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Quinones and their reduced form, hydroquinones, are
ubiquitous in nature. Several of them are obtained from
natural sources'? and they display several biological
activities that have been related to their redox potential !
The quinone/hydroquinone motif has been frequently
associated with anticancer activity. At present, important
anticancer agents exist that show an anthraquinone, benzo-
quinone or naphthoquinone motif in their structures."”’
Techniques for the characterization and structural elucida-
tion of this type of compounds have become mandatory from
the perspective of clinical and preclinical trials.

We have been interested in hydroquinones and quinones
as potential antitumor and antifungal agents.*' In a
previous paper we reported that 5,8-dihydroxy-4,4-
dimethylnaphthalen-1-one (1) and a series of derivatives
inhibit tumor cell respiration.”® Considering that alkylation
of the hydroquinone moiety should stabilize the semiquinone
free radical presumably involved in the inhibition of cellular
respiration, we screened another set of analogues of 1, with
the general structure shown in Scheme 1, that incorporate a
third and a fourth ring in the molecular structure, blocking
the free positions of the aromatic ring.

A preliminary screening of these compounds showed that
some of them possess higher activities as inhibitors of the
mitochondrial respiration than the former compounds, and
also exhibit low micromolar dose-dependent growth inhi-
bition of the human tumor U937 cell line (human monocytic
leukemia).””!

In the course of the synthesis and characterization of
these compounds, we carried out electrospray ionization
mass spectrometric (ESI-MS) analysis of some of them. This
versatile technique, employed in the analysis of organic
compounds from biological matrices,"?! can be associated
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with the generation of protonated,"'* deprotonated,
metal-complexed,"® and radical species'”’ in the gas phase.
These species can be further analyzed by tandem mass
spectrometry (MS/MS).""8'% There are a few sources available
for the structural elucidation of most classes of compounds
based on dissociation of their protonated or deprotonated ions.
Only small libraries of product ion mass spectra of [M +H]*
and [M — H]™ ions have been reported for some 400 drugs.'*”’
Therefore, the MS/MS study of several different classes of
substances is necessary to furnish information about their
fragmentation pathways. In this communication we describe
the ESI spectra and sequential product ion fragmentation of
nine derivatives of 5,8-dihydroxy-4,4-dialkylnaphthalen-
1(4H)-one (1) (Scheme 2).

The analysis of the fragmentation pathways of these
compounds revealed subtle factors that led to interesting
differences in their spectra. These differences include steric
factors and regiospecific reaction pathways.

EXPERIMENTAL

Bicyclic hydroquinones 1 and 3 and tricyclic hydroquinones 2
and 5 were s?lnthesized following the procedure reported by
Castro et al. 21! Synthesis of compounds 4, 6, 7, 8, 9 has not
been published yet. All compounds were obtained as solids
and the structures were confirmed by H, 3C-NMR spectra
and 2D NMR experiments (COSY, HMQC or HSQC and
HMBOQ).

The stock solutions for ESI-MS experiments were prepared
in acetonitrile and working solutions were prepared from
them as follows: 20 wL of stock solution, 130 wL of acetonitrile
and 50 nL of water. Spectra were acquired in an Esquire
4000 ESI ion trap mass spectrometer (Bruker Daltonik
GmbH, Germany). Working solutions were analyzed by direct
infusion (200 L) at a flow rate of 2.5uL/min using a
syringe pump (Cole-Parmer, IL, USA). Nitrogen was used
as nebulizer gas at 10 psi, 300°C and at a flow rate of 5 L/min.
The mass spectrometric conditions for positive and negative
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Scheme 1. General structure of studied 5,8-dihydroxy-4,4-
dialkylnaphthalen-1-ones.

polarity were as follows: electrospray needle, 4000 V; end plate
offset, -500 V; skimmer 1, 30.0V; skimmer 2, 6.0V; capillary
exit offset, 60.0V; capillary exit, 90.0 V; octopole delta, 2.40V;
trap drive, 55.0; lens I voltage, 5.0 V; lens II voltage, 60.0 V. The
mass spectrometer was run in full scan mode. Negative and
positive ions were detected using the standard scan at normal
resolution (scan speed 10,300  m/z/s; peak with 0.6 FNHM/
m/z). The trap parameters were set in ion charge control (ICC)
using the manufacturer’s default parameters, and maximum
accumulation time of 200ms. Collision-induced dissociation
(CID) was performed by collisions with helium background

OH O

OH

HO HO

OH

OH O

OH
HO AcO

7

gas present in the trap. Fragmentation was set with SmartFrag
between 30 and 200%; isolation width, 4.0 m/z; fragmentation
amplitude, 1.0V; fragmentation time, 40ms; fragmentation
delay, 0ms and an average of 5 spectra.

RESULTS AND DISCUSSION

All the investigated compounds showed the corresponding
[M+H]" ion as the intact ionized molecule (MS'). As
expected, the second stage of fragmentation (MS?), promoted
by CID, depended strongly on the substitution pattern of the
aromatic ring. Surprisingly, it also depended significantly on
the nature of the alkyl group at the 4-position of the quinone
ring. Table 1 lists the molecular and main fragment ions
observed in the ESI-MS" analysis of hydroquinones 1-9.
Starting from the analogous structures 1, 2 and 3, we
identified some common features in their spectra: loss of
water,” loss of one alkyl group and CO. Nevertheless, the
formation of these fragments did not follow the same
pathway. In one case, the MS® spectrum of molecule 1
showed a prominent ion [M-15]" at m/z 190, which was
formed by the loss of a methyl radical. We also observed two

OH O OH O
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Scheme 2. Structures of studied hydroquinones 1-9.
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Table 1. Molecular and main fragment ions observed by ESI-MS" analysis of 1-9
M+HI* MS? MSs®
Cpd mfz (%) mfz (%) mfz (%)
1 205 (100) (I) 190 (100) (II) [I-CH3] 172 (100)
187 (11) [I-H,O] 144 (90)
177(22) [I-CO] 135 (67)
160 (61)
2 257 (60) (I) 242 (100) (II) [I-CH3] 227 (100)
239 (22) [I-H,0] 224 (50)
229 (14) [I-CO]
3 233 (100) (I) 204 (100) [I-C,Hs] 197 (35)
215 (11) (ID) [I-H,O] 187 (100) [1I-CO]
159 (59)
4 329 (100) (I) 311 (100) (ID) [I-H,O] 293 (22) [II-H,0]
293 (28) 282 (100) [II-C,Hs]
282 (33) 161 (17)
5 301 (44) (I) 283 (100) (ID) [I-H,O] 268 (39) [II-CHj3]
265 (42) 265 (100) [II-H,O]
161 (42) 161 (62)
6 341 (100) (I) 323 (59) (ID) [I-H,O0] 305 (41) [II-H,0]
305 (12) 255 (100) [II-C4H,O]
255 (100)
7 369 (5) (I) 340(100) (1) [I-C,Hs] 322 (60) [II-H,O]
322 (28) 309 (100) [II-CH,OH]
309 (28) 291(17)
253 (17)
8 383 (100) () 323 (100) (ID) [I-CoH4O5] 305 (100) [II-H,O]
305 (80) 255 (30) [II-C4H4O]
255 (70) 177 (22)
9 341 (0.5) (I) 323 (78) (II) [I-H,O] 305 (94) [II-H,0]
305 (67) 255 (100) [II-C4H,O]
254 (100) [I-C4H50-H,0] 295 (67)
255 (100),

minor ions, [M-281" at m/z 177 and [M-18]" at m/z 187, due
to elimination of CO and H,O, respectively (Scheme 3).

Compound 2 has a third non-substituted cycle fused to the
aromatic ring of hydroquinone 1. Its fragmentation pathway
is similar to molecule 1: a prominent ion [M=151" at m/z 242,
formed by the loss of one methyl radical, and two minor ions,
[M-28]1" at m/z 229 and [M-181" at m/z 239, due to
elimination of CO and H,O, respectively (Scheme 4).

In the case of the ethyl analog 3, the [M + H] " ion at m/z 233
loses one alkyl radical (ethyl in this case) and water, affording
fragments [M-29]" at m/z 204 and [M-18]" at m/z 215,
respectively. However, the fragment at m/z 187, correspond-
ing to the loss of CO, is observed in the third stage of
fragmentation (MS>) from the precursor ion at m/z 215
(Scheme 5). In this compound, the loss of CO is less favored
than the loss of water and alkyl group, owing to steric
crowding between ethyl groups and the hydroxyl substituent
of C-5, the elimination of one of them causes a greater steric
relief.

Hydroquinones 4, 5 and 6 constitute another group of
related compounds which showed interesting features and
subtle differences in their fragmentation patterns. Hydro-
quinone 4 lost water through an intramolecular nucleophilic
substitution of the neighbouring hydroxyl group at C-9 to
produce ion 4-A. The MS® spectrum of this precursor pointed
to the elimination of one ethyl radical, and to loss of water, to
produce 4-B and 4-C, respectively, in common with the

fragmentations driven by steric crowding of the diethyl
derivative 3 (Scheme 6).

Compound 5 showed the same pathway, with initial
formation of ion 5-A, by dehydration of the hydroquinone
through an intramolecular nucleophilic substitution, fol-
lowed by elimination of one methyl radical and water, to
produce ions 5-B and 5-C, respectively (Scheme 7).

Hydroquinone 6 apparently followed the same pathway,
with initial loss of water to give an ion at m/z 323. A second
dehydrated ion at m/z 305 was also observed in the MS®
spectrum. However, instead of the expected [M=15]" ion,
originating from the elimination of one methyl radical, an
intriguing [M-68]" fragment at m/z 255 was observed in the
same spectrum (Scheme 8). The structure 6-B was finally
assigned to this ion, and its formation rationalized in terms of
the mechanism shown below, involving an intramolecular
Meerwein rearrangement as its key step, followed by the
elimination of the ketene CH,=CH-CH=C=0, C,H,O
(Scheme 9).

For this rearrangement to take place, it was necessary to
postulate a free hydroxyl group at C-7, suggesting that the
first dehydration process to produce 6-A could not involve an
intramolecular nucleophilic substitution by this group, as
happened in compounds 4 and 5. Instead, elimination of
water from the hydroxymethyl substituent of C-6 had to take
place, without the intervention of the phenolic OH of C-7.
This process also may have occurred with hydroquinones 4

wileyonlinelibrary.com/journal /rcm

Copyright © 2010 John Wiley & Sons, Ltd.

Rapid Commun. Mass Spectrom. 2011, 25, 370-378



ESI-MS fragmentation of hydroquinone derivatives

Rapid
@ Cc:runurlk‘ilﬁmls in
e Mass Spactrometry

H+
OH O—‘

OH
e A A190)
OH O
- H,0 |
+
&0 1-B (187)

1(205)

OH —|H*
N\

H

1-C (177)

Scheme 3. Fragmentation pattern of protonated hydro-
quinone 1.

and 5. Therefore, there are two competing dehydrations, one
of them takes place through an intramolecular nucleophilic
substitution (compounds 4 and 5), and the second occurs by
an elimination mechanism (compound 6).

These dehydrations may be explained through the relative
stability of tertiary cations generated after the hydroxyl
protonation of hydroquinones 5 and 6. These cations should
be formed from a Meerwein rearrangement involving a
hydride transfer from C-6. In compound 6 this process is
favoured because a tertiary carbocation with two resonance

OH O

+

2 (257) -CO

2-B (239)
OH —| H*

H
2-C (229)

Scheme 4. Fragmentation pattern of protonated hydro-
quinone 2.

structures is formed. This possibility is absent in the case of
compounds 4 or 5 (Scheme 10).

The fragmentation pattern of hydroquinone 7 could be
rationalized with the mechanisms depicted for diethyl
derivatives 3 and 4 and for tetracyclic hydroquinone 6. Thus,
the radical cation 7-A was formed by elimination of one ethyl
group and the ion 7-B, observed in the MS® spectrum, by
water elimination and Meerwein rearrangement of its
precursor. A second ion derived from 7-A was detected at
m/z 309 and its structure was assigned (7-C, Scheme 11). Ion
7-C was formed by elimination of hydroxymethyl radical
followed by a rearrangement to more stable fused aromatic
fragment (Scheme 12).

H!’
OH 0_|

3 (233)

) 3A (204)
-HV
OH O H" OH O
. _| OH
2

3-8 (215) 3-C (187)

Scheme 5. Fragmentation pattern of protonated hydroquinone 3.
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Scheme 6. Fragmentation pattern of protonated hydroquinone 4.

The hydroquinone 8 shows a fragmentation pattern in
agreement with what should be expected from the preceding
analysis of the spectrum of hydroquinone 6. Elimination of
one acetic acid molecule through a McLafferty rearrangement
led to the ion 8-A. This ion forms 8-B by water loss. The other
main fragment in the MS® spectrum was ion 8-C, formed by
the same mechanism described above for hydroquinone 6,
involving a Meerwein rearrangement followed by elimin-
ation of 1,3-butadiene-1-one (Scheme 13).

- H,O

e

5 (301)

The fragmentation of hydroquinone 9 followed closely the
pattern observed for 8. Water elimination from the hydro-
xymethyl substituent at C-6 replaced the McLafferty
rearrangement observed for 8, leading however to the same
precursor 8-A. As expected, this ion generated, in the MS®
spectrum, ions 8-B and 8-C. A surprising observation,
however, was a prominent ion at m/z 254 in the MS?
spectrum, suggesting the simultaneous elimination of one
molecule of water and the fragment C;HsO from the

- H3C”
o A 5B (268)
AN
O (@]
5-A (283) |
v
5.C (265)

Scheme 7. Fragmentation pattern of protonated hydroquinone 5.

wileyonlinelibrary.com/journal /rcm

Copyright © 2010 John Wiley & Sons, Ltd.

Rapid Commun. Mass Spectrom. 2011, 25, 370-378



ESI-MS fragmentation of hydroquinone derivatives

Rapid
@ Cc:runurlk‘ilﬁmls in
e Mass Spactrometry

OH _|H‘
/ E i”

OH o |
| - C4H{O
: 6-B (255)
6-A (323
(323) -HZO\‘ OH ©
+
6-C (305)

Scheme 8. Fragmentation pattern of protonated hydroquinone 6.
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Scheme 9. Proposed mechanism of formation of 6-B from 6-A through a Meerwein-type rearrangement and loss of

1,3-butadien-1-one.

OH O

Scheme 10. Dehydration of protonated hydroquinone 6 to form 6-A.

protonated hydroquinone. This puzzling observation
suggested two modes of fragmentation for the cyclohex-
adienone ring of 9, both involving the final loss of a ketene
derivative. Following this assumption, structure 9-A was
assigned to this ion (Scheme 14).

The difference in behaviour between hydroquinone 9 and
its acylated derivative 8 was interpreted as arising from
different degrees of steric compression of the intermediate
shown in Scheme 15, in equilibrium with the protonated
hydroquinone. In the case of hydroquinone 8 (X=0Ac), the

McLafferty fragmentation of the substituent at C-6 relieves
the steric crowding around the phenolic hydroxyl. In
consequence, ion 8-A is formed, and then it eliminates one
molecule of 1,3-butadiene-1-one, as described in Scheme 15.
In the case of hydroquinone 9 (X=OH), the dehydration of a
primary alcohol is a more sluggish process: an equilibrium is
established with the rearranged isomer formed by migration
of one methyl group from C-8, and the steric crowding of this
molecule is relieved by homolysis of the bond between C-8
and C-9. Dehydration of this species then takes place together
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Scheme 11. Fragmentation pattern of protonated hydroquinone 7.
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Scheme 12. Formation mechanism of 7-C from radical cation 7-A.
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Scheme 13. Fragmentation pattern of protonated hydroquinone 8.
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Scheme 14. Fragmentation pattern of protonated hydroquinone 9.
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Scheme 15. Competing fragmentation pathways for compounds 8 (X=0Ac) and 9 (X=OH).
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with the expulsion of the rather stable ketene radical C,;HsO-.
The resulting ion fragment rearranges to the cyclopropyl-
methyl radical, which undergoes a fast rearrangement,'* to
give the aryl radical-cations 9-A or 9-B.

In conclusion, the analysis of the mass spectra of
hydroquinones 1-9 revealed a subtle interplay of competing
mechanisms in their fragmentation. These mechanisms
included a sterically accelerated homolytic cleavage of an
ethyl radical, in the case of compounds 3, 4 and 7; a
Meerwein-type rearrangement with the loss of a ketene
derivative, in the case of hydroquinones 6, 8, and 9; and
competing mechanisms for dehydration, either through an
intramolecular nucleophilic substitution, in the case of
hydroquinones 4 and 5, or through an elimination of OH
group from a primary alcohol, in the case of compounds 6, 7,
and 9. Thus, the variety of fragmentation patterns observed
for analogous compounds could be explained with the aid of
these few mechanistic pathways.
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