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   We recently reported that the accurate molecular weight measurements of nucleoside or non-nucleoside 

phosphoramidites (PAs), which are acid-labile compounds, may be easily determined by mass spectrometry (MS) using 

a matrix system, triethanolamine (TEOA)-NaCl, on liquid secondary ion (LSI) MS equipped with a double-focusing 

mass spectrometer.  This paper describes the effects of metal ions in the matrix on LSIMS and the extension of the 

method into FABMS measurements of various PAs under optimal conditions.
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INTRODUCTION

Mass spectrometry (MS) is now used as a very 

common and indispensable tool in the fields of nucleic 

acid chemistry.  Various nucleoside and non-nucleoside 

phosphoramidites (PAs) are the most widely used 

building blocks in contemporary solid-phase synthesis 

of oligonucleotides.1)-4) Since crystallization of PAs 

is not generally possible, MS has been effective and 

is extensively used for the characterization of the 

nucleoside PAs.  However, reliable methods for PA-

mass measurements are lacking owing to the extremely 

labile properties of PAs toward acids, base, and 

nucleophiles.  Thus, it is not always possible for the 

molecular-related ions (MRIs) of various PAs to be 

detected by the current MS methods.

Very recently, we succeeded in incorporation of 

an imidazole base into RNA sequence to investigate 

the functions of imidazole as a pseudo nucleobase in 

ribozyme catalysis as illustrated in Fig. 1.5), 6) A novel 

C4-linked imidazole ribonucleoside PA 1 7)-9) with a 

pivaloyloxymethyl (POM) group, which is easily 

removed under a basic condition and is compatible with 

tert-butyldimethylsilyl (TBDMS) synthesis of RNA, has 

been developed very recently as a key ribonucleoside 

variant for probing general acid and base catalysis in 

ribozyme.  However, MS characterization of 1 has been 

difficult since it is so fragile as to be decomposed even 

on a standard TLC plate (e.g., Merck 60 F254).

In view of the importance of nucleoside PAs and 

their analogs containing 1, a recent report10) from our 

laboratories demonstrated convenient, rapid, and reliable 

methods by MS for measuring the molecular weights 
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(MWs) of various synthetic and commercial nucleoside 

PAs, making the present methods a powerful tool for 

the MS identification of PAs.  The MS procedures are 

described in detail as Basic and Alternate Protocols in 

“Current Protocols in Nucleic Acid Chemistry, UNIT 

10.11”.11) The main points of the methods are summed 

up as follows: 1) The accurate MS measurements of 

PAs may be easily determined by MS using a matrix 

system, triethanol amine (TEOA) - NaCl, which is a key 

feature of the method, on liquid secondary ion (LSI) 

MS equipped with a double-focusing mass spectrometer 

(Basic Protocol);10),11) 2) The Basic Protocol measures 

rapidly and easily the accurate MWs of various PAs as 

adduct ions [M+Na]+ with average mass error smaller 

than 0.2 ppm, allowing the formulas PAs in place 

of elemental analysis; 3) Further, it was found that 

intensities of MRIs could be enhanced to the highest 

degree by adjustment of the mole ratio of PA and NaCl 

fixing the amount of TEOA on LSIMS (Alternate 

Protocol).10),11) Our continuous interest in the MS study 

for PAs has led us to investigate further detailed analysis 

of this method.  In this report, we have investigated 

the effects of various metals in the matrix TEOA on 

LSIMS. Although we previously showed the utility 

of this method on FABMS for only three examples, 

generality of FAB-measurements of PAs has been 

confirmed herein under optimal conditions (Alternate 

Protocol).

EFFECTS OF THE METAL ION IN THE 

MATRIX FOR LSIMS MEASUREMENTS 

OF PAs

Use of a matrix in the presence of a metal ion 

has been known to be effective in the formation of an 

abundant metal ion adduct via LSIMS and FABMS. 
12),13) Thus, alkali and alkaline earth metal-cationization 

of PAs has been studied using metal ions such as Li+, 

Na+, K+, Rb+, Cs+, Mg2+, and Ca2+ under Alternate 

Protocol conditions.11)  Addition of LiCl to a solution 

of PA 2 in TEOA yielded only 2.5 % RI of the [M+Li]+ 

Fig. 1.  Incorporation of an imidazole moiety into RNA oligonucleotides using PA1.
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ion (Table 1, 2, entry 1; The structures of PAs 2-11 

are shown in Fig.2).  Addition of NaCl or KCl to 

the solution increased the relative intensities (RIs) 

to 25.8% and 12.9%, respectively (2, entries 2 and 

3).  Conversely, the matrices in the presence of RbCl, 

CsCl, MgCl2, or CaCl2 led to low RIs for 2, ranging 

from 1.1-8.0 % (entries 4-7).  Similar trends for PAs 

3 and 4 were observed under identical conditions.  The 

preference of NaCl or KCl was similarly observed in 4 (4, 

entries 2 and 3).  These results show that NaCl and KCl 

are superior to other alkali and alkaline earth metals for 

enhancement of the RIs of MRIs.  KCl may be used as a 

substitute for NaCl in the matrix of PA analysis.

Table 1. Effects of Metal Ions in TEOA Matrix for MRI of PAs
a
 

Entry MCI
2

b
3

b
4

b

RI
c
 (%) (m/z mass)

d
RI

c
 (%) (m/z mass)

d
RI

c
 (%) (m/z mass)

d

1 LiCl 2.5 (867) 6.9 (751) 2.4 (1059)

2 NaCl 25.8 (883) 30.4 (767) 7.7 (1075)

3 KCl 12.9 (899) 35.8 (783) 3.1 (1091)

4 RbCl 2.7 (945) 10.3 (829) 2.8 (1137)

5 CsCl 8.0 (993) 4.6 (877) 2.7 (1185)

6 MgCl2 
e 1.1 (1032) 2.6 (916) 0.1 (1224)

7 CaCl2 
e 3.3 (1048) 4.6 (932) 0.1 (1240)

a MS measurements carried out as described in the Alternate Protocol using 0.01 µmol phosphoramidite, 0.06 µmol 
metal (I or II) chloride, and 0.5 µL TEOA. 

b 2 (C45H61N4O9PSi): mol. wt. 860;  3 (C40H49N4O8P): mol. wt. 744; 4 (C46H73N4O16PSi3): mol. wt. 1052. 

c RI, intensity relative to base peak ion (100%).

d Unless otherwise noted, mass shown as [M+Metal]+.

e MRIs observed as [M+TEOA+MCl2]
+.
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Fig. 2.  Structure of PAs. 
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FABMS MEASUREMENTS OF PAs UNDER 

OPTIMAL CONDITIONS

LSIMS and  FABMS have  been  used  mos t  

extensively to form metal ion adducts to confirm relative 

molecular masses.14) Thus, usefulness of the present 

method on FABMS was further confirmed using the 

optimal conditions (Alternate Protocol). 11) The ten 

PAs listed in Table 2 gave MRIs with small errors 

(< 1.2 ppm).  Phosphoramidites 4, 7, and 8 produced 

RIs of only 2.4%, 2.6%, and 1.0%, respectively, when 

analyzed by LSIMS as described in the Basic Protocol, 

but their FABMS measurements under the Alternate 

Protocol markedly enhanced their RIs to 44.4%, 

10.2%, and 10.7%, respectively (Table 2, entries 3, 6, 

and 7).  These results show that LSIMS and FABMS 

are complementary approaches to PA analysis using the 

present matrix system.

Table 2. RIs and Errors on FABMS Measurements of Phosphoramidites under Optimal Conditions
a

Entry Phosphoramidite RI (%)b Error (ppm)c

1 2 29.2e 0.6

2 3 75.4e 1.2

3 4 44.4 (2.4)d -0.1

4 5 34.2e -0.5

5 6 71.4e 1.0

6 7 10.2 (2.6)d 0.8

7 8 10.7 (1.0)d 0.6

8 9 10.7e -0.1

9 10 100.0e 0.5

10 11 100.0e 0.1

a
 MS measurements carried out according to the Alternate Protocol.  

b
 See Table 1. 

c
 Error (ppm) = 106 × (observed mass - theoretical mass) / theoretical mass.

d
 Numbers in parentheses from LSIMS measurements using the Basic Protocol.

e
 See Ref.10 and 11 for RIs of LSIMS measurements.
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