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bstract

Fragmentation pathways of doxorubicin, a common cancer therapy agent, and three closely related analogs (epirubicin, daunorubicin, idarubicin)
ere compared using electrospray ionization with tandem mass spectrometry. This class of antibiotics with anti-tumour activity has important

tructural features, with a tetracyclic aromatic, polyketide portion, which is glycosylated with an amino sugar in order to exhibit its biological
ctivity. Collision-induced dissociation spectra revealed very similar product ions for each analog, however, important differences were seen in the
elative abundances and the ease at which certain fragments were formed. Fragment ions observed included those from cleavage of the glycosidic
ond, loss of the side chain from the aglycone moiety, water losses and loss of a methyl radical. Following cleavage of the glycosidic bond, the
harge can either reside on the aglycone portion or the sugar moiety, and each of these primary fragments undergoes several secondary dissociation
athways, depending on the collision energy. By ramping the collision voltage, we were able to correlate the changes in fragmentation behavior with

mall alterations in the structure of the precursor ion. The detailed study of the fragmentation behavior of doxorubicin was supported by accurate
ass measurements, using an electrospray-time of flight instrument, as well as MS3 data from a quadrupole-linear ion trap mass spectrometer.
omputational studies were also performed to help explain the role of certain functional groups in the fragmentation reactions.
2006 Elsevier B.V. All rights reserved.

Tande

a
l
a
i

b
h
m
[
m
h
c

eywords: Anthracycline antibiotic; Doxorubicin; Fragmentation mechanism;

. Introduction

Doxorubicin, a commonly prescribed treatment in several
ancers [1,2], belongs to the family of anthracycline antibi-
tics. Anthracyclines have been researched as cancer therapies
or over 30 years and several structural analogs have been dis-
overed through natural sources (e.g., Streptomyces bacteria) or
ynthesized, yielding different modes of action, potencies, tar-
ets and side effects [3]. The structure of these drugs includes
planar tetracyclic quinoid aglycone (anthracycline) with an

minoglycoside sugar (daunosamine) attached through an O-
lycosidic bond (Fig. 1). The therapeutic effect of this class

f drugs is exhibited by stabilizing the complex between the
opoisomerase II� enzyme and DNA in the cell’s nucleus [4].
oxorubicin and daunorubicin have been used as antitumour
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ntibiotics with potent activity against solid tumours and some
eukemias. Several analogs have since been developed with the
im of improving the spectrum of activity or to lower toxicity,
ncluding epirubicin [5] and idarubicin [6].

There have been many reports on the analysis of doxoru-
icin and related drugs by mass spectrometry. This technique
as allowed the accurate quantitation of these drugs in biological
atrices [7–9], as well as the analysis of drug-DNA complexes

10–12] and has also aided in the identification of numerous
etabolites formed both in vitro and in vivo [13–16]. There

ave been numerous studies on the fragmentation of anthracy-
lines, using electron ionization (EI) [13,14,17–19], chemical
onization (CI) [19–21], field desorption [22,23], fast atom bom-
ardment (FAB) [24,25] and thermospray [19]. There has been
o detailed investigation, however, using tandem mass spec-

rometry (MS/MS) with electrospray ionization (ESI). ESI has
een applied to the analysis of anthracycline antibiotics pre-
iously, but mainly in quantitative applications. One previous
eport used in-source fragmentation for quantitation [7], while

mailto:Dietrich.Volmer@nrc-cnrc.gc.ca
dx.doi.org/10.1016/j.ijms.2006.02.003
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ig. 1. Structures of doxorubicin and three structurally similar anthracycline
rugs (daunorubicin, epirubicin, idarubicin).

thers implemented the higher selectivity technique of multiple-
eaction monitoring (MRM) for quantifying anthracyclines in
rine [8] or doxorubicin and metabolites in rat plasma and tis-
ue samples [9]. Some fragmentation studies have been reported
or anthracyclines [19–21,23–25], including some by FAB and
I-MS. Anthracyclines reveal an array of dissociation pathways
y which they can form characteristic product ions. ESI, on
he other hand, is a very soft method of ionization, yielding

ostly protonated molecules. In this case, subsequent activation
y tandem mass spectrometry can aid in the structural elucida-
ion of analogous compounds such as metabolites or degradation
roducts, and could also be useful for a more fundamental under-
tanding of ion structure and stabilizing effects causing certain
athways to be favored under specific conditions.

ESI-MS/MS has a further advantage for this compound class
ince it has also been proven to be very useful for the analysis of
nthracyclinones (aglycones) in positive ion mode, and therefore
ny analogs or metabolites of doxorubicin (or a related drug) can
lso be analysed under similar conditions. In a previous study
24], the mass spectral characterization of several anthracyclines
nd corresponding aglycones was performed using fast atom
ombardment. The aglycones were not ionizable in the positive
on mode, and therefore had to be characterized as negative ions.
lso, no low mass fragments were monitored. Another prob-

em with FAB spectra is that often there is a mix of molecular
ons and protonated ions, causing the spectra to be potentially
erived from fragments from several precursors. Understand-
ng all the fragmentation pathways for the anthracycline parent
ompound could also help in the elucidation of metabolites, even
f the glycosidic bond has been cleaved. Main metabolic path-
ays for doxorubicin include the reduction of the keto group
t C-13, cleavage of the glycosidic bond and conjugation with
glucuronide moiety [14]. Importantly, all these metabolites

an be ionized with electrospray in positive ion mode. If a new

G
w
t

able 1
orresponding fragment ion masses for doxorubicin and its three analogs

H+ –H2O Aglycone CH2OH (side chain)

ox/Epi (544) 526/508 415/397/379 361/346/333
au (528) 510/484 399/381/363 n/a

da (498) 480/462 369/351/333 n/a
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nthracycline drug would be assessed for metabolic pathways,
SI-MS/MS would be the method of choice for gaining impor-

ant structural information, especially if there is a limited amount
f sample.

This study describes the dissociative behavior of doxorubicin
nd three structurally similar compounds (epirubicin, daunoru-
icin, idarubicin). Epirubicin differs from doxorubicin only in
he stereochemistry of a single hydroxyl group in the sugar moi-
ty (4′epi daunosamine). Daunorubicin is structurally identical
o doxorubicin, except the hydroxyl group at position C-14 on
he A ring side chain is removed (Fig. 1). Idarubicin also has the
ame side chain as daunorubicin and has an additional struc-
ural difference in the D ring, caused by the removal of the

ethoxy group. Since all of these structures are extremely sim-
lar, we would also expect their mass spectrometric behavior
o be quite comparable. Any differences we would observe in
heir fragmentation behavior should then be directly related to
hese small changes in the above-mentioned functional groups.
n turn, more can be understood on their behavior when ionized
n the gas-phase. Certain pathways are seen to occur more read-
ly in some structurally similar analogs versus others. All major
ragmentation reactions of these anthracyclines were studied in
etail using tandem mass spectrometry, accurate mass data as
ell as some computational calculations to further rationalize

ome of the proposed pathways.

. Experimental

.1. Materials

Doxorubicin hydrochloride, epirubicin hydrochloride,
aunorubicin hydrochloride idarubicin hydrochloride, and
ormic acid were purchased from Sigma (Mississauga, Ont.,
anada). Methanol (Caledon, Georgetown, Ont., Canada) and
illi-Q organic-free water (Millipore, Bedford, MA, USA)
ere used as solvents.

.2. Mass spectrometry

Collision-induced dissociation (CID) spectra were acquired
n the positive ion mode on a MDS Sciex (Concord, Ont.,
anada) API 4000 triple quadrupole mass spectrometer with
irect infusion of each anthracycline at a concentration of 10 �M
n 50% methanol, 0.05% formic acid at a flow rate of 25 �l/min.
he instrument was operated with a spray voltage of 5.5 kV, a
S1 value of 50 and the curtain gas set at 10. Ultra-pure nitrogen
as used as both curtain gas and collision gas. MS/MS spectra of

he protonated molecule of each drug were acquired and MRM

–Side chain –CH3 radical Sugar Sugar fragments

321 306 148/130 113/95/86/72/69
291 n/a 148/130 113/95/86/72/69
291 n/a 148/130 113/95/86/72/69
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Table 2
MS3 results for doxorubicin

m/z of precursor CE (q2) Ions detected

544 5 526, 508, 490, 415, 398, 397, 379, 361,
346, 333, 321

526 12 508, 490, 472, 423, 414, 397, 379, 361,
351, 337, 321

508 20 491, 490, 473, 472, 397, 396, 380, 379,
361, 346, 337, 321

415 10 397, 379, 361, 321
397 15 379, 361, 351, 346, 333, 321
379 25 361, 351, 346, 333, 321
361 37 346, 333
346 57 –
333 42 331, 318, 315, 305, 303, 287, 275, 259,

145
321 37 306, 293, 277, 262
306 65 –
148 20 130
130 23 113, 95, 86, 72, 69
113 35 95, 85, 69
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86 50 –

ransitions for important fragments (see Table 1) were moni-
ored as the collision energy was ramped from 5–100 V (step
ize 0.5 V). The data for the fragment ion curves represent an
verage of five consecutive experiments.

MS3 data were acquired on a MDS Sciex 4000 QTRAP
quadrupole-linear ion trap) system with the doxorubicin stock
olution directly infused into the ion source at a flow rate of
5 �l/min. Source parameters were as follows: spray voltage
.5 kV, declustering potential 40 V, source temperature 100 ◦C,
S1 20 and curtain gas set at 10. Optimal CID conditions in q2

see Table 2) were chosen to have maximal ion abundances for
ach ion chosen for secondary activation in the linear ion trap
LIT). Conditions in the LIT were: dynamic fill on, excitation
nergy of 100 V and excitation time of 100 ms.

Accurate mass measurements were performed on an Agi-
ent (Wilmington, DE, USA) LC/MSD TOF, equipped with an
100 Agilent HPLC system, with a capillary voltage of 3 kV,
ource temperature at 350 ◦C and fragmentor voltage of 125 V
or (M + H)+ and 250 V for fragment ions. LC/MS was per-
ormed for these measurements with mobile phases: A; water,
; acetonitrile, both with 0.05% formic acid. Gradient elution
as as follows: 0.5 min isocratic at 15% B, followed by linear

ncrease to 50% to 15 min on a Zorbax SB-C18 rapid resolution,
.8 �m, 30 mm × 2.1 mm column at 0.1 ml/min. Internal mass
alibration with m/z 121.050873 and 922.009827 (present in the
gilent ESI Tuning mix) delivered by the second sprayer of the
ual electrospray source. Some measurements were conducted
ith loop injections of a standard solution of doxorubicin.

.3. Computational methods
Calculations were carried out using the Gaussian 03 program
26]. Density functional theory was used to perform all calcula-
ions, employing the B3LYP hybrid functional [27,28]. Geome-
ries were optimized (6-31G* basis set), and vibrational analyses

t
C
t
s
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ere conducted in order to verify optimized geometries. Single-
oint energy calculations (6-311+G** basis set) were then per-
ormed. The reported energies include the zero-point vibrational
nergies (ZPE), obtained from the B3LYP/6-31G* vibrational
nalyses and scaled by 0.9806 [29]. This method will be referred
o as B3LYP/6-311+G**//B3LYP/6-31G* for simplicity.

The absolute proton affinity (APA) in the gas-phase is defined
s the standard enthalpy of reaction:

H+ → B + H+ (1)

his can be readily calculated from energy calculations and
ibrational analyses:

PA = �H = �Eelec + �EZPE + �Eint(298.15) + (5/2) RT

(2)

he �Eelec term is the difference in electronic energy between
he base (B) and its conjugate acid (BH+), �EZPE the difference
n zero-point vibrational energy, �Eint(298.15) the difference in
hermal energy at 298.15 K, and (5/2)RT includes the PV term
nd the translational energy of the proton [30,31].

Geometries and electronic energies for the unprotonated
nd protonated structures were obtained with the B3LYP/6-
11+G**//B3LYP/6-31G* method. Vibrational analyses were
erformed at the B3LYP/6-31G* level to determine the ZPE and
hermal energy corrections [29]. Basis set superposition error
BSSE) corrections were estimated using the Boys-Bernardi
ounterpoise method [32]. For each molecule, the hydrogen
tom was removed from its protonated B3LYP/6-31G* opti-
ized geometry, and a B3LYP/6-311+G** single-point energy

alculation was performed on this structure with and without
host functions at the site of protonation. These corrections are
ncluded in all reported proton affinity values.

. Results and discussion

An extensive study of the fragmentation reactions of four
nthracycline drugs (doxorubicin, epirubicin, daunorubicin,
darubicin) has been performed using tandem mass spectrome-
ry following electrospray ionization. Several differences in the
ehavior of their protonated molecules following ion activation
ere seen, since certain fragmentation channels are more easily

ccessed in some of these analogs, presumably due to differ-
nces in stabilities or proton affinities of the product ions. The
ragmentation of doxorubicin was initially studied in detail with
andem mass spectrometry, including MS/MS and MS3 data.
ccurate mass measurements also assisted in the elucidation of

he dissociation reactions with corresponding ion structures for
he product ions of doxorubicin. This section consists of a pre-
iminary discussion of the fragmentation of doxorubicin from
ID experiments in a triple quadrupole, followed by the presen-

ation of MS3 and accurate mass data. A fragmentation scheme
s then shown detailing the important dissociation pathways of

his molecule with a comparison to the other anthracycline drugs.
omputational data was used to support the proposed fragmen-

ation pathways and characterize absolute proton affinities for
ome the discussed ions.
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ig. 2. CID spectra for the four investigated drugs at a collision offset voltage
f 25 V.

.1. Elucidating the detailed fragmentation mechanisms for
oxorubicin

Doxorubicin and its analogs exhibit similar fragmenta-
ion reactions following collision-induced dissociation (CID).
able 1 lists the different fragment ions for doxorubicin and the
orresponding m/z values for the analogous product ions of the
ther three molecules. The main pathways include the cleavage
f the glycosidic bond with the charge either residing on the
glycone moiety or the sugar portion, cleavage of the side chain
n the A ring, and further small neutral losses, such as H2O,
H3 and CO. The CID spectra for each of the four analogs are

hown in Fig. 2. These spectra exhibit three main groupings

f ions; one due to the protonated molecule with some water
osses, a cluster of ions due to the aglycone portion with addi-
ional neutral losses and a third group in the low mass range
or the ions of the daunosamine sugar. It is easily seen that sev-

t
t
o
t
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ral fragmentation pathways are lost for the aglycone portion
ue to the changes in the precursor ion structure, as in the case
f daunorubicin and idarubicin. The side chain hydroxyl group,
hich is missing in both of these molecules, must be central

n an important fragmentation reaction (vide infra). Epirubicin
lso shows a more important water loss fragment from the pro-
onated molecule, potentially due to the different orientation of
he hydroxyl group in the sugar group (4′epi daunosamine).

Additional information for the elucidation of complex frag-
entation pathways can be gained by using multiple stages of

andem mass spectrometry (e.g., in a conventional 3D-ion trap
33] or in a quadrupole-linear ion trap (QqLIT) [34]). Using

second stage of MS/MS in the linear ion trap of a QqLIT
nstrument provided important information for the assignment of
issociation reactions. The conditions in the second quadrupole
collision cell, q2) were individually optimized for the formation
f each product ion of doxorubicin seen in the triple quadrupole
pectra. Several experiments were subsequently conducted with
n-resonance CID in the LIT, producing fragment ions derived
nly from the isolated product ion initially formed in q2. These
esults are summarized in Table 2. Ions represented in the disso-
iation scheme for doxorubicin (Fig. 3) are bolded in the table.
his data yields supplementary information on the fragmenta-

ion pathways of doxorubicin. For example, the MS3 data shows
hat m/z 333 can be formed by m/z 361, a fragment involving the
ide chain of doxorubicin and epirubicin.

Accurate mass data were collected on an electrospray-time
f flight (ESI-TOF) instrument, with internal calibration using
dual-spray source with a continuous flow of calibration mix.
ery good accuracies (low ppm) were obtained for most prod-
ct ions. This instrument did not allow precursor ion selection,
herefore fragment ions were formed by increasing the voltage at
he end of the capillary in the source (fragmentor voltage) [35].
hese results are listed in Table 3, along with corresponding

esolutions and relative intensities of the ions. The informa-
ion gained from these experiments aided the elucidation of the
ragmentation scheme and the ion structures for all major ions
ormed from protonated doxorubicin (see Fig. 3).

A fragmentation scheme (Fig. 3) has been proposed using
ata generated from collision-induced dissociation experiments
nd accurate mass measurements. In the cases where the proto-
ation site is not specified in the structures shown in the scheme,
he m/z values have a (H+) symbol next to them to remind the
eader that the structure shown is not an ion unless it is proto-
ated. It has been previously reported [21] that the initial site
f protonation of anthracycline antibiotics occurs on the oxygen
f the glycosidic bond, mainly due to the prominent fragmenta-
ion with bond breakage at that position, with the oxygen atom
emaining on either the aglycone portion (e.g., m/z 415, 130) or
he sugar moiety (e.g., m/z 397, 148). In both cases, the proton
an remain attached to the aglycone or the sugar. For the ion
t m/z 361, the charge is shown localized on the side chain, in
rder to rationalize its formation from m/z 379 (with protona-

ion at the side chain). Proposed ion structures are given for all
he major ions produced after activation of the protonated dox-
rubicin molecule. The initial water loss (m/z 526) is proposed
o occur from the hydroxyl function attached directly to the A
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Table 3
Accurate mass data for doxorubicin product ions

m/z (measured) m/z (calculated) Formula Mass accuracy (ppm) % Intensity Resolution

86.0612 86.0600 C4H8NO+ 13.5 a 3406
113.0609 113.0597 C6H9O2

+ 10.6 a 3723
130.0861 130.0863 C6H12NO2

+ −1.2 8 4360
148.0969 148.0968 C6H14NO3

+ 0.5 a 4433
306.0545 306.0523 C18H10O5

•+ 7.3 7 5958
321.0761 321.0758 C19H13O5

+ 1.1 100 6158
333.0759 333.0758 C20H13O5

+ 0.5 15 6754
346.0464 346.0472 C20H10O6

•+ −2.3 7 6191
361.0708 361.0707 C21H13O6

+ 0.4 51 6528
379.0820 379.0812 C21H15O7

+ 2.0 50 6712
397.0917 397.0918 C21H17O8

+ −0.2 56 7005
415.1040 415.1024 C21H19O9

+ 4.0 a 6959
5 +

5

r
c
d
b
p

o

F
s

26.1700 526.1708 C27H28NO10

44.1806 544.1813 C27H30NO11
+

a Ions measured from loop injections of doxorubicin (see Section 2).

ing. A second water loss, most probably occurs from the side

hain on the A ring. Alternatively, the structure of m/z 508 from
oxorubicin could potentially be derived from a water molecule
eing lost from the sugar moiety. The cleavage of the aglycone
ortion from the sugar can occur on either side of the oxygen

t
n
o
(

ig. 3. Proposed fragmentation scheme for doxorubicin. Note that a proton is added
pecified.
−1.5 2 8070
−1.4 17 7669

f the glycosidic bond. Therefore, we get m/z 415 or 397 for

he charged aglycone portion or m/z 148 and 130 for the proto-
ated sugar. Further fragmentation of the aglycone ion consists
f neutral losses of water (m/z 415 → 397 → 379 → 361), CO
m/z 361 → 333) or the side chain on the A ring (m/z 379 → 321).

next to the mass of the ion for any structure where the protonation site is not
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Fig. 4. Proposed fragmentation scheme for the f

lso, a stable radical ion is formed by the loss of a methyl radi-
al from the methoxy group on the D ring (m/z 361 → 346, m/z
21 → 306). The product ions at m/z 361, 346 and 333 are due
o the presence of the hydroxyl group at R1 (refer to Fig. 1). A
ater molecule is lost from the side chain of the aglycone ion at
/z 379, and the resulting structure is shown in Fig. 3, stabilized
y the neighboring carbonyl group (m/z 361). This ion can fur-
her dissociate by loss of CO to form a stable tropylium-type ion
t m/z 333. The detailed mechanism proposed for the formation
f these two ions is illustrated in Fig. 4.

In the case of the glycosidic bond cleavage occurring with
etention of the charge on the sugar portion, m/z 148 and 130
oxonium ion) are formed by bond cleavage on either side of the
lycosidic oxygen atom. These two ions are also related by a
imple water loss reaction as well. Several fragmentation reac-
ions are rationalized using the linear form of the sugar, which
s in equilibrium with the cyclic form (Fig. 3). Ammonia loss
rom m/z 130 yields an ion at m/z 113, which can subsequently
ose a water molecule forming m/z 95. Additionally, the MS3

esults showed a product ion of m/z 95 at m/z 67, which is likely
he product of a facile CO loss from the m/z 95 structure shown
n Fig. 3. The ion at m/z 130 can also further dissociate into
/z 86 (loss of CH3CHO, acetaldehyde) and m/z 72 (loss of
H3CH2CHO) as seen in the fragmentation scheme. The ion at
/z 69 is formed via a similar acetaldehyde loss from m/z 113.
All of the pathways discussed above were monitored for

he four investigated anthracycline antibiotics under conditions
f varying collision energy in the collision cell of a triple
uadrupole in order to see if certain pathways are preferred for
he different structural analogs.

.2. Comparing MS/MS behavior of doxorubicin analogs

Fig. 5 represents breakdown curves of the four investi-
ated drugs for the important fragmentation pathways discussed
bove. The curves are divided into ions of the aglycone portion
with water loss from the protonated molecule as well, on the
eft of the figure) and ions of the amino sugar (on the right).
ach set of curves also has the ion intensity for the precursor

on in order to clarify the importance of each pathway. The most
bvious difference, of course, is observed when the side chain
s altered, as for daunorubicin and idarubicin, and consequently,
everal dissociation reactions are absent. This causes the ions

t m/z 321 and 291 to be more significant for daunorubicin and
darubicin, respectively. Daunorubicin can further dissociate by
oss of a methyl radical producing m/z 306. Since idarubicin does
ot have the possibility for any neutral loss occurring due to the

n
o

f

tion of ions at m/z 361 and 333 of doxorubicin.

ide chain of the A ring, nor is it able to lose the methyl radical
rom the D ring, it seems to exhibit no further fragmentation
n comparison to the other three molecules at higher collision
nergies. There is, however, another pathway occurring above
ollision energies of 60 V with two main product ions at m/z 217
nd 189. The structures of these ions can be easily rationalized
rom m/z 291. Fig. 6 illustrates the appearance curves for these
ons as well as our proposed mechanism for their formation. The
eto functional group is the most likely position for the proton,
hich is initially removed by the OH group adjacent for a facile

oss of H2O. Then a double CO loss forms m/z 217, which can
hen cleave a further CO group for the final structure shown
or m/z 189. These types of dissociations were not seen for the
ther anthracyclines under the energy regime monitored, since
hey had other reactions possible.

In Fig. 5, epirubicin is shown to have a much larger relative
bundance of the ion resulting from a single water loss from
ts protonated molecule as compared to doxorubicin. This is
ssumed to be due to the different position of the hydroxyl group
n the sugar, causing a more favorable orientation for water to be
ost from that part of the molecule (syn elimination of the OH
nd H groups). Also, idarubicin seems to have a much larger
ontribution due to the charge being retained on the sugar com-
ared to the other anthracyclines. This is presumably due to
he decrease in stability of the aglycone portion as a protonated
roduct in comparison to the daunosamine sugar. The methoxy
roup could therefore be very important in the overall stability
f the aglycone ion (vide infra).

.3. Computational calculations of ion stabilities

Computational data also aided in the mass spectral char-
cterization of these small molecules. Absolute proton affin-
ty (APA) values were calculated, with the proton residing on
ach atom with a lone pair of electrons, for daunosamine and
′epi daunosamine ions (m/z 148). Not surprisingly, the charged
mino function proved to be the structure with the highest proton
ffinity in the case of both sugars. The APA values were 223.7
nd 222.2 kcal/mol for daunosamine and 4′epi daunosamine,
espectively. However, these sugars can easily revert to their
inear forms, therefore the discussion of APA becomes less
elevant, since the calculations were performed for the cyclic
tructures. The fragmentation scheme proposed in Fig. 3 ratio-

alizes several sugar-derived product ions from the linear form
f the original sugar ions at either m/z 148 or 130.

Idarubicin exhibits a much more prevalent ion current for
ragment ions retaining the charge on the sugar portion compared
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Fig. 5. Breakdown curves showing d

o the other three investigated compounds. This would indicate
lower stability of its protonated aglycone portion for this ion.

he sole difference between the structures of daunorubicin and
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f the charge on the aglycone portion of the molecule. This
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roton affinity is seen for the carbonyl on the bottom of the C ring
ith the proton pointing in the direction of the methoxy group

222.1 kcal/mol). This further exemplifies the importance of the
ethoxy group in the proton affinity of the aglycone protonated
oiety.
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n the fragmentation scheme (Fig. 3). Two structures were mod-
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ig. 7. Absolute proton affinities (in kcal/mol) for different protonation sites
f the aglycone portion of daunorubicin (at m/z 381). Note that for groups
esignated with (*), the proton did not remain localized here after geometry
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f the side chain. Hydrogen bonding is shown between the hydroxy oxygen and
he proton on the carbonyl. This geometry (optimized at the B3LYP/6-311+G**
evel) helps rationalize the pathway for the side chain water loss (seen in Fig. 4).
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. Conclusions
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