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Introduction 

For more than a century it has been known that arylamines are potent carcinogens. Their 

effects were first observed among workers in the dye industry who were exposed to chemical 

intermediates containing aromatic amines. I More recently is has been shown that they are 

present in cigarette smoke and can be produced in significant amounts by cooking meat and 

other foods at high temperatures. The arylamines cause cancer by covalently bonding to 

nucleosides within DNA, which initiates mutations during the DNA replication process that can 

lead to cancerous cell growth. 

Modified artificial nucleosides and nucleotides can be coupled with aromatic amines to 

produce analytical standards that can be used in biochemical assays to further explore the 

carcinogenic effects of such compounds and early disease detection. The study ofmodified 

nucleosides has traditionally been limited due to difficult, low yielding reactions, but Schoffers 

et ai. developed an effective palladium-catalyzed synthesis ofC8-adenosine adducts.2 The 

research described in this thesis focused on further investigating the Buchwald-Hartwig type 

reactions used by the Schoffers group by coupling modified bromoadenine with arylamines using 

palladium catalysis. The effects of various substituents at the N9 position of the adenine were 

investigated for these reactions. 

The efficacy ofroom temperature ionic liquids (RTILs) as solvents for the coupling 

reactions was also investigated. Traditional volatile organic compounds (VOCs) as solvents for 

reactions present many environmental hazards and can be difficult to work with because of their 

low boiling points.3 Recently RTILs have experienced an increase in popularity as solvents 

because of their high boiling points and thermal stability as well as their ability to be recycled 

after being used in a reaction, thus reducing negative effects on the environment. Ionic liquids 

are ofparticular interest as solvents for transition metal-catalyzed reactions because the catalyst 

and ligand are typically very expensive, but RTILs allow them to be recovered and used in 

successive reactions.4 Ionic liquids can also be custom-tailored to a particular system by varying 

the cation or anion, affecting their miscibility in other solvents and rendering them useful for 

liquid-liquid extractions.5 
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Results and Discussion 

Preparation of Ionic Liquid 

1-Butyl-3-methylimidazolium hexafluorophosphate ( [bmim][PF6]) was chosen as the 

ionic liquid to be used as a new solvent for coupling reactions. Because of its asymmetric cation 

[bmim] [PF6] is a viscous liquid at room temperature, and the PF6- anion in conjunction with this 

particular cation renders the ionic liquid immiscible with water and non-polar organic solvents.5 

The ionic liquid preparation commenced with 1-methylimidazole (1), which was refluxed in n

butyl halide to afford 2 as a golden-colored viscous liquid. Subsequent stirring with 

hexafluorophosphoric acid gave [bmim][PF6] (3) as a highly viscous slightly golden liquid.3
, 6 

The ionic liquid was purified by stirring with 1.5 wt. % activated charcoal to remove most of the 

color and then filtering it through basic alumina gel. The use of 1-bromobutane resulted in a 

higher yield of 3 (88%) than did 1-chlorobutane (62%). The products of both reactions were 

identical by IH NMR spectroscopy and GC/MS; however, the bromo reagent resulted in a less 

colored and presumably purer ionic liquid than did the chlorobutane after the same purification 

procedure. 

~x HPFe 62 - 88% .. 
R.T. 24 HrsReflux 24 Hrs 

1 2 3 

x =el, Br 

Synthesis of Modified Nucleotides 

In order to perform the palladium-catalyzed coupling reactions, the hydroxyl groups on 

the ribose ring of 8-bromoadenosine (4) had to be protected to prevent side reactions and 

improve solubility in organic solvents. 8-Bromoadenosine was silylated according to a literature 

procedure by stirring it with tert-butyldimethylsilyl chloride (TBDMS-CI) and imidazole in a 

minimal amount of anhydrous DMF at room temperature. The product (5) was readily purified 

using alumina gel flash chromatography and isolated in a higher yield (94%) than that reported 
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in the literature (86%) by using 14 equivalents ofTBDMS-Cl (compared to 4 equivalents in the 

literature) and 16 equivalents of imidazole. Small amounts «1%) of mono- and diprotected 

product were also observed by NMR and TLC. 

....J NH2 

I'/SlCI N~N 
------..~ ~N.fl-N}-Br 94% 

Imidazole, Pt
DMF TBDMSO 0 

TBDMSO 
TBDMSO 

4 5 

TBDMS = -~-sl+ 

The first step in preparing the modified nuc1eotides was the bromination of adenine at the 

C8 position, which was attempted through several methods, but only one procedure was 

detennined to be effective. The major problem with reactions involving adenine is its poor 

solubility. Because of its high polarity, adenine only readily dissolves in highly polar solvents 

such as DMF and DMSO. The purine also exhibits poor solubility in water at room temperature 

but easily dissolves upon slight heating. The first procedure used was adapted from a literature 

source describing the bromination of guanosine.7 A suspension of adenine was prepared in water 

and a large excess of saturated bromine water was added. The reaction was stirred at room 

temperature for 20 min and filtered and dried overnight. NMR, GC/MS and a reverse phase TLC 

co-spot of the product with adenine showed no conversion. A similar reaction was carried out in 

which the adenine was completely dissolved in a minimal amount of 0.5 M (pH =4) acetic 

acid/sodium acetate buffer upon slight heating.8 A large excess of dibromine (Br2) was added, 

and the reaction was stirred for six hours and monitored by reverse phase TLC, but no product 

formation was observed. Finally, a much more direct procedure for the bromination of adenine 

was found, which consistently gave high yields of bromide 6.9 Excess bromine was poured onto 

adenine in a round-bottom flask equipped with a stir bar, and the flask was capped and the 

suspension stirred for six hours. After work up and purification by filtering and washing with 
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water and acetone, 8-bromoadenine (6) was obtained as an orange solid with yields ranging from 

57% to 73%. The product was characterized by reverse phase TLC and IH NMR. 

57-73%
 

Several reactions were performed in an attempt to protect adenine and bromoadenine (6) 

at the N9 position. The extra-cyclic amine on the purine ring has been shown to be unreactive in 

coupling reactions;2 however, the N9 position may be reactive enough to form a dimer and was 

protected before trying any coupling reactions. We also hypothesized that adding non-polar 

substituents (e.g., benzyl or triphenylmethyl group) at this position would increase the solubility 

of the substrate in organic solvents. Again, the major obstacle in the protection of 6 and adenine 

was poor solubility. The bromoadenine was slightly more soluble than adenine, requiring 25 and 

35 mL respectively of anhydrous DMF to dissolve 100 mg at room temperature. A procedure to 

protect the adenine with a triphenylmethyl (trityl) group was reported in the literature,lo in which 

adenine and trityl chloride were dissolved in a 3:1 mixture ofDMF and pyridine and stirred for 

seven hours at room temperature giving 7 in a 95% yield. The literature did not report whether 

the reaction required anhydrous conditions; however, because the trityl chloride forms a tertiary 

carbocation in solution under basic conditions that could easily react with water, we decided that 

the reaction would be best conducted under argon using anhydrous solvents. The reaction was 

attempted on a small scale using the same proportions of reagents and solvents under identical 

conditions. In order to completely dissolve the substrate, nearly three times the reported amount 

of solvent was required, and the reaction needed eight days of stirring at room temperature and 

gave a significantly lower yield « 20%). The product could not be completely isolated by flash 

chromatography but was characterized by NMR and TLC co-spot. Similar reactions were 

attempted in which the flask was heated; the adenine was dissolved in "wet" DMF; more 

equivalents oftrityl chloride were added; or where triethylamine was used as the base, and still 

no significant amount of product was formed. In order to obtain any significant amount of 

product, the adenine was stirred in anhydrous DMF for six hours under argon with two 
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equivalents of potassium tert-butoxide to remove the N9 proton. Next, two equivalents oftrityl 

chloride were added and the reaction was stirred for 48 hours at room temperature under argon. 

The product was purified using silica gel column chromatography and was characterized by 

NMR, TLC and melting point. The trityl-protected product (7) was recovered as a white solid in 

a 54% yield, which may be improved by adding more base and trityl chloride. 

0:
 ~ I ~
0:Ph3CCI ~N N ..~ I ~ 54% 
~ N KOl-Bu,DMFN H 

~ 

7 

The trityl protection of bromoadenine was attempted (6) using pyridine as the base, and 

no product was observed after stirring for five days. 

Benzylation of bromoadenine (6) at the N9 position was also attempted. In the first series 

of reactions, the substrate was dissolved in DMF and triethylamine with benzyl halide and 

refluxed. Benzyl chloride and benzyl bromide were both used and resulted in the formation of 

product. Surprisingly, the reaction involving benzyl chloride was the only one that gave a 

significant amount ofproduct, but it was also refluxed for 12 hours longer than the benzyl 

bromide reaction. The product was purified using silica gel flash chromatography and was 

characterized by NMR. Two portions ofproduct were obtained with very similar Rc values but 

had slightly different proton NMR spectra. Both products appeared to contain a benzyl group, 

and it is possible that a rearrangement occurred, and the bromoadenine (6) was benzylated at a 

position other than N9. However, further analysis of the product is necessary to confirm this 

hypothesis. The combined yield of these two benzylated products (8) was 58 %. Another 

reaction was performed where adenine was dissolved in anhydrous DMF and deprotonated with 

potassium tert-butoxide and stirred with benzyl bromide at room temperature. Complete 

conversion of the product was not observed by TLC, even after more base and benzyl bromide 

were added. This may have been because the adenine was only stirred with the base for 20 

fj ~ 

'7 
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minutes, which may not have been enough time to deprotonate. Complete isolation of the 

product was not possible by flash chromatography, although some product appeared to have 

formed by NMR and TLC. This series of reactions has shown that the N9 proton of adenine is 

much more acidic when the bromine is present at the C8 position, because 6 is easily 

deprotonated using triethylamine, but adenine requires several hours of stirring with a much 

stronger base. The increase in acidity of the N9 proton is probably caused by the electron 

withdrawing effect of the bromine in compound 6. 

NH2 NH2
(y'Br

N~N .. N~N 58%~ I ,Br ~N I ,BrKOt-Bu,DMF
N H 8))6 

Palladium-Catalyzed Coupling Reactions 

First, a series of simple coupling reactions were attempted using benzylamine and aniline 

with bromobenzene in the ionic liquid to test whether it would work as a solvent. It has been 

reported by Hartwig et al. that palladium catalysis can be used to accomplish such couplings 

between arylhalides and aromatic or aliphatic amines. 11 

• "JIiIIIOO..<}-Br Pd(OAch, BINAP,
 
B~e, [bmim][PFal
 

R= or 

The reactions were carried out by preparing a suspension of palladium(II) acetate as the 

catalyst and racemic BINAP (rac-2,2'-Bis(diphenylphosphino)-1,1 '-binaphthyl) as the ligand in 

the ionic liquid. The bromobenzene and amine were then added followed by a base, and the 

mixture was stirred at 80°C under argon. The amount ofcatalyst and ligand were varied between 
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5 and 10 mol %, and potassium carbonate, potassium hydroxide and sodium tert-butoxide were 

all tried as bases. Regardless of the conditions, no c~>upling was ever observed. These reactions 

are all very air and water sensitive, and it is well known that [bmim][PF6] readily absorbs water 

from the air,3 so the ionic liquid was thoroughly dried by heating at 100°C under vacuum for 24 

hours to eliminate the introduction of water to the reaction mixture. Even the dry ionic liquid 

was ineffective as a solvent for the test reactions. We also observed that the bases used did not 

completely dissolve in the ionic liquid. It is apparent when one examines the mechanism of the 

reaction that the base plays a crucial role in the coupling, because it serves to deprotonate the 

amine and to absorb the acid produced when the arylhalide and the amine are coupled (see 

Figure 6).12 Perhaps a co-solvent or different cation/anion combination for the ionic liquid 

would result in bett~r solubility of the base, and will be investigated in future research. 

Figure 1 

Ar-XPd(OAch 

Ar 

(OAch~ 
X 

Base/HX Base,

<}-NH2 

The mechanism of palladium-catalyzed couplings of arylhalides and arylamines. 12 

Coupling reactions involving 8-bromoadenosine (4) and aniline were tried in 

[bmim][PF6] following a procedure adapted from one used by Schoffers et al.,2 which used 

anhydrous toluene as the solvent. Substrate 4 was insoluble in the ionic liquid, and all attempts at 

reactions in the ionic liquid were unsuccessful. The coupling reaction was attempted using 

toluene as the solvent and following the exact procedure reported by the Schoffers group, but the 
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yield was markedly lower (~ 15%) and isolation of the product was not possible. The lower yield 

is not clearly understood but may be attributed to poor solubility of the base, or expired catalyst 

or ligand. Again, the use of a co-solvent or different ionic liquid must be considered, so the 

substrate will dissolve. 

As ofnow, no couplings have been performed using compound 7 or 8, but these will be 

investigated in the near future. We hope that the non-polar groups at the N9 position will render 

the substrate soluble in either ionic liquid or toluene. 

Conclusion 

Although the coupling reactions attempted were unsuccessful, an improved procedure for 

the silylation of 8-bromoadenosine (4) was developed. Attempts to trityl protect the adenine at 

the N9 position were also successful after using a much stronger base than that reported in the 

literature. Next, the protection will be attempted on a larger scale (> Ig). The bromination 

procedure described earlier for the preparation of6 would likely be too harsh for substrate 7 and 

could lead to cleavage of the trityl group, so a much milder bromination involving N

bromosuccinimide may be more effective. 

Ultimately we would like to investigate the use of ionic liquids as solvents for the 

palladium-catalyzed coupling ofcompound 5 or trityl-protected bromoadenine and arylamines. 

Different cation/anion configurations will be investigated for the ionic liquid as well as the 

possibility of a co-solvent. We also plan to attempt the coupling reactions using a nickel 

catalyst. 

Experimental Section 

Preparation of [bmim][PF6] (3) 

I-Mehtylimidazole (47.8 mL, 0.6 mol) and bromobutane (64.4 mL, 0.6 mol) were 

combined in a SOO-mL flask fitted with a reflux condenser and drying tube and stirred for 20 hrs 

at 80°C in an electronically controlled oil bath. The resulting viscous oil was then cooled to 

room temperature, washed with EtOAc (2 x 100 mL), and diluted with water (100 mL). The 

intermediate was transferred to a plastic Nalgene® container in an ice bath. 

Hexafluorophosphoric acid (60%) in H20 (187.5 mL, 0.78 mol) was added drop-wise via an 
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addition funnel over 45 min (CAUTION: Vigorous Reaction), and the reaction mixture was 

stirred overnight at room temperature. Two layers formed, and the bottom layer was diluted with 

CH2Ch and washed with saturated NaHC03 (2 x 200 mL), water (2 x 200 mL), and brine (2 x 

200 mL). The organic layer was then stirred with 2.5 g activated carbon for 12 hrs at room 

temperature and filtered through Celite®. The product was then filtered though 100 g of basic 

alumina gel and dried overnight under vacuum while stirring at 100°C. The product (149.2g) 

was obtained as a slightly golden oil in an 88% yield. IH NMR (DMSO-d~)_ 9.06 (lH, s), 7.71 

(lH, d, J = 1.83 Hz), 7.65 (lH, d, J = 1.83 Hz), 4.16 (2H, t, J = 7.32 Hz), 3.85 (3H, s), 1.78 (2H, 

m, J = 7.32 Hz), 1.27 (2H, m, J = 7.32), 0.91 (3H, t, J = 7.32). 

8-Bromo-2',3' ,5'-tris(terl-butyldimethylsilyl)adenosine (5) 

An oven-dried Schlenk flask and stir bar were cooled to room temperature under vacuum, 

flushed with argon and charged with commercially available 8-bromoadenosine (l.00 g, 2.89 

mmol) and imidazole (3.14 g, 46.2 mmol). The flask was flushed once more with argon and 

anhydrous DMF was added via syringe, followed by tert-butyldimethylsilyl chloride (6.07 g, 

40.5 mmol). The reaction mixture was stirred under argon for 40 hrs and monitored by TLC 

until all starting material was consumed, and a white precipitate formed. The DMF was 

evaporated, and the white residue was redissolved in CHCb and washed with saturated NaHC03 

(200 mL), water (200 mL), and brine (200 mL). The organic layer was dried with MgS04, 

filtered and concentrated. The product was purified on 130 g basic alumina gel with 1:1 

EtOAcIHexanes to afford 1.83 g (94%) of white solid as the product. IH NMR (CDCb) _ 8.26 

(lH, s), 6.45 (2H, bs), 5.97 (2H, d, J = 5.5 Hz), 5.40 (lH, dd, J = 4.4, 5.8 Hz), 4.53, (IH, dd, J = 

2.2,4.4 Hz), 4.08, (2H, m), 3.72 (lH, m), 0.95 (9H, s), 0.84 (9H, s), 0.79 (9H, s), 0.14 (3H, s), 

0.02 (3H, s), -0.01 (3H, s), -0.06 (3H, s), -0.36 (3H, s). 

8-Bromoadenine (6) 

Adenine (5.00 g, 37.0 mmol) was agitated in a 500-mL flask by a stir bar, and 15 mL of 

bromine was added slowly to the flask (CAUTION: Vigorous Reaction). The flask was capped, 

and the suspension was stirred for 4 hrs. The bromine was evaporated over a 12-hr period; then 

100 mL water was added to the flask and stirred, giving a brownish suspension. The pH was 

slowly adjusted to 10.20 using concentrated ammonium hydroxide while monitoring with an 
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electronic pH meter, at which point all solid dissolved. The orange solution was then neutralized 

using glacial acetic, acid forming a precipitate. The vessel was cooled to room temperature and 

the precipitate was filtered, washed with cold water, acetone and diethyl ether, and dried for 24 

hrs. The product was isolated as an orange solid (4.52 g, 57% yield) and characterized by 

reverse' phase TLC (Rf= 0.90,3:2 MeOHlH20), m.p. > 300°C, and IH NMR (DMSO-d6)_ 

13.63 (lH, bs), 8.11 (lH, s), 7.45 (2H, s). 

9-(triphenylmethyl)adenine (7) 

An oven-dried Schlenk flask and stir bar were cooled to room temperature under vacuum 

and then flushed with argon. The flask was charged with adenine (50 mg, 0.37 mmol) and 

flushed again with argon. The adenine was dissolved in 25 mL of anhydrous DMF, and 1.0 M 

potassium tert-butoxide in THF (0.555 mL, 0.555 mmol) was added via syringe. The mixture 

was stirred for 6 hrs under argon and slowly turned green. A solution oftrityl chloride (206 mg, 

0.740 mmol) in DMF was added to the flask via syringe, and the reaction mixture was stirred for 

an additional 48 hrs and turned slightly orange. The DMF was evaporated, and the resulting 

residue was dissolved in CHCh and washed with water (2 x 50 mL) and brine (2 x 50 rnL). The 

organic layer was dried over MgS04, filtered and concentrated to give a yellow residue. The 

product was partially triturated from EtOAc, and the precipitate and filtrate were purified 

separately on silica gel with 2% MeOH and 0.3% Et3N in EtOAc. The combined products (74 

mg, 54% yield) were obtained as a white solid (m.p. = 2Io-214°C) and characterized by IH 

NMR (CDCh) _ 8.03 (lH, s), 7.80 (lH, s), 7.32 (9H, m), 7.13 (6H, m), 6.25 (2H, s). 

9-Benzyl-8-bromoadenine (8) 

8-Bromoadenine (l00 mg, 0.476 mmol) was dissolved in 35 mL ofDMF and 4 rnL of 

triethylamine in a 50-rnL round bottom flask at 45°C. Benzyl chloride (l09 _L, 0.952 mmol) 

was added, and the flask was fitted with a reflux condenser and heated at 80°C for 18 hrs. The 

resulting dark brown solution was cooled to room temperature, washed with hexanes, and the 

DMF was evaporated. The product was partially purified on 70 g of silica gel with 2% MeOH in 

EtOAc. The product was recovered as a white solid (80.7 mg, 57% yield). IH NMR (CDCh) _ 

8.37 (lH, s), 7.33 (5H, m), 6.43 (2H, s), 5.41 (2H, s). 
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