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STUDIES ON NUCLEOTIDE CHEMISTRY 15. SYNTHESIS OF 
OLIGODEOXYNUCLEOTIDES USING AMIDINE PROTECTED NUCLEOSLDES 

Marvin H. Caruthers*, Lincoln J. McBride, Laurent P. 
Bracco and John W .  Dubendorff 

Department of Chemistry, University of Colorado, 
Boulder, Colorado, USA 

Summary 

An i n  situ method is described for synthesizing DNA 
which incorporates a new series of amidine protected deoxy- 
nucleosides and bis-dialkylaminophosphines as phosphityl- 
ating agents. These procedures were used to synthesize 
d(GGGAATTCCC) which was digested by EcoRI. 

For some time now, our research on nucleic acid chemis- 
try has focused on developing a DNA synthesis methodology 
that is accessible to the non-chemist. A major advance 
toward this goal was achieved when appropriately protected 
deoxynucleoside phosphoramiditesll* were shown to be quite 
attractive as synthons for DNA synthesis when used with 
silica gel polymer  support^.^-^ Recently two major innova- 
tions have simplified this procedure further. One of these 
has been the development of an i n  s i t u  approach for prepar- 
ing deoxynucleoside phosphoramidites. lo Another improve- 
ment has been the development of amidine protecting groups 
for adeninell and more recently for guanine, and cytosine 
a s  reported in this manuscript. We also outline an In s l t u  
method for synthesizing DNA using these amidine protected 
deoxynucleosides. 

SYNTHESIS OF DEOXYNUCLEOSIDE AMIDINES 
The synthesis of deoxyadenosine, deoxycytidine, and 

deoxyguanosine amidine derivatives proceeds generally from 
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36 CAKUTHERS El' AL. 

TETRAZOLF 
CHjo-P kg2 

-> 
CAT. H* 

FIG. 1. Preparation of N6 amidines of deoxyadenosine and 
their use in s i t u  for DNA synthesis on polymer supports. 
The top part illustrates schematically the synthesis of ami- 
dines while the bottom part outlines the in s i t u  synthesis 
of DNA. @j d , silica gel polymer support. 

commercially available N,N-dimethylacetamide dimethylacetal 
o r  N, N-dimethylformamide dimethylacetal. Thus N6 (N,N-dimeth- 
ylacetamidine)deoxyadenosine, dA(aca), was prepared from 
deoxyadenosine and N,N-dimethylacetamide dimethylacetal via 
a one step procedure (see FIG. 1). Deoxyadenosine was first 
co-evaporated from pyridine to remove water and then 3 
equivalents of N,N-dimethylacetamide dimethylacetal In dry 
methanol was added. After a three day reaction at room tem- 
perature, the amidine derivative can be converted directly 
without isolation to 5 -dimethoxytrityl-N6( N,N-dimethylacet- 
amidine)deoxyadenosine. This reaction proceeds by 
neutralizing excess amide acetal with water, co-evaporating 
with pyridine to render the product anhydrous, and then 
adding 1.2 equivalents of dimethoxytrityl chloride. This 
general procedure as developed initially f o r  the synthesis 
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AMIDINE PROTECTED NUCLEOSIDES 97 

of N6-(N-methyl-2-pyrrolidine amidine)deoxyadenosinell is 
quite attractive as a one flask method for protecting deoxy- 
nucleosides and has been used f o r  the amidines listed in 
TABLE 2. The synthesis of N 2  (N,N-dimethy1acetamidine)deoxy- 
quanosine, dG(aca), was completed by first converting 
N,N-dimethylacetamide dimethylacetal to N,N-dimethylaceta- 
mide diethylacetal. This was accomplished by repeatedly 
adding absolute ethanol to the dimethylacetal and distilling 
at atmospheric pressure to remove alcohols. If N,N-dimeth- 
ylacetamide dimethylacetal was used, then methylation of 
quanosine at N1 was observed (see FIG. 2 ) .  For the prepara- 
tion of N-methyl-2-pyrrolidine amidine (pya) and N,N-di- 
m-butylformamidine (dnb) derivatives of deoxyadenosine, 
deoxycytidine, and deoxyguanosine, similar published proce- 
dures were used. l1 ' 

Various amidine deoxyadenosines were generally more 
stable toward depurination than the N-benzoylamide ( b z )  

1-1 6 

FIG. 2 .  Preparation of N2 and N4 amidines of deoxyguanoslne 
and deoxycytidine, respectively. 
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98 C)XUTHERS ET a. 

TABLE 1. Depurination rates at 2 8 ° C  of various protected 
deoxynucleosides covalently attached to a polymer support 
(Fractosil-SOO)a 

t+ (h) in %Depurination 
2% (V/V) D C A / C H Z C ~ ~ ~  per synthetic 

cycle (2 min) 

dA(bz) 
dA(aca) 
dA(dnb) 
dG(ib) 
dG(aca) 
dG( dnb) 

1.7 
34 
30 
23 
11 
21 

1 . 0  
0.067 
0.077 
0 . 1 0  
0 . 2 1  
0 . 1 1  

BDepurination rates were assayed on protected deoxynucleo- 
side covalently joined to silica gel (ref 4 ) .  Dichloroace- 
tic acid solution was added to each sample contained in a 
teflon sealed cuvette and the absorbance of purine liber- 
ated from the support monitored at the Xmax of the deriva- 
tive. 

bDCA (dichloroacetic acid) was freshly distilled at reduced 
pressure to remove HC1. 

derivative. For example, dA(dnb) and dA(aca) were observed 
to be 18 to 2 0  times more stable, respectively, toward 
dichloroacetic acid (TABLE 1). The depurination rate of 
N2 ( N, N-di - n-bu t yl f ormamidine ) deoxyguanosine , dG (dnb) , was 
approximately the same as for N2-isobutyrldeoxyguanosine, 
dG(ib). In contrast, dG(aca) depurinated approximately two 
to threefold faster than dG(ib). These results suggested 
that the preferred amidine derivatives for deoxyadenosine 
a n d d e o x y g u an o s i n e we r e N, N- dime t h y 1 a c e t am i d i n e and N, N- d i - 
n-butylformamidine, respectively. 

In order to be useful in DNA synthesis, amidine 
protecting groups should be labile using extremely mild con- 
ditions. We have observed that this was indeed the case 
(TABLE 2 ) .  Using concentrated ammonium hydroxide at 5 0 " C ,  

dA(aca), dC(pya), dG(aca) and dG(dnb) were removed under 
conditions comparable to those usually employed for removal 
of amide protecting groups (10-24 hrs at 50°C). 
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AMIDINE PROTECTED NUCLEOSIDES 99 

TABLE 2 .  Deprotection of Various amine-protected deoxynucle- 
osides with conc NH3 (aq) at SO*@ 

~- 
dA ( aca ) 
dA ( dnb) 
dA ( pya 1 
dC (pya ) 

5-Methyl-dc(pya) 
dC( dnb) 
dG ( dmf ) 
dG( aca) 
dG( ib) 
dG ( pya ) 
dG(dnb) 

2.5 hrs 
5 hrs 

24 hrs 
10 min 
30 min 
10 min 
10 minC 
30 min 
30 min 
5 hrs 
15 min 

aDeprotection assays were completed in screw cap vials 
fitted with Pierce teflon discs. Cold, concentrated ammon- 
ium hydroxide was added to the protected deoxynucleosides 
of deoxycytidine and deoxyadenosine and the rates monitored 
at 5 0 ° C  spectrophotometrically. For deoxyguanosine deriva- 
tives, aliquots were quenched with acetic acid and then 
measured spectrophotometrically. 
bDetermined spectrophotometrically and by TLC. 
cN2(N,N-dimethylforrnamidine)deoxyguanosine, dG(dmf). All 
other abbreviations listed in this table are defined in the 
text. 

A particularly important consideration as well was the 
reactivity of protected nucleoside bases when used as 
synthons for DNA synthesis. For example, important side 
reactions were observed when thymine and N-isobutyrldeoxy- 
guanosine were used in the phosphate triester chemistry.13 
The reactivity of amidine derivatives of adenine, guanine, 
and cytosine toward phosphitylation were therefore 
investigated using 3 1 P  NMR. Results with guanine are 
presented in FIG. 3 .  5'-Dimethoxytrityl-N2(N,N-dirnethyl- 
formamidine)deoxyguanos ine-3~-N,N-di i sopropylaminomethoxy-  
phosphine was prepared from 5 '-dimethoxytrityl-N2 (N,N-di- 
methy1formamidine)deoxyguanosine and bis-(N,N-diisopropyl- 
amino )methoxyphosphine using a published procedure.9 The 
31P NMR in acetonitrile of the purified material showed a 
pair of diastereomers at 148.9 and 148.6 ppm. When this 
solution was treated with excess tetrazole, in addition to 
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C I 

.FIG. 3. 31P NMR spectra of the following in 0.4 M tetrazole 
in acetonitrile: 
A )  3 ' - ( N  N-diisopro ylaminomethoxyphosphinyl)-5'-Dimethoxy- 
t r i ty 1 -N -me thy1 -N f- ( N, N-dime t hy lace tamidine ) deoxyguano- 
sine 
B) 3~-(N,N-diisopropylaminomethoxyphosphinyl)-5~-Dimethoxy- 
trityl-N2- (N,*dimethlformamidine)deoxyguanosine. 
c )  3~-(N,~diisopropylaminomethoxyphosphinyl)-~~-Dimethoxy- 
trityl-N*-isobutyrldeoxyguanosine. 

the formation of the intermediate reactive species (presum- 
ably either the protonated amidite or the tetrazolide) at 
126.9 ppm, there appeared a pair of broad singlets at 134.3 
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AMIDINE PROTECTED NUCLEOSIDES 101 

and 133.8 ppm (FIG. 3B). These signals appear to be a 
result of phosphitylation at the 06-position since the 
"-methyl derivative did not produce these signals (FIG. 
3 A ) .  Of particular interest was a comparison of these 
results with the 31P NMR spectrum obtained when the compar- 
able N-isobutyrldeoxyguanosine derivative was activated 
with tetrazole (FIG. 3C). Clearly the amidine derivative was 
less susceptible to ring-adduct formation. These observa- 
tions were generally true for the other amidine protected 
deoxynucleoside phosphoramidites. Although we have no evi- 
dence that these ring adducts lead to modified bases, a 
chemistry which essentially eliminates this potential 
problem is quite attractive. 

SYNTHESIS OF OLIGODEOXYNUCLEOTIDES WITH AMIDINE PROTECTED 
NUCLEOSIDES 

Amidine protected deoxynucleosides were also shown t o  be 
synthons for preparing deoxyoligonucleotides (FIG. 1). The 
first step is synthesis of bis-diisopropylaminomethoxyphos- 
phine. Excess diisopropylamine was added to a solution of 
m e t h y l d i c h l o r o p h o s p h i t e .  Removal of the amine salt and 
fractional distillation of the crude liquid afforded a 779, 
yield. This bis-aminophosphine is very stable when stored 
at -10°C. Even with repeated sampling of the phosphine, the 
31P NMR spectrum was unchanged after one month. When oxygen 
was bubbled through a solution in dichloromethane f o r  24 h, 
the 31P NMR indicated approximately 8% degradation and 11% 
hydrolysis. 

Phosphoramidites of (Me0)2TrdT, (MeO)2TrdA(acaj, (Me0)2- 
Trdc(pya) and (MeO)zTrdG(aca) were each prepared as 0.1 M 
solutions in dry acetonitrile containing bis-diisopropyl- 
aminomethoxyphosphine (1.0 e q )  and diisopropyl ammonium 
tetrazolide (0.5 eq). These phosphoramidites prepared in 
s l t u  were then used to synthesize deoxyoligonucleotides via 
the following general procedure. To a suspension of the ap- 
propriately derivatized silica support3 in 450 p 1  of a 
0.4 M solution of tetrazole in acetonitrile was added 4 5 0  p 1  
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102 CARUTHEKS IIT AI,. 

I 2 3 4 5  6 7 8 9  0 

FIG. 4 .  Polyacrylamide gel showing the results of DNA 
synthesis in s i t u  using deoxynucleoside amidines. The 
deprotected deoxyoligonucleotides ( 6 )  were phosphorylated 
using T4-kinase and Y - ~ * P  ATP. Lanes 1, 5, 6, and 10, 
marker deoxyoligonucleotides having base compositions 
AqT3G3C4, A6T3G3C2, A4TqGlC5, and A3T6G3C2, respectively; 
Lane 2, crude reaction mixture from the synthesis of 
d(TCAAGGCCGTAA): Lanes 3 and 4 ,  reaction mixture from the 
synthesis of d(TCAAGGCCGTAA) purified on reverse phase hplc: 
Lane 9, crude reaction mixture from the synthesis of 
d(CTTGATGAATCGCC): Lanes 7 and 8 ,  reaction mixture from the 
synthesis of d(CTTGATGAATCGCC) purified on reverse phase 
hplc. 

( 4 5  pmol, 2 0  eq) of a 0.1 M solution of the appropriate de- 
oxynucleoside phosphoramldite generated in s l t u .  The mixture 
was allowed to stand five minutes. The solution was then 
removed by filtration and the silica was washed with dry 
acetonitrile. After acetylation, oxidation, and detrityla- 
tion,6 the cycle was repeated until the synthesis was 
complete. Using (Me0)2TrdA(aca), this chemistry is illus- 
trated in FIG. 1. Results as presented in FIG. 4 demonstrate 
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103 A M I D I N E  PROTECTED NUCLEOSIDES 

the utility of this method. Lanes 2 and 9 show the results 
following synthesis of deoxyoligonucleotldes containing 12 
and 1 4  mononucleotides respectively. As can be seen after 
phosphorylation of these crude, unpurified reaction mix- 
tures, the product on a molar basis in each case was the 
major band observed on the gel and corresponds to approxi- 
mately 6 0 %  of the overall yield. Isolated yields after 
purifiation via reverse phase hplc were 10-20%. These 
compounds have subsequently been used for synthesizing 
mutants of CTU repressor. 1 4  

These amidine-protected deoxynucleosldes were also used 
to synthesize d( GGGAATTCCC) which contains an EcoRI site. 
After deprotection with concentrated ammonium hydroxide at 
60°C for 16 h, the deoxyoligonucleotide was 5'-labeled using 
1-32P ATP and T4-kinase, isolated by gel electrophoresis 
(20% polyacrylamlde/7 M urea), and then degraded with GcuRI. 
As can be seen from the results presented in FIG. 5, at 
least 9 5 %  of the compound is cleaved suggesting that this i n  
s f t u  approach using amidine protecting groups is at least 
comparable to our previous procedures5 6. 

1 2 3 4 5  

FIG. 5 ,  The gel electrophoresis pattern of EcoRI digestion 
of d(GGGAATTCCC) prepared by the in s l t u  method (Lanes 4 and 
5 )  using amide protected bases (9) and by the in s i t u  method 
using amidine protected deoxynucleosides (Lanes 2 and 3). 
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104 CARUTHERS ET AL. 

These results show that a stable dialkylaminophosphine 
can be used as a phosphitylating reagent to form deoxynu- 
cleoside phosphoramidites cleanly and in good yields. The 
reactions were catalytic with the corresponding amine hydro- 
tetrazolide. Moreover appropriately protected amidine deriv- 
atives of deoxyadenosine, deoxyquanosine, and deoxycytidine 
were shown for the first time t o  be useful intermediates 
compatible with the phosphoramidite methodology for DNA 
synthesis, By substituting amidines f o r  benzoylamide on 
deoxyadenosine, significantly less depurination in acid was 
also observed. This improvement should be especially useful 
for chemical syntheses of long oligomers 0 5 0 )  where depur- 
ination can drastically reduce overall yield. These results 
therefore illustrate an extremely simple methodology for DNA 
synthesis. (1) All four deoxynucleosides can be protected 
by one flask procedures. ( 2 )  These protected deoxynucleo- 
sides next are converted in s i t u  to phosphoramidites and 
used directly for deoxyoligonucleotide synthesis on silica 
gel supports. 
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