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A long-range glycosyl transfer reaction was observed in the collision-induced dissociation
Fourier transform (CID FT) mass spectra of benzylamine-labeled and 9-aminofluorene-labeled
lacto-N-fucopentaose I (LNFP I) and lacto-N-difucohexaose I (LNDFH I). The transfer reaction
was observed for the protonated molecules but not for the sodiated molecules. The long-range
glycosyl transfer reaction involved preferentially one of the two L-fucose units in labeled
LNDFH I. CID experiments with labeled LNFP I and labeled LNFP II determined the fucose
with the greatest propensity for migration. Further experiments were performed to determine
the final destination of the migrating fucose. Molecular modeling supported the experiments
and reaction mechanisms are proposed. (J Am Soc Mass Spectrom 2002, 13, 325–337) © 2002
American Society for Mass Spectrometry

Structural elucidation of oligosaccharides from nat-
ural sources is very important in view of the key
roles that glycans play in cognitive and adhesive

processes in biological systems. Oligosaccharides are
essential in fertilization [1], cell growth [2–4], inflam-
mation [5], and post-translational protein modification
[6–8]. Whereas the insight into the physical process of
carbohydrate recognition is in its infancy, considerable
progress has been made towards the quantitation and
structural elucidation of biologically active oligosaccha-
rides. NMR [9] yields structural information about
oligosaccharides. Frequently, however, an inherent
problem is the limited amount of sample causing NMR
experiments to become time-consuming or impossible.
The sensitivity and accuracy of mass spectrometry has
made this technique the best choice for analysis of
oligosaccharides [10, 11]. Structural information can be
derived from collision-induced dissociation (CID) [12–
20] or from post-source decay (PSD) time-of-flight
(TOF) experiments [21–26]. Fragmentation of glycosidic
bonds provides information about the monosaccharide
sequence and computer algorithms can extract se-
quence information from web-based catalogs of MSn

spectra [27]. However, the assignment of anomeric
configuration [28–35] and linkage [18, 36–38] within the
oligosaccharide structure is not a trivial task. Glycosi-
dase digestion [13, 39–47] in conjunction with mass
spectrometric analysis can be used to assign linkage and
stereochemistry. In an alternative approach, CID-frag-

mentation patterns have been linked to structural mo-
tifs in the oligosaccharide (catalog library approach)
[12].
We recently reported on the use of more nucleophilic

benzylogous amines, such as benzylamine and 9-amin-
ofluorene, for the labeling of oligosaccharides and the
experimental results of FT-MS experiments with the
labeled oligosaccharides [48]. Detection of 5 pmol of
9-amino fluorene-labeled oligosaccharide was achieved
with a photo diode array during HPLC separation. The
label combines low cost with good nucleophilicity and
ease of introduction. The behavior of oligosaccharides
derivatized with benzylogous amines such as ben-
zylamine in CID experiments has not been reported,
although data obtained from PSD matrix-assisted laser
desorption/ionization (MALDI)-TOF experiments have
been published [25, 49].
In this paper, we discuss a long-range glycosyl

transfer that occurs during CID for benzylamine- and
9-AmFL-labeled oligosaccharides. The transfer of a fu-
cose across three monosaccharide units was observed
only in protonated molecules. To the best of our knowl-
edge, long-range transfers during CID experiments
have only been reported twice in the literature [50, 51].
Examples for short-range transfers (over one saccharide
residue) have been reported for several linear and
branched oligosaccharides [52–54]. Thomas-Oates
and co-workers [52, 53] reported internal residue
losses that were due to short-range transfers. Earlier,
McNeil [54] had observed the phenomenon of internal
residue loss from per-O-alkylated oligosaccharides,
with no mechanistic explanation put forth. Interest-
ingly, short-range transfers have also been reported
for protonated peptides suggesting similar migration
reactions [55].
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Experimental

Unless stated otherwise, the chemicals used in the
derivatization reaction were purchased from Sigma-
Aldrich (St. Louis, MO) and used without further
purification. Solvents were of HPLC grade. Oligosac-
charides were purchased from Oxford Glycosystems
(Rosedale, NY). Evaporation of small amounts of
solvent was done on a Centrivap Concentrator
(Labconco Corporation, Kansas City, MO) at 45 °C.
Porous graphitized carbon (PGC) cartridges for de-
salting were purchased from Alltech Associates, Inc.
(Deerfield, IL).
Mass spectra were recorded on an external source

HiResMALDI (IonSpec Corporation, Irvine, CA)
equipped with a 4.7 tesla magnet [12, 56–58] The
HiResMALDI was equipped with an LSI 337 nm nitro-
gen laser. 2,5-Dihydroxy-benzoic acid was used as
matrix (5 mg/100 �L in ethanol). A 0.01 M solution of
NaCl in methanol was used as dopant. An NH4-resin
was used to remove alkali metals and produce the
protonated species.

General Procedure for Labeling with
9-Aminofluorene

The oligosaccharide (200 nmol) was dissolved in nano-
pure water (50 �L) in a plastic microcentrifuge tube
(2 mL). In another microcentrifuge tube 9-aminoflu-
orene hydrochloride (2 mol equivalents) was dissolved
in water (200 �L). This solution was treated with
NaHCO3 (1 mol equivalent with respect to the label)
to give the free amine as white precipitate. After ten
minutes at room temperature, the suspension was
evaporated in vacuo and the remainder was dis-
solved in methanol (100 �L). To this solution
NaCNBH3 (3 mg, 0.05 mmol) was added followed by
glacial acetic acid (5 �L). The resulting reagent solu-
tion was added immediately to the above solution of
the oligosaccharide in water. The reaction mixture
was heated to 80 °C for 2 h in a closed microcentri-
fuge tube. After 2 h the reaction mixture was cooled
to room temperature and was evaporated in vacuo.
The labeled oligosaccharide was dissolved in nano-
pure water (100 �L) and was desalted by a method
adapted from the literature [59]. A PGC cartridge was
washed with an aqueous solution with 80% (vol/vol)
acetonitrile and 0.05% (vol/vol) trifluoroacetic acid
(15 mL total) at a flow rate of about 3 mL/min. The
solution of the labeled oligosaccharide was applied to
the PGC cartridge. Subsequently the cartridge was
washed with nanopure water (15 mL total) at a flow
rate of about 1 mL/min followed by an aqueous
solution with 60% (vol/vol) acetonitrile and 0.05%
(vol/vol) trifluoroacetic acid (15 mL total). The UV-
active fractions were collected and concentrated in
vacuo for mass spectrometric analysis.

General Procedure for Labeling with Benzylamine

The oligosaccharide (200 nmol) was dissolved in nano-
pure water (50 �L). In a separate vial benzylamine (10
�L) was dissolved in methanol (100 �L). To this solu-
tion was added NaCNBH3 (3 mg, 0.05 mmol) followed
by glacial acetic acid (5 �L). The resulting reagent
solution was added immediately to the above solution
of the oligosaccharide in water. The reaction mixture
was heated to 80 °C for 2 h. Workup was performed as
described (vide supra).

Mass Spectrometric Analysis (MALDI-FTMS)

The solution of the labeled oligosaccharide (1 �L) was
applied to the MALDI probe followed by sodium
dopant (1 �L) or NH4-resin and matrix solution (1 �L).
The sample was dried under a stream of air and
subjected to mass spectrometric analysis. For all CID
experiments, the appropriate isolation pulses were pro-
grammed starting at 3 s after the initial ionization and
followed by SORI excitation at 6 s (1 s, 5 V base to peak,
�1000 Hz off-resonance). At a background pressure of
10�10 torr, argon gas was administered through a
pulsed valve at 6 and at 6.5 s (peak pressure 5 
 10�5

torr). Final excitation for detection was performed 12 s
after the initial laser pulse.

Molecular Modeling

The molecule was constructed and pre-minimized in
the consistent valence force field (CVFF) implemented
in the Insight II program as previously described [60].
Temperature annealing was done by heating the mole-
cule to 600 K for 200 ps. Every 8 ps a sample snapshot
was taken from the trajectory of the molecule and
annealed to 0K. In this way, 25 structures were ob-
tained. Structures that were within 3 kcal/mol of the
lowest energy were kept and superimposed.

Results and Discussion

Lacto-N-difucohexaose I (LNDFH I) and lacto-N-difu-
cohexaose II (LNDFH II) were derivatized with 9-AmFL
to give Compounds 1 and 2 (Scheme 1) and CID spectra
were recorded (Figure 1). The sodium-doped sample of
1 produced the quasimolecular ion at m/z 1187. The CID
of this ion gave rise to fragment ions consistent with the
molecular structure (Figure 1a). The formal fragmenta-
tion nomenclature for the assignment of oligosaccha-
rides has been published by Domon and Costello [61].
Fragment ions with m/z 1041 (Y4� or Y3�), 895 (Y4�/Y3�),
879 (Y3�), 733 (Y3�/Y3�), and 530 (Y2) were observed.
Additionally, loss of labeled residues from [M � Na]�

gave rise to a different series of fragment ions consisting
of ions at m/z 842 (B4), 714 (Y4�/C4), and 696 (Y4�/B4 or
B4/Y3�). The fragment ion atm/z 696 further gave rise to
the loss of a fucose (m/z 550, B4/Y4�/Y3�), a galactose
(m/z 534, B4/Y3�), and both (m/z 388, B4/Y3�/Y3�). The
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fragment ion at m/z 714 (C4/Y4�) lost a galactose (m/z
552, C4/Y3�), a fucose (m/z 568, C4/Y4�/Y3�), and both
(m/z 406, C4/Y3�/Y4�).
The CID spectrum of the protonated species (Figure

1b, m/z 1165) showed a less complicated fragmentation
pattern. The CID spectrum was characterized by frag-
ments at m/z 1019 (Y4� or Y3�), 857 (Y3�), 508 (Y2), 346

(Y1), 204 (internal B/Y ion for the GlcNAc residue) and
165 (resonance-stabilized cation of the fluorene label).
However, an unusual second fragmentation pathway
was observed at this point. The fragment at m/z 654
corresponded to the loss of a single fucose (D� or E�

ring), a galactose (D� ring), and an N-acetyl-glu-
cosamine (C ring) with retention of the second fucose
unit at the remainder of the molecule. The ion at m/z 654
further lost a galactose (B ring) to give m/z 492 with the
second fucose still attached to the ion. These fragments
could be explained by invoking an unprecedented
long-range transfer of a fucose unit (E� or D� ring) to
the open-chain terminus (A ring) of the oligosaccharide
or to ring B.
The possibility that LNDFH I impurities were

present in LNDFH II and vice versa prior to derivati-
zation could be ruled out based on the sodiated Com-
pound 2 (Figure 2a). The CID of the sodiated quasimo-
lecular ion produced m/z 676 that corresponded to a Y2�

cleavage. Had LNDFH II been present as an impurity in
LNDFH I, the same fragment would have been ob-
served in the spectrum of [M � Na]� of Compound 1
where it is completely absent (Figure 1a). An additional
argument against positional isomers as impurities
could be derived from the CID spectra of the [M � H]�

species. The m/z 654 is an abundant fragment ion in the

Scheme 1

Figure 1. (a) FTMS-CID spectrum of Compound 1, [M � Na]�,
m/z 1187; (b) CID spectrum of Compound 1, [M � H]�, m/z 1165.
Note: The arrow indicates the position of the molecular ion prior
to CID. The peak at m/z 1001 (not labeled) was due to electronic
noise. Fragment ions at m/z 654 and 492 were due to long-range
glycosyl transfer of a fucose.

Figure 2. (a) FTMS-CID spectrum of Compound 2, [M � Na]�,
m/z 1187; (b) CID spectrum of Compound 2, [M � H]�, m/z 1165.
Note: The arrow indicates the position of the molecular ion prior
to CID. Fragment ions at m/z 654 and 492 were consistent with the
molecular structure.
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CID spectrum of Compound 2 (Figure 2b). When com-
pared to the corresponding signal in the CID spectrum
of Compound 1 (Figure 1b), the signal intensity would
suggest a large LNDFH II impurity of 20–40%. How-
ever, the CID spectrum of the [M � Na]� species
(Figure 1a) indicated a relatively pure LNDFH I deriv-
ative suggesting that the native LNDFH I was free of
positional isomers.
We performed a series of experiments to determine

the destination of the migrating fucose in Compound 1.
A CID experiment on the isolated MALDI-generated
fragment atm/z 654 from Compound 1 (Figure 3) clearly
showed that the ion lost a fucose (m/z 508), a galactose
(m/z 492), and both (m/z 346). The findings of the CID
experiment were consistent with the proposed migra-
tion to one of the hydroxyl groups in the open chain (A)
of Compound 1 or to the amine nitrogen at the label.
The final destination of the migrating fucose will be
discussed in detail further below.
To determine if the fucose was transferred to the

nitrogen we N-methylated 9-AmFL-LNDFH I (Com-
pound 1) with methyl iodide/NaHCO3 to afford Com-
pound 3. This would effectively diminish the transfer
by introducing steric hindrance making the nitrogen
less accessible. The sodium-coordinated species of
Compound 3was mass-shifted by 14 u (m/z 1201, Figure
4a). The CID of m/z 1201 produced fragments at m/z
1055 (Y4� or Y3�), 909 (Y4� and Y3�), and 544 (Y2). A
second series of ions corresponding to m/z 696 (B4/Y4�

or B4/Y3�), 550 (B4/Y4�/Y3�), and 388 (B4/Y3�) were
due to the loss of the corresponding labeled residues.
The CID experiment of the protonated molecule at

m/z 1179 (Figure 4b) yielded fragments atm/z 1033 (Y4�),
871 (Y3�), 522 (Y2), 360 (Y1), and 165 (resonance-stabi-
lized cation of the fluorene label) that are consistent
with the known structure. The fragments at m/z 668 and
506 were consistent with a long-range transfer reaction
of a fucose (vide supra). It appeared that N-methylation
did not significantly affect the relative intensities of
these fragment ions suggesting that the fucose was
transferred to a hydroxyl group, possibly in the open-
chain, rather than the amine nitrogen.
We hoped to obtain additional information by meth-

ylation of the OH-groups. Protection of the OH-groups
in Compound 1 would shut down the migration of
fucose, if indeed migration to the OH-groups occurred.
However, attempts at per-O-methylation of Compound
1 were futile. A deep purple coloration of the solution
during treatment with NaOH in the presence of methyl
iodide was observed due to the formation of an exten-
sively resonance-stabilized carbanion at the methylene
unit of the fluorene. The carbanion may have prevented
the deprotonation of nearby hydroxyl groups, which is
necessary for methylation.
In order to determine the fucose that had the greater

propensity to undergo migration we derivatized lacto-
N-fucopentaose I (LNFP I) and lacto-N-fucopentaose II
(LNFP II) with 9-AmFL (Compounds 4 and 5, respec-
tively). The fragmentation behavior of the sodiated
Compound 4 (m/z 1041, Figure 5a) was analogous to
that of Compound 1 (Figure 1a). Fragments at m/z 895
(Y4), 733 (Y3), and 530 (Y2) corresponded to ions with
retention of the label. A second series was due to the
loss of labeled residues yielding fragment ions at m/z
696 (B4), and 714 (C4). The fragment ion at m/z 696 lost
either a fucose (m/z 550, B4/Y4), a galactose (m/z 534, B3),
or both (m/z 388, B4/Y3). The fragment at m/z 714 lost
either a single fucose (m/z 568, C4/Y4), a single galactose
(m/z 552, internal ion B2/Y4), or both (m/z 406, C4/Y3) in
the same fashion as discussed for m/z 696.
The CID spectrum of the protonated Compound 4

Figure 3. CID-spectrum of fragment ion at m/z 654 isolated from
the MALDI spectrum of Compound 1 (Figure 1b, [M � H]�).

Figure 4. (a) FTMS-CID spectrum of Compound 3, [M � Na]�,
m/z 1201; (b) CID spectrum of Compound 3, [M � H]�, m/z 1179.
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Figure 5. (a) FTMS-CID spectrum of Compound 4, [M � Na]�, m/z 1041. The signals at m/z 704 and
349 were due to unidentified chemical background; (b) CID spectrum of Compound 4, [M � H]�, m/z
1019; (c) CID spectrum of Compound 5, [M � Na]�, m/z 1041; (d) CID spectrum of Compound 5,
[M � H]�, m/z 1019.

Figure 6. (a) FTMS-CID spectrum of Compound 7, [M � Na]�, m/z 967. The signals at m/z 704 and
349 were due to unidentified chemical background.; (b) CID spectrum of Compound 7, [M�H]�, m/z
945; (c) CID spectrum of Compound 8, [M � Na]�, m/z 967; (d) CID spectrum of Compound 8, [M �
H]�, m/z 945.



(m/z 1019) showed fragment ions at m/z 873 (Y4), 711
(Y3), 508 (Y2), 346 (Y1), and 204 (internal B/Y ion for the
GlcNAc residue) (Figure 5b). The presence of fragments
at m/z 654 (25%) and 492 (15%) was observed and was
consistent with the migration of a fucose. The ampli-
tude of the CID event was identical to that for Com-
pound 1 (Figure 1b, vide supra).
The CID spectra of sodiated and protonated Com-

pound 5 are shown in Figure 5c and d, respectively. For
the protonated molecule (m/z 1019, Figure 5d), the
fragments at m/z 654 and 492 were also observed,
however, in much lower abundances (	5% and 	1%,
respectively). This implied that migration of the termi-
nal �-fucose on ring D� was favored over the other
�-fucose on ring C and that possibly the linkage posi-
tion of the fucose influenced its propensity to migrate
consistent with published results [50].
We introduced a methyl group at the amine nitrogen

of Compound 4 to show again that the glycosyl transfer
still occurred. For [M � Na]� (m/z 1055, spectrum not
shown), the fragment ions were readily assigned ac-
cording to the known structure. For [M � H]� (m/z

1033, spectrum not shown), the CID spectrum con-
tained signals at m/z 887 (Y4), 725 (Y3), 522 (Y2), 360 (Y1),
and 165 that were consistent with the molecular struc-
ture. The fragment ions at m/z 668 and 506 were due to
the migration of a fucose.
In order to investigate the generality of the long-

range transfer with respect to the label, we derivatized
LNFP I and LNFP II with benzylamine. CID spectra of
benzylamine-derivatized LNFP I (7) and LNFP II (8) are
shown in Figure 6. The sodiated molecule of Com-
pound 7 (Figure 6a, m/z 967) gave rise to fragment ions
at m/z 821 (Y4), 659 (Y3), 456 (Y2), and 294 (Y1) that
retained the label. A second series of fragment ions
arising from the loss of labeled residues was also
observed as m/z 696 (B4), 550 (B4/Y4), 534 (B3), and 388
(B4/Y3). A third series analogous to the second yielded
m/z 714 (C4), 568 (C4/Y4), 552 (internal ion B2/Y4), and
406 (C4/Y3).
The CID of the protonated Compound 7 (Figure 6b,

m/z 945) yielded fragment ions at m/z 799 (Y4), 637 (Y3),
434 (Y2), 272 (Y1). Fragment ions at m/z 512 (B3) and 366
(B3 and Y4) were due to the loss of the corresponding

Table 1. Typical fragment ions observed in CID experiments wih sodiated or protonated molecules from Compounds 1, 3, 4, 6, 7,
which have the LNFP I backbone. Given are m/z values of the fragments

Isol.

1 3 4 6 7

Na� H� Na� H� Na� H� Na� H� Na� H�

Y1 – 346.165 – 360.180 – 346.165 – 360.182 – 272.149
Y2 530.200 508.218 544.217 522.235 530.210 508.217 544.224 522.236 456.190 434.203
Y3 n/a n/a n/a n/a 733.300 711.299 747.314 725.319 659.278 637.284
Y3� 879.342 857.357 – 871.375 n/a n/a n/a n/a n/a n/a
Y3� 1041.396 1019.415 1055.417 1033.430 n/a n/a n/a n/a n/a n/a
Y4 n/a n/a n/a n/a 895.360 873.353 909.373 887.375 821.337 799.340
Y4� 1041.396 1019.415 1055.417 1033.430 n/a n/a n/a n/a n/a n/a
Y4�/Y3� 895.336 – 909.355 – n/a n/a n/a n/a n/a n/a
Y3�/Y3� 733.286 – – – n/a n/a n/a n/a n/a n/a
B3 – – – – 534.190 512.198 534.187 512.199 534.189 512.200
B3/Y4 n/a n/a n/a n/a 388.127 366.140 388.125 366 388.126 366.140
B3/Y4�/Y3� 388.121 – 388.122 – n/a n/a n/a n/a n/a n/a
B4 842.297 – – – 696.251 – 696.248 – 696.249 –
B4/Y4 n/a n/a n/a n/a 550.185 – 550.183 – 550.184 –
B4/Y4� or

B4/Y3�

or C4/
Z4� or
C4/Z3�

696.235 – 696.238 – n/a n/a n/a n/a n/a n/a

B4/Y4�/Y3� 550.175 – 550.176 – n/a n/a n/a n/a n/a n/a
B4/Y3 n/a n/a n/a n/a 388.127 366.140 388.125 366.141 388.126 366.140
B4/Y3�/Y3� 534.180 – – – n/a n/a n/a n/a n/a n/a
B4/Y3�/Y3� 388.121 – 388.122 n/a n/a n/a n/a n/a n/a
C4 – – – 714.262 – 714.258 – 714.260 –
C4/Y4 n/a n/a n/a n/a 568.195 – – – 568.195 –
C4/Y4� 714.243 – – – n/a n/a n/a n/a n/a n/a
C4/Y4�/Y3� 568.185 – – – n/a n/a n/a n/a n/a n/a
C4/Y3 n/a n/a n/a n/a 406.138 – 406.136 – 406.137 –
C4/Y3� 552.191 – 522.193 – n/a n/a n/a n/a n/a n/a
C4/Y3�/Y4� 406.132 – 406.133 – n/a n/a n/a n/a n/a n/a
Int. Res.

Loss
– – – – 552.200 857.357 552.201 – 552.201 783.341

Rearr. – 654.277 – 668.295 – 654.277 – 668.298 – 580.262
Rearr. – 492.223 – 506.242 – 492.223 – 506.242 – 418.208
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labeled residues. The fragment ions at m/z 580 and 418
were consistent with the long-range transfer of a fucose.
These fragments have been observed in the spectra
recorded by Domon and co-workers [25] for the same
compound. However, the authors did not comment on
their presence. In addition, the intensities of these
diagnostic fragments were not very high because the
experiments were performed with time-of-flight ana-
lyzers that have significantly shorter detection periods.
This implies that rearrangement ions are formed more
efficiently in longer MS experiments.
The CID spectrum of [M � Na]� of derivatized

LNFP II (8) (Figure 6c) was analogous to the one from
Compound 7 (Figure 6a) with the exception that both
fucose (m/z 821, Y3�) and galactose (m/z 805, Y3�) were
lost directly from [M � Na]�. The CID spectrum of [M
� H]� of Compound 8 (Figure 6d) did not indicate any
long-range migration of fucose. The spectrum showed
fragments at m/z 799 (Y3�), 783 (Y3�), 434 (Y2), and 272
(Y1). Migration of the fucose would produce fragment
ions corresponding to the loss of rings D� and C (m/z
580), which was not observed in the CID spectrum.

Observed fragment ions and their m/z values are com-
piled in Tables 1 and 2.
Long-range glycosyl transfers in the gas phase have

been reported before in the context of sialyl Lewis
isomers and lipo-chitin oligosaccharides [50, 51]. In our
study the migration of the fucose occurred in sugars
with a basic amino group. The rearrangement was
observed only for the protonated molecules. Sodium-
coordinated species did not exhibit this behavior. Mi-
gration of the fucose on ring D� dominated over the
migration of the fucose on ring C. N-Methylation at the
label did not apparently affect the migration suggesting
that the fucose did not migrate to the amine nitrogen.
Previously published data from CID experiments

with oligosaccharides suggested that internal saccha-
ride losses from the sugar structure might occur by
formation of monosaccharidic epoxides [53]. If the ep-
oxide and the charge-retaining unit do not dissociate
immediately upon the CID event then the rearrange-
ment reaction could occur. One possible reaction mech-
anism is shown in Scheme 2a. Following the bond
dissociation a tight ion-dipole complex is formed, in

Table 2. Typical fragment ions observed in CID experiments with sodiated or protonated molecules from Compounds 2, 5, 8, which
all have the LNFP II backbone. Given are m/z values of the fragments

Isol.

2 5 8

Na� H� Na� H� Na� H�

Y1 n/a n/a – 346.164 – 272.149
Y1� – 492.227 n/a n/a n/a n/a
Y1�/Y1� – 346.167 n/a n/a n/a n/a
Y1� 1041.402 1019.431 n/a n/a n/a n/a
Y2 n/a n/a 530.202 508.217 456.186 434.202
Y2� 676.263 654.284 n/a n/a n/a n/a
Y2�/Y1� 530.202 508.222 n/a n/a n/a n/a
Y3�'/Y3�� or

Y3�'/Y1�

879.341 857.372 n/a n/a n/a n/a

Y3� n/a n/a 879.345 857.354 805.332 783.338
Y3�� 1041.401 1019.431 n/a n/a n/a n/a
Y3��/Y1� 895.342 873.363 n/a n/a n/a n/a
Y3� n/a n/a 895.340 873.350 821.326 799.332
Y3�/Y3� n/a n/a 733.286 – 659.271 –
B2� – 512 n/a n/a n/a n/a
B2�/Y3�� – 366.141 n/a n/a n/a n/a
B3 n/a n/a 696.237 – 696.239 –
B3/Y3� n/a n/a 534.183 – 534.182 –
B3/Y3� n/a n/a 550.177 – 550.178 –
B3/Y3�/Y3� n/a n/a 388.123 – 388.123 –
B3� 696.238 – n/a n/a n/a n/a
B3�/Y3�' – 512.203 n/a n/a n/a n/a
B3�/Y3�� 550.176 n/a n/a n/a n/a
B3�/Y3�'/Y3�� 388.122 366.141 n/a n/a n/a n/a
C3 n/a n/a 714.247 – 714.249 –
C3� 714.248 – n/a n/a n/a n/a
C3/Y3� n/a n/a 552.193 – 552.194 –
C3/Y3� n/a n/a 568.189 – 568.190 –
C3/Y3�/Y3� n/a n/a 406.133 – 406.133 –
C3�/Y3�' 552.192 – n/a n/a n/a n/a
C3�/Y3�� – – n/a n/a n/a n/a
C3�/Y3�'/Y3�� 406.132 – n/a n/a n/a n/a
Rearr. – 800.350 – 654.276 – –
Rearr. – – – 492.224 – –
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which the epoxide can be opened by any of the hy-
droxyl groups in the open chain A to lead to the
product. However, this rearrangement via an ion–
dipole complex should not be specific for fucose. Other
rearrangement reactions could involve hexoses for ex-

ample (Figures 2b, 5d, and 6d) but were not observed in
our case.
An alternative mechanism is outlined in Scheme 2b.

After the ionization event, the labeled Compound exists
as [M�H]� in the gas-phase with the proton located at

Scheme 2
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the basic amine. The CID event furnishes energy to
cause an intramolecular proton transfer from the am-
monium unit to the glycosidic bond as shown. Subse-
quently, nucleophilic sites, such as the hydroxyl groups
or the nitrogen can cleave the activated glycosidic bond
and promote transfer to give products of Type I or II.
The product of Type II could be ruled out based upon
experimental evidence presented earlier (Figure 3).
Molecular modeling was performed to obtain infor-

mation about the geometry of Compound 1 and possi-
ble reaction intermediates. Even though experimental
evidence ruled out the amine nitrogen as the destination
of migration, its role of a proton source during glyco-
sidic bond activation was investigated. The molecular
modeling results are shown in Figure 7. Low-energy
structures of Compound 1 were obtained (Figure 7a) as

described in the Experimental section. Structures within
3 kcal/mol of the lowest energy structure were super-
imposed. The fucose units and the fluorene label are
highlighted as ball and stick representation. The mole-
cules are positioned with the migrating fucose unit (E�)
in front of the plane. The fucose that did not migrate
(D�) is shown behind the plane. The basic amino
fluorene label is positioned as shown in the plane. The
average distance between the amine nitrogen and the
anomeric carbon of the migrating fucose (E�) was
consistently shorter (	6 Å) than the distance between
the amine nitrogen and the anomeric carbon of the
non-migrating fucose (	9 Å).
The protonated Compound 1 was modeled subse-

quently with the proton on the amine (Figure 7b).
Again, structures within 3 kcal/mol of the lowest

Figure 7. Molecular models of (a) Compound 1; (b) Compound 1 protonated at amine nitrogen; (c)
trajectory (10 ps) of the distance between the 2-hydoxyl group in ring B and the anomeric carbon of
fucose E� at 1000 K.
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energy structure were superimposed. In Figure 7b the
fluorene label and both fucose units are positioned in
front of the plane. The distances between the ammo-
nium nitrogen and the anomeric carbons of the fucose
units resembled those in Figure 7a. The ammonium unit

was in closer proximity (	6 Å) to the anomeric center of
the migrating fucose (E�). A proton transfer to the
glycosidic oxygen of fucose (E�) seemed reasonable as
an effective activation for migration.
Compound 1 with a protonated glycosidic bond at

Figure 7. (Continued)
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the migrating fucose (E�) was modeled subsequently.
Molecular dynamics simulation at 600 and 1000 K for 10
ps were performed starting with the lowest energy
structure. The distances between the anomeric carbon
of the migrating fucose E� and the OH-groups in rings
B and A were measured and compared. At both tem-
peratures, the OH-groups in ring B were consistently
closer on average to C1-E� (	4–6 Å) than the OH-
groups in the open-chain terminus A (	10–13 Å). The
distance between C1-E� and C2-OH (ring B) during the
simulation at 1000 K is shown in Figure 7c. The molec-
ular modeling results showed that this distance can be
as low as 3.4 Å at 1000 K. Presumably higher tempera-
tures are obtainable during CID. However, experimen-
tal evidences pointed to the open-chain terminus (A) as
the final destination of the fucose. This finding might
imply that the intramolecular long-range transfer hap-
pened in a stepwise fashion. The first rearrangement
caused the fucose to migrate to ring B. The second
rearrangement caused the fucose to migrate to the
open-chain terminus A. The fragment ion at m/z 654
possibly represented a combination of B- and A-rear-
ranged species while m/z 492 resulted from a loss of
galactose from only the A-rearranged species.

Conclusion

Several branched oligosaccharides were derivatized
with benzylamine and 9-aminofluorene. In CID exper-
iments, the sodiated species could be used to derive
sequence information. The spectra were complicated by
the presence of several fragmentation pathways. The
spectra of the protonated species had a simplified
appearance and were dominated mainly by Y-frag-
ments. For the 9-AmFL and benzylamine derivatives of
LNDFH I and LNFP I, a long-range glycosyl transfer
reaction in the gas phase was observed. The transfer
occurred only in the CID experiments with protonated
species and is assumed to be a two-step proton-cata-
lyzed mechanism. Both proposed mechanisms (ion-
dipole and proton-catalyzed) are feasible, however,
molecular modeling results supported the latter more
adequately. The fucose on ring D� had a greater pro-
pensity for long-range transfer than the fucose on ring
C. Whether this tendency was merely due to steric
factors and/or the structural position of the fucoses
(1,2-linkage versus 1,4-linkage) could not be investi-
gated.
This report of an intramolecular long-range glycosyl

transfer in the gas phase supports previously published
results. In view of the importance that mass spectro-
metry plays in the analysis and structural elucidation of
oligosaccharides from biological sources, we believe
that long-range glycosyl transfer reactions have to be
borne in mind when embarking on sequence analysis of
labeled branched oligosaccharides that have a basic site.
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