi, H. Sakurai, Tetrahedron Lett. 1977, 46,
4041—-4044.

241 A. Hosomi,
1295—1298.

251 A. Ruttimann, P. Lorenz, Helv. Chim. Acta 1990, 73, 790—796.

Received February 20, 2002
[002093]

H. Sakurai, Tetrahedron Lett. 1976, 17,

3023



