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mixture analysis of the trimethylsilyl derivatives of adenosine, 1-, 3- and 7-deazaadenosine by combined gas

chromatography/mass spectrometry is also described.
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Introduction.

Establishing correlations between molecular structure
and biological activity has long been a research priority
among medicinal chemists and pharmaceutical scientists.
Recent studies of the modified nucleosides 1-deazaadeno-
sine (1), 3-deazaadenosine (2) and 7-deazaadenosine (3
have focused on their ability to inhibit both blood platelet
aggregation [1] and adenosine deaminase [2]. This isomer-
ic set has also been examined for its adenosine receptor af-
finity in radioligand binding studies [3], with the relative
contributions of purine nitrogen atoms to binding at A,
rat brain adenosine receptors decreasing in the order N-7
> N-3 > N-1. 1-Deazaadenosine has exhibited good in
vitro cytotoxicity towards two human cell lines (HeLa and
KB) and three murine leukemia cell lines (P388, P388 dox-
orubicin resistant, and L1210) when compared with the
antineoplastic agents 5-fluorouracil (5-FU), 1-8-D-arabino-
furanosyleytosine (ara-C) and 1-8-D-arabinofuranosyladen-
ine (ara-A) [4]. 7-Deazaadenosine (tubercidin) is a potent
antitumor antibiotic known to inhibit DNA-dependent
RNA polymerases in the cell [5].

One of the major applications of mass spectrometry in
the field of nucleic acid chemistry has been the identifica-
tion of modified nucleosides isolated from biological
sources such as human urine [6-10}. Structural elucidation
of these compounds has generally depended upon low and
high resolution electron ionization (EI) analyses, primarily
because of the abundant fragment ion information obtain-
ed, but also because of the well-documented structure-
fragmentation relationships established for both free [11]
and trimethylsilyl-derivatized (TMS) nucleosides [11-13].
However, recent reports [14,15) indicate that minor modi-
fications in nucleoside structure can result in mass spectra
which deviate considerably from predictions based upon
standard purine or pyrimidine skeletons. The availability

of the isomeric mono-deazaadenosines 1-3 affords a uni-
que opportunity to evaluate the influence of the various
nitrogen atoms on the fragmentation patterns of purine
nucleosides. Such a study can be of considerable value in
distinguishing between possible ion intermediates and
fragmentation mechanisms in the mass spectrometry of
this important compound class.

The structures and molecular weights of compounds 1-3
and adenosine (4) are given in Table 1, as are their TMS
derivatives 5-8. Normal EI magnetic sector scans and
linked-scan spectra (the latter with collisional activation
[CA]) were acquired for 1-4. Structures and fragmentation
pathways are proposed for those ions characteristic of
each of the isomers. Results indicate that the N-3 position

Table 1
Names, Structures and Molecular Weights of Compounds Examined

H\N/Z
W
l%x N/I
ROCH,
H H
H H
RO OR
Compound v X Y Z R MW
1 1-Deazaadenosine CH N N H H 266
2 3-Deazaadenosine N CH N H H 266
3 7-Deazaadenosine N N CH H H 266
4 Adenosine ] N N N H H 267
§ 1-Deazaadenosine-(TMS)4 CH N N TMS TMS 554
6 3-Deazaadenosine-(TMS); N CH N TMS TMS 554
7 7-Deazaadenosine-(TMS); N N CH TMS TMS 554
8 Adenosine-(TMS)y N N N TMS TMS 555
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of the purine ring serves as an important acceptor site in
fragmentation processes involving hydrogen transfer from
the sugar to the base. Finally, a mixture analysis of com-
pounds 5-8 was performed by EI gas chromatog-
raphy/mass spectrometry (gc/ms), demonstrating the
power of this technique for the separation and identifica-
tion of nucleoside mixtures.

EXPERIMENTAL

Samples.

Adenosine and 7-deazaadenosine were purchased from Sigma
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Chemical (St. Louis, MO). The syntheses of 1-deazaadenosine and
3-deazaadenosine have been previously described [4,16,17].

Materials.

N,O-Bis(irimethylsilyltrifluoroacetamide (BSTFA) containing
1% trimethylchlorosilane (TMCS) was purchased from Pierce
Chemical Co., Rockford, IL. Other reagents and hplc-grade sol-
vents were purchased from commercial sources and used without
further purification.

Derivatization.

Trimethylsilyl derivatives 5-8 were prepared [18] by heating
each nucleoside (10 pg) in a 50 uL solution of BSTFA/TMCS and
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Figure 1. Low resolution EI mass spectra of (a) 1-deazaadenosine, 1; (b) 3-deazaadenosine, 2; (c) 7-deazaadenosine, 3; and (d) adenosine, 4.
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Figure 2. CA linked-scan daughter-ion spectra of [M]*" of (a) 1.deazaadenosine, 1; (b) 3-deazaadenosine, 2; (c) 7-deazaadenosine, 3; and

(d) adenosine, 4.

pyridine (80:20) for one hour at 100°.
Mass Spectrometry.

All mass spectra were acquired on a Finnigan MAT 90 double-
focusing (BE) instrument (Finnigan MAT, San Jose, CA); system
control, data acquisition and processing were carried out by an
integrated multi-processor system based on a Micro VIP 11/73
computer (U.S. Design, Lanham, MD).

Compounds 1-4 were introduced by direct insertion probe for
all standard EI and linked scan spectra. The low resolution mass
spectrometry conditions were as follows: ionizing energy, 70 eV;
emission current, 1.0 mA; source temperature, 250°; scan rate,
1.0 sec/decade; scan range, m/z 45 to 450; resolution, 1000 (10%
valley definition). High resolution mass measurements were car-
ried out under similar conditions at a scan rate of 5.0 sec/decade

and a resolution of 7500.

Linked scans at constant magnetic field/electric field ratio
(B/E; accelerating voltage (V) constant) were obtained on [M]*’
and selected fragment ions of 1-4 at a scan rate of 5.0 sec/decade.
Collisional activation analyses were achieved in the first field-free
region (FFR) of the instrument by adjusting the argon pressure in
the collision cell so that approximately 50% attenuation of the
[M]** signal was achieved.

The gc/ms analyses of compounds 5-8 were performed using a
Varian Model 3400 gas chromatograph directly coupled to the
MAT 90. Sample introduction was via splitless injection onto a
fused silica DB-5 capillary column (30 m x 0.25 mm; 0.25 um film
thickness; ] & W Scientific, Folsom, CA). The following gc condi-
tions were used: initial column temperature, 150°; program rate,
6°/minute; final column temperature, 300° (held for 10 minutes);

25
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helium carrier gas at a head pressure of 10 psi; injector port and
transfer line temperatures, 300°. One pl of compounds 5-8 were
used to prepare the nucleoside mixture. The sample injection
volume was 1.0 ul. The EI analyses were performed under the low
resolution conditions described above, with the exception that a
0.4 second/decade scan rate was used over a scan range of m/z 70
to 1000.

Results and Discussion.
Free Compounds.

The low resolution EI mass spectra of 1-4 are shown in Figure
1 while the corresponding B/E daughter scans of [M]*" are de-
picted in Figure 2.

Tons (and ion pairs) which appear useful in differentiating be-
tween isomers include: [M]*', [M—30]*", [B+44]"[B+43]",
(B +30]", [B+14]*, [B+2]*[B+1]"" and [B—26]". Where neces-
sary, the significance, structure and mechanism of formation of
these ions are discussed. Elemental compositions of all signifi-

Table 2
Elemental Composition and Structural Assignment of Significant Ions in
the High Resolution Mass Spectra of Compounds 1,2 and 3

m/z (observed) Error (mnu) [a] Composition Assignment [b]
1 266.0994 +2.1 C”H14N404 [M]'H
2 266.1034 -1.9
3 266.0998 +1.7
1 249.1024 -3.6 C11H13N403 [M-171*
2 == -
3 249.0979 +1.0
1 236.0994 -2.1 C10H{2N403 [M-30]**
2 . -
3 236.0883 +2.7
1 193.0678 +4.8 CgHgN4Oy [B+60]*
2 55 ==
3 193.0719 +0.6
1 177.0765 +1.1 CgHgN4O [B+44]*
2 177.0763 +1.3
3 177.0768 +0.9
1 .- -
2 176.0699 +0.1 CgHgN4O [B+43]*"
3 . -
1 163.0607 +1.3 C+H7N40 [B+30]*
2 163.0595 +2.5
3 163.0601 +1.9
1 147.0641 +3.0 CqH7Ny [B+14]*
2 147.0638 +3.2
3 147.0653 +1.8
1 135.0638 +3.2 CeH7Ny [B+2]*
2 135.0617 +54
3 135.0638 +3.2
1 134.0571 +2.1 CegHgNy [B+1]*"
2 134.0568 +24
3 134.0564 +2.9
1 118.0407 0.2 CgHyN3 [B-151*"
2 118.0407 0.2
3 118.0422 -1.7
1 107.0467 +1.6 CsHsN3 [B-26]*
2 107.0472 +1.2
3 107.0466 +1.7

[a] Error = calculated mass - observed mass; mmu = millimass units.
[b] A more detailed structural assignment is given in the text.
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cant ions present in the high resolution mass spectra of 1-3 are
given in Table 2 (adenosine is included in this study primarily for
comparative purposes as its mass spectrum has been studied in
detail [11,191).

(M}

A molecular ion is seen in each of the spectra (m/z 266 in 1-3,
m/z 267 in 4), although the relative abundance of [M}*" clearly de-
creases in the order 2 > 3 > 1 = 4. This trend is reflected in
the decreased fragmentation (enhanced stability) of 3-deaza-
adenosine as compared to 1, 3 and 4. The daughter ion spectra of
[M]*" (Figure 2) support this observation: several intense
metastable transitions are evident in 1, 3 and 4, while 2 exhibits
only a single transition (m/z 266 — m/z 134, [B+1]*).

[M —30]"".

The loss of 30 daltons (Da) (CH,0) from the molecular ion of a
nucleoside is considered a strong indicator of a 5-hydroxyl func-
tionality [11,19]). Two pathways have been proposed for the for-
mation of [M—30]"":

Structure Set #1

B +e B +e
~y_O o H
H H - H H + CH0
H H H H
HO OH HO OH
[M-]+ [M’30]¢-
7t e +
O-H g .
CH,
o o
H H > H + CH0
H H H H
HO OH HO OH
M]™ M-30]"

The first mechanism [20] involves transfer of the 5'-hydroxyl hy-
drogen to C-1, a process which would appear to be relatively in-
dependent of modifications in the base, with the possible excep-
tion of minor electronic effects. The second mechanism requires
transfer of the 5-hydroxyl hydrogen to some position on the
charge-localized base, which mode! studies have shown to be pos-
sible when the molecule adopts a sterically-accessible syn confor-
mation [19]. The utility of the latter mechanism is also condition-
al upon the availability of a hydrogen ‘‘acceptor’ on the agly-
cone. A comparison of the spectra in Figure 1 gives some insight
into the possible fragmentation mechanism at work. The spec-
trum of 3-deazaadenosine (Figure 1(b)) shows the complete ab-
sence of [M—30]*", thus lending support to the second mechan-
ism while simultaneously suggesting that N-3 is an important site
for accepting the transferred hydrogen. The N-1 and N-7 posi-
tions in the purine heterocycle do not appear to be as important
as N-3 for hydrogen transfer; [M—30]"" has measureable abun-
dance in both 1 (m/z 236, 5.5%) and 3 (m/z 236, 2.1%), although
both are slightly diminished as compared to adenosine (m/z 237,
6.9%).
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[B+44]/[B +43]*".

A major ion in the mass spectra of purine ribosides occurs at
44 Da above the mass of the base; this ion is observed in 1 (m/z
177, 30.2%), 3 (m/z 177, 13.5%) and 4 (m/z 178, 31.6%), but is
nearly absent in the mass spectrum of 2 (m/z 177, 1.4%). One pos-
sible pathway for the formation of [B+44]" is analogous to the
formation of [B+116]* in TMS-derivatized nucleosides [13] and
involves opening of the sugar ring, transfer of H-4' to the base
and cleavage of the C-1'/0-4’' bond:

Structure Set #2

H\N/H H\N/H
) T
N s = KA
N fr—— \N N R
HOCH, (H +
o HOCH, o_ CHOH
v Y 3,Y=CH =
. » Y= CHOH
HY +fH Yy_H ;
HO O©H
[M]*.
H\N/H
v
NS
N N
o
CH=——CHOH
[B+44]"

However, linked-scan results on [M]** (Figure 2) show that the
corresponding metastable transition (M]*" — [B+44]*) is only
present in 3 and 4. While the absence of [B +44]" in 2 is predic-
table based on the importance of N-3 as a hydrogen-accepting
site, the above mechanism does not adequately explain the lack
of an appropriate metastable transition in the [M]'" daughter ion
spectrum of 1 (Figure 2(a)). Additional linked-scanning experi-
ments (spectra not shown) revealed that [M —30]*" is a possible
precursor of [B+44) in 1, 3 and 4:

Structure Set #3

Differentiation of Isomeric 1-, 3- and 7-Deazaadenosines

\N/H H\N/H
w? ‘|f w? r
o MY o A
\N N g N
H —_— O  on
+
0 . j
— H H
H 1,W=CH Y=N
H H 3,W=NY-CH OH H
HO oy HW-=NY-N
M]™ [B+44]*

Having [M —30]*" as a precursor accounts for the prominence of
[B+44]" in 1, 3 and 4 (all of which have a weakly-to-moderately
abundant [M — 30]*) and its relative absence in 2. A minor peak
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at m/z 176 in 2 ((B +43]"", see Table 2) appears characteristic of
the 3-deaza isomer and may be the result of hydrogen transfer
from 0-2' to C-1’' concomitant with cleavage of the sugar ring:

Structure Set #4

[B+43]"

Although strong metastable evidence is lacking for this process,
the 3-deaza purine moiety’s inability to compete for the trans-
fered hydrogen (to form [B +44]*) provides a possible rationale.

[B + 30}

The abundance of [B + 30]* serves as another strong indicator
of the importance of N-3 in the fragmentation of adenosine and
mono-deazaadenosines. A major ion in the spectra of 1 (m/z 163,
82.3%), 3 (m/z 163, 52.7%) and 4 (m/z 164, 79.5%), [B + 30]* is ab-
sent in 2. Consisting of the base, C-1', the sugar ether oxygen and
two hydrogens, [B +30]* has been considered structurally diag-
nostic of a free 2hydroxyl group [19], yet present results suggest
that the availability of the N-3 position (when the purine hetero-
cycle is in an anti configuration) plays a significant role in the
overall mechanism:

Structure Set #5

HOCH,
———
g . HA>H
H N 1,W-CHY-N
HO O—H 3,W=N,Y-CH
T 4W-NY-N
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Metastable data (Figure 2) confirm the {M]'" — [B +30}" transi-
tionin 1, 3 and 4. .
H
[B + 14}, ~N~"
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The base peak in all of the spectra is [B+1]*", formed from
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K;J ) l\ + /' ported by the [M]*" daughter ion spectra in Figure 2). Hydrogen
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- Hy
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However, as 2 lacks an appreciable [B + 44]* abundance, [B + 14]*
is also believed to arise through the inductive elimination of
HCO" from the odd-electron species [B +43]*" (m/z 176):

Retention Time (min:sec)

Figure 3. Reconstructed ion chromatogram for the nucleoside mixture 5-8.



Figure 4. Low resolution EI mass spectra of (a) 1-deazaadenosine{TMS),, 5; (b) 3-deazaadenosine{TMS),, 6;(c) 7-deazaadenosine{TMS),, 7; and (d)

adenosine{TMS),, 8.

it is in other ions of this mono-deaza series; [B+1]*" forms the
base peak in all four compounds, including 3-deazaadenosine. On
the other hand, the abundances of [B + 2]* (base plus two transfer-
red hydrogens) vary widely, from 14.0% in 2 and 29.0% in 3 to
69.2% in 4 and 88.1% in 1. While formation of [B+2]* from
[M]*' is indicated as a minor metastable process for 14, an alter-
native pathway to [B+2]' may be vig the loss of CO from
[B + 301"

Sturcture Set #8
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Daughter-ion experiments (spectra not shown) confirm that
[B + 307 is indeed a precursor of [B+2]* for 1,3 and 4. This rela-
tionship explains the variable abundances observed for [B+2]":
since [B+30]* formation is not favored in 2, the [B+30]* —
[B +2]* pathway is restricted and [B +2]* abundance is reduced.
Conversely, significant [B + 30]" intensities are seen in 1,3 and 4,
thereby leading to greater opportunities for [B +2]* generation.

[B—26]".

The loss of a molecule of HCN from [B+ 1]*" is an established
fragmentation in adenosine and related analogs [19]. Deuterium
labeling studies [21] indicate that the required elements originate
almost equally from C-6/N-6 and from C-2 and either N-1 or N-3.
On this basis, [B—26]* ion abundances should be greatest in 3
and 4 (each possessing both N-1 and N-3) and smallestin 1 and 2.
These predictions are verified in the EI mass spectra of Figure 1:
1 (m/z 107, 11.3%), 2 (m/z 107, 6.2%), 3 (m/z 107, 30.5%) and 4
(m/z 108, 26.2%).

GC/MS Analysis of TMS Derivatives.

The reconstructed ion chromatogram (RIC) for the nucleoside
mixture 5-8 is given in Figure 3 (only the region containing the
four nucleosides is shown).

The elution order and retention times (minutes:seconds) for the
ge/ms profile were: 8 (24.30), 7 (24.52), 5 (25:25) and 6 (26.32).
Small satellite peaks in the RIC are due to incomplete derivatiza-
tion and/or background; an unresolved mixture of (TMS), and
(TMS), derivatives of 6 appear from 26:00 to 26:23 minutes per-
haps accounting for the diminished intensity of 6 as compared to
the other peaks. The RIC represents an on-column injection of
approximately 50 ng of each nucleoside.

The mass spectra of 5-8 are shown in Figure 4. All spectra are

normalized to the most abundant ion above m/z 100. As with
other mass spectral investigations involving trimethylsilylated
nucleosides {12,13), the major fragment ions are derived from
either (i) the molecular ion, [M]"’, (ii) the intact base plus a pro-
tion of the sugar (S), or (iii) the sugar.

Molecular Ion-Related Species.

The abundance of [M]*" is uniformly low in 5 (m/z 554, 2.1%), 7
(m/z 554, 5.9%) and 8 (m/z 555, 1.7%), yet this ion is the base
peak in the spectrum of 6 (m/z 554, 100%). The molecular ion
stabilities of the TMS derivatives essentially parallel the trend
established earlier for the free compounds; the extraordinary
lifetime of [M]*" in 3-deazaadenosine{TMS), results in a spec-
trum displaying minimal fragmentation, while the greater frag-
mentation in 5, 7 and 8 is reflected in diminished [M]*" intensi-
ties. All compounds exhibit (M —151* (loss of a methyl radical),
while peaks due to [M —901** (loss of TMSOH), [M — 103]* (elimin-
ation of CH,O0TMS from 5' position) and [M—105]" (loss of
TMSOH from [M —15}*) appear in most spectra.

Base-Related Ions.

The most striking feature of this ion series is that [B+30]* con-
stitutes the most intense peak in 5 (m/z 235, 100%), 7 (m/z 235,
100%) and 8 (m/z 236, 100%), but is nearly absent by comparison
in 6 (m/z 235, 5.7%). Once again, hydrogen rearrangement from
the sugar to the base (a requirement in the proposed mechanisms
[12,13] leading to [B +30]") is hindered considerably in 3-deaza-
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adenosine, reemphasizing the importance of N-3 as a site for at-
tachment of the transferred hydrogen. An interesting trend is
seen when the ratio of [B + 116]*/[B + 100]* and [B + 74]*/[B + 58]*
abundances are compared among 5-8. [B + 100]* is believed to be
derived from [B + 116]* by the elimination of a rearranged hydro-
gen and a silyl methyl group; a similar relationship applies to
[B+58]* and [B + 74]*. Examining the spectra in Figure 4, the
[B+116]*/[B+100]* and [B+ 74]"[B + 58]* ratios are all greater
than one in 5, 7 and 8, whereas they are considerably less than

one in 6. These empirical observations suggest that some mea-
sure of added stability may be afforded ions possessing a rear-
ranged hydrogen ((B+116]" and [B +74]) if they also have an
available N-3 position (as in 5, 7 and 8) to act as a site for hydro-
gen attachment.

Sugar-Related Ions.

The major differences in sugar ion abundances are associated
with 3-deazaadenosine{TMS),, where once again the absence of
N-3 affects normal fragmentation patterns. Sugar ions that are
missing or suppressed in the mass spectrum of 6 (Figure 4 (b)) in-
clude [S—1]"" ([S—H]*', m/z 348) and [S—-119]*"
(C,H,0,(TMS),]*", m/z 230). Since hydrogen transfer to the base
is required for its formation, a low [S—1]*" abundance in 6 is not
unexpected. Although the mechanism for the formation of
[S—119]*" is not well understood [12], present evidence implies
that the N-3 position plays a critical role in the process.

Conclusions.

The mass spectral comparison of 1-, 3- and 7-deazaadenosine
establishes the dominance of the N-3 position in directing purine
nucleoside fragmentation processes. A key aspect in the mechan-
isms of formation of [M — 30]%, [B + 44]" and [B + 30J', the transfer
of a hydrogen from the sugar to the aglycone is significantly di-
minished in 2 versus 1 and 3 as evidenced by the reduced abun-
dances of these ions in the mass spectrum of 3-deazaadenosine.
The close proximity of the unshared electron pair on N-3 to
either the ring hydrogens or hydroxyl hydrogens on the sugar
would appear to be the basis for this important interaction.
While distinguishing 3-deazaadenosine from 1- and 7-deaza iso-
mers is straight-forward, the differentiation of 1-deazaadenosine
from 7-deazaadenosine is less obvious and relies primarily upon
differences in [M — 30]*, [B +2]* and [B —26]* abundances. From
the standpoint of overall influence on fragmentation behavior (as
compared to adenosine), the order N-3 > N-7 > N-I applies.
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